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Configuration-dependent hybridization in electron spectroscopies of Ce-based compounds
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In this paper, we analyze CalZore-level photoemission and inverse-photoemission spectra in the frame-
work of the single-impurity Anderson model. We show that the GunnarssomBahumer model generally
used to describe spectroscopic properties of Ce-based systems cannot account for the description of core-hole
photoemission and inverse-photoemission spectra with the same set of parameters. By introdlucing 4
configuration-dependent hybridization terms, the situation is significantly improved, and a satisfactory agree-
ment between experimental and calculated spectra is obtained. This result shows that, in contrast to what was
previously claimed for highly hybridized compounds, the spectroscopic data of cerium compounds can be
described in the framework of the single-impurity Anderson mod&0163-18207)06047-3

I. INTRODUCTION Nevertheless, recent results obtained on strongly hybrid-
ized system§CeRh;,"*8Celr,,'° and Laves phases CeTM
Cerium, the first element of the rare-earth series, exhibit§Ref. 18] have shown some limitations of the GS model. In

some very singular properties, like the pressure-induced isahese systems, the GS model fails to reproduce BIS spectra
structuraly-Ce — a-Ce phase transition, due to it§ dtates.  which mainly present one structure near the Fermi level, and
Two extreme alternative approaches can be used to descrighas been claimed that a description in a band-structure
the 4f electrons: band formalism and model Hamiltoniansgpproach would be more suitable than in the localized impu-
based on localizedf4states. In the band descriptidthe 4 ity model. Indeed, the band description allows to account
states form a narrow band, and thex transition is associ-  for interactions between neighboring sites which seem to be

ated with a Mott transition without any significant change ofjmportant in such materials, and are neglected in the local-
the 4 occupat|on.ngmbe2r.Th|s band formalism leads 10 @ ;o4 impurity model. Nevertheless, this question remains
satisfactory description of the thermodynamic propertiés. very controversiato.

In the opposite approach, thé electrpns arg_conadered 00 5 a theoretical point of view, Gunnarsson and Jepsen
t_)e localized a.”d weakly gouplgd, with an itinerant Conduc'showed, fromab initio calculations, that the hybridization
tion band. Cerium atoms in cerium metal or compounds can

be considered as a set of independent impurities, and can t():gupllng depends on thef 4configuration. Then they pro-

described in the single-impurity Anderson mofidh this posed a prescription to account for this effect simply: an

framework, they-a transition corresponds to a Kondo vol- effective hybridization has to be introduced for each spectro-

ume collapse and to an increase of the hybridization betweefCOPIC technique. Recent XAS results obtained on several

4f and conduction statédn contrast to the band description, ©&Rh compounds and on Ce£(Ref. 13 and BIS results
this model emphasizes the role of the electronic correlatio®" CeRh (Ref. 21 corroborate this idea of a configuration-
between 4 states, and suggests the existence of a lowdependent hybridization.
energy scaléthe Kondo energywhich is clearly revealed by However, the difficulties are not restricted to strongly hy-
magnetic susceptibility and neutron inelastic scattefing. bridized materials, and we will show in Sec. Ill A that it is
High-energy spectroscopies like photoemission or x-rayhot possible to correctly reproduce BIS results on weakly
absorption spectroscopyXAS) show satellite structures hybridized compounds with the parameters obtained from
which can be associated with correlation energy, and thethe 31 XPS analysis. This cannot lead to calling the localized
favor a description in terms of strongly correlated localizedimpurity description of the # states into question, since a
4f states. The single-impurity Anderson model seems welband description seems inconceivable for the weakly hybrid-
suited to account for spectroscopic measurentefts.core-  ized compounds. Then improvements of the localized impu-
hole spectroscopies, Gunnarsson and 8S8hammer(GS)  rity model have to be considered for a good description of
proposed to modify the Anderson Hamiltonian to account forthe various spectroscopies on both strongly and weakly hy-
the interaction between thef 4tates and the core-hole cre- bridized systems.
ated by the photoelectric procédsA qualitatively correct In this paper, we analyze previously publishedl 8PS
description of the photoemission dvl,= XAS results in  and BIS experimental results obtained on CeRlUCeRh,;,**
cerium-based systems is then obtaifed® In a systematic CeNi,, 2 CePd;,?"'? CeNiZ>?® CeSh,?® and CeNiy
study, Allenet al. showed that the GS model can reproduce,(Refs. 25 and 26compounds in a modified localized impu-
with the same parametersf photoemission, @ photoemis-  rity Gunnarsson-Schhammer model with hybridization
sion (3d XP9), and bremmstrahlung isochromat spectros-terms depending on thd £onfiguration. The purpose of this
copy (BIS) spectra on several Ce-TMtransition-metal work is then to show that, if this dependence is accounted
compounds® for, one can describe very accurately thie 8PS results as
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well as the BIS results on both strongly and weakly hybrid-4f! in the ground state, since it is &%4and 4 configuration

ized systems. mixture). Therefore, since three configurations are involved
The paper is organized as follows: in Sec. Il, we recall thein the calculation of the ground and final states, two hybrid-

GS model and introduce the changes in the Hamiltonian dugzation parameters should be introduced in the Hamiltonian.

to configuration-dependent parameters. Then, in Sec. Il ATo simplify the problem, Gunnarsson and Jepsen proposed a

we compare XPS and BIS experimental results with the G$yrescription: an effective hybridization can be used for each

calculated spectra, and discuss the observed disagreementfhnique, and its value has to be associated with the domi-

Sec. Il B, we clearly show that a better description is 0b-4nt configuration in the final statee., 42 for core-level

tained when configuration-dependent hybridizations a'%ps and BIS. This method was recently successfully ap-

used. plied to the interpretation of BIS and XPS spectra of
CeRh,;.2* Thanks to this modification of the single-impurity
Anderson model, the experimental results have been cor-
The model genera”y used to describe Spectroscopic prop'ECtly described, while it was claimed that this model was
erties of Ce compounds is based on the GS Hamiltonian. tgnable to describe the properties of strongly hybridized sys-
results from the Anderson Hamiltonian with an additionaltems like CeRR.'"'® However, calculations can be directly
term accounting for the interaction between ttiestates and carried out with configuration-dependent hybridizations.
the core hole created in the photoelectric process: This has been done for resonant inverse photoemission on
y CeNi,% Cu 2p photoemis%i?c))n on SCu0s,*? and for Ni
_ it 2p photoemission on NiGl> The hybridization strengths
Has ;r Eknk’”+r;a “Mmo™ 3 r’r% m.oflm 0" associated with the differentf4configurations should be
m’,o’ considered as free parameters, but their evolution satisfies
+ systematic trends. First, the increase in ttfeogcupation
+k§U (Vi mam, o8t H.C.) number yields a larger wave-function spatial extension and,
o as confirmed in theb initio calculations of Gunnarsson and
Jepsen, a larger hybridization. Second, when a core hole is

Il. DESCRIPTION OF THE MODEL

—-(1- ”C)Ufcmzo Nm,o+ €. created, the #istates are localized by the attractive core-hole
_ potential leading to a decrease in the hybridization strength.
where e is the energy of the ¥statesn, , the number of To describe the ground state, we have to introduce two

4f electrons in them, o state,Uy; the Coulomb energy be- pypyridization parameterss? for the 4%-4f coupling, and
tween the 4 electrons,V, , the hybridization betweenf4 V9 for the 41-4f2 coupling. The ratioR=V%/V3 is lower

and conduction statesy, , the operator creating onef 4 than unity, becausej corresponds to a largef 4ccupation.

electron in them,o state,a, the operator destructing one g o '
conduction electronn,. the core-hole occupatior);. the For the final states of core-level photoemission, we define
¢ P fc two final-state hybridization parametev&™ > and V5" for

Coulomb energy between the core-hole and thetdtes, and cafO-cafl and cafl-caf? couplings, respectively of de-

€. the core-hole energy. - = = =T XPS/e XPS._ .
Considering a conduction band discretized in a limited"0teS the core holesatisfyingV;™7V5™"=R. As discussed

number of states, Jo and Kotani proposed a direct diagonaﬁbovevvﬁpss\./g_ due to the core-hole-induced 4ocaliza-
ization method in a restricted basis built from three relevantion. The hybridization parallmetersglor the final states of the
4f configuration state® The diagonalization oFgg in this  inverse photoemission ak&'® andV3' for the 4'-4f% and
restricted basis gives the ground and final states associatddi’-4f* couplings, respectively, with’3'>= V9 since there is
with the different spectroscopies. The ground state and XP80 core hole in the final state of BIS. Moreover, we impose
final states are expressed off 44f1, and 42 configurations, V5 /V3°=R. Finally, we used different values of the Cou-
while the BIS final states are represented éh, 42, and  lomb interaction betweenf4electrons in the ground and final
4f% configurations, since this technique corresponds to thetates of photoemission with, in principle">UY,, since
addition of one 4 electron. Therefore, the spectral densitiesthe 4f state localization due to the core hole should lead to
exhibit several structures whose intensity corresponds to than increase in the interaction betweehelectrons.
matrix elements between the initial and final states of the In the following calculations, we used a rectangular con-
relevant transition operator, as described in details in Refsluction band4 eV wide, and discretized in ten stateShe
10, 12 and 30. XPS spectra are convoluted with a Lorentzigre full width
This model assumes that the hybridization parameterat half maximum FWHM is equal to 1 e\accounting for the
Vi m do not depend on the number df électrons. Gunnars- core-hole lifetime, and with a Gaussidwarying FWHM)
son and Jepsen have shown fromadinitio calculation that ~ simulating experimental resolution and multiplet effects. The
the hybridization strength betweeri 4nd conduction states spectra are then duplicated with a 18.6-eV shift, and with a
is explicitly 4f configuration dependent: for Ce metal, a 3 intensity factor to obtain thed3;, component. Finally, a
change by a factor of about 0.7 is predicted between fAe 4 Shirley background was added to simulate inelastic back-
and 4* configuration? Because of the hybridization terms, grounds. In the case of BIS, the spectra are convoluted with
initial and final states are not pure, but result mainly from aa FWHM equal to 0.2 eV Lorentzian, and a FWHM equal to
mixing of two configurations. Then these authors show thatl eV Gaussian for the structure near the Fermi edge. The
one has to consider the hybridization coupling correspondingtructure at higher energy is convoluted with a larger Gauss-
to the higher occupation of the configuration mixtdeeg., ian (the FWHM is equal to 3—4 eVin order to account
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FIG. 1. Ce 8 XPS experimental specti@oty and calculated
spectra in the Gunnarsson-Schammer model frameworttine).

IIl. RESULTS
A. Limitations of the Gunnarsson-Schaxhammer model

First, we would like to demonstrate that the GS model, in
its standard form, cannot account for core-level XPS and BIS
with the same set of parameters. This behavior, previously
shown in the case of strongly hybridized systéris also
encountered in weakly hybridized systems. We then per-
formed a simulation of experimental Cel XPS spectra, in
the GS model framework, for a series of compounds chosen
for their different configuration mixing. In Fig. 1, we com-
pare the experimental and calculated spectra, and Table |
summarizes the parameters we used. It should be noted that
the energy scale of the CeRlexperimental spectrum has
been adjusted to the other ones, since the spectrum presented
in Ref. 24 is largely shifted. The structure intensities as well
as their energy positions are correctly reproduced, and the
agreement between experimental and calculated spectra is
very satisfactory. XPS spectra are composed, in each spin-
orbit contribution, of three structures corresponding, respec-
tively, to transitions toward final states with mainlf°44f?,
and 42 charactergin increasing kinetic-energy ordefThe
intensity of the so-calledf4 structure is related to thef%4
f1 configuration mixture in the initial state, while the inten-
sity of the so-called # one results mainly from thef4-4f2
configuration mixture in the final state.

With the parameters used for XPS spectra, we then calcu-
lated the BIS spectra. Corresponding to the addition of one
4f electron, BIS spectra exhibit two structures associated
with final states of mainly # and 42 characters. In the case
of CeRh; and CePd, a third structure can be observed
around 2—3 eV. It results from transitions toward the @e 5
split-off band. Obviously, the GS calculations cannot take
into account such transitions and, in our calculation, the
structure has been artificially added to the background. It
should be noted that the background then obtained for CePd
3 is similar to the YPd spectr&* Several disagreements
between experimental and calculated spectra are clearly ob-
served in Fig. 2. On the one hand, the energy separation
between the two structures is not quantitatively reproduced.

artificially for the broadening due to multiplet effects. An Neyertheless, the systematic increase in the energy position
arctan background has been added to simulate the transitiog$ the high-energy structure observed in the experimental
toward delocalized @6s states and, in the case of CeRh gata is also obtained in the calculated spectra. In the zero-

and CePd, a contribution due to the CedSsplit-off band*

is also added to the calculated speéfra.

hybridization limit, the energy of thisf4 structure is simply
U::+2¢€; . Hybridization will lead to an increase in the en-

TABLE I. Gunnarsson-Schdhammer model parameter values used to reproduce experimental spectra.

Ground state

BIS final state

XPS final state

U (eV) e (eV)  V(eV)  4f? struct. weight U (€V)  4f0 struct. weight

CeRw, 7.0 —-1.25 0.45 57.1% 10.0 16.0%
CeRh; 7.0 -14 0.43 62.7 % 10.2 13.8%
CeNi, 6.8 -1.2 0.35 69.4 % 10.3 13.6 %
CePd; 7.5 -15 0.41 68.0 % 10.5 12.3%

CeNi 6.8 -1.4 0.33 77.2% 10.6 9.7 %
CeSj, 6.8 -1.6 0.27 88.6 % 104 4.6 %

Ce;Ni3 6.8 -1.6 0.25 90.7 % 10.95 3.9%

820-K measurement.
b15-K measurement.
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FIG. 3. Calculated BIS spectra with different values of the hop-
ping term ratioR (0.55, 0.60, 0.62, 0.65, 0.70, 0.80, and)1he
corresponding XPS spectra are identical whatever the valu®, of
and one of them is shown in the inset.

A disagreement between zero-temperature calculations and
room-temperature measurements could result from the

J . : temperature-dependence of the spectral function. Recent BIS
[T I [ I measurements on Cepdnd CeS} (Refs. 27 and 2Bactu-

o 4 8 o 4 8 ally exhibit a small temperature dependence between 15 and

Energy (eV) Energy (eV) 300 K, whereas no dependence was observed in strongly

hybridized materials like CeNi®* The CePd and CeSj

FIG. 2. BIS experimental spectdoty and calculated spectra SPectra reported in Fig. 2 correspond to low-temperature

in the Gunnarsson-Schbammer model frameworftine). measurementsl(=20 and 15 K, and then the observed dis-
agreement cannot be explained by temperature effects.

ergy separation, and then to a shift of thi# $eak toward
higher energy. The disagreement between experiments and
calculations suggests that thie; value, which mainly deter-
mines the energy position of thd %structure, is overesti-
mated for BIS spectroscopy. As thé; values we used are We would like to demonstrate now that, when
deduced from the analysis of XPS spectra, we can deduggonfiguration-dependent hybridization is taken into account,
that U¢; is not the same in BIS and XPS final states, con-XPS and BIS spectra can be satisfactorily described in the
firming that it depends on the core-level occupation. framework of the single-impurity Anderson model. First, to

Another systematic trend is observed: thi 4tructure illustrate the modifications due to configuration-dependent
weight is too large in the calculated spectra, and this discrepaybridization, we calculated some BIS spectra with several
ancy increases by going from ¢Ni; to CeRu,. In the GS  values of theR ratio (Fig. 3). In these calculations, the
model, the weight of this structure is related to the configu4f° configuration weight in the initial state was kept constant
ration mixture in the initial state, i.e., to the hybridizatign  as well as the XPS spectrum. All the BIS spectra were nor-
the larger the configuration mixture, the larger tHé dtruc-  malized to the & structure intensity in order to highlight the
ture weight, and then the smaller th&4tructure weight is.  4f? structure evolution.
In the standard GS model, the saméds used in the calcu- The first effect of the configuration-dependent hybridiza-
lation of the ground state and XPS final states. Thus it idion is a decrease of the %structure intensity. With increas-
underestimated for the ground state, and yields too large &g 4f1-4f2 hybridization(i.e., decreasin®), the weight of
4f2 structure weight in the BIS spectra. the 4f? configuration increases in the ground state, and de-

Finally, we would like to point out that as the GS model creases in the final states corresponding to the so-caffed 4
gives zero-temperature spectral functions, whereas the estructure. Therefore, the transition probability between the
perimental spectra are usually obtained at room temperatur@itial and final states associated with th&” 4tructure de-

B. Results of configuration-dependent hybridization
calculations
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FIG. 4. Ce 8 XPS experimental spectr@oty and calculated FIG. 5. BIS experimental spectfdots and calculated spectra

spectra with the configuration-dependent hybridization modeMith the configuration-dependent hybridization modde).

(line). XPS final states, reflecting thef 4ocalization due to the

creases. Figure 3 shows that the intensity change is not lineabre-hole potential. Th& is in good agreement with the
with R, since it varies more slowly wheR goes up to unity. value calculated by Herbst, Watson, and Wilkfhi the
The second effect is the modification of the energy separaenormalized atom model.
tion between #' and 42 structures, which is mainly due to  Second, the calculated BISf4 structure intensity is in
a hybridization-induced energy shift. These effects shouldjood agreement with experiments especially for strongly hy-
lead to a better agreement between experimental and calcbridized systems, where the discrepancy is important in the
lated spectra, especially for the strongly hybridized systemsGS model. This behavior is directly related to the introduc-
We have tried to reproduce BIS and XPS experimentation of 4f configuration-dependent hybridization parameters,
spectra of the series of compounds we considered in Seas demonstrated in Fig. 3. When the configuration mixture is
lII'A. In Figs. 4 and 5, we compare the XPS and BIS experi-small (CeSi, and CeNi ), R is close to unity, which means
mental spectra with simulations obtained in thethat the hybridization strength is weakly influenced by the
configuration-dependent hybridization framework. The pa-f configuration. On the contrary, when the configuration
rameters used in these calculations are summarized in Tabigixture is larger(CeRu, and CeRh), the 4 configuration
Il. The two main discrepancies observed in BIS spectra calstrongly influences the hybridization strength and the calcu-
culated with the GS model concern the energy separatiomited BIS 4?2 structure intensity is significantly smaller than
between 4* and 42 structures and thef structure inten-  that obtained from the GS model. We would like to point out
sity. First, the energy separation between the two structuregat the value we obtained fdR (0.65-0.70 is in good
is now correct owing to the introduction of a larger Coulomb agreement with the value estimated fs«Ce by Gunnarsson
energy for configurations with a core hole. Therefore, aand Jepsefi from ab initio calculations. Finally, a system-
Uf~5 eV value is involved in the ground and BIS final atic decrease of thefstate energye;| is observed between
states whereas a larger valugif >~6—7 eV) is found for ~ Ce;Ni; and CeRy, as within the GS model calculations.
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TABLE II. Configuration-dependent hybridization model parameter values used to reproduce experimental §reM{a/d
= VPSP,

Ground state BIS final state XPS final state
U% eV) e (V) VI (eV) R 4f2 struct. weight UM (eV) Ui (V)  V3PS(eV)  4f° struct. weight
CeRuw, 5.0 —-0.9 0.48 0.66 39.5% 5.6 9.8 0.22 15.7%
CeRh 5.3 -1.1 0.43 0.65 49.6% 6.8 10.8 0.20 13.7%
CeNi, 5.5 -1.2 0.43 0.64 51.5% 6.3 10.5 0.13 13.6%
CePq, 5.5 -1.2 0.33 0.67 68.5% 7.5 11.0 0.23 9.8%
CeNi 55 -1.2 0.31 0.68 72.3% 6.3 10.5 0.16 9.7%
CeSp, 55 -1.4 0.23 0.90 89.4% 6.0 10.4 0.23 4.0%
Ce;Nij 55 -1.4 0.22 0.95 90.8% 6.6 10.95 0.22 3.7%

820-K measurement.
b15-K measurement.

This evolution is related to the variation of the ground-stateGS model to take into account the configuration dependence
configuration mixing. Comparison of Figs. 2 and 5 clearly of the hybridization terms, and also introduced a modifica-
demonstrates that configuration-dependent hybridizationson of the correlation energy;; in the presence of a core
have to be used for correctly describing both XPS and BlShole. A very good description was then obtained, even for
results, especially on strongly hybridized systems. strongly hybridized materials, for which it was claimed that a
band description would be more suitable. The single-
impurity Anderson model seems to contain the main physical
ingredients to describe the spectroscopic properties of
In this paper, we carried out a systematic study of corecerium-based compounds, confirming that electronic correla-
level XPS and BIS spectra of cerium compounds in thetions play the fundamental role in these materials.
framework of the single-impurity Anderson model. We
clearly demonstrated that XPS and BIS cannot be simulated
with the same set of parameters: if the XPS spectra are cor-
rectly reproduced, disagreements on the energy separation Laboratoire de Physique des Magaix is UniteMixte de
and intensity are observed for the BIS features. Then, followRecherche No. 7556 du Centre National de la Recherche
ing a suggestion of Gunnarsson and Jepsen, we modified tigeientifique.

IV. CONCLUSION

ACKNOWLEDGMENT

1See, e.g., W. E. Pickett, A. J. Freeman, and D. D. Koelling, Phys*C. Laubschat, E. Weschke, C. Holtz, M. Domke, O. Strebel, and

Rev. B23, 1266(1981); A. R. Mackintosh, Physica B30, 112 G. Kaindl, Phys. Rev. Let65, 1639(1990.
(1985. 15p. Vavassori, L. DUpG. Chiaia, M. Qvarford, and I. Lindau,
2B. Johansson, Philos. Mag0, 469 (1974. Phys. Rev. B52, 16 503(1995.

30. Eriksson, R. C. Albers, A. M. Boring, G. W. Fernando, Y. G. 16 J.W. Allen. S. J. Oh. O. Gunnarsson. K. Sohammer. M. B.

Hao, and B. R. Cooper, Phys. Rev.4B, 3137(1991. . . .
47. Szotek, W. M. Temmerman, and H. Winter, Phys. Rev. Lett. Maple, M. S. Torikachvili, and 1. Lindau, Adv. Phy85, 275

72, 1244(1994). . (1986. )
5A. Svane, Phys. Rev. Let2, 1248(1994. E. Weschke, C. .Laubschat, R. Ecker, A oM. Domke, G.
5p. W. Anderson, Phys. Ret24, 41 (1961). Kaindl, L. Severin, and B. Johansson, Phys. Rev. 16£t1792
73 W. Allen and R. M. Martin, Phys. Rev. Le#t9, 1106(1982. (1992.
8A. P. Murani, Z. A. Bowden, A. D. Taylor, R. Osborn, and W. G. __L- Severin and B. Johansson, Phys. Re\ 17 886(1994).
Marshall, Phys. Rev. B8, 13 981(1993. 19C. Laubschat, E. Weschke, M. Domke, C. T. Simmons, and G.

%Y. Baer and W.-D. Schneider, iHandbook on the Physics and Kaindl, Surf. Sci.269/27Q 605(1992. i
Chemistry of Rare Earthedited by K. A. Gschneidner, Jr., L. 2°D. Malterre, M. Grioni, Y. Baer, L. Braicovich, L. Dy®. Vavas-

Eyring, and S. Hfner (North-Holland, Amsterdam, 1987Vol. sori, and G. L. Olcese, Phys. Rev. Lefi3, 2005 (1994; E.

10, p. 1. Weschke, C. Laubschat, A. Ho M. Domke, G. Kaindl, L.
100, Gunnarsson and K. Schilammer, Phys. Rev. Leth0, 604 Severin, and B. Johanssahijd. 73, 2006(1994.

(1983; Phys. Rev. B28, 4315(1983. 21L. Braicovich, L. Dug P. Vavassori, D. Malterre, M. Grioni, Y.
e, wuilloud, H. R. Moser, W.-D. Schneider, and Y. Baer, Phys.  Baer, and G. L. Olcese, PhysicaZB6&207, 77 (1995.

Rev. B28, 7354(1983. 220. Gunnarsson and O. Jepsen, Phys. Re88B3568(1988.
12A. Kotani, T. Jo, and J. C. Parlebas, Adv. Ph§g, 37 (1988. ZE. Wuilloud, Y. Baer, and M. B. Maple, Phys. Lett. 97, 65

13, Z. Liu, 3. W. Allen, O. Gunnarsson, N. E. Christensen, and O.  (1983.
K. Andersen, Phys. Rev. B5, 8934(1992; J. W. Allen and L. 2*L. Duo, P. Vavassori, L. Braicovich, N. Witkowski, D. Malterre,
Z. Liu, ibid. 46, 5047(1992. M. Grioni, Y. Baer, and G. Olcese, Z. Phys.1B3 63 (1997.



15 046 N. WITKOWSKI, F. BERTRAN, AND D. MALTERRE 56

25F. U. Hillebrecht, J. C. Fuggle, G. A. Sawatzky, M. Campagna,®®J.-M. Imer and E. Wuilloud, Z. Phys. B6, 153(1987.
0. Gunnarsson, and K. Sahtammer, Phys. Rev. BO, 1777 %K. Tanaka and T. Jo, Physica ®6&207, 74 (1995.

(1984. 32K, Okada and A. Kotani, J. Electron Spectrosc. Relat. Phenom.
263, C. Fuggle, F. U. Hillebrecht, Z. Zotnierek, R.’dser, Ch. 71, R1(1995.

Freiburg, O. Gunnarsson, and K. Schammer, Phys. Rev. B 33K Okada, A. Kotani, K. Maiti, and D. D. Sarma, J. Phys. Soc.
,, 27 7330(1983. - . Jpn.65, 1844(1998.

D. Malterre, M. Grioni, P. Weibel, B. Dardel, and Y. Baer, Phys. 34 ;. Hillebrecht, J. C. Fuggle, G. A. Sawatzky, and R. Zeller,
ZBSQiX-Le“-68'265§(1993- _ Phys. Rev. Lett51, 1187(1983.

. Malterre, M. Grioni, P. Weibel, B. Dardel, and Y. Baer, Eu- 35 Malterre, M. Grioni, and Y. Baer, Adv. Phyd5, 299 (1996.

rophys. Lett.20, 445(1992. 36, F. Herbst, R. E. Watson, and J. W. Wilkins, Phys. Re\l7B

29T, Jo and A. Kotani, Solid State CommuBd4, 451 (1985; J.

3089(1978.
Phys. Soc. Jprb5, 2457 (1986. (1979



