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Abstract: Rigorous theoretical studies of the electronic structure to describe the Uranium L; near edge X-
ray absorption fine structure, NEXAFS, of different oxidation states of U in UOj are reported. Key
features of the spectra are related to the ligand field splitting of the excited state orbitals. Furthermore, the
ligand field splitting is related to the different extent of covalent mixing that occur at different U-O
distances for the different oxidation states. The theoretical relative energies and intensities are based on
electronic wavefunctions for cluster models of the oxides. This allows a direct relationship to be
established between the L;-edge NEXAFS features and the covalent mixing in the oxides. Correlations are
established between the width of the Ly NEXAFS and the U-O distance and these correlations are shown
to reflect the character of the chemical interaction between the U cations and the O anions.

Ab initio theoretical studies of the Uranium L; near edge X-ray adsorption fine structure,
NEXAFS, of different oxidation states of U in UOj are reported. These studies show the origin of the
shape and the width of the NEXAFS peak and show how these features can be used to identify the U
oxidation state. NEXAFS, also described by the acronym XANES for X-ray adsorption near edge
structure, can provide information about the electronic structure of the material, especially with respect to
the frontier orbital open or unoccupied levels. [1] An early paper by Kalkowski ef al. [2] on the NEXAFS
of uranium compounds examined several edges from L; to O, 5. Many subsequent papers have reported
the NEXAFS of different U phases and U-bearing compounds, for example Refs. [3-6]. But, very few
papers have focused on the theoretical interpretation of the NEXAFS of uranium; moreover, those that
have are often based on the use of Anderson model Hamiltonians. [7-9] However, this approach does not
explicitly include the covalent mixing of cation and ligand orbitals in the electronic structure of the
materials. [10, 11] Further, it is common, with this model, to adjust parameters to fit core-level spectra;

see, for example, Refs. [10, 12, 13]. Theoretical studies of U-oxide NEXAFS [4] have also been based on
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the real space multiple scattering, RSMS, approach implemented in the FEFF program, [14] which,
however, does not directly treat the multiplet coupling of the open shell electrons. With both the Anderson
model Hamiltonians [7-9] and the RSMS methods, [14] it is not straightforward to relate the calculated
XAS to chemistry and chemical bonding. For example, although the FEFF results for the U L;-edge
NEXAFS of several uranium ternary oxides presented in Ref. [4] are in reasonable agreement with
experiment, there is no discussion of ligand field splitting or of covalent mixing of O(2p) and U frontier
orbitals. This is in strong contrast to our approach where we focus on establishing direct connections
between the NEXAFS and the chemical interactions in U oxides. This chemistry is represented by the
fundamental concepts of covalent mixing and the ligand field splitting in the octahedral symmetry of the
oxides considered. Our theoretical approach for the U L;-edge NEXAFS is based on the determination of
fully relativistic wavefunctions, WF's, where the angular momentum coupling, or multiplets, of the open
shell electrons is rigorously treated and where parameters are not adjusted to fit experiment. Furthermore,
covalency is naturally incorporated into our model. Thus, our methods allow us to relate individual
NEXAFS transitions to the electronic structure and covalent mixing in the oxides and to draw connections
between features of the NEXAFS and the chemistry and physics of the oxides.

Here, we focus on the L; NEXAFS of U(VI), U(V), and U(IV) in octahedral uranate coordination,
where uranate refers to a symmetric bonding environment that lacks the short trans-dioxo bonds that typify
uranyl coordination. Our rigorous theoretical analysis shows that the L;-edge NEXAFS distinguish U(V)
from U(VI), when both are in octahedral uranate coordination, as suggested in prior experimental work. In
particular, this work appears to show that the white line peak is broader nearer the top for U(VI) compared
to U(V). [4-6] More importantly, we use our rigorous ab initio approach in order to understand why the L;
NEXAFS of U in octahedral coordination differ between different oxidation states. We also test and
validate our theoretical methods for the NEXAFS of flourite U(IV) in UO,.

The materials models are embedded UOq clusters with appropriate U-O bond distances, designated
d(U-0) [10, 12]. For U(VI), d(U-0)=2.09A, which corresponds to §-UOs; [15] for U(V), we use a

structure with d(U-0)=2.15A; [16] and for U(IV), we use an idealized octahedral structure with an average
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d(U-0)=2.22 A. [4] For U(VI) and U(V), we consider variations of the lattice constants about the d(U-O)
values listed above. These variations of d(U-O) allow us to establish a direct link between the features of
the NEXAFS and the changes in the covalent chemical interaction between U and the O ligands. [10, 12]
For U(IV), we also determined the L; NEXAFS for the fluorite structure of UO, using an embedded UOg
cluster with d(U-0)=2.37A. [12, 17] The ground state configuration for U(VI) UQj is closed shell, while
the ground state configurations for U(V) and U(IV) UOg have 1 or 2 electrons, respectively, in a shell of
the 14 nearly degenerate spinors that, in the limit of an isolated cation, are U(5f) spinors. Orbitals, four-
component spinors, are optimized separately for ground and core-hole configurations and substantial
covalent mixing is found between the cation frontier f and d orbitals and the O(2p) orbitals. [10, 11] In the
present paper, we use the sizes of the excited orbitals obtained from our fully relativistic variational
procedure as a unique measure of the relative extents of the covalent mixing in different orbitals. These
sizes clearly demonstrate it is not proper to regard the orbitals of the system as either pure cation or pure
anion orbitals. The WF's constructed from these optimized orbitals are mixtures of configurations,
described as configuration mixing, CI, WF's, [10, 18] where the determinants that are mixed are formed by
distributing the open shell electrons over an active space of orbitals. This CI treatment accurately
describes the orbital and spin angular momentum coupling taking account of the spin-orbit interaction.
[19] It is able to describe, on an equal footing, ligand field and spin-orbit splittings; [17, 19] there is no
need to include an adjustable parameter as in DFT+U treatments. [20] The active orbital space for
excitations from the 2p;, shell includes low lying spinors with gerade, g, symmetry; only g symmetry is
considered for these excitations since they are the only dipole allowed excitations from the ungerade 2p;,
spinors. These low lying spinors can be grouped into sets of spin-orbit and ligand field split orbitals.
Following common usage, [2, 4, 5] we label these orbitals with the notation for shells in the isolated U
cation as 6d, 7s, and 7d. The assignment is based on the size of the orbitals as measured by r,,= [<r™>]"2
with 6d being smaller than 7d. The 6d, 7s, and 7d orbitals belong to the a,,, €,, and t,, cubic symmetries
where the t,, orbitals are further spin-orbit split. [21] While the notations a,,, €., and t,,, are not strictly

valid once spin-orbit splitting is taken into account, they are good approximations for these orbitals,
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where, as we shall see, the spin-orbit splitting is small. We determine relative intensities, I, of the
NEXAFS transitions from dipole transition matrix elements. Details of the calculations are given in the
ESL

The theoretical predictions of the NEXAFS for the octahedral UOg cluster models of U(VI), U(V),
and U(IV) are plotted in Figs. 1(a-c). The directly calculated dipole I, are broadened with a Voigt
convolution of a Lorentzian of 7.5 eV FWHM to account for the lifetime of the 2ps/, hole [22] and a
Gaussian of 3.0 eV FWHM to account for experimental resolution in the NEXAFS measurements.
Individual contributions are shown under the envelope of the full intensity summed over all final states.
The relative energy is set so that the inflection point of the leading edge of the curve is at E,=0 eV. We
first consider the NEXAFS for U(VI), Fig. 1(a), because the open shell structure is simpler than for U(V)
and U(IV) making it is possible to examine contributions to the spectrum in detail. For an excitation of one
of the 4 U(2p;,) electrons into one of the 10 unoccupied spinors labeled as 6d, there are 40 possible
determinants. In the space of these 40 determinants, the states that are solutions of the CI Hamiltonian are
distributed over 17 groups, referred to as terms, where the members of a group are degenerate in energy.
Most of the 17 terms have zero intensity by symmetry; from Fig. 1(a), the main intensity comes from three
terms. The most intense peak, at E=8.8 eV, is dominated by configurations with one electron in the e,
shell. The peaks at E..= 2.6 and 2.1 eV are dominated by one electron in one of the spin-orbit split t,
shells. The relative intensities, or branching ratios, of these peaks do not follow from the degeneracies of
the shells. If they had, the peak at E,; = 2.1 eV would have been of comparable intensity to that at E, =
8.8 eV, since the e, and the lowest spin-orbit split t,, shells are both 4 fold degenerate; instead the peak at
E.s =2.1 eV is less intense by a factor of 2. The branching ratios follow from the details of the angular
momentum coupling of the 2ps, and 6d shells. [23, 24] In the non-relativistic limit, dipole transitions from
the initial lAlg term are allowed only to the 'T}, term of 2p°6d'; however, once spin-orbit coupling is taken
into account, this allowed Russell-Saunders multiplet is distributed over several allowed terms. [24] While
a detailed analysis of the branching ratios is beyond the scope of this paper, we will show below how

changes in the branching ratio may affect the shape of the L; NEXAFS peaks. Thus, the branching ratios,
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which depend , in part, on the U-O distance, potentially provide another fingerprint of the U oxidation

states.

Clearly the broadening and the shape of the L;-edge U(VI) NEXAFS peak follow from the ligand
field and spin-orbit splitting of the 6d excited level. This relationship is examined further by considering
variations in d(U-O) which should change the 6d ligand field splitting and, hence, the NEXAFS
broadening. In Table I, we present properties of the 6d orbital and the NEXAFS full width at half-
maximum, FWHM, for four different d(U-O). As well as d(U-0)=2.09A for §-UOs, [15] shorter d(U-O)=
2.04 and 2.09A, which are found for other U(VI) minerals, [25] and a longer d(U-O) = 2.15A. The last
distance tests the effect of an extreme change of d(U-O) for the U(VI) oxidation state. For d(U-0)=2.09A,
the t,, spin-orbit splitting is 0.5 eV and the ligand field splitting from the lowest t,, level to e, is 6.7 €V,
which is similar to the splitting of the intense NEXAFS peaks in Fig. 1(a). The dominantly 6d orbitals are
anti-bonding combinations of U cation and O(2p) orbitals [11, 19] and the orientation of the e, orbitals
favors a stronger anti-bonding mixing with the O(2p) orbitals. [10, 11] The extent of the covalent mixing
can be estimated from the r,,,(t>,) and r,(€,) given in Table I, especially compared to the 1, for the 6d
orbitals of the isolated U*" cation where Tavg=1 .7A for both the 6d;, and 6ds, orbitals. The UO, Tave(t2g),
which is a weighted average of the sizes of the spin-orbit split t,, components, is very close to the value
for the isolated U cation showing that the t,, covalent mixing is small. On the other hand, the 25 %
increase of I,,,(€ o) OVEr Iye(tye)is a clear indication of a substantial covalent mixing for the e, orbitals. A
strong anti-bonding character for the e, orbital explains, in chemical terms, the large ligand field splitting
and the consequent large FWHM of the U L;-edge NEXAFS. While the NEXAFS only directly reflects
the covalent mixing in the ground state unoccupied 6d levels, there must be a comparable bonding
covalent character in the filled dominantly O(2p) orbitals of the appropriate symmetry. [13] Indeed, this
covalent character is found for the occupied orbitals of UO,. [10-12] Thus the large FWHM of the U Ls-
edge NEXAFS edge is evidence for the covalent mixing and chemical interaction in the ground state of
U(VI) in UOs. The t,, spin-orbit splitting does not change significantly for the different d(U-O) in Table I,

fully consistent with a minor involvement of the t,, in the U-O chemical interaction leaving it a
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dominantly atomic U(6d) orbital for all d(U-O). However, the ligand field splitting, Ae(e,), decreases
monotonically with increasing d(U-O), fully consistent with a reduced covalent anti-bonding character
between U(6d) and O(2p) as d(U-O) is increased. The reduced chemical interaction is also shown by the
monotonic decrease in r,y(€,) With increasing d(U-O). These changes in the U-O interaction explain why
the NEXAFS FWHM also decreases monotonically with increasing d(U-O). As we show below, the direct
connection between d(U-O) and the NEXAFS FWHM explains the changes in the L;-edge NEXAFS for
different oxidation states of U. Another NEXAFS feature which reflects the changing chemical interaction
for different d(U-O) is the branching ratio between the t,, and e, peaks. In Fig. 2, our theoretical NEXAFS
for the three d(U-O) consistent with U(VI) oxides are superimposed. As expected from the data in Table I,
the three spectra are quite similar to each other. The shapes of the peaks show that the branching ratio
between the final states of e, and t,, character changes monotonically with d(U-O). The relative intensity
of the e, final states is smallest at d(U-O)=2.04A and largest at d(U-O)=2.09A where the top of the
broadened peak becomes more nearly flat.

For U(V), the determinants for the NEXAFS final states have 3 electrons in the 2p shell, one
electron in the "5f" spinors and one electron in an excited orbital. The angular momentum coupling of
these open shells gives rise to a large number of determinants. It is clear from Fig. 1(b) that many terms,
not just 3 as for U(VI), contribute to the U(V) NEXAFS; see the ESI for further discussion. However, it is
possible to associate the features that have the highest intensity, with excited states separated by ligand
field splitting of t,, and e, orbitals. States from over 30 terms around E,; = 3 eV and E,; = 8.5 ¢V make
large contributions to the intensity in these energy regions with states of largely e, character contributing
to the higher E,; peaks and states of t,, character contributing to the lower E, peaks. The branching ratio
for e, and t,, excitations leads to the relatively flat top at the maximum of the NEXAFS. In the ESI we
show that the U(V) L;-edge NEXAFS for two other d(U-O) are similar to that in Fig. 1(b).

While for U(IV), with two electrons in the "5f" open shell, the number of states in the CI is
dramatically increased, our open shell CI can adequately describe this case; see the ESI. From Fig. 1(c), it

is clear that there are still two dominant groups of contributions to the NEXAFS at E,=3 eV and E=10
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eV with the lower and higher E, groups arising dominantly from configurations with excitations into t,,
and into e,, respectively. The branching ratio for U(IV) yields a strongly asymmetric NEXAFS peak. This
asymmetry coupled with a reduction in the ligand field splitting contribute to reducing the NEXAFS
FWHM from 14.1 eV for U(V) to 13.25 eV for U(IV). Our results are consistent with the narrowing of the
L;-edge NEXAFS observed for U(IV) in BaUO; [4] although not quite to the extent reported. To more
completely test our model for U(IV), we have determined the NEXAFS for U(IV) in UO,; see below.

A direct comparison of our predictions for the L;-edge NEXAFS for different oxidation states is
presented in Fig. 3 with superposed spectra for octahedral U(VI), U(V), and U(IV) as well as for U(IV) in
UO,. We compare our theoretical results with experiment around the NEXAFS maximum since this region
is determined by the discrete excitations that we have considered; see the ESI. Importantly, the FWHM for
U(V) is smaller than for U(VI); this holds as well for the other d(U-O) considered in Fig. 2 and in the ESI.
In addition, the peak tops for U(V) are narrower than for U(VI). This is consistent with experimental data
[4-6] and is a novel new way of distinguishing these oxidation states. Furthermore, our predictions for a
narrow and symmetric NEXAFS peak for UO, are mirrored in the UO, peak in Fig. 4 of Ref. [6] In the
flourite structure neither the 6d(t,) or the 6d(e,) is directed toward the O ligands and this may contribute
to a reduced ty,-¢, splitting for U(IV) in flourite UO,, which, in turn, reduces the FWHM of the NEXAFS
peaks.

Our theoretical analysis of the U L;-edge NEXAFS is based on excitations to ligand field and
multiplet split covalent discrete levels where the angular momentum coupling of the core and valence
open shells is accurately treated. The good agreement of our predictions with experiment gives strong
confidence in our theoretical approach. We have reproduced the main features of the observed NEXAFS
for the different oxidation states and proven that the shape of the L; edge directly reflects the U oxidation
state. This shape and the broadening of the edge arise mainly from the ligand field splitting of the
unoccupied U(6d) level, which, in turn is related to the covalent mixing of the cation and anion orbitals.

This work explains the chemical and physical origins of the broadening and shape of the L;-edge
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NEXAFS and lays the foundation for using NEXAFS, together with rigorous theory, to obtain information
about the geometric structure and the chemical interactions in heavy metal ionic compounds.

We acknowledge support by the Geosciences Research Program, Office of Basic Energy Sciences,
U.S. DOE.

Table 1. Properties of the 6d orbitals for UO, cluster models of U(VI) for different d(U-O), in A.
The relative orbital energies, Ag in eV, are given with the energy of the lowest spin-orbit split t,, orbital

set at Ag=0; the spin orbit split &(ty,) are shown in parenthesis. The sizes of the orbitals, r,,, in A, and the
FWHM, in eV, of the U L;-edge NEXAFS are also given. See text for additional details.

d(U-0) | Ae(ty) | Taveltz)) | Ac(ey) | rave(e) | FWHM
2.04 | (0,05 | 1.7 7.1 2.2 14.7
2.07 | (0,05 | 1.7 6.8 2.1 14.6
2/09 | (0,05 | 1.7 6.7 2.1 14.4
2.15 ] (0,05 | 1.7 6.2 2.0 13.7
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Figure Captions

Figure 1. Theoretical L;-edge NEXAFS spectra for UOg cluster models of (a) U(VI) with d(U-O) = 2.09
A, (b) U(V) with d(U-O) = 2.15 A, and (c) U(IV) with d(U-O) = 2.22 A. The relative energies of each
spectra are chosen so that E,=0 is at the inflection point of the leading edge of the spectra and the
theoretical intensities are broadened with a Voigt convolution.

Figure 2. Comparison of theoretical L;-edge NEXAFS spectra for octahedral U(VI) for d(U-O)=2.04,
2.07, and 2.09A. The spectra are aligned and Voigt broadened as in Fig. 1.

Figure 3. Comparison of theoretical L;-edge NEXAFS for octahedral U(VI), U(V), and U(IV) and for
U(IV) in flourite UO,. The spectra for the different clusters are aligned with their inflection points at
E..=0. The I, are broadened as in Fig. 1.

Page 8 of 15



Page 9 of 15 RSC Advances

Figure 1. Theoretical L;-edge NEXAFS spectra for UOg cluster models of (a) U(VI) with d(U-O) = 2.09
A, (b) U(V) with d(U-0) =2.15 A, and (c) U(IV) with d(U-O) = 2.22 A. The relative energies of each
spectra are chosen so that E,=0 is at the inflection point of the leading edge of the spectra and the
theoretical intensities are broadened with a Voigt convolution.
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Figure 2. Comparison of theoretical L;-edge NEXAFS spectra for octahedral U(VI) for d(U-O)=2.04,
2.07, and 2.09A. The spectra are aligned and Voigt broadened as in Fig. 1.
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Figure 3. Comparison of theoretical L;-edge NEXAFS for octahedral U(VI), U(V), and U(IV) and for
U(IV) in flourite UO,. The spectra for the different clusters are aligned with their inflection points at
E..=0. The I, are broadened as in Fig. 1.
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