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ABSTRACT: We applied relativistic multiconfigurational all-electron ab initio

calculations including the spin—orbit interaction to calculate the 3d4f resonant 5f
inelastic X-ray scattering (RIXS) map (3d;,, — Sf;;, U M, absorption edge and o

4f;), — 3ds;, U M emission) of uranyl (UO3"). The calculated data are in ggi;“g&%o;‘;p

excellent agreement with experimental results and allow a detailed understanding ® 4

of the observed features and an unambiguous assignment of all involved
intermediate and final states. The energies corresponding to the maxima of the
resonant emission and the non-resonant (normal) emission were determined with
high accuracy, and the corresponding X-ray absorption near edge structure spectra extracted at these two positions were simulated
and agree well with the measured data. With the high quality of our theoretical data, we show that the cause of the splitting of the
three main peaks in emission is due to the fine structure splitting of the 4f orbitals induced through the trans di-oxo bonds in uranyl
and that we are able to obtain direct information about the energy differences between the Sf and 4f orbitals: ASf 6/¢p — 4f 6/¢p, ASE
¥ — 4f @, and ASf 6% — 4f o from the 3d4f RIXS map. RIXS maps contain a wealth of information, and ab initio calculations
facilitate an understanding of their complex structure in a clear and transparent way. With these calculations, we show that the
multiconfigurational protocol, which is nowadays applied as a standard tool to study the X-ray spectra of transition metal complexes,

3dg

can be extended to the calculation of RIXS maps of systems containing actinides.

1. INTRODUCTION

The thorough understanding of the electronic structure of
actinides (An) and the often puzzling contribution of the Sf
orbitals to chemical bonding are of major interest in chemistry.'
The electronic structure is best probed by combining X-ray
spectroscopy with relativistic multiconfigurational ab initio
calculations.”~* Advanced spectroscopic techniques of An,
such as An M, 5 absorption edge high-energy resolution X-ray
absorption near edge structure (HR-XANES) ~'® and 3d4f
resonant inelastic X-ray scattering (RIXS)," ™' are bulk-
sensitive techniques, which can be applied in situ. An improved
understanding of the An interaction with the constituents of the
geo- and ecosphere is highly relevant for the reliable safety
assessment of nuclear waste disposals and of An behavior in the
environment,">~"? and X-ray spectroscopy together with ab
initio calculations is an effective tool for this purpose.”

Vitova et al.” published M, HR-XANES (3d;,, — 5f,, UM,
absorption edge) and 3d4f RIXS map (U M, absorption edge,
4f;/, — 3ds/, U My emission) spectra of uranyl (UO3") with
uranium in its hexavalent oxidation state U(VI) with a superior
energy resolution. These spectra clearly resolve three
pronounced peaks (see Figure 3a,d in ref 2). They can be
attributed to excitations into nonbonding 5f 6/¢ and
antibonding Sf 7* and Sf o* orbitals of uranyl (o, 7, &, and ¢
designate the rotational symmetry with respect to the molecular
axis in the D, point group symmetry). The 3d4f RIXS map
governed by the Kramers—Heisenberg formalism'"*'™** is
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based on a 2D representation of X-ray fluorescence emission
measured as a function of the excitation energy and gives further
valuable information beyond the HR-XANES spectra.

During the past decade, the research field of computational X-
ray spectroscopy has witnessed an enormous advance-
ment.***~* The studies either utilize multiconfigurational ab
initio methods,”° density functional theory (DFT)-based
restricted open-shell configuration interaction singles
(ROCIS),”**"=* pair natural orbital-restricted open-shell
configuration interaction (PNO-ROCIS),*' or multireference
methods such as multireference configuration interaction
(MRCI) or multireference equation of motion coupled cluster
(MR-EOM-CC).*>*

The progress in relativistic multiconfigurational ab initio
methods including static and dynamic electron correlation,
scalar relativistic effects, and spin—orbit coupling (SOC)**~>*
now permits precise electronic structure calculations of An
systems® with core-electrons excited to nonbonding or
antibonding orbitals or to the continuum. There are many
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studies investigating the RIXS spectra of transition metals by
applying multiconfigurational methods,”*"*® DFT- or PNO-
ROCIS,***"~* MRCI, or MR-EOM-CC.* The application of
ab initio methods to X-ray spectroscopy of An is scarce.”°
Sergentu et al.’ presented relativistic multiconfigurational
calculations of HR-XANES, reproducing the HR-XANES
spectra of Vitova et al.” to a high accuracy. Alternatively, X-ray
spectra and RIXS maps of transition metals and An are
calculated using semiempirical approaches, such as the ligand-
field multiplet semiempirical method,”’~®" the charge-transfer
multiplet method,’”®® or the crystal-field multiplet
theory, 555966465

The main goal of this work is to show that relativistic
multiconfigurational ab initio calculation of RIXS spectra can be
applied to challenging chemical systems involving An ions to
provide accurate results and reproduce the multiplet structure of
the spectra. The calculations help us understand a complex RIXS
map of An systems in a clear and transparent way. The results of
our calculations allow us to answer several open questions
concerning some features of the 3d4f RIXS map observed by
Vitova et al.:*

(1) clarification of why the two peaks attributed to the
excitation into Sf 7* and Sf 6* are slightly red-shifted (to
lower energy) in emission compared to the 5f §/¢ peak,

(2) explanation of why the maxima of the resonant and the
non-resonant (normal) emissions of the RIXS map do not
coincide, and

(3) understanding why the HR-XANES spectra measured by
positioning the X-ray emission spectrometer at the
maximum of the resonant or non-resonant (normal)
emission line differ only slightly.

These calculations are, to our knowledge, the first application
of relativistic multiconfigurational ab initio methods to RIXS
maps of An systems.

2. METHODS

An compounds have in many cases states with a pronounced
multiconfigurational character. This is even more severe for the excited
states of such systems.”*®” The ground state of uranyl is a closed-shell
single reference state, but the open-shell exited states relevant for our
investigation cannot be described by a single configuration. They have a
pronounced multiconfigurational character.

Therefore, the methods of choice comprise the complete and
restricted active space self-consistent field (CASSCF/RASSCF)*~*¢
methods and the corresponding second-order perturbation-theory
corrected variants (CASPT2/RASPT2).*751535%

We use the approach recently suggested by Sergentu et al.* for An.
They showed that RASSCF/RASPT2 calculations followed by the
inclusion of the SOC, by calculating the interaction of scalar relativistic
spin states (L—S) via a mean-field SO operator,® provide accurate
results for HR-XANES M, 5 spectra of An and properly account for the
multiplet structure of the spectra.

In the crystal-field multiplet theory, the local model
requires the description of all the energy contributions including Hgo
(SO interaction) and the crystal-field multiplet Hamiltonian HCF (e.g,
refer to Zimmermann et al.*®). They are all naturally included in our ab
initio approach as outlined above.

MS-RASPT?2" calculations were performed for the U M, absorption
edge HR-XANES and 3d4f RIXS calculation with the IPEA shift of 0 E;,
and an imaginary shift of 0.2 E;. All calculations were all-electron
calculations in the C; symmetry at the bond length of 176 pm.>* The
molecular axis is oriented in the z-direction. We reduced the symmetry
from D, to C, although the largest Abelian subgroup of D, is Dy,
However, performing the calculations in C; is preferable since the 3d
(Ay) and 4f/5f (A,) orbitals are in separate irreducible representations.

58,59,62,64,65

There are several more advantages, such as the RAS1 and RAS3 orbitals
being in different irreducible representations and all the 3d, 4f, and 5f
orbitals being optimized together in one irreducible representation.
Test calculations supported this choice. Scalar relativistic effects were
included by using a second-order Douglas—Kroll—Hess Hamiltonian in
combination with a relativistic atomic natural orbital basis set (ANO-
VQZ).*””° The SOC is treated by the interaction of scalar relativistic
spin states via a mean-field SO operator using RASSL>® All the
calculations were performed on an isolated uranyl ion because Sergentu
et al® showed that the calculated HR-XANES spectra for plutonyl
(PuO3*) are almost identical with or without water molecules in the
equatorial plane included in the calculations. We used MOLCAS8.4""
for the calculations.

For an easier understanding of the following discussion regarding the
choices of the active spaces in the HR-XANES and RIXS calculations,
the molecular orbital (MO) diagram of uranyl including the relevant
orbitals is shown in Figure 1.
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Figure 1. Qualitative MO diagram for the relevant orbitals of uranyl and
selection of the active spaces for the HR-XANES and RIXS calculations.
The bonding orbitals formed by covalent mixing of S5f and 6d of
uranium and 2p of oxygen are shown in black and gray. The 3d and 4f
core orbitals of uranium are shown in blue and green, respectively,
together with their correct labeling as MOs of uranyl in the D,
symmetry. The nonbonding and antibonding orbitals involving Sf are
shown in red, and the nonbonding and antibonding orbitals formed
with 6d orbitals are shown in gray. (a) MO diagram. (b,c) Active space
selection for HR-XANES and RIXS calculations. The orbitals of the
RAS1, RAS2, and RAS3 active spaces in the two irreducible
representations of C; (Ag and A,) are shown.

The uranyl is formed by U®* (1s%2s?2p®3s?3p®3d'%4s?4p®4d 04"
5525p©5d'%6s%6p°) and 207" (1s*2s2p°). The bonds are formed
between the Sf orbital of uranium and the 2p orbitals of oxygen (o, and
7,) and the 6d and the 2p orbitals (Gg and ﬂ'g), resulting in six bonding
orbitals (indicated as gray and black lines in Figure la). They are
occupied by the 12 2p valence electrons of the two oxygen ions.
Additionally, there are several unoccupied orbitals, four nonbonding
orbitals from the Sf orbitals (8, and ¢, shown as red lines in Figure 1a
and denoted Sf § and Sf ¢, respectively), three antibonding orbitals
from the Sf—2p orbitals (7 and 6%, shown as red lines in Figure 1a and
denoted Sf 7* and Sf 6%, respectively), two nonbonding orbitals from
the 6d orbitals (5, shown as gray lines in Figure la), and three
antibonding orbitals from the 6d—2p orbitals (7} and ¢, shown as gray
lines in Figure 1a). The 3d and 4f core orbitals of uranium are shown in
blue and green and are denoted as 3d o/7/6 and 4f o/7/6/¢,
respectively.

The practical limit for active spaces in CASSCF calculations is 16
electrons in 16 orbitals. For an accurate CASSCF calculation of the
uranyl ground state, we need six 2p orbitals of oxygen, seven 5f orbitals
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(indicated as red lines in Figure 1a), and three 6d orbitals (omitting the (a) (b)
two highlying nonbonding &, orbitals) of uranium,” totaling 16 orbitals o o
in the active space. They are filled by 12 2p electrons (see refs 66 and Excitation Emission
67) of the two oxygen ions. With this, we are already close to the limit. 5 5
For the calculation of the HR-XANES (3d;/, — Sf;,, UM, absorption * e
edge) and 3d4f RIXS map (U M, absorption edge and 4f;,, — 3d;,, U e T T
M emission), several more orbitals (3d and 4f) would be required in 5f ts, 5f 5,
s ’ ] ] ——
the active space of a CASSCF calculation. Therefore, we restrict t% - %
ourselves to a minimal active space without the six bonding orbitals of
oxygen and the three 6d orbitals of uranium and employ the RASSCF N
method. 4 R 4
2.1. Choice of the Active Spaces for the U M, Absorption — | $‘ s —
Edge HR-XANES Calculations. Figure 2 gives a schematic s ¢"
Intermediate states |(3d,)"(5f,)">
(n=0,m,8,v=0,7,8,¢) N
3d G 3d YA G
—_— - . > T 9 A _£#n 9
°3, — 79,
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Figure 2. Schematic representation of the HR-XANES and 3d4f RIXS
process in uranyl showing the involved states and their respective
electronic configurations. The excitations are from the ground state of
uranyl to the intermediate states with the electronic configurations |(3d
w) 1 (5f)"y (u = 6, m, 5 and v = 6%, 7%, 5, ). They have one hole in the
3d p core orbital and one Sf v valence orbital occupied. The emission if
from the intermediate-to-final state transition by filling the hole in the
3d core orbital by an electron from the 4f core orbital, leaving one hole
in the 4f y core orbitals with the final configurations |(4f u) ™' (5fv)') (1
=0, 6, ¢ and v = 6%, ¥, 5, ).

representation of the HR-XANES and 3d4f RIXS process in uranyl
with the involved states and their respective electronic configurations.
Figure 3 presents a qualitative MO diagram and the electronic
configurations of the intermediate and final states of the RIXS process.
Here and in the following, it should be stressed that the intermediate
state of the RIXS process is the final state of the HR-XANES excitation.

The states required to determine all observed excitation energies of
the HR-XANES spectra (3d;,, = 5f;;, UM, absorption edge) have
3d'°4£15f° and 3d°4f'*5f' (one hole in the 3d shell) orbital occupations
(see Figures 2 and 3a). We introduce the notation I(3d ¢)™'(5f )"} for
a state with a hole in the 3d ¢ orbitals and one electron occupying a 5f
o* orbital and 1(3d) 7' (5f)") for a state with a hole in an unspecified 3d
orbital and one electron occupying any 5f orbital. The relevant excited
spin-free states for the HR-XANES calculations have the electronic
configurations 1(3d 4)~(5fv)") (u = 6, 7, § and v = 6%, 7%, 5, ) (see
Figures 2 and 3a) with one electron occupying a nonbonding or
antibonding orbital involving 5f (shown in red in Figures 1 and 3a) and
a hole in a 3d or 4f core orbital (shown in blue and green in Figures 1
and 3a). The corresponding singlet and triplet states (35 each) are '*%,
(5), ™11, (10), “*A, (8), 3@, (6), °T", (4), and “*H, (2) (the number
of states is given in brackets). These states are split by the differences in
the spin and spatial orientations of the electrons, here referred to as
multiplet splittings. They correspond to one-electron core excitations
with singlet and triplet multiplicities. Including the SOC, these excited
states span the whole space of all possible core—hole multiplets, giving
rise to the U M, absorption edge peaks.

The active spaces for the HR-XANES calculations described below
are shown in Figure 1b. The five 3d (Ag in C; symmetry) orbitals (shown
as blue lines in Figure 1b) form the RASI active space and the seven Sf
(A, in C; symmetry) orbitals (shown as red lines in Figure 1b) are
placed in the RAS3 active space (denoted 3d/5f), allowing two holes in

Intermediate states |(3d,)"(5f,)">
(k=0,m8,v=0,7,3,¢)

Final states |(4f,)"(5f,)">
(k=0,m38,¢;v=0,7,8, )

Figure 3. Qualitative MO diagram showing the electronic config-
urations in the intermediate and final states of the 3d4f RIXS process of
uranyl together with the excitation and emission scheme of the HR-
XANES and RIXS processes. Only the relevant 3d and 4f core orbitals
and the nonbonding and antibonding orbitals formed by the 5f valence
orbitals are included (see Figure 1 as well). (a) Intermediate state of the
RIXS process with the electronic configurations 1(3d )~ (5fv)") (u =
o, 7, 8 and v = 6%, 7%, 5, ). In the excitation process, a hole in the 3d y
core orbitals is created, and a nonbonding or antibonding orbital of
uranyl with contributions of the Sf v orbital is occupied in the
intermediate state. (b) Final state of the RIXS process with the
electronic configurations |(4f ) ™' (5fv)") (4 = 0, 7, 5, p and v = 6*, 7*,
5, ¢). In the emission process, the hole in the 3d core orbitals is filled by
an electron from the 4f y core orbital, and a hole in the 4f y orbital
remains in the final state.

RAS1 and two electrons in RAS3. We kept the six bonding o, and 7,
orbitals (shown as gray and black lines in Figure la) in the inactive
space and the three 6d orbitals in the virtual orbital space (shown as
gray lines in Figure la). There are 10 active electrons in 12 active
orbitals in this minimal active space.

The calculations are complemented by calculations with additional
one bonding 6, and two 7, orbitals (shown as black lines in Figure 1b)
in the RAS2 active space (denoted 3d 6,7,/5f). These orbitals are
covalent bonds formed by 5f 6/7 and 2p. The other three bonding o,
and 7, orbitals (describing 6d—2p bonds and shown as gray lines in
Figure la) remain in the inactive space. The 3d o6,7,/5f active space
serves to test the influence of the inclusion of some bonding orbitals on
the calculated transition energies. Allowing two electron excitations
from RAS1/RAS2 into RAS3 results already in 770 singlet and 1085
triplet states. The RASSCEF calculation with an empty RAS2 space (3d/
Sf) corresponds to an SDCI calculation and the calculation with three
bonding orbitals in RAS2 (3d 6,7,/5f) to an MR-SDCI calculation.”
The same active spaces were employed by Sergentu et al.* and proven to
provide accurate results for uranyl.

2.2. Choice of the Active Spaces for the 3d4f RIXS
Calculations. From the discussion above, it is clear for the calculations
on the 3d4f RIXS map that an active space beyond the 3d, 4f, and Sf
orbitals is not feasible at all.

For the calculation of the 3d4f RIXS map (3d;,, — Sfs;, U M,
absorption edge and 4f;, = 3d;/, U M emission), the calculations of
the energies of the excited states with occupations 3d°4f'*Sf' and
3d'"%4£35f! are required (see Figures 2 and 3b). The final states of the
3d4f RIXS process have the electronic configurations 1(4f u) ™' (5f v)*)
(u =0, 7 6 ¢ and v = % 7% 5, P) (see Figures 2 and 3b). The
corresponding singlet and triplet states (49 each) are l'sZg (7), 1'3Hg
(12),°A, (10), @, (8), T, (6), *H, (4), and "I, (2) (the number
of states is given in brackets). As for the U M, absorption edge HR-
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XANES calculation, these excited spin-free states are used for the SOC
calculation.

The active spaces for the RIXS calculations described below are
shown in Figure 1c. The 3d (A,) orbitals (shown as blue lines in Figure
1c) and the 4f (A,) orbitals (shown as green lines in Figure 1c) form the
RASI active space, and the Sf (A,) orbitals (shown as red lines in Figure
1c) are placed into the RAS3 active space. We have in total 19 active
orbitals occupied by 24 electrons. We allowed two holes in the RAS1
space either in A, or A, with two electrons occupying the RAS3 space,
corresponding to an SDCI calculation.

The 3d4f RIXS map can be separated into two parts. The resonant
emission requires the calculation of the 3d;,, = Sf;/, and 4f;,, — 3d;),
transitions of UO3". The non-resonant (normal) emission corresponds
to 4f;;, — 3d, transitions of UO3* with the Sf orbitals completely
unoccupied.

2.3. Kramers—Heisenberg Formula. The experimental 3d4f
RIXS maps spectra of uranyl were obtained for U(VI) in an aqueous
solution. Therefore, we employed the approach developed by Maganas
et al”* for molecules. The resonance scattering cross-section is
averaged over all orientations of the molecule and integrated over all
directions and polarizations of the scattered radiation.

The calculation of the 3d4f RIXS map is based on the Kramers—
Heisenberg (see eqs 1 and 2)'"?"?%*%3%3! expression. The relevant
electronic energies and the corresponding complex transition dipole
moments’> of UO3" are used to calculate the RIXS spectra. Estimates
for the lifetime broadenings I';and I'yare derived from Vitova et al”and
adjusted to fit the experimental data.

The calculated electronic energies of all the relevant states of UO3*
plus the corresponding transition dipole moments” are used to
calculate the RIXS spectra using the Kramers—Heisenberg formu-
la.! 1122243931 The polarizability tensor reads™*

(fla Ii)(ilﬁAIO)
1 (B Een) = D5 | Y. L
pA\ex) “em .1
foli Ei_EO_Eex_l;r;
2 (p, 2 )
Py =X,z
1
(B; — By = By + Ep)* + T}
(1)
with the resonance scattering cross-section as follows
total SﬂEem3Eex 2
O—RIXS(ESX’ Eem) = 4 Z |(ap}\(Eex’ Eem)l
9¢ -
P A=Y,z (2)

U, p =%y, z: (% y z) component of the electric—dipole transition
operator; |0}, E,: ground state (3d'°4f'*5f°) and corresponding energy; |
i), E;: intermediate states (3d°4f'*5f') and corresponding energy; If), Ep
final states (3d'%4f35f') and corresponding energy; E.,: excitation
energy, E,, = E; — Eg; E,, emission energy, E, = E; — E; I';: line
broadening due to the lifetime of the intermediate states; and I';: line
broadening due to the lifetime of the final states.

If only contributions from direct excitation 10) — li) involving just
one intermediate state to the RIXS signal are considered, eq 1 reduces
to

. 2
Iap)\ (Eexl Eem? l) Iresonant

1 I
= 2 KfIG PRI, 0y — ’
P A 2 12
f 2z (Ex - EO - Eex) + 11—;
Ty
2 1 2
(Ef — Ey — Eo + Ep)” + n 3)

If the lifetimes of the intermediate and final state are assumed to be
very long, I'; and I'y become very small, and eq 3 can be rewritten as

2
Iap)\ (Eex’ Eem) Iresonant

= Z ; KfIA i1, 10)1-6(E, — Eq — Ey,)-
6(Ef - EO - Eex + Eem) (4)

Equation 4 shows that KfIf,li)PI(il;|0)* is a measure of the
contribution of the [0) — li) — If) excitation/emission to the RIXS
map, neglecting interferences and lifetimes of the intermediate and final
states (shown in Figures S and 6). Therefore, this is valuable
information for understanding the whole 3d4f RIXS map in an easy
and transparent way.

3. RESULTS

M, HR-XANES (3d,,, — 5f;;, U M, absorption edge) and the
3d4f RIXS map (U M, absorption edge and 4f;/, — 3d;,, UM
emission) probe the 3d;,, — 5f; ), excitations and 4f;,, — 3d;,,
U My emission. The 3d;/,, 4f;;, and 5f;,, atomic orbitals
characterized by their total angular momentum j = 3/2 and 5/2
are localized at the uranium atom. Thus, these excitations and
emissions provide a local probe of the electronic structure.

The usual notation of M, absorption edge (3d;,, — 5f;/,) and
3d4f RIXS map (U M, absorption edge and 4f;, — 3d;,, UM,
emission) (see e.g. refs 2 3, and 8) employs the atomic spin
orbitals of uranium including the total angular momentum j. We
make an effort to assign the atomic spin orbitals (3ds,, 4f;,, and
5f;),) of uranium to spin-free MOs (3d 676, 4f 678/, and Sf
6*7*5/¢) of uranyl, which are characterized by the projection
(0, 7, 5, ) of their angular momentum ! on the molecular axis
(oriented in the z-direction in our case).

In uranyl, the S5f atomic orbitals contribute to several
unoccupied molecular (spin-free) valence orbitals 5f 6%, Sf 7%,
and Sf 6/¢p (see Figure 1). All these Sf orbitals have orbital
angular momentum [ = 3 but with different components 1, along
the z-axis: 5Sf0* m;=0, Sf z* m;=1, 56 m;= 2, and Sf p m; = 3.
The 5f 6/¢) orbitals are nonbonding, and the 5f #* and 5f o*
orbitals are antibonding orbitals of uranyl. We adopt the same
notation for the 3d and 4f orbitals, which are core-like but still
show a small splitting due to the presence of the oxygen ions.

The most important feature in the understanding of the M,
MR-XANES and the 3d4f RIXS map are the splittings of the 3d,
4f, and Sf orbitals in the presence of the oxygen ions of uranyl.
The splitting is the largest for the Sf valence orbitals (5f ¢p ~ 5£ 5
< Sf ¥ < 5f 6*, AE ~ several eV) > and decreases significantly
forthe 4f (4f p # 45 < M~ 4f6) and 3d (3d 6 < 3d 7~ 3d )
core orbitals (see below). The splittings of the two latter core
orbitals seem unfamiliar but result from the fact that the electron
density of the 4f o and 3d o orbitals is highest toward the oxygen
ions, and hence, their energy is the highest (see also Figures 1
and 3). The ordering of the other 4f and 3d orbitals follows the
same logic, as is well-known from the ligand field splittings of
valence orbitals. Usually, HR-XANES and RIXS maps are
interpreted based on these spin-free MOs characterized by their
orbital angular momentum.

In the calculations of the M, HR-XANES and the 3d4f RIXS
map, we calculated all required spin-free molecular states. For
M, HR-XANES, these are the ground state |0) (Ag symmetry) of
UO3" and the excited states (A, symmetry) with singlet and
triplet spins. We have for the singlet and triplet states five
possible holes in the 3d shell and seven possible 5f orbitals to be
occupied, hence providing in total 35 states. The calculation of
the RIXS map requires additional singlet and triplet states in A,
symmetry, 49 states each, with seven possible holes in the 4f shell

https://doi.org/10.1021/acs.inorgchem.1c02364
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and seven possible occupations of the Sf orbitals (e.g., (4f
)" (sf*)')).

On top of this, SOC is included to determine the excitation
and emission energies between the states with holes in the 3d;,
and 4f;;, core orbitals and occupation in the Sf;;, valence
orbitals. When including the SOC, the states are a linear
combination of the spin-free states, and we can only obtain
information about the hole and occupied valence orbital in this
state from the spin-free states with the largest weights in the state
with the SOC (for an overview concerning the application for
heavy-metal complexes, see ref 74).

3.1. M, HR-XANES (3d;, — 5fs, U M, Absorption
Edge). The three pronounced peaks in the HR-XANES (see
Figure 4) are associated with an excitation from 3d o/7/d

—— U M, absorption edge HR-XANES
—— RASSCF(3d/5f)
3d /6 — 58/

3do/n — 5fn

1
T T T T T T 1

T
3722 3724 3726 3728 3730 3732 3734 3736 3738

3do/n — 5fc

—— RASPT2(3d/5f)

T
3722 3724 3726 3728 3730 3732 3734 3736 3738

—— RASSCF(3dn,,/5f)

010 T T |I IlihI T T T T 1
3722 3724 3726 3728 3730 3732 3734 3736 3738

Excitation energy [eV]

Figure 4. HR-XANES (3d;, — 5f;;, U M, absorption edge):
comparison of experimental data (black line) and calculated spectra
(colored lines) obtained with different methods or active spaces. The
calculated spectra are shown together with the transition energies and
the corresponding oscillator strengths. The oscillator strengths are
scaled to fit to the experimental data (colored bars) (energies in eV).

orbitals into the Sf §/¢, Sf z*, and Sf 6™ orbitals (see Figures 1
and 3a). These peaks are well-resolved and assigned both
experimentally”® and in simulations of the spectra based on ab

initio calculations.” First, we compare the simulated U M,
absorption edge spectra with the experimental data. The
simulated spectra based on the calculated transition energies
and oscillator strengths and the excellent agreement between the
theoretical and experimental data sets show the high quality of
our calculated data. Subsequently, we give a detailed assignment
of the occupation of the 5f valence shell and the location of the
hole in the 3d shell of UO%* of all the calculated excited states
with and without the SOC.

All the calculated positions and splittings are shown in Table
1. The experimental and calculated HR-XANES spectra are
presented in Figure 4 together with the calculated transition
energies and corresponding (scaled) oscillator strengths. The
splitting of the energies shows the multiplet splitting in the HR-
XANES spectra of uranyl. For the simulation of the spectra, we
applied a Lorentzian lifetime broadening of 1.5 eV, which
reproduced the experimental spectra the best.

The calculated RASSCF (3d/5f) HR-XANES spectrum with
the minimal active space was shifted by —24.0 eV and the
RASPT?2 (3d/5f) HR-XANES spectrum by —19.5 eV to align
the main peak of the simulation with the experimental data. The
RASSCEF (3d o,7,/5f) result shows a much better agreement
with the experiment than the RASSCF (3d/5f) calculations and
was shifted by —21.4 eV. The applied shifts for our results agree
very well with the shift reported by Sergentu et al. (—23.5 eV)’
for uranyl. The origin of this shift is the systematic error in the ab
initio calculations. They are different for the calculation of the
excitation and below for the RIXS calculations and also for the
emission energies. The magnitude of 10—25 eV is to be expected
and is rather small compared to the absolute value of the
transition energies.

The calculated splittings between the three peaks are slightly
better described by the RASSCF (3d/5f) calculations (+2.5/
+8.8 eV) compared to that by RASPT2 (3d/5f) (+2.7/+9.0 eV).
Both splittings with the minimal (3d/Sf) active space are
consistently too large. A considerable improvement (see Table
1) of the calculated splittings can be observed upon enlarging
the active space by the three occupied o¢,/7, orbitals. The
RASSCEF (3d o,7,/5f) splittings (+2.1/+7.7 V) agree very well
with the experimental findings (+2.2/+6.7 eV) and the ab initio
results of Sergentu et al? (+2.3/+7.9 eV). Thus, the inclusion of
the bonding o, and two &, orbitals in the RAS2 active space
decreases the required shift to align with the experimental data
and the splitting between the peaks, but the increase in the
computational cost to achieve this is huge.

All the relevant excited states 1(3d;/,) ™" (5f;,,)") involved in
the U M, absorption edge spectra have a hole in the 3d;,, shell
and one electron in an 5f;;, valence orbital. The calculated
splitting of the U M, 5 edges (3ds,, = 5f5/, 7/, U My absorption
edge) of 173 eV fits very well to the observed value of 176 eV.

Table 1. Calculated and Experimental Peak Positions of the HR-XANES (3d,,, — 5f;,, UM, Absorption Edge) (Energies in eV)

method active space
experiment
RASSCF
RASSCF 3d/5f
RASPT2 3d/5f
RASSCF 3d ounu/5f

basis set

ANO-VTZ
ANO-VQZ
ANO-VQZ
ANO-VQZ

peak splitting
AE=E(Sfo*/Sfn*) —E(S£5/¢)
references peak position E(5f 6/¢) St o* Sfo*
2 3726.6 +2.2 +6.7
3 3750.1 +2.3 +7.9
this work 3750.6 +2.5 +8.8
this work 3746.1 +2.7 +9.0
this work 3748.0 +2.1 +7.7
E https://doi.org/10.1021/acs.inorgchem.1c02364
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Figure 5. Y, . [(fljt i) (il;10) 1 at the corresponding resonant excitation E,, = E; — E, and emission E,,, = E; — Eenergies of the 3d4f RIXS map

(all energies in eV). The red bars show ), ;...
bars with i € 5f o*.

Wz

|(f|f4p|i)|2 I{ilf2,|0)1* with the intermediate states i € 5f §, 5f ¢, the green bars with i € 5f z*, and the blue

The ground state of UO3" is closed-shell. Hence, the excited
states including SOC with allowed transition dipole moments
from the ground state are only a few. Therefore, there are only a
few electronic transitions shaping the form of the U M,
absorption edge spectra. The SOC calculation is based on the
ground state and 35 excited spin-free states in A, symmetry with
singlet and triplet spins, each. In the final SOC calculation, we
include 140 excited states.

The relevant excited electronic states for the first peak at
3726.6 eV can be assigned to SOC states which are a linear
combination of the singlet and triplet (spin-free) states, and
their weights are 0.33 and 0.27, respectively. Both states are in
turn a linear combination of several configurations such as 1(3d
) N(SE P, 1(3d )1 (5£6)"), and 1(3d 6) ' (5f 7). In total,
the weight of the configurations in the relevant SOC states with |
(3d8)71(5f¢)") is 0.34, with |(3d ) "' (5£5)") is 0.18, and with |
(3d 6)7!(5f m)") is 0.12 (plus many smaller contributions from
other configurations). Therefore, they are mainly formed by
spin-free states with an occupied 5f §/¢ orbital and one hole in a
3d n/8 orbital 1(3d 7/8)~'(5f 6/¢)"). Hence, these excited
states show a pronounced multiconfigurational character, the
SOC state is formed by spin-free states with nearly equal
weights, and the spin-free states are, by themselves, also formed
from several different configurations. For this peak at 3726.6 eV,
there are also small contributions from the excitation into an |
(3d 7/8)(5f n/¢h)") excited state.

The excited electronic states contributing to the second peak
at 3728.8 eV have one electron occupying a 5f 7* orbital and one
hole in a 3d 6/ orbital I(3d 6/7) ™ (5f 7*)'). The excited states
with the highest excitation energy at 3233.3 eV are formed by
states with one electron occupying a 5f 6* orbital and one hole in
a3d o/zorbital I(3d o/7) ! (5fo*)").” Hence, our assignment is
in total agreement with former results.”>® The shape of the
spectra is determined by the splitting of the 5f ¥, Sf 7%, 5§, and
5f ¢ orbitals in the presence of the two oxygen ions in UO3". The
splitting of the five 3d orbitals (AE;q & 0.3 eV) has hardly an

influence on the U M, absorption edge spectra. The splitting is
so small because they are core electrons (we determined this
splitting by calculating the electronic energies of the UO3" states
with one hole in the 3d shell).

From the calculations, we can show that the atomic spin
orbitals of uranium correspond in good approximation to spin-
free MOs of uranyl, 5f;,(m; = 5/2) ~ Sf ¢ orbitals and
correspondingly Sfs,(m; = 3/2) & 5f § and 5f;,(m; = 1/2) ~ Sf
7*/c*. For the 3d;, orbitals, we find 3d;/,(m; = 3/2) ~ 3d 6
orbitals and 3d;,(m; = 1/2) ~ 3d 7/o.

The active space for an accurate calculation on uranyl should
include all bonding and antibonding orbitals of uranyl®>®” (see
Figure 1). In our calculation, this would lead to a prohibitively
large active space. Therefore, the main source of the large error
of the excitation energies into the 5f ¢* orbitals and the splitting
of AE = E(5f 6*) — E(5f 6/¢) = 8.8 eV (RASSCF)/9.0 eV
(RASPT?2) (see Table 1) is the choice of the small active space.
Increasing the active space leads to a reduction of the splitting to
AE = E(5f 6*) — E(5f 6/¢p) = 7.7 eV. This is in much better
agreement with the experimental results and the result reported
by Sergentu et al.” The inclusion of the dynamic correlation does
not improve the result at all. However, with the minimal active
space, we are able to reproduce the experimental HR-XANES
spectra such that a clear and unambiguous theoretical
assignment of all observed features in the HR-XANES spectra
can be carried out.

3.2. 3d4f RIXS Map (U M, Absorption Edge and 4f;;, —
3d;,; U My Emission). The 3d4f RIXS map is fully
characterized by calculating all excitation energies between the
ground 10) and intermediate states (3d;,,) " (5fs/5)") of the U
M, absorption and emission energies between the intermediate
and final states 1(4f; ,) ~'(Sf;,)") of the U Mj emission together
with the corresponding transition dipole moments.

The numerator of the Kramers—Heisenberg formula
D iy MR 1(il10) 1 (see eq 4) is a measure of the signal
strength at the resonant excitation E,, = E; — E;, and emission E,,

https://doi.org/10.1021/acs.inorgchem.1c02364
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Figure 6. )., A:x,y,zl(flﬁl,li)lz I{ilf;10)I* at the corresponding resonant excitation E,, = E; — E, and energy transfer Ex = E,, — E,, = E;— E, of the 3d4f
RIXS map (all energies are in €V, and the color scheme is the same as that in Figure 5).

= E; — Eyenergies (or energy transfer Ep = E;— E,) of the RIXS
map (see eqs 3, 4 and 9—11 in ref 24). They are shown in Figure
5 as vertical bars for the most intense transitions contributing to
the 3d4f RIXS map of uranyl. The graphical representation of
the data in Figure S allows an intuitive and transparent
understanding of the calculated 3d4f RIXS map. The vertical
bars colored in red belong to RIXS processes involving 5f 6 or 5f
¢ unoccupied valence orbitals, vertical bars in green involve Sf
7%, and blue-colored bars involve 5f ¢* orbitals. With this in
mind, the 3d4f RIXS map can be assigned straightforwardly.
Figure 5 shows also that the 3d4f RIXS map consists of many
different excitation/emission processes which contribute to the
different pronounced peaks. The corresponding results for the
numerator depending on E,/Ey are shown in Figure 6.

The calculated 3d4f RIXS map in Figure 7a was determined
based on eqs 1 and 2. In eq 1, the complex contributions from all
of the intermediate states of the RIXS process are summed up in
the numerator before squaring, fully including the interference
effects. The calculated 3d4f RIXS map agrees very well with the
experimental data shown in Figure 7d.” The peak positions are
shown in Table 2 and compared with those obtained in the
experiment. We applied the Lorentzian lifetime broadenings I'; =
3.0eVandIy=0.1S eV. These broadenings compare very well to
the data reported by others™”>’° (T, = 3.2 eV and [;=0.28eV).

We analyze the features of the RIXS map step-by-step. The
main feature is the three pronounced peaks of the RIXS map.
Their excitation energies are well-separated, and their emission
energies are slightly red-shifted when moving from lower to
higher excitation energies.

The peak position of the most intense peak corresponding to
excitations involving the 5f 6/¢ orbitals is shifted by AE,, =
—13.6 eV for the excitation energy and AE, = —21.2 eV for the
emission energy to align with the experimental data. The
corresponding results depending on E,,/Er are shown in Figure
8. The 3d4f RIXS map depending on the excitation energy E,
and the energy transfer E = E, — E,_, is shown in Figure 8a. The

peak position of the most intense peak has a shift of AE; = —7.6
eV to align with the experimental results.

Most pronounced is the feature corresponding to the
transitions into the Sf 6/¢), Sf #*, and S5f o* orbitals (see
Figures 1 and 3a) and the observed splittings between the three
peaks regarding the relevant excitation and emission energies.
The calculated splittings AE. (S 7% — Sf §/¢p) = +2.5 eV and
AE, (Sfo* — 5f5/¢p) = +9.0 eV are too large compared with the
experimental values AE,(5f 7* — Sf §/¢p) = +1.7 eV and
AE, (5f 6* — 5f5/¢)) = +6.0 eV due to the small (3d/5f) active
space, as discussed above (see Section 4.1). The splittings of the
emission energies are reproduced very well by the calculations,
AE ., (Sf * — 5f8/¢p) = —0.6 eV and AE, (5f 6* — S£6/¢p) =
—0.7 eV, compared with the experimental values of AE,,, (5f =*
— 5f6/¢p) = —0.6 eV and AE,,,(Sf 6* — Sf5/¢p) = —0.5 eV.

In contrast to the 3d orbitals, which have a very small splitting
due to the presence of the oxygen ions, the situation is different
for the emission energies when the 4f orbitals are involved since
they are much closer to the valence orbitals (see Figures 1 and
3b). A separate calculation of the energies of the electronic
energies of the UO3" states with one hole in the 4f shell shows
that AE,~ 0.9 eV, comparable to the red shift of 5f 7* and 5f 6%
with respect to the 5f §/¢ peak observed in the RIXS map.” In
the previous section, Section 4.1, we identified the occupied
states in the Sf orbitals and the holes in the 3d orbitals upon 3d;,
— 5f5, excitations. The holes are filled by electrons from the
4f;,, orbitals. The selection rules for 3d;/, — 5f;,, and 4f5,, —
3ds,, are identical. Thus, upon emission, the 3d holes can be
filled by electrons from the 4f;/, orbitals with the same m; as
occupied in the 5f;/, shell. However, there are also a few other
possible 4f;,, — 3d;,, transitions. Therefore, the exact
calculations of the dipole transition matrix element provide
this important information.

As mentioned earlier in the assignment of the involved spin-
free MOs (3d and 5f) in the HR-XANES section, there is a
correspondence between the atomic 4f spin orbitals and the
spin-free MOs of uranyl: 4f;,(m; = 5/2) = 4f ¢ orbitals and
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Figure 7. RASPT? calculated and experimental® (see Figure 3a therein) 3d4f RIXS maps of uranyl UO3" depending on the excitation energy E,, and
emission energy E,,. (a) Calculated and shifted (AE,, = —13.6 eV/AE,,, = —21.2 eV) 3d4f RIXS map. (b) Calculated HR-XANES spectra at the
maximum of the resonant (3332.1 eV) and non-resonant (normal) emission (3331.4 V). (c) RIXS emission lines calculated at the three peak maxima
and calculated 4f;;, — 3d;, transitions of UO3" (dashed black line). (d) Experimental 3d4f RIXS map. (e) HR-XANES spectra measured at the
maximum of the resonant (3332.1 eV) and nonresonant (normal) emission (3331.5 eV). (f) RIXS emission lines measured at the three peak maxima

(all energies are in eV).

correspondingly 4f;,(m; = 3/2) & 4f § and 4f; ), (m; = 1/2) ~ 4f
n/o.

The calculations show that for the first peak at 3727.3 eV, the
most intense emissions following the excitation 3d 7#/6 — 5£6/¢
is a 4f 6/¢p — 3d 7/5 emission, leaving 5f 5/¢) occupied and a

hole in 4£8/¢p (1(3d /8) " (S£5/p)") — 1(4£5/p) " (SE8/)"))
(see Table 3). Accordingly we found for the two other peaks the |
(4f m)~'(5f 7*)') and 1(4f 6) 7' (5f o*)") states as final states.
Hence, the occupied Sf valence and 4f core hole orbitals have the
same m;. For all the assigned holes in the 4f shell, we determined
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Table 2. Peak Positions of the 3d4f RIXS Map of Uranyl and Positions of the Maxima of the Resonant and Non-resonant

(Normal) Emission (See Figure 3 in ref 2)

excitation energy E,

emission energy E,,

energy transfer Ey = E,, — E,

Theory: RASPT2 Calculations

SE6/¢ 3727.3 3332.1 395.2

St n* 3729.8 +2.5 3331.5 -0.6 3983 +3.1
Sto* 3736.3 +9.0 33314 -0.7 404.9 +9.7
resonant emission 3332.1

non-resonant (normal) emission 33314

Experiment”

St6/¢ 3727.3 3332.1 395.2

St * 3729.0 +1.7 3331.5 -0.6 397.5 +2.3
Sfo* 37333 +6.0 3331.6 -0.5 401.7 +6.5
resonant emission 3332.1

non-resonant (normal) emission 3331.5

“All the calculated values are shifted by AE,, = —13.6 eV, AE,,, = —21.2 eV, and AE} = AE,, — AE,,, = +7.6 eV to align with the experimental data

(energies in eV).

the orbitals from the spin-free states with the highest weight in
the states including SOC. From Figures 5 and 6, we see that
there are always smaller contributions of other transitions to
states with holes in other 4f orbitals. We find the largest
contribution of transitions to other states for the peak at 3727.3
€V with a final state of I(4f ) 7(5f §)') and for the second peak
at 3729.8 eV with the final state of |(4f ¢) ™' (5f z*)").

Since the 4f 6/ orbitals are higher in energy compared to the
4f 6/ ¢ orbitals, creating a hole in 4f /¢ releases more energy
and AEuq/9345 > AEsts 340/ Therefore, the splitting
between these three peaks, which is observed in emission,
corresponds in good approximation (since the splitting of the 3d
states is small) to the fine structure splitting of the 4f states in the
presence of the two oxygen ions (see Figure 3). From Table 2,
we see that the AEg5/,_4, splitting is 0.6 eV and the AE g5/, _ags
splitting is 0.7 eV. This is comparable to the splitting of the
RASSCE/RASPT?2 4f orbitals in the uranyl ground state. In the
energy transfer picture (see Figure 8 and Table 2), the influence
of the position of the hole in the 3d shell is completely removed,
and we get direct information about the AEgs/ s 4574 = 395.2
eV, AEgg 46, = 398.3 €V, and AEgg« 4, = 404.9 eV splittings.
All the calculated values agree very well with the measured data.

The maximum of the resonant emission of the RIXS map is
the maximum of the emission, attributed to the 5f /¢ peak at
3332.1 eV. The maximum of the non-resonant (normal)
emission was determined in a separate calculation (3d°4f'* —
3d'%4f"3 transitions of UO3", see Table 2 and Figure 7c) to be
3331.4 eV. The calculated (AE,/nonres = 0.7 eV) and
experimental values (AE,q/nonres = 0.6 €V) of this shift agree
with high accuracy. The position of the two maxima are
indicated as horizontal lines in Figure 7a,d. This result is an
additional point verifying the high quality of our calculations.

Vitova et al.” (see Figure 3d therein) found U M, absorption
edge HR-XANES spectra of UO3" determined at the maxima of
the resonant and non-resonant (normal) emission to be very
similar for uranyl. We determined the HR-XANES spectra
extracted at these two positions and found excellent agreement
with the experimental data (see Figure 7b,e and Table 4). The
high similarity of the two HR-XANES spectra extracted at the
two emission maxima is solely due to the small red shift between
the emission energies of the three dominant peaks in the 3d4f
RIXS map, and this in turn is caused by the small splitting of the
4f;/, — 3d;, U My emission in UO3".

4. CONCLUSIONS

This excellent agreement between our theoretical data and the
measurements shows that the approach using the RASSCF/
RASPT2 methods followed by the inclusion of SOC is
applicable to the accurate calculation of An M, ; HR-XANES
(in agreement with Sergentu et al.”) and 3d4f RIXS maps and
reproduces the multiplet structure of the uranyl spectra
faithfully. We show that the multiconfigurational protocol,
which is nowadays applied as a standard tool to study the X-ray
spectra of transition metal complexes, can be extended to the
calculations of RIXS maps of An compounds. They have many
intermediate- and final-state multiplets of the RIXS process with
rather complicated electronic structures, and they can be
accurately described with our theoretical approach.

The high quality of the calculated data allows for the
clarification of the considered open questions concerning the
features observed in the experimental 3d4f RIXS map”

(1) all intermediate and final states responsible for the
different features of the 3d4f RIXS map could be
completely assigned;

(2) the three distinct peaks in the RIXS map display the
splitting of the Sf (in excitation) and 4f orbitals (in
emission). The calculations show that in emission, the
fine structure of the 4f orbitals is resolved and that in the
energy transfer picture, the AE,; s excitation energies can
be accurately determined;

(3) the calculated positions of the maxima of the resonant
(UO3") and non-resonant (normal, UO3*) emissions
agree very well with the experimental data; and

(4) the simulated HR-XANES spectra at these two different
energies reproduce the experimental result very accu-
rately.

These results allow for a deeper understanding of the
experimental 3d4f RIXS map of uranyl with the help of our
relativistic multiconfigurational ab initio calculations.

The calculation of RIXS maps involving An species with
relativistic multiconfigurational ab initio methods complements
the experimental efforts in this field greatly and allows for the
interpretation of the 3d4f RIXS map of uranyl in a clear and
transparent way. The calculations presented in this work
establish relativistic multiconfigurational ab initio calculations
as a new powerful tool for the calculation of RIXS maps
involving An.
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Figure 8. RASPT?2 calculated and experimental® 3d4f RIXS maps of uranyl UO3" depending on the excitation energy E,, and energy transfer Er. (a)
Calculated and shifted (AE,, = —13.6 eV/AE, = +7.6 €V) 3d4f RIXS map. (b) Calculated contour profiles of the excitation energies at the maximum
emission energies of the three peaks. (c) Calculated contour profile of the emission energies at the maximum excitation energies of the three peaks. (d)
Experimental 3d4f RIXS map. (e) Measured contour profile of the excitation energies at the maximum emission energies of the three peaks. (f)
Measured contour profile of the emission energies at the maximum excitation energies of the three peaks (all energies are in V).
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Table 3. Intermediate and Final States of the Three Most Pronounced Peaks in the 3d4f RIXS Map (Energies in eV)

peak position

excitation energy emission energy excitation

3727.3 3332.1 3dn/s — 5£8/¢
3729.8 3331.5 3do/n — Stm*
3736.3 3331.4 3d o/ — Sfo*

intermediate state
1(3d /8) (5 8/¢p)")
1(3d /7)™ (Sf z*)")
1(3d o/m) 7 (5f %)X

final state
I(4£ 8/p)™"(SE 8/p)")
I(4f )1 (S %)
I(4f 5)71(5£ 6%) Y

emission
4£6/¢p — 3d n/6
4fn— 3do/n
4fo—3do/n

Table 4. Comparison of the Calculated Peak Positions of the HR-XANES Spectra along the Maxima of the Resonant and Non-
resonant Emission (See Table 2), as Indicated in Figure 7, and the Experimental Data of Vitova et al.” (See Figure 3d therein)”

E (5£5/9) AE = E(5f %) — E(S5f 8/¢) AE = E(5f 6*) — E(S5f /)
Theory: RASPT2 Calculations
resonant emission at 3332.1 3727.3 +2.9 +9.5
non-resonant (normal) emission at 3331.4 3726.9 +2.8 +9.4
Experiment”
resonant emission at 3332.1 3727.3 +2.3 +6.4
non-resonant (normal) emission at 3331.5 3726.7 +2.1 +6.5

“All the calculated values are shifted by AE,, = —13.6 eV to align with the experimental data (energies in V).
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Bl ADDITIONAL NOTES

“Alternatively, using the MOs, the active space can be formed by
2X 7y 2 X gy 0y 6y 2 X 8y 2 X Py, 2 X 7, 0, 2 X 7, and o
(see Figure lg).

“The final states of the M, HR-XANES are the intermediate
states of the 3d4f RIXS process (see also Table 3).
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