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Surface electronic structure of epitaxial Ce and La films
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We report on a detailed photoemissi@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.eg @ahase 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(0003), extending over a wide range of the surface Brillouin zone. Theldctronic structure of the
Ce film was studied by resonant PE at thte-44f 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 (140 40) meV of the 4° final state emission was found f@-Ce, which is discussed in connection
with f-d hybridization.[S0163-182@08)03331-1

I. INTRODUCTION core levels. Closely related to surface energy shifts of the
4f states are valence transitions, which lead to an increased
The electronic structure of Ce-based materials has bee#f occupation at the surfac®.For the heavier lanthanides,

subject to numerous experimenttdl and theoretical this may induce significant changes in the electron spectro-
studiest®~*8in particular in connection with the so-called  scopic dat&®2®
« phase transitioh! which is characterized by a volume col-  Surface effects for Ce systems have been first experimen-
lapse of~14% and which is driven by an increase of thetally observed in 8 core-level spectroscopyand subse-
hybridization between # and valence-band state¥ Al-  qguently also in a more direct way in thé 4pectra® In all
though studies of weakly hybridizeo-calledy-like) and  cases, the surface was found to be characterized by a weaker
strongly hybridized &-like) Ce systems have been per- _q interaction than in the bulk, leading to a stabilization of
formed for several years now, a complete understanding of ,,jike surface layer on top of a more-like bulk. This
their 4 electronic structure is still lacking. Density func- etfect has been studied theoretically as well, showing that
tional theory _has been successfu_lly used to discuss groun%so on the basis of band-structure slab calculations, a more
state properties of Ce systerfs>* but fails to describe 1 o character of the surface layer is expectedt
high-energy excitation spectra of these materials. An alterna? For Ce metal such a surface effect was first. experimen-
tive approach for the description of Ce systems is the Ander- ’ 0

tally observed for ther phase® subsequently, an analogous

son impurity modelAIM ),*2*®which has been successfully it <o obtained farCe® Th wdies. h

applied for a quantitative analysis of spectroscopic data anffSU't Was aiSo obtain€d Igrt.e. ese stucles, however,
also allowed a comparison to transport and magneti(§Uffere_(j from a presently inevitably low experimental energy
propertie?® Its applicability, however, is still a matter of resolution, since they made use af 3 4f resonant PE at

debate, especially in the case of strongly hybridizedike hv~884 eV. Furthermore, the studies performed up to now
Ce system&1922-24 dealt with polycrystalline samples, since clean, well-ordered
Photoelectron spectroscopy is of particular importance irfurfaces were not readily available. With the possibility to
this discussion, since it allows direct access to the electronigfow high-quality films of lanthanide metals ¢a10 sur-
structure. Unfortunately, the interpretation of photoemissiorfaces of bce metals, howevé, > PE studies of well-ordered
(PE) data from Ce systems is not straightforward, since neiclose-packed lanthanide metal surfaces have become fea-
ther a simple one-electron band description nor a pure coresible. All these studies showed the necessity of investigating
level picture applies in the case of these correlated electroni¢ell-characterized surfaces, since the local electronic prop-
systems. Moreover, electron spectroscopies are highly sufrties strongly depend on the coordination of the atomic site.
face sensitive, which may aggravate an interpretation if-Or close-packed monocrystalline surfaces, e.g., the SCS’s of
terms of bulk properties. Surface effects on the electronidhe heavy lanthanides were found to be systematically
structure of lanthanide systems are very well known andmaller than for polycrystalline sampl&s;***suggesting an
were extensively studied both for eleméntsand analogous situation for Ce metal. Furthermore, it was found
compoundg® making particular use of the surface core-levelthat all close-packed surfaces of trivalent heavy lanthanide
shift (SC9 of the 4 states’” which can be easily resolved Metals exhibit a pronounced surface state withsymmetry
due to the narrow line shapes obtained from these shallowround the center of the surface Brillouin zoiBZ), I',34%
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which is located directly at the Fermi enerBy, and which A R RS RS R LSS AR RSN RSA R RN
is partially occupied. Since the same surface state has also La(OOOli normal emiSSionf Ce(0001)
been observed for La metdljt may be expected for a close- w""ﬁ '%,.‘.,,\ hv (ev)‘_jfB A
packed surface of Ce metal as well, being of particular im- S, )
portance for the-d interaction. ’_’(/\/ _/ \,_/\
In this paper we report on a detailed PE study of the 2\ 50 A
electronic structure of a hexagonally ordered film of Ce
metal grown at room temperature on(¥¥0. The crystallo-

Intensity

graphic structure of this film is most likely that of thig2Ce ] \./
phase, which is characterized by similar electronic and mag- A am 40 A ~
netic properties asy-Cel’ An important feature of the // o . N
present work is the investigation of thd £lectronic struc- p= 3 e
ture of this epitaxial Ce-metal film both in the bulk and at the AN A .
surface, which could be separated for the first time with the e 30 a=
high resolution obtainable at thed4-4f resonance ahv g ’s ..,-»#M;
~122 eV. For an analysis of hybridization and surface ef- C - C -
fects it is necessary to consider the valence-band structure, S uEE— P SEE—
which will be discussed in the first part of this paper, where 3oz ,EF, 302 L E
Binding Energy (eV)

a comparative angle-resolved PE study of the close-packed
surfaces of Ce and La is presented in comparison with local- FiG, 1. Angle-resolved photoemission spectra from(0081)
density-approximation(LDA) band-structure calculations. (jeft) and C&0003) (right) recorded at normal emission for various
The results are used for an interpretation of tieP£ data photon energies. Note that the relative spectral intensity from the
obtained at the d— 4f resonance, which will be the topic of Ce-4f° final state increases with increasing photon endfesture

the second part. It will be shown by a simple AIM analysis B).

that in analogy tax-Ce, the surface effect in this system is

caused by a lowering of thef 4evel energy and a decrease Universita Berlin at BESSY, using a Leybold EA-11 elec-
in f-d hybridization®%3’ tron spectrometer. To reduce thermal broadening of the PE
lines during the latter experiments, the samples could be
cooled with the help of a closed-cycle He refrigerator down
to =150 K, well above the transition to the phase of Ce

The experiments were performed on well-ordered films ofmetal.
Ce and La metal growin situ on a W(110) substrate. The
samples were prepared by depositior~e80-A-thick films, ll. VALENCE-BAND STRUCTURE OF Ce (0001
evaporated from resistively heated W coils at rates~& AND La(000) SURFACES
A/min, with the substrate held at room temperature. The base ] )
pressures in the UHV chambers employed were in the low Band-structure studies with angle-resolved PE have been
10~ -mbar range, rising te=5x 10~ 2> mbar during evapo- Performed for a number of lanthanide met&s*? While Gd
ration. Under these conditions, contamination-free filmgMetal—due to its interesting magnetic properties—has been
could be grown as monitored by PE lat=40 eV. Subse- Studied most extensivefl);*>*3only a few studies have been
quent careful annealing te-500 K resulted in clean, well- reported for Ce metdf:®® In particular, a detailed study of
ordered surfaces characterized by sharp hexagonal lovflose-packed surfaces of Ce metal has not been performed up

energy electron diffractiolLEED) patterns, confirming that to now._ln order to elucidate the influence of thé-ldvel _
both surfaces are close packed. Further information on th@ccupation on the valence-band structure, a comparative
obtained crystal structures was derived from the observedudy of Ce and La has been undertaken in the present work.
dispersions of band states. As will be discussed below, a Figure 1 displays angle-resolved PE spectra of00e])
comparison with the results of calculations performed forand L&000D, recorded in normal emission geometry for a
different close-packed crystal structures gives strong evifumber of photon energies betwelen=25 eV andhv=70
dence that the films grow in a double hghcp structure, ~€V- Forhv=25 eV, the cross section off 4PE is rather
which is the stable configuration for both metals at temperalOW;™ therefore these spectra represent—also in the case of
tures between 150 K and 300 K, used in this experiment.ce—the_pure_ contribution of valence—t_)and states. The spec-
Throughout the paper, tHe00)) surfaces refer to such dhcp fra look identical for Ce and La, consisting of two features
films. labeledC andS FeatureC at ~1.6-eV binding energy+1.5

PE spectra were recorded with two different experimentafV in case of Lacan be readily identified as due to emission
setups. Angle-resolved PE experiments were performed 4f0m a bulk band. It disperses only rather weakly with in-
the TGM1 beamline of the Berliner Elektronenspeicherringc'easing photon energy, in accordance with our band-
fiir SynchrotronstrahlungBESSY) using a VSW-ARIES Structure calculations, which show the existence of flat bands
analyzer with an angular resolution of 2°. The energy reso2/ong the direction perpendicular to the surface. Fedlise
lution ranged from~100 meV athr=25 eV to~150 meV  Situated in a broad gap of the projected bulk band structure
at higher photon energies. Angle-integrated PE spectra witaroundI’. For La metal as well as for heavy lanthanide met-
a resolution of~60 meV athv=122 eV were recorded at als, it has been attributed to a localized surface state dyith
the high-resolution SX700/Il beamline operated by the Freisymmetry*®*’*?From the right panel of Fig. 1 it is obvious
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FIG. 2. Angle-resolved photoemission spectra fron{0083) FIG. 3. Band dispersions for L@eft) and Ce(right), calculated

(left) and C&000Y) (right) recorded ahv=30 eV for various emis-
sion angles®. For technical reasong; was not varied along a
high-symmetry line of the surface BZ, but with a deviation of 10°
relative toI'’K, as indicated by the inset.

for three different close-packed crystal structures. The dispersions
follow circles in the Brillouin zonesfor details, see textTo enable

a direct comparison, thg values are normalized with respect to the
length of 'K, k. The open symbols represent the data of Fig. 2.

that an analogous surface state is also formed at the close-
packed surface of Ce metal. culations, treating them either as itinerant or alternatively as
With increasing photon energy, a second featB} &4p-  a localized 4* configuration. The dispersion of the nén-
pears at~2-eV binding energyBE) in the Ce spectra, be- derived bands was found to be very similar in both cases,
coming dominant at the highest photon energy€70 e\V).  with a slightly better agreement with experiment for the itin-
This behavior reflects a PE final state with mainfi’4har-  erant treatment, as displayed in Fig. 3. All phases were
acter, since the f4PE cross section increases strongly in thehandled as ideal crystals without accounting for surface and
studied photon energy range. Besides ttiist#ducture, which ~ real structure effects.
will be discussed in more detail in the next section, and For a comparison with the experimental data, direct tran-
except for the slight differences of the BE of pe@k the  sitions into free-electron-like final statéparabolic disper-
spectra of La and Ce are almost identical. This is furthesion and conservation of the component of the electron mo-
confirmed by the angular-dependent PE spectra displayed ientum parallel to the surface were assumed. The minima of
Fig. 2. Close similarities of the two systems are found in allthe parabolic energy-dispersion curves were pinned to the
details of the band structures: The dispersion of feafire calculated bottoms of valence bands. The parabolic slopes
and also the behavior of the surface-state emisSomre  Were fitted to the correspondirsglike branches in the region
identical for La and Ce. Featur® does not change over a close to thel’ point by a proper choice of effective electron
substantial range of the BZ. Only at larger emission angleghasses. For constant photon energies, the PE final states are
does it broaden and additional features appear, which are d§#uated approximately on circles kspace, for which the
to emission from bulk bands. Since a constant photon energgnergy dispersions were calculafédThe results of these
of 30 eV was used in the experiments, the spectra of Fig. 2alculations are plotted in Fig. 3 as a function lgf, the
reflect the dispersion along a curved linekirspace. In Fig. component of the wave vector parallel to the surface. The
3, these experimental dispersions are compared to banalues ofk, are scaled to the respective lengtidd, kg, for
structures of La and Ce metal calculated along this curve. lithe different systems, thus allowing a direct comparison.
addition, calculations were performed for fcc, hep, and dhcpNote thatk,=0 does not refer to the center of the HZ, The
phases in order to obtain information about the crystal strucealculations show that the main differences between fcc, hcp,
tures of the films. and dhcp crystal structures stem from the backfolding of the
The calculations were performed in the framework of thebands due to the doubling of the respective unit cells. The
local-density approximation with the standard Hedin-flat bands seen around the Fermi energy for Ce represent the
Lundquist exchange-correlation potential exploiting the opti-4f states, treated as itinerant in this case.
mized method of linear combination of atomic orbiféls The experimentally observed dispersion of featGrén
(LCAO) in its scalar relativistic versioff. The basis em- Fig. 2 (open circles in Fig. B which is identical for Ce and
ployed includes §, 6p, 5d atomic valence states for both La except for a small energy offset, is in rather good agree-
metals. For Ce, thef4states have been included in the cal- ment with the calculations for the dhcp structures. The bands
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at higher BE, which have mainlyp character, are not seen ' ‘ ' ' ' ' ‘ '
in the PE spectra due to small cross sections at the employed Ce metal hv=122 eV
photon energies. The comparison of the experimental results T=150K
with the calculated dispersions for the different phases al-
lows us to draw conclusions about the crystal structure of the
epitaxial films. For the fcc phase of Ce, which is stable above
room temperature, the position of the bands is not in agree-
ment with the experimental energy position of feature
C,which is too close to the Fermi energy. On the basis of the
present data, formation of a hcp phase cannot be ruled out,
but the agreement is worse than in case of the dhcp phase,
which is the thermodynamically stable bulk phase of both La
and Ce metal in the used temperature range at low pressures.
Therefore the assumption is justified that the epitaxial films
studied had dhcp structure.

Projected along the direction perpendicular to the surface, 3 : 5 | ‘ :

the band structures reveal a broad gap ardﬂ_nd'phenom— Binding Energy (eV)
enon characteristic for all close-packed lanthanide-metal sur-

faces. A similar behavior is also found in slab calculations, FIG. 4. Photoemission spectra of metallic Ce samples with
which up to now were only performed for Tm, Yb, and v-like f-d hybridization for decreasing degrees of surface rough-
Gd*4"In this gap, the localized surface state occurs around€ss, recorded at thed4-4f resonance l{r=122 e\) in normal

T, turning into resonances towards the border of the surfac§Mission geometry(@) scraped bulk sampletb) epitaxial film.
BZ, where bulk band states appear. These bulk states are aI%Br?th“imz(cr)nwr?sl reczrnrdedefrom the same film & after deposi-
found in the experimental spectra of Fig. 2 in reasonable " O < Monoiayers orby.
agreement with the calculatioriepen squares in Fig.)3

These spectroscopic results clearly demonstrate (ihat the 4d—4f resonance, where~40 meV has been
the valence-band structures of La and Ce are very simila@chieved® A separation of bulk and surface contributions is
with negligible influence of the occupiedf 4states in the thergfore only possible with a loss of information on fine
latter system andii) the close-packed surface gfCe metal details. Furthermore, the specggal shape_of theemlssmn_
is characterized by a strongly localized surface state as otghanges across the re_sonaﬁé »-aggravating the compari-
served for the other lanthanides. The strong dispersion angPn Of data taken at different energies.

the sharpness of the surface-state emission are also an indj- /" order to overcome these problems, we have applied a
cation of the high crystalline quality of the films. different approach to separate bulk from surface contribu-

tions, which cannot be used in the case of rough, polycrys-
talline surfaces and has only become feasible with the avail-
ability of smooth, well-ordered surfaces. In our case, we
have suppressed the surface contribution by depositi2g

In the past, the surface electronic structure of Ce systemionolayers of Dy, which does not contribute to the PE spec-
has been examined by different approachek.c8re-level train the energy region of the Cé 4tates. For deposition at
spectroscopy at various photon energiles well as a simul- T=150 K, an interdiffusion of the two metals is strongly
taneous analysis of spectroscopies with varying degrees @éduced, and from the similar chemical properties of Dy and
surface sensitivity/ have been applied quite successfully. OnCe neither clustering nor appreciable reactions at the inter-
the basis of #-PE spectra, a determination of the occupiedface are expected. The latter is confirmed by the DyR&
4f surface electronic structure, however, has only beemspectra, which do not reveal any chemical shift. With this
achieved by the application of resonant BE>%15%exploit-  method, all data could be collected at th&-44f resonance
ing a giant resonant enhancement of tHepfotoionization  with an energy resolution high enough to resolve the spin-
cross sectiod*° The contribution of the valence states to the orbit splitting of the 4* final state close t& . Furthermore,
resonant spectra has been estimated in the past by considére data were taken at one single photon energy correspond-
ing the off-resonance spectra, where the @mission is ing to the maximum of théN,, \, giant resonance, avoiding
strongly suppressef® As discussed further below, this es- in this way artifacts due to differences in the resonant behav-
timate may introduce errors due to a non-negligible resonarior at the 4—4f and 3d—4f thresholds, respectively.
enhancement of valence-band emissforf. The sensitivity of the # spectrum to changes in the sur-

A separation of bulk and surfacé #E signals has been face order and hence the necessity to investigate well-
achieved by a comparison of resonant PE spectra obtained ebaracterized surfaces is demonstrated in Fig. 4. The PE
the 4d— 4f resonancel{r~ 120 eV} with those obtained at spectra shown in this figure were taken at tlte-44f reso-
the 3d—4f resonance {r~884 e\).3%315152pye to the nance ahv=122 eV fromy-like Ce-metal surfaces prepared
high photon energy in the latter case, the surface contributiohy various methods. f4PE spectra of Ce systems reveal
to the PE spectra is=20%, while it amounts to~45% at  three prominent features labeléd, A,, andB. FeatureB is
hy~120 eV This method, however, has two major disad- predominantly of 4° character and represents a final state,
vantages: At the 8—4f resonance, the energy resolution which is mainly due to emission from a localizeé*4ground
obtained in a PE experiment up to now is much worse than agtate. In a completely unhybridized Ce system, only this fea-

Intensity

IV. SURFACE 4f ELECTRONIC STRUCTURE
OF B-Ce(000D
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ture is presentA; andA, result fromf-d hybridization and ' ‘ ' ' ' ' ‘ '
represent a PE final state of mainlyf*4 characteft?14® B-Ce metal La(0001)
which is supported by the fact that the energy separation of =L eV
the two peaks corresponds to the atomic spin-orbit splifting.
The 4f emission close to the Fermi energy is often referred
to as the Kondo pedk!® although this assignment is still
being lively debated®® It arises from the interaction of the

4f level with the valence band and is most pronounced in
a-like Ce systems. In fact, thg-a phase transition is ac-
companied by a large increase of the spectral weight at
Er.%° To reduce thermal broadening, the spectra of Fig. 4
were recorded at 150 K, which is necessary to resolve the
splitting of A; and A,. This temperature, however, is well
above the transition temperature to aghase.

Spectrum(a) at the bottom of Fig. 4 was recorded from a
polycrystalline bulk sample scraped situ with a diamond
file, for which the surface is expected to be quite rodgh.
Spectrum(b) was taken from a well-ordered close-packed
surface, which was prepared as described in the experimental
section and may be assumed to be relatively smooth. It is
evident that with decreasing surface roughness, fedBure
becomes narrower and shifts towards lower BE. This is ex-
actly the behavior expected for a localized, corelikestate, FIG. 5. Bulk and surface resonant PE spectra3e€e(0002)
for which the coordination dependence of the SCS leads to abtained from spectréb) and(c) of Fig. 4 as described in the text,
narrowing and energy shift of the £mission, if surface and normalized to equal areas. The subspectra represent the result of a
bulk contributions are not experimentally resolved. In addi-fit analysis, which takes the resonant enhancement of valence states
tion, changes also take place in the region of featdseand into account. The inset shows the resonant PE spectrum from
A,. Particularly interesting is the seeming loss of energy-a(0001 together with a decomposition into bu(kolid) and sur-
resolution in spectruntb) of the well-ordered film. This, face(dashed contributions, which were used for the analysis.
however, is due to the localized surface state, which was
shown in the preceding section to be present at th®f 0.8 was assumed &atv=122 eV, in accordance with ex-
B-Ce(0001) surface and which contributes significantly also perimental data from Sm and Yb metal, where bulk and sur-
at resonance. The surface-state emission is located exactly fiace components are readily separated. This number is in fair
the region ofA; and A,, filling the dip between the two agreement with calculations of the inelastic mean free path
peaks. This becomes clear if one considers spectfgm Of electrons in this energy rang®The resulting spectra,
which was recorded after deposition f2 monolayers of representative of pure bulk and surface contributions, are
Dy metal at 150 K. HereA; and A, are clearly separated shown in Fig. 5. Note that they were derived without any
again, since the surface-state emission has been suppressggsumptions about valence-band contributions at resonance.
This finding also demonstrates that the contribution ofdhe TWO main aspects are clearly visible in these spectra even
states at resonance can be substantial and has to be taken ilighout any analysis, namelyi) a shift of featureBand (ii)
account in a more careful way than just by considering the reduced spectral weight of featurks and A, at the sur-
off-resonance intensit%P_After deposition of~=2 mono]ayers face. While the latter has been demonstrated before for a
of Dy, the surface emission from Ce can be assumed to beolycrystalline sample, afdlevel shift has not been ob-
almost completely suppressed. Since in addition the Dyerved fory-like Ce metal due to insufficient experimental
valence-band contributions to the PE spectra are weak dgsolution®'The surface shift amounts te140 meV. This
compared to the resonantly enhanced Ce PE, the topmois even smaller than expected from the trend of SCS’s ob-
spectrum of Fig. 4 represents the bulk electronic structure o$erved for the close-packed surfaces of other trivalent lan-
B-Ce. In the following, we shall describe the procedure tothanide metals}*” from which a value of~200 meV is
obtain the pure bulk and surface contributions from spectr&stimated. The difference is due to the influence offtfee
(b) and(c) of Fig. 4. hybridization as described in the following.

As a first step, the background due to inelastically scat- The influence of thé-d hybridization on the BE of peak
tered electrons was removed from the two spectra, as well & can be understood within the framework of a simple AIM,
the weak contribution of the Dy f# final-state emission, Which considers #, 4f', and 4 configurations and a
which occurs as a slight intensity increase around 4-eV BEsingle valence-band state directly at the Fermi enétgy.
in spectrum(c). The smooth inelastic background was as-Within this model, the spectral function is described by three
sumed to be proportional to the area under the PE¥i8s model parameters, the baré-kevel positione;, the hybrid-
and was determined from a fit analysis. The resulting bulkzation A, and the Coulomb repulsion between twelec-
spectrum is shown at the bottom of Fig. 5. In order to obtairfrons on the same site)¢; . From these parameters, the spec-
the spectral shape for the surface, a properly weighted bulkal weight and the position of featuBzcan be calculated. If
spectrum was subtracted from spectr(bnafter background the 4f? configuration is neglectedJ;— ), which is rea-
removal. For the subtraction, a surface-to-bulk intensity raticsonable because for Ce meta};>|e|, A, a very simple

L n
3 2 1 E,
Binding Energy (eV)

Intensity

surface

Binding Energy (eV)
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formula for the BE of featur®, €(B), can be derived, which contributions to the bulk and surface spectra were estimated
allows us to understand the influence of hybridization in afrom the bulk and surface spectra of La metal derived in an

very easy way?> analogous way as for Ce by quenching with Dy. The inset
displays a resonant PE spectrum of La metal, together with a
e(B)= \/ef2+4A2. (1) decomposition into bulklf, solid and surfaces, dashed

contributions. The intensities of the respective valence-band
From this formula it is obvious that a finite hybridization will contributions were scaled to fit the Ce spectra=dteV BE.
shift the energy position to a higher BE as compared to therhjs resulted in a valence-band spectral weight~85%,
unhybridized case. At the surface of a Ce system, in generajyich is in fact less than what one would expect, if the
two mechanisms will be importanti) e will lower with  o5onance behavior in La and Ce was identical. In this way,
respect toEg, which corresponds to the classical SCS 0b-y reas0nable fit was achieved for the bulk and the surface
served for the unhybridized core levels of the heavy lang,eqqm as given by the solid line through the data points.
thanides andii) A will decrease due to a reduced coordma—.l.he solid and dashed subspectra represent the fueenis-

tion of the surfage atoms. Acpordmg tp Et). the two sion and the valence-band contribution, respectively. From
effects lead to shifts of opposite directions at the surface

Therefore it could even happen that they cancel each othe?1e position of featur and its relative weight with respect

leading to a vanishing surfacef4evel shift. Due to this 0 Ay an_d A, the AIM parameters, A, as well as thd
influence of hybridization, thef4level shift will in general ~©ccupation numben; were calculated for the bulk and the
be different from the pure SCS, which is the loweringepf ~ SUrface, assuming ;=6 eV The exact value of this latter
at the surface. This is the reason why the identification of £arameter is not crucial, since it is anyway large compared to
shifted surface component has not been as straightforwar@ie other two. The values found for the bulk atp=—1.6
for Ce systems as for the heavy lanthanides and always ireV, A°=0.4 eV, while for the surface;=—1.8 eV,A%=0.3
volved spectra measured at different surface sensitiviti¥s. eV were derived. The corresponding #ccupancies are

In order to be more quantitative in our case, an analysi®’=0.96 andn{=0.98. This analysis shows that the surface
using the simple AIM was applied to the spectra of Fig#5. effect in 8-Ce is indeed caused by the two effects mentioned
For this purpose, the relative weight and position of featureabove: The baref4level energy is lowered, with the shift of
B had to be determined, which was achieved by applying #.2 eV being in full agreement with the trend observed for
fit analysis as shown in Fig. 5. For a quantitative descriptionpther close-packed lanthanide surfatedhe relative de-
it is necessary to account for thestate contribution in these crease of the hybridization is comparable to the case of poly-
spectra, which however, is not straightforward. The problencrystalline a-Ce2%3" and reflects the effect of the reduced
arises from the resonant enhancement oftfstate emission coordination at the surface. The observed decreasa of
at the 4—4f threshold, which for La metal has been exam-might be somehow surprising, considering the presence of
ined in detail recently? Using angle-resolved PE, it was the d-like surface state and its large density of stateBat
shown that the amount of enhancement of a valence-barid(Eg). Since the hybridization is proportional @(E),*’
feature correlates to the degree of localization of the respewith the states aEr being of particular importance, even an
tive wave function. In Sec. Il it was demonstrated that theincrease at the surface could be expected, despite the reduced
valence-band structures of (001 and C€0001) are very number of neighbor atoms. This seeming discrepancy, how-
similar. Therefore one can expect a resonant enhancement efer, can be explained by the strongly localized, atomiclike
the d-state cross section also for Ce. In order to estimate theharacter of the surface state, which for symmetry reasons
d-band contribution to the resonant spectra of Ce, the intermay lead to a vanishing on-site hybridization with the
sity increase and the shape of the valence-band emission satest? The absolute values, especially of the hybridization
the 4d—4f resonance of La was measured for(@@02) in parameters, should not be overinterpreted, since the AIM
the same experimental setup. The inset of Fig. 5 displays analysis applied here does not take the valence-band struc-
resonant PE spectrum of La, which consists of emission fronture properly into account. Furthermore, the thermal depen-
the bulk bands D) and also from the surface stat8)( It  dence of featuref, andA, as described by the noncrossing
was found that the spectral intensity increases by a factor aipproximation has not been considered Kér€herefore the
~7 at resonance. Unfortunately, a simple transfer of thavalues ofA, which were obtained from spectra recorded at
number to the Ce case is not possible, since the resonafihite temperature, are supposed to underestimaté-théy-
behavior cannot be expected to be identical for La and Cebridization. Nevertheless, the above comparison of bulk and
This is due to the different occupation of the gtates in Ce, surface parameters is meaningful, since it refers to analyses
which opens different excitation and decay channels at thaithin the same AIM model using spectra recorded at the
4d—4f resonance. A quantitative description of these influ-same temperature.
ences is beyond the scope of this paper. One can expect, A quantitative analysis of bulk and surface parameters for
however, that due to the opening of the important decayy-Ce has been performed by Lkt al.>” which takes the
channel of 4 emission, the resonance of thestates will be  valence-band structure detailed into account, and which
weaker in Ce than in La. leads to quite similar results. Thd #éccupancies, e.g., are

With this proviso, the spectra of Fig. 5 were fitted usingvery similar to the present values, closertp=1. The hy-
three Lorentzian line shapes for thedmissionA;, A,, and  bridization parameters of that study are not simply compa-
B, cut atEgr by a Fermi-Dirac function. In the case of the rable to the present values, since they were derived taking
bulk spectrum, an additional line was used to account for thé¢he whole band structure into account. They exhibit, how-
asymmetry of featureB. The shapes of the valence-band ever, a similar behavior, namely, a decrease at the surface.
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The 4-level positions, however, are quite different from the served dispersions were found to agree well with standard
present results, leading to a SCS of 0.46 eV, which is mucl.DA band-structure calculations. It was shown that the lo-
larger than the value of 0.2 eV derived here. This is probablyalized surface state &g, which is characteristic for all
due to the fact that monocrystalline samples were studiedlose-packed lanthanide-metal surfaces, is also present in
here, whereas the former result refers to polycrystalline surg-ce. For a correct determination of the surfade elec-
faces, where in fact a larger SCS is expeded. 4). tronic structure in Ce systems, well-ordered surfaces were
Finally, we would like to comment on the feasibility of an t5nd to be crucial, as in the case of the heavy lanthanides,

analogous experiment for a monocrystaliine film ®Ce iy particular concerning BE shifts of thef %final-state fea-

metal. All attempts to prepare such films have failed., sincqure_ By quenching the surface emission with a thin Dy over-

qﬁyer, it was possible to separate bulk and surface contribu-

to ensure aru-like character as determined by resonaht 4 .- & high-resolution resonant PE at the44fthreshold
PE2° These films were characterized by PE spectra similar t?—'rom the data. a surface shift of thé%component of 14(')
those obtained from films deposited on polycrystalline ' P

substrate¥ and showed no LEED pattern. Upon careful i40,meV was obtained, V.VhiCh s in.fuII agr_eement with
stepwise annealing to increase the film order, thegectra SCS’s of the heavyllanthamde metals if hybridization effects
became more and morglike. After eventually achieving a '€ Properly taken into account.

well-ordered surface with a reasonable LEED pattern, the

films showed PE spectra like the one presented in Rig), 4

i.e., the films were no longeaz-like. ACKNOWLEDGMENTS

The work in Berlin was supported by the Bundesminister
fir Bildung, Wissenschaft, Forschung und Technologie,

In this contribution we have presented a detailed PE studf’roject No. 05-625 KEC, and by the Deutsche Forschungs-
of the surface electronic structure @#-Ce(0001). The gemeinschaft Sfb-290/TPA06. The work in Dresden was
valence-band structure of this material, as revealed by angleupported by the Bundesminister fgildung, Wissenschaft,
resolved PE, was found to be almost identical to that ofForschung und Technologie, Project No. 05-625 ODA, and
La(0001), despite the additionalf4electron in Ce. The ob- by the Deutsche Forschungsgemeinschaft Sfb-468/TPBO0A4.

V. CONCLUSIONS

*On leave from Institute of Physics, St. Petersburg State Univer- 72, 1244(1994); A. Svane,ibid. 72, 1248(1994.

sity, 198904 St. Petersburg, Russia. 17D. C. Koskenmaki and K. A. Geschneidner, Jr. Handbook on

TPermanent address: Instituitr fliheoretische Physik, Technische the Physics and Chemistry of the Rare Eartbdited by K. A.

Universita Dresden, D-01062 Dresden, Germany. Geschneidner, Jr. and L. R. Eyrifijorth-Holland, Amsterdam,

1 R. D. Parks, N. Maensson, and B. Reihl, iWalence Instabili- 1978, Vol. 1.
ties edited by P. Wachter and H. Boppdiorth-Holland, Am-  18C. Gu, X. Wu, C. G. Olson, and D. W. Lynch, Phys. Rev. Lett.
sterdam, 198p p. 239. 67, 1622(1992).

23. C. Fuggle, F. U. Hillebrecht, J.-M. Esteva, R. C. Karnatak, O.1°g, weschke, C. Laubschat, R. Ecker, A oM. Domke, G.
Gunnarsson, and K. Schibammer, Phys. Rev. R7, 4637 Kaindl, L. Severin, and B. Johansson, Phys. Rev. 16t1792
(1983. (1992.

3E. Wuilloud, H. R. Moser, W.-D. Schneider, and Y. Baer, Phys. 200, Eriksson, R. C. Albers, A. M. Boring, G. W. Fernando, Y. G.
Rev. B28, 7354(1983. Hao, and B. R. Cooper, Phys. Rev.4B, 3137(199)).

4D. M. Wieliczka, C. G. Olson, and D. W. Lynch, Phys. Rev. B 2*O. Eriksson, J. Trygg, O. Hjortstam, B. Johansson, and J. M.
29, 3028(1984. Wills, Surf. Sci.382 93 (1997.

SE. Jensen and D. M. Wieliczka, Phys. Rev38 7340(1984. 2233, Joyce, A. J. Arko, J. Lawrence, P. C. Canfield, Z. Fisk, R. J.

SF. Patthey, B. Delley, W.-D. Schneider, and Y. Baer, Phys. Rev. Bartlett, and J. D. Thompson, Phys. Rev. Lé8&, 236 (1992.

Lett. 55, 1518(1985. 233, Hifner, Z. Phys. B36, 241 (1992.

73. W. Allen, S.-J. Oh, O. Gunnarsson, K. $oshammer, M. B.  2*M. Garnier, K. Breuer, D. Purdie, M. Hengsberger, Y. Baer, and
Maple, M. S. Torikachvili, and I. Lindau, Adv. Phy85, 275 B. Delley, Phys. Rev. Letf{78, 4127(1997).

(1986. 25E. Gerken, A. S. Flodsiro, J. Barth, L. 1. Johansson, and C.

8F. Patthey, J. M. Imer, W.-D. Schneider, H. Beck, Y. Baer, and B. Kunz, Phys. Scr32, 43 (1985.

Delley, Phys. Rev. BI2, 8864(1990. 26C. Laubschat, G. Kaindl, W.-D. Schneider, B. Reihl, and NrMa

9D. Malterre, M. Grioni, and Y. Baer, Adv. Phy45, 299(1996. tensson, Phys. Rev. B3, 6675(1986.

103, w. Allen and R. M. Martin, Phys. Rev. Le#t9, 1106(1982. 27M. Aldén, B. Johansson, and H. L. Skriver, Phys. Rev5B

1R, Podloucky and D. Glael, Phys. Rev. B7, 3390(1983. 5386(1995.

20, Gunnarsson and K. Schilammer, Phys. Rev. Lets0, 604  28G. K. Wertheim and G. Crecelius, Phys. Rev. Letf), 813
(1983; Phys. Rev. B28, 4315(1983. (1978.

13A. Fujimori, Phys. Rev. B28, 4489(1983. 29C. Laubschat, E. Weschke, C. Holtz, M. Domke, O. Strebel, and

143, M. Imer and E. Wuilloud, Z. Phys. B6, 153 (1987). G. Kaindl, Phys. Rev. Leti65, 1639(1990.

15N. E. Bickers, D. L. Cox, and J. W. Wilkins, Phys. Rev.38, 30E. Weschke, C. Laubschat, T. Simmons, M. Domke, O. Strebel,
2036(1987). and G. Kaindl, Phys. Rev. B4, 8304(1991.

167 Szotek, W. M. Temmerman, and H. Winter, Phys. Rev. Lett.%'L. Duo, S. De Rossi, P. Vavassori, F. Ciccacci, G. L. Olcese, G.



PRB 58

Chiaia, and I. Lindau, Phys. Rev. B}, R17 363(1996.

32E. Navas, K. Starke, C. Laubschat, E. Weschke, and G. Kaindl,
45E. Vescovo and C. Carbone, Phys. Revs® 4142 (1996.

Phys. Rev. B48, 14 753(1993.

SURFACE ELECTRONIC STRUCTURE OF EPITAXIA. ..

3689

4G. Rosina, E. Bertel, F. P. Netzer, and J. Redinger, Phys. Rev. B

33, 2364(1986.

3B. Kierren, T. Gourieux, F. Bertran, and G. Krill, Phys. Rev. B 463 3. Yeh and I. Lindau, At. Data Nucl. Data Tab8% 1 (1985.

49, 1976(1994.
34G. Kaindl, A. Hdr, E. Weschke, S. VandreC. Schler-
Langeheine, and C. Laubschat, Phys. Re\a1B7920(1995.

4’R.Wu, C. Li, A. J. Freeman, and C. L. Fu, Phys. Revi439400

(199).
48H. Eschrig,Optimized LCAO Metho¢Springer, Berlin, 1989

35E. Weschke and G. Kaindl, J. Electron Spectrosc. Relat. Phenomop, Richter and H. Eschrig, Solid State Comm®&s, 529 (1989.

75, 233(1995.
36A. V. Fedorov, A. Har, E. Weschke, K. Starke, V. K. Adam-
chuk, and G. Kaindl, Phys. Rev. 89, 5117(1994.

S7L. Z. Liu, J. W. Allen, O. Gunnarsson, N. E. Christensen, and O.s,

K. Andersen, Phys. Rev. B5, 8934(1992.

38D, Li, C. W. Hutchins, P. A. Dowben, C. Hwang, R.-T. Wu, M.
Onellion, A. B. Andrews, and J. L. Erskine, J. Magn. Magn.
Mater. 99, 85 (1991).

393, C. Wu, H. Li, Y. S. Li, D. Tian, J. Quinn, F. Jona, and D. Fort,
Phys. Rev. B44, 13 720(199).

40B. Kim, A. B. Andrews, J. L. Erskine, K. J. Kim, and B. N.
Harmon, Phys. Rev. Let68, 1931(1992.

4IM. Bodenbach, A. Hbr, C. Laubschat, G. Kaindl, and M. Meth-
fessel, Phys. Rev. B0, 14 446(1994.

42p. A. Dowben, D. N. Mcllroy, and D. Li, irHandbook on the
Physics and Chemistry of the Rare Eartbdlited by K. A. Ge-
schneidner, Jr. and L. R. EyringNorth-Holland, Amsterdam,
1996, Vol. 24.

43E. Weschke, C. Sciiler-Langeheine, R. Meier, A. V. Fedorov,
K. Starke, F. Hbinger, and G. Kaindl, Phys. Rev. Leff7, 3415
(1996.

50N, V. Smith and L. F. Mattheiss, Phys. Rev.931341(1974.
51c. Laubschat, E. Weschke, M. Domke, C. T. Simmons, and G.
Kaindl, Surf. Sci.269/27Q 605 (1992.
G. Chiaia, P. Vavassori, L. Dyd.. Braicovich, M. Quarford, and
I. Lindau, Surf. Sci.331-333 1229(1995.
53C. G. Olson, P. J. Benning, Michael Schmidt, D. W. Lynch, P.
Canfield, and D. M. Wieliczka, Phys. Rev. Leff6, 4265
(1996.
54S. L. Molodtsov, M. Richter, S. Danzenttzer, S. Wieling, L.
Steinbeck, and C. Laubschat, Phys. Rev. L&8.142 (1997.
%50. Gunnarsson and T. C. Li, Phys. Rev3B, 9488(1987).
56C. L. Nicklin, C. Binns, S. Mozley, C. Norris, E. Alleno, M.-G.
Barthes-Labrousse, and G. van der Laan, Phys. ReS2R4815

(1995.
5’"W.-D. Schneider, C. Laubschat, and B. Reihl, Phys. Re27B
6538(1983.
8H. Hochst, P. Steiner, G. Reiter, and S.fHer, Z. Phys. B42,
199(1981).

59G. K. Wertheim and S. B. DiCenzo, J. Electron Spectrosc. Relat.
Phenom 37, 57 (1985.



