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on electronic structure of uranium
carbides
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The electronic structure of UC, (x = 0.9, 1.0, 1.1, 2.0) was studied by means of x-ray absorption
spectroscopy (XAS) at the C K edge and measurements in the high energy resolution fluorescence
detection (HERFD) mode at the U M, and L3 edges. The full-relativistic density functional theory
calculations taking into account the 5f — 5f Coulomb interaction U and spin-orbit coupling
(DFT+U+SOC) were also performed for UC and UC,. While the U L3 HERFD-XAS spectra of the studied
samples reveal little difference, the U M, HERFD-XAS spectra show certain sensitivity to the varying
carbon content in uranium carbides. The observed gradual changes in the U M, HERFD spectra suggest
an increase in the C 2p-U 5f charge transfer, which is supported by the orbital population analysis in
the DFT+U+SOC calculations, indicating an increase in the U 5f occupancy in UC; as compared to that
in UC. On the other hand, the density of states at the Fermi level were found to be significantly lower
in UG, thus affecting the thermodynamic properties. Both the x-ray spectroscopic data (in particular,
the C K XAS measurements) and results of the DFT+U+SOC calculations indicate the importance of
taking into account U and SOC for the description of the electronic structure of actinide carbides.

Actinide carbides are considered as advanced nuclear fuels for the Generation IV nuclear reactors which will
allow for the transmutation of minor actinides, thus contributing to the challenge of utilizing the nuclear waste.
In turn, the performance of the carbide fuel will depend on the stoichiometry and stability of the required
phases of the carbide systems. The thermodynamic properties will also depend on the changes in the electronic
structure of actinide carbides. Since the main material for the fuel is uranium carbide, the U-C system receives
more attention in terms of the dedicated research as compared to other actinide carbides.

X-ray spectroscopy is a good tool to probe the electronic structure of different materials but for uranium
carbides most of the studies were so far carried out with the help of conventional x-ray spectroscopic techniques,
such as x-ray absorption spectroscopy (XAS) at the U L3 edge!'~® or x-ray photoemission spectroscopy (XPS)*!1.
A great improvement in the quality of such research of actinide systems came with the application of the high
energy resolution fluorescence detection x-ray absorption spectroscopy (HERFD-XAS) at the actinide My
edges!* ! (see also reviews!>1) when the greatly enhanced energy resolution and sensitivity of the method helped
to resolve some long standing questions'? about the oxidation path, monitor a gradual change of the oxidation
state upon doping'’, discover new phases'® and clarify the mechanism of the nano-phase formation®®. The fol-
lowed theoretical efforts in modelling the HERFD-XAS spectra for the large part of the actinide row**?! made
the interpretation the experimental data much easier.

Earlier, we reported the results of the HERFD-XAS measurements on UC and UMeC, (Me=Fe, Zr, Mo)
carbides??. Here we report the data measured for the uranium carbide samples with different carbon content:
UCO_9, UC, UCLl and UCz.

Results and discussion

Figure 1 displays the HERFD-XAS spectra of the UCy g, UC, UC; ; and UC, samples recorded at the U L3
edge. The spectra do not reveal significant changes between the samples. For UCy, a slight increase of the
spectral intensity is observed in the 17172-17195 eV energy region as compared to the spectra of other carbide
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Figure 1. U L3 HERFD-XAS of UCy 9, UC, UC; 1 and UC,.

compositions which is consistent with x-ray diffraction (XRD) data indicating the existing mixture of UC and
a-U in the UCy ¢ sample. The post-white-line background is expected to be higher for pure uranium than for
its carbide?.

To evaluate the underlying spectral structures, Fig. 2 compares the experimental U L3 HERFD-XAS spectra
of UC and UC; with the results of full-relativistic density functional theory taking into account the 5f —5f
Coulomb interaction U (DFT+U) and Bethe-Salpeter equation (BSE) based calculations of U L3 XAS using the
OCEAN code and crystal structures from Ref.?*. For the illustration purpose, both small and large broadenings
of the calculated U L3 XAS spectrum of UC were used to show the contribution of various underlying structures.
Besides the dipole 2p — d, s transitions (the s contribution is small), the quadrupole 2p — f transitions were also
calculated. The latter give the main contribution to the low energy side of the U L3 XAS spectra (see structures
around 17162 eV in Fig. 2). These quadrupole transitions are significantly affected by taking into account U for
the 5f shell. The dipole transitions to the d states are also affected to some extent due to a modified 64 density of
states (DOS) as a result of the 6d-5f hybridization. The U value for UC was discussed in several publications**-2¢
and most of the ground state and spectroscopic properties were reproduced using the DFT+U approach with
U=2.0-3.0 eV. Therefore, both for UC and UC,, we used the U=2.5 eV value in the calculations and ] was set to
0.5 eV. While the post-edge structures of the L3 spectra are usually sensitive to changes in the crystal structure!>?,
in this case, even an improved energy resolution of the HERFD mode does not allow to make a clear distinction

between cubic UC and tetragonal UC,.
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Figure 2. Experimental U L3 HERFD-XAS spectra of UC and UC, compared to BSE-calculated ones using
OCEAN code with DFT+U approach.
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A significant broadening of the U L3 XAS (and even HERFD) spectra, which mainly probe the unoccupied
6d states, makes it difficult to study the changes in the U 64 DOS in detail. XAS measurements at the U Ng 7
edges (4f — 6d transitions) can provide a higher energy resolution® but are not easy to perform due to weak
intensities. XAS measurements at the C K edge, which probe the unoccupied C 2p states, can also help with this
due to an admixture of the C 2p states to the 5fand 6d states as a result of the U 5-O 2p and U 6d-O 2p hybridi-
zation. As it was shown earlier, the ligand/anion K XAS spectra of actinide materials are sensitive to changes
in the crystal structure of materials as well as various non-stoichiometry and defects®. Therefore, the detailed
understanding of the nature of the features in the ligand K XAS spectra is necessary in order to use them for the
material characterization.

Figure 3 displays the experimental C K XAS spectrum of UC which is compared to BSE-calculated C K
XAS spectra using various formalisms: DFT, DFT+U and DFT+U with taking into account spin-orbit coupling
(SOC). The same U and ] values were used as in the case of the U L3 XAS calculations. In the DFT+U+SOC case,
the optimal projector functions were calculated with scalar-relativistic versions of U and C pseudopotentials,
while full-relativistic pseudopotentials were used for other stages of the calculations in the OCEAN code. Thin
curves represent the broadening of the calculated spectra which is limited to only the core-hole lifetime to get
better understanding of the underlying structures in the experimental spectrum. In the case of thick curves,
the calculated spectra were additionally broadened to take into account the instrumental resolution for a better
comparison with experiment.

In the DFT-based calculations (blue curves in Fig. 3), the low energy structure at ~282.6 eV corresponds to
transitions to the C 2p states hybridized to the U 5f states while the structure at ~ 286.1 eV is associated with C
2p states admixed to the U 64 states. An inspection of Fig. 3 reveals a significant influence of the 5f —5f Coulomb
interaction U and SOC on the shape of the C K XAS spectrum of UC. While the 5f —5f Coulomb interaction
mainly affects the C 2p states hybridized with the U 5f states (see green curves in Fig. 3), SOC also affects the C
2p states hybridized with the U 6d states (black curves in Fig. 3). In contrast to the conventional DFT calculations
(blue curves), taking into account the 5f —5f Coulomb interaction U and SOC (green and black curves, respec-
tively) leads to a split of the ~282.6-eV structure into two groups at ~ 281.5 and ~ 283.4 eV in the calculated
C K XAS spectrum, while a change of the ~ 286.1-eV structure, reflecting a modification of the U 6d states,
is less pronounced. When comparing the DFT+U and DFT+U+SOC cases, we can see that the SOC inclusion
in the calculations makes the ~ 281.5 and ~ 283.4-eV structures more intense and pronounced and produces
somewhat wider ~286.1-eV structure which in the end provide a better agreement with experiment. The low
energy structures of the experimental C K XAS spectrum can be considered as a C 2p manifestation of U and
SOC acting on the U 5f states, thus indicating the importance of these interactions for the electronic structure
characterization of actinide carbides.

In contrast to the U L3 HERFD-XAS data, the U My HERFD-XAS spectra of uranium carbides (Fig. 4),
which probe the U 5f states, are turned to be sensitive to the carbon content and varying composition of the
samples. In particular, the shoulder on the high energy side of the U My HERFD spectrum at ~ 3727 eV grows
with increasing C content in the composition. It is difficult to explain the shoulder growth by only a change in
the multiplet structure of the ground state 5f> configuration® as a result of the crystal structure distortion. If
UCy,9is a mixture of «-U and UC and UC, ; is a mixture of UC and UC,, the gradual relative-intensity increase
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Figure 3. For UC, experimental C K XAS spectrum (red markers) compared to BSE-calculated ones using
OCEAN code with DFT (blue curve), DFT+U (green curve) and DFT+U+SOC (black curve) approaches,
respectively.
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Figure 4. U M4 HERFD-XAS of UCy g, UC, UC; j and UC,.

of the shoulder upon going from UCy ¢ to UC then to UC; ; and to UC; can not be caused by the low symmetry
— high symmetry — low symmetry transition.

On the other hand, the observed gradual relative-intensity increase of the shoulder in the U M4 HERFD
spectra of carbides can be related to the increase in the ligand/anion 2p —U 5f charge transfer and be a result of
the multi-configurational contribution (5f2 + 5f3v! + 5f*v? + - - -, where v stands for an electronic hole in the
valence band) in the ground and final states of the spectroscopic process (as discussed in Ref.??).

To illustrate that, we compare two U My XAS spectra calculated using the Anderson impurity model (AIM)*
in Fig. 5. One spectrum (black curve and poles) is calculated with the same set of the AIM parameters and the
same approach as in the calculations of the U 3d-4f RIXS map and M4 HERFD of UC (see Ref.??). The other
spectrum (red curve and poles) was calculated with two modified AIM parameters (V = 0.5 eV (instead of 0.6
eV for UC) and (es¢ — €p)=— 1.5 eV (instead of — 0.5 eV), where V'is hybridization strength (hopping matrix
element) between the electronic configurations and €57 and € are the one-electron energies of 5f and Fermi levels,
respectively) which reflect the trend in the charge-transfer changes upon going from UC to UC,. In UC,, V'is
expected to decrease somewhat due to lower symmetry for the U environment as compared to UC and conse-
quently due to lower overlap of the U 5fand C 2p orbitals. At the same time, the U 5f states are extended deeper
from the Fermi level in UC; (see below).

The difference between calculated U My XAS spectra in Fig. 5 is similar to that observed between measured
spectra in Fig. 4. In simulated case for UC,, the relative intensity of the high-energy shoulder increases as com-
pared to UC. Although, for simplicity, only the U M4 XAS spectra were calculated instead of the U 3d-4f RIXS
maps and My HERFD spectra, the trend in the relative changes upon going from UC to UC, should be the same
for the U M4 XAS and HERFD spectra?®?!. The AIM calculations obtain the higher configuration mixing and
higher 5f occupancy in the ground state for the UC, case.

As a result, the analysis of the spectra at the U M, edge suggests a higher degree of the C 2p —U 5f charge-
transfer for UC, compared to UC. The full-relativistic DFT+U calculations using the FPLO code (see Figs. 6,
7 and 8) support this conclusion based on their orbital population analysis. The U 5f occupancy was found to
somewhat increase upon going from UC to UC,.
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Figure 5. U M4 XAS calculated using Anderson impurity model and representing cases of UC (black curve and
poles) and UC; (red curve and poles).
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Figure 6. Total DOS of UC and UC,. Fermi level is at zero eV.
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Figure 7. Total and partial DOSs of UC. Fermi level is at zero eV.

The FPLO-calculated total DOS of UC and UC; is shown in Fig. 6 and partial DOSs in Figs. 7 and 8, respec-
tively. Both for UC and UC,, a clear energy separation into two groups of states above the Fermi level appears
as a result of SOC, the observed splitting happens closer to the Fermi level in UC; than in UC. The prominent
difference between UC and UC; is a wider spread of the occupied C 2p states in the valence band of UC; as a
result of the hybridization with the U 6d and 5f states. At the same time, DOS at the Fermi level is significantly
lower in UC; as compared to UG, thus affecting the thermodynamic properties and making UC more favorable
material for the carbide nuclear fuel.

The FPLO calculated DOSs reveal that the U 64 states are significantly intermixed with the 5f states and
therefore can reflect changes in the 5f distribution upon going from UC to UC,. However, the measured U L3
HERFD-XAS spectra which probe the U 6d states do not show significant differences between UC and UC,,
thus raising a question whether it is a matter of the improvement in the resolution for the spectroscopic probes
of the U 6d states.

Conclusion

The results of the present study indicate that the analysis of the effects of SOC and the 5f — 5f Coulomb inter-
action U is important for the description of the electronic structure and spectroscopic properties of actinide
carbides. The employment of x-ray spectroscopic methods with the enhanced energy resolution and sensitivity
(such as HERFD-XAS at actinide My 5 edges) is necessary to spot small but important changes in the carbide
properties with varying C content, such as the charge transfer and 5f occupancy, which have influence on the
thermodynamic properties and eventually on the performance of the carbide nuclear fuel.
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Figure 8. Total and partial DOSs of UC,. Fermi level is at zero eV.

Methods

Experimental

The samples were prepared by arc melting of relevant proportions of metallic uranium (depleted uranium,
Framatome, 99.9%) and graphite pieces (Mersen) to reach the target stoichiometry of UCqg, UC, UC;; and
UC,. To insure a good homogeneity, they were turned and re-melted four times. Each melting was performed
under an argon pressure of about 0.8 bar, after three vacuum/Ar purges. All samples were characterized by x-ray
diffraction (XRD), using a Bruker D8 Advance diffractometer with monochromatic Cu Ko radiation. XRD pat-
terns were refined by the Rietveld method, using the FullProf software’!. The initial structural models for UC
and UC, were taken from Ref.?.

A precise x-ray diffraction analysis (Fig. 9) revealed that pure samples were obtained for the stoichiometric
compositions UC; g and UC; o whereas mixtures of UC and «-U and UC and UC; were obtained for UCy ¢ and
UC;  respectively. The refined lattice parameters were found consistent with those reported in the literature
for stoichiometric uranium carbides, with a = 4.956(1) A for cubic UC (NaCl-type) and a = 3.524(1) Aandc=
5.991(1) A for tetragonal UC, (CaC;-type).

The measurements in the energy range of the U 3d and 2p x-ray absorption edges were carried out at the
CAT-ACT beamline®? of the KARA (Karlsruhe research accelerator) facility in Karlsruhe, Germany. The incident
energies were selected using the <111> reflection from a double Si-crystal monochromator. The XAS scans were
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Figure 9. Experimental x-ray diffraction patterns of the UCy g, UC, UC; ; and UC; samples compared to the
calculated ones for Cu K« , radiation based on the atomic positions of UC and UC; given in Ref.?.
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measured in the HERFD mode using an x-ray emission spectrometer®. Only one crystal-analyzer of the spec-
trometer was used in all the measurements. The sample, analyzer crystal and photon detector were arranged in the
vertical Rowland geometry. The U HERFD spectra at the M4 (3d3/» — 5f5/2, 7p transitions) edge were obtained
by recording the outgoing photons with an energy corresponding to the maximum of the U Mg (4fs;2 — 3ds,2
transitions) x-ray emission line, as a function of the incident energy, and the U HERFD at the L3 (2p3/2 — 6d,7s
transitions) edge was recorded at the maximum of the U La (3ds;, — 2p3/; transitions) line. The right emission
energy was selected using the spherically bent Si<220> crystal-analyzer (with 1 m bending radius) aligned at
75° Bragg angle for the measurements at the U M4 edge and Ge<777> at 77° Bragg angle for the measurements
at the U L3 edge. The HERFD data were recorded at one emission energy and the spectrometer was not moved
between the scans. The spectral intensity was normalized to the incident flux. The total energy resolution was
estimated to be ~ 0.7 eV at the U My edge and ~ 2.6 eV at the U L3 edge.

Samples were prepared and sealed in a special argon-filled container at the licensed laboratory of HZDR
and were transported to KARA under inert conditions. All samples were mounted in the form of pellet pieces
within triple holders with 8 um Kapton window on the front side, serving as first confinement. Three of such
holders were mounted in one larger cell, with 13 wm Kapton window on the front side. The second confinement
chamber was constantly flushed with He. The entire spectrometer environment was contained within a He box
to improve signal statistics.

The measurements in the energy range of the C K (1s — 2p transitions) edges of UC were performed at
beamline 5.3.1 of the MAXlab®. C K XAS data were measured in the total fluorescence yield (TFY) mode using
a multichannel-plate detector. The incidence angle of the incoming photons was close to 90° to the surface of
the sample. The monochromator resolution was set to ~350 meV during the measurements.

Computational details

To apply the method of density functional theory taking into account the 5f — 5f Coulomb interaction U
(DFT+U), the full-potential local orbital (FPLO ver. 21.00-61) code (Ref.**; [www.FPLO.de]) was used. The
calculations were performed in the full-relativistic mode. The exchange correlation potential was in the form of
Perdew, Burke, and Ernzerhof (PBE)*. The band structure was calculated in the generalized gradient approxima-
tion (GGA). The default basis definitions for uranium and carbon atoms were applied, where the core electrons
for uranium are up to the 5p level while 5d6s6p7s7p6d5f electrons are treated as valence ones and the levels up
to 8s are also included in the basis. For carbon, the 1s electrons are treated as semi-core and the #n = 3 levels are
included in the basis in addition to valence 2s and 2p. The Coulomb interaction U and Hund’s coupling J param-
eters were set to 2.5 eV and 0.5 eV, respectively, for the 5f shell. There is rather a consensus among researchers on
these values for UC. The calculations were performed for the non spin-polarized case. The 40 x 40 x 40 k-point
mesh was used for UC and the 30x30x30 one for UC,. As convergence conditions, 107! for density and 1078
Ry for the total energy were applied. The calculations were performed for experimental structures of UC and
UC,? without the relaxation procedure.

The experimental U L3 HERFD-XAS and C K XAS spectra of UC are also compared with the results of the
XAS calculations using OCEAN which is the ab-initio DFT (PBE-GGA in this case) + Bethe-Salpeter equation
(BSE) code for the calculations of core-level spectra®*’. The code allows one to take into account the interac-
tion of the valence-band electrons with the U 2p (C 1s) core-hole and screening effects in the calculations of the
U L3 (C K) XAS spectra, respectively. The DFT+U approach was used with the help of Quantum Espresso v6.3
(Ref.*%; [www.quantum-espresso.org]) and the U and ] values were set to 2.5 eV and 0.5 eV, respectively, for the
uranium 5f electrons. The norm-conserving PBE pseudopotential for carbon was taken from the PseudoDojo
database®. The stringent version of the C pseudopotential of the valence 2s?2p? configuration was used. The
norm—conservin% PBE pseudopotential for uranium was generated with the ONCVPSP v4.0.1 package*! for the
valence 6526p®7s26d' 5f° configuration using the PseudoDojo approach. The plane-wave cut-off energy was set
to 65 Ry. The convergence threshold for density was 1.1 x 10710 Ry. The k-point grid for the calculation of the
ground and final states as well as the real space mesh were 10 x 10 x 10 for UC and 10 x 10 x 6 for UC,. The 2
x 2 x 2 k-point grid was used for the screening part of the calculations. The setting for the DFT and screening
energy ranges were chosen to be 90 and 100 eV, respectively.

The U My XAS spectra were calculated within framework of the Anderson impurity model (AIM) as described
in Ref.??>. The TT-MULTIPLETS package was used which combines Cowan’s atomic multiplet program*? (based
on the Hartree-Fock method with relativistic corrections) and Butler’s point-group program*, which were modi-
fied by Thole*, as well as the charge-transfer program written by Thole and Ogasawara. To compare with the
experimental data, it is usually necessary to uniformly shift the calculated spectra on the photon energy scale
because it is difficult to reproduce very accurately the absolute energies in this type of calculations.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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