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Abstract. We exploited resonant photoemission at the Ce 4d — 4f absorption edge to investigate the Ce
4f states in CePds. High resolution spectra reveal, near the Fermi level, the characteristic fine structure
of intermediate valence Ce compounds. The spectral lineshape is consistent with the typical “Kondo”
character of CePd, but the prominent (f°) ionization peak is found at the unusually low binding energy of
1 eV. We briefly discuss the implications of these observations.

PACS. 71.28.+d Narrow-band systems; intermediate-valence solids — 78.90.4+t Other topics in optical
properties, condensed matter spectroscopy and other interactions of particles and radiation with condensed
matter — 79.60.-i Photoemission and photoelectron spectra

1 Introduction

Intermediate valence cerium compounds have been much
studied as model systems where electronic correlations in-
duce a variety of unusual physical properties [1]. Their
“Kondo behavior” is the result of a delicate balance be-
tween two competing factors. On one hand, the strong
on-site Coulomb repulsion favors localization of one 4f
electron per Ce site. On the other end, the 4f electrons
tend to delocalize by hybridizing with the itinerant con-
duction electrons. Conventional band theory is inadequate
to describe this complex dynamical problem, and simpli-
fied models provide a better physical insight. The cele-
brated Anderson Impurity Model (AIM) captures an es-
sential aspect of the physics of these materials, namely
the crossover from local moments, to a low-temperature
Fermi liquid regime, where the moments are quenched.
Despite its limitations, the AIM remains an inescapable
reference, because the extension to a lattice model has
proven a formidable task.

Electron spectroscopies, especially photoemission
(PES) and Inverse Photoemission (IPES), have given pre-
cious clues to the Kondo problem. The impurity model
provides a framework to interpret the clear fingerprints of
electronic correlations observed in the valence band and
core level spectra. According to approximate solution of
the AIM, the characteristic low energy features in the
Ce 4f spectrum reflect the emerging small energy scale
0 = kpTk (where Tk is Kondo temperature) of the impu-
rity problem. Satellites in the core level spectra reveal the
large energy scales (Coulomb repulsion, hybridization),
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and the configuration mixing [2,3]. Spectroscopic data can
therefore be used to test the consistency of the model, and
to estimate its parameters. Several experiments have re-
vealed a good qualitative agreement with the AIM predic-
tions [4], but differences have been found at a quantitative
level. The possibility that these discrepancies may indicate
some different and new physics, e.g. coherence effects, is
a matter of current debate [5-7].

The experimental spectra of Ce based materials con-
tain overlapping contributions from the various elements
and orbital symmetries. It is often difficult to accurately
determine the 4f signal especially for compounds with the
transition metals (TM), where the TM d band dominates
the emission from the single Ce 4f electron. Resonances of
the 4f cross section at the Ce 4d — 4f or 3d — 4f absorption
edges, can be exploited to enhance the 4f signal. The use of
resonant PES (RESPES) in the Ce problem has been re-
viewed in reference [8]. The complementary resonant IPES
(RIPES) has also been demonstrated [9,10]. With recent
advances in synchrotron radiation instrumentation, high
energy resolution experiments are finally possible, and the
potential of RESPES can be fully exploited [11,12].

CePdj is a typical Kondo system. Transport [13] and
magnetic [14] measurements suggest a moderately strong
4f-band hybridization, with Tx ~ 350 K, which puts
CePd;s in the so-called “Kondo regime” of the AIM. In-
elastic neutron scattering data [15] reveal a very good
agreement with an impurity spectral function, with Tk ~
600 K. A more “exotic” behavior is suggested by re-
cent optical measurements by Bucher et al. [16]. They
observe an anomalous temperature-dependent spectral
weight transfer from low to high (~ 1 eV) energies, which
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they interpret as the opening of a deep pseudogap around
FEr, and suggest that CePd3 should be viewed as a lightly
doped Kondo insulator. Core level spectra confirm the
moderately hybridized character of the 4f states [17]. Con-
ventional valence band spectra of this material are charac-
teristically insensitive to the 4f electrons. Early RESPES
data [18-20] have identified a 4f emission up to the Fermi
level but, due to the limited energy resolution, could not
reveal any fine structure.

In this paper we present new high resolution RESPES
measurements which, combined with recent RIPES re-
sults, yield a clear picture of the 4f states in CePds.
We show that the observed spectral signatures, namely
the characteristic fine structure near the Fermi level, are
consistent with the physical properties of CePds. We
also show that the bare 4f energy is unusually small in
this material. Since alternative descriptions [21,22] of Ce
intermediate-valence materials have not been worked out
in sufficient detail for a comparison with experiment, we
will base the discussion of the experimental data on the
AIM approach.

2 Experimental

Polycrystalline samples of CePds were prepared by melt-
ing stoichiometric amounts of the components in an in-
duction furnace. Powder X-ray diffraction indicated that
any spurious phases, if present, represented less than 1%
of the total volume. We measured the Ce 4d —4f RESPES
spectra at the VUV undulator beamline of the ELETTRA
storage ring. The samples were mounted on a closed-cycle
refrigerator, and held at a temperature of 40 K, and fresh
surfaces were prepared by scraping with a diamond file
at a base pressure of 1 x 10710 torr. Valence band spec-
tra were collected by a 150 mm mean-radius hemispher-
ical analyzer. The total energy broadening (electrons +
photons) was 40 meV in the 110—120 eV photon energy
range. It was determined from the width of the metal-
lic Fermi edge of the off-resonance spectra, where the 4f
contribution is negligible. We also measured valence band
and Ce 3d core level spectra with a monochromatized Al
K, (hv = 1486 eV) rotating anode source and a Scienta
ESCA-300 analyzer, in Lausanne. The total energy reso-
lution for these measurements was 300 meV.

3 Results and discussion

Figure 1 shows valence band PES spectra of CePdgs at vari-
ous photon energies, from hv = 40.8 eV (He II) to 1486 eV
(Al K,). The Hell and Al K, spectra are quite similar,
apart from a larger instrumental broadening in the latter.
They are dominated by emission from the Pd d band at
—2.5eV and —4 eV [23], as expected from the atomic cross
sections for the Pd 5d and Ce 4f states [24]. The d band
also dominates the first spectrum in the resonance region
(hv = 112 eV). The larger intensity of the —4 eV peak
at 112 eV may reflect the energy dependence of the cross
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Fig. 1. Valence band PES spectra of CePds at selected ener-
gies (first: 112 eV, last 120 eV) across the 4d — 4f giant reso-
nance. The spectra have been arbitrarily normalized at —8 eV,
and offset for clarity. Also shown are Hell (40.8 €V) and Al
K. (1486 e€V) spectra. Inset: Photon energy dependence of the
PES intensity at —1 eV. The line is a fit with a Fano lineshape.

sections, although a small residual surface contamination,
at sub-monolayer level, could contribute to the intensity
at this energy. The emission at Ep is small but finite, in
agreement with the metallic character of CePds, and with
indication of a pseudogap from optics [16]. These spectra
do not show any clear 4f features. An unambiguous deter-
mination of the 4f signal is only possible by following the
evolution across the 4d — 4f resonance.

With increasing photon energy a prominent peak de-
velops at —1 eV, and additional emission appears within
0.5 eV of Ep. The photon energy dependence of the total
PES intensity at —1 eV, in the inset of Figure 1, exhibits
a clear resonance, and it is possible to fit a Fano line-
shape to these data points. This energy dependence iden-
tifies the 1 eV peak as a Ce 4f feature. Within the AIM
this peak is the “ionization” peak of mainly “f°” charac-
ter. Its energy, apart from small hybridization shifts, is
equal to the “bare” 4f energy ;. The observed value is
smaller than previous determinations [18-20]. It is also
considerably smaller than in other typical Kondo sys-
tems, where |ef| = 1.5 — 2 eV. Similar values have been
found in mixed-valence materials like CePd7 [25], where a
strong 4f-band hybridization yields Kondo temperatures
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Fig. 2. Experimental Ce 4f PES spectral function, obtained
by subtracting high resolution on- and off-resonance spectra.
The broad feature at —1 eV is the (“f°”) ionization peak. The
resolution-limited feature at Er is the tail of the Kondo reso-
nance. The arrow indicates the spin-orbit satellite.

in excess of 1000 K, and 4f occupation numbers ng < 0.8.
The present result is therefore rather surprising.

The Kondo scenario for Ce compounds predicts that,
besides the atomic-like fO peak, new 4f structures should
appear near Er. These features are a consequence of hy-
bridization, and have intrinsically a many-body character.
We can identify both large- and small-energy-scale 4f fea-
tures in the difference spectrum of Figure 2, obtained by
subtracting high resolution on- and off-resonance spectra.
This spectrum, which essentially represents the 4f states,
is dominated by the fO peak at —1 eV. It also exhibits a
sharp peak near the Fermi level, and a satellite at —0.3 eV.
The position and width of the leading peak are resolution
limited, and consistent with the presence of a sharp feature
just above Er, cut by the Fermi-Dirac function. The AIM
interprets this peak as the tail of the mostly unoccupied
Kondo resonance, at kgTx above Er, and the —0.3 eV
feature as a spin-orbit satellite. The relative intensities of
the “Kondo” and ionization peak, and of the “Kondo”
and spin-orbit satellite, in the spectrum of Figure 2, are
typical of a moderately hybridized Ce compound [26].

Combined PES/IPES data yield a complete picture
of the electronic structure of CePds. The PES and IPES
spectra of Figure 3 have been drawn, as usual, on oppo-
site sides of the common Fermi level. The PES spectra are
the on- and off-resonance spectra of Figure 1. The IPES
spectra have been measured at excitation energies close
to the 3d — 4f resonance [10]. At variance with conven-
tional IPES spectra (hv = 1486 eV), where the d and
4f features have comparable intensities [4], the sensitivity
of the RIPES spectra to the unoccupied 4f states can be
greatly changed by an appropriate choice of the excitation
energy. The shaded spectrum corresponds to the minimum
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Table 1. Parameter values used in the modified AIM calcula-
tion of the IPES and Ce 3d spectra. ¢ is the bare 4f energy;
Ug is the on-site 4f Coulomb repulsion; Vi is the hybridization
associated with the 4f! configuration; Uy is the core hole-4f
Coulomb attraction; R = V,,/Vy41, where n and n 4 1 are the
occupation numbers of the relevant configurations.

er (V) Ug (eV) Vi (eV) Uw(eV) R

Ground State| —1.0 5.3 0.3 - 0.65
and IPES
Ce 3d XPS —1.0 7.4 0.24 11.0 0.65

of the 4f IPES cross section, and only shows the unoccu-
pied d band. The second IPES spectrum, collected near
resonance, essentially reflects 4f states [27]. Within the
AIM the broad peak just above Er reflects the unoccupied
part of the Kondo resonance, and an unresolved spin-orbit
satellite. The second peak at higher energy is the affinity
(f?) peak. We conclude that the non-f (shaded) part of the
spectral function of CePds exhibits a broad (~ 3 eV) and
deep pseudogap around Ep. The f° and “Kondo” part of
the 4f spectrum develop in this pseudogap.

We have already mentioned that the e value obtained
from the resonance data of Figures 1 and 2 is unusu-
ally small for a typical Kondo system like CePds. We
have performed calculations of the IPES, and of the Ce
3d spectral functions to investigate whether this value
is compatible with an AIM description of the spectral
properties. The calculations are based on an extension of
the Gunnarsson-Schénhammer (GS) variational approach
to the AIM [2]. Unlike the original GS model, our com-
puter code allows for the possibility of using different hy-
bridization parameters for the different relevant 4f con-
figurations. This configuration-dependent-hybridization
approach is based on calculations by Gunnarsson and
Jepsen [28] and, as discussed in reference [29], it is nec-
essary for a quantitative description of the spectroscopic
measurement. The different hybridization parameters re-
sult from changes in the spatial extension of the 4f wave-
function due to changes in the 4f occupation number,
and/or to the presence of a core hole in the final state.

The lineshape, and relative intensity of the 4f struc-
tures in the IPES spectrum strongly depends on the exci-
tation energy near resonance [27]. Therefore we have only
performed calculations for conventional (non-resonant)
IPES. The experimental and calculated IPES spectra are
compared in Figure 4, and the parameters used in the cal-
culation are shown in Table 1. As in reference [30], the
inelastic background and the non-f signal have been mod-
eled by the spectrum of YPd3, a material with a similar
band structure but no 4f electrons. We have neglected the
crystal field splitting of the J = 5/2 manifold, since CEF
effects are small in this system [31]. The calculation well
reproduces the position and the relative intensity of the
4f features.
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Fig. 3. Photoemission (F < 0) and Inverse photoemission
(E > 0) spectra of CePds. The PES spectra are the off- and
on-resonance spectra from Figure 1. The IPES spectra, from
reference [10] have been measured near the 3d — 4f resonance.
The off-resonance spectra (shaded curves) illustrate the non-4f
density of states, which exhibits a deep pseudogap around Efr.
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Fig. 4. Conventional IPES spectrum (hv = 1486 V) of CePd3
from reference [30], and the result of an AIM calculation. As in
reference [30], an appropriate non-f and inelastic background
has been added. The values of the parameters used in the cal-
culation are shown in Table 1.

The Ce 3d core spectrum is shown in Figure 5. The
lineshape is complex, with 6 partially overlapping features
from 3 final state configurations (f°, f' and f?), further
split by the spin-orbit interaction. Again, all the exper-
imental features are well reproduced by the calculation,
including the intensity of the characteristic “f°” peak at
914 eV, a rather accurate indicator of hybridization in the
ground state. The larger 4f Coulomb repulsion and smaller
hybridization parameters in the final state, compared with
the ground state values, are consistent with our previous
experience [32].

In our calculations we have neglected the possibility
of different surface and bulk contributions to the spectral
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Fig. 5. Experimental Ce 3d XPS spectrum of CePds, com-
pared with an AIM calculation. A Shirley background has been
added to the calculated spectrum. The values of the parame-
ters used in the calculation are shown in Table 1.

functions. The existence of a distinct surface signal, re-
flecting a different (smaller) hybridization from that char-
acteristic of the bulk has been clearly demonstrated [33,
34], at least in strongly hybridized materials like CeRhg.
We have ignored these complexities, because we expect
this effect to be less important in CePds. Also, we are
mainly interested here in the consistency of an AIM de-
scription with the experimentally derived e¢ value. Even
within these limits we can reach an interesting conclusion.
We could obtain acceptable fits to the experimental Ce
3d and IPES (but not the PES) spectra with more stan-
dard values |e¢| ~ 1.5 — 2 eV [35]. However, this was only
possible by increasing at the same time the hybridization
value. The AIM result Tk ~ exp(meg/NV?) shows that ef
and the hybridization strength V' have an opposite influ-
ence on Tk. V is essentially proportional to the density
of conduction states (DOS) at the Fermi level. We there-
fore speculate that the typical Kondo behavior of CePds,
is the result of an unusually small 4f bare energy, and a
small DOS at Er.

In summary, we have exploited resonant PES to iden-
tify the 4f states in CePds. In combination with RIPES
data, these results provide a complete picture of the Ce 4f
spectral function in this material. The observed lineshape
is consistent with the typical Kondo character of CePds,
and a simple impurity model description appears qual-
itatively adequate. Interestingly, this “typical” behavior
results from two rather unusual circumstance: i) a “bare”
4f binding energy e = —1 eV considerably smaller than
in materials similar physical properties, and more typical
of strongly hybridized materials; ii) a density of states at
the Fermi level smaller than in most Ce-TM intermetallics.
Both these quantities enter, in opposite ways, in the ex-
pression for the Kondo temperature Tk, and apparently
conjure to produce the observed moderate value of Tk.
These experimental results should encourage a reevalua-
tion of recent detailed calculations of the electronic struc-
ture of CePds, which assumed a more standard value
Ef = —2 eV [31]



M. Zacchigna et al.: Resonant photoemission of CePd3

The spectroscopic results confirm the occurrence of a
deep and broad pseudogap around the Fermi level, but
do not reveal fine structures which could be associated
with an underlying Kondo insulator character of CePds
[16]. We cannot of course exclude the existence of nar-
row gaps at particular locations of k space. A system-
atic high-energy resolution angle-resolved investigation of
high-quality single crystal surfaces could clarify this im-
portant issue, and would represent a natural extension of
the present work.
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