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Resonant inverse photoemission in cerium-based materials
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The Ce 4f part of the electron addition spectra of cerium compounds is selectively and resonantly enhanced
when the excitation energy coincides with the Ce 3d→4 f (M4,5) absorption edge. Different spectral features,
corresponding to 4f 1 and 4f 2 configurations in the final state, exhibit distinct resonance profiles. The relative
intensities of thef 1 and f 2 resonances may vary by as much as a factor of 50, according to the strength of the
hybridization between 4f and conduction-band states. At resonance the spectral line shape is unambiguously
modified when the temperature is varied across the characteristic Kondo temperature.
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I. INTRODUCTION

Metallic cerium-based systems offer a classic example
strongly correlated electrons~the Ce 4f electrons! on the
verge of localization. Many of the physical properties
these systems reflect the peculiar nature of the 4f states and
the existence of a material-dependent low-energy scale
equivalently, characteristic temperature~the Kondo tempera-
tureTK). The magnetic susceptibility, for instance, exhibits
Curie-Weiss behavior forT@TK , but Pauli paramagnetism
for T!TK .

Electron spectroscopies, in particular photoemission sp
troscopy ~PES! and inverse photoemission spectrosco
@~IPES!, also known as bremsstrahlung isochromat spect
copy ~BIS!# provide direct evidence of the strength of corr
lations in these materials.1 Unlike conventional transport o
magnetic or specific-heat measurements, which are sens
only to the low-energy spin fluctuations, the high-ener
data reflect both low-~spin! and high-energy~charge! de-
grees of freedom. In principle, the combined electron
moval ~PES! and addition~IPES! spectra define the one
particle properties of an electron system and are there
quite complementary. In practice, mainly for technical re
sons, PES is much more widely used than IPES. Espec
in Ce materials, however, IPES has a paramount importa
since it can directly probe the mostly unoccupied 4f states.

Experimental PES and IPES spectra of Ce materials
ways contain overlapping contributions from 4f and
conduction-band states, which are often difficult to dise
tangle. Uncertainties in the determination of the 4f spectral
function are an obstacle to a quantitative exploitation of b
techniques. In PES it is customary to compare measurem
performed at various photon energies and to exploit the
ferent energy-dependent photoionization cross sections
the 4f and the conduction-band electrons. This strategy
most effective when photon energies are varied across
4d→4 f (N4,5) or 3d→4 f (M4,5) excitation thresholds
where the 4f cross section presents resona
enhancements.2–7 Similar arguments do apply to the invers
photoemission transition matrix elements, but the energy
550163-1829/97/55~4!/2056~12!/$10.00
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pendence of the cross section is seldom exploited in IPE8

Recently9 we have shown that it is possible to perfor
state-of-the-art IPES measurements of cerium systems a
CeM5 threshold and we have described some of the adv
tages of this resonant IPES~RIPES! technique. Our work
follows previous results by Liefeld, Burr, and Chamberlain10

by Riehle,11 and by Shulakov, Zimkina, and Formichev,12

which experimentally established the existence of resonan
in IPES. We have taken advantage of subsequent progre
vacuum technology and in the detection of soft x rays and
have designed a dedicated RIPES spectrometer that fu
the stringent UHV conditions required by the high reactiv
of Ce compounds.13 In this paper we present the results of
investigation of selected compounds spanning the en
range of physical properties of metallic Ce-based materi
We will not provide a detailed analysis of any particul
material, but rather present a large data set, showing s
systematic trends as well as the possibilities offered
RIPES. We will show that RIPES provides some informati
on the spectral properties of these materials.

The paper is organized as follows. In Sec. II we discu
inverse photoemission in Ce systems and introduce the
ferent types of RIPES measurements. Section III give
brief description of the RIPES spectrometer. In Sec. IV
present a RIPES study of thea and g phases of metallic
cerium and a collection of experimental results that show
sensitivity of RIPES toTK in different cerium compounds
The energy dependence of the resonance is more expli
discussed in Sec. V, while the temperature dependence o
RIPES spectra is described in Sec. VI.

II. RIPES

A. Spectral properties of Ce systems

The minimal theoretical basis for a description of t
electronic properties of Ce intermediate valence system
provided by the celebrated Anderson impurity model~AIM !.
The model contains 4f charge fluctuation and 4f
conduction-band hybridization energies as parameters
generates the Kondo scale that controls the low-energy p
2056 © 1997 The American Physical Society
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erties and predicts the crossover from localized 4f moments
at high temperature to a local Fermi liquid with noninteg
occupation of the 4f states.14 The AIM, however, explicitly
neglects the 4f translational degrees of freedom and its v
lidity is based on the generally accepted assumption that
herence effects~considered by more complex and still u
solved lattice models! can safely be neglected except at ve
low temperatures. According to the AIM, the ground state
a Ce impurity is a hybrid singlet. In the often consider
Uf f5` limit (Uf f is the Coulomb repulsion between tw
4 f electrons on the same site!, 4f occupancies larger tha
unity are forbidden and the ground state takes the fo
uCG&5au f 0&1bu f 1&. This simplified notation indicates tha
because of the hybridization between the 4f electron and the
conduction band, the singlet ground state is an appropr
combination of different 4f configurations:u f 1& represents
4 f electron localized on the Ce ion, whileu f 0& indicates the
complete transfer of a 4f electron to the conduction band
The thermodynamic properties of Ce impurities are de
mined by the singlet ground state and by a manifold of
cited ~magnetic! states with puref 1 character. The energ
separation between the singlet and the magnetic states i
Kondo energykBTK and represents the energy gained in
formation of the hybrid ground state. The generalization
finiteUf f is conceptually straightforward, although it consi
erably increases the computational complexity of the pr
lem.

An interpretation of the spectroscopic data based on
AIM has been developed over the past decade, base
numerous experimental results and the comparison with
culational schemes for the spectral properties of
AIM. 15,16 According to this interpretation the vast majori
of Ce-based intermediate valence compounds belong to
‘‘Kondo regime’’ of the AIM.17,18 This ‘‘Kondo paradigm’’
has been challenged by more recent results, which have
vealed quantitative discrepancies and possible inconsis
cies with the predicted spectral properties of the AIM.19,20

The unsettled controversy raised by the recent data invo
fundamental issues as well as complex and poorly explo
materials issues~the recent results have been obtained
single crystals, while most of the previous work was on po
crystalline samples! and surface science issues.21,22 An ac-
count of the present status of this debate has been give
Ref. 1. From the theoretical side, alternative schemes or
posed extensions of the AIM are not yet sufficiently dev
oped for a direct comparison with the experimental spec
scopic results.23,24 Therefore, although the reader should
aware of the existence of alternative viewpoints, through
this paper we will consistently use the AIM as a guideline
the interpretation of our results.

For the present purposes it is sufficient to recall here so
fundamental spectral properties of the AIM.1,15,16 At T50
the 4f electron addition spectrum reflects transitions fro
theN-electron ground state to all possible final states of
(N11)-electron system, under the effect of a transition o
eratora† that creates a 4f electron. The extension toTÞ0
will be considered in Sec. VI. The spectrum exhibits tw
prominent features: a peak centered at energykBTK above
EF ~with a spin-orbit satellite separated from the main pe
by the 4f spin-orbit splittingDso50.3 eV! and a broad struc
ture at energy;e f1Uf f;426 eV aboveEF (e f is the bare
r
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4 f energy!. The peak nearEF is the so-called Abrikosov-
Suhl or Kondo resonance and corresponds to transitions
final states with mainlyf 1 ( j55/2) character~the satellite
has the same orbital symmetry butj57/2 character!. The
higher-energy structure corresponds to mainlyf 2 final states
and its width is determined by the energy spread of thef 2

multiplet.25 Because of the nature of the IPES process,
u f 0& part of the ground state is only coupled tof 1 final states.
Therefore, at least in theUf f5` limit, the intensity of the
‘‘Kondo resonance’’~KR! reflects the weight of thef 0 con-
figuration in the ground state and the strength of 4f -band
hybridization. More precisely, it can be shown that the inte
sity of the KR obeys an approximate scaling relation a
function of the parameterT/TK . This scaling law is one the
most fundamental features of the AIM and its experimen
verification is an important and controversial issue.1

The broad feature observed nearEF in the experimental
IPES spectra is therefore interpreted, in the AIM framewo
as a superposition of signal from to the Kondo resonance
its spin-orbit satellite. Due to the finite energy resolution t
two features cannot be separated and appear as a uniqu
broader peak. In the following we shall indifferently refer
the near-EF peak as the Kondo resonance or thef

1 peak and
to the higher-energy feature as thef 2 peak.

B. Resonances in IPES

When the excitation energy crosses the 3d or 4d ioniza-
tion thresholds, the Ce 4f IPES,9–12as well as PES,2–6 cross
sections exhibit resonances due to the quantum interfere
between transitions involving an intermediate discrete s
and a continuum.26,27 In IPES, the transition to the con
tinuum is the usual or direct proces
uCG(N)&1e2→uC(N11)&1hn. The discrete state is th
intermediate state of an indirect transitio
uCG(N)&1e2→uC* (N11),c&→uC(N11)&1hn ~Fig. 1!,
where a core hole (c) is created and then filled with th
emission of a photon. The direct and indirect channels h
the same initial and final states and therefore interfere, g
erating a characteristic resonance profile. In classical ter
the incoming electron drives, via the Coulomb interactio
the resonant oscillation of the 3d (4d) shell.28

The matrix element for the indirect transition contains t
overlap between the wave function of the core and of
valence states. Strong resonances may therefore be exp
only for rather localized orbitals such as the 3d orbitals in
the first row of transition metals or the 4f orbitals in the
lanthanides. The deviation from the normal cross sect
near threshold depends on the strength of the coupling
tween the discrete state and the continuum. The orbital s

FIG. 1. Schematic description of the interfering direct~left! and
indirect ~right! transitions of a resonant IPES~RIPES! process.



ol

rm

to
o

e

o

th
th
s-

e
h

S
b
n
m
t
hi
d

ta
ar

A
to
n

-

an

in

-
it

to
en

fts
3
ich

of
. A
rd-
si-
e
ns
The

l
-
the

en-
The

2058 55GRIONI, WEIBEL, MALTERRE, BAER, AND DUÒ
metry of the core and valence orbitals is dictated by dip
selection rules, e.g.,d core hole for a 4f resonance andp for
a d resonance. Resonance spectra therefore contain info
tion on spectral functions~e.g., PES or IPES!, projected on a
specific site, and on a specific orbital symmetry.

The description of the 4f resonance in Ce must take in
account the hybrid character of the ground state. The p
sible direct IPES processes are, schematically,

u f 0~G!&1e2→u f 1&1hn1 , ~1!

u f 1~G!&1e2→u f 2&1hn2 ~2!

and the corresponding indirect processes

u f 0~G!&1e2→ucf 2&→u f 1&1hn1 , ~3!

u f 1~G!&1e2→ucf 3&→u f 2&1hn2 . ~4!

Here u f 0(G)& and u f 1(G)& are shorthand notations for th
f 0 and f 1 components of the ground stateuCG&. On the other
hand, 1,3 and 2,4 are not the only radiative channels and
should also consider transitions such as:

u f 1~G!&1e2→ucf 2k&→u f 1k&1hn1* , ~5!

where k stands for a spectator conduction electron in
recombination process. This transition corresponds to
characteristic CeMa fluorescence observed in x-ray emi
sion spectroscopy~XES! measurements.29 Unlike the IPES
channels~1! and~2!, where the photon energies vary with th
kinetic energy of the incoming electron, the energy of t
Ma emission is fixed. At threshold theMa signal is degen-
erate with and indistinguishable from the resonating IPE
This behavior is analogous to that of the Auger lines o
served in resonant PES. The XES signal is present eve
the atomic limit and its intensity mainly depends on the nu
ber of 4f holesnh5142nf . Sincenh is essentially constan
for all metallic Ce systems, it can be anticipated that t
contribution will show little dependence on the compoun
unlike the RIPES itself.

While all the above transitions share the same initial s
uCG&, their intermediate and especially final states
largely distinct. Thef 1 and thef 2 parts of the IPES spectrum
will therefore resonate at different excitation energies.
simple analysis, which does not take multiplet splitting in
account, yields the following energy separatio
DE5E(cf 3)2E(cf 2)5e f12Uf f1Ufc , whereUfc repre-
sents the 4f core hole Coulomb attraction. Typical param
eters for Ce systems yieldDE;2 eV. The relative strength
of the f 1 and f 2 resonances should be material dependent
reflect the weight of thef 0 and f 1 configurations in the
ground state.

C. RIPES spectra

A typical RIPES measurement is performed by record
a series of IPES spectra at various electron kinetic~i.e., ex-
citation! energies, across the 3d threshold. A complete spec
trum is recorded for each excitation energy, in contrast w
the conventional BIS acquisition mode where a spectrum
collected by scanning the electron energy at a fixed pho
energy. Figure 2 illustrates an ideal RIPES measurem
e
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The electron energy increases fromA ~below threshold! to
E ~above threshold!. The initial enhancement of thef 1 peak
(B) is followed by the enhancement of thef 2 structure
(D). TheMa line, emitted at a constant photon energy, dri
away fromEF as the excitation energy increases. Figure
shows the same curves in a different representation, wh
will be used in the rest of this paper.

It is often difficult to estimate the energy dependence
the resonance from the raw spectra, as in Figs. 2 or 3
clearer view of the resonance profile is obtained by reco
ing, as a function of electron energy, the integrated inten
ties of thef 1 and f 2 peaks. Typical integration windows ar
indicated in Fig. 2 by horizontal bars. Their energy positio
track the peak positions as the electron energy is varied.

FIG. 2. Schematic view of the results of an ideal Ce 4f RIPES
experiment. The excitation~electron kinetic! energy increases from
A ~below threshold! to E ~above threshold! and the spectra have
been aligned atEF . The f

1 peak andf 2 manifolds are resonantly
enhanced inB andD, respectively. The CeMa fluorescence signa
~solid line! moves away fromEF with increasing excitation ener
gies. The horizontal bars represent the integration windows for
constant final-state curves of Fig. 4.

FIG. 3. RIPES spectra of Fig. 2 shown in a different repres
tation. The energy position reflects the actual photon energy.
dashed line represents the position of the Fermi level.
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resulting constant final-state~CFS! curves are shown in Fig
4 for the ideal case of Fig. 2. Here and in the following t
origin of the relative electron energy (E* ) scale coincides
with the maximum of thef 1 curve. The CFS curves directl
yield the energy separation and widths of the two resonan
and their relative strengths~see below!. The related constan
photon energy~CPE! measurement is performed by integra
ing the IPES signal within a fixed window centered at t
energy of theMa line, while varying the electron energy
The structure near threshold is due to the drift of thef 1 and
f 2 peaks across the integration window, but well abo
threshold the CPE curve reflects theMa intensity and it can
be used to estimate the relative importance of the BIS
XES channels near resonance.

Real theoretical calculations of RIPES, as opposed to
qualitative plots of Figs. 2–4, are scarce. Wendin a
Nuroh28 could reproduce the asymmetric IPES resonan
observed in La and Ce in Ref. 10 by an atomic calculat
that neglected the possibility of mixed valency. The rela
problem of x-ray emission in Ce materials has been inve
gated within the AIM,29 but without considering the thresh
old excitation of the 4f→3d XES. More recently, Tanaka
and Jo30 have performed a realistic calculation of Ce 3d
RIPES and compared it with the experimental spectra
CeNi2 and CeRh3. They have described the Ce impurity b
the Anderson Hamiltonian, with a degenerate conduct
band but retaining the full multiplet structure, and treated
resonant transition as an~inverse! second-order coherent op
tical process. Their results reproduce semiquantitatively
experimental spectra, namely, the distinct enhancemen
the f 1 and f 2 features, and the observed energy depend
transfer of spectral weight within thef 2 manifold near
threshold~see below!. A fully quantitative agreement canno
be achieved because the calculation does not include th
coherentMa fluorescence process.

FIG. 4. Top: constant final-state~CFS! curves obtained by inte
grating, as a function of electron energy, thef 1 and f 2 spectral
features of Fig. 2. The letters (A–E) refer to the corresponding
RIPES spectra. Bottom: constant photon energy~CPE! curve, ob-
tained by integrating the spectra of Fig. 2 within a fixed ene
window centered around the CeMa emission. Near threshold
~dashed line! the CPE curve is perturbed by overlappingf 1 and
f 2 contributions.
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III. EXPERIMENTAL DETAILS

The RIPES measurements have been performed o
dedicated UHV spectrometer, which has been descri
elsewhere.13 Soft x rays are generated by the interaction o
monochromatic electron beam (DE50.220.3 eV,
I50.120.2 mA! with the sample. The kinetic energy of th
electrons can be controlled by varying the potential diff
ence (V0) between the BaO cathode and the sample acc
ing to the relationEK5eV01fcath12kBT;eV013 eV,
wherefcath andT are the cathode work function and tem
perature. The electron beam defines at the sample a 1 mm
circular spot, which is also the source of the optical syste
The energy analysis of the emitted x rays is performed b
Bragg reflection on a curved beryl (1010) crystal. The dis-
persed photons are detected by a two-dimensional mi
channel plate detector equipped with a resistive anode
coder. The total energy resolution~electrons plus photons! of
the apparatus is;0.6 eV.

Polycrystalline samples were prepared by melting s
ichiometric amounts of the components in induction furna
or by a discharge in an Ar atmosphere. The sample qua
was checked by x-ray diffraction and, in some cases, by
croprobe analysis. The samples were glued with a cond
ing epoxy on the tip of a He flow cryostat and could
cooled to;15 K. The temperature, measured by a Rh-
thermometer in close thermal contact with the sample, co
also be regulated to better than 1 K over the whole 300–15 K
range by a resistive heater. Fresh surfaces were preparin
situ by scraping with a diamond file at a base pressure
1310210 torr. Thin films of thea andg phase of Ce were
prepared as usual by evaporating high purity Ce from a tu
sten filament onto a Cu substrate kept, respectively, at 20
300 K.

IV. RESULTS AND DISCUSSION

A. Metallic cerium

Thea-g transition in metallic cerium31 is an inescapable
test of any spectroscopic probe of mixed valence. Spec
scopic data32,33 have played a major role in establishing th
‘‘Kondo volume collapse’’~KVC! model of the transition,
based on the AIM.34,35 According to the KVC, the two
phases represent two different regimes of the Kondo beh
ior: T.TK in the g phase (TKg;100 K! and T!TK
(TKa;1000 K! in the a phase. Such a large difference h
important consequences on the spectroscopic propertie
the combined high-resolution PES/BIS spectra of Fig. 5
Kondo resonance is much stronger in thea phase, as pre-
dicted by the AIM. The difference is especially clear in th
BIS part, which confirms that despite its limited resolutio
~the KR and its satellite cannot be separated! inverse photo-
emission is an extremely powerful probe of Ce systems.

The different spectral properties ofa- andg-Ce are also
manifest in the RIPES results. For both phases the C
curves of Fig. 6 exhibit clear maxima, separated by;1 eV,
but the f 1 curve is much weaker ing-Ce. The ratioR of the
two maxima is;0.2 forg-Ce and;0.5 fora-Ce ~Table I!.
The intensities of the CFS curves are partially affected by
nonresonating CeMa signal. This contribution can be
roughly estimated by comparing the CFS and CPE curv

y
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The width of the integration window for the CPE and t
f 1 CFS measurements were the same, so that the inten
are strictly comparable. Close to threshold the CPE curv
distorted by the overlapping contribution of thef 1 and f 2

features, but above;10 eV the curve is smooth, with
positive slope reflecting an increasing density of final sta
The extrapolation of the slope towards threshold~dashed
lines! suggests that approximately one-half of thef 1 CFS
signal in g-Ce, and;25% in a-Ce, is due to incoheren
emission.

The RIPES spectra ofa- andg-Ce, measured at the max
mum of thef 1 resonance profile, are shown in Fig. 7. As f
the conventional BIS spectra, the KR is predominant
a-Ce, while thef 2 peak is larger ing-Ce, even at this en
ergy. The obvious advantage of RIPES is the much lar
~1–2 orders of magnitude! intensity, which considerably re
duces the acquisition time and the risk of surface contam
tion. A comparison of the BIS and RIPES results shows t
in RIPES the characteristic sloping background is mu
weaker. A second difference is the reduced width of thef 2

feature in the RIPES spectra. Both are consequences o

FIG. 6. RIPES CFS (f 1, solid symbols;f 2, empty symbols! and
CPE curves ofa-Ce andg-Ce. A linear extrapolation of the CPE
curve is used to estimate the contribution at threshold of the fl
rescence signal. The arrow marks a prethreshold feature, discu
in Sec. V.

FIG. 5. Combined PES (hn548.4 eV, thick lines! and BIS
(hn51486 eV, thin lines! spectra ofa-Ce andg-Ce.
ies
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RIPES selection rules and of the nonuniform enhancemen
the various terms of thef 2 multiplet.30

We looked for possible figerprints of thea-g phase tran-
sition, but our measurements revealed only very small
continuous spectral changes when the temperature of
evaporated film was varied between room temperature~RT!
and 20 K ~or vice versa! over a period of about 1 h. We
conclude that, at least near the surface, the evaporated
films did not undergo thea-g transition, possibly because o
the well-known perturbing effect of the hcpb-Ce phase.31

B. Overview of the RIPES results

In this section we present an overview of experimen
RIPES data for various cerium-based materials. For the s
of clarity we have grouped these results in three subsecti
weakly hybridized materials, typical Kondo systems, a
strongly hybridized materials. It is, however, clear that th
division is somewhat arbitrary and that the boundaries
tween the different representative classes are not sharp.

1. Weakly hybridized Ce compounds

We consider in this section three representative low-TK
compounds, with magnetic ground states CeSb, CeGe2, and
Ce7Rh3. CeSb, which crystallizes in the cubic NaCl stru
ture, orders belowTN517 K with a large Ce moment of 1.9
mB and exhibits a complex phase diagram.36 Valence-band
x-ray photoemission spectroscopy~XPS! and BIS data revea
a semimetallic character, with a very small density of sta
at the Fermi level.37,38 The 3d core level spectra are als
indicative of nearly localized 4f electrons, but coherenc
effects are believed to be important.39 Orthorhombic
CeGe2 exhibits a Curie-Weiss behavior with effective m
ments equal to 95% of the Ce31 value and orders ferromag
netically below 7 K. Specific-heat measurements sugge
residual Kondo effect withTK;2 K.40 Ce7Rh3, which
crystallizes in the Th7Ni 3 structure with Ce ions in three
inequivalent sites, exhibits a magnetic transition at 7 K and
some evidence for Kondo behavior on one of t
sublattices.41 Core-level and valence-band PES, as well
BIS ~Ref. 42! data, are consistent with a weak hybridizatio

The weakly hybridized character of these compounds
confirmed by the high-resolution PES spectra of Fig. 8. A
cording to the AIM, the Ce 4f spectral function exhibits two

-
sed

FIG. 7. RIPES spectra ofa-Ce ~solid symbols! and g-Ce
~empty symbols! measured at the maximum of thef 1 resonance.
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sharp features in this energy range: the tail of the KR, cut
the Fermi distribution function, and a spin orbit satellite
20.3 eV. The two features are unequally sensitive to
4f -band hybridization strength, the KR being the more s
sitive, and the ratio of their intensities can be used to e
mate the value ofTK .

43 The small intensity of the KR in the
spectra of Fig. 8 sets un upper limitTK;10–30 K for the
three compounds. The hybridization appears to be large
Ce7Rh3, where the tail of the KR is as intense as the sp
orbit satellite, and smallest in CeSb. The spectrum of Ce
which is strongly dominated by the emission from the
sp states, steeply rising away fromEF , is really unique
among Ce compounds for the total absence of 4f -related
features.

The RIPES spectra of Fig. 9 are dominated by the re
nating f 2 structures. In CeSb thef 2 peak is strongest an
apparently sharpest and the emission in the vicinity of
Fermi level is vanishingly small at all excitation energie
although there are signs of theMa line drifting away from
EF . The intensity in thef 1 region is larger in Ce7Rh3 and
the f 2 structure is broadened by the fluorescence signal. O
in CeGe2 is it possible to identify a resonatingf 1 peak.
These observations are confirmed by the CFS curves. C
has the smallestR ratio ~0.10!, only one-half the value of
g-Ce ~Table I!, so that the apparent weakf 1 resonance
should probably be entirely attributed to fluorescence.R is
largest in CeGe2 and, perhaps surprisingly, slightly large
than in g-Ce. Some caution is, however, appropriate he
since the resonating signal from possible parasitic pha
~oxides, etc.! could perturb the quantitative determination
the resonance profile. Our samples presented very s

FIG. 8. High-resolution PES spectra (hn540.8 eV! of three
weakly hybridized Ce compounds. The peak at20.3 represents a
4 f spin-orbit excited state.
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amounts of parasitic phases, and clean surfaces were
pared in good vacuum by a standard procedure. Moreo
we observed little evidence of evolution of the spectra dur
the acquisition time. However, our present apparatus d
not allow us to check possible contamination with indepe
dent surface sensitive probes. Although we are convin
that our results represent intrinsic properties, this limitat
should be addressed by future experiments.

2. Typical Kondo systems

In this section we consider three representative Kon
systems CeSi2, CePd3, and CeNi2. The hybridization in
these materials is stronger than in the compounds consid
in Sec. IV B 1 and the estimatedTK values are correspond

FIG. 9. RIPES spectra of CeSb, Ce7Rh3, and CeGe2. The top
panels show the corresponding CFS curves: CeSb~left!, Ce7Rh3
~middle!, and CeGe2 ~right!. The resonance profiles are dominat
by the f 2 structures~open symbols!.
TABLE I. Experimental values of the ratio (R) between the maximum integrated intensities of thef 1 and
f 2 RIPES constant final state curves, in various cerium-based materials.

Material R5max(f 1)/max(f 2) Material R5max(f 1)/max(f 2)

CeSb 0.10 a-Ce 0.52
Ce7Rh3 0.13 CePd7 0.63
g-Ce 0.20 CeFe2 1.15
CeSi2 ~300 K! 0.27 CeNi2 1.37
CeGe2 0.29 CeRh2 3.0
CePd3 ~300 K! 0.43 CeRh3 4.8
CePd3 ~50 K! 0.55
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ingly larger, in the range;10021000 K. CeSi2 is nonmag-
netic and its Kondo temperature has been estimated by
ferent techniques at 50–100 K.44,45CePd3 is a much studied
Kondo material. Quasielastic neutron scattering data y
TK;240 K,46,47 while magnetic susceptibility and NMR
measurements suggest slightly larger values (;350 K!.48

Both the 3d XPS and the 2p x-ray absorption spectroscop
~XAS! spectra exhibit satellites that indicate a sizable c
figuration mixing.49,50For CeNi2 spectroscopic data indicat
an even larger hybridization and effective valence, at
limit of the Kondo regime, withTK.1000 K.

The RIPES spectra of CeSi2, CePd3, and CeNi2 are
shown in Fig. 10. For CeSi2 and CePd3, whereTK falls
within the experimentally attainable temperature range,
observe ~Sec. VI! measurable changes between 20
(T,TK) and RT (T.TK). The RT spectra of CeSi2 are
similar to those of CeGe2, with a predominantf

2 structure at
all excitation energies, but a clearly visiblef 1 peak at reso-
nance. TheR value~0.27! is also close to that of CeGe2. The
RIPES spectra of CePd3 present a separate enhancemen
the f 1 and f 2 structures and a much largerR ratio ~0.43!. The
RIPES spectrum measured at the top of thef 1 resonance
profile (E*50) is compared in Fig. 11 with the convention
BIS spectrum of CePd3. The absence of the ‘‘split-off
d-band’’ peak at;2.2 eV ~Ref. 51! in the RIPES spectrum
illustrates the orbital selectivity of the resonance proce
The E*53 eV spectrum shows a strong spectral weig
transfer from the KR to the higher-energy part of thef 2

FIG. 10. RIPES spectra of CeSi2, CePd3, and CeNi2. The top
panels show the corresponding CFS curves: CeSi2~left!, CePd3
~middle!, and CeNi2 ~right!. The intensity of thef 1 resonance in-
creases with the strength of the 4f -band hybridization.
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multiplet and yet no intermediate peak. The RIPES spe
of CeNi2 are dominated by the KR and the value of theR
ratio is 1.37, the largest of the materials considered so fa
similar value (R51.2) was observed in CeFe2 ~not shown!,
a material with a formal valence close to that of CeNi2.

The results of this section show that the relative streng
of the f 1 and f 2 resonances increases with the strength of
f -band hybridization. This increase reflects the larger wei
of the f 0 configuration in the hybrid ground state. The res
nance profiles of Fig. 10 can therefore be exploited, toge
with other spectroscopic data, to determine the strength
configuration mixing in the ground state. From the expe
mental point of view, RIPES offers over conventional B
the advantage of a large and selective amplification of
4 f signal, as shown explicitly by the example of CePd3.

3. Strongly hybridized materials: The intermediate valence limit

We review in this section the RIPES results for CeRh2,
CeRh3, and CePd7 , three strongly hybridized intermetalli
compounds close to the intermediate valence regime, at
borderline of validity of the Kondo model. Valence-band a
core-level XPS andL2,3 XAS spectra indicate a strong va
lence mixing7,52–54and the IPES spectra are characterized
a very intense Kondo resonance, unusually far (;1 eV!
from EF .

8 Their physical properties indicate a clear te
dency towards the delocalization of the 4f states.55,56 This
tendency is particularly strong in CeRh3 and in CePd7,
where the measured values of the static magnetic susc
bility and of the linear coefficient of the specific heat a
close to free-electron values. The properties of CeRh2, on
the other hand, are closer to those of CeNi2. Recent local-
density calculations,57 with the apparent support of spectro
scopic data on CeRh3,

58 suggest that a band approach cou
provide an appropriate description of the 4f states in such
strongly hybridized materials. At the present time, howev
this issue is far from being settled.

The RIPES spectra CeRh3 and CeRh2 of Fig. 12 are
dominated, like the conventional BIS spectra, by thef 1 peak.
At resonance the intensity of this feature is quite large an

FIG. 11. RIPES spectra of CePd3 measured at the maximum o
the f 1 ~bottom! and f 2 ~top! resonance, compared with the conve
tional BIS spectrum. One should notice the transfer of spec
weight from thef 1 peak to thef 1 manifold and the absence of th
intermediate split-offd state in the RIPES spectra.
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spectrum can be collected with acceptable statistics in
minutes, as opposed to the several hours necessary to re
a BIS spectrum. Thef 2 manifold is extremely weak in
CeRh3 and it is probably mostly associated with a surfa
contribution,8 while it is more pronounced in the spectra
CeRh2. TheR ratios, 3 for CeRh2 and 4.8 for CeRh3, are by
far the largest we have observed and are consistent with
very large configuration mixing in the ground state of the
materials. These values are somewhat perturbed by theMa
fluorescence signal, which accounts for a large portion of
measured integratedf 2 intensity, a situation opposite that o
the weakly hybridized CeSb or Ce7Rh3.

The examples considered in this and in the previous s
tions demonstrate a correspondence between the Kondo
peratures and the strengths of the resonances in RIPES
creased 4f -band hybridization andTK seem to lead
invariably to the enhancement of thef 1/ f 2 ratio. CePd7,
however, does not fit in this systematic trend. The RIP
spectra exhibit a sizablef 2 peak and theR value ~0.63! is
much smaller than in CeRh3. Further combined PES/RIPE
measurements will be necessary to clarify this surprising
sult.

V. THE RESONANCE PROFILE AND THE ENERGY
DEPENDENCE OF THE SPECTRAL LINE SHAPE

The results of the previous sections demonstrate that
only the intensity but also the spectral line shape of the

FIG. 12. RIPES spectra of CeRh2, CeRh3, and CePd7. The top
panels show the corresponding CFS curves: CeRh2 ~left!, CeRh3
~middle!, and CePd7 ~right!. The f 1 structure dominates the reso
nance profiles of CeRh2 and CeRh3, but, surprisingly, not that of
CePd7.
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IPES spectra strongly depend on the excitation energy n
the CeM5 edge. Two different but related effects can pr
duce such energy-dependent changes: the configuration
pendence of the resonance profile and the rapidly chan
ratio of the cross section for the 4f and band states. The firs
effect has already been mentioned in Sec. II. IPES transit
involving different ionic configurations (f 0, f 1) resonate at
different excitation energies, as implied by Eqs.~3! and ~4!.
Since final states with predominantlyf 1 or f 2 character are
well separated in energy, different parts of the IPES sp
trum are sequentially enhanced as a function of the excita
energy. The shape of the resonance profiles is determine
the energy distribution of the complex 3d94 f 2 and 3d94 f 3

intermediate-state multiplets and by selection rules. T
electron-induced excitation processes do not impose s
conditions on the angular momenta~the matrix elements are
transition elements for an inverse Auger process!. On the
other hand, the deexcitation processes must obey dipole
lection rules, so that only a subset of the intermediate m
tiplet is coupled to final states. The problem is strictly relat
to that of 3d x-ray absorption,59 but because of the extr
electron in RIPES, thef 1 and f 2 CFS profiles should be
compared, respectively, with the XAS spectra of Ce31 ( f 1)
and Pr31 ( f 2). The individual, broadened, multiplet state
are too closely spaced to be resolved in the CFS curve, b
is interesting to notice that the small prepeak, clearly visi
in some of thef 1 resonance profiles;3 eV below the maxi-
mum ~e.g., in Fig. 6!, is also observed in the 3d absorption
spectra of the early rare-earth elements.

The rapid relative cross-section changes near the 4d or
3d thresholds are well known in PES and have been
ploited in studies of Ce materials to extract the Ce 4f con-
tribution through the comparison of on- and off-resonan
spectra. Both the PES and IPES~Ref. 12! 4d→4 f reso-
nances in the rare-earth elements exhibit asymmetric F
profiles, with a minimum of the cross section before t
edge, so that the 4f emission can be not only enhanced, b
also depressed with respect to the signal from band sta
The situation is less clear at the 3d edge, where the reso
nance profile is dominated by a complex multiplet structu
Our prethreshold measurements indicate a strong depres
of the 4f IPES cross section in CeRh3 and CePd3. Figure 13
shows the RIPES spectra of CeRh3 for excitation energies
below threshold. TheE*524 eV spectrum is similar to the
conventional BIS spectrum, with a prominentf 1 peak and a
much weaker feature around 4 eV. At lower excitation en
gies the intensity of thef 1 peak rapidly decreases. This pro
duces a rather spectacular change of the spectral line sha
just few eV and the prominent feature of theE*529 eV
spectrum is the 4-eV peak. A comparison with the calcula
partial densities of states from Ref. 57 shows that this sp
trum reflects the unoccupiedd band.60 The prethreshold
spectra of CePd3 of Fig. 14 present a similar evolution. Th
4 f peaks are progressively depressed at lower energy
disappear atE*528 eV, while an intermediate structur
~the split-off d band! emerges at;22 eV. Therefore the
character of the RIPES spectrum rapidly changes fromf
sensitive tod sensitive below the 3d threshold. A suppres-
sion of the 4f IPES intensity could also be achieved b
working at much lower energy, in the UV range (hn,15
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eV!, but only at the expense of a much larger surfa
sensitivity.8

VI. TEMPERATURE DEPENDENCE OF THE 4 f SIGNAL

As discussed in the Introduction, the properties of Kon
systems reveal a characteristic, hybridization-depend
low-energy scalekBTK . According to the AIM, most physi-
cal quantities obey simple approximate scaling laws with
single parameterT/TK .

16 The 4f spectral function are ex
pected to exhibit a similar scaling behavior. The model p
dicts that, as temperature is increased from 0 toT@TK , the
intensity of the Kondo resonance is reduced and spec
weight is transferred to thef 2 peak.16,61 This peculiar tem-
perature dependence should manifest itself in the IPES s
tra of Ce and, because of the electron-hole symmetry of
AIM, also in the PES spectra of the Yb compounds~the KR
is mostly occupied in Yb!. Attempts to test this crucial pre
diction of the model by PES in Yb-based materials ha

FIG. 13. Line shape of the prethreshold RIPES spectra
CeRh3, suggesting a transition fromf sensitive (E*524 eV! to
d sensitive (E*529 eV!. The solid line is thed partial density of
states from Ref. 52.

FIG. 14. Prethreshold RIPES spectra of CePd3. At E*528 eV
the 4f signal is strongly depressed and the main spectral featu
the split-offd state.
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yielded contrasting results,62–64 possibly because of the pe
culiar sensitivity of the Yb 4f configuration to surface con
ditions. Inverse photoemission, which is less surface se
tive than PES, is well suited to investigate the expec
spectral changes in Ce systems. Even the poor experime
resolution is not an obstacle in this case because the inte
ing quantity is the integrated spectral weight of the KR a
its spin-orbit satellite. Recent BIS studies of CePd3 and
CeSi2 have indeed revealed temperature-dependent cha
that are qualitatively consistent with the predictions of t
AIM. 65,66

Thanks to the short acquisition time of a RIPES spectr
~a few minutes! we could collect data on the same surface
several different temperatures and even continuously fol
the temperature dependence of the spectra. Figure 15 sh
the temperature dependence of the RIPES spectra of C2
(TK5502100 K!. The spectra, collected at 15 and 300 K
the maximum of thef 1 resonance (E*50), have been~ar-
bitrarily! normalized at the top of thef 2 peak. This proce-
dure masks the transfer of spectral weight from the low-
the high-energy structure, but it is probably appropriate
this particular case because, due to the choice of the ex
tion energy, any relative variation of thef 2 weight is
strongly reduced. A comparison of the two spectra confir
the expected growth of thef 1 peak at low temperature, with
a 25% increase at 15 K. This figure should be compared w
the; 15% increase observed by conventional BIS, when
spectra are normalized in the same way.66 Of course one
should not expect an identical result in the two cases si
the spectra reflect partially different quantities. In conve
tional BIS the f 1 peak contains a contribution from
conduction-band states, which is difficult to estimate, a
from the inelastic background. The RIPES spectra single
the emission from the Ce 4f states, but at resonance th
leading peak has an underlying CeMa contribution. A quan-
titative evaluation of this contribution is beyond the scope
the present paper and our main purpose is to establish q
tatively the temperature effect. From the experimental po
of view, the large overall intensity gain represents a cl

f

is

FIG. 15. RIPES spectra of CeSi2 measured at the maximum o
the f 1 resonance at 15 K~solid symbols! and at RT, and normalized
at the top of thef 2 structure. The intensity variation of the Kond
peak is qualitatively consistent with the predictions of the AIM
Inset: Temperature dependence of the experimentally determ
f 1/ f 2 intensity ratio, with typical error bars.



s

oth
sti
sa
ig
x-
-
h s
lo
of

res
or
pre
f t
. 1

on
en
re
e
a
pr
d
nd
th

o
55
tem
PE
e

do
-

em-
Ce-
with
as
h-

ant
ure
of
the
is
the
re-
s

of
en-
o
y
ave
en-
the
sly
hen

e of
lu-
to
de
and
the

di-
ual-
re
on

ci-
se,
e of
ons
Jo.

t
o

55 2065RESONANT INVERSE PHOTOEMISSION IN CERIUM- . . .
advantage of RIPES over conventional BIS and allows u
exclude trivial artifacts of the measurement.

We have recorded the integratedf 1 and f 2 intensities in
CeSi2 throughout the temperature range 15 K to RT. B
signals slightly decreased during the 1-h scans, sugge
the absorption of some residual gas. In order to compen
this spurious intensity variation, we plot in the inset of F
15 the f 1/f 2 ratio. The solid line is a smooth fit to the e
perimental data~measured every;5 K!, obtained by sum
ming several separate scans, each performed on a fres
face prepared at 300 K. The ratio clearly increases at
temperature and the curve even suggests the existence
expected plateaus well above and well belowTK , as ex-
pected from the temperature dependence of the Kondo
nance, even if the statistical error bars are still too large f
quantitative analysis. Moreover, no detailed theoretical
dictions are available for the temperature dependence o
spectral function at resonance and the results of Ref
should be considered only as a qualitative guideline.

The low-temperature increase of the Kondo peak is c
firmed by the CePd3 data of Fig. 16. The spectra have be
measured at thef 1 resonance, on the same surface prepa
at 300 K and then cooled. The growth of the KR at the low
temperature cannot be due to surface contamination bec
a prolonged exposure to the residual vacuum always
duced a relative decrease of thef 1 peak. We have repeate
the measurement on many surfaces prepared at 300 K a
20 K. The results are very reproducible and show that
integrated f 1/ f 2 intensity ratio ~at E*50) changes from
1.2560.02 at 300 K to 1.6960.02 at 20 K. We have als
observed that theR ratio increases from 0.43 at 300 to 0.
at 50 K. We have not observed, on the other hand, any
perature dependence between 300 K and 20 K in the RI
spectra of CeRh3. This result is perfectly consistent with th

FIG. 16. RIPES spectra of CePd3 ~atE*50, and normalized a
the top of thef 2 structure! showing a strong variation of the Kond
peak intensity between 20 and 300 K.
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Kondo model and with the fact that the estimated Kon
temperature of CeRh3 lies well above the explored tempera
ture range.

The previous results demonstrate the unconventional t
perature dependence of the IPES spectral function of
based materials. The observed changes are consistent
the predictions of the Kondo model, which interprets them
an identifying characteristic of the crossover from the hig
temperature (T@TK) local moment regime to the low-
temperature (T!TK) Fermi-liquid behavior.

VII. CONCLUSION

We have exploited a spectroscopic technique, reson
inverse photoemission, to investigate the electronic struct
of various Ce-based materials, spanning a wide range
physical properties and Kondo temperatures. In all cases
overall intensity of the inverse photoemission spectrum
resonantly enhanced when the excitation energy equals
Ce 3d absorption threshold. At resonance the spectrum
flects only the Ce 4f contribution. A closer analysis show
that thef 1 ~Kondo resonance! and f 2 spectral features have
distinct resonance profiles. The systematic investigation
different materials strongly suggests that the relative int
sity of the f 1 and f 2 resonance profiles is directly related t
the 4f -band hybridization strength in the ground state. B
exploiting the large intensity gain at the resonance we h
been able to probe, with improved accuracy over conv
tional measurements, the temperature dependence of
IPES spectral function. The RIPES results unambiguou
establish that the intensity of the Kondo peak increases w
the temperature is decreased belowTK .

Resonant inverse photoemission is an interesting prob
the electronic structure of cerium-based materials, with va
able advantages over conventional IPES. The sensitivity
the Ce 4f states can be varied by 2–3 orders of magnitu
by a small change of the electron energy. Combined on-
off-resonance data can therefore be exploited to study
character~local vs extended! of the electronic states in Ce
compounds, under otherwise identical experimental con
tions. These improvements have a direct impact on the q
ity of the experimental results and open the way to mo
sophisticated experiments, namely, to crucial experiments
single-crystal surfaces.
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