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Strong resonant effects are observed at thé. Cabsorption edge in Ce-Rh compounds, both for the €e 3
photoemission peaks and thgM 4 sN, 5 Auger lines. These resonances show unambiguously that interference
effects exist in core-level spectroscopies. In mixed-valent compounds, they occur at different photon energies
making it possible to unravel the x-ray-absorption profiles. Moreover resandi N, s Raman Auger lines
are observed up to 10 eV above the absorption-edge jump, showing the strong localization of the core
excited state[S0163-1828)06527-9

In the description of the physical properties of transition-circular dichroism(XMCD)], absorption thresholds give also
metal, lanthanide and actinide compounds, electronic correaccess to the magnetic properties of9CIez,3 edges contain
lations play an important role: the quite high localization of therefore a lot of information, but their interpretation is com-
thed or f orbitals leads to an intermediate situation where itplicated: the interaction in the final state between the photo-
is not clear whether the band-like or atomic-like model iselectron and the excited atom cannot be neglettdeso-
more appropriate. For theskor f states, the intra-atomic nance experiments are a new way to assign the main
Coulomb interaction is important, but the direct overlap ofstructure of the absorption edge to precise final electronic
the orbitals on different sites and their hybridization with theconfigurations, for relatively localized states. In a classical
other bands have also to be considered. High-energy speabsorption experiment, one simply measures the total ab-
troscopies such as x-ray photoelectron spectros¢Xio) sorption cross section, which represents all the transition
and x-ray absorption spectroscofAS) applied to the elec- probabilities from an initial state to different final states,
tronic structure of matter are powerful techniques, but due tdeading to different decay processes. In a resonance experi-
the presence of multielectronic effects, the interpretation ofnent, one selects only one decay process, corresponding to a
the experimental results is not straightforward. Many studiesvell-defined final state, and the intensity of this decay is
have been devoted to this question recently, and a new inmonitored across the absorption edge. Thus, fluorescence de-
petus has been given to this domain by the development afay has allowed to detail the understanding of theedge
experimental techniques such as resonant photoemissionand the XMCD of Gd! In this paper, Ce 8 photoemission
and resonant inelastic x-ray scatterih@oth techniques andL ;M4 N4 s Auger lines are used to study the Cgedge
need the high brilliance of new synchrotron radiationin mixed-valent compounds. In these compounds, @e 3
sources. photoemission spectra exhibit well-defined satellites: they

In mixed-valent cerium compounds, spectroscopic datdnave been described assigning the different peaks to the re-
have been interpreted in terms of band-fike localized~’ laxation of the 4 electrons in the core-hole potentfal.
models. We present here the results of core-level resonaithen, each peak can be attributed to a precise electronic final
photoemission and Auger spectroscopy in various Ce-Ristate. We show here that strong resonances occur for all
compounds, which support the localized many-body apthese peaks when varying the energy of the excitative pho-
proach for the description df; edge XAS spectra. tons across thé ; edge. The energy positions of the reso-

The unusual physical properties of cerium compounds areances provide new elements for the understanding of the
connected to the cerium electronic structure: the high densitgbsorption profiles. With the resonant Auger measurements,
of 4f states at the Fermi level can lead to a partial delocalthe experiment gives a quite complete description of the
ization of the 4 electrons, which gives an intermediate- electronic structure of the excited atom, i.e., in the presence
valent ground state. XAS at tHe, ; edges has been widely of the core hole. Our resonant photoemission and Auger data
performed to study the electronic properties of intermediatesupport an atomic-like model for the description of thg
valent compounds, since it is not surface sensitive and doesdge XAS data of cerium in mixed-valent Ce-Rh com-
not need an ultrahigh-vacuum environment. From absorptiopounds. They allow us to assign the main structures in the
data, one has deduced thé& dccupancy of Ce, using phe- XAS spectra to the different 4, 4f1, and 4° configura-
nomenological interpretation of the edge proffie®n the tions. These measurements also demonstrate that the photo-
other hand, with circularly polarized lighix-ray magnetic electron created in the absorption process, even 10 eV above
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excitation**!® The mean free path is of the order of 10 A,
the surface contribution cannot be neglected and has been
estimated by the authors. The estimation is difficult and in-
accurate results can lead to a wrong determination of the
bulk ground-state parameters. In our study, the Bhoto-
emission spectra were recorded with photon energies around
the L5 absorption edge of C&723 eVj. The kinetic energy

of the photoelectrons is then around 4800 eV, and their mean
free path is larger than 50 A. The surface contribution can be
neglected therefore, which is an important advantage of this
very high-energy spectroscopy to procure a real probe of the

CorRha Ce bulk atoms. In our CeRhphotoemission spectrum re-
corded at 5710 eV, the relative intensities of tHé 4nd the
4f2 contributions have an intermediate value, between those
hv=5734 eV CeRh, determined for the bulk in Refs. 14 and 15. A recent work

confirms that, at this photon energy, the intensities of the
photoemission peaks are similar to those expected in a purely
bulk sensitive spectrurf.

Next, the experiment consisted in measuring the intensi-
ties of the Ce 8 photoemission peaks while sweeping the
ent CIS spectra of CeRHor three photoemission linesd3,,4f2 configu-  photon energy across the @g absorption edgé¢constant
ration (triangles, 3d;4f* (circles, and 3, 4f° (squares The solid lines  jnitial state spectrgCIS)]. Around thel; edge, the direct
are fits with the Fano function, and the vertical dotted lines show the pOSi'photoemission process interferes with a resonant process

tions of the resonance energi&y determined by the fitgrespectively, PR . .
5725+ 1, 5728 1, and 573% 1 eV). (autoionization which leads to the same final state. The two
processes are

the L3 edge jump, is localized on the absorbing atom. The 6108 an 619 A eh aen .
understanding of the e edge profiles and the atomic char- 2P~3d™4f"(5d6s)™ "+ hv—2p°3d°4f"(5d6s)™ "+e",
acter of the p—5d transitions are the subjects of a long- 61104 e1 in S 104 en 5 n
standing debate. Our results confirm that, in these com2p 3d~4f"(5d6s)" "+hvr—2p>3d~4f"(5d6s)
p_ounds,_ attempts _should l_ae made to ca_lculate th(_a XMCD . 2p®3d94f"(5d65)* "+ e
signals in an atomic formalism, as theoretically predicted for
L, ; edges of rare-earth compounds. These interferences were described by Fdramd can give

We performed experiments on three different Ce-Rh comrise to strong variations in the photoemission cross section
pounds: CeRh;, where the Ce atoms are purely trivalent for relatively localized electronic states. The CIS spectra are
[with a 4f1(5d6s)? electronic configuratiohand CeRhand  presented on Fig.(b) for CeRh (where Ce has an interme-
CeRh, where Ce has a ground state consisting of a mixtureliate ground stajetogether with the Cé& 5 absorption edge.
of 4f1(5d6s)® and 4°(5d6s)* electronic configurations. For CeRh, (Where Ce is purely trivalenthe 3ds, and s,
We measured thed photoemission of Ce with photon en- CIS spectra display a typical Fano profile, and the two reso-
ergies around the Ck; absorption edggFig. 1(@]. The nances occur at 5728 eV, at the maximum of the Ce absorp-
samples were scrapdd situ under UHV conditions. The tion white line. For the CeRhmixed-valent compound, the
spectra presented here were obtained at the ESRF, on tii#S spectra were recorded for three lines of the XPS spec-
ID32 beamline using a 8ill) double-crystal monochro- trum, due to final states of the Ce atoms with zero, one, or
mator. The good energy resolution available on this beamitwo 4f electrons(labeled 4°, 4f!, and 42). The results
line, even at this high energipetter than 1 eV at 5 key  show different resonance energies for the contributions of the
allowed us to isolate, in the CeRand CeRh photoemission different final states.
spectra, the peaks corresponding to mairfl{, 44f*, and 42 Much information is to be found in these results. Along
character of the final staté.In Ce,Rh,, the XPS spectrum with observations on other La and Ce compoulfds our
shows a classical shape, with mainlgds3 and 35, peaks; knowledge, these are the first observations of resonances for
the high-binding energy structure is due to the plasmon, adeep core levels. It is the first evidence of the existence of
shown by Fuggleet al? coupling between core levels; it reveals the existence of the

Due to the small escape depth of the electrons in matteinteraction between thed3and 5d6s levels of Ce in the
classical Ce @ XPS with photons around 1500 eV is a presence of the 2 hole. The questions, how does this cou-
surface-sensitive technique. The lowering of the coordinatiompling influence theL-edge profiles and how should it be
number for surface atoms leads to a narrowing of the electaken into account for the theoretical calculations, must be
tronic bands. In Ce compounds, this effect should decreasasked. The resonances are quite intense, of the order of 30%.
the hybridization between thef 4tates and the valence band, They are true Fano resonances, since they are measured on
and give a more localized character to thfeedectron. If one  direct photoemission lines, at kinetic energies where there is
is interested in the bulk electronic structure, one has to evaluao superposition with the appearance of Auger lines, as it
ate the relative bulk and surface contributions. Severabccurs in valence-band resonant XPBhese resonances are
groups have tried this, varying the escape depth of th@roof that, in this energy range, the excitation and decay
photoelectrons by varying the energy of the photonmust be considered in terms of a one-step model; they are

5700 5720 5740 5760 5780
Photon Energy (eV)

20 900 860
Binding Energy (eV)

FIG. 1. (a) Photoemission spectra for g&h,;, CeRb, and CeRhat a
photon energy of 5734 e\(b) Ce L ; absorption edgéop par}, and differ-
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truly coherent processes. They also show that ttestates Ce,Rh, CeRh,
of rare-earth compounds, which are less localized than the
4f, can give rise to resonant effects.

In Fig. 1(b), the CIS spectra of thed4f?, 3dsAf,
and 3;4f° photoemission peaks of Ce in CeRére re-
ported, together with fits to a Fano functibhA clear result
that comes out directly of the raw experimental data is a
different resonance energy for each line. In Figh) straight , A L
lines correspond to the resonance energigof the Fano 570 572 574 576 570 572 574 V5'76
fits. The photoemission line due td4final state resonates at Photon energy (keV) Photon energy (keV)
5725 eV, slightly before the first structure of thg edge, the e W
41 contribution resonates at 5728 eV, on the first hump of 5760 eV, TS
the L5 edge, whereas thef2 satellite resonates at 5737 eV, ot
on the second hump of the; edge. The results obtained on 57330
CeRb, another intermediate valent compound, are similar.
So, in the intermediate valent compounds, the position of the

5728 eV 5728eV | A5738eV

Absorption

L; edge L, edge

(o]

5760 eV,
5755 eV,

5738 eV

o

> [5728 eV
resonances makes it possible to assign unambiguously the @ STl .
two main lines in the XAS profile to mainly @#4f! and £ 57280V A
2p°4£0 final states, and the shoulder in the rise at the ab- 5723 eV '
sorption edge to ajP4f? final state, as already suggested by 5723 oV
Bianconiet al*® Although this has been suspected for a long 572058V 57205 oV
time® (the relative intensities of the two lines have even been 57183\//1\/]\\/ 5718'M\«~.,,«
used to determine the Cd 4ccupation in the compoungs . ‘ , , ) ) ) )
this simple atomiclike interpretation of the shape of the XAS 4650 4680 4710 4740 4650 4680 4710 4740
profiles of cerium compounds remained controversial. In the Kinetic energy (V)
same way, the understanding of the XMCD signal at the
ceriumL 5 edge is not yet completed. Giorgettial® suggest FIG. 2. L3M4 N4 s Auger spectra of G&h, (left pane) and CeRj

that an atomiclike picture is most suited, with #lZcontri- (right' pane] for prlmtonoenergies across the Cgedge. Soliddotted line:
bution at the edge, andf® and 42 contributions at, respec- POSition of the 4 (41 ) Raman and Auger doublésee text. Ce L ab-
. ) : . ! sorption edge is shown in the top two panels.
tively, +9.6 and—3 eV, in full agreement with the energy
positions we have observed in our resonant photoemissioproaches thé 5 threshold, resonates at the maximum of the
experiment. white line of the XAS spectruni5728 eV}, and afterwards
The high-resolution resonant photoemission experimenbecomes the normal Auger procgsd constant kinetic en-
described here has shown that a one-step treatment of tleegy). This behavior is that expected in a metal where, above
excitation and deexcitation processes must be considered ftiie edge, the @ core electrons are excited to delocalized
an accurate description of the Cg edge absorption profile. orbitals ofd ands symmetry.
On the other hand, it is correctly assumed that far above the On the other hand, the same measurements done on the
edge, the normal treatment of Auger decay is a two-stejceRh, highly correlated 4 compound, are more complex.
process: the absorption and the Auger decay are treated & to 5728 eV(and the maximum of the first structure of the
independent incoherent processes. However, for photon exAS spectrum), the spectra are very similar to those mea-
ergies near the core-level binding energy, Raman-Augesured on the G&h; compound. We observe a double peak
resonant effects are expected, if ttheorbitals in the inter- (marked by solid lines on Fig.)2at a kinetic energy that
mediate state are localized. So, for a better understanding disperses with the photon energy; this behavior is typical of
the absorption edges, we have performed resonant Auger @ Raman Auger procesd ;M N, s and L3zMsN, s lines).
the two samples with different Cef ccupancy: C&RRhyand  This doublet appears at the same kinetic energy as in the
CeRh. The study is done on tHesM 45N, s Ce Auger lines,  CeRh; compound, which allows us to attribute it to &4
and the spectra, obtained at different photon energies acrossnfiguration. As expected, the intensity of this doublet in-
the Cel 5 edge are presented on Fig. 2. creases when the photon energy approachek{ieeige, and
For the compound GRhs, characterized by a highly lo- resonates at 5728 eV, the first maximum of the XAS spec-
calized 4 state, above the edge, the Auger spectrum contrum. What is surprising is that this double line still disperses
sists of a doublet corresponding to thesM4N,s and  to higher kinetic energies for photon energies between 5728
L3MsN, 5 lines appearing at constant kinetic energy. Beforeand 5738 eV. The fact that the energy of thé! Auger
the L; edge, the energy of the main doublet follows thedoublet follows the varying excitation energy shows that the
varying excitation energy, arguing in favor of a coherentphotoelectron created in this energy rarigere than 10 eV
one-step Raman-Auger process. The solid lines in the figurabove the edge jumps still located on the absorbing atom.
indicate the position of this double line appearing at constant Between 5728 and 5738 eV, a second double line appears
binding energy. As the figure shows, the peaks are sharper gt varying kinetic energy, resonates at 5738(awthe maxi-
the Raman regime than in the Auger regime; this narrowingnum of the second structure of the XAS spectywand af-
is expected in a coherent event, where the width of the 2 terwards becomes the classical Auger process at constant ki-
hole does not contribute to the process. The intensity of theetic energy. This second doublet, having a kinetic energy of
Raman doublet increases when the photon energy ad5 eV lower than the # doublet, can be attributed to &%
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configuration of cerium: the energy difference between thecerium, and brought out important resonances for deep core
4% and 4 Auger doublet is due to a better screening of thelevels. The occurrence of a resonant profile is evidence of a
core holes byf as compared to valence electrons. Moreoverstrong autoionization process involving core levilds and

it is consistent with the previous resonant photoemission re3d). These decay processes have to be considered for a de-
sults, that the doublet, which corresponds tb* 4nd 4f°  tailed description of the XAS profiles of cerium compounds.
final states resonate, respectively, at 5728 and 5737 eV. Sghe good energy resolution of the ESRF setup made it pos-
this second doublet exhibits a Raman-like regime up to théible, in mixed-valent compounds, to isolate the different
second maximum of the XAS spectrum. At higher energy photoemission satellites and revealed that the resonances oc-

the CeRp Auger spectra are dominated by th&"4loublet cur at different photon energies for the different final elec-
while in the 3 photoemission specti&ig. 1), the 4f* dou-' tronic configurations of cerium. Therefore, we can assign
C nambiguously the main structure of the absorption thresh-

Elcigs itsmorl;?vci)sgsl?;ersffdng:s sdc;'fr]% ?glnr;girp])rc;ﬁzssm(l); tgge(éc_)réd_ to precise cerium atomic final states and support the lo-
; . i . calized description of the absorption process. Finally, we
troscopies. On this sample_ also, in the Ra_lman regime, thﬁave performed resonahgM 4 N, s Raman-Auger spectros-
doublets are sharper than in the Auger regime. It Is partiCuzqny “which informs directly on the localization of the core-
larly clear at the 5738-eV resonance of thé”4doublet  gyiteq states above threshold. Before liheedge, the spec-
where the lines can be fitted with two Lorentzian profiles ofi5 are characteristic of a coherent Raman-like regime: the
5 eV for theLsM 4Ny sline and 7 eV for the sMsNysline.  epergy of the spectral features corresponding to a
In the Auger regime, the width of these two lines are, respecs 1634944 final state follows the varying excitation energy.
tively, 15 and 16 eV. , _ _ Well above the edge, the Auger peaks are at fixed kinetic
One of the main results of this Auger study is to prov'deenergy, as expected for an incoherent two-step Auger pro-
evidence for an intense Raman-Auger regime where sharg.ss ™ |n the trivalent compound, Rk, the transition be-
lines can be measured. This opens new possibilities for thg, can these two regimes is abrupt at the @reshold en-
i(_jentification of WeII-defined decay processes around absprpb-rgy, while in the intermediate valent compound CgRhe
tion edges. The second important result is to show that in gansition occurs more than 10 eV above threshold. This per-
mixed-valent cerium compound like CeRlthe transitions — gigtence of an atomiclike coherent process above the edge is
occurring in t'heL3 XAS spectrum are dominated by trapSI- clear evidence of the strong localization of the first excited
tions to localized states up to 10 eV above the edge jUMBsjectron in the intermediate valent compounds. The energy
This result supports the use of atomiclike quels to 'merprebosition of the real ionization threshold appears to be at
bpth XAS profiles and XMCD spectra of mixed-valent ce- higher photon energy than it was previously supposed.
rium compounds. _ . Obviously, these spectroscopies provide new elements for
In conclusion, taking advantage of the high brilliance of 3 giopal knowledge of the electronic structure in these
beamline ID32 at ESRF, we have performed high-energ\,qngiy correlated systems. The atomic character of the 2
resonant _photoemission experiments. First of all, high-_ g4 ransitions is clearly demonstrated and argues in favor

energy XPS provides a real probe of the bulk cerium atomsyt 5¢omic models for the description of XAS profiles and
by deleting the surface contribution via an increase in thg\ cp signals.

photoelectron mean free path. Moreover, resonant core-leve

photoemission, unlike valence-band photoemission, provides We thank G. Krill, J. P. Kappler, F. Bertran, D. Malterre,
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