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Structural and electron spin state changes in an x-ray heated iron carbonate
system at the Earth’s lower mantle pressures
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The determination of the spin state of iron-bearing compounds at high pressure and temperature is crucial for
our understanding of chemical and physical properties of the deep Earth. Studies on the relationship between the
coordination of iron and its electronic spin structure in iron-bearing oxides, silicates, carbonates, iron alloys,
and other minerals found in the Earth’s mantle and core are scarce because of the technical challenges to
simultaneously probe the sample at high pressures and temperatures. We used the unique properties of a pulsed
and highly brilliant x-ray free electron laser (XFEL) beam at the High Energy Density (HED) instrument of the
European XFEL to x-ray heat and probe samples contained in a diamond anvil cell. We heated and probed with
the same x-ray pulse train and simultaneously measured x-ray emission and x-ray diffraction of an FeCO3 sample
at a pressure of 51 GPa with up to melting temperatures. We collected spin state sensitive Fe Kβ1,3 fluorescence
spectra and detected the sample’s structural changes via diffraction, observing the inverse volume collapse across
the spin transition. During x-ray heating, the carbonate transforms into orthorhombic Fe4C3O12 and iron oxides.
Incipient melting was also observed. This approach to collect information about the electronic state and structural
changes from samples contained in a diamond anvil cell at melting temperatures and above will considerably
improve our understanding of the structure and dynamics of planetary and exoplanetary interiors.

DOI: 10.1103/PhysRevResearch.4.033042

I. INTRODUCTION

Probing the spin state of iron in oxides, silicates, or carbon-
ates directly at pressures (P) and temperatures (T) expected
at the Earth’s lower mantle and core is of immense impor-
tance for our understanding of related physical and chemical
properties such as density, elasticity, or element partitioning in
relevant minerals at these extreme conditions [1]. Even though
reaching melting temperatures of different materials in dia-
mond anvil cells (DACs) is achieved routinely in combination
with x-ray diffraction (XRD) using continuous or pulsed laser
heating systems [2–5], the combination with measurements
that are sensitive to the spin state and electronic structure
in general, such as x-ray emission spectroscopy (XES), still
poses a challenge. The measurement of the spin state of geo-
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logically relevant materials at high pressures becomes more
difficult with increasing temperatures due to the necessity
to keep the temperature stable over a long period of time.
At third-generation synchrotron facilities, the usual exposure
time to measure the spin state of Fe contained in a DAC via
the Kβ fluorescence is of the order of minutes to tens of min-
utes, depending on the sample’s iron content and photon flux
[6]. Successfully keeping a sample at a constant temperature
near its melting point with a spatially highly stable heating
spot using regular laser heating methods while measuring the
sample’s electronic spin state has only been reported by a few
research groups [7–10]. We performed a proof-of-principle
experiment demonstrating an alternative approach for high
P/T spectroscopy measurements of solids and melts, using the
unique possibilities provided by a superconducting x-ray free
electron laser (XFEL).

The brilliance of an XFEL, supplying highly intense pho-
ton pulses with a duration on the femtosecond timescale on
a very small focus at a micrometer scale, opens up the possi-
bility to heat samples using x rays. Through the rapid energy
deposition from x rays on a sub-picosecond timescale, i.e.,
faster than thermodynamic expansion, it is possible to heat
electrons of solid samples while the ion density stays constant.
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At longer timescales, heating of the lattice ions from electrons
reaches a local thermodynamic equilibrium condition, which
has only recently been exploited as a tool to heat samples
contained in a tamper, such as a DAC [11–13]. Here, we
describe the novel combination of x-ray heating of samples
and the static pressurized environment of a DAC, to make si-
multaneous measurements of spin sensitive XES and structure
sensitive XRD for the case of FeCO3.

The stability of FeCO3 at lower mantle P/T conditions and
beyond has been experimentally explored thoroughly [14–20].
At ambient P/T conditions, FeCO3 forms the common trigonal
mineral siderite consisting of Fe2+ cations and planar trigonal
CO2−

3 anions and its structure remains stable up to approx-
imately 120 GPa. From 43 to 47 GPa, the spin state of the
Fe cation changes from high spin (HS) to low spin (LS) (see
Ref. [21] and references therein), which is connected to a vol-
ume collapse of the unit cell by about 10 % [22]. When heated
from 1800 to 2100 K at pressures between 25 to 43 GPa,
the HS-FeCO3 will in most cases incongruently melt under
the formation of the high pressure form of Fe3O4 [23] and
diamond. Above the pressure-induced spin change, and up to
70 GPa, a temperature-induced reversal of the spin-associated
volume collapse takes place at temperatures above 500 K
[18]. The formation of orthorhombic Fe4C3O12, a phase with
tetrahedral CO4−

4 anions, was found during experiments above
50 GPa and 1300 K [16] and was predicted by simulations
[20]. Above 70 GPa, Fe4C4O13, another high-temperature
phase including tetrahedrally coordinated carbon, becomes
stable [18,24,25]. Previous work on Fe4C3O12 and Fe4C4O13

at lower mantle pressures shows iron in a HS state both at
high temperatures and after quenching [6], in agreement with
DFT simulations [6,20]. The appearance of tetracarbonates in
the FeCO3 system has always been reported together with Fe
oxides, however, the role of FexOy in varying stoichiometry,
and especially the spin state, at lower mantle conditions is
still disputed and has been reinvestigated by multiple research
groups [26–29].

The presented experiment provides a scheme to access
unique information about the electronic state and local struc-
ture in the Fe−C−O system at extreme P/T conditions from
the solid to the melt. It also sets a benchmark for future
microsecond time-resolved emission spectroscopy measure-
ments using a DAC coupled with a pulsed x-ray beam from
a superconducting XFEL facility at the High Energy Den-
sity (HED) instrument at EuXFEL. This ultimately enables
pump-probe x-ray emission experiments at timescales and P/T
conditions beyond what can be reached with well-established
approaches.

II. EXPERIMENTAL SETUP

A. Sample environment

A DAC of type Bx90 with a radial opening, specialized for
fluorescence measurements through a side window perpen-
dicular to the beam, was loaded with pure synthetic siderite
powder [18] pressed into a pellet with a diameter of about
50 μm. The use of asymmetric seats [30] and a standard
diamond in the upstream direction ensured an opening angle
of approximately 25◦ for emission detection through a side

FIG. 1. DAC schematic with a 2.275-mm-wide standard di-
amond upstream and a 1.72-mm-wide Boehler-Almax diamond
downstream. The sample (green) is contained in a hole in the Re
gasket with a diameter of 100 μm. The recorded XES signal passes
out of the DAC through the standard diamond and a side window
in the DAC housing (not shown). The XRD signal was measured
through the downstream Boehler-Almax diamond.

window. Downstream, a Boehler-Almax diamond provided
a large opening angle of 70◦ on the back of the DAC for
XRD measurements (Fig. 1). The sample was contained in-
side a rhenium gasket and squeezed between two diamonds
with a culet diameter of 300 μm. To optimize the sample
environment geometry for the XES signal, the gasket prepa-
ration and sample loading was done as described in reports
on earlier emission experiments [6,9,30,31]. Neon was loaded
as a pressure-transmitting medium to ensure quasihydrostatic
pressure conditions throughout the sample chamber. For the
determination of the pressure, we used the fluorescence shift
of a ruby single crystal that was placed next to the sample
inside the gasket [32]. The measurements were performed at
51 ± 1 GPa, which was further confirmed after the experiment
by measuring the optical Raman spectra of the diamond culet
[33].

B. X-ray heating in a DAC

The experiment was conducted at the HED instrument
of the European XFEL [34,35]. The incident beam had a
photon energy of E = 13 keV with a Self-amplified spon-
taneous emission (SASE) bandwidth of �E/E = 1 × 10−3

and was delivered in 10 Hz trains, which contained up to
ten pulses each at a maximum repetition rate of 2.2 MHz.
The pulse energy of the femtosecond pulses was controlled
by attenuating the beamline transmission to a maximum of
255.2 ± 4.5 μJ as determined by x-ray gas monitors (XGMs)
[36], which corresponds to a photon flux of the order of 1011

ph/pulse. However, this value does not take the absorption
of optical elements after the XGMs and of the upstream
diamond of the DAC into account. The latter is estimated
to absorb roughly 55% of the transmitted x-ray beam for
a 2.2-mm-thick diamond at 13 keV [37]. A spot size of
20x20 μm (VxH, FWHM) at the target chamber center (TCC)
of the interaction chamber 1 (IC1) was achieved using Be
compound-refractive lenses located roughly 9 m upstream
from TCC. An inline microscope and a hexapod positioning
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system was used to align the DAC in the XFEL beam. The
pressure inside IC1 was approximately 1 × 10−6 mbar during
the experiment. The efficiency of heating with x-ray pulses
within a train was controlled by altering the repetition rate
of the incoming pulses [11]. To probe the sample at close-to
ambient temperature conditions, we used a repetition rate of
455 kHz resulting in a time gap of 2.2 μs between the arrival
of each pulse, i.e., sufficient time for the sample to cool down
between x-ray pulses. The heating runs were conducted at
2.2 MHz, i.e., with 444 ns pulse spacing, which does not
leave enough time for complete cooling of the sample in
between pulses. It should be noted that pulse-to-pulse pointing
instabilities and the Gaussian profile of the x-ray beam may
cause probing of parts of the unheated sample. All runs men-
tioned in this paper are listed in Supplemental Material (SM)
Table I [38].

III. METHODS

A. In situ measurement

The Fe Kβ1,3 emission line at about 7 keV was measured
with an energy-dispersive von Hámos spectrometer near 90◦
scattering geometry with emitted x rays passing through the
standard diamond and the large open side window of the DAC
housing. This geometry minimizes the elastically scattered
radiation from the sample and the DAC on the detector, which
decreases the scattering background, and creates an optimized
field of view to detect the XES signal. It also reduces the ab-
sorption of the fluorescence by the diamond anvil, as the travel
length through the diamond is minimized. The von Hámos
spectrometer consists of a single cylindrically bent Si (531)
analyzer crystal (110 × 30 mm (V×H) with a bending radius
of 250 mm) that dispersed the fluorescence with a central
Bragg angle of 72◦ onto an ePix100 detector with a pixel
size of 50 × 50 μm and a repetition rate of 10 Hz [39,40],
providing an energy window of roughly 150 eV. The energy
calibration for the XES detector was conducted by fitting the
Kβ1,3 fluorescence line including the valence-to-core signal
from a Fe foil to a reference Fe emission line [41]. The
dispersion of the setup on the detector plane is 300 meV per
pixel with a FWHM of 5 eV for the Kβ main peak of the
measured Fe foil.

XRD measurements were performed using a second
ePix100 detector downstream of the DAC, providing a scat-
tering angle (2θ ) of 11.8◦ to 30◦ or a momentum transfer (Q)
of 1.4 Å−1 to 3.4 Å−1. To prevent saturation during exposure
with several trains, the detector sensor was covered with a Cu
foil of 20 μm thickness. The angular range of the detector was
calibrated using a CeO2 standard and the data was analyzed
using DIOPTAS [42]. Each run lasted for roughly 3000 trains
during which the XES and XRD detectors collected at 10 Hz
repetition rate.

B. Ex situ and recovered samples analysis

1. XRD imaging

Spatial XRD mapping was performed at beamline P02.2
at PETRA III to identify phases in the quenched sample still
contained in the DAC at 51 GPa. The XRD map had a step
size of 2 × 2 μm. The incident beam with a photon energy

of 42.7 keV was focused to 2 × 2 μm (VxH, FWHM) using
Kirkpatrick Baez mirrors [43]. The grid size was 31 × 31
steps. Each step had an exposure time of 30 seconds while
scanning over an ±5◦ � rotation around the vertical axis per-
pendicular to the x-ray propagation. The signal was collected
with a 2D Perkin Elmer detector, which was calibrated using
a CeO2 standard. The maps were analyzed with the X-ray
Diffractive Imaging software [44].

2. Raman spectroscopy

To further support the phase identification, the sample
contained in a DAC, and recovered single grains at ambient
pressure, were measured using a LabRAM HR800 VIS Ra-
man spectrometer at Geoforschungs Zentrum (GFZ) Potsdam,
utilizing a 532 nm laser. Raman spectra were collected in a
range from 300 cm−1 to 1250 cm−1. A complete map of the
sample with a step size of 4 μm and a smaller map of the
heating spot with a step size of 2 μm were taken. For both
maps, each point was measured for 1 min.

3. XES imaging

To characterize the spin state of the entire temperature-
quenched sample in the DAC, it was mapped at the P01
beamline at PETRA III. The incident beam had an energy of
10.4 keV and a beam size of 8 × 8 μm (VxH, FWHM) [45].
Using an energy dispersive von Hámos type spectrometer with
four Si (440) cylindrically bent analyzer crystals (bending
radius of 500 mm) at a central Bragg angle of 61◦ and a Pilatus
100K detector [9], we measured the Fe Kβ1,3 fluorescence for
5 minutes for each step of a 6 × 6 grid. The step size was
8 μm.

4. Scanning electron microscopy and transmission
electron microscopy

Several grains were recovered from the sample after open-
ing the DAC for postmortem analysis, at GFZ Potsdam. The
recovered grains were arranged on a glass slide and put into a
Quanta 3D field emission gun scanning electron microscope
to identify relevant grains with melting structures on their
surface. Afterward, the sample was carbon coated and then
cut into transmission electron microscopy (TEM) foils with
a Helios G4 UC DualBeam. The TEM lamellae were further
analyzed in a FEI Tecnai F20X-Twin TEM by imaging and
analyzing electron diffraction patterns.

C. Temperature simulation

Using finite-element analysis provided by the simula-
tion program COMSOL MULTIPHYSICS [11], we calculated
the sample’s temperature response to the absorption of the
x-ray pulses during a single x-ray pulse-train at 2.2 MHz and
455 kHz, assuming the x-ray beam hits the sample in its
center. We suppose a pulse duration of 30 fs and a Gaussian-
shaped beam with a radius of 30 μm FWHM. The pulse
energy was set to 15 μJ for 2.2 MHz and 5 μJ for 455 kHz
to reach realistic temperatures at the time of probing by the
subsequent x-ray pulse. Thermodynamic properties of the
compressed FeCO3 and the diamond anvils assumed in the
model are given in SM Table II.
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FIG. 2. Left: Raw emission signals for different runs (top) in-
cluding the difference to a subtracted LS signal measured at 455 kHz
(bottom). Center: Separated selected emission spectra for increased
spin state compared to a low spin spectrum. Right: HS-reference and
LS-reference of FeCO3 [9] and a combination of 44% HS spectrum
and 56% LS spectrum, resembling the run at highest used pulse
energy. The difference between each spectrum and the LS spectrum
is shown below.

IV. RESULTS AND DISCUSSION

A. In situ results at high P/T

Based on the configuration of the 3d electrons of the Fe
cations, the absolute spin state change in our sample can be
specified by the analysis of the Kβ fluorescence line in terms
of its energy shift and shape. The most prominent features
are the Kβ1,3 emission line and its satellite peak Kβ ′, which
depend on the exchange of the 3d valence electrons with the
3p electrons. Based on the spin of the 3d electrons of the Fe
cation, the peaks act as an indicator of the total spin moment
Sbulk. This change becomes visible in Fig. 2 (left) during the
gradual increase of the pulse energy, i.e. increasing heating
of the sample, and acts as an indicator for an increase of the
fraction of HS Fe. By comparing the peak shape measured at
ambient temperature and a heating run [Fig. 2 (center)] with
the most prominent satellite peak to a LS and HS references
[Fig. 2 (right)] [9], it becomes clear that a pure HS state has
not been detected during the experiment. However, a combi-
nation of the LS and HS references provides a good fit of the
peak shape. To be able to extract an accurate value of the spin
state Sbulk from the raw spectra, the Kβ1,3-first moment (M1)
shift can be used [46], which is calculated by

M1 =
∑

j (EjIj )
∑

j I j
,

with energy Ej and intensity I j at point j for all points ±50 %
of the maximum intensity of the Kβ1,3 peak. It has been shown
that the M1 value has a linear dependence on the commonly
used integrals of the absolute values of the difference spectra
(IAD) [46,47] and, therefore, on the spin change. In contrast

FIG. 3. The dependence of Sbulk as obtained by fitting of the
�M1 shift (light blue), and by fitting of the raw XES spectra to
the reference spectra (dark blue) to the pulse energy of the incident
XFEL beam. The FeCO3 diffraction peak intensity ratio (red) es-
timates the spin state of FeCO3. The splitting of the blue and red
shaded area above roughly 50 μJ is due to the decomposition of
FeCO3 and shows the effect of Fe bearing decomposition products
on the spin state Sbulk.

to the determination of the spin state via IAD values, the
M1 shift can be applied to spectral data of lower statistical
quality. For the analysis, the spectra were aligned to the same
center of mass. At 2.2 MHz, the spin state starts to change
above an incident XFEL pulse energy of 18.1 μJ and reaches
its maximum at 70 μJ, and it stays constant with increasing
pulse energies. To estimate the absolute spin-state moment
Sbulk, i.e., the average spin state of all iron-bearing compounds
probed in the x-ray spot, we fitted each spectrum with a
linear combination of FeCO3 HS and LS reference spectra
[9]. These reference spectra were measured at small pulse
energies, which exclude the presence of thermally induced
phase transitions or decomposition products. The resulting
spin state was then linked to corresponding M1 shifts relative
to the LS reference. Alternatively, the �M1 values can be
linked to a Sbulk value via comparison to earlier measurements.
The comparison of the respective spectra at increasing pulse
energy to a HS reference spectrum shows that Sbulk reaches a
maximum value of 0.9 ± 0.1 or 40 % to 50 % of the Fe2+ HS
state of ambient temperature FeCO3 (Fig. 3).

Diffraction patterns from runs taken at 455 kHz confirm
that the sample consists solely of FeCO3. At this repetition
rate, the spin state change from the LS to HS state in FeCO3

can only be observed at pulse energies above 51.8 ± 1.9 μJ
to 78.4 ± 2.3 μJ, as manifested by the small peak at lower
2θ originating from the small fraction of the sample that
underwent the inverse volume collapse (Fig. 4). Similar ob-
servations were reported by Lavina et al. [22], however, in
that case caused by pressure gradients in their sample rather
than by an increase in sample temperature. Even though the
amount of HS-FeCO3 is only a small fraction and the change
in spin evaluated by the XES signal is negligible, the XRD
data suggest that during ten pulses at 455 kHz, the heating was
sufficient to induce a spin change. At a higher repetition rate
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FIG. 4. Left: FeCO3 (012) diffraction peak measured for
455 kHz runs. At 51.9 μJ, a single LS-FeCO3 peak is visible. At
78.4 μJ, two peaks are observed which can be attributed to the
LS-FeCO3 and the HS-FeCO3. Right: FeCO3 (012) diffraction peaks
measured for 2.2 MHz runs. In the XRD data at 11.2 μJ we see a
single peak of the LS phase. Afterward, the peak splits into a LS/HS
set with increasing HS portion. Example detector images for cold
and hot runs are given in SM Fig. 1.

of 2.2 MHz, the appearance of the second set of diffraction
peaks is already visible at 18.1 ± 1.8 μJ, due to less time for
cooling in between pulses. The ratio of the intensity of HS-
to LS-FeCO3 diffraction peaks provides an estimate of the
fraction of the spin state of the probed FeCO3 and increases
with rising sample temperature. This spin change is reversible
by reducing the sample’s temperature below 600 K, which
causes the spin state of FeCO3 to switch completely back
to LS.

Figure 5 shows the simulations of the time-dependent tem-
perature distribution during a ten-pulse train at 455 kHz and
2.2 MHz. Within the train, the temperature increases stepwise,
with each x-ray pulse first probing the state of the sample
cooled from the previous pulse and subsequently increasing
its temperature due to absorption. During heating, the peak
temperature can thus significantly extend the temperature of
the sample during probing, so the experiments display not

FIG. 5. Simulation of the heating cycle within each train at
2.2 MHz (red line) and 455 kHz (blue line). Circles mark the tem-
peratures when the sample gets probed with XES and XRD. Phase
stability fields at 51 GPa as suggested by Cerantola et al. [18]
are indicated for LS-FeCO3 (blue), HS-FeCO3 (red), the spin state
transition zone (violet), Fe3O4 (green), and melt (yellow).

only the sample’s current state but also its heating history. The
heating runs at 2.2 MHz show a steeper temperature increase
at the moment of probing, potentially crossing the melting
curve of FeCO3 as suggested by Cerantola et al. [18]. The
amount of HS-FeCO3 was estimated by the intensity ratios of
the diffraction peaks (Fig. 3) from the XRD data. When com-
paring the spin state Sbulk extracted from the XES spectra with
the amount of HS-FeCO3, the spin state determined by XES
agrees well with the HS amount of FeCO3 for pulse energies
below 50 μJ. This is due to the lack of any other dominant
phase in the system, which primarily consists of FeCO3 up to
roughly 50 μJ . When signs of melt and other phases become
detectable in the XRD signal, the bulk spin state Sbulk and
the HS-FeCO3 content, determined by XRD, start to differ.
Sbulk remains at a constant HS fraction of 45% while the HS
fraction for the FeCO3 signal decreases with increasing pulse
energy. The discrepancy between HS-FeCO3 and Sbulk may
be attributed to the irreversible phase change from HS-FeCO3

to other Fe-containing phases such as Fe oxides, Fe4C3O12,
or melt as further verified by ex situ XES measurements.
At 33.6 ± 2.1 μJ, several other diffraction peaks appear that
could be interpreted as Fe oxides like Fe2O3 in its double
perovskite structure [48] and Fe3O4 (space group Bbmm)
[23,29]. A definite assignment of these diffraction peaks is
challenging due to the limited 2θ window and the overlapping
peaks of these phases. An in situ diffraction pattern taken
during heating can be seen in SM Fig. 2. At 51.8 ± 1.9 μJ,
pulse energy diffraction peaks of Fe4C3O12 start to appear
and become more prominent with increasing pulse energy
and heating. Above 88.7 ± 2.2 μJ, the high temperature phase
CO2−V (space group I 4̄2d) [49] can be observed. Signs of
melt are evidenced by an intense and broad background signal
underlying the diffraction peaks between 2.2 Å−1 and 3.0 Å−1

that appears in the XRD patterns at 51.8 ± 1.9 μJ and that
becomes prominent relative to the crystalline phases with
increasing pulse energy.

B. Ex situ and postmortem results

All phases that were identified in situ at high temperature
were still present after quenching, except HS-FeCO3 which
undergoes a volume collapse to form LS-FeCO3. XRD map-
ping was performed on the quenched sample with a 2 μm
spatial resolution and allowed us to precisely determine the
position of the heated spot, i.e., the area containing Fe4C3O12

and CO2−V. The location of the heating spot is evident from
the low intensity of the diffraction peaks of the LS-FeCO3

phase as this phase partially decomposed (Fig. 6). Fe4C3O12

surrounds the center of the heated spot, whereas CO2−V has
crystallized in the center. Additional diffraction peaks may
be assigned to Fe oxides, such as Fe3O4 or Fe2O3, however,
definitive assignment is challenging because of the overlap of
diffraction peaks of these phases. The presence of FeCO3 and
CO2−V was further confirmed by optical Raman mapping
in qualitative agreement with the XRD maps. Broad Raman
bands from 250 cm−1 to 550 cm−1 and 690 cm−1 to 860 cm−1

were observed that are consistent with amorphous graphite
and could result from graphitization of the diamond anvils.
The same peaks were found during screening of the diamonds
after pressure release and cleaning the anvil culets. We also
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FIG. 6. Intensity-based phase distribution for the XRD (top left,
see SM Fig. 3) and Raman (top right, see SM Fig. 5) maps. The main
phase FeCO3 (blue) has slightly lower intensities in the heating spot
where Fe4C3O12 (green) and CO2−V (red) appear. The XES map
(bottom left, see SM Fig. 4) shows HS state in the heated spot relative
to the surrounding LS-FeCO3. The sample’s approximate outline is
marked in red. All measurements were conducted while still under
high pressure. An image of the sample loaded in the DAC under a
microscope is shown in the bottom right.

noted an increase in the HS state in the quenched sample
from the ex situ XES map with a measured maximum Sbulk

of 1.3 ± 0.1 in the area where we found decomposition prod-
ucts. In the recovered sample outside the DAC, we identified
Fe3O4 via optical Raman spectroscopy and Fe2O3 by electron
diffraction on a TEM foil cut from a recovered grain. The
surface of the grain shows a typical structure of solidified
melt (Fig. 7, top). The TEM analysis showed a highly porous
structure in bright field mode, suggesting degassing of CO2

(Fig. 7). The position of the recovered grain relative to the
heating spot could not be retraced.

It should be noted that while the upstream diamond showed
localized graphitization from either radiation or thermal dam-
ages, the DAC retained its pressure during heating runs. After
pressure release, the culet was found undamaged. This is a
highly relevant technical aspect in terms of DAC experiments
exploiting XFEL radiation.

C. Discussion on the reaction path

Our results imply very complex phase relations in the
FeCO3 system during multiple heating cycles up to melt-
ing temperatures followed by quenching. Since only pulse
train averaged information from the in-situ XRD and XES
measurements is available, a full understanding of all in-situ
reactions is difficult. Ex situ and postmortem analyses have

FIG. 7. Scanning electron microscopy picture of a recovered
grain (top) with melting like structures on the grain’s surface. The red
line shows the position where the TEM foil was cut with a focused
ion beam (FIB). The bright field image of the foil (bottom) shows
Fe-oxide grains (grey) with very high porosity (white), suggesting
degassing of CO2.

helped us to understand the processes retrospectively and have
shone light on the highly complex nature of the FeCO3 system
at extreme conditions. Our results, both from in situ and ex
situ analysis, suggest that, at pulse energies of 51.8 ± 1.9 μJ
at 2.2 MHz, the following reactions occur during heating (T+)
and quenching (T−):

HS − FeCO3 −→T+ Fe4C3O12 −→T− Fe4C3O12.

Our data support a HS state of the hot and temperature
quenched Fe4C3O12 as reported by Albers et al. [6]. Above
roughly 50 μJ, with the appearance of amorphous signal on
the XRD detector, our data suggest the reaction

Fe4C3O12 −→T+ melt + CO2 −→T− Fe − oxides + CO2,

where the nature of the Fe oxides and the composition of the
melt remains ambiguous. Although our data does not allow
for a full and final understanding of the individual spin states
of phases besides FeCO3 due to the complexity and variety of
different phases along the attained temperature path, it gives
insight into the HS character of the combined decomposition
products, including that of Fe in the melt.

V. CONCLUSION

In the present paper, we monitored the spin state and struc-
ture during decomposition of FeCO3 at extreme pressures
while generating high temperatures through x-ray heating at
an XFEL facility. The sample reached melting temperatures
during pumping and probing at 2.2 MHz at a fraction of the

033042-6



STRUCTURAL AND ELECTRON SPIN STATE CHANGES … PHYSICAL REVIEW RESEARCH 4, 033042 (2022)

available pulse energy. The simultaneously measured XRD
expanded the information about the spin state of FeCO3

by adding valuable data on the structural state and phase
composition. At a repetition rate of 455 kHz 78.4 ± 2.3 μJ
was sufficient to cause a temperature-induced spin change
in FeCO3 at roughly 600 K. At 2.2 MHz, the same heating-
induced spin state change occurred at 18.1 ± 1.8 μJ, while at
51.8 ± 1.9 μJ our sample started to melt, suggesting temper-
atures above 3000 K [18]. The average spin state of Fe in all
decomposition phases combined is above S = 1 and persists
after quenching. Moreover, the data suggest the presence of Fe
in HS in a Fe−C−O melt at 51 GPa. The energy threshold for
nonthermal damage for diamonds [50] was not reached during
the experiment. Thus the graphitization of the diamond anvils
is likely caused by thermal damage which is currently under
further investigation. Nevertheless, this experiment clearly
shows the compatibility of using a DAC in combination with a
highly focused and intense XFEL beam as a probe over tens of
minutes. This successful proof-of-principle experiment allows
us now to further improve our approach and the experimental
setup for future measurements. It also marks a step toward
microsecond time-resolved XES measurements from x-ray
heated samples contained in a DAC and provides a probing
scheme of the structure and spin state of melts at extreme
static pressures by the combination of XES and XRD mea-
surements. Such measurements permit the collection of highly
relevant information for our understanding of the interior of
planets in our solar system and beyond and will explore phase
spaces on short timescales in future experiments at XFELs.

Data recorded for the experiment at the European XFEL
are available at Ref. [51].
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