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Abstract Ab initio, fully relativistic four component
theory was used to determine atomic many-body effects for
the 4f X-ray photoelectron spectra (XPS) of U5+ and U4+
cations. Many-body effects were included through the use
of configuration interaction (CI) wavefunctions, WF‘s, that
allow the mixing of XPS allowed and XPS forbidden config-
urations. This work extends our earlier study of the U 4f XPS
in that the orbitals for the final, ionic states of the cations are
allowed to relax in the presence of the 4f core-hole. In the
earlier work, orbitals optimized for the initial state were fro-
zen and also used for the final, ionic states. While the main
XPS features are similar in both cases, using relaxed orbi-
tals for the ionic states introduces changes in the multiplet
splitting and in the 4f 5/2 and 4f 7/2 spin–orbit splitting. The
extent of configuration mixing for the U5+ and U4+ final
state WF’s is characterized by the magnitude of the intensity
lost by the main peaks to satellites. Overall, the use of relaxed
orbitals improves the agreement between the theoretical XPS
for the U4+ cation and the experimental measurements for
UO2.

1 Introduction

For the X-ray photoelectron spectra (XPS) of open shell sys-
tems, the ionization of a given core level normally leads to
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multiplet splittings of the final, ionic states of the system
[1–5]. These multiplets arise from angular momentum cou-
plings between the open core and the open valence shells. In
addition to the pure angular momentum couplings, there are
also many-body effects or electron correlation effects that can
lead to intense satellites. These many body effects are best
understood on the basis of wavefunction theory using con-
figuration interaction (CI) wavefunctions (WF’s) [2,3,5–11].
There are XPS selection rules that follow from the one-
electron character of the transition operator [12–14] and that
allow us to divide the configurations used in the CI WF’s into
XPS allowed and XPS forbidden configurations. Within the
approximations used to derive the selection rules, all the XPS
intensity goes into the allowed configurations where only one
electron is removed from the initial state WF and no inten-
sity at all goes into any of the other configurations, which
are described as XPS forbidden. The main approximation
used is that the initial state WF does not include any electron
correlation effects for the core shell that is ionized; this is a
reasonable approximation, especially for the calculation of
the XPS intensities [5,7,9,11]. It is also common to exclude
shake configurations [13] from the CI expansion for the ionic
states [2,3,5–11]. However, the CI will mix XPS allowed and
forbidden configurations provided that they have the same
symmetry and, because of this mixing, CI final state WF’s
where the XPS forbidden configurations dominate may have
significant intensities. We describe this as intensity stealing
by the forbidden configurations from the allowed configura-
tions and we shall examine this intensity stealing in detail for
U cations.

It is common to group the angular momentum couplings,
or rigorous multiplet splittings, with the many-body effects
of configuration mixing and describe them both as multi-
plet splittings [2,3,6]. We will also describe them both as
being many-body effects that cannot be described in the
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framework of a single determinant WF. Many-body effects
for the XPS of transition metals have been studied exten-
sively using both semi-empirical methods, see the review in
Ref. [15], where parameters are adjusted to fit experimental
data and ab initio methods, see, for example, Refs. [5–8,16]
where such fitting is not made. However, there have been
relatively few papers providing a theoretical analysis of the
XPS of actinides. Gunnarson et al. [17] and Kotani and
Ogasawara [18] have studied the U 4f XPS for UO2 and
other actinide oxides but they used impurity Anderson model
Hamiltonians with semi-empirical parameters and, in partic-
ular, they did not include atomic multiplet splittings. Indeed,
our earlier paper on atomic many body effects in the 4f XPS
of U5+ and U4+ cations [19] is the only paper we are aware
of that presents ab initio relativistic results for these atomic
many-body effects. Whereas inter-atomic contributions to the
XPS, which include both many-body terms [20,21] and one-
body terms related to the chemical bonding of the atom to
its environment [8,9] are important, it is necessary to first
understand the atomic effects.

In the present work, we extend our earlier analysis of many
body effects on the XPS of U cations by including orbital
relaxation for the final state orbitals. Specifically, we opti-
mize the orbitals separately for the initial state where the 4f
shell is filled and for the final, ionic states where the 4f shell
has an electron removed. We establish that the use of either
relaxed or frozen orbitals for the final state WF’s gives the
same general features for the U 4f XPS. We also demonstrate
that the use of relaxed orbitals does lead to modest changes
in the XPS, which, for U4+, improve the agreement between
theory and experiment [19]. We discuss the reasons that the
use of relaxed orbitals lead to changes in the relative energies
Erel, and the relative intensities, Irel, of the XPS peaks and
we explain why these changes go in different directions for
U5+ and U4+. We also examine the extent to which XPS for-
bidden configurations steal intensity from the XPS allowed
configurations. The loss of intensity to satellites dominated
by forbidden configurations provides a useful measure of
the importance of many-body effects due to configuration
mixing.

The organization of the paper is as follows. Section 2
discusses the methods for the calculation of the relativis-
tic WF’s and for the calculation of the intensities of the
XPS peaks. This is followed in Sect. 3 by a discussion of
the theoretical XPS spectra for the U cations, which focuses
on a comparison of the results using relaxed orbitals with
the earlier results obtained with frozen orbitals; for the U4+
XPS, a comparison is also made to the experimental XPS
for UO2 [19]. A detailed analysis of the changes in the U5+
XPS spectra is given in Sect. 3.2 and the analysis of the U4+
XPS spectra is given in Sect. 3.3. Finally, our conclusions
are summarized in Sect. 4.

2 Theoretical methods

The results reported here, as well as in our previous paper,
[19] referred to as Part I, are based on relativistic
Dirac–Fock self-consistent field, DF–SCF, and Dirac CI, DCI,
calculations. The theoretical formalisms for the DF–SCF
and DCI calculations are described in Ref. [22]. The cal-
culations in Part I were performed using the MOLFDIR
program system [22] while the new calculations reported
in this paper were performed using the DIRAC program
system, [23] which offers greater flexibility for perform-
ing open shell DF–SCF calculations. The initial open shell
occupations for U5+ and U4+ are 5f1 and 5f2, respectively
while the open shell configurations for the 4f ionized states
are 4f135f1 and 4f135f2, respectively. The DF–SCF calcula-
tions are carried out for the average of configurations for the
ground and 4f ionized configurations of the two U cations.
The average of configurations includes the distribution of the
electrons in the open shells in all ways over the f 5/2 and f 7/2

spin–orbit split sub-shells. With MOLFDIR [22], we were
able only to perform DF–SCF calculations for the ground
state configurations; with DIRAC [23], we are able to opti-
mize 4-component spinors for both the ground state and the
4f-hole configurations. The spinors optimized for the ground
state configurations for the cations are then used to determine
DCI WF’s for the different states and levels arising from this
configuration. The spinors optimized for the 4f-hole config-
urations are used for the DCI WF’s for the final, 4f ionized,
states and levels. There is no question that the relaxed orbi-
tals will give much better absolute energies for the final state
WF’s [24]. However, a key issue that is answered by the
present work is the extent to which the choice of relaxed
or frozen spinors will affect the Erel of the different ionic
levels.

In both Part I and the present work, the same extended
basis set of Gaussian type orbitals (GTO’s) were used; the
exponents for these GTO’s were optimized [25] for calcu-
lations on UO2+

2 . However, in the present work, the GTO’s
were not contracted while, in Part I, the GTO’s that describe
the core spinors, especially the deep cores, were very heavily
contracted in order to reduce the size of the Fock matrices
that have to be diagonalized. Because a non-segmented con-
traction scheme [25] was used, we do not expect the contrac-
tion to significantly change relative energies. As a test, we
examined the spin–orbit splittings of the 4f DF–SCF orbi-
tal energies for the ground state configurations. Between the
MOLFDIR and DIRAC calculations for both U5+ and U4+,
the spin–orbit splittings changed by less than 0.0003 eV;
these changes are sufficiently small to insure that the con-
traction used in Part I would not account for the differences
between those and the present calculations. Other parameters
for the DF–SCF and DCI calculations, in particular for the
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finite nuclear size and the integral classes retained, are the
same as used in Part I.

The DCI WF’s are designed to include near degeneracy
effects important for the XPS [2,3,5,6,9,11] within and
between the open 4f and 5f shells. For the ground state of
U4+(5f2), the CI includes determinants where the two 5f
electrons are distributed in all possible ways over the 14 5f
spinors. This CI gives a balanced treatment of j–j and L–S
coupling within the 5f shell and properly represents interme-
diate coupling [26,27]. It leads to a ground state J = 4 level
that is, as expected from the 5f spin–orbit splitting of ∼1 eV,
dominated by the 5f 2

5/2 configuration. The first excited level

is J = 5 at �E = 0.73 eV. For the ground state of U5+, the
H -matrix over the determinants with the one 5f electron in
all spinors is diagonal. The lowest level is J = 5/2 and the
J = 7/2 level is at �E = 0.93 eV. For the 4f-hole states, the
DCI introduces new many-body electron correlation effects.
As for the ground states, the one or two 5f electrons are
distributed in all possible ways over the 14 5f spinors but
now all 14 positions of the 4f hole are combined with these
distributions of the 5f electrons. The new effect introduced
is the angular momentum coupling and recoupling within
and between the 4f and 5f shells. These many-body effects
were introduced to treat the p-shell XPS of transition metal
TM, cations [2,3,11] and are standardly included for the TM
p-shell XPS [5,6,8,9,21,28,29]. We have extended the logic
of this treatment and applied it to ab initio studies of the
4f XPS of U [19]. However, especially for heavy atoms,
additional near degeneracy effects may become important;
see, for example, studies of alkaline earth atoms by Kim and
Bagus [30]. For actinides, these additional near degeneracy
effects could involve redistribution of electrons within the 6s,
6p, 6d, and 7s sub-shells. Despite the potential importance
of these other terms, our treatment of the angular momen-
tum coupling and recoupling for the 4f and 5f electrons is a
zeroth order step to including atomic many body effects for
actinides.

In preparation for the analysis of the 4f XPS peaks for
U cations [19], it is useful to consider the 4f XPS allowed
J levels. We will distinguish between the peaks due to pure
multiplet split levels and the satellites due to the config-
uration mixing of these XPS allowed configurations with
the XPS forbidden configurations. The XPS allowed con-
figurations for 4f ionization of U5+ are 4f6

5/24f7
7/25f1

5/2 and

4f5
5/24f8

7/25f1
5/2; these configurations couple to J = 1, 2, 3,

4, 5, 6 and to J = 0, 1, 2, 3, 4, 5, respectively [26]. For the
4f ionization of U4+, the allowed configurations all have the
5f2

5/2 shell coupled to a J = 4 level that then couples with

the open 4f7
7/2 or 4f5

5/2 shells to couple to J = 1/2 through
J = 15/2 levels or to J = 3/2 through J = 13/2 lev-
els [26]. As shown in Sect. 3, the configuration mixing of
the allowed and forbidden configurations affects not only the

XPS Irel but also the Erel of the dominantly XPS allowed
4f-hole levels.

In order to determine the Irel of the XPS peaks, we use the
sudden approximation [13] SA, suitably extended for open
shell initial states [4,14]. The SA assumes that at the instant of
photoionization, the ionized state is described by a WF where
a core electron has been annihilated from the ground state
wavefunction. The Irel for a particular ionic level or multiplet
is then proportional to the sum over the many electron over-
laps for the WF’s for that level with the annihilated ground
state WF. Suitable summation over ionization of different
spinors and averages over degenerate initial states must also
be made [4,12,31]. When different, mutually non-orthogonal,
orbitals sets are used for the initial and for the final, ionic
WF’s, the calculation of the many-electron overlap integrals
is significantly more complicated than when a single orbital
set is used [32]. To determine the SA Irel, we have calculated
the many electron overlap integrals exactly using a cofac-
tor formalism [33,34]. The program for these calculations is
based on code for the calculation of matrix elements between
non-relativistic WF’s [35] that we have extended to handle
relativistic WFs built from four-component spinors.

3 U 4f XPS spectra: results and discussion

3.1 General considerations

In Figs. 1 and 2, we give the theoretical 4f XPS spectra for
U4+ and U5+, respectively; in the upper panel of each figure,
we give the results obtained in the present work using relaxed
orbitals for the final states while in the lower panel, we show
the results from Part I obtained using frozen, ground state
orbitals for the ionic, 4f-hole states. The calculated peaks
for individual ionic levels, or for sets of ionic levels that are
very closely spaced in energy, are represented by Gaussians
broadened to 0.9 eV full width at half maximum (FWHM).
This broadening is introduced to take account of the finite
energy width of the X-ray photons, of the lifetime of the
U 4f-holes, and of instrumental resolution [6,19]. The sums
of the individual peaks are shown and this envelope repre-
sents the full calculated XPS spectra. For the U4+ XPS in
Fig. 1, we include a comparison with the experimental XPS
for UO2.15, Ref. [19], which is dominantly U4+. The posi-
tions of the theoretical curves for the U4+ cation were rigidly
shifted to give the best agreement with the first, 4f 7/2, peak
of the experimental XPS. This is the only adjustment to the
calculated values. The Erel and Irel calculated for the various
final, ionic states are exactly as obtained from our ab initio
calculations. For the U5+ XPS in Fig. 2, the position of the
theoretical curves were placed on the same energy scale as
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Fig. 1 Theoretical U(4f) XPS for the free U4+ ion using the relaxed
orbitals for the final, ionic states, upper curves (a), and using frozen
orbitals, lower curves (b). The energies of the theoretical curves are
shifted rigidly to give the best fit to the experimental XPS, also shown.
The theoretical Irel are broadened with a Gaussian function, see text.
The contributions of individual 4f-hole final states are shown in green
while the sum of these individual contributions is the composite curve
in red

for U4+, but the absolute energies of the multiplets are not
related to experiment.

The main features of the theoretical curves with the relaxed
and frozen orbitals for the 4f-hole states are reasonably
similar. Both the theoretical and experimental XPS spectra
have only two dominant peaks arising from 4f 7/2 and 4f 5/2

ionization and separated by a spin–orbit splitting of ∼11 eV.
While these peaks are ∼ 2 eV FWHM broad, they are com-
posed of contributions from many individual multiplet split
levels. The U4+ 4f XPS, Fig. 1, is considered first. Here,
the most important difference between the two theoretical
spectra is that the spin–orbit splitting of the 4f 7/2 and 4f 5/2

peaks is reduced by ∼ 0.5 eV when relaxed orbitals are used
for the final, ionic states, Fig. 1a. With the relaxed orbitals,
this splitting is in significantly closer agreement with exper-
iment. In addition, the intensities of low-lying satellites are
significantly reduced when relaxed orbitals are used. For the
4f 7/2 peak, the satellites at ∼384 eV are essentially missing
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Fig. 2 Theoretical U(4f) XPS for the free U5+ ion using the relaxed
orbitals for the final, ionic states, upper curves (a), and using frozen
orbitals, lower curves (b). The absolute energy scale is not related to
experiment, see text. For other features of the XPS curves, see the cap-
tion to Fig. 1

and for the 4f 5/2 peak, the satellites at ∼ 395 eV are missing
from the relaxed orbital spectra. Also, the intensity of the sat-
ellites at ∼ 393 eV are significantly lower so that the shoul-
der in the frozen orbital 4f 5/2 XPS peak, Fig. 1b, is absent
from the relaxed orbital peak; this change brings the shape
of the 4f 5/2 peak into better agreement with experiment. We
also note that the 4f 7/2 peak is slightly narrower when the
relaxed orbitals are used. As we will discuss in detail below,
this is the opposite of the change in FWHM that we would
expect when the more contracted relaxed 5f orbitals are used.
We will show that all of these differences can be related to
a smaller configuration mixing between XPS allowed and
XPS forbidden configurations when relaxed orbitals, instead
of frozen orbitals, are used. Finally, we note that the ∼ 6 eV
satellites of both the 4f 7/2 and 4f 5/2 peaks are not well repre-
sented in either the frozen or the relaxed orbital XPS spectra.
These peaks have been assigned to inter-atomic charge trans-
fer satellites [17–19,36] and, hence, we do not expect them
to be present in our model, which does not include condensed
phase effects. Turning to the U5+ XPS, the most noticeable
difference between the relaxed and frozen orbital spectra is
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a broadening of the 4f 7/2 and 4f 5/2 peaks by ∼ 0.5 eV when
the relaxed orbitals are used. Since this change has a sim-
pler origin, we consider first the U5+ 4f XPS and then we
discuss the more complex case of the U4+ XPS where can-
celling contributions contribute to the differences between
the frozen and the relaxed orbital spectra.

3.2 Analysis of the U5+ XPS

In Table 1, we give the Erel and the SA Irel for the levels
that are dominated by the XPS allowed configurations, either
4f 6

5/24f 7
7/25f 1

5/2, also denoted 4f −1
7/25f 1

5/2, or 4f 5
5/24f 8

7/25f 1
5/2,

also denoted 4f −1
5/25f 1

5/2. The different multiplet split levels
are denoted by their J value; possible J values were dis-
cussed in Sect. 2. Results are given for the use of frozen
orbitals in the final state DCI and for the use of relaxed orbi-
tals with spinors optimized for the 4f-hole configuration. The
Erel are given with respect to Erel = 0 for the lowest energy,
J = 1, level for 4f 7/2 ionization; for the 4f 5/2 multiplets,
the energy spacings of the different levels are given as �Erel

with �Erel = 0 for the lowest energy level, J = 1, within
this group. The normalization of the Irel has been chosen to
directly indicate the intensity that is lost from states domi-
nated by the XPS allowed configurations. The SA intensity
that goes to an XPS allowed configuration coupled to a partic-
ular J value is proportional to the multiplicity; i.e., to 2J +1
[4,12,14]. When relaxed orbitals are used for the final state
WF’s, these intensity ratios will be modified if there is differ-
ential relaxation of the spin–orbit split spinors for j = �+1/2
and j = �− 1/2. In the present cases, this differential relax-
ation is negligible and changes the 2J +1 intensity factor by
≤ 0.001. The directly computed Irel for our DCI WF’s are all
multiplied by a constant factor that would give Irel = 2J +1,
for allowed, or Irel = 0, for forbidden configurations, if there
were no configuration mixing between the XPS allowed and
forbidden configurations. Thus the amounts by which these
normalized Irel are less than 2J + 1, denoted in Table 1 as
Lost I and given as a percent reduction, are direct measures
of the intensity lost to XPS satellites through configuration
mixing.

The intensity lost to satellites is not especially large. For
the 4f 7/2 final states, the intensities lost from the main XPS
peaks for the different J levels range between 0 and 11% and
are similar for the frozen and relaxed orbital calculations but
slightly larger using the relaxed orbitals. These small losses
indicate that the XPS peaks are dominated by allowed con-
figurations. For the 4f 7/2 peaks, the energies for the different
J levels range over ∼ 2 eV for both frozen and relaxed orbi-
tal calculations. However, the energy separations are larger,
by ∼ 0.2–0.3 eV, when relaxed orbitals, rather than frozen
orbitals, are used. We ascribe this difference to changes in the
4f,5f exchange integrals [9,37] when the 5f orbital relaxes

Table 1 For the main 4f −1
7/2 and 4f −1

5/2 XPS peaks for 4f-hole levels of

U5+, Erel and �Erel, in eV, and SA Irel, normalized as described in the
text, are given for the relaxed and frozen orbital 4f-hole WF’s for each
of the allowed J values

Ja Relaxed orbial WF’s Frozen orbital WF’s

Erel/�Erel Irel/lost I (%) Erel/�Erel Irel/lost I (%)

4f −1
7/2

1 0 2.67/11.1 0 2.78/7.4

2 1.08 4.58/8.3 0.93 4.70/6.0

6 1.11 12.80/1.5 0.94 12.85/1.2

3 1.75 6.44/8.0 1.52 6.68/4.5

4 2.22 8.79/2.3 1.91 8.87/1.4

5 2.26 10.99/0.1 1.96 10.99/0.1

4f −1
5/2

1 11.63/0 2.48/17.4 11.83/0 2.70/10.0

5 12.13/0.50 10.80/1.9 12.24/0.40 10.84/1.4

3 13.09/1.46 6.88/1.8 13.08/1.25 6.94/0.9

2 13.21/1.58 4.64/7.2 13.18/1.35 4.91/1.8

4 13.48/1.85 8.99/0.0 13.42/1.58 9.00/0.0

0 28.38/16.75 0.66/34.2 26.13/14.30 0.69/31.0

The intensity lost to XPS satellites, for each J value, is given in the
column labeled Lost I as a percent of the total Irel going into an
allowed 4f-hole configuration with this J value
a Note the energetic order of the different J couplings does not fol-
low either a monotonically increasing or decreasing order as usually
expected, see Ref. [26]; the configuration mixing of XPS forbidden
with the XPS allowed configurations may be responsible for the irreg-
ular order of the energies for the J values

in response to the presence of the 4f-hole. Since the 5f orbital
sees a larger effective nuclear charge when there is a
4f-hole, the 5f orbital will be contracted relative to the orbi-
tal for the initial state of U with a filled 4f shell. This orbital
contraction leads, in turn, to larger values of the exchange
integrals. Since the diagonal energies of the different J level
couplings of the configurations depend on the magnitudes of
the 4f,5f exchange integrals [26,37], we expect larger energy
spacings when relaxed orbitals are used. The contraction of
the 5f spinors will also lead to an increase of the DCI off-
diagonal matrix elements because they also depend on these
exchange and closely related integrals [37]. In turn, this can
be responsible for the increase in the configuration mixing,
which leads to a slightly greater loss of intensity into satellites
when relaxed orbitals are used.

The general behavior of the 4f 5/2 multiplet split peaks
follows that for the 4f 7/2 multiplets. Little intensity is lost to
satellites; the greatest losses are for the J = 1 and the J = 0
levels that carry the lowest XPS intensities. The intensity lost
to the satellites is somewhat larger when relaxed orbitals are
used. Except for the J = 0 level, discussed in more detail
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below, the separation of the multiplet split peaks, as given
by Erel and �Erel, is ∼ 1.6–∼ 1.9 eV with the larger value
for the relaxed orbitals. For the peaks that carry the largest
intensities J = 2–J = 5, the values of Erel are quite simi-
lar between the relaxed and frozen orbital calculations. The
relaxed orbital value of Erel for J = 5 is 0.1 eV smaller, the
value for J = 4 is 0.1 eV larger and the values for J = 2
and 3 are essentially the same between the relaxed and fro-
zen orbital calculations. This is consistent with essentially
the same apparent 4f 7/2 to 4f 5/2 spin–orbit splitting of the
XPS peaks with relaxed and frozen orbitals.

With relaxed orbitals, the main J = 0 XPS peak is at
Erel = 28.4 eV with 66% of the XPS intensity for J = 0
peaks; similar values are found with frozen orbitals. We dis-
cuss this peak, which is very far from the peaks for the remain-
der of the levels associated with 4f 5/2 ionization, in order to
demonstrate that CI may shift the excited states to higher
energies, in contrast to the case of ground states, where CI
always lowers the energy. In our DCI, there are two config-
urations that couple to J = 0 arising from �1 = 4f −1

5/25f 1
5/2

and �2 = 4f −1
7/25f 1

7/2 where �1 is XPS allowed and �2

is XPS forbidden. From the DF–SCF orbital energies, the
5f spin–orbit splitting is ∼ 1 eV while the 4f spin–orbit split-
ting is ∼ 11 eV. Thus, the diagonal energy of the XPS forbid-
den configuration �2, is lower by ∼ 10 eV than the diagonal
energy of �1 since �1 involves removing a more tightly
bound 4f 5/2 electron. The two J = 0 roots of the DCI are a
lowest root at Erel = 6.2 eV with 34% of the J = 0 inten-
sity and the higher, dominantly XPS allowed, root at Erel =
28.4 eV. For a 2×2 CI, the lowest root is shifted by an energy
� below the lowest diagonal energy while the upper root
is shifted by an equal amount �, above the higher diagonal
energy [38]. The fact that shifts in the energies due to CI
may be to larger energies for excited states is relevant for the
change of the apparent spin–orbit splitting in the XPS of the
U4+ cation, discussed below.

3.3 Analysis of the U4+ XPS

In Table 2, we give the Erel and the Irel for the levels that, for a
given J value carry the largest Irel; these values are compared
for the relaxed and frozen orbital WF’s for the 4f ionized
final states of U4+(5f 2

5/2; J = 4). With one exception, these
states are dominated by XPS allowed configurations, as for
the U5+ XPS. The exception is the 4f −1

5/2 J = 5/2 level where
the intensity is distributed over several levels, see below. The
definitions for Erel,�Erel, and the normalization of Irel to
the multiplicity of the final, ionic levels is the same as used
in Table 1; as in Table 1, the quantity Lost I is also given.
Extremely important differences of the U4+ final states from
those for U5+ are related to the extent of configuration mixing

Table 2 For the main 4f −1
7/2 and 4f −1

5/2 XPS peaks for 4f-hole levels of

U4+, Erel and �Erel, in eV, and SA Irel are given for the relaxed and
frozen orbital 4f-hole WF’s for each of the allowed J values; see the
caption for Table 1 for definitions of the quantities given

Ja Relaxed orbial WF’s Frozen orbital WF’s

Erel/�Erel Irel/lost I (%) Erel/�Erel Irel/lost I (%)

4f −1
7/2

3/2 0 3.80/4.9 0 3.05/23.7

1/2 0.05 1.96/2.0 0.03 1.53/23.5

5/2 0.09 4.91/18.1 0.09 3.63/40.0

7/2 0.27 4.42/44.8 0.25 4.72/41.1

15/2 0.51 15.80/1.2 0.41 11.98/25.1

9/2 0.79 5.02/49.8 0.70 5.83/41.7

11/2 1.08 8.05/32.9 0.92 7.52/37.4

13/2 1.18 13.63/2.7 0.99 10.54/24.7

4f −1
5/2

3/2 11.31/0 3.22/19.4 11.50/0 2.46/38.6

13/2 11.46/0.15 13.64/2.6 11.66/0.11 9.41/32.8

7/2 11.68/0.37 5.45/31.9 11.86/0.30 4.65/41.8

11/2 12.24/0.92 11.70/2.5 12.31/0.76 8.24/31.4

9/2 12.35/1.03 5.12/48.8 12.44/0.89 5.08/49.2

5/2 12.63/1.32 2.34/61.0 12.74/1.18 2.74/45.6

a See footnote to Table 1

as displayed by the quantities Lost I. For U5+, the XPS was
mainly to levels that were strongly dominated by the XPS
allowed configurations; see Table 1. For the relaxed orbital
results, there are only three levels that lose more than 10%
of the intensity going into the XPS allowed configurations.

The situation is quite different for the 4f XPS of U4+. For
the frozen orbital results for the J = 5/2, 7/2, and 9/2 levels
for both 4f −1

7/2 and 4f −1
5/2, over 40% of the Irel is lost to satel-

lites and the lowest loss to satellites is 23.5% for the J = 1/2
level for 4f −1

7/2. These losses are recovered in satellites, espe-
cially around �Erel ≈ 3–4 eV; see Fig. 1. For the relaxed
orbital WF’s, there is generally much less loss of intensity
from the most intense peaks of a given J value. In particular,
for the J = 15/2 level of 4f −1

7/2, only 1.2% of the intensity is
lost to satellites compared to 25% when frozen orbitals are
used and for J = 13/2 only ∼2.5% of Irel is lost to satellites
for both 4f −1

7/2 and 4f −1
7/2; these losses should be compared to

the losses of more than 25% for the same levels when frozen
orbitals are used. We speculate that the greater configuration
mixing for the frozen orbital WF’s arises because different
5f2 distributions, over the 5f 7/2 and 5f 5/2 spinors, may help
overcome the limitations of the frozen 5f orbitals when there
is a 4f-hole. In effect, the greater importance of configura-
tion mixing when frozen 5f orbitals are used is likely to be an
artifact due to using the unrelaxed 5f spinors; one that will
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lead to greater Irel for the satellites. There are cases with the
relaxed orbitals where there are large losses from the main
peaks; in particular, for the 4f −1

7/2 J = 7/2 and 9/2 and for

the 4f −1
5/2 J = 9/2 and 5/2 and this does lead to some inten-

sity in the satellites. Overall, the reduction in the intensity
losses to satellites, when relaxed orbitals are used, leads to
an effective narrowing of the peaks, which is, especially for
the 4f 5/2 peak, in better agreement with the XPS for UO2. As
for the U5+ XPS, discussed above, using the relaxed orbitals
leads to small increases in the spread of energies of the main
peaks, of ∼0.1–0.2 eV, and we ascribe these increases to the
contraction of the 5f orbital due to the 4f-hole. However here,
the increases of the peak widths due to these small increases
in energy spacing are more than offset by the decrease in
intensity in the satellites.

The main relaxed orbital 4f −1
5/2 peaks for J = 3/2–J = 9/2,

which are in the energy range Erel = 11.3–12.6 eV are
all at smaller Erel than found with the frozen orbitals by
∼0.1–0.2 eV. This lowering of Erel, combined with the fact
that all these main peaks carry greater intensity when the
relaxed orbitals are used, leads to an apparent reduction in
the 4f −1

7/2–4f −1
5/2 spin–orbit splitting and to an improvement in

the agreement with the XPS experiment for UO2. In our dis-
cussion of the J = 0 main and satellite peaks of the U5+ XPS,
we pointed out that the CI energies for excited states could
lead to increases in Erel. Since, the CI mixings are smaller
for the DCI with relaxed orbitals for these excited levels,
this could contribute to somewhat lower Erel. In effect, the
reduction of the CI artifacts due to using 5f spinors that are
optimized for the presence of the 4f-hole not only reduces
the satellite intensities but it also improves the 4f spin–orbit
splitting compared to measured XPS values for UO2.

The relaxed orbital 4f −1
5/2 J = 5/2 peak at Erel = 12.6 eV

receives only 39% of the 4f −1
5/2 intensity going into J = 5/2

final states. Most of the remaining intensity goes to satellites
at Erel = 6.9 eV with 20% of the intensity and at 25.6 eV
with 36% of the intensity. The 25.6 eV satellite is just past
the energy cut-off for the curves in Fig. 1a. However, when
frozen orbitals are used, there is a high energy J = 5/2
peak at Erel = 23.4 eV with 26% of the J = 5/2 intensity;
this peak is just inside the energy cut-off and can be seen in
Fig. 1b. This high energy peak does not appear to be present
in the UO2 XPS. It is possible that the peak is an artifact
because we have used a limited orbital space for the DCI
that, in the valence space, was restricted to the 5f spinors.
By analogy with the higher lying, nearly degenerate orbitals
included in the active spaces for CI calculations of transition
metal cations [7], it is possible that other orbitals should be
included in the active space for the U cation DCI. Such orbi-
tals could include the 6p and 6d. An extended active space
CI involving additional atomic many-electron effects might
yield additional satellite intensity.

4 Concluding remarks

We have examined the contributions of atomic many-body
effects to the U 4f XPS for U4+ and U5+ free ions. The many
body-effects were treated within the theoretical formalism of
configuration mixing and represent the angular momentum
coupling and recoupling within and between the core level,
4f, and valence level, 5f, open shells. This treatment of atomic
many body effects has been extensively used for the XPS of
transition metal cations and we have applied it here for acti-
nide cations. The present work represents an extension of
our prior work in that we have allowed the orbitals to relax in
the presence of a 4f-hole in the ionic states. The variational
re-optimization of the final, ionic state orbitals leads to con-
tracted orbitals that provide an improved representation of
the outer, valence shells.

While the overall features of the predicted XPS spectra are
similar for the relaxed and frozen orbital calculations, there
are differences in the details of the widths of the XPS peaks
and the apparent 4f spin–orbit splitting. We have related these
differences to two aspects of the relaxed orbital wavefunc-
tions. The relaxed orbitals for the outer shells are contracted
when a core-hole is present relative to the orbitals for the
initial state configuration. This leads to an increase in the
separation of the multiplet energies and to an increase in the
FWHM of the 4f 5/2 and 4f 7/2 XPS peaks for U5+. However,
in the case of U4+ where there is a 5f2 occupation, the use of
relaxed orbitals reduces the extent of the configuration mix-
ing and, thus, reduces the intensity of the XPS satellites. For
the frozen orbital case, the larger configuration mixing has
been described as an artifact due to the use of frozen orbitals
for the outer 5f, shell. Important consequences of the reduc-
tion of configuration mixing are reduced FWHM of the 4f
XPS peaks for U4+ and reduced apparent spin–orbit split-
ting of the 4f 5/2 and 4f 7/2 XPS peaks; both of these changes
improve the agreement of the U4+ theoretical predictions
with XPS measurements for UO2.
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