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A comparison of uv-photoemission spectra recorded from the surface alloys Pt~111!(A33A3)R30°Ce and
Pt~111!~232)La allows the contribution from the 4f electrons to be seen easily. The valence-band structure of
these two surfaces is very similar, and the most obvious 4f contribution in high-resolution photoemission
spectra of the Ce-containing alloy is the tail of the Kondo peak cut atEF . Within the limits of our measure-
ment, no dispersion of this feature in the occupied regime is detected. The Kondo peak displays a marked
intensity dependence on the emission angle, suggesting that hybridization is present in only a limited part of
reciprocal space. The temperature dependence of this near-EF feature supports this interpretation.
@S0163-1829~97!50942-8#

The general picture of the Ce 4f electrons in the solid
state is one where the population of these levels is almost
unity, the shortfall being due to a finite hybridization with
the conduction band. This situation, coupled with a strong
Coulombic interaction making anf 2 configuration extremely
unfavorable, is at the heart of the heavily renormalized low-
temperature properties of Ce-based materials.1 Photoemis-
sion has played a prominent role in early work on polycrys-
talline Ce compounds, the goal here being the observation of
the low-energy excitations associated with the extraordinary
thermodynamic properties of these Ce-based materials.2,3 Al-
though the aim is basically achieved,4,5 this goal suffers from
the conceptual problem that one is using a surface-sensitive
technique in an attempt to make contact with bulk properties.
From an experimental point of view, therefore, understand-
ing the behavior of the Ce 4f electrons in the solid state
using photoemission can only be advanced through the study
of systems with a high degree of surface characterization,
under the most stringent experimental conditions.

Several studies examining the growth of Ce thin films and
initial alloy formation have been published in recent
years.6–13 In the present paper we follow on from work by
Tanget al.,8 using high-resolution photoemission to examine
a thin well-ordered Ce/Pt~111! alloy. A report of medium-
energy resolution~100 meV! resonant photoemission mea-
surements from such an alloy has already been published, in
which dispersion of the 4f feature was considered to be the
origin of amplitude modulations observed for this peak.14 As
recognized by the authors, however, these measurements,
which involve the use of monochromatized synchrotron ra-
diation, suffer from an uncertainty in the position of the
Fermi level,EF .14 We will demonstrate that precise knowl-
edge of the Fermi-level position is important if one wants to
extract the maximum amount of information from photo-
emission spectra. In addition to our examination of this Ce/
Pt~111! alloy we study a comparative La/Pt~111! alloy, al-
lowing us to see the contribution to the spectra due to the
f -electron population.

Photoemission measurements were performed using a
hemispherical electron analyzer and a high-intensity un-
monochromatized He uv source. The base pressure in the
system was in the low 10211 Torr range, rising to 1310210

Torr during operation of the He lamp. Unless otherwise
stated, all spectra reported here were recorded at 10 K, with
an instrumental resolution of 5 meV.

Connected to our measurement chamber is a surface
preparation facility, in which the Pt~111! substrate was
cleaned by standard cycles of ion bombardment and anneal-
ing. Surface cleanliness and order were checked by Auger
electron spectroscopy and low-energy electron diffraction
~LEED!, respectively. Photoemission data from the clean
substrate are in accord with previously published results.15

Evaporation of Ce and La onto the room temperature sample
was carried out using a well degassed commercial evaporator
in a vacuum of 1310210 Torr, with an evaporation rate of
approximately 1 Å/min regulated using a quartz microbal-
ance.

We have concentrated our efforts on relatively thick cov-
erages of the two evaporants studied, resulting in well-
ordered surface alloys. An initial Ce evaporation of;10 Å
onto Pt~111! results in the extinction of all LEED spots, in
agreement with the earlier study.8 Subsequent annealing of
this surface~600 °C, 10 min! restores order as determined by
LEED, producing, in the first approximation, a symmetry
corresponding to Pt~111!(A33A3)R30°Ce. Although this
designation is not strictly correct, it will be used throughout
this paper to refer to our surface. Without wanting to discuss
in depth the LEED pattern, details of which are given
elsewhere,16 we note that the LEED symmetry observed in
this work does not figure in the phase diagram proposed by
Tanget al. for the annealed Ce/Pt~111! system.8 For the La/
Pt~111! system, a similar treatment with similar results was
performed. The final LEED symmetry observed in this case
was Pt~111!~232)La.16 Angle-resolved HeI photoemission
data, presented elsewhere, show that these two surfaces have
a remarkably similar electronic structure.16

The two principal lines produced by our discharge lamp
have energies of 21.2 eV~HeI! and 40.8 eV~HeII!. In order
to observe the 4f spectral contribution with our system, pho-
toemission must be performed using the latter of these, as the
Ce 4f photoionisation cross section at HeI is very low. Fig-
ure 1 shows the comparison between an angle-integrated
HeII photoemission spectrum of Pt~111!(A33A3)R30°Ce
and that of Pt~111!~232)La. The spectrum from Pt~111!
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(A33A3)R30°Ce shows good agreement with previously
published HeII ultraviolet photoemission spectroscopy~UPS!
data from Pt~111!(1.9631.96)Ce8 @which we will refer to
hereafter as Pt~111!(232)Ce#. Furthermore, an equivalent
for each feature present in the valence band of Pt~111!
(A33A3)R30°Ce, bar one, is readily found in the spectrum
of Pt~111!~232)La. The one striking difference between the
two spectra in Fig. 1 is the existence of a sharp feature lying
just belowEF in the surface containing Ce. This feature is
clearly due to the presence of the Cef electron. It is strongly
reminiscent of the occupied tail of the Kondo resonance ob-
served in high-resolution photoemission data from polycrys-
talline Ce-based heavy fermions5 and, for the sake of the
discussion, will be referred to as the Kondo peak.

In agreement with results for Pt~111!(232)Ce,8 Pt~111!
(A33A3)R30°Ce was found to be extremely stable against
contamination arising from the residual vacuum. The most
sensitive probe of the surface quality was found to be the
Kondo peak, which becomes steadily weaker under illumi-
nation from our uv source. The surface degradation could
easily be healed, however, by annealing the sample to
500 °C for;10 minutes. The combination of an essentially
stable sample, whose surface exhibits well-defined crystallin-
ity, and a high-resolution angle-resolving spectrometer al-
lows us to examine the momentum dependence of the Kondo
peak. This measurement constitutes a major step forward in
photoemission studies from Ce and Ce-based compounds.
The vast majority of previous photoemission studies have
been carried out on polycrystalline samples,4 where all mea-
surements are necessarilyk integrated. Although
momentum-resolved photoemission measurements of the 4f
states have already been performed on cleaved single
crystals,17,18 and on a well-ordered Ce/Pt surface alloy,14

these were measurements carried out with an energy resolu-
tion significantly inferior to that employed in the present

work. Furthermore, absolute calibration of the energy scale
for work performed at the Ce 4f resonance using monochro-
matized synchrotron radiation is not trivial.14,17

Figure 2 shows a selection of HeII angle-resolved photo-
emission spectra in the nearEF region from Pt~111!
(A33A3)R30°Ce, together with the normal emission
(ue 5 0°! HeII spectrum from Pt~111!~232)La. All off-
normal angle-resolved data shown were recorded withki

along theS̄ direction of Pt~111!.15 Within 150 meV ofEF ,
the spectral form for the Ce surface alloy at normal emission
is the same as that observed from many polycrystalline Ce
compounds: asEF is approached from below, the intensity of
the spectrum rises resulting in a sharp feature peaking;4
meV below the Fermi level.5 The degree to which the peak
position approachesEF is limited simply by the resolution of
our spectrometer. Away from normal emission, the Kondo
peak is quickly suppressed. For all spectra where the Kondo
peak is present, the position of the intensity maximum does
not move, ruling out, within the limits of our measurement,
dispersion of a feature belowEF . For the effect to be ex-
plained by a conventional broad band above the Fermi level,
this band would have to come within;2 meV ofEF for it to
be significantly~thermally! populated in the initial state. It is
difficult to see how such a band could explain photoemission
intensity down to250 meV~Fig. 2!. Spectra have been mea-
sured up toue 5 30° in the direction shown, an angle putting
ki past the secondḠ for states atEF , and only around nor-
mal emission is a clear Kondo peak observed. However, in
agreement with the resonant photoemission study of Pt~111!
(232)R30°Ce,14 our measurements indicate the reappear-
ance of the Kondo peak at the secondḠ point, suggesting the
presence of surface umklapp scattering. The same peak at-

FIG. 1. Angle integrated HeII UPS data from Pt~111!
(A33A3)R30°Ce and Pt~111!~232!La ~nominal designations, see
text!. The feature appearing atEF in the Ce/Pt~111! alloy spectrum
is associated with the presence of 4f electrons. The spectra were
recorded with an instrumental resolution of 5 meV.

FIG. 2. A selection of angle-resolved HeII UPS data from
Pt~111!(A33A3)R30°Ce, and the normal-emission angle-resolved
HeII spectrum of Pt~111!~232!La. The arrow indicates a possible
signature for the spin-orbit peak~see text!. ki is along theS̄ direc-
tion of Pt~111!.
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tenuation away from normal emission is observed for spectra
measured withki along theT̄ direction of Pt~111!. In terms
of ki , the Kondo peak is observed within the central 30% of
the surface Brillouin zone in both directions measured.

A general feature observed in all HeII photoemission~and
resonant photoemission! spectra from Ce-based materials is a
peak at;280 meV binding energy, understood to be a final-
state feature ofj 5 7

2 character.4,19 This feature appears to be
absent from the normal emission spectrum displayed in Fig.
2. There are suggestions that this peak is present at other
emission angles, however. For example, in theue54° spec-
trum shown in Fig. 2 a weak feature is seen, marked by an
arrow, which could correspond to this spin-orbit final-state
satellite. This interpretation is supported by the fact that
there is no similar feature for the equivalent spectrum re-
corded from the La surface alloy.

Photoemission spectroscopy probes occupied electronic
states. Due to the fact that thermal excitation markedly popu-
lates states to;2kBT aboveEF , as the temperature of a
sample is raised a photoemission measurement increasingly
examines the electronic structure aboveEF . However, the
temperature dependence of the spectral function of Kondo-
based materials is particular. With increasing temperature the
intensity of the Kondo peak, the tail of which is observed in
photoemission from Ce-based materials, is reduced.19 Figure
3 displays angle-resolved HeII photoemission spectra from
Pt~111!(A33A3)R30°Ce at two different temperatures, 10
and 300 K, for two angles of electron emission,ue 5 0° and
ue 510°. Also displayed for each angle is the Fermi function
at 300 K ~multiplied by a linear density of states obtained
from fitting the 300 K spectrum in the range20.3<E
<20.15 eV!. For the spectra recorded atue510°, where no

Kondo peak is seen at low temperature, nothing unusual is
observed: the 300 K spectrum is broadened with respect to
the 10 K spectrum, and its half-intensity point lies atEF .
The situation for the normal emission spectra is different. At
300 K, the intensity of the Kondo peak observed at low
temperature has practically disappeared. However, the half
intensity of the edge of the 300 K photoemission spectrum
lies not at the Fermi level, but some 17 meV above it. This
observation is strongly reminiscent of that made of the tem-
perature dependence of photoemission spectra from poly-
crystalline CeSi2,5 a moderately heavy-fermion compound
with a Kondo temperature generally accepted to be about 35
K. The interpretation of the polycrystalline data within the
Kondo model scenario has been strongly backed up by a
calculation performed within the noncrossing approximation
~NCA!.5 The current observation is consistent with the pres-
ence of an anomalously large number of available excitations
just aboveEF for a restricted part only of reciprocal space.
Furthermore, with the spectra intensity normalized as shown
in Fig. 3, the normal emission spectrum recorded at 300 K
has an integrated intensity from2200 to1150 meV which
is 95% that of the 10 K spectrum. A loss of spectral weight
in this energy region with increasing temperature is in line
with the expectation based on the Kondo model, and to our
knowledge, is a phenomenom which has no analogue in a
normal metallic system.19

If the intensity variation of the peak is discarded, our
spectra display the unconventional characteristics predicted
by the single impurity model for a Kondo peak:19,20the prox-
imity of the peak maximum toEF determined by the resolu-
tion, the lack of observable dispersion, and the temperature
evolution together ensure that this feature cannot account for
a conventional dispersing band state. The fast angular depen-
dence of the peak intensity is puzzling, however. By con-
struction, any spectral function derived from the single im-
purity model contains no dependence on the photoelectron
emission angle other than the anisotropy of the single elec-
tron f -matrix element. This cannot explain the observed ef-
fect, due to the geometry of our experiment~unpolarized
light beam forming an angle of 45° with the electron emis-
sion direction!. Diffraction of the photoelectrons as an expla-
nation of the angular dependence cannot be definitively ruled
out, although the observation that the peak is limited to an
extremely narrow angle around normal emission does not
favor this option.21 Furthermore, similar effects have been
observed at higher photoelectron energies, where the two
spin-orbit split 4f components, which have practically the
same energy, display different angular behaviors.14

For an ordered Ce-containing alloy, the single impurity
model can only be considered as a first approximation to-
wards a full description. Many properties of such heavy-
fermion compounds unambiguously demonstrate coherence
between thef states~Kondo lattice! at a sufficiently low
temperature (T<T* ).22 Calculations based on a band for-
malism successfully explain certain low-temperature proper-
ties of heavy fermions, with the heavy effective masses being
accounted for by renormalization. This procedure introduces
an energy scalekBT* , within which the resulting quasipar-
ticle bands aroundEF exist.23 Such a band-structure ap-
proach represents an attack on the heavy-fermion problem

FIG. 3. Angle-resolved HeII UPS data atue50° and 10° from
nominal Pt~111!(A33A3)R30°Ce at 10 and 300 K. The dashed
line is the product of the Fermi function at 300 K and a linear fit to
the 300 K data in the range20.3<E<20.15 eV. The energy
spacing between data points is 2 meV.ki is along theS̄ direction of
Pt~111!.
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from a direction different to that of the impurity model.
However, this description of heavy fermions contains two
essential features compatible with the peak revealed by our
spectra: a confinement very close toEF , and a dispersion too
weak to be observable with our resolution. In the present
state of development of theory and experiment, such an in-
terpretation of our data can only be said to be speculative.
The crystalline structure of our films is not precisely known,
hindering the possibility of a realistic renormalized band cal-
culation. Perhaps more fundamentally, what is missing in the
band approach is the calculation of a spectral function. A
link between the impurity and the renormalized band ap-
proaches to the heavy-fermion problem certainly exists, but
it has never been explicitly worked out. In particular, the
elaboration of the relation betweenTK andT* appears to be

a very difficult task24 which has not been treated rigorously
to the best of our knowledge.

In the present study of an ordered alloy formed by depo-
sition of Ce on Pt~111!, the high-resolution photoemission
spectra reveal a narrow peak whose aspects are in many
ways compatible with previous heavy-fermion studies and
spectral functions calculated within the single impurity
model. The major exception to this is a very fast dependence
of the intensity on the emission angle. It is anticipated that
this observation is not in contradiction with a renormalized
band approach, although the theoretical and experimental de-
velopments of this problem are not sufficiently advanced that
a definitive statement can be made. We hope that our results
will stimulate further progress.

This work was funded by the Swiss National Science
Foundation.
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