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Here we report the interpretation of all spectral features of Ce L; x-ray-absorption near-edge
(XANES) structure of CeO, over a 40 eV range. The local partial unoccupied density of states in the ini-
tial state and in the fully relaxed final state have been calculated by the full multiple-scattering approach.
The wave function of the excited electron in the final states of the Ce L;-edge XANES spectrum is found
to be determined by the multiple-scattering processes in a large size cluster formed by at least 45 atoms.
We predict, in good agreement with the experimental data, the crystal-field splitting of 5d states in the
final state A;=4.0%0.2 eV and its variation from the initial to the final state. The many-body final
states for the 2p — 5,ed transition, arising from the configuration interaction due to mixing of Ce 4f and
O 2p valence orbitals, have been calculated taking into account the crystal-field splitting of the 5,ed
states and they give a full explanation for the low-energy shoulder on the Ce L; x-ray-absorption spec-
trum white line that was the object of a long-standing discussion. The origin of the pre-edge peak at
about 10 eV below the white line maximum is explained as due to transitions at the bottom of the con-
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duction band.

1. INTRODUCTION

The Ce atom is in a crossover region between elements
(higher-Z elements) that keep the atomiclike character of
f orbitals in condensed matter that form localized states,
and elements (lower-Z elements) that form delocalized
states.! The electrons in CeO, are at the borderline be-
tween localized and bandlike behaviors. In fact, evidence
of large mixing of metal f and oxygen 2p orbitals has
been found from theoretical linear augmented plane wave
(LAPW),> linear muffin-tin orbital (LMTO) band-
structure,> and molecular-orbital calculations for CeOy
cluster.* Starting from the pioneering work of Vain-
sthein, Blokhin, and Paderno,” high-energy spectros-
copies [x-ray photoemission (XPS), x-ray-absorption
near-edge structure (XANES),>®"!* and electron-
energy-loss spectra (EELS) (Refs. 15 and 16)] of the insu-
lating 4f compound CeO, have attracted considerable in-
terest. After long discussion'!!® it has been found that
the mixed valency of insulating CeO, in the final state is
due to the hybridization of Ce 4f and O 2p states in the
initial state. The main peak of Ce L, ; XANES in CeO,,
which is due to the 2p —5,ed transition, clearly shows
many-body final-state effects.’” In fact, L; XANES of
transition metals, actinides, and lanthanides exhibit a sin-
gle white line at the threshold which is due to a resonance
in the 2p —5d cross section modified by local density of
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unoccupied states, resulting in the 5,&d final state. Con-
versely, Ce Lj-edge XANES of CeO, exhibits a fine
structure, including two main white lines. Previously,’
Ce L; XANES data have been treated by a many-body
calculation in the framework of the Anderson impurity
model.'’~% Two main peaks in Ce L; XANES of CeO,
are shown to arise from many-body final-state effects due
to the mixing of multielectron conﬁgurations.9 However,
band-structure effects are not included in this model.
The low-energy shoulder of main line in Ce L; XANES
of CeO, and the pre-edge peak are still an unsolved puz-
zle. They were not obtained numerically in previous cal-
culations. Up to now, only qualitative interpretations
have been proposed: (1) shakedown satellites;® (2) a result
of the quadrupole transition (for prepeak);’ and (3) results
of the transitions to the depopulated, mixed Ce 5d -O 2p
states during the relaxation process (for the low-energy
shoulder).3

There are two main approaches to the interpretation of
the x-ray spectroscopic data: (i) in terms of many-body
configuration theory for a core transition to localized
electronic states, and (ii) in terms of the one-electron
band structure of the crystal for a core transition to delo-
calized electronic states.”>> The presence of two white
lines in CeO, L;-edge XANES was interpreted’ as a
breakdown of the one-electron description of a core tran-
sition, because these two peaks correspond to different
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many-body final-state configurations. Therefore, Ce L,
XANES of ionic systems have been interpreted mostly in
terms of atomic transitions including many-body final-
state effects, where the role of some important solid-state
effects was neglected. We propose that one needs to take
the band-structure effect into account while treating Ce
5,¢&d electronic states in CeQ,.

Ce L, XANES spectra probe the unoccupied density
of states of 5, ed and s symmetries selected by the dipole
selection rules. Considering only the Ce coordination
shell, the unoccupied 5d orbitals are expected to be split
by the ligand field of the eight oxygen atoms on the ver-
tices of the cube in the first-neighbor shell in e, and 7,
orbitals at lower and higher energies, respectively,
separated by the crystalfield energy splitting
A,<=—10Dq.21 Here we show that introducing Ce 5d
state crystal-field splitting in the initial state into the An-
derson impurity model results in the appearance of a
low-energy shoulder in the calculated Ce L;-edge
XANES of CeO,. We also show that the pre-edge peak
in Ce L;-edge XANES of CeO, is a result of the transi-
tion at the unoccupied states at the bottom of the CeO,
conduction band.

II. MULTIPLE-SCATTERING CALCULATION

Here we have applied the multiple-scattering approach
in real space to calculate Ce L; XANES of CeO,. In
spite of the relatively large number of K-edge XANES
full multiple-scattering analyses in various materials (see
for review, Refs. 22 and 23), only a few multiple-
scattering calculations devoted to L; XANES (Refs.
24-28) have been carried out.

The algorithm for full multiple scattering method we
used in this study was described earlier.”? For the calcu-
lation we use a fluorite-type structure with a lattice con-
stant equal to 5.411 A.%% The cluster of neighbor atoms
around a central Ce is divided into shells, as reported in
Table I. The muffin-tin radii and the muffin-tin constants
that we obtained according to our procedure for muffin-
tin potential construction®! are reported in Table II (both
for the unrelaxed potential, appropriate for the initial
state, and for the fully relaxed potential, appropriate for
the final state in the presence of the core hole). While
constructing the crystal potential we use the muffin-tin
approximation according to the Mattheiss prescription,
with an exchange parameter equal to 1.0. Atomic charge

TABLE 1. Structure of the five-shell cluster for CeQ,.

Coordination  Atom  Number Number Sphere
shell of atoms of atoms radii (A)
in shell in cluster
1 (0] 8 9 2.343
2 Ce 12 21 3.828
3 o 24 45 4.487
4 Ce 6 51 5.411
5 O 24 75 5.896
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TABLE II. The muffin-tin radii R ; (A) of the elements in-
cluded in CeO, and the muffin-tin constants — ¥V, (eV).

R, (A) —Vo V)
Atoms
Unrelaxed Relaxed Unrelaxed  Relaxed
Ce (central) 1.3998 1.4720 —21.358 —25.920
Ce (other) 1.3998 1.4720 —21.358 —24.771
(0] 0.9237 0.8710 —20.703 —25.647

densities were obtained with the help of the self-
consistent Dirac-Slater method.

We have analyzed Ce L; XANES by calculating the
expected absorption spectrum for one-electron transitions
from the 2p core level to the Ce 5d unoccupied states of a
large cluster of atoms including final-state effects. By us-
ing our approach, the crystal-field splitting of Ce 5d
states can be predicted and compared with experimental
data.

A first step in the multiple-scattering analysis of
XANES data is the determination of the minimum size of
the cluster of neighbor atoms around the absorbing Ce
atom, within which the scattering of the photoelectron
can reproduce the entire fine structure of XANES. In
Fig. 1 we report the results of a Ce L; XANES calcula-
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FIG. 1. Normalized x-ray-absorption coefficient for the Ce
L, edge of CeO, calculated in the fully relaxed final-state poten-
tial within clusters of different sizes. Contributions from the
two Al/==1 channels are included. Each spectrum is shifted
along the y axis by a value of 2.0 relative to the previous value.
The absorption coefficient has been normalized to the value of
the atomic absorption at high energies a,. The zero of the ener-
gy scale is chosen at the average fully relaxed interstitial poten-
tial (i.e., the muffin-tin zero) ¥, of the Ce atom. The vertical
dashed line marks the vacuum level position.
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tion for CeO, in the fully relaxed potential by considering
clusters of different size (the zero-shell cluster corre-
sponds to the atomic absorption). The spectrum is the
sum of the two Al=z=1 dipole-allowed channels. All
spectra have been normalized to the value of the absorp-
tion coefficient at high energy (above 40 eV) and shifted
along the y axis by the value of 2.0. The peak at about 11
eV above the energy of the muffin-tin zero appears only
when three or more shells are included in the cluster cal-
culation. The peak at the energy of 16 eV becomes a
well-pronounced feature with an intensity relative to the
main white line peak and the energy separation between
them in agreement with the experimental spectrum only
for the four- and five-shell clusters. Therefore we con-
clude that these low-energy peaks are a result of multiple
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FIG. 2. Calculated cross sections for O 1ls—¢p (a), Ce
1s—¢p (b), and Ce 2p —¢&d (c) transitions for the large-size clus-
ter (five shells) in the ground-state potential of CeO,. The zero
of the energy scale is chosen at the average interstitial potential
Vo of the central Ce atom for the ground-state potential. The
solid line shows the unoccupied states, the dash-dotted line the
occupied states. Atomic cross sections (i.e., for zero-shell clus-
ter) are shown by dashed curves.
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scattering of the excited photoelectron within a cluster of
large size (not less than about 45 atoms), showing that the
final state reached in the core transitions (the white lines)
is not a simple atomic or molecular state. We must stress
that it is only on the basis of a multiple-scattering calcu-
lation within a cluster of large size that we succeed in ob-
taining the presence of additional low-energy features at
11 and 16 eV. These low-energy shoulders were not ob-
tained numerically in previous calculations. There have
been only a few attempts to interpret them qualitatively
as shakedown satellites,® or as due to a quadrupole
(prepeak at 11 eV) or to a depopulation of mixed
Ce 5d -0 2p states during the relaxation process.

In order to understand the origin of the experimental
features in Ce Ly XANES spectra, it is important to cal-
culate the electronic transitions from different atoms and
at unoccupied states with different symmetries. XANES
calculations in the initial-state potential using a five-shell
cluster are reported in Fig. 2. The normalized absorption
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FIG. 3. (a) Calculated partial cross sections for dipole transi-
tions from the Ce 2p core level to 5d states, with angular
momentum m;=0 (crosses), m;=1 (diamonds), and m,=2
(squares) in the initial-state (unrelaxed) potential for a cluster of
five shells. (b) Calculated partial cross sections for the Ce
2p—ed transitions to final states with angular momentum
m; =0 (crosses), m;=1 (diamonds), and m,;=2 (squares) for a
cluster of five shells in the fully relaxed potential. The zero of
the energy scale is chosen at the average interstitial potential ¥,
for the central Ce atom in the unrelaxed potential.
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coefficient data correspond to the Ce-projected partial 5d
density of states [see Fig. 2(c)] times the matrix element.
To complete the information about the distribution of
unoccupied electronic states in the CeO, crystal, we also
calculated the partial cross sections for Ce states of p
symmetry [Fig. 2(b)] as well as oxygen p symmetry [Fig.
2(a)]. These data have to be compared with results of
band-structure calculations.>® The advantage of our re-
sults compared with previous ones is that we have ana-
lyzed partial densities of unoccupied states separately.

The joint analysis of these curves shows a very interest-
ing effect of the mutual influence of p and d symmetry
states in the conduction band of CeO,. The electronic
states with p symmetry are pushed out of the energy in-
terval from 12 to 15 eV, where Ce 5d states are localized.
Previously such interaction was observed only between p
and d states in the valence band*? and for ligand p rare-
earth f states in the conduction band of NdS.>* This
kind of resonance interaction can be shown to be of great
importance in a large number of compounds.**

The method we used permits us to obtain partial cross
sections, corresponding to transitions of electrons with
different projections of angular momentum (m;=0, 1,
and 2). In Fig. 3(a) we report the partial cross sections,
calculated in the ground-state potential of CeO,. Ce 5d
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FIG. 4. (a) Calculated normalized cross sections for dipole
Al==1 transitions from the Ce 2p core level to &d states and to
€s states in the final-state (relaxed) potential for a cluster of five
shells. (b) Calculated Ce Lj;-edge XANES in CeO, within a
cluster of five shells in the fully relaxed potential, taking into ac-
count all the broadening factors, including the two Al==+1
channels.
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states are split in the cubic crystal field of eight oxygen
atoms into two degenerate low-energy e, levels: 5d, ,_ ,

(with m;=0 orbital angular momentum) and 5d,, (with
m;=2 orbital angular momentum); and three degenerate
high-energy ¢,, levels: 5d,,, 5d,, (i.e., two states with
m;=1 orbital angular momentum) and de2—y2 (with

m; =2 orbital angular momentum).

It is well known that final states in the x-ray-absorption
process are perturbed by the core hole—photoelectron in-
teraction, especially in the case of L, ;-edge XANES.?>26
In Fig. 3(b) we present the same partial cross sections as
in Fig. 3(a), but calculated in the fully relaxed potential of
the final state, including the core hole relaxation effect.
In the case of Ce L; XANES the core
hole—photoelectron interaction results in a relative ener-
gy shift of the absorption peaks. Therefore in order to
compare present calculations with experimental data we
performed multiple-scattering calculations in the fully re-
laxed potential using the Z + 1 approximation.

An important fact that can be extracted by comparison
of Figs. 3(a) and 3(b) is that the line shape and energy
splitting of the white lines in the initial- and final-state
potentials are different. The crystal-field splitting mea-
sured as the splitting between the two lines is A; =3.5 eV
in the initial state and A,=4.0 eV in the final fully re-
laxed state. The final-state energy splitting A, can be de-
scribed as the crystal-field splitting of the Pr 5d levels of a
Pr impurity (at the Ce site) in the crystal; therefore it
must be different from A;.

According to dipole selection rules the electronic tran-
sition corresponding to Ce L; XANES includes two
Al=1=1 channels: 2p—ed and 2p —es. In Fig. 4(a) we
report calculations of the partial cross sections, corre-
sponding to these two transitions in the fully relaxed
final-state potential. Because of a small relative value of
the transition matrix element for the 2p —¢&s channel in
the near-edge energy region, the contribution of the
2p —es partial cross section to the total Ce L; XANES
spectrum of CeO, was found to be negligible.

In order to perform a direct comparison with experi-
mental data, one must take into account two factors: (1)
the filling of occupied states following the Fermi distribu-
tion; and (2) the broadening of experimental spectra due
to the core hole lifetime, the finite mean free path of the
photoelectron, and experimental resolution. The result-
ing broadening factor has been treated as contributing
the imaginary part of the complex muffin-tin potential.
We have used for the L; core hole bandwidth the value
of 2.5 eV;¥ for the mean free path of the electron, we
have taken the energy-dependent function obtained in
Ref. 36, and for the experimental energy resolution we
used the value of 1.0 eV. In Fig. 4(b) we present Ce L,
XANES in CeO, calculated within a cluster of five shells
in the fully relaxed potential, and taking into account the
convolution of these broadening factors, including the
two A/ =11 channels.

III. MANY-BODY TREATMENT

The electronic structure of the correlated CeO, system,
where there is a large mixing between localized 4f levels
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a) b)

FIG. 5. Pictorial scheme for the initial (a) and final (b) states
in CeO,.

and more delocalized O 2p levels, can be described by
mixing of the multielectron configurations: 4% and 4f 'L,
where L denotes a ligand (O 2p) hole. These two
configurations before hybridization are separated by the
charge-transfer energy A. The hybridization energy V
between the atomiclike localized 4f and delocalized O 2p
states determines the mixing between the multielectron
configurations. The electronic Coulomb repulsion U,
describes the correlation of localized f states. The final
state of Ce L; XANES is determined by the Coulomb in-
teractions U, between the 5d electron and the core hole,
and Uy, between the f electrons and the core hole, and
the Coulomb repuls1on U,s between the 5d and f elec-
trons. As was shown®’ within this formalism, one can
reproduce the two main peaks of experimental Ce L,
XANES in CeO, [ 4 and B in our notation in Fig. 5(c)],
but the low-energy features (C and D) were not obtained.

The full multiple-scattering predictions of the final
states of CeO, (Sec. II) show that the crystal-field split-
ting of Ce 5d states is larger than the width of 5d final
states and the experimental resolution. One needs to take
this effect into account in the analysis of L; XANES. We
have also succeeded in estimating crystal-field splitting
for both initial and final states of Ce L, absorption. Hav-
ing this information, we can expand the many-body ap-
proach,’ introducing the Ce 5d state crystal-field split-
ting. The general scheme of the present calculation was
the same as in Ref. 9, therefore here we present only the
set of parameters we have used. In Fig. 5 we show our
model for Ce L; XANES in CeO,, both in the initial
[Fig. 5(a)] and final [Fig. 5(b)] states.

Two Ce 5d bands split by the crystal field f =4 eV are
simulated by two sets of discrete levels: one for e, and
another for ¢,, orbitals, with the ratio of the band density
of states 2:3. The energy separation between the 4f level
eof and the center of the O 2p valence band is assumed to
be 1.6 eV. The value of U;;=10.5 eV (in agreement with
findings from XPS core spectra‘g) has been assumed to
describe the ground state. The value of Uy, =12.5 eV
was determined from Ce (3d) XPS spectra as represented
in Ref. 19. U, =4 eV and U,,=3 eV were used. The
oxygen 2p bandwidth W, in CeO, was taken to be 3 eV
[see Fig. 2(a)], in agreement with band-structure calcula-
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FIG. 6. (a) Second derivative of the experimental Ce L,
XANES in CeO,. (b) Experimental Ce L; XANES in CeO,
from Ref. 9. (c) Calculated spectrum of many-body final states
in the frame of the Anderson impurity model, including the
crystal-field splitting of the 5d final states. (d) Approximate

‘simulation of the convolution of the two main photoabsorption

channels in the potentials of two many-body configurations of
the relaxed N —1 passive electrons 4f'L and 4% (neglecting
4f2L?) obtained by summing two one-electron spectra (includ-
ing the two A/=x=1 channels), obtained by multiple-scattering
calculations [Fig. 4(b)] with relative weights 0.66 and 0.33, re-
spectively, and energy separation of 7 eV. The theoretical spec-
tra in (c) and (d) have been aligned to the energy position of the
experimental peak B.
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tions.>®> To take this effect into account, we treat the
valence band as a finite system consisting of six discrete
levels, being situated within an energy interval of 3 eV
around the center of the band. The spectral broadening
due to the finite lifetime of the core hole was introduced
by an additional broadening term equal to 2.5 eV. In this
many-body treatment we neglect the contribution of the
p —s channel.

In Fig. 6 we show experimental Ce L, XANES in
CeO, from Ref. 9 [Fig. 6(b)] and its second derivative
[Fig. 6(a)]. The result of the many-body calculations is
presented in Fig. 6(c). As far as one can see, the develop-
ment of the previous model,’ by the introduction of the
crystal-field effect, results in a good agreement between
theoretical and experimental spectra and supports the in-
terpretation of the low-energy shoulder C in Ce L,
XANES of CeO, as being due to the crystal-field splitting
of Ce 5d states.

The pre-edge structure, labeled D, is not reproduced by
the many-body calculation. The reason is that here we
have not fully introduced the band character of Ce d
unoccupied states in CeO,, and, particularly, the max-
imum of d states at the bottom of the conduction band
[labeled CB in Fig. 4(b)], which appears to be a result of
multiple scattering of the photoelectron within large size
clusters (at least 45 atoms), including two shells of oxygen
atoms. This feature is therefore assigned to final states
with delocalized d character at the bottom of the conduc-
tion band.

In order to reproduce the full experimental spectrum,
we can describe, in a first approximation, the CeO, spec-
trum as arising from the convolution of two channels cor-
responding to transitions 2p —¢&d in the two relaxed po-
tentials of the two main many-body configurations of the
N —1 passive electrons 4f° and 4f 'L (neglecting 41>L?).
Therefore in Fig. 6(d) we have plotted the convolution of
two calculated spectra for one-electron transitions
separated by 7 eV, and with a relative statistical weight
from 0.66 to 0.33. As one can see in Fig. 6(d), the agree-
ment of the model’s theoretical spectrum with the experi-
mental one is good enough. It is clear that the quantita-
tive prediction of the Ce L; XANES spectrum requires
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one to introduce the fine structure of the full partial den-
sity of d states in the CeO, conduction band into the An-
derson impurity model.

In conclusion, a combined study of the Ce L, x-ray-
absorption near-edge structure of CeO, based on both
multiple-scattering analysis and many-body treatment in
the framework of the Anderson impurity model, includ-
ing the crystal-field splitting effect, has been carried out.
We have shown that the crystal structure effects influence
Ce L, absorption near-edge structure in CeO,. The wave
function of the excited electron in the final states of the
Ce L;-edge XANES spectrum is found to be determined
by multiple-scattering processes in a large size cluster
formed by at least 45 atoms. The partial distributions of
Ce-projected unoccupied states in the ground state with p
and d (t,, and e,) symmetries and O p symmetry in the
conduction band of CeO,, have been calculated. The
crystal-field energy splitting in the initial state A; is found
to be about 3.5 eV. Agreement between calculated
(A;=4.0%0.2 V) and experimental (A;=3.7% 0.5eV)
crystal-field energy splittings for Ce 5d final states in L,
spectra is found. It was shown that crystal-field splitting
of Ce 5d states plays the key role in the formation of a
low-energy shoulder in Ce L;-edge XANES of CeO,. A
low-energy prepeak in Ce L;-edge XANES of CeO, has
been found to be due to the multiple scattering of the
photoelectron within a cluster of large size (45 atoms), in-
cluding at least two shells of oxygen atoms.
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