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High-energy resolution X-ray spectroscopy at
actinide M, s and ligand K edges: what we know,
what we want to know, and what we can know
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Kristina O. Kvashnina and Sergei M. Butorin
In recent years, scientists have progressively recognized the role of electronic structures in the characterization of
chemical properties for actinide containing materials. High-energy resolution X-ray spectroscopy at the actinide
My 5 edges emerged as a promising direction because this method can probe actinide properties at the atomic
level through the possibility of reducing the experimental spectral width below the natural core-hole lifetime
broadening. Parallel to the technical developments of the X-ray method and experimental discoveries, theoretical
models, describing the observed electronic structure phenomena, have also advanced. In this feature article, we
describe the latest progress in the field of high-energy resolution X-ray spectroscopy at the actinide M4s and
ligand K edges and we show that the methods are able to (a) provide fingerprint information on the actinide
oxidation state and ground state characters (b) probe 5f occupancy, non-stoichiometry, defects, and ligand/metal
ratio and (c) investigate the local symmetry and effects of the crystal field. We discuss the chemical aspects of the
electronic structure in terms familiar to chemists and materials scientists and conclude with a brief description
of new opportunities and approaches to improve the experimental methodology and theoretical analysis for
f-electron systems.
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Introduction

Most of the radioactive chemical elements are situated at the
bottom of the periodic table and form the actinide group. These
elements are considered to be ranging from atomic number 89
to 103 and play a key role in nuclear chemistry with important
applications in the fields of nuclear energy and environmental
science. As the atomic number increases in the actinide series,
the added electrons enter the 5f shell in the ground state
configuration. Most of the fascinating properties of actinide
materials are related to the partially filled 5f valence shell, and
in contrast to compounds of other elements from the periodic
table, they are poorly understood. This includes their surpris-
ing reactivity, magnetic and crystal structure properties and
rather unpredictable covalent or ionic nature of their bonds.

Probing the behaviour of electrons requires experimental
techniques that are non-sensitive to contamination at the sur-
face of the sample being studied. The experimental work
presented here strongly benefited from the existence of the
large-scale facilities and the synchrotron radiation beamlines
with the high instrumental resolution achieved in the last few
years. Synchrotron radiation sources offer a number of unique
advantages for X-ray spectroscopy experiments. One of them is
the element-selectivity using the energy of incident X-rays,
which can be tuned and thus allows one to probe the core
and valence transitions. Due to the selection rules, the electric
dipole transitions from the ground state reach only a particular
number of final states, providing a fingerprint of the ground
state configuration. At the same time the effects of the charge
transfer excitation, crystal field splitting, electron-electron
interactions and hybridization between molecular orbitals can
be studied in detail. Recent developments of high energy
resolution setups for X-ray spectroscopic studies including X-
ray emission spectrometers' have given the unique opportu-
nity to detect and resolve those effects.

More than 10 years have passed and more than 100 papers
have been published after the first X-ray spectroscopy experi-
ment in the high-energy resolution mode on uranium systems
at the U M, edge (~3728 eV)? at the ID26 beamline of ESRF in
2009,%° where an X-ray emission spectrometer was utilized.
Quite a bit is known for the moment and X-ray absorption
spectroscopy (XAS) and X-ray absorption near edge structure
(XANES) in the high-energy resolution fluorescence detection
(HERFD) mode (also known as HR-XANES) together with reso-
nant inelastic X-ray scattering (RIXS) or resonant X-ray emis-
sion spectroscopy (RXES) are now common techniques for
probing the actinide electronic structure and for studying the
physics and chemistry of the f-block elements.® More beam-
lines at various synchrotron facilities were employed to con-
struct the experiment stations for the tender X-ray energy range
and to equip them with X-ray emission spectrometers.”® All
these efforts will surely be beneficial in terms of understanding
the mechanisms of chemical reactions involving actinides at
the atomic level, for which RIXS and HERFD methods are
employed in the tender M, ; X-ray energy range (3500-4000
eV). It should be noted that actinide 5f states can be also
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probed with X-ray spectroscopy at the N, s edges’ ™' (4d-5f
transitions in the ~700-800 eV range) and at the O, 5 edges
(5d-5f transitions in the ~90-150 eV range).'®'>"'® However,
such measurements require the use of a soft-X-ray beamline
and vacuum environment around the sample, which might
be challenging to access highly radioactive materials. X-ray
spectroscopy at the actinide L; edge benefits from the high
penetration depth in the hard X-ray energy range (~17 000-
18000 eV) but it probes the actinide 6d states (2p-6d
transitions),® so do measurements at N 5 edges® (4f-6d transi-
tions in the ~300-500 eV range). However, the large core-hole
lifetime broadening at the L; edge smears out the spectral
structures. Furthermore, the 6d states are not as well enough
hybridized with the 5f states as, for example, ligand 2p states to
reflect the changes in the 5f state profile.

In this article we show how the XANES, HERFD and
RIXS methods at the actinide M, ; edges and ligand K edge
can provide an unprecedented amount of detail regarding
the actinide oxidation state, speciation, defects, nature of the
actinide chemical bonding, 5f occupation and degree of the 5f
localization. Such fundamental knowledge is a key step towards
solving the extreme complexity of the chemistry problems with
radionuclides,"”?® safe disposal of nuclear wastes and predic-
tion of the radionuclide behaviour in the environment."”*"!

What we know

A brief introduction to HERFD-XANES, RIXS and XES is given in
the next section. More information about these techniques can
be found in the cited literature.**"?

HERFD-XANES, RIXS and XES methods

In conventional XANES experiments, the large core-hole life-
time broadening, which is ~ 4 evV>*3* for the actinide M, edges,
gives rise to broad spectra.’® A spectral narrowing below the
natural core hole lifetime width can be achieved by employing
an X-ray emission spectrometer and recording the HERFD
spectra. Fig. 1 illustrates the mechanism of the sharpening
effect in the HERFD measurements at the U M, edge.

The main edge of the U M, XANES spectrum arises from the
electronic transitions from the U 3d;/, to 5f level. The U M,
edge absorption features can be recorded in the HERFD mode
with the help of a Si(220) crystal analyzer, installed in the X-ray
emission setup. The emission spectrometer is tuned to the Mf3
(4f5/2-3d3/,) XES transition and the XANES spectrum is recorded
by monitoring the emission energy signal at the maximum of
the Mp intensity as a function of incident energy. The advan-
tage of such a setup is that the width of the spectral features is
no longer defined by the 3d;/, core-hole lifetime but by the
smaller 4f5/, core-hole lifetime broadening in the final state of
the spectroscopic process. From the experimental point of view,
the XES spectra are recorded by scanning the emitted energy
with the crystal analyzer, while keeping the incident energy
fixed. If the incident energy is selected above the XANES region,
non-resonant XES spectra are recorded. If the incident energy is

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 XANES, HERFD and core-to-core 4f-3d RIXS measurements at the
U M4 edge for UO,. RIXS data are shown as a contour map in a plane of
incident and transferred photon energies, where the vertical axis repre-
sents the energy difference between the incident and the emitted ener-
gies. Variations of the color in the plot are related to different scattering
intensities. The HERFD spectrum corresponds to a diagonal cut through
the RIXS plane at the maximum of the MB emission line.

selected below or near the XANES region, RIXS or RXES spectra
are recorded.

Fig. 1 shows the RIXS data as a contour map in a plane of
incident and transferred photon energies. The horizontal axis is
identical to the energy range of the XANES spectrum. The vertical
axis represents the energy difference between the incident and the
emitted energies. The emitted energies have been selected across
the M XES line. The typical energy range along the vertical axis of
RIXS is +10 eV near the main M XES maximum. Variations of
colour in the plot is related to different scattering intensities. The
HERFD spectrum corresponds to a diagonal cut through the RIXS
plane at the maximum of the M emission line.

X-ray emission spectrometer in Johann configuration

All the high-energy resolution techniques mentioned above
become available using the X-ray emission spectrometer setup.
Technically, an X-ray emission spectrometer consists of a
crystal analyzer and a detector, which can be realized with
different geometries. The most known types are the
Johansson,?” Johann®® and von Hamos®® geometries. The exis-
tence of various geometries provides an opportunity to use the

This journal is © The Royal Society of Chemistry 2022

View Article Online

Feature Article

most appropriate instrument for a particular experimental
station. In cases of the Johann and Johannson geometries, a
point-to-point focusing scheme is realized, where both the
crystal analyzer and the detector are moved when the emitted
energy is scanned.’®™"’ This scheme provides a higher detection
signal, better energy resolution and covers a larger solid angle.
In contrast, the possibility of recording the emission lines with
the energy dispersive (von-Hamos) geometry*® and dispersive
Rowland cycle geometry*>®° is very practical since it does not
include movable parts.

Fig. 2 shows a schematic drawing of the Johann-type point-
focusing X-ray emission spectrometer™” with five spherically
bent crystal analyzers installed at the BM20 beamline®® of
ESRF. The spectrometer at the BM20 beamline can be operated
with crystal analyzers with 0.5 m and 1 m bending radii.>®
Compared to standard 1 m setups and analyzers, an intensity
gain (factor of 10) is obtained with 0.5 m setup at the U M,
edge. The decrease in the resolution is noticeable since the
Bragg angle of the analyser is at 75° (Fig. 2 right). The detected
energy shifts between tetravalent and hexavalent uranium in
the HERFD data will be discussed in detail in the next section.
The 0.5 m setup can be used in situations when the acquisition
time has to be minimized and in studies of diluted actinide
species, probing the actinide concentrations down to a ppm
level. The 1 m setup gives better energy resolution and should
be used in cases when tiny absorption features have to be
detected with a high precision.

The typical procedure to perform high-energy resolution
studies is to record the RIXS map around the selected emission
energy and analyze the RIXS map.>®**® Fig. 3 shows the RIXS
map recorded for the UO,(NO;),-*6H,0 at the BM20>" beamline
of ESRF. RIXS data can be shown as contour maps in two
formats: (a) as a plane with incident (£;) and emitted energy (E.)
axes (Fig. 3 top) or (b) as a plane with incident (E;) and
transferred photon energy (Et) axes, where the vertical axis
represents the energy difference between the incident (E;) and
the emitted energies (E.). During the analysis, special attention
has to be paid to the features that do not lie on the diagonal
cut® (related to HERFD). If all the features are situated along
the diagonal direction, the HERFD measurements can be
performed by recording the one-dimensional scan.

The energy resolution of the HERFD data depends on the
selected emission energy. Fig. 3 (bottom) shows the HERFD
data recorded at the maximum of the non-resonant XES
(marked as Exes 1), at the maximum of the resonant XES
(marked as Exes 2) and at an emission energy above Exes
2 (marked as Exes 3). Visual inspection of the recorded features
shows the loss in the energy resolution for the HERFD spectra
recorded at Exes 2 and Exes 3. Our experience shows that the
best energy resolution in the HERFD data is obtained when it is
recorded at the maximum of the non-resonant X-ray emission
line. Non-resonant Mo and MP XES spectra have the low
intensity as compared to the resonant excited one but in order
to obtain the best possible resolution it is worth spending time
and effort to record XES data with high statistics and to select a
XES maximum for the HERFD mode.

Chem. Commun., 2022, 58, 327-342 | 329
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Fig. 2 Schematic drawing of the five-crystal X-ray emission spectrometer at the BM20 of ESRF (left). Experimental U M4 HERFD of UO, and UO,(NOs3),-
*6H,0 recorded with 0.5 m and 1 m bending radius of crystal-analyzers of the X-ray emission spectrometer.

RIXS measurements at the core lines (Mo, M, etc.) are
usually referred to as core-to-core RIXS.**” On the other hand,
a direct involvement of the valence 5f electrons in the spectro-
scopic process is probed by valence-to-core or valence band
RIXS."%57%9 The intermediate state for core-to-core and
valence-to-core RIXS measured with excitation at actinide 3d
edges is the same and includes a created 3d core-hole, making
the technique element, site and symmetry selective. The energy
transfer in the core-to-core RIXS process at the Mf} emission
line is relatively large (~390 eV) and there is a 4f core-hole in
the final state. In the core-to-valence RIXS process, the energy
transfer is only a few eV, and no core-hole is present in the final
state with a valence 5f electron excited into the unoccupied

state.®””

What we want to know

The next four sections describe the information which can be
obtained from the actinide M,; edge HERFD-XANES and
RIXS data.

Oxidation state verification

XANES spectroscopy characterizes the chemical state of the
absorbing atom. The actinide M,s; HERFD-XANES method
gives the opportunity to fingerprint the oxidation state of the
actinide-containing materials. The first U M, experiment has
been performed on the mixed uranium oxides,’> which was
followed by several other studies on the chemical state verifica-
tion in actinide systems.>®%'>%~77 Fig. 4a shows the HERFD
data at the U M, edge of the UO,, UO; and KUQOj3, published by
Leinders and co-workers’® as a representative example of the

330 | Chem. Commun., 2022, 58, 327-342

oxidation state detection in tetravalent (UO,), hexavalent (UO3)
and pentavalent (KUO3) uranium systems. Similar trends were
observed later for the plutonium®~** and neptunium’" systems
in different chemical states.

The HERFD spectrum of UO, exhibits the absorption max-
imum at ~ 3725 eV with a shoulder around 3727 eV, which has
been assigned to the contribution of the multiplet structure of
the U 5f states.>>* The position of the HERFD peak for the
pentavalent KUO; and hexavalent UO,(NO3),-*6H,0 systems
was found to be at 3726.5 and 3727 eV, respectively. The energy
position of the HERFD maximum corresponds to the energy
difference between the 3d and 5f levels. As soon as the 5f shell
gains or loses more electrons the chemical shift in XANES can
be detected. It should be noted that the chemical shift between
various oxidation states in the row U(w)-U(v)-U(vi) does not
show a linear change. The difference in the HERFD peak
position between U(v) and U(v) or U(vi) is much greater than
the one between U(v) and U(vi) (Fig. 4b).

Moreover, the energy position of the U M, HERFD spectra
can be strongly influenced not only by the chemical U state but
also by the coordination geometries and ligand field splitting of
the 5f shell. However, the detectable difference will be in the
order of 0.1 eV versus 1-2 eV which is observed for various
U oxidation states. Fig. 4b summarizes the position of the
HERFD peak for several U-containing systems in the order of
increased energy and oxidation state. It shows that chemical
state verification still can be done even in the presence of
various geometries and ligands around the absorbing U atom.

Fig. 4c reports the U M, HERFD data for tetravalent, penta-
valent and hexavalent species. In the case of tetravalent species,
the energy position of the peak maximum increases on going
from UO, to UCl, and is related to the ability of an element to

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The core-to-core 3d—-4f RIXS of UO,(NOs3),-*6H,0 recorded near the maximum of the U M emission line and plotted in two ways: (top-left) in a
plane of incident (£;) and emitted energies (Eo) or (bottom-right) in a plane of incident (£;) and transferred photon energies (E7), where the vertical axis
represents the energy difference between the incident (E;) and the emitted energies (E.). The corresponding cuts through the RIXS plane at different
emission energies (HERFD scans) (bottom-left) and the energy diagram of the core-to-core and valence-to-core processes (top-right).

attract the bonded electrons towards itself or in other words
related to the electronegativity variation. In the periodic table
the electronegativity increases from the left to the right side,
which also depends on the atomic size. The closer connection
of the electrons to the nucleus of an atom (for smaller ion) leads to
more interactions between them. Thus, an increase in the atomic
size leads to less attraction of electrons from the ligand to the
uranium atom. The difference in the energy position of the HERFD
peak between KUO,”® and NaUQ;® is almost negligible, but notice-
able. The best example to see the influence of the crystal structure
on HERFD in the presence of the same U(vi) oxidation state is
shown in Fig. 4c (right). We can see in this figure that not only the
energy position of the HERFD peak but also the shape changes
significantly.”® We discuss the effects of the crystal structure
influence in the next section.

The identification of the oxidation state by HERFD
has become important for many areas of actinide science
since it provides information on how electrons are distribu-
ted between the elements. The oxidation-reduction (redox)
reactions involve the transfer of electrons between chemical

This journal is © The Royal Society of Chemistry 2022

species.00:63:66,68,69.72,76,77.79 Many biological processes rely on
the electron transfer. The environmental behaviour of actinides
is characterized by a broad complexity in chemical species
occurring in different environments and varies as a function
of the chemical and geochemical boundary conditions. The
oxidation state of actinides controls the solubility of solid
actinide species. For example, Pu(wv) species are considered
less mobile than species with other oxidation states because of
their solubility. Therefore, the HERFD method at the An M, 5
edges is the only one for the moment, which allows us to
fingerprint the mixtures of actinide oxidation states with high
precision (as low as 2% contribution) in environmentally
relevant systems.®>°77>8%81

Oxidation state is significant in the nanoscience field, which
is rapidly growing and developing in various scientific commu-
nities. Structures with nanoscale dimensions offer novel prop-
erties and lead to technologically new applications. One of the
crucial aspects here is that the physical and chemical properties
of the materials are changing as it comes to the nanoscale. The
HERFD methodology at the actinide M,; edges has been

Chem. Commun., 2022, 58, 327-342 | 331
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for several U-containing systems in the order of the increasing energy and oxidation state. (c) U M4 HERFD data®%°® for several tetravalent, pentavalent

and hexavalent systems in different crystal structures.

successfully used in recent electronic structure investigations of
the UO,,°® ThO,** and Pu0,°"** nanoparticles (NPs).

Several reports indicated the high importance of the funda-
mental understanding of the PuO, NPs in the context of
environmental behaviour. The most intriguing question con-
cerning the PuO, NPs is the potential presence of different Pu
oxidation states (¢f. Fig. 5). A formation of the PuO, NPs under
various synthesis conditions (pH value and different initial
solutions) has been recently investigated by Pu M, HERFD. It
has been shown that all spectral features of the PuO, NPs are
very similar to those of the PuO, reference and were well
reproduced by calculations based on the bulk PuO, crystal
structure.®® These NP studies lead to the discovery of a new
plutonium compound (refined NH,PuO,CO;) with an unex-
pected pentavalent oxidation state.®

Authors experimentally traced the route of the Pu(vi) to PuO,
NP transformation as a two-step process.®' During the first few
minutes the formation of the intermediate pentavalent phase
was observed. Later, after several weeks of the precipitation
reaction, the final product - PuO, in 2 nm size - was formed.
The Pu M, HERFD data of both products reveal that inter-
mediate and final phases have Pu in different oxidation states
according to the position of their white line®" (Fig. 5 bottom).
This has led to the new knowledge concerning the formation of
the Pu-containing NPs in aqueous solutions, which is extremely

332 | Chem. Commun., 2022, 58, 327-342

important for the performance assessment of geological repo-
sitories of the spent fuel and radioactive waste as well as for the
effective remediation of contaminated sites.

Recently, highly crystalline UO, NPs with a size of 2-3 nm were
studied by means of U M, HERFD.®® The results also confirm that
U(w) is the dominant oxidation state. The similarity of the uranium
and plutonium oxide NPs is important for environmental chem-
istry as both are mobile in their colloid form. However, there is still
a significant difference in the stability of the UO, NPs versus PuO,
NPs. It was shown that the PuO, NPs remain intact after several
months® with respect to the size (~2 nm) and oxidation state.**
Contrary to that, the UO, NPs increase in size up to ~6 nm and
become partially oxidized with time even if the samples were kept
under inert conditions.®® It was found that the U(v) signal increased
and a conversion to the U,0, phase took place. Moreover, the effect
of the X-ray beam exposure has been detected. Overall, it was
shown that the UO, NPs are more reactive compared to the PuO,
NPs.*® Therefore, actinide M, s HERFD has an impressive capacity
to detect the presence of tiny impurities of different oxidation
states, which is imperative for the actinide nanoscience field.

5f occupancy, covalency and charge-transfer effects

Besides the formal oxidation state of actinides, the actual
population of the 5f shell is an important quantity which affects
the physical and chemical properties of actinide compounds.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Plutonium M4 HERFD data (a) of PuO,, KPuO,CO3 and K4PuO,(CO3)3

with Pu(v), Pu(v) and Pu(vi) oxidation states, respectively,®~®* and (b) of two

plutonium phases obtained during the synthesis of PuO, NPs from a Pu(v)
precursor at pH 11.5

The actual 5f occupancy is rather non-integer in contrast to
the case of the description/notation of the formal oxidation
state and depends on the covalency degree of the chemical
bonding and on the strength of the charge-transfer effects
between actinide and ligand atoms as a result of hybridization
of the actinide 5f states with ligand states. These effects lead to
appearance of so-called charge-transfer satellites in the X-ray
absorption spectra at the 3d edge of actinides. The improved
resolution due to a reduced core-hole lifetime broadening of
the HERFD spectra allows for resolving such satellites.

Establishing the energy positions of the charge-transfer
satellites and their relative intensity with respect to the main
line helps in estimating the hybridization strength V of the
actinide 5f states with ligand states, the value of the charge-
transfer energy 4 and, consequently, the 5f occupancy n¢ using
the Anderson impurity model (AIM).** Such an approach was
successfully applied for the HERFD studies of UO,,’
U,;_,La,0,”* and uranates with U(v) and U(v1).>® As an example,
Fig. 6 shows a comparison of the U M, HERFD spectrum of
Uy.3sNdg 6,0,”” where uranium was found to be mainly in the
U(vi) chemical state and in the cubic environment. The
recorded spectrum is compared with the results of calculations
using atomic multiplet and cubic crystal-field multiplet theory
and AIM, respectively.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Experimental’”” and calculated XAS spectra at the U M, edge of
Uo.38Ndo620,. The spectra are calculated using atomic and crystal-field
multiplet theory for the U®* ion and Anderson impurity model,
respectively.

Within the atomic- and crystal-field multiplet theory, the
spectra were calculated for transitions between 5f° and 3d°5f*
configurations. The construction of the ground and final state
Hamiltonians was carried out as described in ref. 9 as well as
the equation used to calculate the XAS spectra. The required
Slater integrals, spin-orbit coupling constants and matrix ele-
ments were obtained with the TT-MULTIPLETS package which
combines Cowan’s atomic multiplet program®" (based on the
Hartree-Fock method with relativistic corrections) and Butler’s
point-group program,® which were modified by Thole.*® The
Slater integrals were reduced to 80% of their ab initio Hartree—
Fock values in the calculations of the spectra and the Wybour-
ne’s crystal-field parameters for the 5f shell in the cubic (Oy)
symmetry were set to By = —0.93 eV and B§ = 0.35 eV, which are
similar to those for pure UO,.°

The AIM calculations were performed in a similar manner as
described in ref. 59 and 87. The model parameter values were
chosen to be the same as in ref. 56 for Pb;UOg and their values
were as follows: energy for the electron transfer from the O 2p
band to the unoccupied U 5f states 4 = 0.8 eV; 5f-5f Coulomb
interaction Uy = 3.0 €V; 3d core-hole potential acting on the
5f electron Ug. = 5.0 eV and U 5f-O 2p hybridization term
V =1.2 eV (0.9 eV) in the ground (final) state of the spectro-
scopic pr