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Abstract: The electronic structure of U(V) and U(VI) con-
taining uranates NaUOg3 and Pb3UQOg was studied using an ad-
vanced technique, namely x-ray absorption spectroscopy (XAS)
in the high-energy-resolution fluorescence-detection (HERFD)
mode. Thanks to a significant reduction of the core-hole life-
time broadening, the crystal-field splittings of the 5f shell were
probed directly in the HERFD-XAS spectra collected at the U
3d edge, which is not possible with conventional XAS. In addi-
tion, the charge-transfer satellites resulting from the U 5f—0
2p hybridization were clearly resolved. The crystal-field param-
eters, 5f occupancy, and degree of covalency of the chemical
bonding in these uranates were estimated using the Anderson
impurity model by calculating the U 3d HERFD-XAS, conven-
tional XAS, core-to-core (U 4f-to-3d transitions) resonant in-
elastic x-ray scattering (RIXS) and U 4f x-ray photoelectron
spectra, respectively. The crystal field was found to be strong
in these systems, while the 5f occupancy was determined to
be 1.32 and 0.84 electrons in the ground state for NaUOs
and PbsUQg, respectively, thus indicating a significant cova-
lent character for these compounds.

Uranates are systems of interest both from an applied
and fundamental point of view. In case of an accident in a
sodium-cooled and lead-cooled nuclear reactor, the coolant
may come into contact with the fuel leading to the for-
mation of sodium or lead uranates. A thorough knowl-
edge of the structural, thermomechanical and thermody-
namic properties of the uranate compounds is essential from
safety prospectives. In particular, the oxidation state of the
uranium cation is directly related to the oxyden potential
threshold of formation, and is therefore a crucial parameter.
From a fundamental point of view, uranates are of interest
to researchers as perovskite-like systems which can contain
uranium in different oxidation states, such as U(IV), U(V)
and U(VI), with potentially strong crystal fields acting on
the 5f shell.

In particular, NaUOg has attracted attention as solid with
nominal U(V) but without a very complex chemical formula.
This compound is one of the very few which was expected
to contain only U(V) as opposed to a mixed valence state.
The U(V) chemistry for solids is significantly less developed
than that for U(IV) and U(VI) compounds.

Early x-ray photoelectron spectroscopy (XPS) measure-
ments at the U 4f core levels of NaUOj3 did not confirm the

U(V) state, ! however, but rather suggested the presence of
the U(IV)+U(VI) combination.? Such mixed valence state
was not supported by the neutron diffraction experiments, >*
which found only one type of U atom in this compound with
slightly distorted orthorhombic perovskite crystal structure.
Based on the analysis of the x-ray absorption spectroscopy
(XAS) data at the U L3 edge of NaUO3%° and the energy
shifts of the spectra, it was concluded that uranium is indeed
in the U(V) state. Furthermore, the recent XPS measure-
ments’ at the U 4f core-levels of a NaUOs sample with
etched and clean surface confirmed the presence of U(V)
from the results of both the binding energy of the main U
4f XPS line and the energy difference between the main
line and the satellite. However, the conclusions could still
be questioned based on the argument that the energy shifts
of the U L3 spectra could also be caused by a redistribution
of the U 6d density of states (DOS)® % and not necessarily
by a change in the chemical state of the uranium.

Recently, it was shown'! that XAS measurements at the
U 3d edge in the high energy resolution fluorescence detec-
tion (HERFD) mode could easily distinguish between U(IV),
U(V) and U(VI) oxidation states thanks to a significant re-
duction in the core-hole lifetime broadening of the HERFD-
XAS spectra. Applying the latter technique to NaUOg in
the present work, we confirm that uranium is indeed in the
U(V) state.

Furthermore, we show that thanks to the drastic improve-
ment in resolution, it is now possible to probe the crystal-
field strength and the crystal-field splittings in the U 5f
shell directly from the HERFD-XAS spectra of uranates
with U(V) and U(VI), and extract information on the degree
of 5f hybridization with the ligand states and covalency of
the chemical bonding from the analysis of the resolved U
5f—0 2p charge-transfer satellites.

The measurements in the energy range of the U 3d x-
ray absorption edge were performed at beamline ID26'2 of
the European Synchrotron Radiation Facility in Grenoble.
The incident energies were selected using the <111> reflec-
tion from a double Si-crystal monochromator. A rejection
of higher harmonics was achieved by three Si mirrors at an
angle of 3.5 mrad relative to the incident beam.

The XAS data were measured in the HERFD mode us-
ing the x-ray emission spectrometer.*® The sample, analyzer
crystal and photon detector (silicon drift diode) were ar-
ranged in a vertical Rowland geometry. The U HERFD
spectra at the My (3d3/2 — 5f5/2, 7p transitions) edge were



obtained by recording the outgoing photons with an energy
of ~3337 eV as a function of the incident energy. This emis-
sion energy which corresponds to the maximum of the U
MpB (4f5/2 — 3ds), transitions) x-ray emission line was se-
lected using the <220> reflection of a single spherically bent
Ge crystal analyzer (with 1m bending radius) aligned at 75°
Bragg angle. The directions of the incident and emitted
photons were 45° to the surface of the sample. The paths of
the incident and emitted x-rays through air were minimized
in order to avoid losses in intensity due to absorption. The
spectral intensity was normalized to the incident flux. A
combined (incident convoluted with emitted) energy resolu-
tion of 0.4 eV was obtained as determined by measuring the
full width at half maximum (FWHM) of the elastic peak.

The NaUO3 material was kindly provided by NRG (Nu-
clear Research and Consultancy Group, Petten, The Nether-
lands). In the case of the PbsUQg¢ preparation, the start-
ing chemicals were amorphous UOg3 (prepared in house from
uranium dioxide) and lead(II) oxide (Sigma-Aldrich, 99.98%
trace metal basis). Pure PbsUQOg was obtained after 48 h
of solid state reaction of stoichiometric admixtures at 873
K under air. The x-ray diffraction characterization did not
reveal any secondary phases, and the refined cell parameters
were found in good agreement with the reported values.
The NaUOs and Pb3UQOg samples were in the form of pel-
lets. The UO. sintered pellet (theoretical density of 98%)
was thermally treated for 24 h at 1700 °C under an Ar/5%
Hs atmosphere in order to assure its stoichiometry. X-ray
diffraction results showed the fluorite type structure with a
cell parameter corresponding to stoichiometric UO3. For the
HERFD-XAS measurements, the samples were encapsulated
in double containment due to safety requirements for which
the 8 um Kapton film was used. No radiation damage of the
samples was detected during the experiment.

The Anderson impurity model'® (AIM) was used for the
calculations which included the 5 f and core (3d or 4f) states
on a single actinide ion and a filled ligand 2p band. The cal-
culations were performed in a manner described in Refs. 16718

To simulate a spectrum obtained in the HERFD-XAS
mode, the resonant inelastic x-ray scattering (RIXS) map
around the actinide M line was calculated using the
Kramers-Heisenberg formula
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where |g), |m) and |j) are the ground, intermediate and final
states of the spectroscopic process with energies E,, E,, and
E;, respectively. w and w’ are the energies of the incident
and scattered/emitted photons with polarizations g1 and g2,
respectively, and I'y,, and I'; are the lifetime broadenings of
the intermediate and final states in terms of half width at
half maximum (HWHM). Operators for optical dipole tran-
sitions (D) are expressed in terms of spherical tensor oper-
ators Cél) so that ¢ = 1,0, and -1 correspond to +helicity,
linear, and —helicity polarizations.

The HERFD-XAS spectrum is described by a linear cut of
such a RIXS map (see e.g. Ref.'!) along the diagonal of the
plane defined by the incident energy axis and energy transfer
axis or parallel to the incident energy axis at a constant
emitted energy (the energy of the M 3 maximum in this case)
in the plane of the emitted versus incident energies.
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Figure 1. High resolution x-ray absorption spectra at the U My

edge of UOg, NaUO3 and Pb3sUOg.

The conventional XAS and core-level XPS spectra were
calculated using the following equations
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where |f) is the XPS final state with energy Ey, Ep is the
binding energy, and a. is the annihilation operator of a core
electron.

The required Slater integrals F*, G* and RF,'° spin-
orbit coupling constants ¢ and matrix elements were ob-
tained with the TT-MULTIPLETS package which combines
Cowan’s atomic multiplet program 2° (based on the Hartree-
Fock method with relativistic corrections) and Butler’s
point-group program,?' which were modified by Thole, 2
as well as the charge-transfer program written by Thole and
Ogasawara.

It should be pointed out that in such calculations it is
difficult to reproduce accurately the absolute energies (the
difference with the experiment is usually in the order of a
few eV) so that the calculated spectra need to be uniformly
shifted on the photon energy scale for comparison with the
experimental data.

Fig. 1 displays the U My HERFD-XAS spectra of UOa,
NaUO3 and Pb3UQOg. An improved energy resolution in
comparison with conventional XAS allows one to clearly ob-
serve significant chemical shifts between the U M, lines of
these compounds. UOz and Pb3UOg contain nominal U(IV)
and U(VI), respectively, therefore NaUOs, whose U My line
appears in between those of UO3 and Pb3sUQg, is confirmed
to have nominal U(V). The chemical shift between UO2 and
NaUOQs3 is larger than between NaUOgs and Pb3UQOg which
can be explained by the proportionality between the shift
and the change in the charge of the U atoms on going from
one compound to another or by the change in the 5f-shell
occupancy (ny). The calculations show that the difference in
ny is larger between UO2 and NaUOs3 than between NaUO3
and Pb3UQOg (see below) as could be expected from the ex-
perimental results. In addition, the improved resolution also
allows us to state that NaUOs does not have any U(IV) frac-
tion as claimed in Ref.? since the U(IV) signal is absent from
the U My spectrum of NaUOs3.

Besides an enhanced sensitivity to the changes in the
chemical state of the actinide cation, the improved resolution
makes the HERFD-XAS spectra sensitive to the strength of
the 5f crystal-field interaction and crystal-field splittings in
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Figure 2. Experimental and calculated XAS spectra at the U My
edge of NaUO3. The spectra were calculated using atomic and
crystal-field multiplet theory for the U(V) ion and the Anderson
impurity model, respectively.

the 5f shell. In Fig. 2, the U My HERFD-XAS spectrum of
NaUOQs3 is compared to the results of atomic and crystal-field
multiplet theory for the U(V) ion. The U cation in NaUOg3
is six-fold coordinated. The UQOg octahedra are slightly dis-
torted (with four U—O bonds a the length of 2.151(2) A
and the other two with a length of 2.142(1) A*) and can be
approximated by the O}, crystal-field symmetry. The XAS
spectra at the U M, edge were calculated as transitions be-
tween the 3d'°5f! (ground state) and 3d°5f2 (final state)
electronic configurations using Slater integrals F*(5f,5f),
F*(3d,5f) and G*(3d,5f) reduced to 70% of their Hartree-
Fock values (see the reasoning in Ref.??).

The atomic multiplet calculations for the 2F5/2 ground
state do not reproduce the shape of the experimental U My
spectrum very well. The calculated spectrum shows a hump
on the low-energy side at ~3725.8 eV which is not observed
in the experiment, while the shoulder on the high-energy side
at ~3728.2 eV is too pronounced. The calculated spectral
shape appears to be in better agreement with the experiment
when the U(V) ion is placed in a cubic (Op,) crystal-field en-
vironment with six-fold coordination and using Wybourne’s
crystal-field parameters®* for the 5f shell set to By = 2.03
eV and B§ = 0.17 eV. However, the calculated spectrum is
somewhat too broad. In turn, taking the U 5f—0O 2p hy-
bridization into account in the XAS calculations within the

framework of AIM leads to a narrowing of the main U My
line and to the appearance of the so-called charge-transfer
satellite at about 8 eV above the main line, i.e., at ~3734.5
eV on the photon energy scale.

In the AIM calculations, the ground (final) state of the
system was described using a linear combination of the 5f*
and 4f%v' (3d°5f% and 3d°4f3v') configurations where v
stands for an electronic hole in the O 2p band. In the limit
of the U 5f—0O 2p hybridization term V' — 0, the difference
between the configuration averaged energies for the ground
state can be written as E(5f%v') — E(5f') = A (where
A = €5 — €, with €, corresponding to the center of the
O 2p band) which is the so-called charge-transfer energy
(e and €, are one-electron energies of the U 5f and O 2p
levels). For the final state, this difference is E(3d°5f3v!) —
E(3d°5f?) = A + Uy — Uye, where Uy denotes the 5f-5f
Coulomb interaction and Uy, is the 3d core hole potential
acting on the 5f electron. Treated as parameters, the A,
Uysy and Uy, values were taken to be 4.0, 3.5 and 6.0 eV,
respectively.

The hybridization term (hopping matrix element) be-
tween 5f' and 5f%v! configurations in the ground state
was taken as V; = 1.2 eV. To account for the electronic-
configuration dependence of V', this value was scaled down
to 75% (0.75Vy=Viy,) to describe the mixing between 3d°5 f2
and 3d°5f3v! configurations in the final state.'®2® The
3ds3/2 core-hole-lifetime Lorentzian broadenings (I',,) was
taken as 0.35 eV with an additional Gaussian convolution
to account for the instrumental resolution.

The U My HERFD-XAS spectrum of NaUOQOgs exhibits the
structure on the high-energy side at ~3734.5 eV which is
reproduced as a charge-transfer satellite due to U 5f—0 2p
hybridization in the AIM calculations. The contributions of
the 5f! and 4f2v! configuration in the ground state were
estimated to be 68% and 32%, respectively, thus resulting in
ny = 1.32 electrons. Such a ny value indicates a significant
covalent character for NaUO3 and the estimated values of
A and Uy; and their ratio suggest that NaUOs is not a
Mott-Hubbard system by contrast with UOa.

Since the U My HERFD-XAS spectrum is a result of the
varying cross-section of core-to-core RIXS%!! upon sweep-
ing the incident photon energy throughout the M4 edge, we
calculated the RIXS map around the U Mf line to take
the corresponding cut and compare it with the conventional
XAS spectrum. To simplify the computational framework,
this comparison was made for the U(V) ion in the cubic (six-
fold ligand coordination) crystal-field environment, while the
effects of U5 f—O 2p hybridizations which lead to the appear-
ance of low-intense high-energy satellite were omitted.

The RIXS map was calculated with equation 1 for the
path 3d'°5f' — 3d°5f% — 4f'35f? with T',,, and I'; set to
1.65 eV and 0.35 eV, respectively. To take the experimen-
tal geometry into account, the incident photons had linear
polarization along the z-axis so that g1 = 0. For the scat-
tering angle of 90° and the incident photon polarization in
the scattering plane, the spectral intensity was expressed 2
as 11127(11 = (1170 + 1_1,0).

Figs. 3a and 3b show the calculated RIXS map around the
U M line and comparison of the corresponding cut of this
map (to represent the HERFD-XAS scan) with the calcu-
lated conventional U My XAS spectrum for the U(V) ion in
the cubic crystal-field environment, respectively. The result
of the map cut is a one-dimensional spectrum of intensity I
versus incident energy w obtained for fixed emitted energy
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Figure 3. Calculated a) RIXS map around the M} line of the
U(V) ion in the cubic crystal field environment, b) HERFD-XAS
and conventional XAS spectra at the U(V) My edge.

w’ corresponding to the main maximum of the 4 f5,2 — 3d3 2
line. The comparison reveals only small differences between
the calculated conventional XAS and HERFD-XAS spectra,
thus justifying the use of HERFD-XAS at the M edges of
the actinides as the high-resolution XAS-replacement via a
reduction of the core-hole lifetime broadening.

The results of our estimations of the AIM parameters for
NaUOs from the analysis of the HERFD-XAS data at the
U 3d edge are also supported by the calculations of the U
4f XPS spectrum (Fig. 4). The experimental data”>" were
well reproduced using the same set of AIM parameters apart
from that for Uy, which is expected to be smaller for the
4f level. The Uy, value was set to 5.0 eV. In this case,
the final state configurations with the 4f core hole had the
same number of 5f electrons as the corresponding ground
state configurations due to the ionization process and excited
electron leaving the system. The Uy, value is similar to that
used in the AIM calculations®® of the U 4f XPS data of
UOs,.

In Fig. 4, two simulated U 4f XPS spectra (curves a and
b) are displayed which were calculated for the U(V) system
in the framework of AIM when taking the multiplet due to
intra-atomic interactions at the U site into account. In the
calculations of spectrum a, the crystal-field interaction for
the 5f shell was not included, while spectrum b was calcu-
lated taking the O crystal field effects into account. Both
calculated spectra reproduce the experimental data in terms
of the energy separation (~8 eV) and relative intensity of the
charge-transfer satellites at binding energies of ~388.5 and
~399.5 eV for the main U 4 f7 /5 and 4f52 lines, respectively.
When considering the cubic crystal field environment for the
U(V) ion with Bf = 2.03 eV and B = 0.17 eV, the asym-
metry on the low binding energy side of the main 4f7,, and
4f5/2 lines are removed, and the calculated line shape is in
better agreement with the experiment. This indicates that
XPS spectra are sensitive to the crystal-field splittings in the

Intensity (arb. units)

O, crystal field
+ charge transfer

atomic
+ charge transfer
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Figure 4. Calculated U 4f XPS spectra of the U(V) system using
the Anderson impurity model: a) without taking the crystal-field
interaction in the 5 f shell into account (curve a); b) when includ-
ing the cubic crystal field (curve b). The spectra are compared
with the experimental data from Ref.27 (curve c) and Ref.” (curve
d). Curve c was shifted to match the energy scale of curve d. The
dashed curves represent the photoelectron background.

5f shell even if the latter effects are more pronounced in the
HERFD-XAS spectra.

The crystal-field parameter values Bf = 2.03 eV and
B§ = 0.17 eV are in agreement with those derived from the
optical absorption spectroscopy experiment.?* 3! Table 1
compares the lowest excited states of the U 5f multiplet ob-
tained in the AIM calculations with those measured by opti-
cal absorption spectroscopy. The agreement between theory
and experiment is rather good. The inclusion of the U 5f—0O
2p hybridization in the calculations allowed to improve the
results in terms of agreement with experimental values.
Table 1.  Lowest states of the U 5 f multiplet (in meV) calculated for
the cubic crystal-field environment (with and without the U 5f-O 2p

hybridization) within the Anderson impurity model and comparison
with the results obtained by optical absorption spectroscopy. 2930

State  Exp. Calculations Calculations
(no hybridization)

R 0 0

I's 561 538 515

s 883 1040 989

I's 1282 1551 1484

T's 1616 1848 1770

In the orthorhombic structure of Pb3U06,14 where ura-
nium is in oxidation state U(VI), the UOg octahedra are
distorted with the apex oxygen atoms at a slightly greater
distance (2.167(9) A and 2.214(9) A, respectively) from the
central uranium than the other four in the equatorial plane
(2.040(11) A, 2.060(11) A, 2.049(11) A, 1.991(11) A, respec-
tively). Although, one would expect for the U(VI) system
the main line of the M4 edge to be a single peak as reported
for the uranyl U(VI) groups,®*! the main U My XAS line
of PbaUOQg reveals some splittings as shown in Fig. 5.

As for NaUOgs, the U My HERFD-XAS spectrum of
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Figure 5. Experimental and calculated XAS spectra at the U My
edge of PbgUQOg. The spectra are calculated using atomic and
crystal-field multiplet theory for the U(VI) ion and the Anderson
impurity model, respectively.

Pb3UOg is compared to the results of the atomic-, crystal-
field multiplet (in the O approximation) and AIM calcu-
lations for the U(VI) system. The spectra were calculated
for transitions between the 5f° and 3d°5f' configurations
when using the atomic- and crystal-field multiplet theory,
respectively. The atomic multiplet calculations for the tran-
sitions between the 5f° and 3d°5f' configurations in the
1Sy ground state produced only one multiplet pole (Fig. 5),
while the cubic (Op) crystal-field environment of the U(VI)
ion caused the splitting of the main U M4 XAS line due to
splittings of the states of the 3d°5f! configuration. The gain
in resolution allows to probe the crystal-field interactions in
the 5f shell and to extract information on the crystal-field
effects directly from the XAS data in the manner commonly
used for the L 3 edges of 3d transition metal systems.

The U 5f—0 2p hybridization and covalency effects are ex-
pected to be significant in the case of the U(VI) system. For
this reason, in the AIM calculations for Pb3UOQOg, the ground
state was described as a combination of the 5£°, 5f'v! and
5f2v? configurations, while the final state of the XAS pro-
cess was described as a mixture of the 3d°5f', 3d°5f%v!
and 3d°5f%v? configurations. The model parameters had
the following values: A = 2.0 eV, Usy = 3.0 eV, Us. = 5.0
eV, Vy,=12¢eVand V;, =0.9 V.

In the limit of V' — 0, the difference between the config-

uration averaged energies for the ground state in our AIM
calculations was E(5f'v') — E(5f°) = A = 2.0 ¢V and
E(5f20?)—E(5f'v') = A+Us; = 5.0 eV. For the final state
it was F(3d°5f%v') — BE(3d°5f") = A4+ Uys — Use = 0.0 eV
and E(3d°5f%0?) — E(3d°5f%v') = A +2Us; — Upe = 3.0
eV. The Slater integrals were scaled down to 80% of their
Hartree-Fock calculated values. The crystal field parameters
for the U 5f shell were set to B = 2.03 eV and B§ = 0.80
eV. Iy, was set to 0.35 eV and an additional Gaussian broad-
ening was applied to match the experimental resolution.

In these AIM calculations, taking the the U 5f—0O 2p hy-
bridization into account led to the appearance of additional
transitions on the high-energy side of the calculated XAS
spectrum (Fig. 5) as compared to the crystal-field multiplet
theory. This improved the agreement with the experimen-
tal data, though the structure at ~3729.2 eV was not well
reproduced. The results of the present calculations indi-
cate that the structure observed in the U My HERFD-XAS
spectrum of Pb3UQg in the energy range between ~3735.0
and ~3738.5 eV can be assigned to a U 5f—0O 2p charge-
transfer satellite. Our calculations also suggest that the con-
tributions of the 4f°, 4f'v! and 4f2v? configurations in the
ground state of Pb3UQOg amount to 32%, 52% and 16%, re-
spectively, thus resulting in 5f occupancy ny = 0.84. The
3729.2-eV structure might be associated with the U bonds to
apex oxygen due to somewhat different U 5f—0O 2p charge-
transfer energy and hybridization strength as compared to
bonds in the equatorial plane.

The comparison of the ny values for UO2, NaUOs
and Pb3UOg which were estimated from AIM as 2.22
(Refs. '1:28:32) ' 1.32 and 0.84 electrons in the ground state,
respectively, shows that the difference in 5f occupancy is
larger between UO2 and NaUOgz than between NaUO3; and
Pb3sUQOg. This justifies the observed larger chemical shift be-
tween the U My HERFD-XAS spectra of UO2 and NaUOQOs
(U(IV) and U(V) systems) compared to the shift between
NaUO3z and Pb3UOg (U(V) and U(VI) systems), though
the final value of the shift can be affected by other factors,
such as e.g. local symmetry around the U atom and induced
splittings in the 5f shell.

In conclusion, the higher resolution of the HERFD mode
of XAS at the actinide 3d edge allows to resolve the crystal-
field split states, to determine the strength of crystal-field
interactions in the 5f shell, and to detect local symmetry
changes in the actinide compounds. We were able to ob-
serve for the first time the crystal-field 5f splittings of com-
plex uranates directly from their XAS spectra and determine
the corresponding crystal field parameters. The derived val-
ues indicate that the crystal-field is strong for the structures
of the studied uranates. Furthermore, the AIM analysis of
the newly-acquired high-resolution HERFD-XAS data, in-
cluding the energy separation of charge-transfer satellites
from the main line, allowed us to estimate the 5f occupancy
and covalency effects which indicate significant U 5f—0O
2p hybridization and a marked covalent character for these
uranate U(V) and U(VI) systems.
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