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Pressure-induced changes in L«& x-ray-absorption near-edge structure of Ce02 and CeF4.
Relevance to 4felectronic structure
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X-ray-absorption near-edge structure (XANES) studies were performed at the Lni thresholds
of Ce02 and CeF4 as a function of external pressure up to —267 kbar at room temperature. In
both cases, the 4fo-related higher-energy component of the essentially double-peaked XANES
structure decreases in relative intensity with pressure, opposite to what is generally observed for
metallic mixed-valent Ce compounds. This supports the proposed peak assignment on the basis of
core-hole induced many-body effects due to 4f-ligand covalency compatible with traditional tetra-
valency of these compounds.

Among the experimental methods employed in deter-
mining the valency of rare-earth (RE) ions in solid com-
pounds, x-ray-absorption near-edge structure (XANES)
studies at the RE Liii thresholds play an essential role due
to simplicity and universal applicability. '2 The derivation
of 4f occupancies in the ground state (RE valency) from
the measured Liii XANES spectra, however, is not free of
ambiguities, particularly in mixed-valent or 4f covalent
compounds. In the most simplistic way, RE valencies
have been derived from the usually double-peaked Liii
XANES spectra of such systems by assuming them to
represent a one-to-one image of localized 4f" and 4f"
configurations in the ground state. 2 Such an approach,
however, has been shown to be ill-founded both by the ex-
perimental observation of core-hole induced final-state
changes in 4f occupancies even in systems of the heavy
rare earths' 7 and by the theoretical analysis of Liii
XANES spectra in the framework of the Anderson im-
purity model. '

The Liii XANES spectra of insulating, formally tetra-
valent Ce compounds like Ce02, Ce(SO4)2, and CeF4
have been reported to exhibit essentially double-peaked
structures (see Fig. 1, peaks A and 8), with two additional
weak components (peaks C and D in Fig. 1) at lower exci-
tation energies. 2' ' This spectral shape originally led
Bauchspiess et al. to claim the nonexistence of tetravalent
Ce compounds. ' Since then, considerable efforts have
been made towards a better understanding of the Liii
XANES profiles of Ce02 and of other insulating tetra-
valent Ce compounds. The proposals brought forward
may be classified in three categories: (i) Peaks A and 8
are assumed to directly reflect the Ce + 4f and Ce3+
4f ' components in the ground state of Ce02, leading to a
mean valency of -3.32. ' (ii) Both peaks A and 8 are
assigned to Ce + 4f and both peaks D and C to Ce +

4f ', with the A 8and D-C energy s-eparations postulated
as originating from ligand-field splitting of the unoccupied
Ce Sd states. This model leads to mean valencies of
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FIG. 1. Room-temperature Ce Llli XANES spectra of Ce02
at ambient pressure, 90 kbar, and 207 kbar. The solid lines are
the results of least-squares its of a superposition of four sub-

spectra to the data. Each subspectrum represents the sum of a
Lorentzian and an arctan function convoluted by a Gaussian
spectrometer function. The two intense components A and B as
well as the weaker component D are given by dashed, long-
dashed, and dash-dotted lines, respectively. The position of an
additional weak component C is indicated by a vertical bar.
Zero of the relative energy scale is set at the position of com-
ponent A (at —5.74 keV).
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-3.65 for CeOz and -3.85 for CeF4 (Refs. 2 and 11).
While proposals (i) and (ii) are pure initial-state models,
the third category of approaches takes many-body effects
in the sense of core-hole-induced changes of 4f occupan-
cies in the final state into account. ' (iii) In this model,
peak A corresponds essentially to the Ce + 4fo com-
ponent in the ground state, while peak 8 arises from the
occupation of localized 4f orbitals in the core-excited final
state via 4f-ligand covalency. This model leads to the
conclusion that Ce is essentially tetravalent in CeOz and
CeF4. Recent theoretical calculations of many-body
effects in the Ce Liii XANES spectra of CeOz (Ref. 8)
and CeF4 (Ref. 9) illustrate the nonexistence of a one-to-
one correspondence between the peak intensities in Ce Lni
spectra and the 4f occupancies (valence) in the ground
state, thus supporting model (iii).

In view of these fundamental discrepancies in the as-
signment of peaks in Ce Liii XANES spectra of insulating
formally tetravalent Ce compounds, an urgent need for
additional experimental information suitable for a
clarification of the controversy is obvious. In this com-
munication, we present such data in the form of high-
pressure Ce Liii XANES spectra of CeOz and CeF4 for
external pressures up to -267 kbar. In both cases we find
an appreciable decrease in the relative intensities of the
4fo-related Liii components A with increasing pressure,
which is opposite to what has generally been observed and
is actually expected for mixed-valent Ce compounds.
The results therefore rule out the proposals of categories
(i) and (ii) and strongly support the models of category
(iii) that include final-state effects via a strong 4f-
covalent mixing in the ground state that is supposed to in-
crease with pressure. 's's'

The XANES measurements at the Ce Lni threshold
(hv=5740 eV) were performed in transmission geometry
at the EXAFS-II beamline of HASYLAB in Hamburg,
West Germany, which is equipped with a Si(111)
double-crystal monochromator. External pressures up to
-267 kbar could be applied to the samples by use of a
diamond-anvil high-pressure setup. Through the use of
slitted Be gaskets, it was possible to let the synchrotron ra-
diation pass the opposed-anvil setup in a direction perpen-
dicular to its axis. The samples employed in the present
investigation were taken from the same batches as those
used in previous studies of CeF4 (polycrystalline) and
CeOz (single crystal). ' Since CeF4 is known to
deteriorate upon exposure to air, specific care was taken in

preparing homogeneous absorber foils from finally
powdered material and epoxy resin in purified Ar atmo-
sphere.

Typical Liii XANES profiles of CeOz and CeF4 as a
function of external pressure are displayed in Figs. 1 and
2. As is well known by now, ' the spectra are charac-
terized by two intense absorption peaks A and 8 plus an
additional weak feature C at lower excitation energy, in
addition to the steplike absorption threshold. While the
latter is caused by optical transitions from the 2p-core
state into empty continuum states with s and d symmetry,
the individual peaks (called white lines) refiect transitions
into more localized empty final states: Sd states in the
case of peaks A and 8 (optically allowed) and possibly 4f
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FIG. 2. Room-temperature Ce L~~~ XANES spectra of CeF4
at ambient pressure, 142 kbar, and 267 kbar. The nomenclature
is the same as in Fig. 1. Note that a component corresponding
to feature D in the spectrum of CeOq is missing.

states (optically forbidden) in the case of the weak pre-
edge feature C (Refs. 6, 13, and 14). Only in the case of
CeOq is a fourth weak component D found in the present
work. The D component intensity varies from sample to
sample and also with the absorber preparation method. '

A peak at position D is also observed for CeF4 if a
different absorber preparation method, using, e.g.,
paraffin instead of epoxy, is applied. ' Since the position
of peak D, in addition, coincides in energy with the single
prominent white-hne XANES peak of trivalent Ce com-
pounds, e.g., Ceq03 and CeF3, one has to conclude une-
quivocally that peak D, if observed, is due to Ce3+ impuri-
ties in the sample and does not represent an intrinsic
feature of the Liii XANES spectra of CeF4 and CeOz.
Naturally, these observations render the peak assignment
of Rohler etal "[mode. l (ii)] groundless since peaks C
and D cannot represent the ligand-field split 2p4f'Sd
final state, as claimed (2p hole in Ce 2p core state).

A closer inspection of the results of the least-squares fits
of the spectra of Figs. 1 and 2 supports the above con-
clusion. While the fractional intensity of feature C (and
also of feature D in case of CeOz) does not change with

pressure, a clear pressure dependence is observed for the
relative intensities of peaks A and 8. As shown in Fig. 3,
the relative intensity of peak A decreases with increasing
pressure for both CeF4 and CeOq,. our observation for
CeOz is again inconsistent with a report of Rohler which
claims no change in relative intensity with pressure. An
inspection of Figs. 1 and 2, however, clearly shows the de-
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FIG. 3. Relative intensities of line A in the Ce L~~~ XANES
spectra of Ce02 and CeFg as a function of pressure.

crease in the weight of peak A with pressure. In addition
to these pressure-induced intensity variations, we also
found marginal increases with pressure in the energy sep-
arations of peaks A and 8 (-6.5 eV for CeF4 and -7.5
eV for Ce02 at ambient pressure) amounting to -0.3 eV
in both cases at the highest pressure values reached.
When discussing the pressure-induced variation in the rel-
ative intensities of peaks A and 8, we first note that it is
opposite to all observations made hitherto with mixed-
valent metallic Ce compounds and also with other mixed-
valent compounds of heavier RE elements. 2's'7 If, as ac-
cording to model (i), CeQ2 and CeF4 are assumed to be
mixed valent with localized 4f and 4f' configurations
mixed in the ground state [giving rise to subspectra A
(~24foSd ) and 8 (~24f'Sd )], the application of
external pressure should favor the Ce configuration with
the smaller ionic volume, i.e., Ce + 4fo, and hence cause
an increase in the relative intensity of subspectrum A.
This is indeed found to be the case in metallic mixed-

valent Ce compounds, while for both Ce02 and CeF4
clearly the opposite pressure effects are observed (see Fig.
3). This observation then strongly opposes models (i) and
(ii) proposed for an interpretation of the Lttt XANES
spectra of formally tetravalent nonmetallic Ce com-
pounds, while it is fully consistent with models of category
(iii) which take covalency-related many-body effects due
to the Coulomb attraction of the final-state core hole into
account. ' In these models, the Lttt XANES spectra
of formally tetravalent insulating Ce compounds reflect
the degree of covalency between 4f electrons and ligand
electrons in the ground state that is expected to increase
with pressure. This in turn will cause the observed in-
crease in the relative spectral weight of peak 8, which —in

the many-body framework —represents a mixture of
~24f 'Sd and ~24f 25d final-state configurations.

In summary, the results of the present high-pressure

Litt XANES study of CeQ2 and CeF4 are in full agree-
ment with previous descriptions of these compounds in
terms of tetravalent wide-gap insulators, with certain
amounts of covalent admixture of 4f character into the
ligand valence bands. 5 ' This picture is strongly sup-
ported by the results of band-structure calculations for
Ce02, ' and also agrees with recent theoretical descrip-
tions of Lttt XANES spectra of Ce02 and CeF4 in the
framework of the Anderson impurity model. 9 While the
band-structure results reveal an extended radial character
of the f partial waves covalently admixed into the filled

ligand valence band, 's the latter many-body calculations
assume atomic character for these 4f states. Valence-
band and shallow core-level photoemission results for
CeF4 (Ref. 5) as well as a previous bremsstrahlung-
isochromat spectroscopy study of Ce02 (Ref. 19), howev-

er, support the view of a more extended character of these
covalently admixed 4f states. Therefore, a classification
of Ce02 and CeF4 in terms of classical mixed-valent Ce
compounds, which has been proposed on the basis of 4f
admixture into the delocalized ligand bands, ' appears
inappropriate. The tetravalency of these covalent insula-
tors is well described by the band-structure calculation'
and is also reflected in high-energy spectroscopy re-
sults, low-energy optical spectroscopy, ' as well as
in their ground-state properties. '
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