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Surface electronic structure of epitaxial Ce and La films

E. Weschke, A. Ho¨hr, and G. Kaindl
Institut für Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin-Dahlem, Germany

S. L. Molodtsov,* S. Danzenba¨cher, M. Richter,† and C. Laubschat
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We report on a detailed photoemission~PE! study of monocrystalline Ce and La metal films grown on
W~110!. Angle-resolved PE reveals that both systems have very similar valence-band structures, with the
observed dispersions being in good agreement with local-density approximation band-structure calculations.
These calculations were performed for three different close-packed crystal structures of La and Ce metal,
giving evidence for a double hcp structure of the films, i.e., ab phase in the case of Ce. The pronounced
surface state, characteristic for the close-packed surfaces of trivalent lanthanide metals, is shown to exist also
for b-Ce~0001!, extending over a wide range of the surface Brillouin zone. The 4f electronic structure of the
Ce film was studied by resonant PE at the 4d→4 f threshold. A separation of bulk and surface contributions
with high resolution was achieved by quenching the surface signal with a Dy overlayer. In this way, a surface
shift of ~140640! meV of the 4f 0 final state emission was found forb-Ce, which is discussed in connection
with f -d hybridization.@S0163-1829~98!03331-1#
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I. INTRODUCTION

The electronic structure of Ce-based materials has b
subject to numerous experimental1–9 and theoretical
studies,10–16 in particular in connection with the so-calledg-
a phase transition,17 which is characterized by a volume co
lapse of'14% and which is driven by an increase of t
hybridization between 4f and valence-band states.6,18 Al-
though studies of weakly hybridized~so-calledg-like! and
strongly hybridized (a-like! Ce systems have been pe
formed for several years now, a complete understandin
their 4f electronic structure is still lacking. Density func
tional theory has been successfully used to discuss gro
state properties of Ce systems,16,19–21 but fails to describe
high-energy excitation spectra of these materials. An alte
tive approach for the description of Ce systems is the And
son impurity model~AIM !,12,15 which has been successful
applied for a quantitative analysis of spectroscopic data
also allowed a comparison to transport and magn
properties.8,15 Its applicability, however, is still a matter o
debate, especially in the case of strongly hybridized,a-like
Ce systems.9,19,22–24

Photoelectron spectroscopy is of particular importance
this discussion, since it allows direct access to the electro
structure. Unfortunately, the interpretation of photoemiss
~PE! data from Ce systems is not straightforward, since n
ther a simple one-electron band description nor a pure c
level picture applies in the case of these correlated electr
systems. Moreover, electron spectroscopies are highly
face sensitive, which may aggravate an interpretation
terms of bulk properties. Surface effects on the electro
structure of lanthanide systems are very well known a
were extensively studied both for elements25 and
compounds,26 making particular use of the surface core-lev
shift ~SCS! of the 4f states,27 which can be easily resolve
due to the narrow line shapes obtained from these sha
PRB 580163-1829/98/58~7!/3682~8!/$15.00
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core levels. Closely related to surface energy shifts of
4f states are valence transitions, which lead to an increa
4f occupation at the surface.26 For the heavier lanthanides
this may induce significant changes in the electron spec
scopic data.28,26

Surface effects for Ce systems have been first experim
tally observed in 3d core-level spectroscopy29 and subse-
quently also in a more direct way in the 4f spectra.30 In all
cases, the surface was found to be characterized by a we
f -d interaction than in the bulk, leading to a stabilization
a g-like surface layer on top of a morea-like bulk. This
effect has been studied theoretically as well, showing t
also on the basis of band-structure slab calculations, a m
g-like character of the surface layer is expected.20,21

For Ce metal, such a surface effect was first experim
tally observed for thea phase;30 subsequently, an analogou
result was also obtained forg-Ce.31 These studies, howeve
suffered from a presently inevitably low experimental ener
resolution, since they made use of 3d→4 f resonant PE at
hn'884 eV. Furthermore, the studies performed up to n
dealt with polycrystalline samples, since clean, well-orde
surfaces were not readily available. With the possibility
grow high-quality films of lanthanide metals on~110! sur-
faces of bcc metals, however,32–34PE studies of well-ordered
close-packed lanthanide metal surfaces have become
sible. All these studies showed the necessity of investiga
well-characterized surfaces, since the local electronic pr
erties strongly depend on the coordination of the atomic s
For close-packed monocrystalline surfaces, e.g., the SCS
the heavy lanthanides were found to be systematic
smaller than for polycrystalline samples,32,34,35suggesting an
analogous situation for Ce metal. Furthermore, it was fou
that all close-packed surfaces of trivalent heavy lanthan
metals exhibit a pronounced surface state withdz2 symmetry
around the center of the surface Brillouin zone~BZ!, Ḡ,34,35
3682 © 1998 The American Physical Society
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PRB 58 3683SURFACE ELECTRONIC STRUCTURE OF EPITAXIAL . . .
which is located directly at the Fermi energyEF , and which
is partially occupied. Since the same surface state has
been observed for La metal,36 it may be expected for a close
packed surface of Ce metal as well, being of particular
portance for thef -d interaction.

In this paper we report on a detailed PE study of
electronic structure of a hexagonally ordered film of
metal grown at room temperature on W~110!. The crystallo-
graphic structure of this film is most likely that of theb-Ce
phase, which is characterized by similar electronic and m
netic properties asg-Ce.17 An important feature of the
present work is the investigation of the 4f electronic struc-
ture of this epitaxial Ce-metal film both in the bulk and at t
surface, which could be separated for the first time with
high resolution obtainable at the 4d→4 f resonance athn
'122 eV. For an analysis of hybridization and surface
fects it is necessary to consider the valence-band struc
which will be discussed in the first part of this paper, whe
a comparative angle-resolved PE study of the close-pac
surfaces of Ce and La is presented in comparison with lo
density-approximation~LDA ! band-structure calculations
The results are used for an interpretation of the 4f -PE data
obtained at the 4d→4 f resonance, which will be the topic o
the second part. It will be shown by a simple AIM analys
that in analogy toa-Ce, the surface effect in this system
caused by a lowering of the 4f -level energy and a decreas
in f -d hybridization.30,37

II. EXPERIMENT

The experiments were performed on well-ordered films
Ce and La metal grownin situ on a W~110! substrate. The
samples were prepared by deposition of'60-Å-thick films,
evaporated from resistively heated W coils at rates of'5
Å/min, with the substrate held at room temperature. The b
pressures in the UHV chambers employed were in the
10211-mbar range, rising to'5310210 mbar during evapo-
ration. Under these conditions, contamination-free fil
could be grown as monitored by PE athn540 eV. Subse-
quent careful annealing to'500 K resulted in clean, well-
ordered surfaces characterized by sharp hexagonal
energy electron diffraction~LEED! patterns, confirming tha
both surfaces are close packed. Further information on
obtained crystal structures was derived from the obser
dispersions of band states. As will be discussed below
comparison with the results of calculations performed
different close-packed crystal structures gives strong
dence that the films grow in a double hcp~dhcp! structure,
which is the stable configuration for both metals at tempe
tures between 150 K and 300 K, used in this experime
Throughout the paper, the~0001! surfaces refer to such dhc
films.

PE spectra were recorded with two different experimen
setups. Angle-resolved PE experiments were performe
the TGM1 beamline of the Berliner Elektronenspeicherr
für Synchrotronstrahlung~BESSY! using a VSW-ARIES
analyzer with an angular resolution of 2°. The energy re
lution ranged from'100 meV athn525 eV to'150 meV
at higher photon energies. Angle-integrated PE spectra
a resolution of'60 meV athn5122 eV were recorded a
the high-resolution SX700/II beamline operated by the Fr
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Universität Berlin at BESSY, using a Leybold EA-11 elec
tron spectrometer. To reduce thermal broadening of the
lines during the latter experiments, the samples could
cooled with the help of a closed-cycle He refrigerator do
to '150 K, well above the transition to thea phase of Ce
metal.

III. VALENCE-BAND STRUCTURE OF Ce „0001…
AND La „0001… SURFACES

Band-structure studies with angle-resolved PE have b
performed for a number of lanthanide metals.38–42While Gd
metal—due to its interesting magnetic properties—has b
studied most extensively,40,42,43only a few studies have bee
reported for Ce metal.44,45 In particular, a detailed study o
close-packed surfaces of Ce metal has not been performe
to now. In order to elucidate the influence of the 4f -level
occupation on the valence-band structure, a compara
study of Ce and La has been undertaken in the present w

Figure 1 displays angle-resolved PE spectra of Ce~0001!
and La~0001!, recorded in normal emission geometry for
number of photon energies betweenhn525 eV andhn570
eV. For hn525 eV, the cross section of 4f PE is rather
low;46 therefore these spectra represent—also in the cas
Ce—the pure contribution of valence-band states. The sp
tra look identical for Ce and La, consisting of two featur
labeledC andS. FeatureC at '1.6-eV binding energy ('1.5
eV in case of La! can be readily identified as due to emissi
from a bulk band. It disperses only rather weakly with i
creasing photon energy, in accordance with our ba
structure calculations, which show the existence of flat ba
along the direction perpendicular to the surface. FeatureS is
situated in a broad gap of the projected bulk band struc

aroundḠ. For La metal as well as for heavy lanthanide m
als, it has been attributed to a localized surface state withdz2

symmetry.36,47,42From the right panel of Fig. 1 it is obviou

FIG. 1. Angle-resolved photoemission spectra from La~0001!
~left! and Ce~0001! ~right! recorded at normal emission for variou
photon energies. Note that the relative spectral intensity from
Ce-4f 0 final state increases with increasing photon energy~feature
B!.
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3684 PRB 58E. WESCHKEet al.
that an analogous surface state is also formed at the c
packed surface of Ce metal.

With increasing photon energy, a second feature (B) ap-
pears at'2-eV binding energy~BE! in the Ce spectra, be
coming dominant at the highest photon energy (hn570 eV!.
This behavior reflects a PE final state with mainly 4f 0 char-
acter, since the 4f PE cross section increases strongly in t
studied photon energy range. Besides this 4f structure, which
will be discussed in more detail in the next section, a
except for the slight differences of the BE of peakC, the
spectra of La and Ce are almost identical. This is furt
confirmed by the angular-dependent PE spectra displaye
Fig. 2. Close similarities of the two systems are found in
details of the band structures: The dispersion of featureC
and also the behavior of the surface-state emissionS are
identical for La and Ce. FeatureS does not change over
substantial range of the BZ. Only at larger emission ang
does it broaden and additional features appear, which are
to emission from bulk bands. Since a constant photon ene
of 30 eV was used in the experiments, the spectra of Fi
reflect the dispersion along a curved line ink space. In Fig.
3, these experimental dispersions are compared to b
structures of La and Ce metal calculated along this curve
addition, calculations were performed for fcc, hcp, and dh
phases in order to obtain information about the crystal str
tures of the films.

The calculations were performed in the framework of t
local-density approximation with the standard Hed
Lundquist exchange-correlation potential exploiting the op
mized method of linear combination of atomic orbitals48

~LCAO! in its scalar relativistic version.49 The basis em-
ployed includes 6s, 6p, 5d atomic valence states for bot
metals. For Ce, the 4f states have been included in the c

FIG. 2. Angle-resolved photoemission spectra from La~0001!
~left! and Ce~0001! ~right! recorded athn530 eV for various emis-
sion anglesQ. For technical reasons,ki was not varied along a
high-symmetry line of the surface BZ, but with a deviation of 1
relative toGK, as indicated by the inset.
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culations, treating them either as itinerant or alternatively
a localized 4f 1 configuration. The dispersion of the nonf
derived bands was found to be very similar in both cas
with a slightly better agreement with experiment for the iti
erant treatment, as displayed in Fig. 3. All phases w
handled as ideal crystals without accounting for surface
real structure effects.

For a comparison with the experimental data, direct tr
sitions into free-electron-like final states~parabolic disper-
sion! and conservation of the component of the electron m
mentum parallel to the surface were assumed. The minim
the parabolic energy-dispersion curves were pinned to
calculated bottoms of valence bands. The parabolic slo
were fitted to the correspondings-like branches in the region
close to theG point by a proper choice of effective electro
masses. For constant photon energies, the PE final state
situated approximately on circles ink space, for which the
energy dispersions were calculated.50 The results of these
calculations are plotted in Fig. 3 as a function ofki , the
component of the wave vector parallel to the surface. T
values ofki are scaled to the respective length ofGK, k0, for
the different systems, thus allowing a direct comparis
Note thatki50 does not refer to the center of the BZ,G. The
calculations show that the main differences between fcc, h
and dhcp crystal structures stem from the backfolding of
bands due to the doubling of the respective unit cells. T
flat bands seen around the Fermi energy for Ce represen
4f states, treated as itinerant in this case.

The experimentally observed dispersion of featureC in
Fig. 2 ~open circles in Fig. 3!, which is identical for Ce and
La except for a small energy offset, is in rather good agr
ment with the calculations for the dhcp structures. The ba

FIG. 3. Band dispersions for La~left! and Ce~right!, calculated
for three different close-packed crystal structures. The dispers
follow circles in the Brillouin zones~for details, see text!. To enable
a direct comparison, theki values are normalized with respect to th
length ofGK, k0. The open symbols represent the data of Fig.
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at higher BE, which have mainlysp character, are not see
in the PE spectra due to small cross sections at the empl
photon energies. The comparison of the experimental res
with the calculated dispersions for the different phases
lows us to draw conclusions about the crystal structure of
epitaxial films. For the fcc phase of Ce, which is stable ab
room temperature, the position of the bands is not in ag
ment with the experimental energy position of featu
C,which is too close to the Fermi energy. On the basis of
present data, formation of a hcp phase cannot be ruled
but the agreement is worse than in case of the dhcp ph
which is the thermodynamically stable bulk phase of both
and Ce metal in the used temperature range at low press
Therefore the assumption is justified that the epitaxial fil
studied had dhcp structure.

Projected along the direction perpendicular to the surfa

the band structures reveal a broad gap aroundḠ, a phenom-
enon characteristic for all close-packed lanthanide-metal
faces. A similar behavior is also found in slab calculatio
which up to now were only performed for Tm, Yb, an
Gd.41,47 In this gap, the localized surface state occurs aro
Ḡ, turning into resonances towards the border of the surf
BZ, where bulk band states appear. These bulk states are
found in the experimental spectra of Fig. 2 in reasona
agreement with the calculations~open squares in Fig. 3!.

These spectroscopic results clearly demonstrate tha~i!
the valence-band structures of La and Ce are very sim
with negligible influence of the occupied 4f states in the
latter system and~ii ! the close-packed surface ofb-Ce metal
is characterized by a strongly localized surface state as
served for the other lanthanides. The strong dispersion
the sharpness of the surface-state emission are also an
cation of the high crystalline quality of the films.

IV. SURFACE 4f ELECTRONIC STRUCTURE
OF b-Ce„0001…

In the past, the surface electronic structure of Ce syst
has been examined by different approaches. 3d core-level
spectroscopy at various photon energies29 as well as a simul-
taneous analysis of spectroscopies with varying degree
surface sensitivity37 have been applied quite successfully. O
the basis of 4f -PE spectra, a determination of the occupi
4 f surface electronic structure, however, has only b
achieved by the application of resonant PE,30,31,51,52exploit-
ing a giant resonant enhancement of the 4f photoionization
cross section.7,30 The contribution of the valence states to t
resonant spectra has been estimated in the past by cons
ing the off-resonance spectra, where the 4f emission is
strongly suppressed.7,30 As discussed further below, this e
timate may introduce errors due to a non-negligible reson
enhancement of valence-band emission.53,54

A separation of bulk and surface 4f -PE signals has bee
achieved by a comparison of resonant PE spectra obtain
the 4d→4 f resonance (hn'120 eV! with those obtained a
the 3d→4 f resonance (hn'884 eV!.30,31,51,52Due to the
high photon energy in the latter case, the surface contribu
to the PE spectra is'20%, while it amounts to'45% at
hn'120 eV.30 This method, however, has two major disa
vantages: At the 3d→4 f resonance, the energy resolutio
obtained in a PE experiment up to now is much worse tha
ed
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the 4d→4 f resonance, where'40 meV has been
achieved.30 A separation of bulk and surface contributions
therefore only possible with a loss of information on fin
details. Furthermore, the spectral shape of the 4f emission
changes across the resonance,7,55,56aggravating the compari
son of data taken at different energies.

In order to overcome these problems, we have applie
different approach to separate bulk from surface contri
tions, which cannot be used in the case of rough, polycr
talline surfaces and has only become feasible with the av
ability of smooth, well-ordered surfaces. In our case,
have suppressed the surface contribution by depositing'2
monolayers of Dy, which does not contribute to the PE sp
tra in the energy region of the Ce 4f states. For deposition a
T5150 K, an interdiffusion of the two metals is strong
reduced, and from the similar chemical properties of Dy a
Ce neither clustering nor appreciable reactions at the in
face are expected. The latter is confirmed by the Dy-4f PE
spectra, which do not reveal any chemical shift. With th
method, all data could be collected at the 4d→4 f resonance
with an energy resolution high enough to resolve the sp
orbit splitting of the 4f 1 final state close toEF . Furthermore,
the data were taken at one single photon energy corresp
ing to the maximum of theNIV,V giant resonance, avoiding
in this way artifacts due to differences in the resonant beh
ior at the 4d→4 f and 3d→4 f thresholds, respectively.

The sensitivity of the 4f spectrum to changes in the su
face order and hence the necessity to investigate w
characterized surfaces is demonstrated in Fig. 4. The
spectra shown in this figure were taken at the 4d→4 f reso-
nance athn5122 eV fromg-like Ce-metal surfaces prepare
by various methods. 4f -PE spectra of Ce systems reve
three prominent features labeledA1, A2, andB. FeatureB is
predominantly of 4f 0 character and represents a final sta
which is mainly due to emission from a localized 4f 1 ground
state. In a completely unhybridized Ce system, only this f

FIG. 4. Photoemission spectra of metallic Ce samples w
g-like f -d hybridization for decreasing degrees of surface rou
ness, recorded at the 4d→4 f resonance (hn5122 eV! in normal
emission geometry:~a! scraped bulk sample;~b! epitaxial film.
Spectrum~c! was recorded from the same film as~b! after deposi-
tion of '2 monolayers of Dy.
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3686 PRB 58E. WESCHKEet al.
ture is present.A1 andA2 result from f -d hybridization and
represent a PE final state of mainly 4f 1 character,12,14,9

which is supported by the fact that the energy separatio
the two peaks corresponds to the atomic spin-orbit splittin6

The 4f emission close to the Fermi energy is often refer
to as the Kondo peak,8,15 although this assignment is sti
being lively debated.22,9 It arises from the interaction of th
4f level with the valence band and is most pronounced
a-like Ce systems. In fact, theg-a phase transition is ac
companied by a large increase of the spectral weigh
EF .6,30 To reduce thermal broadening, the spectra of Fig
were recorded at 150 K, which is necessary to resolve
splitting of A1 and A2. This temperature, however, is we
above the transition temperature to thea phase.

Spectrum~a! at the bottom of Fig. 4 was recorded from
polycrystalline bulk sample scrapedin situ with a diamond
file, for which the surface is expected to be quite rough57

Spectrum~b! was taken from a well-ordered close-pack
surface, which was prepared as described in the experime
section and may be assumed to be relatively smooth.
evident that with decreasing surface roughness, featurB
becomes narrower and shifts towards lower BE. This is
actly the behavior expected for a localized, corelike 4f state,
for which the coordination dependence of the SCS leads
narrowing and energy shift of the 4f emission, if surface and
bulk contributions are not experimentally resolved. In ad
tion, changes also take place in the region of featuresA1 and
A2. Particularly interesting is the seeming loss of ene
resolution in spectrum~b! of the well-ordered film. This,
however, is due to the localized surface state, which w
shown in the preceding section to be present at
b-Ce~0001! surface and which contributes significantly al
at resonance. The surface-state emission is located exac
the region ofA1 and A2, filling the dip between the two
peaks. This becomes clear if one considers spectrum~c!,
which was recorded after deposition of'2 monolayers of
Dy metal at 150 K. Here,A1 and A2 are clearly separate
again, since the surface-state emission has been suppre
This finding also demonstrates that the contribution of thd
states at resonance can be substantial and has to be take
account in a more careful way than just by considering
off-resonance intensity.30 After deposition of'2 monolayers
of Dy, the surface emission from Ce can be assumed to
almost completely suppressed. Since in addition the
valence-band contributions to the PE spectra are wea
compared to the resonantly enhanced Ce PE, the topm
spectrum of Fig. 4 represents the bulk electronic structur
b-Ce. In the following, we shall describe the procedure
obtain the pure bulk and surface contributions from spe
~b! and ~c! of Fig. 4.

As a first step, the background due to inelastically sc
tered electrons was removed from the two spectra, as we
the weak contribution of the Dy 4f 8 final-state emission
which occurs as a slight intensity increase around 4-eV
in spectrum~c!. The smooth inelastic background was a
sumed to be proportional to the area under the PE lines58,59

and was determined from a fit analysis. The resulting b
spectrum is shown at the bottom of Fig. 5. In order to obt
the spectral shape for the surface, a properly weighted b
spectrum was subtracted from spectrum~b! after background
removal. For the subtraction, a surface-to-bulk intensity ra
of
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of 0.8 was assumed athn5122 eV, in accordance with ex
perimental data from Sm and Yb metal, where bulk and s
face components are readily separated. This number is in
agreement with calculations of the inelastic mean free p
of electrons in this energy range.30 The resulting spectra
representative of pure bulk and surface contributions,
shown in Fig. 5. Note that they were derived without a
assumptions about valence-band contributions at resona
Two main aspects are clearly visible in these spectra e
without any analysis, namely,~i! a shift of featureBand ~ii !
a reduced spectral weight of featuresA1 and A2 at the sur-
face. While the latter has been demonstrated before fo
polycrystalline sample, a 4f -level shift has not been ob
served forg-like Ce metal due to insufficient experiment
resolution.30,31The surface shift amounts to'140 meV. This
is even smaller than expected from the trend of SCS’s
served for the close-packed surfaces of other trivalent
thanide metals,34,27 from which a value of'200 meV is
estimated. The difference is due to the influence of thef -d
hybridization as described in the following.

The influence of thef -d hybridization on the BE of peak
B can be understood within the framework of a simple AIM
which considers 4f 0, 4f 1, and 4f 2 configurations and a
single valence-band state directly at the Fermi energy.13,14

Within this model, the spectral function is described by thr
model parameters, the bare 4f -level positione f , the hybrid-
ization D, and the Coulomb repulsion between twof elec-
trons on the same site,U f f . From these parameters, the spe
tral weight and the position of featureB can be calculated. If
the 4f 2 configuration is neglected (U f f→`), which is rea-
sonable because for Ce metalU f f@ue f u, D, a very simple

FIG. 5. Bulk and surface resonant PE spectra ofb-Ce~0001!
obtained from spectra~b! and~c! of Fig. 4 as described in the tex
normalized to equal areas. The subspectra represent the resul
fit analysis, which takes the resonant enhancement of valence s
into account. The inset shows the resonant PE spectrum f
La~0001! together with a decomposition into bulk~solid! and sur-
face ~dashed! contributions, which were used for the analysis.
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PRB 58 3687SURFACE ELECTRONIC STRUCTURE OF EPITAXIAL . . .
formula for the BE of featureB, e(B), can be derived, which
allows us to understand the influence of hybridization in
very easy way:13

e~B!5Ae f
214D2. ~1!

From this formula it is obvious that a finite hybridization w
shift the energy position to a higher BE as compared to
unhybridized case. At the surface of a Ce system, in gene
two mechanisms will be important:~i! e f will lower with
respect toEF , which corresponds to the classical SCS o
served for the unhybridized core levels of the heavy l
thanides and~ii ! D will decrease due to a reduced coordin
tion of the surface atoms. According to Eq.~1!, the two
effects lead to shifts of opposite directions at the surfa
Therefore it could even happen that they cancel each o
leading to a vanishing surface 4f -level shift. Due to this
influence of hybridization, the 4f -level shift will in general
be different from the pure SCS, which is the lowering ofe f
at the surface. This is the reason why the identification o
shifted surface component has not been as straightforw
for Ce systems as for the heavy lanthanides and always
volved spectra measured at different surface sensitivities.30,31

In order to be more quantitative in our case, an analy
using the simple AIM was applied to the spectra of Fig. 514

For this purpose, the relative weight and position of feat
B had to be determined, which was achieved by applyin
fit analysis as shown in Fig. 5. For a quantitative descripti
it is necessary to account for thed-state contribution in these
spectra, which however, is not straightforward. The probl
arises from the resonant enhancement of thed-state emission
at the 4d→4 f threshold, which for La metal has been exa
ined in detail recently.54 Using angle-resolved PE, it wa
shown that the amount of enhancement of a valence-b
feature correlates to the degree of localization of the resp
tive wave function. In Sec. III it was demonstrated that t
valence-band structures of La~0001! and Ce~0001! are very
similar. Therefore one can expect a resonant enhanceme
thed-state cross section also for Ce. In order to estimate
d-band contribution to the resonant spectra of Ce, the in
sity increase and the shape of the valence-band emissio
the 4d→4 f resonance of La was measured for La~0001! in
the same experimental setup. The inset of Fig. 5 display
resonant PE spectrum of La, which consists of emission fr
the bulk bands (D) and also from the surface state (S). It
was found that the spectral intensity increases by a facto
'7 at resonance. Unfortunately, a simple transfer of t
number to the Ce case is not possible, since the reso
behavior cannot be expected to be identical for La and
This is due to the different occupation of the 4f states in Ce,
which opens different excitation and decay channels at
4d→4 f resonance. A quantitative description of these infl
ences is beyond the scope of this paper. One can ex
however, that due to the opening of the important de
channel of 4f emission, the resonance of thed states will be
weaker in Ce than in La.

With this proviso, the spectra of Fig. 5 were fitted usi
three Lorentzian line shapes for the 4f emission,A1, A2, and
B, cut atEF by a Fermi-Dirac function. In the case of th
bulk spectrum, an additional line was used to account for
asymmetry of featureB. The shapes of the valence-ban
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contributions to the bulk and surface spectra were estima
from the bulk and surface spectra of La metal derived in
analogous way as for Ce by quenching with Dy. The in
displays a resonant PE spectrum of La metal, together wi
decomposition into bulk (b, solid! and surface~s, dashed!
contributions. The intensities of the respective valence-b
contributions were scaled to fit the Ce spectra at'1-eV BE.
This resulted in a valence-band spectral weight of'35%,
which is in fact less than what one would expect, if t
resonance behavior in La and Ce was identical. In this w
a reasonable fit was achieved for the bulk and the surf
spectrum, as given by the solid line through the data poi
The solid and dashed subspectra represent the pure 4f emis-
sion and the valence-band contribution, respectively. Fr
the position of featureB and its relative weight with respec
to A1 and A2, the AIM parameterse f , D, as well as thef
occupation numbernf were calculated for the bulk and th
surface, assumingU f f56 eV.14 The exact value of this latte
parameter is not crucial, since it is anyway large compare
the other two. The values found for the bulk aree f

b521.6
eV, Db50.4 eV, while for the surfacee f

s521.8 eV,Ds50.3
eV were derived. The corresponding 4f occupancies are
nf

b50.96 andnf
s50.98. This analysis shows that the surfa

effect inb-Ce is indeed caused by the two effects mention
above: The bare 4f -level energy is lowered, with the shift o
0.2 eV being in full agreement with the trend observed
other close-packed lanthanide surfaces.34 The relative de-
crease of the hybridization is comparable to the case of p
crystalline a-Ce,30,37 and reflects the effect of the reduce
coordination at the surface. The observed decrease oD
might be somehow surprising, considering the presence
the d-like surface state and its large density of states atEF ,
D(EF). Since the hybridization is proportional toD(E),37

with the states atEF being of particular importance, even a
increase at the surface could be expected, despite the red
number of neighbor atoms. This seeming discrepancy, h
ever, can be explained by the strongly localized, atomicl
character of the surface state, which for symmetry reas
may lead to a vanishing on-site hybridization with thef
states.12 The absolute values, especially of the hybridizati
parameters, should not be overinterpreted, since the A
analysis applied here does not take the valence-band s
ture properly into account. Furthermore, the thermal dep
dence of featuresA1 andA2 as described by the noncrossin
approximation has not been considered here.8,9 Therefore the
values ofD, which were obtained from spectra recorded
finite temperature, are supposed to underestimate thef -d hy-
bridization. Nevertheless, the above comparison of bulk
surface parameters is meaningful, since it refers to analy
within the same AIM model using spectra recorded at
same temperature.

A quantitative analysis of bulk and surface parameters
g-Ce has been performed by Liuet al.,37 which takes the
valence-band structure detailed into account, and wh
leads to quite similar results. The 4f occupancies, e.g., ar
very similar to the present values, close tonf51. The hy-
bridization parameters of that study are not simply com
rable to the present values, since they were derived tak
the whole band structure into account. They exhibit, ho
ever, a similar behavior, namely, a decrease at the surf
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The 4f -level positions, however, are quite different from t
present results, leading to a SCS of 0.46 eV, which is m
larger than the value of 0.2 eV derived here. This is proba
due to the fact that monocrystalline samples were stud
here, whereas the former result refers to polycrystalline s
faces, where in fact a larger SCS is expected~Fig. 4!.

Finally, we would like to comment on the feasibility of a
analogous experiment for a monocrystalline film ofa-Ce
metal. All attempts to prepare such films have failed, sin
they had to be grown at temperatures as low as 40 K in o
to ensure ana-like character as determined by resonantf
PE.30 These films were characterized by PE spectra simila
those obtained from films deposited on polycrystalli
substrates30 and showed no LEED pattern. Upon caref
stepwise annealing to increase the film order, the 4f spectra
became more and moreg-like. After eventually achieving a
well-ordered surface with a reasonable LEED pattern,
films showed PE spectra like the one presented in Fig. 4~b!,
i.e., the films were no longera-like.

V. CONCLUSIONS

In this contribution we have presented a detailed PE st
of the surface electronic structure ofb-Ce~0001!. The
valence-band structure of this material, as revealed by an
resolved PE, was found to be almost identical to that
La~0001!, despite the additional 4f electron in Ce. The ob-
v

tt
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e
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to
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served dispersions were found to agree well with stand
LDA band-structure calculations. It was shown that the
calized surface state atEF , which is characteristic for all
close-packed lanthanide-metal surfaces, is also presen
b-Ce. For a correct determination of the surface 4f elec-
tronic structure in Ce systems, well-ordered surfaces w
found to be crucial, as in the case of the heavy lanthanid
in particular concerning BE shifts of the 4f 0 final-state fea-
ture. By quenching the surface emission with a thin Dy ov
layer, it was possible to separate bulk and surface contri
tions in high-resolution resonant PE at the 4d→4 f threshold.
From the data, a surface shift of the 4f 0 component of 140
640 meV was obtained, which is in full agreement wi
SCS’s of the heavy lanthanide metals if hybridization effe
are properly taken into account.
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