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Resonant inverse photoemission in cerium-based materials
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The Ce 4 part of the electron addition spectra of cerium compounds is selectively and resonantly enhanced
when the excitation energy coincides with the Ge-34f (M, 5) absorption edge. Different spectral features,
corresponding to # and 4f? configurations in the final state, exhibit distinct resonance profiles. The relative
intensities of thef! and f2 resonances may vary by as much as a factor of 50, according to the strength of the
hybridization between #and conduction-band states. At resonance the spectral line shape is unambiguously
modified when the temperature is varied across the characteristic Kondo temperature.
[S0163-182607)05204-1

I. INTRODUCTION pendence of the cross section is seldom exploited in [PES.
Recently we have shown that it is possible to perform
Metallic cerium-based systems offer a classic example ostate-of-the-art IPES measurements of cerium systems at the
strongly correlated electrondhe Ce 4 electrong on the Ce M; threshold and we have described some of the advan-
verge of localization. Many of the physical properties oftages of this resonant IPERIPES technique. Our work
these systems reflect the peculiar nature of thetates and ~ follows previous results by Liefeld, Burr, and Chamberidin,
the existence of a material-dependent low-energy scale oby Riehle!* and by Shulakov, Zimkina, and Formich&,
equivalently, characteristic temperatitiee Kondo tempera- which experimentally established the existence of resonances
ture Tx). The magnetic susceptibility, for instance, exhibits ain IPES. We have taken advantage of subsequent progress in
Curie-Weiss behavior fof >Ty, but Pauli paramagnetism Vvacuum technology and in the detection of soft x rays and we
for T<Tg. have designed a dedicated RIPES spectrometer that fulfills
Electron spectroscopies, in particular photoemission spedhe stringent UHV conditions required by the high reactivity
troscopy (PES and inverse photoemission spectroscopyof Ce compound$? In this paper we present the results of an
[(IPES, also known as bremsstrahlung isochromat spectrognvestigation of selected compounds spanning the entire
copy (BIS)] provide direct evidence of the strength of corre-range of physical properties of metallic Ce-based materials.
lations in these materialsUnlike conventional transport or We will not provide a detailed analysis of any particular
magnetic or specific-heat measurements, which are sensitiveaterial, but rather present a large data set, showing some
only to the low-energy spin fluctuations, the high_energysystematic trends as well as the possibilities offered by
data reflect both low{spin) and high-energycharge de- RIPES. We will show that RIPES provides some information
grees of freedom. In principle, the combined electron re-On the spectral properties of these materials.
moval (PES and addition(IPES spectra define the one- The paper is organized as follows. In Sec. Il we discuss
particle properties of an electron system and are therefor@verse photoemission in Ce systems and introduce the dif-
quite complementary. In practice, mainly for technical rea-ferent types of RIPES measurements. Section Il gives a
sons, PES is much more widely used than IPES. Especiallprief description of the RIPES spectrometer. In Sec. IV we
in Ce materials, however, IPES has a paramount importand&resent a RIPES study of the and y phases of metallic
since it can directly probe the mostly unoccupieidstates. cerium and a collection of experimental results that show the
Experimental PES and IPES spectra of Ce materials alsensitivity of RIPES toT in different cerium compounds.
ways contain overlapping contributions fromf 4and  The energy dependence of the resonance is more explicitly
conduction-band states, which are often difficult to disendiscussed in Sec. V, while the temperature dependence of the
tangle. Uncertainties in the determination of thiespectral RIPES spectra is described in Sec. VI.
function are an obstacle to a quantitative exploitation of both
techniques. In PES it is customary to compare measurements Il. RIPES
performed at various photon energies and to exploit the dif-
ferent energy-dependent photoionization cross sections for
the 4f and the conduction-band electrons. This strategy is The minimal theoretical basis for a description of the
most effective when photon energies are varied across thelectronic properties of Ce intermediate valence systems is
4d—4f (Nyg or 3d—4f (M,g) excitation thresholds, provided by the celebrated Anderson impurity mogeM ).
where the 4 cross section presents resonantThe model contains # charge fluctuation and f4
enhancements.’ Similar arguments do apply to the inverse conduction-band hybridization energies as parameters. It
photoemission transition matrix elements, but the energy degenerates the Kondo scale that controls the low-energy prop-

A. Spectral properties of Ce systems
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erties and predicts the crossover from localizéddoments

. L . . —-o— hv -o—
at high temperature to a local Fermi liquid with noninteger o
occupation of the # states:* The AIM, however, explicitly l
neglects the # translational degrees of freedom and its va- Ep —— Ep e o
lidity is based on the generally accepted assumption that co- ’ ‘ A~
herence effect§considered by more complex and still un- c - B

solved lattice modejscan safely be neglected except at very

low temperatures. According to the AIM, the ground state of

a Ce impurity is a hybrid singlet. In the often considered FIG. 1. Schematic description of the interfering dirdeft) and
U¢r=o0 limit (Uy; is the Coulomb repulsion between two indirect (right) transitions of a resonant IPEHRIPES process.

4f electrons on the same 9itelf occupancies larger than

unity are forbidden and the ground state takes the forn#f energy. The peak neaEg is the so-called Abrikosov-
|¥s)=alf%+b]|fl). This simplified notation indicates that, Suhl or Kondo resonance and corresponds to transitions into
because of the hybridization between thfeedectron and the final states with mainlyf! (j=5/2) characterthe satellite
conduction band, the singlet ground state is an appropriateas the same orbital symmetry bj#7/2 character The
combination of different # configurations:|f!) represents higher-energy structure corresponds to maiififiinal states

4f electron localized on the Ce ion, whil€’) indicates the and its width is determined by the energy spread of fthe
complete transfer of afdelectron to the conduction band. multiplet?® Because of the nature of the IPES process, the
The thermodynamic properties of Ce impurities are deter}f®) part of the ground state is only coupledftbfinal states.
mined by the singlet ground state and by a manifold of ex-Therefore, at least in the;;=c0 limit, the intensity of the
cited (magneti¢ states with puref® character. The energy “Kondo resonance”(KR) reflects the weight of th&® con-
separation between the singlet and the magnetic states is tfiguration in the ground state and the strength éfb&nd
Kondo energykg Tk and represents the energy gained in thehybridization. More precisely, it can be shown that the inten-
formation of the hybrid ground state. The generalization tosity of the KR obeys an approximate scaling relation as a
finite Uy; is conceptually straightforward, although it consid- function of the parametér/Ty . This scaling law is one the
erably increases the computational complexity of the probmost fundamental features of the AIM and its experimental
lem. verification is an important and controversial issue.

An interpretation of the spectroscopic data based on the The broad feature observed nda¢f in the experimental
AIM has been developed over the past decade, based dRES spectra is therefore interpreted, in the AIM framework,
numerous experimental results and the comparison with cahks a superposition of signal from to the Kondo resonance and
culational schemes for the spectral properties of thats spin-orbit satellite. Due to the finite energy resolution the
AIM. 1318 According to this interpretation the vast majority two features cannot be separated and appear as a unique and
of Ce-based intermediate valence compounds belong to tHeoader peak. In the following we shall indifferently refer to
“Kondo regime” of the AIM.1"*® This “Kondo paradigm”  the nearE peak as the Kondo resonance or fgeak and
has been challenged by more recent results, which have réo the higher-energy feature as tfrepeak.
vealed quantitative discrepancies and possible inconsisten-
cies with the predicted spectral properties of the Afi°
The unsettled controversy raised by the recent data involves
fundamental issues as well as complex and poorly explored When the excitation energy crosses ttie & 4d ioniza-
materials issuesthe recent results have been obtained ortion thresholds, the Cef4PES? 12 as well as PES;® cross
single crystals, while most of the previous work was on poly-sections exhibit resonances due to the quantum interference
crystalline samplésand surface science issté$? An ac-  between transitions involving an intermediate discrete state
count of the present status of this debate has been given and a continuumd®?’ In IPES, the transition to the con-
Ref. 1. From the theoretical side, alternative schemes or prdinuum is the usual or direct process
posed extensions of the AIM are not yet sufficiently devel-|W5(N))+e~ —|¥(N+1))+hv. The discrete state is the
oped for a direct comparison with the experimental spectrointermediate state of an indirect  transition
scopic result$>?* Therefore, although the reader should be| ¥ g(N))+e™ —|¥*(N+1),c)—|¥(N+1))+hv (Fig. 1),
aware of the existence of alternative viewpoints, throughoutvhere a core holed) is created and then filled with the
this paper we will consistently use the AIM as a guideline foremission of a photon. The direct and indirect channels have
the interpretation of our results. the same initial and final states and therefore interfere, gen-

For the present purposes it is sufficient to recall here somerating a characteristic resonance profile. In classical terms,
fundamental spectral properties of the AING®At T=0  the incoming electron drives, via the Coulomb interaction,
the 4f electron addition spectrum reflects transitions fromthe resonant oscillation of thed3(4d) shell?®
the N-electron ground state to all possible final states of the The matrix element for the indirect transition contains the
(N+1)-electron system, under the effect of a transition op-overlap between the wave function of the core and of the
eratora’ that creates a felectron. The extension 8#0  valence states. Strong resonances may therefore be expected
will be considered in Sec. VI. The spectrum exhibits twoonly for rather localized orbitals such as thd 8rbitals in
prominent features: a peak centered at endgglx above the first row of transition metals or thef4orbitals in the
Er (with a spin-orbit satellite separated from the main pealanthanides. The deviation from the normal cross section
by the 4f spin-orbit splittingA,=0.3 eV) and a broad struc- near threshold depends on the strength of the coupling be-
ture at energy- e;+U;~4—6 eV aboveEr (¢ is the bare  tween the discrete state and the continuum. The orbital sym-

B. Resonances in IPES
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metry of the core and valence orbitals is dictated by dipole : , : : :
selection rules, e.gd core hole for a 4 resonance ang for 1 ,
ad resonance. Resonance spectra therefore contain informa- T " E
tion on spectral function&e.g., PES or IPES projected on a ‘ ‘
specific site, and on a specific orbital symmetry. A—,JML
The description of the #iresonance in Ce must take into /

account the hybrid character of the ground state. The pos-
sible direct IPES processes are, schematically,

[f°(G))+e —|fYy+hv, (1)

[f1(G))+e =% +hw, 2
and the corresponding indirect processes
[f9(G))+e™—|cf2)— | +huy, 3 e B
- A

[4(G)) +e™ —[cf?)—|f?) +hv,. @) .
Energy above E; (eV)

IPES intensity

Here |f°(G)) and |f1(G)) are shorthand notations for the
% andf! components of the ground stdtl ). On the other
hand, 1,3 and 2,4 are not the only radiative channels and one FIG. 2. Schematic view of the results of an ideal CleRIPES

should also consider transitions such as: experiment. The excitatiolectron kineti¢ energy increases from
A (below thresholito E (above thresholdand the spectra have
[fY(G))+e —|cf2k)—|fik)+hv], (5)  been aligned aEg. The f! peak andf? manifolds are resonantly

enhanced irB andD, respectively. The C# , fluorescence signal

where k stands for a spectator conduction electron in thesolid line) moves away fronEg with increasing excitation ener-
recombination process. This transition corresponds to thgies. The horizontal bars represent the integration windows for the
characteristic CeM, fluorescence observed in x-ray emis- constant final-state curves of Fig. 4.
sion spectroscopyXES) measurementS. Unlike the IPES
channelg1) and(2), where the photon energies vary with the The electron energy increases frofn(below thresholi to
kinetic energy of the incoming electron, the energy of theg (apove threshold The initial enhancement of thié peak
M, emission is fixed. At threshold th , signal is degen- (B) s followed by the enhancement of thé structure
erate with and indistinguishable from the resonating IPES(p). TheM, line, emitted at a constant photon energy, drifts
This behavior is analogous to that of the Auger lines ob-away fromE. as the excitation energy increases. Figure 3
served in resonant PES. The XES signal is present even ihows the same curves in a different representation, which
the atomic limit and its intensity mainly depends on the num-yj| pe used in the rest of this paper.
ber of 4f holesn,=14—n;. Sinceny, is essentially constant |t js often difficult to estimate the energy dependence of
for all metallic Ce systems, it can be anticipated that thishe resonance from the raw spectra, as in Figs. 2 or 3. A
contribution will show little dependence on the compound,clearer view of the resonance profile is obtained by record-
unlike the RIPES itself. ing, as a function of electron energy, the integrated intensi-

While all the above transitions share the same initial stat@jes of thef! and f2 peaks. Typical integration windows are
|¥g), their intermediate and especially final states arqngicated in Fig. 2 by horizontal bars. Their energy positions

largely distinct. Thef* and thef? parts of the IPES spectrum track the peak positions as the electron energy is varied. The
will therefore resonate at different excitation energies. A

simple analysis, which does not take multiplet splitting into
account, vyields the following energy separation: T T . .
AE=E(cf3) —E(cf?) =€+ 2U+ Uy, Where Uy, repre-
sents the # core hole Coulomb attraction. Typical param-
eters for Ce systems yielME~2 eV. The relative strength

of thef! andf? resonances should be material dependent and
reflect the weight of thef® and f! configurations in the
ground state.

Ce - RIPES

Eg

IPES intensity

C. RIPES spectra

A typical RIPES measurement is performed by recording . , L .
a series of IPES spectra at various electron kingt, ex- 10 0
citation) energies, across thelhreshold. A complete spec- Relative photon energy (eV)
trum is recorded for each excitation energy, in contrast with
the conventional BIS acquisition mode where a spectrum is FIG. 3. RIPES spectra of Fig. 2 shown in a different represen-
collected by scanning the electron energy at a fixed photogation. The energy position reflects the actual photon energy. The
energy. Figure 2 illustrates an ideal RIPES measurementiashed line represents the position of the Fermi level.
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Ill. EXPERIMENTAL DETAILS

} Ce - CFS The RIPES measurements have been performed on a
dedicated UHV spectrometer, which has been described
elsewheré? Soft x rays are generated by the interaction of a
| monochromatic  electron beam AE=0.2-0.3 eV,

E | =0.1-0.2 mA) with the sample. The kinetic energy of the

N electrons can be controlled by varying the potential differ-
ence /) between the BaO cathode and the sample accord-
Ce - CPE ing to the relationEx=eVy+ ¢t 2kgT~eVy+3 eV,
coN where ¢, and T are the cathode work function and tem-

perature. The electron beam defines at the sarapl mm
; .. circular spot, which is also the source of the optical system.
_____ The energy analysis of the emitted x rays is performed by a
0 10 Bragg reflection on a curved beryl (10) crystal. The dis-
Relative electron energy E* (eV) persed photons are detected by a two-dimensional micro-
channel plate detector equipped with a resistive anode en-

FIG. 4. Top: constant final-stat€FS curves obtained by inte- coder. The total energy resolutigelectrons plus photonsf

grating, as a function of electron energy, thand 2 spectral the apparatus_|5v0.6 ev. .
features of Fig. 2. The lettersACE) refer to the corresponding POchrYSta"me samples were prepareq by melt'ng sto-
RIPES spectra. Bottom: constant photon enei@pB curve, ob- |ch|ometr|_c amounts of the components in induction furnacgs
tained by integrating the spectra of Fig. 2 within a fixed energyO' by @ discharge in an Ar atmosphere. The sample quality
window centered around the CMl, emission. Near threshold Was checked by x-ray diffraction and, in some cases, by mi-
(dashed ling the CPE curve is perturbed by overlappifiand  croprobe analysis. The samples were glued with a conduct-
2 contributions. ing epoxy on the tip of a He flow cryostat and could be
cooled to~15 K. The temperature, measured by a Rh-Fe
thermometer in close thermal contact with the sample, could
also be regulated to better tha K over the whole 300—15 K
range by a resistive heater. Fresh surfaces were prepared
situ by scraping with a diamond file at a base pressure of
1x 10 0 torr. Thin films of theaw and y phase of Ce were
e[?repared as usual by evaporating high purity Ce from a tung-
sten filament onto a Cu substrate kept, respectively, at 20 and
300 K.

Integrated intensity

resulting constant final-stat€FS curves are shown in Fig.
4 for the ideal case of Fig. 2. Here and in the following the
origin of the relative electron energyet) scale coincides
with the maximum of thef* curve. The CFS curves directly

and their relative strength{see below. The related constant
photon energyCPE measurement is performed by integrat-
ing the IPES signal within a fixed window centered at the
energy of theM, line, while varying the electron energy.
The structure near threshold is due to the drift of theand IV. RESULTS AND DISCUSSION
f2 peaks across the integration window, but well above
threshold the CPE curve reflects thk, intensity and it can
be used to estimate the relative importance of the BIS and The a-v transition in metallic ceriuft is an inescapable
XES channels near resonance. test of any spectroscopic probe of mixed valence. Spectro-
Real theoretical calculations of RIPES, as opposed to thecopic datd>3have played a major role in establishing the
gualitative plots of Figs. 2—4, are scarce. Wendin and‘Kondo volume collapse”(KVC) model of the transition,
Nurol?® could reproduce the asymmetric IPES resonancebased on the AIM** According to the KVC, the two
observed in La and Ce in Ref. 10 by an atomic calculatiorphases represent two different regimes of the Kondo behav-
that neglected the possibility of mixed valency. The relatedor: T>Ty in the y phase Tx,~100 K) and T<Ty
problem of x-ray emission in Ce materials has been investi{Tx,~ 1000 K) in the « phase. Such a large difference has
gated within the AIM?® but without considering the thresh- important consequences on the spectroscopic properties. In
old excitation of the 4—3d XES. More recently, Tanaka the combined high-resolution PES/BIS spectra of Fig. 5 the
and JA° have performed a realistic calculation of Cd 3 Kondo resonance is much stronger in thephase, as pre-
RIPES and compared it with the experimental spectra oflicted by the AIM. The difference is especially clear in the
CeNi, and CeRR. They have described the Ce impurity by BIS part, which confirms that despite its limited resolution
the Anderson Hamiltonian, with a degenerate conductiorithe KR and its satellite cannot be separatesterse photo-
band but retaining the full multiplet structure, and treated theemission is an extremely powerful probe of Ce systems.
resonant transition as dimverse second-order coherent op-  The different spectral properties af and y-Ce are also
tical process. Their results reproduce semiquantitatively thenanifest in the RIPES results. For both phases the CFS
experimental spectra, namely, the distinct enhancement afurves of Fig. 6 exhibit clear maxima, separated-by eV,
the f1 and f? features, and the observed energy dependertiut thef! curve is much weaker iy-Ce. The raticR of the
transfer of spectral weight within thé? manifold near two maxima is~0.2 for y-Ce and~ 0.5 for a-Ce (Table .
threshold(see below. A fully quantitative agreement cannot The intensities of the CFS curves are partially affected by the
be achieved because the calculation does not include the imonresonating CeM, signal. This contribution can be
coherentM , fluorescence process. roughly estimated by comparing the CFS and CPE curves.

A. Metallic cerium
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FIG. 5. Combined PEShp=48.4 eV, thick liney and BIS FIG. 7. RIPES spectra ofr-Ce (solid symbol$ and y-Ce
(hv=1486 eV, thin lines spectra ofa-Ce andy-Ce. (empty symbols measured at the maximum of tti& resonance.

The width of the integration window for the CPE and the RIPES selection rules and of the nonuniform enhancement of
f1 CFS measurements were the same, so that the intensitite various terms of thé? m_ultiple_t.3°

are strictly comparable. Close to threshold the CPE curve is We looked for possible figerprints of the-y phase tran-
distorted by the overlapping contribution of thé and f2 sition, but our measurements revealed only very small and
features, but above-10 eV the curve is smooth, with a continuous spectral changes when the temperature of the
positive slope reflecting an increasing density of final states¢vaporated film was varied between room temperatii

The extrapolation of the slope towards threshadiished —and 20 K(or vice versaover a period of about 1 h. We
lines) suggests that approximately one-half of the CFS conclude that, at least near the surface, the evaporated thin
signal in y-Ce, and~25% in a-Ce, is due to incoherent films did not undergo the-+y transition, possibly because of

emission. the well-known perturbing effect of the hgp-Ce phasé’
The RIPES spectra @i- andy-Ce, measured at the maxi-
mum of thef! resonance profile, are shown in Fig. 7. As for B. Overview of the RIPES results

the CO“V?“t'O”mz BIS spectra, the KR is predominant in |5 this section we present an overview of experimental
a-Ce, while thef” peak is larger imy-Ce, even at this en- gipgs data for various cerium-based materials. For the sake
ergy. The obvious advantage of RIPES is the much largegs cjarity we have grouped these results in three subsections:
(12 orders of magnitudentensity, which considerably re- \yeakly hybridized materials, typical Kondo systems, and
duces the acquisition time and the risk of surface contamingsyongly hybridized materials. It is, however, clear that this
tion. A comparison of the BIS and RIPES results shows thagjyision is somewhat arbitrary and that the boundaries be-

in RIPES the characteristic sloping background is muchyeen the different representative classes are not sharp.
weaker. A second difference is the reduced width of fthe

feature in the RIPES spectra. Both are consequences of the 1. Weakly hybridized Ce compounds

We consider in this section three representative Taw-

. ' ' compounds, with magnetic ground states CeSh, Ge&ed
Ce,;Rh;. CeSbh, which crystallizes in the cubic NaCl struc-
ture, orders below =17 K with a large Ce moment of 1.9
ug and exhibits a complex phase diagrain/alence-band
x-ray photoemission spectroscof¥PS) and BIS data reveal
a semimetallic character, with a very small density of states
at the Fermi levef”*® The 3d core level spectra are also
indicative of nearly localized # electrons, but coherence
effects are believed to be importafit. Orthorhombic
CeGe, exhibits a Curie-Weiss behavior with effective mo-
ments equal to 95% of the Gé value and orders ferromag-
netically below 7 K. Specific-heat measurements suggest a
residual Kondo effect withTc~2 K.*° Ce,Rh;, which
crystallizes in the ThNij structure with Ce ions in three
inequivalent sites, exhibits a magnetic transitiary & and
some evidence for Kondo behavior on one of the

FIG. 6. RIPES CFST{, solid symbolsf2, empty symbolsand ~ Sublattices'! Core-level and valence-band PES, as well as
CPE curves ofz-Ce andy-Ce. A linear extrapolation of the CPE BIS (Ref. 42 data, are consistent with a weak hybridization.
curve is used to estimate the contribution at threshold of the fluo- The weakly hybridized character of these compounds is
rescence signal. The arrow marks a prethreshold feature, discusse@nfirmed by the high-resolution PES spectra of Fig. 8. Ac-
in Sec. V. cording to the AIM, the Ce # spectral function exhibits two

Integrated IPES intensity (arb. units)

Relative electron energy (eV)
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FIG. 8. High-resolution PES spectrda=40.8 e\j of three
weakly hybridized Ce compounds. The peak—&d.3 represents a
4f spin-orbit excited state.

sharp features in this energy range: the tail of the KR, cut by
the Fermi distribution function, and a spin orbit satellite at
—0.3 eV. The two features are unequally sensitive to the
4f-band hybridization strength, the KR being the more sen-
sitive, and the ratio of their intensities can be used to esti-
mate the value oT .* The small intensity of the KR in the
spectra of Fig. 8 sets un upper limit~10-30 K for the
three compounds. The hybridization appears to be largest in \
Ce;Rh3, where the tail of the KR is as intense as the spin- ' - L , =5
orbit satellite, and smallest in CeSb. The spectrum of CeSb,
which is strongly dominated by the emission from the Sb

sp states, steeply rising away frof&g, is really unique
FIG. 9. RIPES spectra of CeSbh, g&h;, and CeGe. The top
among Ce compounds for the total absence bfrelated panels show the corresponding CFS curves: Cd&fb), Ce,Rh,

features. . . ) .
. . ddle), and CeG ht). Th fil d ted
The RIPES spectra of Fig. 9 are dominated by the resof;)mI e)z and CeGe (right). The resonance profiles are dominate
. 2 . y the f¢ structuresiopen symbols
nating f2 structures. In CeSb th& peak is strongest and

apparently sharpest and the emission in the vicinity of the mounts of parasitic bh nd clean surf were pre-
Fermi level is vanishingly small at all excitation energies,a ounts of parasitic phases, ang cléan suriaces were pre

although there are signs of tiM, line drifting away from pared in gooo! vacuum by a standa_rd procedure. Moreoyer,
Er. The intensity in thef® region is larger in CeRh; and we obser_ve_q I|tt|g evidence of evolution of the spectra during
the f2 structure is broadened by the fluorescence signal. OnIthe acquisition time. However, our present apparatus does

in CeGe, is it possible to identify a resonatingt peak. ;ﬁit allow us to check possible contamination with indepen-

IPES Intensity (arb. units)

Relative photon energy (eV)

: ! ent surface sensitive probes. Although we are convinced
These observations are confirmed by the CFS curves. Ce It t intrinsic oroperties. this limitation
has the smallesR ratio (0.10, only one-half the value of hat (I)glrhresgds reprgzsbenf prop '
y-Ce (Table ), so that the apparent weak resonance should be addressed by future experiments.
should probably be entirely attributed to fluoresceriRas
largest in CeGe and, perhaps surprisingly, slightly larger
than in y-Ce. Some caution is, however, appropriate here, In this section we consider three representative Kondo
since the resonating signal from possible parasitic phasesystems CeSj CePd;,, and CeNj. The hybridization in
(oxides, etg. could perturb the guantitative determination of these materials is stronger than in the compounds considered
the resonance profile. Our samples presented very smadh Sec. IV B 1 and the estimatel values are correspond-

2. Typical Kondo systems

TABLE I. Experimental values of the ratid?) between the maximum integrated intensities offthand
f2 RIPES constant final state curves, in various cerium-based materials.

Material R=max(f')/max(f?) Material R=max(f1)/max(f?)
CeSb 0.10 a-Ce 0.52
Ce,Rh, 0.13 CePd 0.63
y-Ce 0.20 CeFg 1.15
CeSj, (300 K) 0.27 CeNj 1.37
CeGe, 0.29 CeRb 3.0
CePd, (300 K) 0.43 CeRh 4.8

CePd; (50 K) 0.55
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E* (eV)

CePd,
300K

IPES intensity

| I 1 L
0=E; 4 8
Energy (eV)

FIG. 11. RIPES spectra of CeRPdheasured at the maximum of
the f* (bottom) andf? (top) resonance, compared with the conven-
tional BIS spectrum. One should notice the transfer of spectral
weight from thef? peak to thef! manifold and the absence of the
intermediate split-ofd state in the RIPES spectra.

IPES Intensity (arb. units)

multiplet and yet no intermediate peak. The RIPES spectra
of CeNi, are dominated by the KR and the value of Re

> 3_/\__‘“#__ ratio is 1.37, the largest of the materials considered so far. A
10 ' o : 10 similar value R=1.2) was observed in Cekénot shown,
Relative photon energy (eV) a material with a formal valence close to that of CeNi

The results of this section show that the relative strengths
of the f* andf? resonances increases with the strength of the

panels show the corresponding CFS curves: CdBi2), CePd, f-band hybridization. This increase reflects the larger weight

(middle), and CeNj (right). The intensity of thef* resonance in- Of the f® configuration in the hybrid ground state. The reso-

creases with the strength of thé-Band hybridization. nance profiles of Fig. 10 can therefore be exploited, together
with other spectroscopic data, to determine the strength of

. . . configuration mixing in the ground state. From the experi-
ingly larger, in the range- 1001000 K. CeS} is nonmag- ental point of view, RIPES offers over conventional BIS

netic and its Kondo temperature has been estimated by di he advantage of a large and selective amplification of the

ferent techniq_ues at 50._100.%@ CePd; is a m'“_'Ch studied_ 4f signal, as shown explicitly by the example of CePd
Kondo material. Quasielastic neutron scattering data yield

Tk~240 K47 while magnetic susceptibility and NMR
measurements suggest slightly larger values3$0 K).*®
Both the 31 XPS and the § x-ray absorption spectroscopy  We review in this section the RIPES results for CgRh
(XAS) spectra exhibit satellites that indicate a sizable conCeRh;, and CePgd, three strongly hybridized intermetallic
figuration mixing?*®*° For CeNi, spectroscopic data indicate compounds close to the intermediate valence regime, at the
an even larger hybridization and effective valence, at théorderline of validity of the Kondo model. Valence-band and
limit of the Kondo regime, withT' > 1000 K. core-level XPS and_, 3 XAS spectra indicate a strong va-
The RIPES spectra of CeSiCePd;, and CeNj are lence mixing*>~>*and the IPES spectra are characterized by
shown in Fig. 10. For CeSiand CePd, where T¢ falls  a very intense Kondo resonance, unusually farl( eV)
within the experimentally attainable temperature range, wérom Er.% Their physical properties indicate a clear ten-
observe (Sec. V) measurable changes between 20 Kdency towards the delocalization of thé 4tates™°® This
(T<Tg) and RT (T>Tg). The RT spectra of CeSiare tendency is particularly strong in CeRhand in CePd,
similar to those of CeGg with a predominant? structure at where the measured values of the static magnetic suscepti-
all excitation energies, but a clearly visiblé peak at reso- bility and of the linear coefficient of the specific heat are
nance. TheRk value(0.27) is also close to that of CeGeThe close to free-electron values. The properties of CeRin
RIPES spectra of CeRdoresent a separate enhancement othe other hand, are closer to those of CeNRecent local-
thef! andf? structures and a much largematio (0.43. The  density calculations! with the apparent support of spectro-
RIPES spectrum measured at the top of fheresonance scopic data on CeR}P® suggest that a band approach could
profile (E* =0) is compared in Fig. 11 with the conventional provide an appropriate description of thé dtates in such
BIS spectrum of CePgd The absence of the “split-off strongly hybridized materials. At the present time, however,
d-band” peak at~2.2 eV (Ref. 5)) in the RIPES spectrum this issue is far from being settled.
illustrates the orbital selectivity of the resonance process. The RIPES spectra CeRhand CeRB of Fig. 12 are
The E*=3 eV spectrum shows a strong spectral weightdominated, like the conventional BIS spectra, by theeak.
transfer from the KR to the higher-energy part of tife At resonance the intensity of this feature is quite large and a

FIG. 10. RIPES spectra of CeSi2, CeP@dnd CeNj. The top

3. Strongly hybridized materials: The intermediate valence limit
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E* (eV) IPES spectra strongly depend on the excitation energy near
-5 the CeM; edge. Two different but related effects can pro-
duce such energy-dependent changes: the configuration de-
pendence of the resonance profile and the rapidly changing
ratio of the cross section for thef 4nd band states. The first
effect has already been mentioned in Sec. Il. IPES transitions
involving different ionic configurationsff,f!) resonate at
different excitation energies, as implied by E¢3. and (4).
Since final states with predominantfy or 2 character are
well separated in energy, different parts of the IPES spec-
trum are sequentially enhanced as a function of the excitation
energy. The shape of the resonance profiles is determined by
the energy distribution of the complexd®%f2 and 31°4f3
intermediate-state multiplets and by selection rules. The
electron-induced excitation processes do not impose strict
conditions on the angular momer(the matrix elements are
transition elements for an inverse Auger proge€3n the
other hand, the deexcitation processes must obey dipole se-
lection rules, so that only a subset of the intermediate mul-
tiplet is coupled to final states. The problem is strictly related
to that of 3 x-ray absorption? but because of the extra
electron in RIPES, thd! and f2 CFS profiles should be
compared, respectively, with the XAS spectra offCg 1)

IPES Intensity (arb. units)

I e s and PP* (). The individual, broadened, multiplet states
10 0 -10 are too closely spaced to be resolved in the CFS curve, but it
Relative photon energy (eV) is interesting to notice that the small prepeak, clearly visible

in some of thef! resonance profiles 3 eV below the maxi-

FIG. 12. RIPES spectra of CeRhCeRy, and CeP¢. The top  Mum (e.g., in Fig. 6, is also observed in thed3absorption
panels show the corresponding CFS curves: Geféft), CeRh,  Spectra of the early rare-earth elements.
(middle), and CePd (right). The f! structure dominates the reso- ~ The rapid relative cross-section changes near ttheow
nance profiles of CeRhand CeRR, but, surprisingly, not that of 3d thresholds are well known in PES and have been ex-
CePd,. ploited in studies of Ce materials to extract the (fectn-

. . tribution through the comparison of on- and off-resonance
spectrum can be collected with acceptable statistics in feW .2 Both the PES and IPERef. 12 4d—4f reso-

m'%lljtses’ as opposiiéozthe ngv ?(;al_ hours neclessary lt(o rec Shces in the rare-earth elements exhibit asymmetric Fano
a spectrum. manifold Is extremely weak In . fiieq with a minimum of the cross section before the
CeRh; and it is probably mostly associated with a surfacegyqq gq that the t4emission can be not only enhanced, but

contribution? while it is more pronounced in the spectra of ;¢ depressed with respect to the signal from band states.
fCethZ.ITheR ratlo.;, 3 forg:eng 3nd Aé'8 for CeRQ, are b,yh The situation is less clear at thel 2dge, where the reso-
art Ie argest f\{ve ave observe akr: are cc&n&stent fWIf: tance profile is dominated by a complex multiplet structure.
very large configuration mixing in the ground state of theseq,, rethreshold measurements indicate a strong depression
materials. These values are somewhat perturbed byithe ¢ 0 4f IPES cross section in CeRfand CePd. Figure 13

fluorescence signal, which accounts for a large portion of th%hows the RIPES spectra of CeRfor excitation energies
measured integratetf intensity, a situation opposite that of below threshold. Th&E* = —4 eV spectrum is similar to the
theT\;]veakIy hy?ndlzed %eS%c_)r G’he.h} din th . conventional BIS spectrum, with a promineitpeak and a

. e examples considered In this and In the previous segy, -, \yeaker feature around 4 eV. At lower excitation ener-
tions demonstrate a correspondence between the Kondo temp, . 4o intensity of thé! peak rapidly decreases. This pro-

Ereer:;uergs ;Ei;ge rslgt?rrilgitzh;[ig; th:n;e_?onigger:; irt]oRIIZEc?. | uces a rather spectacular change of the spectral line shape in
- K H H —

. : o just few eV and the prominent feature of t& =—9 eV

invariably to the enhancement of tHe/f? ratio. CePd, spectrum is the 4-eV peak. A comparison with the calculated

however, dc.)e's not fit in this systematic trend. The RIPE%artial densities of states from Ref. 57 shows that this spec-
spectra exhibit a sizablé” peak and theR value (0.63 is trum reflects the unoccupied band®® The prethreshold

miich smaller tha_n in CeRh Further com_blneq PES/RIPES spectra of CePglof Fig. 14 present a similar evolution. The
measurements will be necessary to clarify this surprising rexs peaks are progressively depressed at lower energy and
sult. disappear aE* =—8 eV, while an intermediate structure
(the split-off d band emerges at-—2 eV. Therefore the
character of the RIPES spectrum rapidly changes frdm 4
sensitive tod sensitive below the @ threshold. A suppres-

The results of the previous sections demonstrate that naion of the 4 IPES intensity could also be achieved by
only the intensity but also the spectral line shape of the Cevorking at much lower energy, in the UV rangby<15

V. THE RESONANCE PROFILE AND THE ENERGY
DEPENDENCE OF THE SPECTRAL LINE SHAPE
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Energy (eV) FIG. 15. RIPES spectra of CeSineasured at the maximum of

the f! resonance at 15 Ksolid symbol$ and at RT, and normalized
) at the top of thef2 structure. The intensity variation of the Kondo
FIG. 13. Line shape of the prethreshold RIPES spectra ofyeak s qualitatively consistent with the predictions of the AIM.

CeRlg, suggesting a transition fro sensitive £*=—4 eV) 10 |hset: Temperature dependence of the experimentally determined
d sensitive E* = —9 eV). The solid line is thel partial density of 12 intensity ratio, with typical error bars.
states from Ref. 52.

eyielded contrasting resulfé; %4 possibly because of the pe-
culiar sensitivity of the Yb 4 configuration to surface con-
ditions. Inverse photoemission, which is less surface sensi-
tive than PES, is well suited to investigate the expected
VI. TEMPERATURE DEPENDENCE OF THE 4 f SIGNAL spectral changes in Ce systems. Even the poor experimental

As discussed in the Introduction, the properties of Kc)mjoresolution is not an obstacle in this case because the interest-
systems reveal a characteristic, hybridization-dependen{!9 quantity is the integrated spectral weight of the KR and

low-energy scalé&gT . According to the AIM, most physi- its spin-orbit satellite. Recent BIS studies of CgPand

cal quantities obey simple approximate scaling laws with the-€Sk have 'nde_ed reveale_d temp(_arature-depgnc_ient changes
single parametel/Ty .18 The 4f spectral function are ex- that are qualitatively consistent with the predictions of the

pected to exhibit a similar scaling behavior. The model pre—'A‘"vl'Ga66 C

dicts that, as temperature is increased from T#6Ty, the Thank's to the short acquisition time of a RIPES spectrum

intensity of the Kondo resonance is reduced and spectra(fjl few ml_nutej;we could collect data on the same surface at

weight is transferred to thé? peak®®! This peculiar tem- several different temperatures and even contmuously follow
e temperature dependence of the spectra. Figure 15 shows

perature dependence should manifest itself in the IPES speg— :
. f the el -hol f thihe temperature dependence of the RIPES spectra of,CeSi
tra of Ce and, because of the electron-hole symmetry of t T«=50-100 K). The spectra, collected at 15 and 300 K at

AlIM, also in the PES spectra of the Yb compourittee KR h , f the ! *—0). have b

is mostly occupied in Yh Attempts to test this crucial pre- t_e maximum of t resonance _20)' ave _eer(ar-

diction of the model by PES in Yb-based materials havePitrarily) normalized at the top of thé” peak. This proce-
dure masks the transfer of spectral weight from the low- to

the high-energy structure, but it is probably appropriate in
——— T this particular case because, due to the choice of the excita-

eV), but only at the expense of a much larger surfac
sensitivity®

& 5"'-'., tion energy, any relative variation of th& weight is
,’-~’.. ;-’ '.-'..‘ - strongly reduced. A comparison of the two spectra confirms
LA ;‘ the expected growth of thi peak at low temperature, with
g2 . "-.\ 2 a 25% increase at 15 K. This figure should be compared with
s ! . \"'.""‘ the ~ 15% increase observed by conventional BIS, when the
= Pa ey 4 spectra are normalized in the same W&Of course one
S N g hlaads should not expect an identical result in the two cases since
. -8 the spectra reflect partially different quantities. In conven-
- "MW" tional BIS the f! peak contains a contribution from
A CePd, conduction-band states, which is difficult to estimate, and
bt from the inelastic background. The RIPES spectra single out
0=E¢ 4 8 the emission from the Cef4states, but at resonance the
Energy (eV) leading peak has an underlying ®k, contribution. A quan-

titative evaluation of this contribution is beyond the scope of

FIG. 14. Prethreshold RIPES spectra of CgP&t E*=—-8 eV the present paper and our main purpose is to establish quali-
the 4f signal is strongly depressed and the main spectral feature itatively the temperature effect. From the experimental point
the split-offd state. of view, the large overall intensity gain represents a clear
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Kondo model and with the fact that the estimated Kondo
temperature of CeRhlies well above the explored tempera-
CePd, ture range.

E*=0 The previous results demonstrate the unconventional tem-
perature dependence of the IPES spectral function of Ce-
based materials. The observed changes are consistent with
o 300K the predictions of the Kondo model, which interprets them as
- 20K an identifying characteristic of the crossover from the high-
temperature T>Tk) local moment regime to the low-
temperature T<Tk) Fermi-liquid behavior.

IPES intensity

0=E; 4 8 VII. CONCLUSION
Energy (eV)

We have exploited a spectroscopic technique, resonant
inverse photoemission, to investigate the electronic structure
of various Ce-based materials, spanning a wide range of
physical properties and Kondo temperatures. In all cases the
overall intensity of the inverse photoemission spectrum is
resonantly enhanced when the excitation energy equals the
e absorption threshold. At resonance the spectrum re-
flects only the Ce # contribution. A closer analysis shows

We have recorded the integratéti and f2 intensities in 7 2
CeSi, throughout the temperature range 15 K to RT. Boththat. thef” (Kondo resonanoeandf spectra}l fgature_s hgve
distinct resonance profiles. The systematic investigation of

signals slightly decreased during the 1-h scans, suggestin fferent materials strongly suggests that the relative inten-

the absorption of some residual gas. In order to compensate 1 P T
this spurious intensity variation, we plot in the inset of Fig. sity of the - and * resonance profiles is directly related to

15 the fY/f? ratio. The solid line is a smooth fit to the ex- the 4f-band hybridization strength in the ground state. By

perimental datameasured every-5 K), obtained by sum- exploiting the large intensity gain at the resonance we have

. been able to probe, with improved accuracy over conven-
ming several separate scans, each performed on a fresh SHGnal measurements, the temperature dependence of the
face prepared at 300 K. The ratio clearly increases at lo ’ b b

temperature and the curve even suggests the existence ofm%ES spectral function. The RIPES results unambiguously

expected plateaus well above and well belfw. as ex- establish that the intensity of the Kondo peak increases when
P P W, the temperature is decreased beldyv.
pected from the temperature dependence of the Kondo reso- ; A . :
Resonant inverse photoemission is an interesting probe of

nance, even if the statistical error bars are still too large for 3he electronic structure of cerium-based materials. with valu

guantitative analysis. Moreover, no detailed theoretical Pre- e a dvantages over conventional IPES. The sensitivity to

dictions are available for the temperature dependence of t e Ce 4 states can be varied by 2—3 orders of maanitude
spectral function at resonance and the results of Ref. 1 y . 9
y a small change of the electron energy. Combined on- and

should be considered only as a qualitative guideline. )
The low-temperature increase of the Kondo peak is Cong)ff-resonance data can therefore be exploited to study the

firmed by the CePg data of Fig. 16. The spectra have beencharacter(local VS extende)qof '.{he e_Iectronlc s_tates in Ce .
f ompounds, under otherwise identical experimental condi-
measured at thé* resonance, on the same surface prepare . , .
ions. These improvements have a direct impact on the qual-
at 300 K and then cooled. The growth of the KR at the lower. .
T |tg of the experimental results and open the way to more
temperature cannot be due to surface contamination because . . . . .
. SOphisticated experiments, namely, to crucial experiments on
a prolonged exposure to the residual vacuum always PrOzinale-crvstal surfaces
duced a relative decrease of thepeak. We have repeated 9 y '
the measurement on many surfaces prepared at 300 K and at
20 K. The results are very reproducible and show that the
integrated f1/2 intensity ratio (at E* =0) changes from This work has been supported by the Swiss National Sci-
1.25+0.02 at 300 K to 1.680.02 at 20 K. We have also ence Foundation. We are grateful to Professor G.L. Olcese,
observed that th®& ratio increases from 0.43 at 300 to 0.55 Dr. E. Beaurepaire, and G. Schmerber for lending us some of
at 50 K. We have not observed, on the other hand, any tenthe Ce samples. We acknowledge stimulating discussions
perature dependence between 300 K and 20 K in the RIPE&nd correspondence with L. Braicovich, H. Eskes, and T. Jo.
spectra of CeRk This result is perfectly consistent with the The assistance of L. Leuwen was highly appreciated.

FIG. 16. RIPES spectra of CepPéat E* =0, and normalized at
the top of thef? structuré showing a strong variation of the Kondo
peak intensity between 20 and 300 K.

advantage of RIPES over conventional BIS and allows us t
exclude trivial artifacts of the measurement.
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