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abSTracT

Electronic states of iron in Earth’s mantle minerals including ferropericlase, silicate perovskite, 
and post-perovskite have been previously investigated at high pressures and/or temperatures using 
various experimental techniques, including X-ray emission and Mössbauer spectroscopies. Although 
such methods have been used to infer changes in the electronic spin and valence states of iron in lower 
mantle minerals, they do not directly probe the 3d electronic states quantitatively. Here we use 1s2p 
resonant X-ray emission spectroscopy (RXES) at the Fe K pre-edge to directly probe and assess the 3d 
electronic states and the crystal-field splittings of Fe2+ in the lower-mantle ferropericlase [(Mg0.75,Fe0.25)
O] at pressures up to 90 GPa. The pre-edge features from X-ray absorption spectroscopy in the partial 
fluorescence yield (PFY-XAS) and RXES results explicitly show three excited states for high-spin 
Fe2+ (a lower-energy 4T1g state, a 4T2g state, and a higher-energy 4T1g state) and a single 2Eg state for 
low-spin Fe2+, attributed to the (t2g)0(eg)3 excited configuration. This latter feature begins to appear 
at 48 GPa and grows with pressure, while the peaks related to high-spin Fe2+ vanish above 80 GPa. 
The observed pre-edge features are consistent with purely quadrupolar transitions resulting from the 
centrosymmetric character of the Fe2+ site. The K pre-edge RXES spectra at the incident energy of 
7112 eV, which are similar to the Fe L-edge spectra, are also used successfully to quantitatively obtain 
consistent results on the spin transition of Fe2+ in ferropericlase under high pressures. Owing to the 
superior sensitivity of the RXES technique, the observed electronic states and their energy separations 
provide direct information on the local electronic structures and crystal-field splitting energies of the 
3d electronic shells of Fe2+ in ferropericlase at relevant pressures of the Earth’s lower mantle. 

Keywords: Ferropericlase, diamond anvil cell, spin transition, resonant X-ray emission spectros-
copy, partial fluorescence yield, high pressures

inTroducTion

Electronic states of iron, including total spin momentum 
and valence charge, have been studied extensively at high pres-
sures in lower-mantle ferropericlase, silicate perovskite, and 
post-perovskite, owing to their influence on a range of physical 
properties relevant to understanding the state and dynamics of 
the Earth’s deep interior (e.g., Badro et al. 2003, 2004; Catalli 
et al. 2010; Grocholski et al. 2009; Jackson et al. 2005; Lin 
et al. 2005, 2008; Lin and Tsuchiya 2008; McCammon et al. 
2008; Persson et al. 2006; Tsuchiya et al. 2006). In particular, 
a high-spin to low-spin transition of Fe2+ has been reported in 
ferropericlase [(Mg,Fe)O] at high pressures using Mössbauer 
spectroscopy (Speziale et al. 2005; Gavriliuk et al. 2006; Kantor 
et al. 2006; Lin et al. 2006, 2009; Lyubutin et al. 2009), X-ray 
emission spectroscopy (XES) (Badro et al. 2003; Lin et al. 2005, 
2007), and optical absorption spectroscopy (Goncharov et al. 
2006; Keppler et al. 2007). These techniques have long played 
important and complementary roles in studying the electronic 

structures of planetary materials in extreme environments.
Although many experimental techniques allow inference 

of changes in spin and valence states by measuring electrical, 
optical, vibrational, magnetic, or structural properties, few di-
rectly probe the 3d electronic states quantitatively (e.g., Lin and 
Tsuchiya 2008). For example, XES and Mössbauer spectroscopy 
probe processes occurring in the inner electronic shell (in XES) 
or in the nuclei of iron ions (in Mössbauer) as indicators of the 
electronic spin transitions that occur in the outermost 3d orbitals 
of the iron ions (Maddock 1997; Vankó et al. 2006). Mössbauer 
spectroscopy has been widely used to investigate spin transi-
tions of iron in lower-mantle minerals owing to its sensitivity 
to the hyperfine parameters of iron nuclei, which can reflect the 
redistribution of 3d electrons across the spin transitions (Mad-
dock 1997). In XES, the Fe Kβ′ satellite peak arising from the 
3p-3d electronic exchange interaction is sensitive to the local 
magnetic moment of the dilute iron-containing minerals, but it 
does not necessarily distinguish between various valence states or 
coordination numbers. Furthermore, the intensity of the Kβ′ satel-
lite peak is a complex function of many factors, from which the * E-mail: afu@jsg.utexas.edu



LIN ET AL.: RESONANT X-RAY EMISSION STUDY OF FERROPERICLASE AT HP1126

average spin number might be extracted (Vankó et al. 2006).
Recent advances in synchrotron X-ray spectroscopic tech-

niques have stimulated application of X-ray absorption spec-
troscopy (XAS) and/or resonant X-ray emission spectroscopy 
[RXES; or called resonant inelastic X-ray scattering (RIXS)] as 
new probes to assess the 3d electronic states of iron-containing 
compounds (e.g., Caliebe et al. 1998; Wilke et al. 2001; Rueff 
et al. 2004; Vankó et al. 2006; Narygina et al. 2009). As an ex-
ample, a recent study of the Fe K pre-edges by XAS for a series 
of Fe-containing minerals showed that the pre-edge peak position 
and intensity distribution varied systematically with spin state, 
oxidation state, geometry, and bridging ligation (e.g., Wilke et 
al. 2001). However, intrinsic limitations of XAS arise from the 
spectral resolution, which is ultimately limited by the 1s core-
hole lifetime width of ~1.15 eV. Interpretation of XAS pre-edge 
spectra is further complicated in some cases by contributions of 
both dipolar and quadrupolar components (e.g., Caliebe et al. 
1998; Rueff et al. 2004; Narygina et al. 2009).

Applied to the Fe K pre-edge of Fe-containing compounds, 
RXES has recently been shown to be a powerful probe of the 
unoccupied 3d electronic structure (e.g., Caliebe et al. 1998; 
Rueff et al. 2004), by virtue of the suppression of the core-hole 
lifetime broadening and the possibility to resonantly enhance 
specific intermediate states by properly tuning the excitation 
energy. Because the final state of the 1s2p RXES process, a core-
hole in the 2p level, is identical to that of the L-edge absorption 
process, it is possible to obtain L-edge-like information even 
under constrained sample environments. The application of this 
technique to high-pressure science has, however, been limited 
so far by low count rates and the parasitic contamination from 
Fe impurities contained in Be gaskets. Those difficulties were 
overcome in the present study and we successfully conducted 
1s2p RXES experiments at the Fe K pre-edge of ferropericlase 
[(Mg0.75,Fe0.25)O] under high pressure. 

Ferropericlase contains mostly Fe2+ in the octahedrally 
coordinated local environment (Oh symmetry), which makes it 
an ideal candidate for this first high-pressure RXES case study 
on the electronic structures of the mantle minerals. We have 
measured the pre-edge features using both X-ray absorption 
spectroscopy in the partial fluorescence yield mode (PFY-XAS), 
the so-called lifetime removed XAS, and 1s2p RXES at pressures 
up to 90 GPa. Through systematic analyses of the data, the spin 
states and the crystal-field splitting energies of Fe2+ in ferroperi-
clase are derived at relevant lower-mantle pressures.

reSonanT X-raY eMiSSion SPecTroScoPY

Here we briefly discuss the RXES process and the antici-
pated pre-edge features of the octahedrally coordinated Fe2+ in 
ferropericlase. For simplicity and clarity, the RXES process for 
the centrosymmetric Fe2+ site is explained as a two-step process 
within a mono-electronic picture (Fig. 1a) (e.g., Caliebe et al. 
1998; Rueff et al. 2004; Vankó et al. 2006). Based on crystal-
field theory (Burns 1985, 1993), the ground state of Fe2+ (3d6) 
in the Oh ligand field consists of an electron hole configuration 
of (t2g)2(eg)2 for the high-spin state and (t2g)0(eg)4 for the low-spin 
state (where the superscripted number outside the parentheses 
represents the number of available electron holes) (Figs. 1b–1c). 
In the first step, a 1s electron is promoted to the 1s3d7 or 1s3d64p1 

intermediate state through quadrupolar and dipolar excitations 
(Fig. 1a) (the underlined electronic configurations are the hole 
states), respectively, that are primarily assigned to the pre-edge 
and white line spectral regions. In the second step, the final states 
are reached by decay of a 2p electron into the empty 1s state, 
leading to the 2p3d7 or 2p3d64p1 configuration. We note that, in 
the present case, one expects the pre-edge features only stem 
from the quadrupolar transitions because of the centrosymmetric 
character of the Oh Fe2+ site in ferropericlase.

The octahedral ligand field around the Fe2+ ion results in the 
3d orbital splitting into a t2g and an eg set (Burns 1985, 1993). 
The pre-edge feature would be dominated by four many-electron 
states (a lower-energy 4T1g state, a 4T2g state, a higher-energy 
4T1g state, and 4A2g) after removing degeneracy of the 3d orbit-
als (Griffith 1961; Westre et al. 1997). The 5T2g ground state 
of high-spin Fe2+ in an Oh ligand field has an electronic hole 
configuration of (t2g)2(eg)2. For the high-spin state, promotion 
of an 1s electron into the 3d shell yields, therefore, one of the 
two possible excited hole configurations, (t2g)1(eg)2 or (t2g)2(eg)1 
(Fig. 1b). The (t2g)1(eg)2 configuration gives rise to a 4T1g state, 
while the (t2g)2(eg)1 configuration results in a 4T1g and a 4T2g 
state (Griffith 1961; Westre et al. 1997). The high-spin 4A2g 
state originates from a two-electron excited hole configuration, 
(t2g)3, and thus it will not contribute to the pre-edge region and 
cannot mix with any of the one-electron allowed states from the 
symmetry considerations.

The ground state of low-spin Fe2+ has an electronic hole 
configuration of (t2g)0(eg)4. The only 1s→3d pre-edge feature for 
low-spin Fe2+ in the Oh site is the allowed electric quadrupole 
transition, with (t2g)0(eg)3 being the only allowed excited hole 
configuration, which produces a 2Eg excited many-electron 
state (Fig. 1c). Therefore, a high-spin to low-spin transition of 
Fe2+ in ferropericlase would manifest itself as a change from the 
three distinct peaks (a lower-energy 4T1g state, a 4T2g state, and a 
higher-energy 4T1g state) into the a single-peak (2Eg state) in the 
pre-edge region (Fig. 1) (Westre et al. 1997).
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Figure 1. Schematic representation of 1s2p RXES transitions for 
octahedrally coordinated Fe2+ in ferropericlase at the Fe K pre-edge based 
on crystal field theory (after Caliebe et al. 1998; Rueff et al. 2004). (a) 
A two-step RXES transition process within a mono-electronic picture. 
The quadrupolar and dipolar transitions are indicated by thick and thin 
lines, respectively. (b) Ground and excited states of the octahedrally 
coordinated high-spin Fe2+. (c) Ground and excited states of the 
octahedrally coordinated low-spin Fe2+. The dashed arrows in b and c 
represent the excited electron.
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eXPeriMenTaL MeThodS
Single-crystal (with [100] platelet) or polycrystalline (Mg0.75,Fe0.25)O samples 

were used for the high-pressure RXES experiments. Iron in our samples was 
predominantly present as ferrous iron (Fe2+). The ferric iron (Fe3+) of the samples 
was below the detection limit of Mössbauer spectroscopy, and magnetite (Fe3O4) 
was not detected by X-ray diffraction (Jacobsen et al. 2002; Lin et al. 2006), en-
suring that the measured RXES features are exclusively contributed by the Fe2+ in 
ferropericlase. Ultrapure Be gaskets (IF-1 grade; Bruch Wellman, Electrofusion 
Products) of 2 mm in diameter and 250 µm thick were pre-drilled to fit the shape 
of the beveled diamond anvils of 150–300 µm in diameter or those of flat diamonds 
of 300 µm in diameter, and then pre-indented to ~25 µm thickness. The ultrapure 
Be gaskets contain less than 0.03% iron impurity, which is a factor of five less 
than that in the more commonly used I-220-H grade Be gaskets with ~0.15% iron 
impurity. Subsequently, a hole of 200 µm in diameter was drilled in the pre-indented 
area and filled with cubic BN to form a gasket insert (Lin et al. 2008). A hole of 
~80 µm in diameter was then drilled and used as the sample chamber. Either a 
single-crystal or a pre-compressed disk of polycrystalline sample measuring ~70 
µm in diameter and 15 µm in thickness was loaded into the sample chamber in 
a panoramic diamond anvil cell (DAC) (Fig. 2), along with heavy mineral oil (a 
mixture of heavy hydrocarbon from Fisher Scientific, product number: MX1560) 
as the pressure medium and a few small ruby spheres for pressure measurements 
(Mao et al. 1978). The use of the cubic BN gasket insert was critical in maintaining 
sufficient thickness of the sample chamber (Lin et al. 2008) and in almost com-
pletely suppressing parasitic signal from the iron impurities from the Be during 
the RXES experiments (Fig. 3). Optical Raman and X-ray diffraction analyses of 
the samples and mineral oil after the experiments did not reveal any chemical reac-
tion. Pressures were also measured from the shift of the first-order Raman bands 
of the diamond anvil near the center and edge of the sample chamber (Akahama 
and Kawamura 2007) to evaluate pressure gradients across the sample, which were 
~10% of the sample pressures.

Due to the substantial absorption of the incident X-ray near 7 keV by the dia-
mond anvil (even with an only 800 µm thick perforated anvil), we have employed 
a tilted experimental geometry, which allowed the incident X-ray to access the 
sample chamber through the gap between the diamond anvils and the Be gasket. 
This permits minimum absorption of the incident X-ray by the Be gasket and the 
diamond anvils while permitting the RXES signal to exit the sample chamber 
through the Be gasket (Fig. 2). Furthermore, because the incident X-ray only 
penetrated a limited portion of the Be gasket, the background noise from the Fe 
impurities in the Be gasket was further reduced (Fig. 3). We note that the tilted 
geometry, however, resulted in sampling a much larger pressure gradient across 
the sample, which likely is the reason for the observed wide transition region (see 

Discussion section for further information). 
The PFY-XAS and RXES experiments were carried out at the HPCAT beamline 

of the Advanced Photon Source at high pressures. A monochromatic X-ray beam 
of around 7 keV with 1 eV bandwidth from a water-cooled diamond (111) double 
crystal monochromator was focused down to 30–70 µm in diameter at the sample 
position and used for the experiments. Spectra were recorded in the reflection mode 
using a Si (333) analyzer to monochromatize the scattered beam and an Amptek 
Si solid-state detector with a slit of ~100 µm in front of it. At the Kα emission 
line energy, the associated Bragg angle was 67.847°. To reduce elastic scattering 
background, the angle between the incident X-ray beam and the sample-analyzer 
direction was set to 90°. Absolute energy of the system was calibrated using the 
Fe K absorption edge of an iron foil. The overall energy resolution of the systems 
was estimated to be 1.1 eV from the full-width at half maximum (FWHM) of the 
elastic peak measured at the Fe Kα1 line energy, although measured spectral features 
can be well resolved within ~0.2 eV. 

The PFY-XAS spectra were measured by setting the Bragg angle of the ana-
lyzer to the maximum of the Kα1 emission line while scanning the incident energy 
(E1) with a 0.2 eV step through the pre-edge between 7109 and 7117 eV (Fig. 4). 
Spectra with a total of 6000–10 000 counts at the maximum of the pre-edge peak 
were collected in a few hours at each pressure. The RXES spectra were measured 
at incident energies spanning the same pre-edge region with a 0.25 eV step, by 
scanning the analyzer Bragg angle while synchronously translating the detector. The 
measured transfer energy E1-E2 (where E2 was the emission energy) was scanned 
between 704 and 713 eV with a 0.25 eV step (Figs. 5–6). 

eXPeriMenTaL reSuLTS and daTa anaLYSeS

The PFY-XAS and RXES pre-edge spectra of Fe2+ in ferro-
periclase were collected up to 90 GPa at ~10–20 GPa pressure 
intervals (Figs. 4–6). Three distinct spectral features can be 
well resolved up to ~37 GPa. An additional peak emerges at 
48 GPa, the intensity of which increases with further pressure 
increase, until becoming a single, dominant spectral feature at 
84 and 90 GPa.

To better understand the pressure dependence of the pre-edge 
spectral features, we have fitted the PFY-XAS data after remov-
ing the dipolar background contribution from the main edge and 
normalizing the resulting spectra by setting the total integrated 
area of the pre-edge region to unity. The pre-edge features were 
modeled by Voigt line shapes with the energy position, the 

FIGURE 2

Incident X-ray

Diamond

Diamond
Be Gasket

Sample
cBN

cBN

Figure 2. Schematic representation of the experimental geometry 
for the PFY-XAS and RXES experiments in a DAC. The DAC was tilted 
such that the horizontal incident X-ray beam entered the sample chamber 
at an angle of 28° from the Be gasket (through the gap between the Be 
gasket and the diamond anvils). The RXES signal exited the sample 
chamber through the Be gasket perpendicular to the incident X-ray. 
This experimental geometry significantly reduced the absorption of 
the incident X-ray and exiting signal by diamond anvils as well as the 
background noise from Fe impurities in the Be gasket.
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Figure 3. Representative scan of the sample chamber during 
the PFY-XAS and RXES experiments. This horizontal scan was 
perpendicular to the horizontal incident X-ray. The incident X-ray energy 
was set at 7200 eV in this scan, whereas the spectrometer energy was set 
at the peak of the Fe Kα1 at 6403.84 eV. The scan was 10 s per step. The 
sample size was ~70 µm in diameter. The use of the BN gasket insert 
resulted in a nearly suppressed parasitic signal from the Fe impurities 
present in the Be gasket (which would have otherwise contributed up to 
15–20% of the signal from the sample).
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FIGURE 4Figure 4. Representative pre-edge PFY-XAS spectra of ferropericlase 
[(Mg0.75,Fe0.25)O] at high pressures. Background contribution from the Fe 
K edge has been removed for clarity. The high-spin spectra were fitted 
to a three-peak model (a lower-energy 4T1g, a 4T2g, and a higher-energy 
4T1g), whereas the low-spin spectra were fitted to a single-peak 2Eg model 
using Voigt peak shapes (Westre et al. 1997; Wilke et al. 2001) (see Fig. 
1 for the transition processes). Circles = experimental data; solid lines 
= total fitted patterns; dashed lines = Voigt peaks for the high-spin and 
low-spin states. The 2Eg state of the low-spin ferropericlase increased 
in intensity with increasing pressure. The relative intensity ratios of the 
three high-spin peaks for the single-crystal and polycrystalline samples, 
respectively, vary slightly because of the orientation and polarization-
dependent factors, and were separately used to fit the spectra at high 
pressures using the intensity ratios under ambient conditions.
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Figure 5. Representative pre-edge RXES spectra of ferropericlase 
[(Mg0.75,Fe0.25)O] at high pressures. (a) 3-dimentional plots; (b) contour 
plots. The spectra were normalized by setting the total integrated area 
to unity. E1 = incident X-ray energy; E2 = emitted photon energy; E1-E2 
= transfer energy. Similar to Figure 4, the RXES spectra show the three 
high-spin excited states and one low-spin excited state.

full-width at half maximum (FWHM), and the peak height as 
variables. Following previous pre-edge spectral assignments for 
the high-spin and low-spin Fe2+ complexes in the Oh geometry 
with three-peak and one-peak features, respectively (Westre et 
al. 1997), we modeled the spectra at ambient conditions with a 
three-peak model, which adequately reproduced the experimental 
spectral features up to 37 GPa. A fourth peak, thus a four-peak 
model, was needed to fit the spectra between 48 and 71 GPa, 
whereas a single Voigt function was utilized for the spectra at 84 
and 90 GPa (Fig. 4). We found that fixing the relative intensity 
ratios of the three high-spin peaks (as derived from the spectrum 
at ambient conditions) has a negligible influence on the derived 
ratios of the high-spin and low-spin states. The RXES spectra 
measured at E1 = 7112 eV at high pressures were also fitted 
using a linear combination of the RXES spectra measured at 
18 and 84 GPa to evaluate the pressure-dependence ratio of the 
high-spin state (Fig. 6).
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diScuSSion

Based on a previous study (Westre et al. 1997), the pre-edge 
features in the three-peak model can be assigned to a lower-
energy 4T1g state, a 4T2g state, and a higher-energy 4T1g state of 
the high-spin Fe2+, with the lower-energy feature being more 
intense than the other two (Figs. 4–6). The lower-energy 4T1g 
peak arises from the (t2g)1(eg)2 configuration of the excited high-
spin state, whereas the 4T2g peak and the higher-energy 4T1g peak 
originate from the (t2g)2(eg)1 state (Fig. 1b). The intensity of the 
(t2g)1(eg)2-derived 4T1g final state is almost equal to the combined 
intensities of the (t2g)2(eg)1-derived 4T2g and 4T1g states, consistent 
with the statistically weighted number of one-electron transitions 
from the ground state to the excited state. On the other hand, the 
peak centered at 7112.5 eV can be attributed to the 2Eg excited 
many-electron state arising from the (t2g)0(eg)3 configuration of 
the excited low-spin state (see Fig. 7 for relative energies of 
these states as a function of pressure). The occurrence of the 
2Eg state at ~48 GPa provides direct evidence for the high-spin 
to low-spin transition of Fe2+ in lower-mantle ferropericlase at 
high pressures. 

The integrated area of the three high-spin related peaks de-
creases with increasing pressures between 48 and 71 GPa, and 
goes to zero at 84 and 90 GPa (Fig. 8). Since the integrated area 
represents the proportion of the high-spin state in ferropericlase, 
its disappearance and the concurrent appearance of the 2Eg state 
signify the pressure-induced spin-pairing transition in ferroperi-
clase. Derivation of the high-spin to the low-spin ratio using the 

FIGURE 6 

Figure 6. Representative RXES spectra of ferropericlase 
[(Mg0.75,Fe0.25)O] at E1 = 7112 eV at high pressures (circles). The spectra 
were fitted (solid line) using a linear combination of the RXES spectra 
measured at 18 and 84 GPa (dashed lines). Since those spectra correspond 
respectively to pure high-spin 4T1g and pure low-spin 2Eg, the pressure 
dependence of the high-spin state ratio can be directly derived from the 
pressure dependence of the ratio of 4T1g in the fit.

FIGURE 7

Figure 7. Measured peak energies of the excited states of Fe2+ in 
ferropericlase [(Mg0.75,Fe0.25)O] from the (a) PFY-XAS and (b) RXES 
spectra at high pressures. Energy shift between the different high-spin 
and low-spin states are indicated.
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RXES spectra measured at E1 = 7112 eV at high pressures is 
consistent with the PFY-XAS results (Fig. 8).

Compared with the previous studies using synchrotron Möss-
bauer and Fe XES spectroscopies (Badro et al. 2003; Lin et al. 
2005, 2007, 2009; Speziale et al. 2005; Gavriliuk et al. 2006; 
Kantor et al. 2006; Lin and Tsuchiya 2008), our results show a 
broader spin transition zone than X-ray emission studies (Lin et 
al. 2007, 2009) but a narrower transition than Mössbauer studies 
(Kantor et al. 2006). The discrepancy in these results may arise 
from different experimental conditions, such as the sample size, 
thickness, hydrostaticity in the sample chamber, and the beamsize 
of the X-ray source. In our experiments, relatively large pressure 
gradients of ~10% in our tilted geometry across the sample likely 
resulted in the observation of a broader transition region and may 
account for some of the discrepancy with previous studies. Al-
though our studies here show that RXES has superior sensitivity 
to the detection of the electronic states of Fe2+ in ferropericlase 
at relevant pressures of the Earth’s lower mantle, reconciling the 
width of the spin transition will require probing a smaller sample 
along the X-ray beam in a DAC.

The energy positions and separations of the observed high-
spin and low-spin states provide direct experimental information 
to evaluate the unoccupied 3d electronic structure of Fe2+ in the 
lower-mantle ferropericlase (Fig. 7). Near the onset of the low-
spin state at 48 GPa, the lower-energy 4T1g state is separated 
from the 4T2g state and from the high-energy 4T1g state by ~1.1 
and 1.9 eV in E1, respectively (Fig. 7). The low-spin 2Eg state is 
about 0.5 eV higher than the lower-energy, high-spin 4T1g state, 
while lower than the other two high-spin states by 0.6 and 1.4 
eV, respectively.

Consistent pressure dependences of the high-spin state ratio 
have been derived both from the PFY-XAS spectrum and the 
RXES spectrum at E1 = 7112 eV. This is worth noticing since 
these spectra yield, respectively, K-edge and L-edge-like informa-
tion. The good agreement between the two therefore confirms 

that both edges can be used successfully to infer semi-quantitative 
information about the spin state. Owing to the large Coulomb in-
teraction between the 2p and 3d levels, the L edge offers a higher 
sensitivity to charge and spin states than the K edge (Cressey et 
al. 1993). This is confirmed here with the E1 = 7112 eV RXES 
spectrum where each spin state yields a single feature split by 1 
eV (Fig. 6). Although L-edge spectroscopy cannot be performed 
under high pressure because of the low photon energy, our study 
shows that spectra nearly similar to L-edge ones (Cartier dit 
Moulin et al. 1992; Briois et al. 1995; Huse et al. 2009) can be 
obtained using the RXES at the Fe K edge.

Our PFY-XAS and RXES results provide direct and consistent 
evidence for the pressure-induced spin-pairing transition of Fe2+ 
in lower-mantle ferropericlase. With this sensitive technique, our 
results show that the spin transition occurs between 48 and 84 
GPa, which is relatively higher than most of the previous studies. 
Future studies having a smaller sample under quasi-hydrostatic 
pressures would help in resolving discrepancy in the width of 
the spin transition. This study also implies that the PFY-XAS 
spectra, which correspond to a diagonal sampling of the RXES 
surface as shown in Figure 5, can serve as a useful tool to moni-
tor the variations of the electronic configuration. We note that 
the PFY-XAS spectra have higher energy resolution and better 
separation of spectral features than the conventional XAS (e.g., 
Narygina et al. 2009). On the other hand, the RXES spectra at 
the E1 = 7112 eV, with spectra features similar to the Fe L-edge, 
yield consistent results on the spin transition, thus rendering the 
analysis easier and, to some extent, more reliable than the K-
edge-like PFY-XAS spectrum which suffer from more complex 
multiplet structures (Figs. 4 and 6).

The PFY-XAS and RXES techniques over the pre-edge region 
thus provide direct means to probe the 3d electronic structures 
and the crystal-field splittings of planetary materials at high 
pressures. By taking advantage of the sharpening effect of the 
RXES process, future studies using better energy resolution, 
i.e., 0.25 eV, and smaller X-ray beam size would help to address 
some outstanding questions on the 3d electronic structures of 
iron in more complex systems such as the lower-mantle silicate 
perovskite and post-perovskite (e.g., Lin et al. 2008b; McCam-
mon et al. 2008).
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