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The Ce 4f surface shift: A test for the Anderson-impurity Hamiltonian
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Evidence is provided of the role of the different hybridization strengths between the surface and the bulk in
determining the magnitude of the surface shift for the shallow Ce 4f levels, with respect to the deeper core
levels. This was achieved by comparing the photoemission core levels for a weakly hybridized case~CeAl! to
a case of intermediate hybridization (g-Ce!. For CeAl a 4f surface shift of 0.45 eV was observed, similar to
that for the 5p core level, whereas a smaller~if any! 4f surface shift was observed forg-Ce. Model calcula-
tions based on the Anderson impurity Hamiltonian are shown to give a correct evaluation of this effect, which
can be exploited as a way of testing the results of such a description for the Cef states.
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Metallic Ce-based materials have attracted consider
attention1,2 since they offer a unique opportunity for studyin
the behavior of strongly correlated 4f electrons on the verge
of localization. A widely used description of the Ce 4f elec-
trons has been based on the 1/N expansion of the Anderso
impurity Hamiltonian~AIH !.3 In its simplest formulation the
model describes thef electrons as impurities, isolated from
each other because of the negligible directf -f overlap. On
the other hand, thesef levels interact with the extende
states of other symmetries via a hybridization term repres
ing the hopping matrix element averaged over the vale
band energy region. Recently,4 however, the full validity of
this model has been somewhat questioned even in c
where low hybridization occurs. Therefore a comparison
tween the experiments and the predictions of the AIH mo
may give some further arguments to this important issue

From this point of view the case of Ce 4f surface core
level shift ~SCS!, as directly related to the reduced cohes
energy at the surface with respect to the bulk, is very p
zling since, despite an expected 4f SCS of;0.5 eV~Ref. 5!
in analogy with the findings on polycrystalline lightR’s,6,7

experimental results6,8 gave no evidence for such a shift
pure Ce. Recently, however, a hybridization effect has b
suggested9 as being responsible for this behavior.

By comparing the photoemission~PE! 4f -related line
shapes of CeAl andg-Ce, the role of hybridization in deter
mining the total magnitude of the Ce 4f surface shift is defi-
nitely clarified and therefore exploited to test the predictio
of the AIH model: a nice agreement with the experiments
found herein, indicating the ability of the model to correc
account for the ‘‘hybridization’’ shift of the Ce 4f ionization
feature.

Homogeneous polycrystalline CeAl was prepared by
duction melting from stoichiometric amounts. The qual
was checked by x-ray diffraction and microprobe analys
540163-1829/96/54~24!/17363~4!/$10.00
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Pure~99.9%! Ce lump was used asg-Ce. PE measurement
were performed on beamline 22 at MAX-Lab10 in normal
emission geometry. An overall energy resolution betwe
0.06 and 0.8 eV~full width at half maximum! was achieved
in the 100–900 eVhn range. The samples were cleaned
scraping with a diamond file in vacuum~base pressure
7310211 mbar!. Sample cleanliness was checked with t
O 1s, C 1s, and O 2p signals. The surface stoichiometry o
CeAl was determined by use of the core level peak inten
ties and was found to be in excellent agreement with the b
stoichiometry. Careful calibration of the energy scale w
obtained by means of the Fermi edge and the 4f core levels
of a clean gold reference.

In order to disentangle the surface from the bulk Cef
contributions, PE measurements with different surface se
tivities are needed. Furthermore, due to the low Ce 4f occu-
pation in the ground state~close to one!, the 4f spectral
weight is generally smaller than that of the other valen
orbitals and a resonance enhancement effect has to be
ploited to get reliable 4f line shapes.1 These two require-
ments may be fulfilled by resonant PE~RPE! at the Ce 4d
and Ce 3d thresholds (hn ;120 eV and ;880 eV,
respectively!8,11 via an intermediated→4 f absoprtion pro-
cess. In fact, the difference in the kinetic energies of thef
photoelectrons corresponding to the two thresholds resul
a significant variation of the escape depth: the 4d→4f RPE
spectra have a larger surface sensitivity as compared to
3d→4f RPE spectra, which are more sensitive to the bu
As thoroughly discussed in the literature,1,8,11,12in both cases
the non-f contributions to the valence band spectra may
eliminated by subtracting the off-resonance spectra from
on-resonance ones.

In Fig. 1 the results of such a subtraction procedure
shown for CeAl andg-Ce representing the 4f -related spec-
tral intensities at the Ce 4d ~black dots! and Ce 3d ~open
dots! thresholds. For a direct comparison between the sp
R17 363 © 1996 The American Physical Society
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tra, the 4f line shapes at the Ce 4d thresholds are also show
~lines! after a Gaussian broadening accounting for the diff
ent experimental resolutions. In all cases, two features
clearly seen in the spectra which are assigned to thef 1 emis-
sion, close to the Fermi energy (EF), and to thef

0 emission
at;2 eV belowEF .

1,3 The trend shown by thef 1/ f 0 inten-
sity ratio agrees with the expectations: at the Ce 4d threshold
the larger surface sensitivity results in a less pronouncef 1

intensity indicating a reduced surface hybridization with
spect to the bulk.8,9,11By a closer inspection of thef 0 feature
it is clear, already at this stage, that while no clear shift c
be detected ing-Ce by varying the surface sensitivity, a sh
as large as;0.5 eV is present in CeAl~shown in Fig. 1 by
arrows!. This result is, to our knowledge, the first experime
tal evidence for a Ce 4f surface shift.

In order to understand the difference betweeng-Ce and
CeAl, we have also performed surface sensitive Ce 5p3/2
core-level PE at varioushn ~40–200 eV range!. In fact, for
R’s it is known5,7 that the magnitude of the SCS is not d
pendent upon the shell. Ce 5p SCS’s of 0.6 and 0.5 eV hav
been found for CeAl andg-Ce, respectively, with the surfac
peak at higher binding energy. While the value obtained

FIG. 1. Ce 4f line shapes of CeAl andg-Ce obtained at the Ce
4d ~black dots! and Ce 3d ~open dots! thresholds. The 4f line
shapes at the Ce 4d threshold are also shown~lines! after a Gauss-
ian broadening with a 0.8 eV FWHM accounting for the differe
resolutions, in order to be directly comparable to the spectra a
Ce 3d threshold. As indicated by arrows, in CeAl the maxima
the f 0 intensity in the two spectra are shifted by;0.5 eV. The inset
shows the f 1 fine structure as measured at the 4d resonance
(hn5122 eV!.
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CeAl is close to the Ce 4f surface shift shown in Fig. 1, the
magnitude of the 5p and 4f surface shifts is considerabl
different for g-Ce. Some other effect has therefore to
taken into account to reconcile these different behaviors.

In the AIH description of the Ce 4f states the effect of
hybridization results in a decrease of the total energy an
shift of the 4f levels to larger binding energy. The hybrid
ization strength critically depends upon the local coordin
tion of the Ce atoms and is known8,9 to significantly decrease
at the surface with respect to the bulk, as mentioned ab
This may therefore cause a variation of the total 4f surface
shift ~herein just ‘‘surface shift’’! with respect to the SCS. In
the limit of extremely small hybridization a Ce 4f surface
shift with a magnitude similar to the SCS measured on
inner 5p shell may be expected. On the other hand, if a lar
reduction in the 4f hybridization takes place on going from
the bulk to the surface, a larger reduction of the obser
4f surface shift may occur, with respect to the magnitude
the 5p SCS. At variance with the case of deep core leve
where usual SCS’s occur, the PE results for the Ce 4f states
should therefore be interpreted in terms of two opposite
competing mechanisms which tend to cancel out.

The two systems investigated display different streng
of the 4f hybridization with the continuum states and ha
indeed been chosen for this particular reason. This is dire
reflected in the measurements. High resolution spectra of
f 1 fine structure~Fig. 1, inset! show that two clear feature
may be distinguished: a spin-orbit sideband around 280 m
and a sharp leading edge structure atEF due to the combi-
nation of the crystal field sideband and the tail of the s
called Kondo resonance~KR!. It has recently been
shown13,14 that the intensity ratio between these two featu
scales with the Kondo temperature,TK ~i.e., with the hybrid-
ization strength! giving a more intense KR for largerTK .
The inset of Fig. 1 shows therefore that the hybridizati
strength is considerably larger ing-Ce than in CeAl, in anal-
ogy with estimation of the bulkTK’s which are;100 K
~Ref. 9! and;20 K,15 respectively. We speculate that th
difference betweeng-Ce and CeAl is responsible for th
above discrepancy between the experimental surface s
for the Ce 4f and 5p levels. In fact, the SCS represents t
difference between the surface and bulkunhybridized f0

energies (« f
surfaceand « f

bulk , respectively!, while the experi-
mental f 0 peaks lie at larger binding energies due to ex
~hybridization! shifts. In case ofg-Ce the remarkable varia
tion of the hybridization strength between surface and b
@surfaceTK ;25 K ~Ref. 9!# shifts the bulkf 0 peak toward
the surfacef 0 peak, whose hybridization shift is instead co
siderably smaller. This results in a strongly reduced~if any!
surface shift. On the other hand, in CeAl the surface and b
f 0 hybridization shifts are both small, because of the lo
TK , resulting in a 4f surface shift similar, though slightly
smaller as expected, to the Ce 5p SCS. We note that a some
what similar behavior, though considerably smaller in ma
nitude, is shown by thef 2 addition peak aboveEF as shown
by inverse photoemission spectroscopy.16

A 4f line-shape analysis is presented in Fig. 2 for Ce
The 4f spectral functions at the two thresholds are deco
posed into three different contributions each, with unchan
position and shape~apart from the Gaussian broadening!: ~i!
the f 1 feature with its spin-orbit component, which is a mi
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ture of bulk and surface emissions;~ii ! the ~Lorentzian! bulk
f 0 peak at 1.9 eV;~iii ! the surfacef 0 peak, with identical
shape to~ii !, at 2.35 eV. We stress that, even by leavi
some degree of freedom to the overallf 1 line shape, which is
not knowna priori , reasonable decompositions of both t
4f spectra were only achievable by using twof 0 components
separated by 450650 meV. Taking into account the est
mates of the escape depths (l) for the measurements in Fig
2 @l4d;4.5 Å, l3d;15 Å ~Ref. 17!# the scaling of the
f surface
0 / f bulk

0 intensity ratio vshn gives a surface depth of 5 Å
for CeAl, which corresponds to about two monolayers. T
result is in good agreement with estimations made with
ferent spectroscopies11,18 on other polycrystallineR com-
pounds, thus giving further confidence to the present an
sis. A similar decomposition made ong-Ce does not
unambiguously provide evidence for two shiftedf 0 compo-
nents and gives an upper limit of 0.2 eV to the 4f surface
shift.

In order to apply the AIH model to our results, we ha
determined the surface- and bulk-related 4f spectral func-
tions for CeAl ~shown in Fig. 3!, exploiting RPE results a
the Ce 4d and 3d thresholds19 as described in Refs. 8 and 1

FIG. 2. Ce 4f spectral function of CeAl~dots! extracted at Ce
4d and Ce 3d thresholds. Both curves are decomposed into o
f 1 and two f 0 components with the same Lorentzian shape~a bulk
f 0 peak at 1.90 eV and a surfacef 0 peak at 2.35 eV belowEF) as
explained in the text. A Gaussian broadening~with FWHM50.06
eV and 0.8 eV for the 4d and 3d thresholds, respectively! has been
added to all components to account for the experimental resolu
The sums of these three components are also shown as solid
Inset: off-resonance valence band spectra at the Ce 3d (hn5875
eV, dots! and 4d (hn5114 eV, line! thresholds, after a Gaussia
broadening of the latter to simulate the same experimental res
tion.
s
-
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The present calculation of thef spectral functions have bee
performed using different« f and hybridization strengths fo
the surface and the bulk. As mentioned above, they desc
the interaction between anf impurity, at energy« f with a
finite on-site Coulomb interaction (Uf f), and an extended
semielliptical model band crossingEF , showing that by in-
creasing thef 1/ f 0 intensity ratio a progressivef 0 hybridiza-
tion shift takes place. In case of CeAl the comparison
tween theory~lines! and experiments~dots! is shown in Fig.
3 for both bulk- and surface-f spectral functions: the mode
gives anf 0 hybridization shift of;0.1 eV and;0.25 eV for
surface and bulk, respectively. Hence a 0.15 eV reduction
the 4f surface shift is predicted, from 0.6 eV, as measured
the Ce 5p3/2, to ;0.45 eV. In case ofg-Ce a similar analy-
sis, as reported in Ref. 9, gives a reduction of the SCS
;0.30 eV resulting in an expected 4f surface shift of the
order of 0.2 eV. The results of these calculations are in g
agreement with the present experimental findings on
magnitude of the 4f surface shift for CeAl andg-Ce and
seem to indicate that, as far as the relation between
f 1/ f 0 intensity ratio and thef 0 hybridization shift is con-
cerned, the AIH model gives a satisfactory description of
underlying physics. On the other hand, with most of thef 1

spectral weight being located atEF , due to its Kondo-like
origin, no f 1 surface shift is predicted by theory, consiste
with the experimental results.

It has to be noted that according to the AIH model t
magnitude of the hybridization shift of thef 0 final state de-
pends critically on the density of the other extended state
the relevant energy range.2 In order to directly relate thef 0

hybridization shift toTK , it is important therefore to ensur
that no significant variations occur in the mentioned nonf
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FIG. 3. Experimental~dots! and theoretical~lines! surface and
bulk f spectral functions for CeAl. See text for details.
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density of states~DOS! on going from the bulk to the sur
face. As discussed, the non-f DOS may be probed in off-
resonance conditions for both the Ce 3d and 4d thresholds
giving bulklike and surfacelike profiles, respectively. T
off-resonance spectra of CeAl are compared, after a bro
ening of the 4d off-resonance spectrum accounting for t
different resolutions, in the inset of Fig. 2. Their strong sim
larity rules out any possible artifact due to a dependenc
the surface-to-bulkf 0 shift on modulations of the non-f
DOS. Similar results have been obtained forg-Ce.

It is interesting to note that while the magnitude of thef
surface shift decreases withTK up to intermediate hybridiza
tions ~as ing-Ce!, according to the results of the AIH calcu
lation, the surface shift would increase again with an
verted sign~i.e., with the bulk f 0 peak at larger binding
energy compared to the surfacef 0 peak! in cases of larger
hybridizations. Fora-Ce ~bulk TK;1000 K! the variation of
the hybridization shift between surface and bulk thus ov
compensates the SCS with a total 4f surface shift of;0.2
eV.9 Unfortunately in these cases the weakf 0 bulk intensity
is largely obscured by the nearby overwhelmingf 1 signal
and a quantitative analysis of the 4f surface shift may be
difficult to achieve. We mention anyway that previous resu
on a-Ce have been fitted8,9 with the bulk f 0 peak at slightly
larger binding energy or just overlapped to the surfacef 0

signal, somewhat suggesting the same trend indicated
theory.

As a last point, we note that only very recently20 4f SCS’s
have been studied on elemental monocrystallineR’s, giving
values systematically smaller than those previously repo

*Present address: Material Physics, Department of Physics, R
Insitute of Technology, S-10044, Stockholm, Sweden.
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on polycrystals. This implies that the absolute magnitude
the SCS as obtained from polycrystals may be somew
different from the ones related to a well defined surface, e
in cases ofR compounds. However, this important aspe
does not affect the present analysis on the nature of the Cf
surface shift which is based on the apparent internal inc
sistency between the results on Ce 4f and the other core
levels. We have in fact shown here how the mechanism
hybridization between the 4f states and the continuum influ
ences the magnitude of the Ce 4f surface shift with respec
to the usual SCS found for~unhybridized! core levels, de-
spite its value.

In conclusion, by exploiting RPE at the Ce 4d→4f and
3d→4f thresholds, the nature of the Ce 4f surface shift is
analyzed providing an important test to the predictions of
AIH model. We show that only for small values of the 4f
hybridization~bulk TK;20 K, or lower!, as in CeAl, do the
4f levels behave as the other core levels and a 4f surface
shift can be detected. On the other hand, for larger hyb
izations~bulk TK;100 K!, as ing-Ce, the decreased surfac
coordination is responsible for a surface hybridization sh
which compensates the SCS in such a way that a sm
surface shift (<0.2 eV! is observed. Good agreement of th
experimental results is found with the prediction of the A
concerning the magnitude of the hybridization shift of the
4f 0 ionization feature.
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