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We present in-situ x-ray diffraction and velocity measurements of FeaOs under laser shock com-

pression at pressures between 38-116 GPa.

None of the phases reported by static compression

studies were observed. Instead, we observed an isostructural phase transition from a-Fe2Ogs to a
new o’-Fe2O3 phase at a pressure of 50-62 GPa. The o'-FexO3 phase differs from a-Fe2O3 by an
11% volume drop and a different unit cell compressibility. We further observed a two-wave structure
in the velocity profile, which can be related to an intermediate regime where both o and o phases
coexist. Density functional theory calculations with a Hubbard parameter indicate that the observed
unit cell volume drop can be associated with a spin transition following a magnetic collapse.

The phase diagrams of iron oxides are notoriously rich
with a variety of electronic and structural transitions trig-
gered by pressure or temperature. Due to its relevance to
geophysical studies, Fe;O3 has been extensively studied
under static compression using Laser Heated Diamond
Anvil Cells (LH-DAC), up to approximately 113 GPa
and 2800 K [IH3]. A series of phase transitions were ob-
served, as well as a possible breakdown of FeoO3 at high
temperature into FegsO3o and FesO7 [1]. Moreover, a
Mott transition and a high-spin to low-spin transition
have been evidenced at ~50 GPa, although it remains
unclear if structural transitions are triggered by the elec-
tronic transition or vice versa [4H7]. The a-Fe;O3 phase
(R3c) is stable up to 40 GPa. For this phase, a continu-
ous decrease in the c/a ratio is observed with increasing
pressure [8HI2]. From 40 GPa to 47 GPa, the +-FesO3
phase (RhyO3-1I type structure, Pben orthorhombic) is
observed [I,13]. Above ~54 GPa, the ¢ phase transforms
into (-Fe;O3 phase (a distorted perovskite described in
the monoclinic system [§]) stable up to 55 GPa. Above
50-60 GPa, the (-Fe;O3 phase transforms into 7-Fe;Og3
(Cmem post-perovskite orthorhombic), while above 67
GPa the possibly metastable 6-FeaO3 (Aba2 orthorhom-
bic), is also observed in a limited region between approx-
imately 1000 and 2000 K [IJ.

The behaviour of Fe;O3 under dynamic compression is
less well understood and experimental results are scarce,
largely due to the complexity of the target design. High-
purity FeoOs samples in LH-DAC experiments are usu-
ally powders [2, [B] B, ©, 14] or grown single-crystals
[1]. In contrast, dynamic compression measurement re-

quire bulk, high-purity and homogeneous samples. These
are hard to find naturally with the required stoichiome-
try [15], but are also challenging to synthesize at the rela-
tively large (mm) sizes needed in experiments [16]. Nev-
ertheless, gas gun measurements have been performed up
to around 140 GPa [16, [I'7] showing a significant volume
drop of ~10% at approximately 50 GPa, which may be
indicative of a phase transition. Another study also re-
ported a significant drop in resistivity at ~44-52 GPa us-
ing a double-stage light-gas gun on large natural Fe;O3
crystals [I5]. However, the crystal structures of FesOg
under dynamic shock compression remain unknown, and
it is unclear how these relate to the flurry of phases ob-
served under static compression. In this letter we present
in-situ time-resolved x-ray diffraction measurements in
shock-compressed Fe;Og using an x-ray Free Electron
Laser (XFEL), at pressures between 38-122 GPa. Our
results demonstrate that the behaviour of Fe;Oj3 is in-
deed very different under dynamic compression: we ob-
serve none of the high-pressure phases seen statically, and
instead find a single new isostructural phase transition
around 50-62 GPa, which we link to the collapse in mag-
netic ordering.

The experiment was performed at the Matter in Ex-
treme Condition (MEC) end station of the Linac Coher-
ent Light Source (LCLS) [I8]. The shock was driven by
two synchronized nanosecond lasers (527 nm) incident
on the target at an angle of 20° and with a spot size of
300 pm. We used pulse durations of 5, 10 and 15 ns, with
a maximum total energy of 60 J on target. In-situ x-ray
diffraction (XRD) was performed using the x-ray beam



operating in self-amplified spontaneous emission mode,
with a photon energy of 7.08 keV, a spectral bandwidth of
25 ¢V, and pulse duration of 50 fs FWHM [19] 20]. The x-
rays were focused onto the target at an angle of 35° with
a spot size diameter of 60 pum, overlapping the focal spot
of the optical lasers to probe the planar shock front re-
gion. The diffraction signal was measured in transmission
geometry on 4 quadruple ePix10k detectors. Azimuthal
integration of 2D diffraction images was carried out in-
cluding solid angle correction, Al filter correction, polar-
ization, and self-attenuation from the target. When this
was not possible, integration was performed using the
Dioptas software, based on the PyFai library [21] 22], in-
cluding solid angle correction and polarization. Two Ve-
locity Interferometer System for Any Reflector (VISAR)
[23] were used to retrieve the velocity history and the
time when the shock left the sample. VISAR sensitivities
were 4.5241 and 1.9890 km s~! fringes™', respectively,
with acquisition time windows of 10 and 20 ns.

Two different target designs were used. The first con-
sisted of 8 um of Fe;O3 deposited on 54 um of parylen-N.
The second contained a 8 um layer of Fe;O3 sandwiched
between a 22.1 pym sapphire window on one side, and a
54 pm layer of parylen-N on the other. A 200 nm alu-
minum flash coating was applied to the front face of all
targets to minimize direct heating by the laser prepulse.
The Fe; O3 was deposited via a physical vapor deposition
process, leading to a polycrystalline structure of colum-
nar crystallites with a preferential orientation along the
c-axis of the crystal, and perpendicular to the shock wave
propagation given the geometry of our setup (for further
details see Figs. S1-S8).

We show the radially integrated x-ray diffraction pat-
terns of FesO3 under shock in Fig. measured when
nearly the entire Feo O3 layer is shocked, but before shock
breakout and release. The pattern recorded prior to the
shock at ambient conditions is shown for comparison. At
pressures below 42 GPa, the patterns (i) and (ii) show
similar features to that of the ambient sample in terms
of both peak positions and intensities. Nine a-Fe;Og
peaks are identified and shifted toward larger angles due
to sample compression. Overall, strong peak broadening
is observed in shocked samples, reminiscent of a decrease
in crystallite size and an increase in micro-strain effects
(lattice parameters fluctuations) under pressure [25] 26].
At intermediate pressures, patterns (iii) and (iv) show
four additional peaks, indexed in red on pattern (iii).
We attribute these to the appearance of a second kind
of FeoO3 phase, which we dub the o phase, having the
same crystallographic structure as a but a significantly
lower volume. These mixed patterns are thus associated
with two pressures depending on the phase. For pres-
sures above 81 GPa, only four peaks corresponding to
the o/-FeoO3 are observed, with a significant shift to-
ward larger angles due to larger compression. At 122
GPa, pattern (vii) also shows the appearance of a diffuse

3.0 .
254 ! 2
% E 0 70 80
: ot : : 122(3) GPa - (vii)
204 ! : Pl
3 S = : i 98(5) GPa (vi)
; AR ETE —
3 ! _ : P
S ] ! i 81(3) GPa (v)
Sl K . L $103) GPa
@ : A ' [ Lo
S ' h= 1 | 43(3) GPg / 81(5) GPa (iv)
= ey SN o
£ ' 7 ] . T
104 | f : 1 43(3) GP4 / 15(2) GPa (iii)
| R d - |
| S 14204) GPa (i)
frommiemeere— : :
051 |8 :
B = 1= :
EE
0.0 T~
30 40 50 60 70 80 20
26 [deg]
FIG. 1. Radially integrated x-ray diffraction profiles of

FesO3 under shock for targets with a sapphire window be-
tween 0-122 GPa. The vertical dotted lines corresponds to
the ambient a-Fe2Os peak positions [24]. Miller (hkl) indices
are displayed for the low- and high-pressure « structures in
black and red, respectively. The inset highlights differences
between patterns (ii) and (iv).

signal at scattering angles of 45° (Q = 2.7 A~') and 55°
(Q = 3.4 A1), which could be interpreted as an amor-
phous phase (2D diffraction data are shown in Fig. S9).
It was not possible to perform Rietveld refinements
on the data due to the complex microstructure of the
samples under shock. Instead, we performed Le Bail re-
finements, shown in Fig.[2] for data from targets without
a sapphire window. At 47(1) GPa a decrease of ¢/a ra-
tio for the compressed a-FesOg phase is observed com-
pared with ambient a-Fe;O3. At 94(2) GPa we identify
an a-Fe; O3 structure with a significantly smaller volume
than the a-FeyO3 observed at 47(1) GPa (225.2 A3 and
265.8 A3, respectively). In both cases, the a-Fey O3 struc-
ture [24] fits the compressed phase well (R, = 12.4%).
For data above 80 GPa, none of the high pressure phases
of FeyO3 reported under static compression were ob-
served (6-FezOs3, n-FeaOg, Feas 039, or FesO7 [1]).
Velocity profiles at the FeoO3/Sapphire interface for in-
creasing laser intensities are shown as a function of time
in Fig. [3l A double-wave structure is systematically ob-
served in VISAR data when the mixing of the o and o’
phases is detected in diffraction, as shown for shots in
blue. The first wave is labelled P1 and the second wave
P2. From the appearance of the o’ phase, the P1 wave
velocity remains constant at around 1.3 km s~! for all
mixed shots regardless of the laser intensity. In contrast,
the P2 wave velocity increases with laser intensity and
its arrival time becomes shorter. The double-wave struc-
ture is also observed for targets without a sapphire win-
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FIG. 2. Le Bail refinements of two radially integrated x-ray
diffraction patterns just after shock breakout, at pressures of
47(1) GPa and 94(2) GPa. Each pattern was fitted using two
a-Fe;O3 phases with R3c symmetry: one for the a-FeoOs
ambient at 0 GPa (bottom green tick marks) and one for the
compressed a-Fe2O3 phase (top green tick marks). Ry factors
were 10.5% and 12.4% for the 47 GPa and 94 GPa patterns,
respectively. Fitted lattice parameters are ap = 5.03 A; ¢o =
13.03 A for ambient a-Fe203; a = 4.87(2) A; ¢ = 12.94(2) A
for 47 GPa; and a = 4.56(2) A; ¢ = 12.54(2) A for 94 GPa.

dow, measured directly from the free surface of Fe;Ogs
(Fig. S8). This indicates that the double-wave struc-
ture is not due to the sapphire window, but is produced
within the FeoO3 layer at specific laser intensities. The
splitting of the wavefront into two waves is characteris-
tic of a phase transition with a volume change [27, [28].
We thus identify this observation as a signature of the
o — o phase transition, which is also observed in diffrac-
tion, and associate the P1 and P2 waves with the a and
o’ phases, respectively. The pressures in the o and o/
phases can then be determined from the P1 and P2 ve-
locities, similarly to previous work on Bismuth [29].

The unit cell volumes of the a-FeoO3 and o'-FeyOs
phases are plotted against pressure in Fig [l The a-
Fe;O3 phase is observed up to 54 + 2 GPa, and the
o’-Fe;03 phase for pressures above 63 = 2 GPa. We
measure a (11.0 £ 1.4)% volume drop between the two
phases, calculated from x-ray diffraction data showing
both in coexistence. This volume drop indicates that the
transition from « to o’ is a first-order transition.

The volume drop is accompanied by a pressure gap of
around 9 + 3 GPa. This could be due to experimen-
tal detection limitations, such as 1) the VISAR etalon;
2) the temporal range restricted by the multiple waves
in our sample design (see Fig. S4 of the supplementary)
that might prevent the detection of the P2 waves with
breakout time superior to the temporal range; or 3) the
inherent laser-shocked x-ray diffraction peak broadness
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FIG. 3. Particle velocities measured at the rear of the Feo O3
sample for the different pressure regimes. The time origin
is set to the shock breakout time in the sapphire. In black
we show a low-pressure shock where only a single a phase
is observed in x-ray diffraction. The blue curves, taken at
intensities between 1.9 and 2.4 TVV/cm27 correspond to ther-
modynamic conditions where both o and o' are observed in
diffraction. The red curve corresponds to conditions where
only a single compressed o’ phase is observed. The double-
wave structure is indicative of a phase transition.

that prevents small o peaks to be observed. In addition,
phase transitions under shock are also subject to temper-
ature effects that might broaden the transition pressure
range [27], as well as superheating, kinetic and plasticity
effects [30H32] that might affect the onset pressure for
a’-Fe; O3 synthesis.

Overall, our data yield larger unit cell volumes than
previous shock data from gas gun experiments [I7] as
seen in Fig. [l However, these previous measurements
are intrinsically different to ours, either due to their time
scale (ms or us for gas guns) or by the nature of the
measurements (optical and macroscopic compared with
x-ray bulk and microscopic). In this work, the volume
is extracted from the positions of the diffraction peaks.
Further, we note that FeyOs single-crystals are known
to behave differently depending of the relative alignment
of the compression direction with the crystal axis [15].
Because of how our samples were deposited they do have
a notable preferred orientation, and this may well affect
the experimental compression values.

Figure [5| shows the evolution of a/ag and ¢/cp, where a
and ¢ denote the lattice parameters under shock and ag
and cg the parameters at ambient conditions. Both are
deduced from Le Bail refinements. Below 54 GPa, the
ratios for a-Fe; O3 are consistent with static compression
data [II], and can be explained by bonding distortion
or uneven modifications of the Fe-O-Fe bond lengths [8-
12]. This pressure distortion effect is observed in other
corundum-structured oxides [8, [33], and can lead to a
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FIG. 4. V/V, for a-Fe2O3 and a’-FesO3 determined from x-
ray diffraction as a function of pressure, compared with other
published work. Points corresponding to the observation of
only the a-Fe2O3 phase are plotted in black, of only the /-
FesOs phase in red, and of the coexistence of both phases
in blue. The two empty symbols correspond to data points
determined from the Le Bail fits shown in Fig.[2} A transition
from a-FesO3 to a’-FeaO3 phase is observed at 54-62 GPa.
It is associated with a relative volume jump AV/Vj equal to
11.0 % and pressure jump of AP ~ 9 GPa.

Mott insulator transition. A discontinuity of 3.6 % is seen
between 54-62 GPa for a/ag, in line with the observed
volume drop between the « and o’ phases shown in Fig.
No discontinuity is observed for c/co. Above 62 GPa
we observe a change in the slope of ¢/co with pressure,
while the slope of the corresponding a/ag line remains
unchanged. This indicates that the c-axis becomes less
compressible in the new o' phase, and that the volume
drop observed is mostly due to a strong decrease of the
a lattice parameter.

As the transition is observed without change of sym-
metry, the a-FeaO3 to o’-FeaO3 transition could be elec-
tronically driven. Two electronic transitions are observed
at 50 GPa in static compression experiments: a Mott
transition and a simultaneous spin transition [7]. These
transitions are not limited by the timescale required for
atomic displacement, and can therefore be much faster
than a structural transition. Moreover, it has been shown
that Mott and spin transitions can lead to a signifi-
cant volume collapse without structural change [7], as
seen for example in MnO [34] and FeO [35]. To fur-
ther investigate such electronic transitions, we performed
DFT+U calculations [36H41] of a-FesOs. As our ex-
perimental data show only a-FesO3 phase, relaxation of
cell parameters, atomic positions and magnetic state of
iron was performed with R3¢ symmetry. Our simula-
tions were performed using the v7.1 Quantum-Espresso
suite [42] [43]. Scalar-Relativistic ultrasoft pseudopoten-
tial (PP) [44] were generated using the PBEsol exchange-
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FIG. 5.  Lattice parameters for the o and o’ phases as a

function of pressure. All ¢/co data are shifted vertically by
-0.05 for clarity. Shock data are represented by solid blue dots
(a/ao) and empty blue dots (c/co). Dashed blue lines above
60 GPa are drawn to guide the eye. Lattice parameters for
the a phase from static compression are given as solid black
lines for ref. [8HI0, [12] and black dotted line for ref. [I1]. The
results from DFT+U using a rhombohedral phase are given
in red. The inset figure shows the relative magnetic moment
of Fe from DFT4U as a function of pressure. The phase is
high spin below 50 GPa, and low spin above 60 GPa.

correlation functionals [45] 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. The DFT+U calculations were performed
at ambient pressure using U = 5 eV, leading to an en-
ergy band gap of 2.075 eV and magnetic moment per Fe
atom of 4.41 up, in agreement with experimental values
of 2.14 eV and 4.6 p, respectively [46] [47].

The results of the DFT4U calculations are shown in
Figs. [ and [f] All main features of interest observed ex-
perimentally around the phase transition at 50-60 GPa
are reproduced in the simulations: we find a large V/V
volume drop (~10%), a discontinuity in the evolution
of a/ag but without a change in compressibility, and a
change in compressibility but without a discontinuity of
¢/co. While there remains some discrepancy in the ab-
solute values for the calculated parameters, overall the
simulations reproduce the observed trends with good fi-
delity. The volume drop between 50-60 GPa is correlated
to a drop in the local magnetic momentum of iron, as
shown in the inset in Fig. |5, decreasing by a factor of 5,
i.e. changing from a high to a low spin state. Therefore,
we posit that the o — o/ transition could be explained
by a spin transition from a high-spin rhombohedral phase
(a-Fe303) to a low-spin rthombohedral phase (a/-FesOj3



being a low-spin corundum-structured phase). We note
that, in principle, the value of U in our simulations should
change with pressure. We performed similar calculations
for different values of U (1,3,5,7 V), and find that while
this affects the pressure at which the transition takes
place, it does not change the calculated volume drop of
~10%, nor the change from high to low spin. While our
DFT+U calculations are not tailored to identify a Mott
transition, it is known from dynamical mean-field theory
calculations that the spin transition and the Mott tran-
sition are linked and occur simultaneously [48]. We thus
propose that the  — o’ transition is an electronically
driven spin transition from high-spin to low-spin, possi-
bly associated with a Mott transition. Importantly, this
implies that the electronic transition will occur before
any structural transition takes place. Static compression
experiments reported simultaneous electronic (spin and
Mott transitions) and structural transitions (to n or 6-
Fe;O3 phases) [IH7]. Here our time-resolved experiments
show an electronic transition occurring before such struc-
tural transitions, proving that the electronic transition
implies the structural change as indicated by [6], and not
the other way around.

To summarize, we have presented in-situ time-resolved
x-ray diffraction measurements in shock-compressed
Fe;O3 up to 122 GPa, showing a clear difference in the
phase diagram compared with static compression exper-
iments. None of the high pressure phases seen statically
where observed dynamically. Instead, we observed an
isostructural & — o’ phase transition around 50-60 GPa,
characterized by an 11% volume drop due to a high-spin
to low-spin transition, and, possibly, a Mott transition.
Our results thus show that the electronic transition(s) ob-
served in Feo O3 under static compression around 50 GPa
still occur, but without the associated structural transi-
tions. These either cannot happen under dynamic laser
compression, or require timescales longer than those ac-
cessible in our experiment to form. The structures of
the # and n phases differ significantly from the struc-
ture of the o phase: they are composed of FeOg prisms
and octahedra, whereas the o phase is only composed of
FeOg octahedra [I]. Our results thus suggest that the
fast electronic transitions (<1 ns) are the ones driving
the comparatively slower reconstructive structural tran-
sitions to the 6 and 7 phases (>1 ns) [49], and not vice
versa.
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