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Abstract. We present a setup exploiting a von Hédmos spectrometer in order to study
(resonant) X-ray emission of matter exposed to high pressure. The capabilities of this setup are
demonstrated for the case of FeO at pressures between 13 GPa and 75 GPa. The setup provides
high-quality Kf1,3 X-ray emission spectra at high pressures for iron spin state analysis within
minutes and iron valence-to-core spectra in less than one hour. Resonant X-ray emission maps
can be obtained on a timescale of one hour with 1.0eV and in approximately 3 hours with 0.2eV
incident energy resolution. Both Ka and K emission can be utilized to gain L-edge and M-
edge-like information, respectively, with the option of measuring both simultaneously. The spin
state results on FeO between 13 GPa and 75 GPa are in accordance with recent literature. The
structural distortion is reflected in both, valence-to-core spectra and resonant X-ray emission
maps, which showcase the great potential of the presented setup. The achieved data acquisition
times are promising to couple pressure with temperature by laser heating.

1. Introduction

The knowledge of the electronic structure of iron-bearing compounds at pressure and
temperature is important for understanding the Earth’s geochemical processes owing to iron’s
abundance in the Earth’s mantle. Iron appears in two different oxidation states as ferrous and
ferric iron, i.e., Fe?t and Fe?*. Due to its electronic complexity and appearance in various
structurally diverse compositions, it can affect physical and chemical properties of the deep
Earth. Iron’s pressure-induced spin transition for example influences the sound velocity and
compressibility of the materials and can furthermore affect the element partitioning in the
Earth’s mineral assemblages [1, 2, 3, 4].

An important compound in this context is the iron-oxide wiistite (FeO). It is known that
FeO undergoes a structural transition from cubic (Fm3m) to rhombohedral (R3m) crystal
symmetry at 16 GPa and at higher pressures of about 100 GPa to the B8 phase with a NiAs-
type structure [5, 6, 7, 8]. Its electronic structure has been investigated mainly in mixed
(Mg,Fe)O crystal systems with a variety of experimental approaches like Mossbauer spectroscopy
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[9, 10, 11, 12, 13, 14, 15], (resonant) X-ray emission spectroscopy ((R)XES) [16, 17, 18, 19], and
optical absorption spectroscopy [20, 21, 22]. However, some studies particularly investigated the
pure FeO system. Badro et al. [23] found no complete spin transition from high-spin (HS) to
low-spin (LS) state up to a pressure of 143 GPa via K/ 3 XES, even though the K/ 3 line shape
changes significantly, whereas Ozawa et al. [24] report a nearly full spin transition occurring
between 103 GPa and 119 GPa. Hamada et al. [25] and Pasternak et al. [26] obtained by
Mossbauer spectroscopy a slow pressure-induced spin decrease starting at around 90 GPa. In
the following, we present iron K 3 and valence-to-core (vtc) XES spectra of pure FeO measured
up to a pressure of 75 GPa. At 13 GPa in the cubic and 75 GPa in the rhombohedral phase,
we additionally acquired 1s2p RXES maps. The results are discussed in terms of changes in
electronic structure with emphasis on spin state changes.

2. Materials and Methods

Synthetic Fe 94O (FeO from here on) was loaded into a BX90 Diamond Anvil Cell (DAC) with a
radial opening (BX90-RO). The DAC was equipped with a standard diamond (ST) downstream
and a mini diamond (MD) [27] upstream with a culet size of 200 pm without a bevel. To ensure
quasi-hydrostatic conditions, argon was utilized as pressure transmitting medium. Rhenium of
200 pm thickness was used as gasket material. The pressure was determined by optical Raman
spectroscopy of the diamond-anvil tip [28].

The (R)XES measurements were performed at beamline P01 of PETRA III (DESY) [29].
The X-rays were monochromatized by a Si(111) monochromator providing ~ 6 - 10'3 ph/s at
10keV incident energy with an energy resolution of 1.0eV. An X-ray spot size of 7x7pm?
was achieved at the sample position by focusing with a Kirkpatrick-Beatz mirror system. A
wavelength-dispersive von Hamos spectrometer was applied in combination with a Pilatus 100K
area detector to measure the emission spectra (schematic shown in Weis et al. [30]). It can
be equipped with 4 cylindrically bent analyzer crystals of 500 mm bending radius dispersing
the energy in the vertical direction and enabling focusing in the horizontal direction. The area
detector allows for the detection of an emission spectrum in a single-shot fashion. We equipped
the spectrometer with Si(111) and Si(110) analyzer crystals providing an energy resolution of
~0.5eV and ~0.6eV for iron Ka and K3 emission detection, respectively, that is dominated
by the pixel-size contribution of the detector (172x172pum?). The analyzer crystals are fixed
to the spectrometer by magnetic backplates and can be exchanged quickly. The experimental
geometries for iron Ka and KA emission using Si(333) and Si(440) analyzer crystal reflection are
similar and the optimized vertical positions of the detector differ only by 2cm. As the height
of the detector’s sensitive area is 8.38 cm, a simultaneous measurement of Ka and K3 emission
is possible. The spectrometer was set up at a horizontal scattering angle of ~ 70° to optimize
the field of view of the spectrometer regarding the sample contained in the DAC [31]. In this
geometry, the signal-to-noise ratio is improved by a factor of 50 compared to emission detection
in transmission geometry. Spectra of the single analyzers were energy calibrated, background
corrected, and finally summed up. The acquisition time for iron vtc-XES was 60 minutes (30 min
at 75 GPa) whereas measurements of the 1s2p RXES maps for 13 GPa and 75 GPa lasted 145 min
and 50 min, respectively. Excellent data quality of the K3 3 emission can be obtained within
minutes. All spectra are normalized to the area between 7020eV and 7120 eV and are shown on
an absolute energy scale except for spin-state analysis via Integral of Absolute Difference (IAD)
method [32], where the Kf; 3 XES spectra are shifted in emission energy so that the center of
gravity (COG) is at 7055eV. IAD values are calculated between 7030 eV and 7070eV. The first
momentum (M;) is calculated considering the intensity of the K/ 3’s emission down to 50%
of its maximum value according to Lafuerza et al. [33]. The shift of the M;-position (AM;)
is scaled corresponding to a change in average spin of AS=2 obtained via FesOg spectra of a
reference sample that was loaded together with FeO.
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3. Results and Discussion

3.1. Iron KBy 3 X-ray emission
Pressure-dependent iron Kf; 3 emission spectra of
FeO are shown in Fig.1. As LS reference for the
TAD a spectrum of FeCO3z measured at 82 GPa with
the same setup is used (not shown here for clarity).
The differences to the spectrum of FeO measured
at 13 GPa (HS) were calculated and used for the
determination of the IAD values and are presented
in Fig.1, shifted on y-scale for clarity. The inset
shows the resulting IAD values in black and the
AM; values in red. The grey dashed lines mark
the limits of both IAD and AM; values for iron in
pure HS and LS state. The IAD values start with
an offset of 0.7 compared to the 13 GPa reference
followed by a slow rise in IAD value with pressure
in the rhombohedral phase. Up to 75 GPa, no HS
to LS transition occurs. The observed offset is
assigned to the structural transition at 16 GPa [7].
The symmetry of the crystal field is decreased in the
rhombohedral phase, which splits the energy levels
of the 3d electronic states further and influences
the spectral shape of the K13 emission. For the
higher pressures, the slow increase in IAD value is
in accordance with that reported in the literature
[26, 23, 24, 25] and may be assigned to the change
in covalency during compression [33], potentially
accompanied with the onset of the spin transition
for the highest pressure.

3.2. Iron valence-to-core emission

Analysis of the vtc emission, visualized in Fig.2,
shows a good agreement with the previously
mentioned literature. The vtc spectra have been
extracted using a PearsonVII function to subtract
the underlying tail of the Kf3;3 emission. The
spectra are normalized to their corresponding K/ 3
emission. The inset shows the integrated Kpg”-
intensity. The Kf” peak originates from the
hybridization with oxygen’s 2s orbitals and its
intensity is connected to the Fe-O bonding distance
[34]. The linear increase implies a nearly gradual
decrease in bonding distance within the error of
the experiment which we assign to the relatively
small decrease of the FeOg octahedra with pressure,
accompanied by the cubic to rhombohedral phase
transition with a collapse in volume of only
about 0.6% [5, 35]. Furthermore, the K37 peak
position shifts constantly to lower energies which is
connected to an increase in covalency with pressure
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Figure 1. K/ 3 spectra of FeO measured
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[22]. The KfB25 peak originates from the overlap between oxygen 2p and iron 3d states. Its
peak shape shows a distinct variation between 13 GPa and 30 GPa with a significantly reduced
contribution of the high-energy shoulder for higher pressure spectra.

3.8. Iron 1s2p RXES

At 13 GPa and 75 GPa 1s2p RXES maps were measured. The corresponding maps are visualized
in Fig. 3 highlighting the pre-edge region in the grey boxes. Integration of a small area at constant
emission energy (CEE) leads to X-ray absorption near edge structure spectra in the high-energy
resolution fluorescence detected mode. The resulting CEE-cuts along with extracted pre-edge
features are visualized in (b) for both pressures with a total integrated energy range of 1.75eV in
order to include all observable transitions. The data is scaled that both measurements overlap
after the K-edge onset between 7130eV and 7180eV. The pre-edge features were extracted
using an arctangent function. Following multiplet theory, a 3d® transition metal in octahedral
coordination and HS state has 3 electronic states in the pre-edge region, i.e., a lower energy 4T19
state, a 4ng state, and a higher 4Tlg state [36]. Due to the overlap of the multiplet states and the
limited incident energy resolution, it is not possible to indicate those transitions unambiguously
in the CEE-cuts for 13 GPa. At 75 GPa the whole pre-edge features are shifted to higher energies
with the COG varying from 7112.924+0.1eV to 7113.26 £0.1eV with a simultaneous FWHM
(Full Width at Half Maximum) increase from ~3.3eV to ~3.5eV which is connected to an
increased crystal field splitting by pressure. Furthermore, the rhombohedral unit cell causes a
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Figure 3. 1s2p RXES measurements of FeO at 13 GPa (a) and 75 GPa (c). (b) CEE-cuts with
an integrated range of 1.75eV for both pressures. The integrated ranges are highlighted by the
shaded area in (a) and (c). (d) CIE-cuts at 7112eV, 7113eV, and 7114 eV (dashed) and the
sum of these three cuts (solid).
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change in crystal field splitting from a three-fold tz, and a two-fold e, into a non-degenerate
a1y and two two-fold ey states [37] and thus smearing out of the transitions. Additionally, Yagi
et al. [5] report a further distortion of the rhombohedral structure at pressures above 40 GPa
which amplifies this effect.

Using the integration at constant incident energy (CIE) L-edge-like information can be obtained
for 1s2p RXES. CIE-cuts were performed at incident energies of 7112eV, 7113eV, and 7114eV
and are visualized in Fig.3 d). The solid lines represent the sum of the three cuts. In the
comparison between both pressures, the COG of the L-edge is also shifted to higher energy
transfer for the high-pressure spectra and the smearing out of the spectral shape is also reflected
in the CIE-cuts. However, in the limits of the energy resolution, the general structure is
conserved, which is in accordance with theory with no spin transition and iron still close to
octahedral symmetry [5, 6, 7], different to the findings for (Mg 75Fep.25)O [19].

4. Conclusion

We presented a setup for (resonant) X-ray emission spectroscopy that enables a detailed
analysis of the electronic structure of iron-bearing compounds at high pressure utilizing a
dedicated scattering geometry in combination with data acquisition in a single-shot fashion via
a von Hamos type spectrometer. The setup provides good data quality for vtc-XES under
high-pressure conditions in less than one hour (30min for 75GPa). For RXES a Si(111)
monochromator was used which provides an incident energy resolution of 1.0eV. Based on
the data quality after 50 min integration time, an acquisition time of around 3 hours can be
estimated when using, e.g., a Si(311) monochromator in order to improve the incident energy
resolution significantly to about 0.2 eV. The reached timescales for data acquisition suggest that
high pressure can be coupled with temperature using laser heating [38] with this setup, for
Kg and vte XES as well as RXES. As the energy resolution of emission detection is limited
by the detector’s pixel size, this can be significantly improved to about 0.2eV when going from
172 pm to 50 pm pixels. Furthermore, the setup provides the opportunity to change the analyzer
crystals to perform 1s3p RXES and the geometry allows also a combination of both crystal types
simultaneously. Thus, it is a powerful tool for a complete analysis of the electronic structure of
transition metals at high-pressure and high-temperature conditions.
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