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ABSTRACT: The XPS of many oxides are quite complex and there may be several
peaks of significant intensity for each subshell. These peaks arise from many-electron
effects, which normally are treated with configuration interaction (CI) wavefunctions
where static correlation effects are taken into account. It is common to use semiempirical
methods to determine the matrix elements of the CI Hamiltonian and there are few
rigorous CI calculations where parameters are not adjusted to fit experiment. In contrast,
we present, in the present work, theoretical XPS spectra obtained with rigorous CI
wavefunctions for CeO, where the XPS are especially complex; several different core
levels are studied. This study uses an embedded CeOg cluster model to represent bulk
CeO, and the relativistic CI wavefunctions are determined using four-component spinors
from Dirac-Fock calculations. In particular, we examine the importance of interatomic
many-body effects where there is a transfer of electrons from occupied oxygen 2p orbitals
into empty cation orbitals as it is common to ascribe the complex XPS to this effect. We
also contrast the importance of many-body charge-transfer effects for the isoelectronic
cations of Ce*" and La®*. The long-range goal of this work is to relate the XPS features to
the nature of the chemical bonding in CeO, and we describe our progress toward this
goal. ©2010 Wiley Periodicals, Inc. Int ] Quantum Chem 110: 2752-2764, 2010
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. X-ray photoelectron spectra (XPS) for core levels
1. Introduction will consist of a single line for each of the atomic
subshells; see for example, Ref. [1]. In systems

W hen electronic relaxation and other final where these many-body effects do not dominate,

state many-body effects are neglected, the there is a main XPS peak with satellites of low in-
tensity for each of the subshells [2, 3]. However,
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spectra often have complex fine structure with
several peaks of significant intensity for a given
subshell. This is especially true for materials with
open d or f shells, which are often described as
highly correlated materials; these include oxides
and other ionic crystals [4-6]. Insight into the ori-
gin of the spectral features will contribute signifi-
cantly to an understanding of the electronic struc-
ture of these highly correlated materials.
Furthermore, the many-body effects may be of
both intra-atomic and interatomic origin [5].
While these many-body effects have been dis-
cussed for many years, there is still considerable
disagreement about the importance of various
mechanisms; see Ref. [5] and references therein. A
material with unusually complex XPS spectra is
CeO, [4, 7], which is of considerable interest for
its catalytic properties. It is common to assume
that charge transfer (CT) from ligands to the open
d or f shells of the metal cation is the many body
effect that is most important for understanding
these XPS spectra [6-8]. However, as we shall
show, this view is incomplete. Most theoretical
studies, to present, of the XPS of ionic materials
in general [6] and of lanthanides in particular [8],
have been based on parameterized Anderson
model Hamiltonians. On the basis of this model,
the core level XPS features have been assigned to
a mixing of Ce 4° O 2p6, Ce 4 O 2p5, and Ce 4f*
O 2p* configurations. The Anderson model has
been used extensively to interpret the spectra of
highly correlated oxides; however, agreement
with experiment is obtained by fitting semiempir-
ical parameters to experimental XPS data. Such
adjustments may neglect important many-body
terms and, hence, give misleading results [4, 9]. In
this article, we present the results of rigorous the-
oretical treatments of important aspects of the
XPS spectra of crystalline CeO, and LaAlO;. Our
conclusions are based on the properties of Dirac-
Fock (DF) and configuration interaction (CI)
wavefunctions [10] for embedded cluster models
of these ionic materials. None of the parameters
used in the calculation of the wavefunctions were
adjusted to fit experimental data. The XPS relative
energies, E., and intensities, I, are taken
directly from the calculations without adjustment.
The CI wavefunctions are analyzed to identify the
features responsible for the XPS spectra. This
analysis includes estimation of the occupation of
the nominally empty metal 4f and 5d orbitals as
well as determination of the weights of configura-
tions without CT, with single CT, and with dou-

ble CT. We also decompose the orbital relaxation
that acts to screen the core-hole into atomic and
extra-atomic contributions. As the nominal oxida-
tion states of the metal cations in these com-
pounds, Ce*" and La®", are isoelectronic with a
4f° occupation, it is reasonable to expect the XPS
for these two compounds to be similar; however,
our analysis of the orbital relaxation predicts that
the spectra will be quite different.

For the interpretation of XPS spectra, it is im-
portant to distinguish between XPS allowed and
XPS forbidden configurations. To make this dis-
tinction, it is useful to consider a wavefunction
for the initial state that is a single configuration.
This is an acceptable approximation in many
cases, especially for the closed shell initial states
considered in the present work, as we do not
expect dynamic correlation effects [11, 12] to be as
important for closed as for open shell systems. In
any case, our objective with this separation is to
gain a qualitative understanding of how satellites
gain intensity and the approximation of a single
configuration wavefunction for the N electron ini-
tial state is not likely to be a significant concern.
To illustrate the separation into XPS-allowed and
-forbidden configurations, we use the example of
a Ne atom with configuration 1s*2s*2p°. As
the transition operator for photoionization is a
one-electron operator, there are only three XPS-
allowed configurations for the N — 1 electron
final, ionic states [13, 14], where an electron is
removed from one of the three occupied shells.
These configurations and the approximate bind-
ing energies, BE’s, of the ionized electron are:
1s'25°2p® with a BE(1s) = 870 eV; 1s*25'2p° with a
BE(2s) = 45 eV; and 15™2s?2p° with a BE(2p) = 20
eV. Here, we have neglected the spin—orbit split-
ting of the 2p(1/2) and 2p(3/2) levels as for Ne,
this spin-orbit splitting is small, i.e.,, ~800 cm™;
on the other hand, the spin-orbit splitting
increases rapidly and for Ar, it is 2 eV or 20 times
larger [2]. Thus, for heavier atoms, the spin—orbit
splitting into j = ¢ + 1 and j = ¢ — 1> must be
taken into account. A schematic of the XPS spec-
tra for these allowed configurations is shown in
Figure 1. Indeed, this spectra is reasonably similar
to the XPS spectra observed for gas phase Ne [3],
even though it does not include the weak “shake”
satellites [15]. There are, of course, many other
configurations for the N—1 electron of Ne™ that
are XPS forbidden. For example, the configuration
1s°2s"2p*3d’ is XPS forbidden. However, one of
the Russell-Saunders multiplets that can arise for
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FIGURE 1. Representative XPS Spectra for the Ne
atom. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

this configuration is S and, hence, this configura-
tion can and does mix with the XPS allowed 2s-
hole configuration, 1522512p6, which is also a 2S
multiplet [16]. Thus, the states that would be
obtained by a two configuration CI mixing the
XPS-allowed 2s-hole configuration and the XPS-
forbidden configuration would be one that is
dominantly the XPS-allowed 2s-hole configuration
and the second, at higher energy, which is domi-
nantly the XPS-forbidden configuration but with a
small weight of the XPS-allowed configuration
[16]. The second CI state will receive intensity
proportional to the weight of the allowed XPS
configuration in the CI wavefunction for this
state. Thus, it is appropriate to say that the sec-
ond state, a dominantly XPS-forbidden state,
steals intensity from the lower state, which is
dominantly the XPS allowed configuration with a
small weight of the XPS-forbidden configuration.
This interpretation shows us how states domi-
nated by XPS-forbidden configurations are able to
gain intensity, possibly considerable intensity,
because they contain contributions from the
allowed configurations [9, 17]. This analysis is rig-
orous if one uses the same set of orbitals for the
initial, N electron, state, and the final, N — 1 elec-
tron, states. When orbital relaxation to screen the
core-hole [18] is taken into account, satellites may
also gain intensity because of non-zero overlap
integrals between the orbitals of the initial and
final states. These shake satellites somewhat blur
the concept that we have introduced that domi-
nantly XPS-forbidden states steal intensity from
dominantly XPS-allowed states by mixing in CI
wavefunctions. However, the concept of stealing
intensity by CI mixing is useful for qualitatively
understanding the numbers and energy distribu-
tions of reasonably intense satellites.

The Ce 3d XPS of CeO, shown schematically in
Figure 2 shows how, when there are important
many-body effects, the simple XPS doublet of a
3ds,, peak at lower BE and a 3d3,, peak at higher
BE with relative intensities of 6:4, corresponding

to the occupations of the spin-orbit sub-shells, is
lost. In a 40-eV range of energy, there are six XPS
peaks with substantial intensity as opposed to the
two spin-orbit split peaks expected. In fact, the
third peak, at E,; ~ 20 eV, has comparable inten-
sity with the first peak at E,, = 0; furthermore,
the sixth peak at E,,; ~ 40 eV and the fourth peak
at E,q ~ 25 eV also have comparable intensities.
The common assignment made for these six peaks
[7, 8], based on semiempirical Anderson model
calculations, is that the first triplet arises from
ionization of a 3ds,, electron and that the second
triplet is from 3dj,, ionization. In addition, each
of the triplets are assigned as arising, as shown in
Figure 2, from mixing of configurations with dif-
ferent degrees of charge transfer. Specifically,
these are configurations without CT from O to the
empty Ce 4f shell, denoted CTO for occupations
3d°4f°0(2p°), configurations with single CT from
O to the empty 4f shell, denoted CT1 for occupa-
tions 3d°4f'O(2p°), and configurations with dou-
ble CT to the empty 4f shell, denoted CT2 for
occupations 3d94f20(2p4). Furthermore, the highest
BE peaks for each of the triplets, peaks 3 and 6, are
assigned as arising from CTO configurations, while
the lower two BE peaks of each triplet are assigned
as mixtures of CT1 and CT2 configurations. It is
worth noting that these semiempirical calculations
are for a generic core-hole; they do not distinguish
the properties of different core levels and the spin—
orbit splitting is added with an ad hoc parameter.
We will demonstrate that our nonempirical calcula-
tions indicate that this analysis neglects important
intra-atomic many-body effects and the assignment

arb. units
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FIGURE 2. CeO, 3d XPS with semiempirical Anderson
Model assignments for the charge transfer origin of
satellites.
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FIGURE 3. Embedded CeOg cluster to model CeO, and embedded LaO;, cluster to model LaAlO5. The atoms
explicitly included are shown with larger spheres while the embedding point charges are shown with smaller spheres.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

of the peaks to CT0, CT1, and CT2 configurations is
not correct.

In the next section, Theoretical Models, we dis-
cuss the models used to determine the wavefunc-
tions for the initial and final, ionized states and the
types of many body effects that are included in the
CI wavefunctions. We also describe the sudden
approximation [18, 19] (SA) model that we use to
determine the relative intensities of the different
XPS peaks. Finally, we comment on computational
bottlenecks for these calculations. In, Results and
Discussion, we present results for the 4s and 3d
XPS of CeO,. We also give rigorous definitions for
the atomic and extra-atomic relaxation energies,
Eg, and contrast the extra-atomic Ey for CeO, with
that for LaAlO; leading to a prediction of major
differences for the XPS of these two materials. In
particular, we argue that these differences arise
from the different character of the metal-O cova-
lent interaction between CeO, and LaAlO;. Finally,
we summarize our conclusions and project direc-
tions for future research for the XPS of these and
other lanthanide and actinide materials.

2. Theoretical Models

Figure 3 illustrates the embedded CeOg and
LaO;, clusters used as models for the ionic crys-
tals. The central metal cation and its nearest

neighbor O anions are treated explicitly and point
charges with the values of the nominal ionicities
of the anions and cations are placed at the first
few shells of next-nearest neighbors of the central
cation. The total number of electrons used for the
clusters is also chosen based on these nominal
ionicities. We have experimented with different
sets of point charges and found that the results
for the XPS E,q and I, do not change signifi-
cantly. For these clusters, we have used a modi-
fied version of the DIRAC program system [20]
for relativistic wavefunctions (WFs). We have
obtained optimized four-component spinors for
the initial, unionized, and the final, ionized, con-
figurations where an electron is removed from
one of several different core shells of the metal
cation; thus, orbital relaxation in response to the
core-hole is taken into account [5]. The WFs for
the closed shell initial states are one configura-
tion. For the final states, we include many-body
effects with CI WF’s. The intra-atomic and intera-
tomic configurations included in the CI WF’s are
described in detail below. Fully uncontracted ba-
sis sets were used where the metal atom basis
sets are taken from the compilation of Dyall avail-
able at the Dirac web site (http://wiki.chem.
vu.nl/dirac/index.php/Dirac_Program); the oxy-
gen basis set is the same as used in previous
studies of MnO [5] and UO, [21]. The theoretical
methodologies used are described in Refs. [5, 21].
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Although we place our results in the context of
previous semiempirical studies [8], we stress that
all the results that we present are based on rigor-
ous WF theory. These results do not contain semi-
empirical parameters to adjust or modify the
directly calculated energies and intensities.

For the interatomic many-body effects, we
include configurations where one or two electrons
are taken from the dominantly O(2p) spinors and
placed into an unoccupied cation spinor, either 4f
or 5d; we have denoted these charge transfer con-
figurations as CT1 and CT2, see above. In this
context, we point out that semiempirical analyses
and calculations for lanthanide oxides [7, 8] have
been restricted to CT to the cation 4f orbital and
have not included CT to the cation 5d orbital. As
we show below, CT to the 5d is important for cer-
tain satellites. To reduce the size of the CI WFs,
we have excluded CT configurations whose ma-
trix element with the reference, CTO, configura-
tions is zero by symmetry [4]. For the CT1 config-
urations, we are able to include all symmetry
allowed configurations in our CI WFs. However,
the number of CT2 configurations is too large if
we include all allowed configurations and we
have used subsets of the possible CT2 configura-
tions. The choices of these subsets were based on
orbital symmetries, orbital energies, and the cova-
lent character of the dominantly O(2p) orbitals.
The consequences for the predicted XPS spectra
from choosing different orbital subsets for the
CT2 configurations has been examined and it has
been found that, in some cases, the choices may
lead to quantitative differences in our XPS predic-
tions, as discussed later.

For the intra-atomic many-body effects, our
choice of configurations is based on redistribu-
tions of electrons over nearly degenerate orbitals,
usually within the shell that contains the core
hole. This treatment of static correlation effects
[11, 12] leads to major changes in the energy sepa-
ration and in the number of intense XPS peaks [9,
17, 22]. Of particular importance for many of the
core-holes are distributions for which we have
coined the term Frustrated Auger Configurations
(FACs) [9]. We explain our logic for this terminol-
ogy by reference to representative FACs for the 4s
and 5s hole configurations of Ce*" in CeO, shown
in Figure 4. For example, for the Ce 5s-hole, the
FAC is a configuration where two 5p electrons
are moved, one down in energy to fill the 5s shell
and on higher in energy into an orbital in the
empty 5d subshell. It is this motion of one elec-

—————— 4f
- > —eH—tHH— 4p
—H— 5s 'I I 4

For 5s-hole: 5p2 — 5s5d For 4s-hole: 4p4d — 4s4f

FIGURE 4. Representative frustrated Auger configura-
tions for the 5s and 4s hole states of CeO..

tron to a more strongly bound orbital and one to
a less strongly bound orbital that is the basis of
the analogy to an Auger transition. The term frus-
trated is used because the electron that moves up
in energy is still in a bound orbital, while in an
Auger transition, this electron is excited into the
continuum. In the classification scheme intro-
duced by Sinanoglu [23], this would be described
as an internal excitation as all electrons remain a
shell with the same principle quantum number;
see also Ref. [24] for the use of this classification
to describe excited states. For the Ce 4s-hole, the
FAC shown in Figure 4 involves moving an elec-
tron down in energy to fill the 4s subshell and
moving an electron up in energy into the empty
4f subshell; this FAC is also an internal excitation.
However, FACs are not restricted to internal exci-
tations and can also involve semi-internal excita-
tions; such FACs have been shown to be impor-
tant for the XPS of transition metal oxides [9, 22].

For the calculation of the intensities of the XPS
transitions, we use the Sudden Approximation,
SA, originally formulated by Aberg [18, 19]. In
this approximation, the I, is given as the square
of the overlap integral between two N — 1 elec-
tron WFs. The intensity for the ith N — 1 electron
final state, denoted WH(N — 1), when an electron
is removed from the kth core subshell of the ini-
tial state WF denoted W!(N), is given by:

. 2
Irel(lak) = ‘< aklPI(N)PPf(N - 1)7 >’

D
where 4 is an annihilation operator that removes
an electron from the kth subshell of W/(N). The SA
also involves summation and averaging over
degenerate or nearly degenerate initial and final
states, which is not shown in Eq. (1). The SA is
exact for very large photon energies but the
approximation is valid for photon energies within
~100 eV of the ionization threshold [14, 19]. The
SA I include the XPS intensities arising from CI
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mixing as well as the normally relatively weak
shake satellites that arise from orbital relaxation.
Because of the final state relaxation, the orbitals of
the initial and final states are not orthogonal to
each other. In the calculation of the SA overlap
matrix element in Eq. (1), we have taken this non-
orthogonality fully into account using the method
of cofactors [25]. As pointed out in the Introduc-
tion, the division into CI and shake satellites is not
entirely unique; thus, the use of the SA which gives
the intensity for both types of satellites is impor-
tant. The SA I, obtained from Eq. (1) are broad-
ened with a Voigt profile [26] for the purposes of
direct comparison of our theoretical predictions
with experiment. In the present work, as discussed
below, we have used only a Gaussian broadening,
to minimize the parameters used for the fit.

We close this section by making an estimate of
the number of determinants for the CT configura-
tions for the 3d XPS for the CeOg cluster model of
CeO,. For this core-hole atomic near degeneracies
are not present and we need only take the num-
ber of CT determinants into account. For this esti-
mate, we consider only the g and u spinor sym-
metries and the CI symmetries of Kramers pairs
implemented in Dirac (http://wiki.chem.vu.nl/
dirac/index.php/Dirac_Program); while use of
higher symmetries will reduce the number of con-
figurations, the rapid increase of determinants
required for the full treatment of CT effects is
clear with this limited symmetry decomposition.
There are 10 XPS-allowed determinants corre-
sponding to removal of one of the 10 3d spinors;
these 10 determinants have configurations that
can be written as 3d94f05d00(2p)48, where we ex-
plicitly show the occupations of the Ce 4f, and 5d,
and the O(2p) shells. Taking into account the
Kramers pairs, the 10 determinants are treated in
two Cls of the order 5. The 48 O(2p) spinors are
divided into 24 g and 24 u spinors. For single CT,
it is only symmetry allowed to move an O(2p,) to
a 4f spinor or an O(2pg) spinor to a 5d spinor.
With this reduction due to g and u and with the
factor of two from the Kramers CI symmetry, the
two CIs for the XPS allowed CTO and the CT1
determinants are of the order 2,885. This is still
an easily manageable number of determinants for
a CI calculation. However, for the double CT, the
numbers of determinants increase dramatically.
The symmetry-allowed transfers involve taking
(24) x (23)/2 = 276 pairs of O(2p,) or O(2p,) and
placing them either in two 4f or two 5d spinors
or they involve taking 552 pairs of one O(2pg)

and one O(2p,) spinor and placing them into one
of 140 pairs of one 4f and one 5d spinor. Taking
the Kramers CI symmetry into account, the num-
ber of determinants for each CI is now almost
750,000. While it is not particularly difficult to
diagonalize a Hamiltonian matrix of this order for
one or a few roots, the XPS studies require that
the Hamiltonian be diagonalized for many roots,
easily over an energy range of 40 eV, as can be
seen from Figure 2. The complete diagonalization
of a matrix of order 750,000 will be very demand-
ing of computational resources. Furthermore, the
CI for other materials where the cation has non-
zero occupation in an open f or d shell is orders of
magnitude larger as the spectator electrons in the
open shell dramatically increase the number of
determinants that must be included so that angu-
lar momentum recoupling of the atomic open
shells is taken into account [5, 17]. Furthermore,
the magnitude of the problem becomes even larger
if we wish to include the dynamic electron correla-
tion effects that are necessary if an accuracy of
~0.1-0.25 eV in the XPS E, is desired. Clearly, the
immense ClIs needed for the calculation of many-
body effects in core-level spectra is the major bot-
tleneck for the accurate theoretical prediction of
XPS spectra and methods must be found to reduce
the active orbital and configuration spaces. Efforts
in this direction are presently in progress.

3. Results and Discussion

We review first our theoretical results for the Ce
4s XPS of CeO, [4], where theory and experiment
are compared in Figure 5. For the many-body
effects, we included the FAC shown in Figure 4,
a major subset of the CT1 and CT2 interatomic
configurations, as well as cross terms where one
electron makes an intra-atomic excitation and one
makes an interatomic CT excitation. Further, we
checked that the XPS was fairly well converged
with respect to the CT2 subset included in our
CI WFs [4]. The theoretical I.., were broadened
with Gaussians of 3.0 eV full width at half maxi-
mum (FWHM) to include the inherent and experi-
mental broadening of the final ionic states. The
experimental XPS shown in Figure 5 include the
subtraction of a Tougaard-type background [4].
Three of the four theoretical features, labeled A to
D in the Figure 5, can be directly correlated to the
XPS; the main peak and the two intense satellites
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FIGURE 5. Theory and experiment for the 4s XPS of
CeOs,. For the theory, intense individual XPS peaks and
the envelope of all peaks are shown. The experiment
shown in the top curve was measured at the BESSY
synchrotron; see Ref. [4]. [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com.]

reproduce the main experimental features. The cal-
culated E, of features B and C are too large by ~3
eV because, with the single orbital set that we have
used for our CI WFs, we do not treat the energies
of CT configurations as accurately as those without
CT [27, 28]. As shown below, Feature A is domi-
nated by CTO configurations while features B and
C are dominated by CT1 configurations and, hence,
our computed E, are somewhat too large. Finally,
the weak shake-up satellite at E, ~ 24.5 eV is asso-
ciated with the intensity in the high BE tail of the
XPS. Overall, the agreement of the theory and
experiment is quite good, especially considering
that we have not included dynamic correlation
effects and that we have used a limited set of orbi-
tals preferentially optimized for the CTO configura-
tions. This agreement provides substantial support
for the correctness of our analysis of the nature of
the states that contribute to the different XPS struc-
tures. Before we turn to this analysis, we note that
comparing Figure 2 for the 3d XPS with Figure 5 for
the 4s XPS, it is clear that there are important simi-
larities. There are triplets for the 4s and for each of

TABLE Il

TABLE |

Analysis of the CT character of selected 4s-hole
states. For each state, the E, and the weights of
configurations, Wht(CT0), Wht(CT1), and Wht(CT2),

are given.

Feature E. (V) Wht(CT0O) Wht(CT1) Wht(CT2)
A +0.0 0.95 0.01 0.05
B +8.6 0.01 0.85 0.14
C +16.8 0.01 0.83 0.16
D +24.4 0.00 0.66 0.34

the pairs of 3d peaks. Furthermore, the energy
spread of the triplets is similar for the 3d and the 4s
XPS and, in both cases, the most intense peaks are
the high and low binding energy features. This
gives confidence that the conclusions drawn for the
electronic structure of the 4s XPS are also relevant
for other regions, in particular, the 3d XPS. Later in
this section, we will directly test this claim through
our preliminary calculations for the 3d XPS.

We consider the character of the 4s-hole final
states with the data shown in Tables I and II for
the WFs of representative states in features A
through D. In Table I, we give the weights of the
configurations without CT, denoted Wht(CTO0),
with single CT, denoted Wht(CT1), and with dou-
ble CT, denoted Wht(CT2). These three weights,
which include CT to Ce(4f) as well as to Ce(5d),
must sum to 1.0. In Table II, we give, for the
same representative states shown in Table I, the
occupations of important Ce orbitals [N(i)] and of
the O(2p) orbitals where we give AN(Oy), the
change from the nominal occupation of 48, to
show directly the extent of the charge transfer.
These occupations are defined as expectation val-
ues of the number operators for the different orbi-
tals. Since there is some covalent mixing of the
O@2p) and the Ce 4f and 5d orbitals, the N(4f),
N(5d), and AN(O,,) values actually represent the
occupations of the covalent bonding and

The occupations of the Ce and O 2p orbitals, denoted N(nl) and AN(O-2p), in the WF’s of the selected states

shown in Table I; see text.

Feature N(4s) N(4p) N(4d) N(4f) N(5d) AN(O-2p)
A 1.10 5.90 9.90 0.19 0.00 -0.10
B 1.01 5.99 9.99 1.14 0.00 -1.13
C 1.00 6.00 10.00 1.13 0.02 -1.15
D 1.00 6.00 10.00 0.70 0.65 -1.34
2758 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY DOI 10.1002/qua  VOL. 110, NO. 15
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antibonding combinations determined in our or-
bital variations. However, as the same orbitals are
used for all states, the trends in occupations are
meaningful. The main peak at E,.; = 0, feature A, is
dominated by the contribution of a single final
ionic state while there are a few states contributing
to each of features B, C, and D. However, the elec-
tronic characters of the different states contributing
to features B to D are reasonably similar. Thus, it is
sufficient to give the data for a single representative
state in each of the features. We have chosen the
state with the largest SA I, as the representative
state.

A striking feature from Table I is that the main
peak, Feature A, arises from a state dominated,
with a weight of 95%, by determinants that do not
involve charge transfer. The satellite peaks, on the
other hand, have very little contribution from con-
figurations without CT. For feature B, Wht(CT0) =
0.012 is the largest weight of configurations with-
out CT for the satellites shown in Table I. Finally,
we note that the contribution from double CT,
Wht(CT2), to the XPS, while it is not negligible, is
not especially large. These three conclusions,
obtained from rigorous theory, are in direct contra-
diction to the results of semiempirical Anderson
model calculations [7, 8]. In the Anderson model
calculations, the intense feature with the highest
E.e1, corresponding to our Feature C is found,
incorrectly, to be dominated by configurations
without CT. On the other hand, single and double
CT configurations are claimed to contribute in
comparable amounts to the two lower BE peaks,
our features A and B. Insight into the character of
the 4s-hole states comes from the occupation num-
bers given in Table II. The Ce 4s, 4p, and 4d occu-
pations change from the ideal values of 1, 6, and 10
because of atomic many body effects; i.e., from the
FAC, see Figure 4. For the main peak, feature A,
the atomic many body effects involve moving 0.1
4p electrons into the 4s shell and 0.1 4d electrons
into the 4f shell. There is a CT of another 0.1 elec-
trons from O 2p into the Ce 4f and there is no CT
into Ce 5d. All of the 4s satellites are dominated by
CT with very little intra-atomic contributions. See
Ref. [4] for further details.

We now present preliminary results for the 3d
XPS. In Figure 6, we show the XPS for three dif-
ferent CI treatments; here the calculated I, were
broadened with a Gaussian of 1.6 eV FWHM. The
top figure is for only the 10 3d-hole configura-
tions where only spin-orbit splitting is included
and there is no CT. There is a small splitting of
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FIGURE 6. Theory for the 3d XPS of CeO, showing in
I, the hole state with no many-body effects included, in
I, the inclusion of single charge transfer configurations,
and in lll, the inclusion of some double charge transfer
configurations. Intense individual XPS peaks as well as
the envelope of all contributions are shown. [Color
figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

VOL. 110, NO. 15  DOI 10.1002/qua

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 2759



NELIN ET AL.

TABLE llI

Analysis of the CT character of selected 3d-hole
states. For each state, the E, and the weights of
configurations, Wht(CT0), Wht(CT1) and Wht(CT2),
are given.

Eo Wht Wht Wht
Feature State (eV) (CTO) (CT1) (CT2)
A 5/2 +0.0 0.40 0.37 0.23
B 5/2 +7.2 0.00 0.37 0.63
C 5/2 +12.0 0.02 0.77 0.22
D 3/2 +18.8 0.51 0.26 0.23
5/2 +19.8 0.00 0.99 0.01
E 3/2 +26.2 0.01 0.16 0.84
F 3/2 +30.9 0.00 0.95 0.05

the 3ds,, peak into a doubly degenerate and a
nondegenerate state due to the ligand field; how-
ever, the I, for the 5/2 and 3/2 XPS peaks have
the expected 6:4 ratio. The spin-orbit splitting is
calculated to be 19.1 eV, about 0.5 eV larger than
the splitting in the experimental XPS, see Figure
2. The center curve in Figure 6 is where the full
set of single CT determinants has been added. It
is clear that this leads to dramatic changes in the
XPS and there are now multiple intense peaks for
the 5/2 and 3/2 spin-orbit split features. How-
ever, the peaks arising from 3ds,, and 3d;,, ioni-
zation continue to be separated by 19.1 eV. The
third curve is where a partial set of double CT2
configurations have been added to the CI WFs.
There are still further major changes to the pre-
dicted XPS and it now shows some resemblance
to the observed Ce 3d XPS. Although there are
still significant differences, our spectra do contain
two sets of triplet peaks as in the experiment. Fur-
ther, the spin-orbit splitting of the most intense
3ds/, and 3ds,, peaks is reduced somewhat and
is closer to the experimental separation in Figure
2. Furthermore, the separation of the 3ds,, and
3d;3/, features is not as complete as for the two
previous curves in the figure. The feature labeled
D in the figure has contributions from states
where dominant ionization is 3ds,, and from
others where the dominant ionization is 3ds/».
While, it is clear that we have not included a suf-
ficiently large set of interatomic many body terms
to reach convergence for our description of the Ce
3d XPS, it is valuable to analyze the WF’s for our
largest CI where both single and double CT con-
figurations have been included in the CI. While
we expect that the quantitative features of our

results will change when we include more terms
in the CI, in a direction that will improve the
agreement with experiment, we do not expect the
general qualitative characters of the final states to
change. Of course, this expectation must be justi-
fied with more complete CI WFs.

In Tables III and IV, we present results for rep-
resentative 3d-hole states that parallel the data
presented for the 4s-hole states in Tables I and II.
In Table III, we give the weights of the different
CT configurations, Wht(CT0), Wht(CT1), and
Wht(CT2). In Table IV, we give the orbital occu-
pations for Ce orbitals, N(3d), N(4f), and N(5d),
and for the loss of occupation of the Oy, orbitals,
AN(O,;), where these occupations are defined in
the same way as for the 4s-hole states. For feature
D, we include two representative states, one for a
dominantly 3ds,,-hole and the other for a domi-
nantly 3ds,,-hole; it is easy to see from the tables
that these two states have a different character
from each other. For the other features, only a sin-
gle representative state is given. There are similar-
ities and differences between the characters of the
states for the 3d and the 4s XPS.

In Table III, we see that the 5/2 and 3/2 states
with the lowest energy have the only large contri-
butions from configurations without CT while the
states with higher BE have almost no contribution
from configurations without CT. This is similar to
what was found for the 4s-hole states and it is in
direct contradiction to the results of semiempirical
calculations [7, 8]. However, there is a greater mix-
ing of the CTO with CT1 and CT2 configurations
for the lower BE 3d-hole features than for the 4s-
hole states. While for the 4s-hole states, only a sin-
gle state contributed to the lowest BE feature A,
see Figure 5, several states contribute to feature A
for the 3d XPS. These additional states will allow
the intensity from the configurations without CT to

TABLE IV

The occupations of the Ce and O 2p orbitals,
denoted N(nl) and AN(O-2p), in the WF’s of the
selected states shown in Table lll; see text.

Feature N(@3d) N4 N(5d) AN(O-2p)
A 9.0 0.82 0.00 —0.82
B 9.0 1.63 0.00 ~1.63
C 9.0 1.20 0.01 ~1.20
D 9.0 0.70 0.02 ~0.70
9.0 0.21 0.81 ~1.01
E 9.0 1.84 0.00 ~1.84
F 9.0 1.03 0.01 ~1.03
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be recovered in the 3d XPS. There is also a much
greater importance of CT2 configurations for the
3d-hole states than was found for the 4s-hole
states. It is possible that these differences could be
due to a different and more complete screening of
the deeper 3d core-hole than for the 4s-core hole.
Our initial examinations of the O(2p) orbitals for
the 3d-hole configuration shows a greater degree
of covalent mixing of the O(2p) with the nominally
empty Ce 4f and 5d orbitals. However, this appa-
rently greater screening for the Ce 3d-hole needs
to be investigated in more detail before firm con-
clusions can be drawn. The orbital occupations in
Table IV show additional evidence for differences
between the 3d-hole and 4s-hole final states. As no
intra-atomic many body effects were included in
the 3d-hole CI wavefunctions, the 3d shell occupa-
tion is exactly N(3d) = 9. Furthermore, CT to the
Ce 5d orbital is significant only for the highest BE
3ds,, hole state considered in feature D. It is possi-
ble that this is related to the covalent mixing for
the screened final state orbitals is between the
O(2p,) spinors with the Ce 4f spinors. Finally, the
greater importance of the double CT configura-
tions can be seen from the larger values of AN(O,,,)
for the 3d-hole states than for the 4s-hole states.
For example, for the representative state shown for
Feature E, AN(O,) is almost —2 consistent with
the weight of CT2 configurations, 0.84, in this state,
shown in Table III. Overall, the differences
between the results for the 4s-hole and 3d-hole
states strongly suggest that the concept of a generic
core-hole state, used in the semi-empirical calcula-
tions [8] may be an oversimplification.

Another way to quantify the screening of hole
states is to examine the relaxation energy, Eg,
defined rigorously [1] as

Er(k) =E(Koopmans' Theorem,k) — E(ASCF, k) >0,
2)

where E(Koopmans’ Theorem,k) and E(ASCEF,k)
are the energies for the frozen orbital and the
fully relaxed variational solutions, respectively,
for removal of an electron from the kth subshell.
The inequality Eg > 0 holds rigorously as a conse-
quence of the variational principle and, for closed
shell systems, E(Koopmans’ Theorem, k) = —e&
where ¢ is the Hartree-Fock orbital energy for the
kth subshell. It is possible to divide Eg into atomic
and extra-atomic contributions [29]. For the spe-
cific example of atomic and extra-atomic contribu-
tions to Eg for the embedded CeOg cluster model

TABLE V

The relaxation energy and extra-atomic relaxation
energy, in eV, for the 3s-, 4s-, and 5s-hole states for
CeOj; cluster and Ce** atom are given.

Hole CeOg Ce** Extra-atomic
5s 3.1 0.7 2.4
4s 10.1 4.9 5.1
3s 21.4 151 6.4

of CeO,, the contributions are defined as follows.
The atomic relaxation is the relaxation, from Eq.
(2), for ionization of the isolated Ce*" cation,
Egr(Ce** k) and the relaxation, including the extra-
atomic screening, is Eg(CeOgk). The extra-atomic
relaxation is simply the difference of these two
relaxation energies, Eg(extra-atomic) = Egr(CeOs)
— Eg(Ce™). The extension of this definition to the
La XPS for the LaO;, cluster model of LaAlO; is
straightforward. The value of the extra-atomic Eg
is that it should provide a guide for the impor-
tance of CT satellites in the XPS. If the extra-
atomic Egr is small, the chemical interactions,
including the covalent bonding, in the final, ion-
ized states is quite similar to the chemical interac-
tions and bonding in the initial, unionized state
and it is reasonable that shake satellites [18] and
CT satellites will have a weak intensity. On the
other hand, large extra-atomic Er values would
be a clear indication of greater screening and
greater chemical changes between the initial and
final states; hence, one would expect that CT con-
figurations might obtain much more intensity.

For the Ce 5s, 4s, and 3s hole states of CeOg,
values of the atomic and extra-atomic Er are
given in Table V. The atomic and the cluster Eg
increase substantially going to the deeper core
levels. This is not surprising since there is a
greater contribution from the contractions of the
atomic valence and core levels as can be seen
from the fact that the atomic E for Ce** increases
from 0.7 eV for a 5s-hole to 15 eV for a 3s hole.
The increase of the atomic Eg for deeper core-lev-
els is not at all unexpected and has been known
for decades [30]. However, the extra-atomic Egr
also increases substantially as one goes from shal-
low to deep core-holes; from Table V, the increase
is more than a factor of 2.5 going from a 5s-hole
to a 3s-hole configuration. In other words, the
deeper core holes cause greater chemical changes
and lead to greater screening of the cation core-
hole by the ligands. This is fully consistent with
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TABLE VI

The relaxation energy and extra-atomic relaxation
energy, in eV, for the 4d and 3d hole states for the
Ce** and La®* atoms and CeOg and LaO;,
clusters.

Extra-
atomic

Hole Ce** La®* CeOg LaOy, Ce La

4d 4.1 4.3 8.4 6.0 4.3
3d 16.7 17.0 22.8 18.8 6.1

our discussion above about the greater impor-
tance of CT configurations for the 3d XPS than for
the 4s XPS of CeO,. The greater screening of
deeper levels is also found between 3d and 4d
ionic configurations.

In Table VI, we compare the Er for 3d-hole
and 4d-hole configurations of CeOg and LaO;;
embedded cluster models of CeO, and LaAlO;,
respectively. The Ce*" and La®" lanthanide cati-
ons in these compounds are isoelectronic, both
having empty 4f shells, and one would expect
similar chemistry for the two compounds and,
hence, similar extra-atomic values for Eg. Indeed
since the coordination of the La cation in LaAlO;
is larger than the coordination of the Ce cation in
CeO,, one would expect the extra-atomic Er to be
somewhat larger for the La than for the Ce com-
pound. However, we find exactly the opposite.
The atomic Eg are very similar for Ce*" and La®"
exactly as one would expect for these isoelectronic
cations. Furthermore, the extra-atomic relaxations
are larger for the 3d-hole configuration than for
the 4d-hole configuration as we found for the 3s
and 4s-hole extra-atomic Ez. However, the extra-
atomic relaxations for the La d-hole configura-
tions are similar for the 3d and 4d holes and are
much smaller than the values for Ce. This is a
strong indication of a very different, much
reduced, chemistry between La and O than
between Ce and O. This reduced chemistry would
lead us to expect much less intense XPS satellites
due to CT for the La compound than for the Ce
compound. We have used the CI WF’s that
include only spin-orbit splitting to estimate the
intensity that would be lost to shake satellites
from the nd-hole states [18, 31]. For the Ce 4d-
holes, 28% of the intensity is lost to satellites
while for the 3d-holes, 62% of the intensity is lost
to satellites. This is quite consistent with the
results that we described earlier in this section for

the 4s and 3d satellite structure and it is consist-
ent with our prediction of greater satellite inten-
sity due to CT for deeper core-holes. Again the
situation is very different for the SA intensity lost
to satellites for the 3d and 4d holes of La in
LaAlQO;. The intensity lost for 4d-holes to satellites
is only 11% about 1/3 of the losses for Ce and the
intensity lost for the La 3d-holes is only slightly
larger at 15%, which is only 25% of the intensity
lost for the Ce 3d-holes. This is consistent with
our analysis of the extra-atomic Eg and lends sup-
port to our prediction that the La 3d and 4d XPS
for LaAlO; will be much less complex that those
observed for CeO, [7]. Furthermore, we believe
that an important contribution to differences in
the final state extra-atomic Egr may arise from dif-
ferences in the initial state covalent bonding in
these two compounds. When this relationship to
initial state covalency can be established, it would
be an important step forward in our goal of
directly linking the complexity of the XPS with
the ground state chemistry of the system.

4. Conclusions

One important conclusion from our rigorous
calculations using DF and CI WFs is that results
obtained from semi-empirical calculations [8] may
be in error and must be viewed with caution.
This conclusion is especially important because
analyses based on these semiempirical calcula-
tions are commonly accepted [7] and there should
be a greater awareness that the assignments made
based on such analyses may not be correct. There
are three key differences between the results
obtained with our nonempirical WFs and those
obtained with the semiempirical Anderson model
calculations [8]. First, the energetic order of states
where configurations without CT are dominant or
important and states where configurations with
CT are dominant is reversed. While the semiem-
pirical results of Kotani et al. [8] predict that the
states dominated by configurations without CT
have the highest BEs within a group of states, we
find that they will have the lowest BEs and will
often correspond to the main peaks. It is worth
noting that similar claims about the energetic
order of states, based on considerations for
Anderson model Hamiltonians, have been made
for ionic transition metal compounds [32, 33];
thus it is possible that these semiempirical
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calculations have a systematic bias for the energies
of configurations that have CT. Second, we find
that atomic many-body effects may need to be
taken into account. It is possible to extend the
Anderson model Hamiltonian formulation to
include atomic many-body effects and this has
been done in treatments of the XPS of transition
metal oxides [32, 34]. However, atomic many-body
effects have not been included in the Anderson
model semiempiridal study of CeO, [8]. Third, we
find differences in the importance of CT configura-
tions for the energetic positions and, especially, for
the intensities of satellites depending on the core-
hole created. In part, we are able to explain these
differences in the XPS satellites in terms of the dif-
ferent extra-atomic screening of the core-hole con-
figurations with this relaxation being smaller for
the shallower core-hole configurations and larger
for deeper core-hole configurations.

Another important prediction that we make is
that the satellite structure will be very different for
what one might naively expect to be closely related
oxides of Cerium and Lanthanum because of the
different final state extra-atomic relaxation in the
two oxides. It will be important to understand
why these differences exist and to relate them to
the differences in the electronic structure of these
two materials. We have noted that screening
through orbital relaxation blurs the distinction
between shake and charge transfer satellites. It will
be important to resolve this blurred distinction,
especially since we have shown that extra-atomic
screening may provide a useful guide to the inten-
sity and complexity of the XPS satellite structure.
This distinction does not appear to have been ex-
plicitly treated in the extensive literature on the
complex XPS spectra of highly correlated oxides
and of other ionic materials.

There is considerably more effort required to
improve and make more realistic our theoretical
treatments of core-level XPS spectra, especially in
terms of refining definitions of the active configu-
ration and orbital spaces. However, the results
reported here, clearly show that these improve-
ments will enable us to reach the objective of
using and interpreting XPS spectra to understand
chemical bonding in these highly correlated
systems.
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