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Mixed Valency versus Covalency in Rare-Earth Core-Electron Spectroscopy
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A comparison of photoemission from shallow core levels with deep core-level spectroscopies allows a
distinction between mixed valency and covalency in rare-earth systems. The determinative parameter
distinguishing these spectroscopies is the Coulomb interaction between the core hole and the 4f shell.
This approach confirms that the compound CeFj is tetravalent, but does not deny the covalent admix-

ture of 4f character into the valence band.

PACS numbers: 71.50.+t, 75.20.Hr, 79.60.—i

Recent efforts to understand the properties of Ce and
its compounds have tended to blur the concept of mixed
valency '~ originally used to describe compounds of the
heavier rare earths, which exhibit interconfiguration
fluctuations and, in effect, have a narrow 4f level as well
as a broad 54 band at the Fermi level. This model of the
electronic structure is not directly applicable to Ce, in
which the 4f states have much greater radial extent and
may participate in bonding. Core-electron photoemis-
sion and L-edge x-ray-absorption (XA) spectra of many
Ce compounds, including insulators, were found*-® to be
similar to those of acknowledged mixed-valence com-
pounds, leading to the suggestion that there is no funda-
mental distinction between these materials. The theory
of Gunnarsson and Schénhammer’ (GS) showed that
such spectra arise whenever a 4f level is coupled to a
conduction band in the initial state. Later it was
shown®? that even covalent mixing of 4f character into a
filled band!® is sufficient to produce core-electron spec-
tra resembling those of mixed-valence compounds. Such
covalent materials are, however, conceptually distinct
from the mixed-valence compounds mentioned above. It
seems, therefore, that, although core-electron photoemis-
sion and L-edge spectra provide a new tool for the mea-
surement of band mixing, they cannot distinguish be-
tween covalency and mixed valency. However, it does
not seem necessary to abandon this useful distinction
simply because of the inability to realize it in one type of
measurement.

In this work we use core and valence x-ray photoelec-
tron spectroscopy (XPS), as well as L-edge XA spectra,
of the transparent, ionic compound CeF4 to provide a
new criterion for the identification of mixed-valence be-
havior in photoelectron spectroscopy. The CeF4 was
prepared by the reaction of CeF3 with purified F; gas at

300°C and 200 atm for three days in a closed Ni con-
tainer; it resulted in pure CeF4 with the CrF4 monoclinic
structure.!! Magnetic susceptibility measurements set
an upper limit of 0.1% for CeF; impurities. Ljj-edge
XA spectra were taken at the EXAFS-II beam line at
HASYLAB (Hamburger Synchrotronslabor) in Ham-
burg, by use of a Si(111) double-crystal monochromator
with a rocking-curve width of 1.4 eV (FWHM) at 6-keV
photon energy. In the XA measurements, external pres-
sures up to =300 kbar could be applied to the sample by
use of an opposed-anvil device with diamond anvils in
combination with a Be gasket. Homogeneous absorbers
were prepared from CeFy4, which was finely powdered in
Ar atmosphere and mixed with epoxy. The XPS data
were obtained with a Hewlett-Packard model HP-5950A
spectrometer with a base pressure of 10 ~'° Torr, em-
ploying monochromatized Al Ka radiation, with a total
system resolution of 0.55 eV. The surface of CeF4 was
prepared in situ by abrasion with a diamond file. Sur-
face contamination was periodically checked by our
recording the ls spectra of oxygen and carbon.

The important new information is contained in the
shallow core-level photoemission spectra, which appear
in the valence-band regions of CeF3; and CeF4 in Fig. 1.
The spectra are shown with the F 2p valence bands
aligned. The zero of binding energy corresponds approx-
imately to the edge of the empty conduction band in
CeF;. The signal due to the localized Ce 4f level is
readily identified just above the valence band in CeFs.
In CeF,4 the 4f states are empty, and the other core lev-
els are shifted to greater binding energy, in accord with
the increased valency. The weak 4f signal that can be
discerned above the valence band is associated with the
surface layer in which the Ce atoms do not have a full
complement of F neighbors. The surface nature of this
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FIG. 1. XPS spectra of the valence-band regions of CeF;
and CeF4. The lines are drawn as a guide to the eye.

signal was confirmed by spectra at lower photon energy,
where the escape depth is significantly smaller and the
4f signal correspondingly greater. The most interesting
feature is the Ce 5s level in CeF,4. In consists of a single
component without a significant contriburion at the en-
ergy characteristic of Ce3*, other than expected on the
basis of the weak 4f signal from the surface; it has a nar-
row width because there is no 5s-4f multiplet interac-
tion. The absence of a significant Ce Ss signal at the
Ce3* position proves that the compound contains only
Ce** ions, and can behave like an ionic, integer-valence
system even in a fast, high-energy spectroscopy.

The picture changes dramatically when deeper core
levels are photoionized. The data (see Fig. 2) show three
spin-orbit-split doublets with distinct shapes, labeled 4,,
B, and C), corresponding to different final-state config-
urations; they are populated by configuration interaction
in the presence of a core hole.” The spectrum is qualita-
tively similar to that of CeO,,%!2 but the 4,-C, separa-
tion is 13.5 eV as against 15.8 eV in CeO,, and the 4,-
B, separation is also much smaller. The assignment of
these spectral components to specific 4f configurations
has been discussed extensively and quite controversially
for Ce0,.%'2-1* There is general agreement that the
high-energy doublet (4;) corresponds to a final state
with predominant 4f° configuration: It lies at the larg-
est binding energy and is narrow, indicating that there is
no 3d-3f multiplet interaction. Since the 54 band is
empty, the core hole is screened only by the polarization
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FIG. 2. Ce 3d XPS spectrum of CeF4; the three spin-
orbit-split doublets are shown as bar diagrams. The lines are
drawn as a guide to the eye.

of the neighboring fluorine ions. The B; and C; dou-
blets, which lie at smaller binding energies, are con-
sidered as signatures of final states with strong mixing of
4f' and 4f? configurations, which are populated under
the influence of the core-hole potential in the final state
and the 4f hybridization in the initial state.%!3-15 The
spectra have been theoretically described by use of a
modification of the GS model,” which was extended in
Refs. 6 and 9 to insulators. Physically speaking, the B,
and C, doublets are produced by charge transfer from
the F 2p valence band to the empty 4f level, made possi-
ble by the admixture of 4f character into the F 2p
valence band in the initial state. The fact that the B,
and C) doublets have relatively greater intensity in CeO;
follows simply from the greater covalency of that com-
pound. We will not address the problem of the deter-
mination of the weights of the 4f°, 4! and 42 com-
ponents of the final states B, and C, in the present pa-
per. The essential point is that the spectrum in Fig. 2
shows a great deal of occupied localized 4f character in
the final state, which is in contrast to the findings from
the shallow 5s and 5p core levels (Fig. 1).

It is apparent that the strong signals from final states
with 4f! and/or 4f? configurations appear only when a
deep, but not when a shallow, core level is excited, even
though both excitations are “fast,” or equivalently high
energy as compared to typical covalent mixing energies.
The relevant difference between 5s and 3d photoioniza-
tion is found in the effect of the core hole on the 4f shell.
The Ss charge lies largely outside the 4f wave function,
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while the 3d orbital is situated almost completely within
it. According to the equivalent-cores approximation, in
the final state with a 3d hole, the 4f level has the binding
energy appropriate for the Z +1 ion, Pr**, while 5s ion-
ization largely preserves the radial character and 4f
binding energy of the initial-state ion. The perturbation
produced by a 5s (or 5p) hole, while small, is not entire-
ly negligible. It becomes important, e.g., when the 4f
system is of mixed valence in the initial state. In this
case the 5p photoemission, e.g., from mixed-valence
TmSe, clearly shows contributions from both 4f!2 and
4f13 final states.!® Photoemission from the 5s and 5p
shells therefore provides a sensitive means of distinguish-
ing the marginally stable 4f configurations, which typify
the classical mixed-valence systems,! from systems with
covalent admixtures into filled bands.

We have also studied the XA spectra at the Ly
threshold of CeF, at external pressures up to 267 kbar
and for comparison of CeF3;. The data are presented in
Fig. 3. L-edge XA spectra of metallic rare-earth com-
pounds are closely related to deep-core-electron photo-
emission spectra, because the final states have similar
screening configurations, i.e., the partially filled 54 band
provides metallic screening in XPS, similar to that pro-
vided by the electron excited in the edge absorption pro-
cess. This simplification does not apply to insulators, in
which final-state screening in XPS is provided by polar-
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FIG. 3. Ce L1 XA spectra of CeF4 (a) at ambient pressure,
(b) at 267 kbar, and (c) of CeF;. The solid lines through the
data points are the results of least-squares fits. The two in-
tense components (A,B) are given by dashed lines in the CeF,
spectrum.
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ization of the neighboring anions. The final states
prepared by the two techniques in insulators consequent-
ly differ in a more profound way than in metallic sys-
tems.

In CeF; [Fig. 3(c)] we observe a single “white line”
representing excitation into the empty 54 band, produc-
ing a fully screened 4f'5d state. The empty 412 state
lies above the top of the valence band. The data are well
fitted by the combination of a Lorentzian to represent
the white line and an arctangent function for the excita-
tion into extended d states, both convolved with a Gauss-
ian resolution function. The CeF4 spectrum [Fig. 3(a)l
contains two major lines (A and B) as well as a very
weak feature (C) at smaller excitation energy. It is
in most respects similar to those of CeO,!” and
Ce(S04), '3; the weak fourth component between lines B
and C, reported previously in the Ly spectrum of CeQO,,
has also been observed in some of the CeF,; absorbers
studied here. It is absent in the spectrum presented in
Fig. 3; there is thus strong indication that this line, when
observed, is due to Ce3* impurities. A fit with a set of
edge spectra of the type described above leads to the
three components (A, B, C) shown by dashed lines in
Fig. 3. The one at largest excitation energy is narrow
and corresponds to a state with predominantly 4/°5d
configuration produced by the dipole excitation process.
The other two peaks (B and C) at smaller excitation en-
ergies are again produced by charge transfer from the
ligand 2p band to the 4f level corresponding to final
states that are strong mixtures of 4f! and 4f2 configura-
tions.!> Spectral feature A is relatively more intense in
CeF,4 at ambient pressure as compared to CeQO,, which is
considered a consequence of the higher covalency of the
latter compound. The relative intensity of component A
decreases in CeF4 as a function of external pressure in an
approximately linear way, the decrease in intensity
amounting to =7% at 267 kbar [see Fig. 3(b)]. This ob-
servation is in full agreement with the given assignment,
since covalency is expected to increase with increasing
pressure.

We conclude from shallow core-level XPS that CeF, is
a tetravalent compound, a result in agreement with our
susceptibility and recent soft—x-ray absorption measure-
ments.!® We find further that deep-core-level spectros-
copies of CeF4 and similar compounds [CeO,,
Ce(S04),], are dominated by charge transfer into
strongly perturbed, localized final-state 4f levels.
Charge transfer is mediated by f character hybridized
into delocalized valence bands, and results in spectra
with components corresponding to a number of different
4f occupancies in the final state. These spectra resemble
closely those of mixed-valence systems with interconfigu-
ration fluctuations. In contrast, excitation of electrons
from shallow core levels, e.g., Ss and 5p, provides only a
weak perturbation, which is not sufficient to cause con-
siderable charge transfer from ligand orbitals to a local-
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ized 4f level in the final state. However, in mixed-
valence systems with a fractionally occupied 4f level in
the initial state, the perturbation is sufficient to produce
two final states separated by the core-hole-4f Coulomb
energy. This provides the opportunity to distinguish be-
tween covalent and mixed-valence materials, and still
maintain the original significance of the term “mixed
valency.”
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