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The Ce 4 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 Céedels, with respect to the deeper core
levels. This was achieved by comparing the photoemission core levels for a weakly hybridizéGeaBdo
a case of intermediate hybridizatioy-Ce). For CeAl a 4 surface shift of 0.45 eV was observed, similar to
that for the % core level, whereas a smalléf any) 4f surface shift was observed ferCe. 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 thef Geates.
[S0163-182696)50348-9

Metallic Ce-based materials have attracted considerablBure(99.9% Ce lump was used ag-Ce. PE measurements
attentiort? since they offer a unique opportunity for studying were performed on beamline 22 at MAX-U&dn normal
the behavior of strongly correlated 4£lectrons on the verge €mission geometry. An overall energy resolution between
of localization. A widely used description of the Cé& dlec- ~ 0-06 and 0.8 e\full width at half maximum was achieved
trons has been based on thé&l Expansion of the Anderson N the 100-900 e\hr range. The samples were cleaned by

impurity Hamiltonian(AIH).2 In its simplest formulation the ?C;?%'r_‘% W'Lh anlam?ndl f|Ie|_|n vacuurfbr?sek pdresilﬁrteh
model describes thé electrons as impurities, isolated from mbaj. Sample cleanliness was checked wi e

- : O 1s, C 1s, and O 2 signals. The surface stoichiometry of
each other because of the negligible dirédt overlap. On . 3 -
the other hand, thesé levels interact with the extended CeAl was determined by use of the core level peak intensi

. . T ies and was found to be in excellent agreement with the bulk
states of other symmetries via a hybridization term represen

; i . Stoichiometry. Careful calibration of the energy scale was
ing the hopping matrix element averaged over the valencgpained by means of the Fermi edge and thecdre levels
band energy region. Recenfhhowever, the full validity of of a clean gold reference.

this model has been somewhat questioned even in cases | order to disentangle the surface from the bulk Ge 4

where low hybridization occurs. Therefore a comparison begontributions, PE measurements with different surface sensi-
tween the experiments and the predictions of the AIH modelivities are needed. Furthermore, due to the low Gedcu-
may give some further arguments to this important issue. pation in the ground statéclose to ong the 4f spectral
From this point of view the case of Cd 4urface core weight is generally smaller than that of the other valence
level shift (SCS, as directly related to the reduced cohesiveorbitals and a resonance enhancement effect has to be ex-
energy at the surface with respect to the bulk, is very puzploited to get reliable # line shaped. These two require-
zling since, despite an expectefl 8CS of~0.5 eV(Ref. 5  ments may be fulfilled by resonant RRPE at the Ce 4
in analogy with the findings on polycrystalline lights,®’ and Ce 8 thresholds k» ~120 eV and ~880 eV,
experimental resulfé gave no evidence for such a shift in respectively?!! via an intermediatel—4f absoprtion pro-
pure Ce. Recently, however, a hybridization effect has beeness. In fact, the difference in the kinetic energies of the 4
suggestetias being responsible for this behavior. photoelectrons corresponding to the two thresholds results in
By comparing the photoemissiofPE) 4f-related line a significant variation of the escape depth: tlie-4f RPE
shapes of CeAl ang-Ce, the role of hybridization in deter- spectra have a larger surface sensitivity as compared to the
mining the total magnitude of the Cd 4urface shift is defi- 3d—4f RPE spectra, which are more sensitive to the bulk.
nitely clarified and therefore exploited to test the predictionsAs thoroughly discussed in the literatdr®**2%in both cases
of the AIH model: a nice agreement with the experiments ighe nonf contributions to the valence band spectra may be
found herein, indicating the ability of the model to correctly eliminated by subtracting the off-resonance spectra from the
account for the “hybridization” shift of the Cefdionization = on-resonance ones.
feature. In Fig. 1 the results of such a subtraction procedure are
Homogeneous polycrystalline CeAl was prepared by inshown for CeAl andy-Ce representing thef4elated spec-
duction melting from stoichiometric amounts. The quality tral intensities at the Ced4(black dotg and Ce 8 (open
was checked by x-ray diffraction and microprobe analysisdotg thresholds. For a direct comparison between the spec-
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CeAl is close to the Cef4surface shift shown in Fig. 1, the
magnitude of the p and 4 surface shifts is considerably
different for y-Ce. Some other effect has therefore to be
taken into account to reconcile these different behaviors.

In the AIH description of the Ce f4states the effect of
hybridization results in a decrease of the total energy and a
shift of the 4 levels to larger binding energy. The hybrid-
ization strength critically depends upon the local coordina-
g tion of the Ce atoms and is knofito significantly decrease
at the surface with respect to the bulk, as mentioned above.
This may therefore cause a variation of the tothlsdirface
shift (herein just “surface shift} with respect to the SCS. In
the limit of extremely small hybridization a Cef 4urface
shift with a magnitude similar to the SCS measured on the
inner 5 shell may be expected. On the other hand, if a larger
reduction in the & hybridization takes place on going from
the bulk to the surface, a larger reduction of the observed
4f surface shift may occur, with respect to the magnitude of
the 5 SCS. At variance with the case of deep core levels,
where usual SCS’s occur, the PE results for the Cetdtes
should therefore be interpreted in terms of two opposite and
competing mechanisms which tend to cancel out.

The two systems investigated display different strengths
of the 4 hybridization with the continuum states and have
indeed been chosen for this particular reason. This is directly
PR AN TN NV TR B T reflected in the measurements. High resolution spectra of the

-4 -2 0 2 f1 fine structure(Fig. 1, inset show that two clear features

E - Er[eV] may be distinguished: a spin-orbit sideband around 280 meV
and a sharp leading edge structureEatdue to the combi-

FIG. 1. Ce 4 line shapes of CeAl ang-Ce obtained at the Ce nation of the crystal field sideband and the tail of the so-
4d (black dots and Ce @ (open dots thresholds. The #line  called 3l1(40nd0 resonanceKR). It has recently been
shapes at the Ceddthreshold are also showffines) after a Gauss- showrt**that the intensity ratio between these two features
ian broadening with a 0.8 eV FWHM accounting for the different Scales with the Kondo temperatufig (i.e., with the hybrid-
resolutions, in order to be directly comparable to the spectra at thization strength giving a more intense KR for largeFy .

Ce 3 threshold. As indicated by arrows, in CeAl the maxima by The inset of Fig. 1 shows therefore that the hybridization
the f° intensity in the two spectra are shifted 5y0.5 eV. The inset  strength is considerably larger #rCe than in CeAl, in anal-
shows thef! fine structure as measured at thd #esonance ogy with estimation of the bulklc’s which are ~100 K
(hv=122 eV). (Ref. 9 and ~20 K,!® respectively. We speculate that this
difference betweeny-Ce and CeAl is responsible for the
tra, the 4 line shapes at the Cal4hresholds are also shown above discrepancy between the experimental surface shifts
(lines) after a Gaussian broadening accounting for the differfor the Ce 4 and 9 levels. In fact, the SCS represents the
ent experimental resolutions. In all cases, two features ardifference between the surface and bulkhybridized ¢
clearly seen in the spectra which are assigned td tfemis-  energies £ and s?"*, respectively, while the experi-
sion, close to the Fermi energf), and to thef® emission  mental f° peaks lie at larger binding energies due to extra
at ~2 eV belowEg .1 The trend shown by th&'/f% inten-  (hybridization shifts. In case ofy-Ce the remarkable varia-
sity ratio agrees with the expectations: at the Geh¥eshold tion of the hybridization strength between surface and bulk
the larger surface sensitivity results in a less pronourfded [surfaceTy ~25 K (Ref. 9] shifts the bulkf® peak toward
intensity indicating a reduced surface hybridization with re-the surface® peak, whose hybridization shift is instead con-
spect to the bulk*!By a closer inspection of thi” feature  siderably smaller. This results in a strongly reduéany)
it is clear, already at this stage, that while no clear shift carsurface shift. On the other hand, in CeAl the surface and bulk
be detected iry-Ce by varying the surface sensitivity, a shift f hybridization shifts are both small, because of the low
as large as-0.5 eV is present in CeAlshown in Fig. 1 by T, resulting in a 4 surface shift similar, though slightly
arrows. This result is, to our knowledge, the first experimen-smaller as expected, to the Cg SCS. We note that a some-
tal evidence for a Cef4surface shift. what similar behavior, though considerably smaller in mag-

In order to understand the difference betwee€e and nitude, is shown by thé? addition peak abovEg as shown
CeAl, we have also performed surface sensitive ®g,5 by inverse photoemission spectroscdpy.
core-level PE at variousv (40—200 eV rangge In fact, for A 4f line-shape analysis is presented in Fig. 2 for CeAl.
R’s it is knowrP’ that the magnitude of the SCS is not de- The 4 spectral functions at the two thresholds are decom-
pendent upon the shell. Cp@5CS’s of 0.6 and 0.5 eV have posed into three different contributions each, with unchanged
been found for CeAl ang-Ce, respectively, with the surface position and shapépart from the Gaussian broadening)
peak at higher binding energy. While the value obtained fotthe f* feature with its spin-orbit component, which is a mix-
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FIG. 3. Experimentaldoty and theoreticallines) surface and
FIG. 2. Ce 4 spectral function of CeAldots extracted at Ce bulk f spectral functions for CeAl. See text for details.
4d and Ce 8 thresholds. Both curves are decomposed into one
f* and twof® components with the same Lorentzian shépéulk  The present calculation of tHespectral functions have been
f% peak at 1.90 eV and a surfat@ peak at 2.35 eV belowr) as  performed using different; and hybridization strengths for
explained in the text. A Gaussian broadenimgth FWHM=0.06  {he syrface and the bulk. As mentioned above, they describe
eV and 0.8 eV for thed and 3 thresholds, respectivelyias been 4 interaction between ah impurity, at energys; with a

WUOinjte on-site Coulomb interactionl;), and an extended
The sums of these three components are also shown as solid lines

Inset: off-resonance valence band spectra at the €€h3=875 Semle.lllpt;E:‘II?;(ngtl bar.1Id Cr;).ss'@’ Show:/rg ;h%t zy In-
eV, dotg and 4 (hr=114 eV, ling thresholds, after a Gaussian creasing Intensity ratio a progressi ybridiza-

broadening of the latter to simulate the same experimental resoIL}1On shift take; place. In case of CeAl the comparison be-
tion. tween theory(lines) and experimentgdots is shown in Fig.

3 for both bulk- and surfacé-spectral functions: the model
ture of bulk and surface emissior(g) the (Lorentzian bulk  gives anf® hybridization shift of~0.1 eV and~0.25 eV for
O peak at 1.9 eVf{iii) the surfacef® peak, with identical surface and bulk, respectively. Hence a 0.15 eV reduction of
shape to(ii), at 2.35 eV. We stress that, even by leavingthe 4f surface shift is predicted, from 0.6 eV, as measured on
some degree of freedom to the overdlline shape, which is the Ce $s,, to ~0.45 eV. In case of-Ce a similar analy-
not knowna priori, reasonable decompositions of both thesis, as reported in Ref. 9, gives a reduction of the SCS of
4f spectra were only achievable by using tifocomponents  ~0.30 eV resulting in an expected 4urface shift of the
separated by 45950 meV. Taking into account the esti- order of 0.2 eV. The results of these calculations are in good
mates of the escape depths) (for the measurements in Fig. agreement with the present experimental findings on the
2 [Ngq~4.5 A, N3q~15 A (Ref. 17] the scaling of the magnitude of the # surface shift for CeAl andy-Ce and
2 acd Fo, i INtensity ratio vehv gives a surface depth of 5 A seem to indicate that, as far as the relation between the
for CeAl, which corresponds to about two monolayers. Thisf/f intensity ratio and the® hybridization shift is con-
result is in good agreement with estimations made with dif-cerned, the AIH model gives a satisfactory description of the
ferent spectroscopigs'® on other polycrystallineR com-  underlying physics. On the other hand, with most of the
pounds, thus giving further confidence to the present analyspectral weight being located &, due to its Kondo-like
sis. A similar decomposition made om-Ce does not origin, no f! surface shift is predicted by theory, consistent
unambiguously provide evidence for two shiftticompo-  with the experimental results.
nents and gives an upper limit of 0.2 eV to the durface It has to be noted that according to the AIH model the
shift. magnitude of the hybridization shift of th€ final state de-

In order to apply the AIH model to our results, we have pends critically on the density of the other extended states in
determined the surface- and bulk-relatefd spectral func- the relevant energy randgdn order to directly relate thé&®
tions for CeAl(shown in Fig. 3, exploiting RPE results at hybridization shift toTy, it is important therefore to ensure
the Ce 41 and 3 threshold¥’ as described in Refs. 8 and 11. that no significant variations occur in the mentioned fion-



R17 366 L. DUO et al. 54
density of statesDOS) on going from the bulk to the sur- on polycrystals. This implies that the absolute magnitude of
face. As discussed, the ndnbOS may be probed in off- the SCS as obtained from polycrystals may be somewhat
resonance conditions for both the Cé &nd 4 thresholds different from the ones related to a well defined surface, even
giving bulklike and surfacelike profiles, respectively. Thein cases ofR compounds. However, this important aspect
off-resonance spectra of CeAl are compared, after a broadtoes not affect the present analysis on the nature of thef Ce 4
ening of the 4 off-resonance spectrum accounting for the syrface shift which is based on the apparent internal incon-
different resolutions, in the inset of Fig. 2. Their strong simi- sistency between the results on Ck dnd the other core
larity rules out any %ossi_ble artifact due to a dependence ogyels. We have in fact shown here how the mechanism of
the surface-to-bulkf™ shift on modulations of the noh-  pypigization between thef4states and the continuum influ-
DOS. Similar results have been obtained jeCe. ences the magnitude of the Cé durface shift with respect

It is interesting to note that while the magnitude of tHe 4 to the usual SCS found faunhybridized core levels, de-
surface shift decreases wittx up to intermediate hybridiza- spite its value. '
tions (as iny-Ce), according to the results of the AlH calcu- In conclusion, by exploiting RPE at the Ceél44f and

lation, the surface shift would increase again with an in- o
verted sgni.e., i the bukf? peai a large binding 2041 [YESPONS. e nalure of e C6 durace ot 3
energy compared to the surfat® peak in cases of larger y P Y P P

2 - AIH model. We show that only for small values of thé 4
hybridizations. For-Ce (bulk Tx~ 1000 K) the variation of hybridization(bulk T,~20 K. or lowed, as in CeAl, do the
the hybridization shift between surface and bulk thus over- y K ' ’ '

) X 4f levels behave as the other core levels andf asudrface
compensates the SCS with a totdl gurface shift of~0.2 . .
eV.? Unfortunately in these cases the wefdkbulk intensity shift can be detected. On the other hand, for larger hybrid

is largely obscured by the nearby overwhelmifigsignal izations(bulk Tx~100 K), as iny-Ce, the decreased surface
gely obscu y he y . 9 coordination is responsible for a surface hybridization shift
and a quantitative analysis of thd 4urface shift may be

difficult to achieve. We mention anyway that previous resultsWhiCh compensates the SCS in such a way that a smaller
on a-Ce have beén fittéd with the bulk f® peak at slightly surface shift £0.2 eV) is observed. Good agreement of the

larger binding energy o just overlapped to the surfébe experimental results is found with the prediction of the AIH

concerning the magnitude of the hybridization shift of the Ce

signal, somewhat suggesting the same trend indicated bAYfO ionization feature
theory. '

As a last point, we note that only very receRti¢f SCS’s This work was partially supported by the Swedish Natural
have been studied on elemental monocrystalR® giving  Science Research Council and the Swedish Research Council
values systematically smaller than those previously reportetbr Engineering Sciences.
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