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The results of a systematic x-ray absorption spectroscopy (XAS) investigation across the Ce M, s and
N, 5 thresholds for CeCo,, CeRh,, CeRhj, and Ce;Rh; are reported. The data have been analyzed by em-
ploying a simplified version of the Anderson single-impurity model in the infinitely narrow bandwidth
approximation for the extended states. The model has been applied to the bulk Ce 3d XPS spectra of
these compounds. The bulk values of the Ce 4f-occupation number n, and of the 4/ extended states in-
teraction strength A obtained have been checked by applying the model to the bulk sensitive Ce M, s
XAS line shapes. The possible influence of a configuration dependence of the hybridization strength in
the ny and A determination has been discussed. This joint analysis allowed us to obtain an accurate es-
timation of n,. The Ce N, s XAS line shapes are in agreement with the deduced trend of the 4f elec-
trons interaction strength with the conduction electrons in the bulk.

I. INTRODUCTION

The peculiar behavior of the 4f electrons of Ce and its
compounds has been the subject of many experimental
and theoretical studies.! In particular, there have been
extensive efforts to estimate the Ce 4f-occupation num-
ber in the ground state, which is closely related to the Ce
valence. Among the theories proposed to relate the
ground-state properties to the observed spectroscopic re-
sults, the Anderson single-impurity model in the formal-
ism of Gunnarsson and Schonhammer (GS) (Ref. 2) has
often been used successfully. The spectral line shape for
the various spectroscopies calculated within this frame-
work depends upon a number of parameters, namely the
ground-state Ce 4f-occupation number n,, the f-level
binding energy, the Coulomb correlation energy of the 4f
electrons, the hybridization energy A between f and the
conduction states and, in presence of a core hole, the
Coulomb interaction energy between a 4f electron and
the core hole. The comparison between the calculated
and measured spectra should allow one to obtain the set
of parameters for the system under investigation. In
practice, due to the great number of parameters involved
and to the ambiguity in their determination, it is desir-
able to have more than one single experimental guideline.
In this work we concentrate on the estimation of the 4f
occupation number 7, and of the 4f electrons interaction
strength with the other conduction electrons for a set of
Ce intermetallic compounds. To this aim Ce 3d x-ray
photoemission spectroscopy (XPS) is often used, since
from the spectral shape analysis the n, and A values can
be assessed with good accuracy.® Recently the study of
surface effects on the correlated electronic structure of
these compounds has attracted considerable attention.*>
Surface effects are important in terms of both 4f surface
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binding-energy shift® and 4f configuration change of the
Ce atoms in the surface region, due to the reduction of
the coordination. The last effect is particularly evident
for strongly hybridized systems which show a much
lower hybridization degree at the surface as compared to
the bulk.*> Due to the surface sensitivity of the XPS
technique, for the Ce 3d XPS results analysis, it is essen-
tial to disentangle the bulk contribution from the surface
one. The decomposition of the XPS spectrum into bulk
and surface components is usually carried out by compar-
ing spectra taken at different photon energies, i.e., with a
different surface sensitivity resulting from the escape
depth vs electron kinetic-energy variation. Owing to the
large number of spectral components (six for the bulk and
six for the surface),* and to the rather small measured
surface effect, the decomposition is usually affected by
large uncertainties. X-ray absorption spectroscopy
(XAS) across the Ce 3d threshold does not have the sur-
face sensitivity of XPS, and the analysis of its spectral
shape, without any decomposition into bulk and surface
components, can be exploited to assess n, and A in the
bulk.”® Thus an XAS investigation provides an impor-
tant check on the conclusions derived from the XPS stud-
ies.

In principle, however, the estimation of n - from XPS
and XAS could yield slightly different values due to the
different 4f configuration dependence of A’ in the two
spectroscopies. We report in detail the results of a sys-
tematic XAS investigation across the Ce M, s and Ny s
thresholds for CeCo,, CeRh,, CeRh;, and Ce;Rh;. We
have selected the Ce-Rh phase diagram, which received
great attention in the last years, since it gives rise to com-
pounds spanning from the poorly hybridized to the
strongly hybridized ones.*1° On the other hand, the com-
parison between isostructural CeCo, and CeRh, allows
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one to highlight the effects of the variation of the Ce
partner. For the analysis we employed a simplified ver-
sion of the GS model in the infinitely narrow bandwidth
approximation for the extended states,'! which fully ac-
counts for the dependence of the experimental results
upon the single-impurity model parameters, within a very
simple framework. The model has been applied to the
bulk component of measured Ce 3d XPS spectra of these
compounds, 2 and the values of n, and A so obtained
have been checked by applying the model to the Ce M, ;
XAS line shapes. This joint analysis indicated that both
spectroscopies can be well described by the same set of
parameters, and allowed us to obtain an accurate estima-
tion of n, and of the trend of the 4f conduction elec-
trons’ interaction strength in the bulk. Moreover we ob-
served that the Ce N, s XAS line shapes are in agreement
with results deduced from Ce M, s XAS and Ce 3d XPS.

II. EXPERIMENT

The samples are polycrystals prepared by induction
melting from stoichiometric amounts of the compounds
in Ta crucibles after Ar purging. They were annealed at
800-900°C for several days in order to obtain homogene-
ous polycrystals checked then by x-ray diffraction and
microprobe analysis. The crystal structure types are that
of MgCu, for CeCo, and CeRh,, that of CujAu for
CeRh;, and that of Th,Fe; for Ce;Rh;. The XAS spectra
were obtained by recording the partial electron-yield sig-
nal with an electron kinetic-energy window of 0—10 eV.
The measurements have been carried out at the soft-x-ray
beam line 22 at the MAX synchrotron radiation laborato-
ry in Lund’? in normal-emission geometry. Overall ener-
gy resolutions of about 0.1 and 0.7 eV were achieved at
the Ce 4d (hv~120 eV) and Ce 3d (hv~880 eV) thresh-
olds, respectively. The samples were cleaned in vacuum
(base pressure 7X107!! mbar) by scraping with a dia-
mond file immediately before the measurements. The
samples were kept at ~100 K, during the scraping and
the measurements, in order to avoid surface contamina-
tion due to segregation of impurities from the bulk. The
sample cleanliness has been checked via the O 1s, C 1s,
and O 2p XPS signals. The surface segregation could also
induce changes of the surface composition. Thus the sur-
face stoichiometries have been accurately checked by use
of core-level peak intensities of x-ray photoemission spec-
tra, and were found to be in excellent agreement with the
bulk stoichiometries. '#

III. RESULTS AND DISCUSSION

A. M, ;s XAS spectra

The XAS spectra at the Ce M, 5 threshold of the stud-
ied compounds are shown in Fig. 1 along with that of y-
Ce.” The spectra exhibit two main peaks which are
known to be due to the 3d;,, and 3ds,, multiplet struc-
tures of the 3d°4f? final state.!® The spectra of CeCo,,
CeRh,, and CeRh; show additional peaks at about 5-eV
higher photon energies, labeled by 4 and B in Fig. 1.
The XAS spectra line shape of Ce;Rh; is quite similar to
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FIG. 1. M, s spectra of the Ce compounds investigated and
of y-Ce (Ref. 7). The labels 4 and B indicate the features relat-
ed to the 3d°4f! final states.

that of y-Ce, where only the main peaks with a clearly
outlined 3d°4f? final state multiplet structure is observ-
able. Features 4 and B in the CeCo,, CeRh,, and CeRh,
spectra are interpreted as originating from 3d°4f! final
states. 8 The energy separation ( ~ 5 eV) of these features
from the main peaks is essentially driven by the Coulomb
interaction between the 3d core hole and the 4f subshell,
and by the Coulomb repulsion between the 4f electrons.
This separation is observable in the Ce 3d XPS experi-
ments as well, where the 3d°4f! and 3d°4f? final states
are also present.!! Their growth is further accompanied
by a shape change of the main peak arising from a wash-
ing out of the multiplet structure of the 3d°4f? final
state. These spectral shape modifications are related to
the decrease of the f counts and to the increase of the hy-
bridization of the f levels with the other conduction
states.”® More precisely, the weight of the features with
respect to the main peaks has been found to be related to
the weight of the 4° configuration in the ground state in
a quite straightforward way.”® The growth and intensity
of shoulders 4 and B in the CeCo,, CeRh,, and CeRh,
spectra indicate a stronger interaction of the 4f electrons
with the conduction states with respect to Ce-Rh; and y-
Ce; on the other hand, the latter (Ce,Rh; and y-Ce) show
a very similar degree of 4f conduction state hybridiza-
tion.!® These results are consistent with those coming
out from the Ce 3d XPS (Ref. 12) and resonant photo-
emission spectroscopy experiments across the 3d-4f and
4d-4f thresholds. 1®

For a more quantitative analysis of the XAS data of
the most hybridized compounds (CeCo,, CeRh,, and
CeRh;), we employed a simplified version of the Gun-
narsson and Schonhammer (GS) model proposed by Imer
and Wuilloud.!! In this model the energy splittings and



52 BULK ELECTRONIC STRUCTURE OF Ce COMPOUNDS . ..

relative intensities of the final-state features of the XAS
spectra are calculated as a function of the parameters €,
Usr, U, and A. Here ¢ 5 stands for the energy of the
unhybridized 4f level relative to the Fermi level E,, U rr
for the Coulomb repulsion between 4f electrons at the
same site, Uy, for the Coulomb attraction energy between
a 4f electron and a Ce 3d core hole, and A is an effective
parameter accounting for the hybridization energy be-
tween 4f and the conduction states. The assumption of
an infinitely narrow band neglects the continuous distri-
bution of the spectral density, which results from the en-
ergy dispersion of the band states. Therefore the spectral
functions obtained are distributed on infinitely narrow
lines. Despite this limitation the model takes fully into
account the fundamental mechanisms of hybridization,
and allows one to effectively address the influence of the
single-impurity model parameters on the experimental
spectra. A set of parameters for each compound was
determined by fitting the model to the XPS spectra. As
pointed out in Sec. I, an important effect which must be
taken into account is the lowering of the 4f hybridization
strength at the surface, as compared to the bulk which is
particularly crucial in the strongly hybridized com-
pounds.** For this reason, due to the non-negligible sur-
face sensitivity of our XPS measurements (electron kinet-
ic energies of ~360 and ~580 eV for Mg-ka and Al-ka
lines, respectively), a previous separation of the spectra
contribution into the surface and bulk emissions has been
carried out. A detailed description of the decomposition
procedure is reported in Ref. 12, and the summary of the
bulk spectral weights is displayed in Fig. 2. Aiming to
compare the XPS with the bulk-sensitive N, s XAS re-
sults, for each compound we selected the set of parame-
ters which better accounts for the intensity and the ener-
gy separation of the 3d XPS bulk components. The
values of €, have been chosen exploiting the results of the
resonant photoemission spectroscopy study in which the
surface and bulk spectral contributions to the valence
spectra have been separated.'® The knowledge of € s in
the bulk (e,=—1.2¢eV for CeCo, and CeRh;, gp=— 1.0
eV for CeRh,) is essential in order to fix the correct A pa-
rameter which accounts for the XPS bulk line shape. In
fact, somewhat larger values of £, are expected in the
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FIG. 2. Summary of the XPS spectral weights of the f°, f,
and f? contributions in CeRh,, CeRh3, and CeCo, coming from
the bulk. The percentage accuracy of the minority components
(f° and f?) is better than 15% (for the majority it is much
better) (Ref. 12).
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surface region due to the 4f surface binding-energy shift
effect.® For each set of parameters obtained from the
XPS analysis, the model returns the correspondent value
of the 4 f-occupation number n,. The value of A and n,
determined by this analysis are displayed in Table I.

By use of the XPS parameters we then calculated the
intensity of the XAS features. The comparison between
the calculated and measured XAS spectra yields a re-
markable agreement, as emerges from the results summa-
rized in Table I, where the ratios (r) between the transi-
tion intensity to the 3d°4f! final state and the total area
of the M, s peaks from theory and experiment are report-
ed, respectively. In the case of the experimental spectra
this ratio has been evaluated by estimating the peak
areas. The results reported in Table I indicate that, in

_the bulk, CeRh, is the most hybridized among the inves-

tigated compounds, while CeCo, and CeRh; exhibit a
similar degree of 4f conduction state interaction, some-
what lower compared to CeRh,. The n, value obtained
here for CeRh; is consistent, within experimental uncer-
tainties, with the bulk one (0.81£0.03) given in Ref. 4,
where the Ce 3d XPS data have been analyzed by using
the same simplified model. The CeRh; n, value we es-
timated is significantly larger compared with the one
(0.78) obtained from the Ce N,s XAS spectrum
prethreshold study reported in Ref. 17, where an €, value
too large (—2.0 eV), considering the bulk sensitivity of
the measurements, was assumed in the data analysis. In
the case of CeCo, the bulk n, value we estimated is con-
sistent with the one of ~0.80 deduced from the valence-
band resonant photoemission study reported in Ref. 18,
and appreciably larger with respect to that (~0.76) ob-
tained in Ref. 19, derived from core electron-energy-loss
spectra analysis, which, however, is determined with a
lower accuracy (+10%). The present result of a GS
description of XAS and XPS spectroscopies with a single
set of parameters deserves further discussion in the light
of a recent debate on the influence of different
configurations of the hybridization strength which here,
as usually done, is neglected (i.e., A is kept fixed). Ab ini-
tio calculations of the hopping matrix element V between
4f and conduction states have shown that the hybridiza-
tion strength, which is proportional to V2, may vary
by a factor ~4 for different 4f and core
electron configurations.” This hybridization strength
configuration dependence should modify the configu-
ration mixing in the final state with respect to the initial
state, which in turn should result in relative intensities of
the spectral structures of different kinds of spectros-

TABLE II. Summary of the results of the analysis of the
M, s spectra of the Ce compounds studied. r is the ratio be-
tween the transitions intensity to 3d°4f! and 3d°4f? final states
(see text).

A (eV) r r ng
Compound from XPS from GS experiment (£0.02)
CeRh, 1.05 0.13 0.12-0.13 0.79
CeRh; 0.85 0.10 0.10-0.11 0.84
CeCo, 0.95 0.11 0.10-0.11 0.83
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copies. This problem arose for the description of strong-

ly hybridized systems (e.g., CeRh;), where a satisfactory
description of the results of XPS and bremsstrahlung iso-
chromat spectroscopy in terms of a single set of parame-
ters is not achievable.?’ To account for these effects
without introducing additional parameters, one should
choose an overall (properly averaged on the initial and
final state) A parameter appropriate for each kind of
spectroscopy. In the case of a comparison between XAS
and XPS, the situation should be less critical due to the
similarity between the two processes, in which the main
effect on the hopping matrix elements is the shrinking of
the 4f wave functions induced by the presence of the 3d
core hole in the final state of both spectroscopies. How-
ever, a somewhat lower value of the overall hybridization
strength is expected to occur in XAS with respect to
XPS, when. considering the effects of expected to occur in
XAS with respect to XPS, when considering the effects of
the f°, f!, and f? final-state configurations for XPS, and
only f! and f? for the XAS.° It is worth noting that the
overall hybridization strength in XPS is expected to be
very similar to that occurring in the ground state, and ac-
counting for the thermodynamic properties.® As a conse-
quence of the different hybridization strengths, a lower
value of A should be required for the experimental XAS
spectral shape description with respect to XPS. Regard-
ing the XAS configurations which are relevant in deter-
mining the overall hybridization strength, it should be
noted that, although the increase in the f count causes a
sudden increase of the Coulomb repulsion energy which
prevents an occupancy beyond the double in the ground
state, the energy gain due to the presence of the 3d core
hole allows such an occupancy in the final state. In addi-
tion, the energy of the 3d°4 1 final state is expected to be
intermediate between those of the 3d°4f! and 3d°4f?
final states, when considering the typical values of Uy,
(~7.0 eV) and Uy, (~10 eV) used here for all the com-
pounds according to the literature.* Thus the coupling
between the f2 configuration in the initial state and the
f3 one in the final state should be considered. In the
present study, configurations up to f>, usually neglected,
are therefore taken into account in the final state when
applying the GS model to the XAS description, consider-
ing that transitions toward the 3d°4f3 final state should
produce sizable effects on the measured XAS spectra of
strongly hybridized systems,?! for which the weight of
the f2 configuration in the initial state is not negligible.??
The presence of the additional f2-f3 coupling channel in-
creases the overall hybridization strength in the XAS
spectra, therefore reducing the difference between the
two spectroscopies. This explains the good GS descrip-
tion of both XAS and XPS results with the same set of
parameters obtained here, furthermore assuring the relia-
bility of the bulk n, values and hybridization strength
trend obtained from the present XAS vs XPS compar-
ison.

B. N, s XAS spectra

Figure 3 displays the XAS spectra across the Ce N, 5
threshold of the studied compounds along with that of y-
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FIG. 3. N, s spectra of the Ce compounds studied and of y-
Ce from Ref. 24.

Ce.?»?* The spectra are characterized by a broad peak
corresponding to a 4d°4f" ! final-state transition. The
4d°4f"*! multiplet structure extends over more than 20
eV due to the strong exchange interaction caused by the
large radial overlap between the 4d and 4f orbitals.
These structures are strongly broadened by autoioniza-
tion into the underlying continuum,?’ and furthermore
complicated by the rather small spin-orbit splitting of the
4d core hole. For the above-mentioned reasons, at vari-
ance with the case of M, ;s XAS, the interpretation of the
N, s XAS is still controversial, and only qualitative infor-
mation about the hybridization strength could be gained
from the data analysis. The most striking result is the ob-
servation of a feature at ~130 eV of photon energy (la-
beled 4 in Fig. 2) in the N, s XAS spectra of CeCo,,
CeRh,, and CeRh; which is characteristic of a-Ce and of
strongly hybridized Ce metallic compounds.?*?* This
feature is shifted by ~5 eV to higher energies relative to
the main features observed for y-Ce and Ce;Rh; indicat-
ed in Fig. 3. Looking more closely, the shift of feature 4
is not exactly the same for the three compounds, but is
somewhat larger for CeRh, with respect to CeCo, and
CeRh;. The magnitude of the shift has been suggested to
be related to the increase of the hybridization
strength.?>2* The present observation seems to confirm
this interpretation of the N, s XAS spectra, since it is
consistent with the trend of the hybridization strength as
deduced from the M, s XAS spectral analysis. As a last
point it is worth noting that the relative intensity of
feature A is quite similar for the two phases of Laves,
while it is somewhat higher for CeRh;, suggesting that
the relative intensity of feature A should be related to the
crystal structure of the compounds in some way. In this
connection the N,s XAS spectral line shapes are
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influenced by details of the autoionization process which
in turn are expected to be influenced by lattice changes. %*
Therefore, even if this effect cannot be quantified at this
stage, the lattice modification which characterizes the
phase of Laves crystal structures (CeRh, and CeCo,)
with respect to the Cuz;Au one (CeRh;) could have a
significant effect on the relative intensity of feature 4 in
the spectral line shape.

IV. CONCLUSIONS

In conclusion, we analyzed the results of a systematic
XAS investigation across the Ce M, s and N, 5 thresh-
olds for CeCo,, CeRh,, CeRh;, and Ce;Rh; employing a
simplified version of the Gunnarsson and Schénhammer
model in the infinitely narrow bandwidth approximation
for the extended states. We exploited the bulk com-
ponent determination of the Ce 3d XPS spectra of the
compounds, reported in an earlier study, in order to
deduce the appropriate set of parameters which better ac-
count for line shapes of both bulk Ce 3d XPS and Ce
M,s XAS spectra. The possible influence of a
configuration dependence of the hybridization strength in
the GS parameter determination has been discussed.
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This joint analysis indicated that both spectroscopies can
be well described by the same set of parameters, and al-
lowed us to obtain a reliable estimation of n, and of the
hybridization strength trend in the bulk. In addition the
qualitative analysis of the Ce N, 5 XAS line shapes is in
agreement with the trend of the 4f electron interaction
strength with the conduction electrons, as deduced from
Ce M, s XAS and Ce 3d XPS.

The results reported here indicate that XAS is a useful
tool for studying the 4f occupancy and 4f conduction-
electron interaction in Ce systems, particularly suited in
investigations in which an extreme bulk sensitivity is re-
quired. In particular we have shown that XAS provides
an important check on the results coming from XPS
studies on Ce intermetallic compounds for which the sur-
face effects on the 4 f hybridization are relevant.
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