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Resonant inelastic x-ray scattering at the actinide M4,5-edges
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Understanding the electronic structure of actinide materials is crucial for both fundamental research and
nuclear applications. The partially filled 5 f shells exhibit complex behavior due to strong correlations and
ligand hybridization, requiring advanced spectroscopic techniques. Here, we report on the development and
application of high-resolution valence band resonant inelastic x-ray spectroscopy (VB-RIXS) experiments at the
uranium M4,5 edges (3551 and 3725 eV). We present data of UO2, a well-established model actinide compound.
VB-RIXS is particularly well suited for probing the 5 f -shell electronic structure, as it probes, in contrast to
core-to-core RIXS, excitations without leaving a high-energy core hole in the final state. In VB-RIXS, we
achieve energy resolutions of 50 meV (M5) and 90 meV (M4), enabling the resolution of multiplet excitations
and crystal-field effects, as well as charge-transfer and fluorescencelike features with unprecedented clarity.
As such, high-resolution VB-RIXS offers direct insights into both low-energy, near-ground-state properties
and high-energy hybridization and covalency effects. Our results demonstrate the power of VB-RIXS as a
versatile and powerful tool for probing the strongly correlated electronic structure of actinide materials, providing
essential input for quantitative modeling and the validation of theoretical concepts.

DOI: 10.1103/twsv-xh5j

I. INTRODUCTION

Actinide chemistry and physics play a crucial role in nu-
clear energy, radioactive waste management, and fundamental
science. The actinides, including uranium, plutonium, and
thorium, are key elements in nuclear fuel cycles, and under-
standing their properties is essential for improving reactor
efficiency, developing safer fuels, and managing long-lived
radioactive waste. From a scientific perspective, the par-
tially filled 5 f shells in actinides exhibit complex electronic
structures due to strong electron correlation, making actinide
materials very challenging but also valuable study objects for
advancing our modeling techniques in the field of solid-state
physics and solid-state chemistry.
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The 5 f shell is spatially more extended than the 4 f shell
of the rare earths, yet more localized than the d shells of the
transition metals, so that the clear hierarchy of interactions,
Coulomb, spin orbit, and crystal field, is no longer well de-
fined. Additionally, the greater spatial extent of the 5 f shell
leads to substantially stronger hybridization with its surround-
ing compared to the 4 f shell in rare earth compounds.

To develop a many-body model that properly describes the
electronic structure, it is essential to determine the oxidation
state or, equivalently, the formal 5 f n configuration that defines
the quantum numbers. Equally important is identifying the
symmetry of the crystal-field-split Hund’s rule ground state
within the specific crystalline environment or coordination
geometry. Additionally, the degree of covalency, arising from
hopping between the 5 f electrons and the surrounding ligands
as well as between the 5 f electrons at different sites, plays a
crucial role. A comprehensive understanding of these factors
is fundamental for constructing a sound electronic structure
model, which can then be used to address key physical or
chemical questions about the material under investigation.

Here, we will address the example of UO2, which is a
well-studied material due to its important role as the stan-
dard nuclear fuel in commercial nuclear reactors. It also
exhibits interesting electronic and magnetic properties, in-
cluding Mott-insulating behavior with an excitation gap of
about 2 eV [1,2] and triple-k antiferromagnetic ordering
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below TN = 30.8 K [3,4], accompanied by a Jahn-Teller
distortion of the oxygen and the ordering of uranium electric
quadrupoles [5,6].

In the following, we explain why commonly used tech-
niques, such as photoelectron and x-ray absorption spec-
troscopy (PES/XAS), are not sufficient for understanding
uranium compounds (and early actinide materials in general),
and why it is necessary to employ more advanced methods.

From the perspective of electronic structure, uranium in
UO2 presents a particularly challenging case. As an early
actinide, it contains a large number of holes in the 5 f shell,
resulting in a large 5 f -level degeneracy within a many-body
framework. This leads to large effective interconfiguration
transfer integrals [7,8] and necessitates the consideration
of multiple 5 f n+mLm configurations, with Lm denoting m
holes on the ligand site and (m = 0, 1, 2, 3, ...), especially
when interpreting photoemission spectra [8–10] where the
added Coulomb interactions due to the photoemission hole
significantly modify the relative energies of the electronic
configurations [7]. This reordering of energy levels, com-
bined with the inherent degeneracy, complicates spectral
simulations and hinders the reliable extraction of key model
parameters, such as the degree of covalency. A similar sit-
uation is encountered in VO2, where the large number of
d shell holes in vanadium necessitates the inclusion of five
to six configurations to accurately reproduce the vanadium
core-level spectra [11]. These complexities may even call into
question the validity of the commonly employed single-site
approximation in such theoretical treatments.

For early actinide compounds, and similarly for early tran-
sition metal compounds, charge-conserving probes may be
the more suitable choice. In x-ray absorption spectroscopy
(XAS), where a core electron is excited into the 5 f shell,
the energy structure of the configurations in the final state
closely resembles that of the initial state [7,12]. As a re-
sult, the number of configurations required in simulations
can be kept relatively small. This relies on the assumption
that the Coulomb interaction between the core hole and the
5 f electron is of comparable magnitude but opposite in sign
to that between two 5 f electrons, such that the absorption
process does not introduce significant additional Coulomb
interactions. Under these conditions, the characteristic mul-
tiplet structures observed in XAS can be even sensitive to the
symmetry of the ground state [12]. However, in practice, the
XAS spectra of uranium compounds are often very broad and
featureless [13], providing limited insight into key quantities
such as covalency, formal configuration, or the symmetry of
the ground state. While sum-rule and branching-ratio analyses
offer alternative routes [14–16], their precision is limited in
nonionic systems exhibiting strong intermediate- or mixed-
valent character.

A more promising charge neutral spectroscopic probe is
offered by resonant inelastic x-ray scattering (RIXS) tech-
niques. RIXS is a more direct probe to multiplet structures and
satellites related to covalency. In the following, we discuss the
differences between well-established core-to-core RIXS and
valence band (VB) RIXS, the latter representing a more re-
cently accessible approach in the field of uranium and actinide
research. We demonstrate the power of M4,5-edge VB-RIXS
using UO2 as a model system.

II. METHODS: CORE-TO-CORE RIXS VERSUS VB-RIXS

The most significant difference between core-to-core RIXS
and VB-RIXS lies in their final states. In core-to-core RIXS,
the final states contain a core hole and does not involve the
same set of 5 f configurations as the initial (ground) state. In
contrast, VB-RIXS results in final states without a core hole,
allowing its spectral features to be directly related to the initial
state configurations.

Over the past 10–15 years, significant advances have been
made in core-to-core RIXS techniques and spectral model-
ing, aimed at studying metal-ligand and actinide bonding,
atomic arrangements, and the electronic structure, including
correlation effects, in actinide and uranium complexes (see
Refs. [17–27] and references therein). Figure 1(a) illustrates
the core-to-core RIXS process: Following the XAS excitation
from the 3d to the 5 f shell (3d105 f n → 3d95 f n+1), the
subsequent decay process leads into a set of excited states
3d104 f 135 f n+1, approximately 385 eV above the ground state
and featuring a core hole in the 4 f shell [see Fig. 1(b)]. Here,
the 4 f core hole determines the lifetime broadening so that the
originally broad (≈ 4 eV) XAS line is significantly narrowed
below the core-hole lifetime broadening of the 3d3/2 or 3d5/2

core holes, yielding high-resolution XAS-like spectra.
Using a clever cut in the energy transfer-incident energy

map, namely, the cut for constant final energy, reduces the
broadening further (see Ref. [22] and references therein). This
technique, known as high-energy-resolution fluorescence de-
tection (HERFD), allows for the detection of shifts of 1–2 eV
in the white line position due to different 5 f n configurations,
as well as smaller shifts (≈0.1 eV) due to coordination geom-
etry and ligand-field splitting. Additionally, HERFD spectra
reveal shoulders arising from multiplet and crystal-field ef-
fects, as well as satellites due to hopping or hybridization with
surrounding ligands (charge transfer). The corresponding final
state for the charge transfer satellites is 4 f 135 f n+mLm, with Lm

denoting m holes on the ligand site. Figure 1(d) compares M4-
edge XAS and HERFD spectra of UO2. The method is also
applicable to transuranium compounds at specially dedicated
beamlines [27].

While HERFD reveals the presence of multiplets and satel-
lites, the final state nevertheless still contains a core hole.
Furthermore, multiplet structures, let alone crystal-field split-
tings, are not resolved, due to the lifetime broadening of the
core hole. The satellites are also weak and lack substructures
so that the data impose limited constraints on the simulations.
To overcome these limitations, we turn to VB-RIXS at the
U M4,5 edges.

The scattering process of VB-RIXS is also depicted in
Fig. 1(a). As in core-to-core RIXS, an electron is excited from
3d to the 5 f shell but then de-excites into the ground-state
3d105 f n (elastic scattering) or a near-ground-state excita-
tion of the same configuration (crystal-field split multiplet
scattering), or charge excitations, e.g., into another 5 f config-
uration 3d105 f n+mLm due to hybridization (charge transfer)
[see Fig. 1(c)]. For a fixed incident energy Ein that can be
tuned to the resonances of the M5 or M4 absorption edges,
Eres, or to their vicinities, a spectrum is recorded as a function
of energy transfer. Figure 1(e) shows such a model VB-RIXS
spectrum that, dependent on the resolution and energy range,
is reminiscent of inelastic neutron scattering data.
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FIG. 1. (a) Scattering channels in core-to-core RIXS and VB-RIXS. (b) Energy-level diagram of the core-to-core RIXS final states. (c)
Energy-level diagram of the valence band and core-to-core RIXS initial states as well as of the valence band RIXS final states. (d) M4-edge
XAS (black line) compared to HERFD spectra in M4-edge core-to-core RIXS (green line). (e) Cartoonlike VB-RIXS spectrum with multiplet
and crystal-field excitations.

The energy-level diagrams, featuring for simplicity only
three 5 f configurations, in Figs. 1(b) and 1(c), illustrate the
more direct access to charge-transfer processes in VB-RIXS
compared to core-to-core RIXS. In both cases, the initial state
is a hybridized state composed of 5 f n, 5 f n+1L1, and 5 f n+2L2

configurations, with energy differences determined by the
charge-transfer energies � and � + U , where U denotes the
5f-5 f Coulomb interaction and L1 and L2 one or two ligand
holes, respectively [see Fig. 1(c)] [28]. In core-to-core RIXS,
the final state has a different 5 f configuration than the initial
state and contains a core hole so that any parameters extracted
from spectral features are reflecting the electronic structure
in the presence of a core hole. As a result, going back to
our schematic model in Fig. 1, the relevant final state energy
parameters in core-to-core RIXS are �̃ and Ũ [see Fig. 1(b)],
in contrast to VB-RIXS, where the final state is governed by
the same � and U as the initial state [see Fig. 1(c)], making
the interpretation of the spectrum to be directly linked to the
initial many-body state problem [29].

VB-RIXS in the soft x-ray regime with resolutions on
the order of 30 meV has worked successfully for the
cuprates [30–33], transition metal oxides [34–38], and rare
earth compounds [39,40], but for U the best absorption edge
had yet to be found. In principle, the following XAS edges
can be used to investigate the U 5 f shell with VB-RIXS: the
U O4,5 edge (5d → 5 f ) at 110 eV in the far ultraviolet, the
U N4,5 edge (4d → 5 f ) at 770 eV in the soft x-ray regime,
or the U M4,5 edges (3d → 5 f ) at 3500 and 3700 eV in the
tender x-ray range. RIXS beamlines with excellent resolving
power are available in both the far-ultraviolet and soft x-ray
regimes but U O-edge VB-RIXS suffers from strong elastic
tails inherent to the far ultraviolet [41–43], while U N-edge
VB-RIXS has only weak intensity [44,45], probably due to
the weak N-edge absorption. In contrast, the U M4,5 edges
are strong absorption edges and offer notable experimental
advantages: The higher photon energies provide greater prob-
ing depth, often eliminating the need for in situ cleaving.
Conversely, measurements at the O and N edges demand more
meticulous surface preparation due to their short attenuation

lengths and thus higher surface sensitivity (see Table I in
Ref. [46]).

III. EXPERIMENT AND ANALYSIS

Achieving high resolution in the tender x-ray regime is
challenging because the wavelengths are too short for using
gratings as for soft x-rays and too long for using the common
silicon-based analyzer crystals as for hard x-rays. Although a
total energy resolution of about 1 eV was achieved already
more than 10 years ago for tender x-rays [18], further im-
provements have been hindered by the lack of suitable silicon
Bragg reflections [47]. As a result, a high-resolution tender
x-ray RIXS end station is quite exotic and the intermediate
RIXS (IRIXS) end station, built by the Max Planck, at beam-
line P01 PETRA-III/DESY in Hamburg is presently the only
one worldwide [48]. Through the use of quartz-based analyzer
crystals, IRIXS can offer up to an order of magnitude better
resolution compared to existing instruments with sufficient
flux. Here, flux is greatly improved by using a windowless,
fully in vacuum beamline to avoid unnecessary absorption
from air.

IRIXS uses a four-bounce Si-(111) high-resolution
monochromator (HRM) to produce a narrow incident band-
width and a spherical bent (R = 1 m) and diced SiO2-(003)
analyzer for the Rowland spectrometer. Figures 2(a) and 2(b)
show the elastic signal measured on a carbon tape, fitted with a
Lorentzian lineshape of full width at half maximum (FWHM)
= 50 and 90 meV at the U M5 and M4 edges, respectively.
More details on this setup will be provided in a separate
publication [49].

VB-RIXS experiments of UO2 were performed at the U M5

and U M4 edges using incident energies Ein across the ab-
sorption edges in 2 eV steps, and further away from Eres in
4 eV steps. The vertical lines in Figs. 2(c) and 2(d) indicate
the incident energies used, as well as the respective resonance
energies Eres of 3551 and 3725 eV. For energy calibration, a
carbon tape was measured before any change in settings, such
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FIG. 2. (a), (b) XAS spectra at the U M5- (red dots) and M4-edges
(blue dots). The vertical lines refer to incident energies used for
the RIXS maps. (c) Experimental U M5- (red) and M4-edge (blue)
VB-RIXS spectra measured at T = 15 K. The intensity scales are
directly comparable. Insets show elastic signals from the carbon
tape at the U M5- (red) and M4-edges, respectively, fitted with a
Lorentzian lineshape as resolution function. (d) Full multiplet VB-
RIXS calculations for the 5f2 configuration with spherical symmetry,
and 50 and 90 meV broadening, respectively.

as incident energy or temperature. All spectra are aligned in
energy using the carbon tape measurements.

A UO2 single crystal with a polished surface was trans-
ported in a vacuum suitcase to the beamline and inserted to
the main chamber, where the pressure was 10−8 mbar. The
[111] surface was exposed to the beam. The experiments were
conducted with a scattering angle of 2θin = 90◦ and a specular
geometry of φsample = 45◦, ensuring the momentum transfer �q
was parallel to (111). Energy transfer versus incident energy

maps were measured at T = 15 K, i.e., below the magnetic
ordering transition. For RIXS, data are taken preferably at low
T, because spectral features are usually sharper, either trough
a larger optical gap, suppressed phonon contribution, or a
betterdefined ground state. It also, generally, limits radiation
damage in more sensitive samples. Additionally, M5-edge data
at resonance were collected at several temperatures below and
above the ordering transition to investigate potential tempera-
ture dependencies.

RIXS spectra are simulated with a full multiplet calcu-
lation using the Quanty code [50]. The calculation starts
with the atomic values for the 5 f 2 configuration from the
atomic structure code by Robert D. Cowan [51]. To simulate
the effects of configuration interaction and covalency in the
solid, the Slater integrals Fk (5 f 5 f ) are reduced to 50% of
their Hartree-Fock values, while Fk (3d5 f ) and Gk (3d5 f ) are
reduced to 80% [13,52–54]. Additionally, the 5 f spin-orbit
coupling constants are adjusted, with ζ5 f reduced to 90%
and ζ3d reduced to 96%. This strong reduction places the
system to the intermediate coupling regime, where J = 4
remains a good quantum number, but with a mixture of the
orbital quantum numbers L: 85% L = 5, 14% L = 4, and
1% L = 3. To account for the effect of the surrounding crystal
field in Oh symmetry, a point charge model is used with V40 =
−134 meV and V60 = 30 meV. The crystal-field parameters,
described in Refs. [55,56], yield the �5 triplet ground state.
The lifetime broadening of the intermediate state also enters
the RIXS calculation. Setting it to FWHM = 4 eV gives
reasonable intensities. Finally, the calculations are broadened
to account for the experimental resolution.

IV. RESULTS AND DISCUSSION

Figure 2(c) shows the VB-RIXS signal at the M5 (red) and
M4 edges (blue), measured at their respective resonance ener-
gies, Ein = EM5

res = 3551 eV and Ein = EM4
res = 3725 eV. The

data are normalized to the number of incoming photons (I0),
time, and energy interval so that intensities are comparable.
The data exhibit, in addition to elastic scattering, sharp exci-
tations up to about 2 eV energy transfer and some additional
broad scattering at even higher energies.

At first we focus at the low energy part of the data. The
sharp excitations are assigned to ff excitations (crystal-field
split multiplets). We find that the elastic as well as inelastic
signal at the M4 edge is significantly stronger than at the M5

edge. The full multiplet calculation for the U 5 f 2 configura-
tion in spherical symmetry (see Sec. II), shown in Fig. 2(d),
reveals that this different behavior arises from the VB-RIXS
cross section, i.e., from selection rules being different at the
M5 and M4 edges [14] rather than the different absorption
strengths at the two edges. In fact, the absorption at both edges
is of the same order of magnitude, it being slightly weaker at
the M4 edge (see, e.g., Ref. [15]).

Figures 3(a) and 3(b) display the same spectra as in
Fig. 2(c), but for the smaller energy transfer range from −0.25
to 2.25 eV and with expanded intensity scales. Note, the
M5-edge y-scale is expanded by a factor of 10 with respect
to the M4-edge data. The sharp excitations that are assigned to
ff excitations are labeled for orientation with the LS-coupling
term symbols, although the intermediate coupling scheme
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FIG. 3. U M5-edge (red) data in panel (a) and U M4-edge (blue)
data in panel (b) are the same as in Fig. 2, shown with expanded
intensity scale for the energy transfer range −0.25 to 2.25 eV. The
inset in the M4-edge panel shows the region due to 3H4 multiplet
scattering divided by 10. LS term symbols are given for orientation.
The gray lines correspond to a crystal-field calculation based on a
point-charge model (see Sec. III).

applies. The multiplet excitations occur at the same energy
transfers for both edges because they are local electronic
excitations, but the cross sections exhibit strong energy de-
pendence and the M4 edge has lower energy resolution so
that some excitations remain unresolved. For example, at
the M4 edge the crystal-field split multiplet excitations 2G4

and 3F3 are suppressed relative to the 3F2 multiplet, whereas
at the M5 edge, their intensities are approximately equal.
This energy-dependent scattering intensity is characteristic for
the 5 f 2 configuration and helps identifying the ground-state
configurations [44,45].

Figure 4 presents the temperature (T) dependence of the
VB-RIXS data measured at the M5 resonance for T = 15,
30, 45, 60, and 75 K, followed by another measurement at
T = 15 K. Panel (a) shows the energy range from −0.25 to
2.25 and panel (b) shows a enlarged view of the three crystal-

FIG. 4. (a) Temperature dependence of M5-edge VB-RIXS data
with Ein = Eres, measured below and above TN = 30.8 K, for
energy transfer range [−0.25;2.25] eV. The arrow shows the time
sequence of the measurements. (b) Close-up to the three crystal-
field excitations of the ground-state multiplet 3H4 in the energy
range [0.13;0.23] eV. (c) Empirical Lorentzian fit with equal widths
(FWHM 0.58 meV) to crystal-field split 3F2 (two lines) and 3H4

multiples (three lines) of M5-edge VB-RIXS data at 15 K.

field excitations of the ground-state multiplet around 0.2 eV.
Only in this energy region a slight temperature dependence
is observed upon exiting the antiferromagnetic phase above
30.8 K, reflecting the intensity redistribution associated with
the splitting of the cubic crystal-field levels in the distorted
low-temperature phase. The recovery of the spectral shape at
15 K confirms that the spectral changes are a genuine tem-
perature effect. The incomplete amplitude recovery may stem
from a mismatch between sample and nominal temperatures.

In Fig. 4(c), we present the result of an empirical fit to the
resonant M5-edge data at 15 K using Lorentzian lines of equal
width (FWHM = 58 meV), which is slightly broader than the
experimental resolution as determined from the carbon tape.
The number of lines corresponds to the number of expected
excitations—three for 3H4, which is ninefold degenerate and
split by cubic crystal field into a �5 triplet ground state, along
with one excited singlet, doublet, and triplet states, and two for
3F2, which is fivefold degenerate and splits into one doublet
state and one triplet state. The resulting peak positions are
listed in Table I.

Inelastic neutron scattering (INS) data with 3 meV reso-
lution resolve the crystal-field splittings of the 3H4 multiplet,
revealing substructures induced by magnetic order [57]. The
overall agreement between INS and the present M-edge
VB-RIXS data for the 3H4 excitations is good, although
we assign peaks at slightly larger energy transfers. The
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TABLE I. Line position (eV) resulting from an empirical fit with
Lorentzian lines of equal width.

Multiplet 3H4
3F2

Empirical fit 0.155 (2) 0.199 (2) 0.238 (5) 0.513 (1) 0.587 (1)

difference may lie in the different selection rules governing
RIXS and INS spectra. In the case of INS, dipolar selection
rules apply (�Jz = 0, ±1), whereas RIXS permits transitions
with (�Jz = 0, ±1, ±2) [39,58], due to two consecutive
dipole transitions. In the ordered phase of UO2, the �5 triplet
ground state is split into one doublet state and one singlet
state, with the lowest level being the singlet [59]. Using INS,
only three transitions have non-negligible probabilities. For
example, the transition between the lowest and highest en-
ergy singlets has an intensity too weak to be detected. This
limitation does not apply to RIXS due to its wider selection
rules. We also would like to note that the higher-energy part
of the multiplet structure remains inaccessible in INS due to
the weak neutron cross section.

The 3H4 and 3F2 multiplets are also resolved in N-
edge VB-RIXS data, though with a much lower signal to
background ratio, despite the better energy resolution of
�E = 30 meV [44]. The energy positions of the excitations
are in good agreement with the present data. In contrast,
earlier low-resolution VB-RIXS data at the U M5 edge, i.e.,
with �E = 1 eV, did not resolve the multiplet structure (see
Fig. 12 in Ref. [18]).

Having established in Fig. 4 that temperature effects in the
RIXS spectra are negligible, we proceed with a crystal-field
simulation that neglects the impact of magnetic order. The
gray lines in Figs. 3(a) and 3(b) show the result of such a
fit (see description in Sec. III). At first glance, the agreement
appears reasonable. However, a closer look reveals that the
simulated crystal-field splittings of 3H4 and 3F2 multiplets
are too small, and the agreement deteriorates further at even
higher energy transfers. This cannot be corrected by adjusting
the crystal-field parameters V40 and V60, or varying the Slater
integrals or spin-orbit coupling parameters (see Sec. III),
because the observation of> several excited multiplets puts
very strong restrictions to the Slater integrals and spin-orbit
coupling in the single-ion model. Instead, the discrepancies
suggest that the point-charge model is too simplistic and
that the effect of hybridization with the surrounding ligands
(which also contributes to the crystal-field effect) must be
taken into account explicitly. This consideration brings us
to the high-energy part of the RIXS spectrum, where extra
intensities are observed.

Before turning to the high-energy part of the RIXS spec-
trum, we note that, when utilizing resonances, two types of
excitation processes can be distinguished, Raman-like and
fluorescencelike. Multiplet or charge-transfer excitations ex-
hibit Raman-like behavior: They appear at a constant energy
transfer as the incident energy Ein is scanned across the
resonance. In contrast, fluorescencelike excitations are char-
acterized by a fixed final energy Eout, so that the energy
transfer varies with Ein [60,61]. This distinction is analo-
gous to the participator and spectator processes observed in
resonant photoemission, where spectral features can be

Δ

Δ

FIG. 5. Intensity enlargement to high-energy excitations of VB-
RIXS data measured at M5 edge (red) and M4 edge (blue) with
Ein = Eres. Multiplet exciatitons are denoted with ff, fluorescence
with Fl and charge transfer with CT.

attributed to either direct photoemission (participator) or
Auger-like decay (spectator) [62,63].

The high energy part of the VB-RIXS data is shown in
Fig. 5 for the M5 and M4 edges at resonance, respectively,
on a blown-up intensity scale. We observe strong scattering
of about equal strength at both edges, despite the significant
difference in the RIXS cross sections for the multiplet scat-
tering (compare with Fig. 2). For both edges, this additional
scattering is very broad and exhibits two features at about
4.5 and 7 eV in the M5- and about 3.75 and 6.25 eV in the
M4-edge data, respectively. This high-energy scattering is not
accounted for by the full multiplet calculations as shown in
Fig. 2(c) and must be assigned to charge transfer or fluores-
cence excitations.

A more systematic view on the overall VB-RIXS spectra
is presented in the energy transfer versus incident energy
maps in Figs. 6(a) and 6(b). These maps were generated
from spectra taken for different incident energies across the
respective absorption edges, covering a range of more than
35 eV [see Figs. 2(c) and 2(d)]. Additionally, we display the
XAS or, to be more exact, the partial fluorescence yield (PFY)
signal at the top (gray line), compared to the RIXS signal
that corresponds to the integral over all energy transfers (red
signal).

The maps show that the scattering intensity associated
with local (ff) multiplet excitations, up to about 2 eV energy
transfer, exhibits Raman-like behavior; i.e., the energy trans-
fer does not vary with incident energy. However, scattering
intensities at higher energy transfers, from 3–4 eV up to 10 eV,
show an asymmetric intensity distribution. This higher energy
region can be decomposed into two components:

(1) A Raman-like contribution, peaking at energy transfers
of 7 eV (M5) and 6.25 eV (M4) at their respective resonance
energies. These features, labeled CT in Figs. 6(a) and 6(b), are
attributed to charge-transfer excitations.

(2) A fluorescencelike contribution that appears at and
above the respective resonance energies and shifts to higher
energy transfer with increasing incident energy. These fea-
tures are labeled Fl.

Interestingly, the fluorescencelike signal is weaker at the
M5 edge compared to the M4 edge. This disparity may be
linked to the higher photon energy of the M4 edge, which
potentially opens more decay channels. Similar behavior has
been observed in L2,3 valence band RIXS measurements of
transition metal oxides [34–38].
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FIG. 6. Energy transfer-incident energy maps for the M5 (a) and
M4 edges (b). On top the integrated intensity over all energy transfers
(red) compared to XAS data (gray). The dashed line refers to constant
final energy starting at Eres, respectively. The ellipses mark regions
of charge transfer (CT) and fluorescence (Fl), and ff marks regions of
multiplet scattering.

Crucial for the detection of charge-transfer excitations is
the identification of a window of incident energies where
the VB-RIXS signal remains predominantly Raman-like, with
minimal or no fluorescencelike contributions. This condition
is fulfilled by tuning the incident energy below the resonance
and by using the M5 edge rather than the M4 edge. For mea-
suring and later simulating the multiplets, using both M5 and
M4 edges is advantageous, as it allows full exploitation of the
selection rules governing the VB-RIXS process.

The description of the entire spectrum, low as well as high
energy, in one go should be the ultimate goal to obtain a
comprehensive description of the U 5 f electronic structure,
i.e., the degree of covalency as well as crystal-field level
scheme. This requires incorporating both multiplet effects and
covalency, including the presence of multiple U 5 f configura-
tions, which is an ambitious challenge for theory. However,
a key advantage of VB-RIXS is that the parameters in the
initial (ground) and final states are identical, as illustrated in
Figs. 1(a) and 1(c). The present dataset also offers an excellent
opportunity to test and refine more recent theories of UO2 (see
Refs. [53,64,65], among others), developed for the interpre-
tation of core-to-core RIXS data, where multiplet structures
are typically unresolved. More generally, we believe that the
more detailed information accessible through high-resolution

M4,5-edge experiments has the potential for advancing the
understanding of actinide materials.

It should be emphasized that M-edge VB-RIXS is not
limited to semiconducting actinide materials. It can also be
applied to intermetallic uranium compounds, where excita-
tions are typically not observed in inelastic neutron scattering.
References [66–69] have demonstrated that multiplet struc-
tures appear in narrow 5 f -band intermetallic compounds. In
contrast, such features are absent in bandlike materials where
the 5 f shells overlap. Between these limits, the dual character
of the 5 f electrons, localization versus itinerancy, governs
the fascinating properties of many actinide compounds. In
VB-RIXS, this duality manifests as the competing coexistence
of atomiclike 5 f multiplet structures and a 5 f -band response,
the latter originating from direct 5 f -5 f overlap and/or indirect
hybridization with ligand states.

V. SUMMARY

The present M-edge VB-RIXS study on UO2 shows that
electronic excitations in uranium compounds, ranging from
low to high energies, can be resolved with unprecedented de-
tail. These include crystal-field-split multiplet excitations up
to approximately 2 eV, as well as charge-transfer excitations in
the 3–10 eV range. All these excitations are detected without
a core hole in the final state. The successful simulation of the
spectra will provide reliable information about the symmetry,
the crystal-field level scheme, and the degree of covalency or
intermediate/mixed-valent character of the U 5 f electrons in
the initial (ground) state. These insights are made possible by
the excellent signal-to-background ratio at the U M4,5 edges
and the state-of-the-art resolution of 50 meV. M-edge VB-
RIXS therefore emerges as a powerful and promising tool for
probing the electronic structure of uranium and, more broadly,
actinide compounds.

ACKNOWLEDGMENTS

All authors thank Philippe Raison from the Joint Research
Centre of the European Comission in Karlsruhe, Germany
for providing the UO2 single crystal and acknowledge DESY
(Hamburg, Germany), a member of the Helmholtz Associa-
tion HGF, for the provision of experimental facilities. A.S. is
thankful for insightful discussions with Lucia Amidani and
is grateful for support from the German Research Foundation
(DFG)—Grant No. 387555779. B.K. acknowledges funding
from the European Research Council (ERC) under Advanced
Grant No. 331 101141844 (SpecTera).

DATA AVAILABILITY

The data supporting this study’s findings are available
within the article and can be made available in digital form
upon reasonable request.

[1] J. Schoenes, Electronic transitions, crystal field
effects and phonons in UO2, Phys. Rep. 63, 301
(1980).

[2] K. N. Kudin, G. E. Scuseria, and R. L. Martin, Hybrid density-
functional theory and the insulating gap of UO2, Phys. Rev.
Lett. 89, 266402 (2002).

043081-7

https://doi.org/10.1016/0370-1573(80)90158-1
https://doi.org/10.1103/PhysRevLett.89.266402


MARTIN SUNDERMANN et al. PHYSICAL REVIEW RESEARCH 7, 043081 (2025)

[3] E. Blackburn, R. Caciuffo, N. Magnani, P. Santini, P. J. Brown,
M. Enderle, and G. H. Lander, Spherical neutron spin polarime-
try of anisotropic magnetic fluctuations in UO2, Phys. Rev. B
72, 184411 (2005).

[4] P. Santini, S. Carretta, G. Amoretti, R. Caciuffo, N. Magnani,
and G. H. Lander, Multipolar interactions in f -electron sys-
tems: The paradigm of actinide dioxides, Rev. Mod. Phys. 81,
807 (2009).

[5] S. B. Wilkins, J. A. Paixão, R. Caciuffo, P. Javorsky, F. Wastin,
J. Rebizant, C. Detlefs, N. Bernhoeft, P. Santini, and G. H.
Lander, Resonant x-ray scattering study of magnetic-dipole and
electric-quadrupole order in U0.75Np0.25O2, Phys. Rev. B 70,
214402 (2004).

[6] S. B. Wilkins, R. Caciuffo, C. Detlefs, J. Rebizant, E. Colineau,
F. Wastin, and G. H. Lander, Direct observation of electric-
quadrupolar order in UO2, Phys. Rev. B 73, 060406 (2006).

[7] O. Gunnarsson and K. Schönhammer, Electron spectroscopies
for Ce compounds in the impurity model, Phys. Rev. B 28, 4315
(1983).

[8] T. Yamazaki and A. Kotani, Systematic analysis of 4 f core
photoemission spectra in actinide oxides, J. Phys. Soc. Jpn. 60,
49 (1991).

[9] A. Kotani, T. Jo, and J. P. and, Many-body effects in core-
level spectroscopy of rare-earth compounds, Adv. Phys. 37, 37
(1988).

[10] A. Kotani and T. Yamazaki, Systematic analysis of core
photoemission spectra for actinide di-oxides and rare-earth
sesqui-oxides, Prog. Theor. Phys. Suppl. 108, 117 (1992).

[11] T. Yamaguchi, K. Higashi, A. Regoutz, Y. Takahashi, M.
Lazemi, Q. Che, F. M. F. de Groot, and A. Hariki, Atomic multi-
plet and charge transfer screening effects in 1s and 2p core-level
x-ray photoelectron spectra of early 3d transition-metal oxides,
Phys. Rev. B 109, 205143 (2024).

[12] F. de Groot, X-ray absorption and dichroism of transition metals
and their compounds, J. Electron Spectrosc. Relat. Phenom. 67,
529 (1994).

[13] F. de Groot and A. Kotani, Core Level Spectrocopy of Solis, Ad-
vances in Condensed Matter Science (CRC Press, Boca Raton,
FL, 2008), Vol. 6.

[14] G. van der Laan and B. T. Thole, X-ray-absorption sum rules in
jj-coupled operators and ground-state moments of actinide ions,
Phys. Rev. B 53, 14458 (1996).

[15] F. Wilhelm, J. P. Sanchez, and A. Rogalev, Magnetism of ura-
nium compounds probed by XMCD spectroscopy, J. Phys. D:
Appl. Phys. 51, 333001 (2018).

[16] F. Wilhelm, J.-P. Sanchez, D. Braithwaite, G. Knebel, G.
Lapertot, and A. Rogalev, Investigating the electronic states
of UTe2 using x-ray spectroscopy, Commun. Phys. 6, 96
(2023).

[17] K. O. Kvashnina, S. M. Butorin, P. Martin, and P. Glatzel,
Chemical state of complex uranium oxides, Phys. Rev. Lett.
111, 253002 (2013).

[18] K. Kvashnina, Y. Kvashnin, and S. Butorin, Role of resonant
inelastic x-ray scattering in high-resolution core-level spec-
troscopy of actinide materials, J. Electron Spectrosc. Relat.
Phenom. 194, 27 (2014).

[19] D.-C. Sergentu, T. J. Duignan, and J. Autschbach, Ab initio
study of covalency in the ground versus core-excited states and
x-ray absorption spectra of actinide complexes, J. Phys. Chem.
Lett. 9, 5583 (2018).

[20] R. Polly, B. Schacherl, J. Rothe, and T. Vitova, Relativis-
tic multiconfigurational ab initio calculation of uranyl 3d4f
resonant inelastic x-ray scattering, Inorg. Chem. 60, 18764
(2021).

[21] L. Amidani, M. Retegan, A. Volkova, K. Popa, P. M. Martin,
and K. O. Kvashnina, Probing the local coordination of hexava-
lent uranium and the splitting of 5f orbitals induced by chemical
bonding, Inorg. Chem. 60, 16286 (2021).

[22] K. O. Kvashnina and S. M. Butorin, High-energy resolution x-
ray spectroscopy at actinide M4,5 and ligand K edges: What we
know, what we want to know, and what we can know, Chem.
Commun. 58, 327 (2022).

[23] W. A. Misael and A. Severo Pereira Gomes, Core excitations
of uranyl in Cs2UO2Cl4 from relativistic embedded damped
response time-dependent density functional theory calculations,
Inorg. Chem. 62, 11589 (2023).

[24] C. L. Silva, L. Amidani, M. Retegan, S. Weiss, E. F. Bazarkina,
T. Graubner, F. Kraus, and K. O. Kvashnina, On the origin of
low-valent uranium oxidation state, Nat. Commun. 15, 6861
(2024).

[25] P. S. Bagus, C. J. Nelin, B. Schacherl, and T. Vitova, Actinyl
electronic structure probed by XAS: The role of many-body
effects, Inorg. Chem. 63, 13202 (2024).

[26] T. G. Burrow, N. M. Alcock, M. S. Huzan, M. A. Dunstan, J. A.
Seed, B. Detlefs, P. Glatzel, M. O. J. Y. Hunault, J. Bendix, K. S.
Pedersen, and M. L. Baker, Determination of uranium central-
field covalency with 3d4 f resonant inelastic x-ray scattering,
J. Am. Chem. Soc. 146, 22570 (2024).

[27] B. Schacherl, M. Tagliavini, H. Kaufmann-Heimeshoff, J.
Göttlicher, M. Mazzanti, K. Popa, O. Walter, T. Pruessmann, C.
Vollmer, A. Beck et al., Resonant inelastic x-ray scattering tools
to count 5 f electrons of actinides and probe bond covalency,
Nat. Commun. 16, 1221 (2025).

[28] J. Zaanen, G. A. Sawatzky, and J. W. Allen, Band gaps and
electronic structure of transition-metal compounds, Phys. Rev.
Lett. 55, 418 (1985).

[29] M. Matsubara, T. Uozumi, A. Kotani, and J. Claude Parlebas,
Charge transfer excitation in resonant x-ray emission spec-
troscopy of NiO, J. Phys. Soc. Jpn. 74, 2052 (2005).

[30] L. Braicovich, L. J. P. Ament, V. Bisogni, F. Forte, C. Aruta, G.
Balestrino, N. B. Brookes, G. M. De Luca, P. G. Medaglia, F. M.
Granozio, M. Radovic, M. Salluzzo, J. van den Brink, and G.
Ghiringhelli, Dispersion of magnetic excitations in the cuprate
La2CuO4 and CaCuO2 compounds measured using resonant x-
ray scattering, Phys. Rev. Lett. 102, 167401 (2009).

[31] L. Braicovich, J. van den Brink, V. Bisogni, M. M. Sala, L. J. P.
Ament, N. B. Brookes, G. M. De Luca, M. Salluzzo, T. Schmitt,
V. N. Strocov, and G. Ghiringhelli, Magnetic excitations and
phase separation in the underdoped La2−xSrxCuO4 supercon-
ductor measured by resonant inelastic x-ray scattering, Phys.
Rev. Lett. 104, 077002 (2010).

[32] M. P. M. Dean, R. S. Springell, C. Monney, K. J. Zhou,
J. Pereiro, I. Božović, B. Dalla Piazza, H. M. Rønnow, E.
Morenzoni, J. van den Brink, T. Schmitt, and J. P. Hill, Spin
excitations in a single La2CuO4 layer, Nat. Mater. 11, 850
(2012).

[33] M. P. M. Dean, G. Dellea, R. S. Springell, F. Yakhou-Harris,
K. Kummer, N. B. Brookes, X. Liu, Y.-J. Sun, J. Strle, T.
Schmitt, L. Braicovich, G. Ghiringhelli, I. Božović, and J. P.
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