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Abstract — A high-pressure resonant inelastic x-ray scattering (RIXS) of FeBOgs at the Fe K
pre-edge has been carried out to study the evolution of electronic excitations through the pressure-
induced spin transition. Systematic peak shifts with insignificant peak width change are observed
with increasing pressure in the high-spin state. An electronic transition occurs in tandem with the
high-spin to low-spin transition, observed as the emergence of multiple new low-energy peaks in the
spectra. The energy gap is reduced due to these low-energy peaks, not a peak width broadening.
The observed electronic excitations are associated with dd excitations, which are calculated using
a full-multiplet theory. We consider changes in crystal-field splitting and covalency to explain the
observed peak shifts in the high-spin state. The new peaks that emerge upon the high- to low-spin
transition are compared with dd excitations for the low-spin configuration.

Copyright @ EPLA, 2014

Introduction. — Pressure-induced spin transitions
from high-spin (HS) to low-spin (LS) states are funda-
mentally related to central problems in condensed-matter
physics and geophysics [1,2] such as a metal-insulator
transition (MIT) [3-8] and seismological anomalies in the
Earth’s lower mantle [9,10]. Difficulties in understand-
ing the underlying mechanism arise because there are
simultaneously evolving and intertwined energy scales
under pressure such as the crystal-field splitting and the
band width [1,3-5,11]. Useful insights can be obtained by
finding a model system in which one of the energy scales
plays the primary role and by measuring its electronic
excitation spectrum by an appropriate spectroscopic tool.

Iron borate FeBOj3 is an antiferromagnetic Mott insu-
lator with a gap of 2.9eV and Néel temperature of 348 K

(B E-mail: vstruzhkin@carnegiescience.edu
(®) B-mail: gavriliuk@mail.ru

at ambient pressure [12,13]. The Fe*T ions centered in
the Og_ octahedron are in the high-spin configuration, re-
sulting in a local spin S = 5/2. Above 46 GPa, the local
moment becomes smaller (low-spin state with S = 1/2),
and the energy gap decreases to 0.8eV, as found by the
Mossbauer spectroscopy [14] and optical absorbance [13],
respectively. The low-spin state is isostructural with the
high-spin state [15]. Band structure calculations sug-
gested that 3d orbitals in FeBOj3 are weakly hybridized
with ligands because of a very strong hybridization in-
side the BOs group [13,16,17]. Hence, the competition
between the crystal-field splitting and Hund’s intra-atomic
exchange energy is important in the spin transition, mak-
ing FeBO3 a good candidate system where the spin tran-
sition is driven by an increase of the crystal-field splitting
under pressure. A multielectron model based on the local
density approximation combined with a generalized tight-
binding approach (LDA +GTB) showed that the Hubbard
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energy gap (energy cost of moving an electron from site to
site) is smaller in the low-spin state than in the high-spin
state, which was interpreted to explain the reduced energy
gap in the low-spin state [13,18].

Attempts to measure electronic excitation spectra up
to a few eV at high pressure have been stymied heretofore
by the technical difficulties inherent in measuring a sam-
ple held at high pressure in a diamond anvil cell (DAC).
Hard x-ray resonant inelastic x-ray scattering (RIXS), a
bulk-sensitive and element-specific spectroscopic probe of
valence excitations, can be used to measure such exci-
tations in the DAC environment and provide a wealth
of information on a few eV electronic excitations [2,19].
Fe K edge RIXS measurements on FeBOs at ambient
pressure revealed a number of excitation peaks in the en-
ergy loss range 3-12eV [20]. Those observed excitation
peaks were attributed to inter-site electronic excitations
between Fe® and O~ (i.e., charge-transfer excitation)
or between adjacent Fe3' ions (i.e., Mott-Hubbard
excitations).

Experimental procedure. — In this work, we report
a study of electronic excitations of FeBO3 at high pres-
sure by RIXS at the Fe K pre-edge, focusing on how the
electronic structure evolves in the HS state as pressure in-
creases and on how the electronic structure is modified in
the LS state. The 180meV energy resolution and good
counting statistics are crucial to resolve fine structures
in the spectra, which were not clear in the past high-
pressure RIXS measurements on NiO [21], CoO [2], and
Lag /3511 3NiOy4 [22]. In this measurement, the spin tran-
sition was also measured by K 3; 3 emission and pre-edge
absorption spectra simultaneously with the RIXS mea-
surement. In the HS state, excitation peaks show system-
atic shifts with insignificant peak width change. Above
P = 53GPa (LS state), the excitation spectrum under-
goes a drastic change. Multiple lower-energy peaks appear
below 5eV, resulting in a reduced gap of 1eV. The exci-
tation peaks of the RIXS at the Fe K pre-edge have been
attributed to dd excitations. dd excitations are calculated
by using a full-multiplet, single-cluster approach including
the covalence effect and are used to account for the peak
shifts in the HS state, the gap decrease, and multiple fea-
tures in the LS state.

RIXS spectra at room temperature were measured us-
ing the MERIX instrument at the 30-ID beamline of the
advanced photon source (APS). The beam was focused to
40(H) x 20(V) um?. Details in the RIXS setup are de-
scribed in ref. [20]. Here, the horizontal scattering ge-
ometry is used, where the incident photon polarization is
parallel to the scattering plane (see fig. 1). The scatter-
ing angle 20 was held at 90° where the elastic scattering
cross-section is strongly suppressed. Each spectrum was
measured by scanning the scattered photon energy Er with
the incident photon energy F; fixed, and plotted as a func-
tion of the energy loss, w = E; — Ef¢. The energy resolution
was 180 meV.

Top

Incident photon

FeBO,

Scattered photon

Fig. 1: (Colour on-line) Scattering geometry in the RIXS ex-
periment. The FeBOs single crystal was loaded into the 50 mm
diameter hole of a Be gasket with an inset made from boron
nitride powder mixed with epoxy. Both incident and scattered
photons go through the Be gasket.

A FeBOj single crystal was loaded into the 50 ym di-
ameter hole of a Be gasket with an inset made from boron
nitride powder mixed with epoxy as shown in fig. 1. In the
first measurement, the pressure (P) was measured using
the off-line Raman system at beamlines 13 (GSECARS)
and 16 (HPCAT) at the APS, and pressure gradients
across the sample were estimated from the edge of the
first-order Raman peak of the diamond anvil [23]. In the
second measurement, a small piston-cylinder, membrane-
driven DAC with enlarged side openings was used for the
in situ pressure control [24]. The membrane drive of the
cell will be described elsewhere [25]. The pressure was
measured with an in situ Ruby fluorescence system. The
two independent measurements yielded nearly identical
results.

RIXS spectra were collected through the Be gasket as
shown in fig. 1 [2,26,27]. We will refer to the pre-edge
RIXS when the incident photon energy is tuned to the en-
ergy of the Fe K pre-edge absorption. The pre-edge RIXS
is used for the following reasons. The pre-edge RIXS sig-
nal is strong even at 260 = 90°, where the main-edge RIXS
signal is strongly reduced [20]. The probing depth is larger
than the main-edge region because of a weak pre-edge ab-
sorption. The resonance energy can be precisely tuned
because the pre-edge absorption consists of well-defined
peaks, contrary to the broad main-edge absorption. The
energy resolution at the pre-edge is better because Ef is
closer to the analyzer back-scattering energy. Because 3d
orbitals are directly involved in the scattering process, ex-
citations between 3d orbitals can be observed [28,29].

Two spectroscopic measurements were performed si-
multaneously with the RIXS measurements. The K[ 3
emission spectrum was measured with E; = 7.2keV.
Figure 2(a) shows the emission spectra for P = 24 and
44 GPa. The lower Ef satellite structures around 7.045 eV
originate from the 3p-3d exchange interaction in the HS
configuration. In the LS configuration, it is well known
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Fig. 2: (Colour on-line) (a) K13 emission spectra. At 60 and
70 GPa, the lower Ef satellite structure disappears, indicating
that the system is in the LS state. (b) Pre-edge XAS. As P
increases, the energy difference between T, and ® E, increases.
At 60 GPa, there are no longer well-defined peaks.

that the satellite structure becomes weakened and the
main peak energy is lowered due to the transferred spectral
weight from the satellite structure [2,30]. The spectra for
P =60 and 70 GPa clearly show these spectral changes.

Second, the pre-edge x-ray absorption spectroscopy
(XAS) spectrum was measured using the main peak of
the Ky 3 emission [2,30]. In fig. 2(b), two well-defined
peaks are identified for the ambient, P = 24, and 44 GPa.
Two peaks can be assigned to 5T2g and 5Eg in the order
of increasing energy. As P increases, the energy difference
between these two peaks increases. This increase is due to
the increase in the crystal-field splitting under pressure.
Note that the pre-edge peak energy difference is related to
the crystal-field splitting in the excited state (3d®), which
is smaller than the crystal-field splitting in the ground
state (3d®) [31]. At P = 60GPa, these two peaks are
no longer well defined and the pre-edge XAS consists of
broad structures. In the LS configuration, the pre-edge
XAS consists of 1Ay, 3T, 3Ty, T}, and 'T5 in the order
of increasing energy, resulting in a much broader spectral
feature as can be found in ref. [31]. Two measurements
indicate that FeBOg is in the HS state below 44 GPa and
in the LS state above 60 GPa.

—8—-—®-0On-res
8- Off-res

RIXS intensity, I(w,P) (arb. unit)

i "% Ambient (/20)
R2

PR, A T T T T T T

0 5 10
w (eV)

Fig. 3: (Colour on-line) RIXS spectra for the HS state (P =
ambient, 24, and 44 GPa) and the LS state (60 and 70 GPa)
taken with the on-resonance conditions. RIXS spectra taken
with the off-resonance conditions are also shown. Systematic
peak shifts are seen for the HS state. A drastic spectral differ-
ence is seen between HS and LS states. In particular, the gap
is reduced from 3eV to 1eV.

Results and discussion. — The main experimental
results of RIXS spectra for the HS state (the ambient,
P = 24, and 44GPa) and the LS state (P = 60 and
70 GPa) are shown in fig. 3. The on-resonance (On-res)
RIXS spectra were measured by tuning F; to the 5T2g pre-
edge XAS peak energy (7.1153keV at the ambient pres-
sure, 7.115keV at 24 GPa, and 7.1148 keV for 44, 60, and
70 GPa) while E; = 7.112 eV was used for all off-resonance
(Off-res) spectral. The ambient pressure spectrum is di-
vided by 20 for comparison with the RIXS spectra mea-
sured with the pressure cell. Stronger elastic intensities at
w = 0 for the pressure cell data are due to other sources
for the elastic scattering, such as the Be gasket.

In fig. 3, the RIXS spectra for the HS states show two
well-defined peaks at 4 and 6 eV (indicated by R1 and R2,
respectively) and a broad feature up to 12eV. The R1 and
R2 peaks do not show any noticeable broadening under
pressure. On the other hand, the R1 peak slightly shifts
towards a lower energy at a rate of —0.0034eV/GPa. On
the other hand, the R2 peak shifts towards a higher energy
at a rate of 0.0134eV/GPa. The results are summarized
in fig. 5(a). The pressure dependence of the relative peak
shift of R1 and R2, 0.0168eV/GPa, is close to that of
the crystal-field splitting, 0.018 eV /GPa, from the optical
study [13,18].

In the LS states (P = 60 and 70 GPa), the R1 and R2
peaks are no longer well defined. RIXS spectra consist of
multiple peaks below 5eV and a broad strong structure at
8eV. In order to subtract the elastic signals and resolve

n the case of P = 60 and 70 GPa, F; = 7.1147 keV was used for
the on-resonance RIXS spectra.
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Fig. 4: (Colour on-line) Difference data of the On-res and the
Off-res. RIXS spectra for the LS state (60 and 70 GPa) were
taken to subtract the elastic signals and resolve low-intensity
peaks at low w. Low-energy spectra consist of multiple struc-
tures; «, 3 and .
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Fig. 5: (Colour on-line) (a) Summary of the observed peak
energies and the calculations of Mott-Hubbard excitation.
(b) Energy gap values as a function of pressure. The result
from the optical study [13] is drawn.

low-intensity peaks at low w, we obtain the difference data
of the on-resonance and the off-resonance spectra. In fig. 4,
those difference spectra for P = 60 and 70 GPa are dis-
played, focusing on the multiple peaks below w = 5eV.
For both spectra, we can identify two peaks at 1.5 and
2.5eV and one broad peak centered at 4 eV, which are in-
dicated as «, B and 7, respectively. The energy gap, i.e.,
the onset energy of the inelastic intensity is reduced due to
these low-energy peaks. The energy gaps are summarized
in fig. 5(b). The result from the optical study is drawn
as a solid line for a comparison [13]. Energy gap values
derived from two different spectroscopy data sets are in
good agreement with each other.

The process of the pre-edge RIXS is that the incident
photon promotes a 1s core electron into an empty 3d va-
lence state, and subsequently an electron from the valence
band decays, annihilating the 1s core hole. This type
of RIXS is often called “direct” RIXS and allows prob-
ing the valence and conduction states directly [19]. In
cases of NiO and copper oxides, dd excitations in a sin-
gle site (i.e., on-site dd excitations) were observed by the
pre-edge RIXS [28,29,32]. In the high-pressure study of

NiO, dd excitations between adjacent sites (i.e., Mott-
Hubbard excitations) were associated to one of the ob-
served excitation peaks [21]. These excitations between
d orbitals are not suppressed at the 90-degree horizontal
scattering geometry. The ambient pressure RIXS study on
FeBOj showed that the excitations in the pre-edge RIXS
are distinctive from the charge-transfer excitations in the
main-edge RIXS and the incident photon polarization, mo-
mentum transfer and temperature dependences could be
consistently explained in terms of Mott-Hubbard excita-
tions [20]. Note that there is no spin-allowed on-site dd
excitation in the case of the high-spin Fe*, which can be
probed by the pre-edge RIXS [19,20].

Here, we used the full-multiplet calculations with in-
clusions of the crystal-field splitting and the covalency to
calculate the Mott-Hubbard excitation energies [33].

Mott-Hubbard excitation energy is defined by
[E(dS; Tg) + E(d*; Ty) — 2E(d®; T'5)], where I',, denotes
each electron configuration symmetry. The multielectron
band structure calculations for the infinite lattice by
the LDA + DMFT [34,35] and the LDA 4+ GTB [36,37]
methods can provide a full account for the inter-atomic
hopping. In a spectroscopic study of a Mott insulator,
a multiplet calculation based on a model Hamiltonianis
widely used to explain the excitation spectrum [38-42].
FeBOj3 has the small inter-atomic hopping which would
result in a band width of the order of the RIXS spectral
line width. The local full-multiplet calculation, which
corresponds to a zeroth-order approximation of the
inter-atomic hopping, can be regarded as a reasonable
approach to the calculation of Mott-Hubbard excitations
in FeBO3.

Here, we consider all possible dd excitations in the
framework of the full-multiplet, single-cluster model and
compare calculated energies of dd excitations with the
peak positions and shifts of RIXS excitation spectra? S19.
In this calculation, the influence of the FeOg octahedral
distortion is assumed to be insignificant. The 3d spin-orbit
coupling and inter-atomic exchange on the excitation en-
ergy calculations are not considered. The multiplet energy
is described by Racah parameters A, B, C. The Racah
parameters are assumed to be pressure independent. The
crystal-field splitting parameter, A, is subject to change
due to the lattice contraction and set to be 1.57 + vPeV,
where v = 0.018eV/GPa [13,18]. Covalency arises from
the hopping of electrons between the oxygen and the iron.
Within the single-cluster calculations, the covalency is the
only term which admixes d” and d"™'L, where L denotes
a ligand hole. Covalency is included in the calculation, by
the exact diagonalization of the FeOg cluster with multi-
electron molecular orbitals with proper orbital symmetry
and spin value constructed in ref. [43]. The charge-transfer
energy (D = E(d°L) — E(d®)) is set to be 3.8eV [20)].

20ur comparison of the excitation energies between the Kanamori
approximation and the full-multiplet theory showed almost no dif-
ference for the high-spin state while a large difference was found for
the low-spin state.

37001-p4



Pressure-induced spin transition and evolution of the electronic excitations of FeBO3: RIXS results

Hopping amplitudes, t,q and t,,, are assumed to be lin-
early dependent on P. We derived t,q(P) = 0.7 + 0.008P
and tpp(P) = 0.5+ 0.008P V.

The lowest Mott-Hubbard excitation in the HS state has
the energy eg1 = A+ 14B + 7C — A. Higher excitations
are €go = €py = €1 + A and egz = eg1 + 2A. When
the parameters for the ambient pressure (A = 1.9, B =
0.084, C' = 0.39 and = 1.57¢V) from the optical study [13]
are used, eg; = 4.236eV and ego = cgy = 5.806eV are
obtained for the ambient pressure. We could associate the
R1 (~4.18¢V) peak with the E1 excitation and the R2
(~5.99eV) peak with the E2 and E2' excitations. The
degeneracy of the E2 and F2’ excitations is lifted at higher
pressure by the covalency. The E2 and E2' peaks shift
towards higher energy, while the E'1 peak shifts towards
lower energy.

In the LS state, the lowest Mott-Hubbard excitation
is given by €1 = A+ 9B — 7C. Many higher-energy
Mott-Hubbard excitations exist in the LS state formed
by a number of Mott-Hubbard excitations with different
excited d* and d° terms with spin- and orbital-allowed
matrix elements. Mott-Hubbard excitations are at 1.466,
2.767, 2.767, 2.783, 3.458, 3.57, 4.084, 4.084, 4.695, 4.743,
4.743, 4.855, 4.855, 4.92, 6.012, 6.205, 6.205, 6.671, 6.783,
and 8.133 eV in the order of increasing energy. A number
of the Mott-Hubbard excitations, which constitute the 74
and ep5 peaks, belong to the energy region of the strong
broad feature around 8eV. But it is unlikely that those
Mott-Hubbard excitations are exceptionally enhanced in
the RIXS process. Considering its much broader width
and stronger intensity, some other contributions besides
the dd excitations, such as the K 5 emission, seem to exist
in the small gap state of the LS. In a LS Fe*T, spin-allowed
on-site dd excitations exist and also calculated from the
full-multiplet theory. The lowest on-site dd excitation en-
ergy is proportional to the crystal-field splitting, which is
2.65eV at 60 GPa, assuming the pressure dependence of
0.018eV/GPa. On-site dd excitations are at 1.836, 1.92,
2.256, 2.676, 3.096, 3.516, and 4.602eV in the order of
increasing energy. Because of different intra- and inter-
orbitals Coulomb interactions in different electron config-
urations, the lowest on-site dd excitation energy is smaller
than the crystal-field splitting.

Figure 5(a) shows the calculation results with the
experimental data. The pressure dependence of the
Mott-Hubbard excitation energies in the high-spin state
reasonably reproduces the observed pressure dependence
of the R1 and R2 peaks. The downward shift of the low-
est Mott-Hubbard excitation is due to both increases in
the crystal-field splitting and the covalency, while the up-
ward shifts of the second Mott-Hubbard excitations are
due to the increase in the covalency. In the case of the
low-spin state, Mott-Hubbard excitations densely exist in
the energy region of the v peak (3-5eV). On the other
hand, the o and 3 peaks have a single Mott-Hubbard ex-
citation in the corresponding energy region. Particularly,
the lowest Mott-Hubbard excitation is well separated from

higher excitations and matches its energy (1.47eV) with
the o peak. In the low-spin Fe>' state, a number of on-
site dd excitations are spin allowed in the pre-edge RIXS.
The lowest on-site dd excitation energy is proportional to
the crystal-field splitting, which is 2.65eV at 60 GPa as-
suming a pressure dependence of 0.018eV/GPa. So, the
« peak can be assigned to the Mott-Hubbard excitation,
implying a Mott insulating state in the low-spin state.

The RIXS spectra in fig. 3 show that the peak widths
do not change much when the system approaches the spin
transition. For example, the slope of the leading edge of
the R1 peak shows no noticeable change as pressure in-
creases. With our assignment of the observed peaks to
the Mott-Hubbard excitations, this observation indicates
that the electronic structure of FeBOg3 evolves under pres-
sure without much change in the 3d band width. This
observation supports the results from the band structure
calculations [13,16,17], including the generalized gradient
approximation (GGA) + U [33]; 3d orbitals in FeBOj3 are
weakly hybridized with ligands because of a very strong
hybridization inside the BOs group. So, FeBOg is a sys-
tem in which one can see the effects of the increase of the
crystal-field splitting on the electronic structure evolution
without a complication from the band width change. The
local stability of the high-spin state of Fe*T is no longer
sustained at high pressure when the increase of the crystal-
field splitting exceeds Hund’s exchange energy. When
the local spin arrangement of Fe*" is changed from the
high-spin to the low-spin, more Mott-Hubbard excitations
arise at lower energies, which are interpreted to explain
the reduced energy gap [13,18]. A similar system may be
found in various Fe®* compounds such as GdFes(BO3).,
BiFeO3 [44,45], and Fe* bearing silicate perovskite in the
Earth’s lower mantle [46]. In this type of system, lattice
contraction under pressure naturally leads to the increase
of the crystal-field splitting. Unlike highly hybridized d®
systems such as TM mono-oxides [4,47] and hematite [5],
the band width broadening does not come into play. The
covalency, i.e., the hybridization of the 3d with the sur-
rounding oxygen ligands, changes because of a shortened
distance or a bonding symmetry change. In our interpre-
tation, it is suggested that the covalency change affects
the energies of the electronic excitations together with
the crystal-field splitting, although the covalency does not
play a decisive role in the driving mechanism of the spin
transition in FeBOg because it does not lead to any elec-
tronic and structural instabilities.

Summary. — High-resolution RIXS at the Fe K
pre-edge provides spectroscopic information about the
evolution of the electronic structure through the spin state
transition, which is otherwise difficult or impossible to ob-
tain. We suggest that FeBOj3 is a good benchmark system
for the study of the spin transition in a Mott insulator
driven by an increase of the crystal-field splitting. We
consider all possible dd excitations in the framework of
the full-multiplet, single-cluster model and compare the
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calculated energies of dd excitations with the observed
peaks of RIXS excitation spectra. The observed peak
shifts in the high-spin state are consistent with the en-
ergy shifts of the Mott-Hubbard excitations by changes in
the crystal-field splitting and the covalency. The lowest
Mott-Hubbard excitation matches its energy with the ex-
perimentally observed peak, which causes the small energy
gap of the low-spin state. We suggest that the Hubbard
correlation among Fe 3d electrons dictates the nature of
the low-spin insulating state of FeBO3. The demonstrated
RIXS technique could be applied to a multitude of ques-
tions surrounding spin transitions of iron in the Earth’s
mantle materials, and may clarify their relation to optical
properties, heat transfer, and conductivity of the mantle.
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