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Behavior of uranium 5f states in a graphite intercalation compound
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We present an angle-resolved photoemis$RB and angle-resolved resonant PE study of a single crystal-
line U-graphite intercalation compourid-GIC). Stage-2 U-GIC samples were prepaneditu, by deposition
of U metal onto clean graphit®001) substrates and subsequent annealing. As follows from comparison with
the results of local-density approximatidrDA )-linear combination of atomic orbital6 CAO) band-structure
calculations, the electronic structure of the grown GIC may be understood by the filling of unoccupied graphite
my bands by additional electrons contributed by U. This charge transfer is monitored by a shift to higher
binding energies of all graphite-derived PE features and the appearance of an additional rather narrow feature
at the Fermi energy (B, upon intercalation. This Fermi-level peak is superimposed by a sharpdigbal,
that is located directly atEand reveals no trace of multiplet splitting or dispersion. Results of band-structure
calculations indicate a weak hybridization of the ) &ates and their occupation of about 2. A description of
the observed Brelated spectra in the framework of a single-impurity Anderson model is possible.
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[. INTRODUCTION the centers of two C hexagons of neighboring carbon layers.
Due to this arrangement, thfe-B-A-B stacking sequence of
The physical and chemical properties of actinide systemshe graphite layers is changed into ArA sequence around
are mainly determined by the behavior of the actinide 5 the intercalant layer, and the GIC's reveal8 K v3)R30°
orbitals that ranges from “atomiclike” to “bandlike,” de- or 2X2 overstructure with respect to tH@001) plane of
pending on the surrounding atomic arrangement. Due to Aristine graphite. In these structures, the nearest-neighbor
node in the radial wave function, thef States are spatially distances between intercalant atoms are considerably larger
more extended than thef4states in lanthanides and are, than in the corresponding elemental solifiig. 1(a)]. Hence,
therefore, subject to strongérf andf-valence states hybrid- contrary to U metal, the Bstates in U-GIC may be expected
ization. As a consequence, thé States behave bandlike in 0 P€ rather localized due to a negligible overlap betwekn 5
hcp U metal as it has been shown recently by probing thei"Pitals of neighboring U atonig. 1(b)]. Since the atomic

energy dispersion by means of angle-resolved photoemission
(PE).}21n the pure metal, the bandlike properties of the U 5 (@  UGIC hexagonal U
states stem from diredtf interaction rather than from-d : :
hybridization and a description in the framework of single-
particle band-structure calculations is possiblemong the
other elemental actinide metals, thé &ates are expected to
take part in chemical bonding only up to Np, while starting
with Am, they are predicted to be localized. Pu seems to be
a borderline casg.In actinide compounds the situation is
more complicated. Due to the increased interatomic distance

SRR
)00\ /0

to the nearest actinide neighbors, already in some U com- ) squared 5f radial wave functions
pounds the § states reveal correlation-related properties uc, hep U
such as magnetic phenomena, mixed valency, heavy fer-
mion, and superconducting behaviofherefore, investiga- 8 U 5f 8 U sf
tions of U systems are of high interest for fundamental re- 3 3
search. ° °
Among other U systems, U-graphite intercalation com-
pounds(GIC’s) seem to be promising candidates to study the atom 1 atom2 - atom 1 atom 2

interplay between 6 hybridization and localization phenom-  FG. 1. () Crystalline structure of U-GIC andcp U metal(top
ena. GIC’s consist of stacks of graphite shegigphenes  view). (b) Overlap of U § squared radial wave functions multi-
which alternate with ordered two-dimensioriaD) intercal-  plied byr? of U-GIC (UC,,) andhcpU (shadowed argdor neigh-
ant layers’ Hereby, intercalated atoms are located betweemoring U atoms.
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U-GIC

positions of the intercalant atoms are well defined, the op- Graphite
portunity to obtain well-ordered magnetic multilayer struc-
tures in U-GIC’s arises, if the f5states reveal atomiclike
behavior.

Although in the recent past, GIC’s of different metals
have been subject of numerous experimental and theoretical
studies due to their interesting two-dimensional structural,
electronic, and transport propertieso attempts foin situ
intercalation of actinidesexcept our earlier studigs’ were
reported. It was shown that particularly alkali-GIC’s can eas- Egn=143 eV Ewn= 1476V
ily be grownin situ under ultrahigh-vacuunfUHV) condi-
tions. Other metals, which are characterized by more com-
plex valence-band structures, includidgandf states(e.g.,  pin hole, which was heated up to temperatures of about 2300
transition metals, lanthanides, and actinideske the inter- K. The thickness of the deposited U films was monitored by
calation process more difficult. Nevertheless it wasquartz microbalances. The vacuum during evaporation was
showrd " that deposition of lanthanides onto t@01) sur-  in the 10 °-mbar range. Deposition at room temperature
face of graphite followed by thermal annealing at certainresulted in nonordered interfaces terminated by pure U-metal
temperatures leads to formation of surface compounds withayers. Several stages of a step-by-step anneélingh 600
electronic and crystalline structures similar to those of alkali-K to 1100 K) of the obtained U-graphite system led to a
derived GIC’s. Eu- and Yb-graphite systems are formed byecovering of a periodic crystalline structure with a sharp
direct diffusion of divalent rare-earttRE) ions into the in-  GIC-like (v3Xv3)R30° reconstruction of the LEED pattern
terlayer spacings of graphife'® and may be considered as relative to that of pristine graphitéFig. 2). No hint of a
conventional bulk GIC’s. On the other hand, graphite sysformation of carbidelike chemical compounds accompanied
tems with trivalent RE’gLa, Gd, and Th, which were syn- Py @ destruction of the graphite matrix as in the case of

thesized via a stage of RE-carbide formation, can be de-&(Gd, Tb graphite interface&;****~*"could be observed

scribed as a thin layer of intercalationlike compound groWﬂduring the annealing process. This indicates that, in contrast

on the top of the(111) surface of RE dicarbid®l01114-17 to the abo_ve trivalent RE’s, U can be directly incorporated
In the present paper we report on an angle-resolved PEIO graphite crystals.

. .~ The observedy3 xv3)R30° reconstruction of the LEED
and resonant PE study of the electronic structure of graph'tﬁnage that is in accordance with crystalline structure of bulk

mtzrcaba;ei;in S|tchJ_¥V|th ubrar:jlum. '_I:[he sa;n&plestwleretprep?redRE_GIC,S s%/nthesized by a classic vapor-phase
under conartions by deposition of U metal onto a clean; o c5)atiod® 1 points to a UG surface stoichiometry for

graphite (000 surface and subsequent annealing. The Phye samples grown in the present study. Note, however, that
data are compared with results of band-structure calculationgy, estimation of the bulk composition, i.e., the stage of in-
It is found that the intercalation leads to a shift of all tgrcalation defined by the number of carbon planes laying
graphite-derived PE structures toward higher binding enerpetween neighboring U layers, is not possible from the
gies (BE's) and to the appearance of an additional narrow_EED experiment. The obtained sharp reconstructed LEED
feature at the Fermi energy £E This Fermi-level peak is pattern did not change throughout several hours of data ac-
superimposed by a sharp U Signal that is located directly quisition pointing to a chemically inert surface. This fact is
at E- and reveals no trace of multiplet splitting or dispersion.related to the layered structure of the GIC, where U atoms
Since the band-structure calculations give evidence for onlare incorporated into the graphite matrix and the surface is
weakly hybridized character of the UfSstates and their formed by a carbon layer.

occupation of about 2, a description of the PE data in the The measurements were performed at the Berliner Elek-

framework of a single-impuritySI) Anderson model is pro- tronenspeicherring  fuSynchrotronstrahlungBESSY |) us-
posed. ing radiation from the plane-grating-monochromator beam-

line SX/700 II. Angle-resolved valence-band photoemission
Il EXPERIMENTAL DETAILS spectra and resonant photoemission spectra at thedU 5
—b5f excitation threshold were taken with a hemispherical
glectron energy analyzdARIES, Vacuum Science Work-

FIG. 2. LEED pattern of graphite and U-graphite compound.

Single-crystalline flakes of natural graphite with typical
diameters of 7—9 mm were cleaved with an adhesive tap

and subsequently carefully degassedsitu during several ShOp’ Ltd) tuned _to an energy resolution of .150 mézwll
hours at a temperature of 1700 K under UHV conditions.Wldth at half maximurh and an angle resolution of 1°. The

This procedure results in a clean surface, which reveals he)?_xperlrr_lents Werﬁ cgrngd Ocl)lét agroo;nb;hmpzrature. In order
agonal low-energy electron diffractidhEED) pattern char- 0 monttor graphite-derived bands o ando symme-

acteristic of graphit¢é0002). Similar to the previous studies tries, the photon incidence angle was s_elected to be 350 rela-
of GIC’s 7 in situ intercalation of U into the graphite ma- tive to the sample surfaces. The basic ert(a)ssure during the
trix was achieved by thermal deposition of relatively thick measurements was always better thanlD™“mbar.

layers of the intercalar(tL00 A) onto the clean graphite sur-
face followed by a step-by-step annealing. The deposition of
U was performed at rates of 3—5 A/min by means of electron Band-structure calculations for different sequences of U
bombardment of an U-metal filled tungsten crucible with aand graphene layers were carried out in the framework of the

Ill. DETAILS OF THEORETICAL CALCULATIONS
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the incident photons. The experimental band dispersions are
guided in the figure by solid lines through the peak maxima.

In accordance with the results of earlier stude$2°
EDC'’s measured for graphite are characterized by four main
photoemission bands. The,,-symmetry band originating
from the C 2, orbitals disperses toward the Fermi level in
the first Brillouin zone (0< 0 <32°). It reaches Eclose to

theK point that is the only region in the BZ of graphite with
finite density-of-states at the Fermi level. At larger polar
angles this band shifts back toward higher BE'’s. @&t
<32°, the,-symmetry band reveals a high PE intensity.
The PE weight of this band considerably decreases in the
second BZ. The latter can be explained by Brillouin zone
selection rules based on the interference of outgoing photo-
electron waves from the two carbon atoms in the unit cell of
graphene on their way to the detectéiThe other three low
intensity bands revear symmetry. Two of them are degen-

erated at thé” point. These bands, which have,2, angular
momentum character, disperse in the direction of higher
BE’s on the way from the center of the Brillouin zone to its
' border. They cross the,, band in the region o®=8°. For
R R polar angles® >12° these bands are energetically split into
20 10 Er two components marked hy,, andos, in the figure. In the
Binding Energy (eV) region of the border of the BZ, thep2 ,-derived bands over-
, . . lap the Z-originating band(o;, symmetry giving rise to
FIG. 3. EDC,S of (& graphite and(b) E'giaph'te ,Com,pound sp? hybridization characteristic for the hexagonally arranged
measured at variou® values along thd'-K-M direction in the o ahhite |ayers. According to the selection rules mentioned
surface BZ of graphite and tHe’-M'-I'"-M" direction in the BZ  ahoy&° the PE intensities of all threer symmetry bands
of U-graphite compound. grow in the second BZ.

. o _ _ The EDC's shown in Fig. ®) for each particula®, are
local-density approximation(LDA) using the Hedin-  ginijar to the corresponding PE spectra of pure graphite for
Lundqvist exchange-correlation poteni&lA number of dif- BE'’s larger than about 2 eV. All graphite derived bands,
ferent stackings was considered since the correct layer SBresented in Fig. (@ are reproduced in Fig.(B). In the
quence could not be directly extracted from the'availablqatter figure, however, these bands are shifted by up to 2.6
experimental data. The U-GIC was treated as an ideal cryssy toward higher BE’s depending on their symmetry and the

talline structure: no account was taken of surface and_re%oim monitored in the BZ of the synthesized compound. The
structure effects. We employed the method of an Opt'm'ze‘?riplet structure observed in the region of teg? hybrid

linear .cqmbina_tionzof atomic orbital(fLCAQ)Zl inits fully  honds in pristine graphitémarked by vertical bars in the
relativistic versiorf? The set of atomic orbitals included the figure) is preserved in the U-graphite system. Characteristic
U 7s, 6p, 6d, and F states as well as the Csand 2\ 3riations of intensities of ther- and o-originating features
states. Since a transition from bandlike to localized behaviogross the border of the Brillouin zdiendicate also. that
of the 5f states may be expected in U-GIC, we assumed alsghe strycture of graphenes is retained in the synthesized com-
localized 5 configurations in our calculations. The localized pound. Note that the above intensity variations are less pro-
behavior was simulated by treating th€'$as core states.  nounced than those in the case of pristine graphite. The PE
signal related to the U states is seen at about 17 eV BE.
IV. EXPERIMENTAL RESULTS The important difference between EDC’s shown in Figs) 3
and 3b) is, however, a new intense peak that is located di-

Two sets of angle-resolved energy distribution curves, - - -
) h ; “Yectly at K in the U-graphite system. A similar feature was
(EDC’s), measured for pristine graphite and a U'graph'teobserved for all alkali and RE-GIG¥s0.12.16,17.27.2& ,died

syzterg after antljee}hngrhto 1102 K, are tshkown LnSOF 'q\? 3h up to now. In contrast to the mentioned intercalation com-
and 3b), respec Ively. The spectra were taken at 50 €V PO, nds, in the U-graphite system, this Fermi-level structure
ton energy at various polar anglé®) along thel’-K direc- s present for all polar angles of analyzifgot only in the

tion in the first surface Brillouin zon€BZ) and theK-M region of theK point); its intensity is not strongly modulated
direction in the second surface BZ of graphite. For the grownyith the change ofd.

U-graphite compound, this corresponds to a scan along the An important difference between pristine graphite and the
I''-M’-T""-M" direction in the reconstructed surface BZ's synthesized U-graphite compound relates to the pronounced
as follows from the observed’§ X v3)R30° overstructure of 2D character of the electronic structure of the compound,
the LEED pattern. The spectra are normalized to the flux ofvhile some bands of graphite reveal rather strong dispersion

s 1‘:—.
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tion. The inset shows a comparison of onvf113eV) and off-
resonance (h=103 eV) data for thd" point. (b) Spectra simulated
on the basis of the band-structure calculations.

FIG. 4. PE spectra of the synthesized U-graphite compound
measured with differentinalong(a) theI'-A and(b) theK-H high (5§, 5f"~1+ ™) and photoexcitation of an Udbelectron

symmetry directions in the BZ of graphite. into an unoccupied Bstate (51105fn_>5d95fn+1) followed

by a participator decay (&5f""1—5d'%f" 1+e"). By
means of the resulting strong cross-section variation, the PE
FESponse of the U states can be separated from rfen-
derived emission from carbon and uranium. In our recent
study of La metat' we showed that resonant PE in its angle-
resolved mode allows us to determine the angular momen-
tum character of valence-band electronic states across the
BZ. We apply this method in the present experiment to ana-
Tyze possible contributions off5states to Bloch states of the
U-graphite compound along th& M’ high-symmetry direc-
gion. Corresponding PE spectra are shown in F{g).9n all

in the direction perpendicular to the surfa&@éwo series of
PE spectra of the grown U compound measured along th
I'-A andK-H high-symmetry directions in the BZ of graph-
ite are shown in Figs. (@ and 4b), respectively. As it is
clearly seen, neitheo- nor 7-symmetry graphite-derived
features, as well as the peakiat, show BE variations when
the energy of photon excitation is changed.

In RE-GIC’s the structure at the Fermi energy was as
signed mainly to thew§-derived unoccupied bands of
graphite®9121%yhich become filled in the intercalation com-

ounds due to valence electrons supplied by the RE atom - . -
'FI)'heq-r(’; bands sink beloviEg close to tr?:borde)r/ of the BZ of spectra the observed strong signal ati&due to 5 emis-

graphite, while in the inner part of the BZ they are still sions as concluded from a comparison of ony#hl_la ev)

located above the Fermi energy. The remarkably differenfnd Off-resonance ¢h=103 eV) data shown for thE point
behavior of the Fermi-energy peak in FighBsuggests an [N the insetin Fig. 5. The 5Fermi-energy peak reveals no
alternative nature of this PE signal. It could be assigned tdin€ structure or multiplet splitting. For all emission angles
U 5f electronic states, which are located in the regioEpf ~the maximum of the PE intensity is located at ithin the

and characterized by a high cross section of photoexcitatioffiStrumental resolution. No evidence for & band disper-

for the photon energy used. This supposition is in accordancelon can be found in the presented EDC's in contrast to the
with a characteristic suppression of the-@erived signal for ~ Situation encountere’d inU met“ath!s observation implies a

U systems at h=94 eV followed by its strong enhancement description of the &'s in the obtained compound beyond
at hv=98eV (Refs. 30—32 that is observed also for the Single-electron-band models.

Fermi-energy feature in Fig. 4.

To identify 5f-derived photoemission features within the
valence bands of the U-graphite system, resonant photoemis-
sion at the U 8l— 5f excitation threshold was applied. Inthe ~ The presented experimental results show that an
present case the resonant PE is based on a Fano-typkgraphite system with characteristics of an intercalation
interferencé between direct photoionization of af Sstate  compound was grown in the present study. This conclusion

V. DISCUSSION
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is based on the LEED pattern and the discussed similarities
of the graphite-derived photoemission bands shown in Figs.
3(a) and 3b). As seen from the experiment, tisg? hybrid
bonds, which build hexagonal cells of graphenes, are present
in the synthesized compound. Also the Brillouin-zone selec-
tion rules derived in Ref. 26 from the particular structure of
the elementary unit cell of graphene, are reproduced in the
U-graphite system. Similar to other GIC3€:*2%53no pro-
nounced folded PE bands, according to the obserw&d (
Xv3)R30° overstructure of the LEED pattern, were ob-
served. The nondispersive behavior of all valence-band
structures observed along theA andK-H direction(Fig. 4) : | ,
indicates an almost two-dimensional character of the crystal- r M X T A
line arrangement and electronic structure of the samples.

As was observed for all other GIC's intercalated with do-  FIG- 6. Electronic bands, calculated for a bandlike fUcon-
nor speciege.g., alkalies or RE)s the 7 and o-symmetry figuration alon_g the hlg_h-symmetry directions in the BZ of {JC
bands in U-GIC are almost rigidly shifted toward higher Branches, which contain more than_ZO%f(ﬁngular momentum
BE’s as compared to their positions in pristine graphite. As £haracter, are shown by thick-solid lines.
general trend the observed energy shift in the U-GIC is, how- ) . .
ever, smaller than in the case of the RE-GIC’s. Clos&'to IS in good agreement with the experimental data. This fact
point it amounts to only 1.1 eV for ther,,-derived band, indicates that a compound wifrU-C-C-] stacking sequence
while it reaches about 1.6 eV for this band in the case ofas in the case of RE-GICIRef. 12] was likely synthesized
RE-GIC's8%!2 This fact can be understood by the higherin the present study.
electronegativity of U as compared to that of alkalies and N contrast to hcp U metal, where the States reveal

RE'’s (Ref. 37 that results in a weaker charge transfer fromclear bandlike properties that arise from a direct overlap of
the intercalant to the carbon states. the 5f orbitals of neighboring U atomsthe hcpU-U near-

In situ intercalation of U into single-crystalline graphite €St neighbor interatomic distance is 3.3, An U-GIC no
was achieved by a method cross proved in our previous studlispersion of the §'s was observedfig. 5a)]. According to
ies of RE-GIC's>"'7 In spite of the very high chemical reac- Fig. 1(b), there is essentially no overlap betweehdibitals
tivity of U (Refs. 3, 38 carbide formation is not observed as in the intercalation compound, since the_U—U mteratpmlc dis-
a precursor of intercalation as it is the case with all trivalenfance amounts here to 4.26 A. Alternatively, bandlike prop-
RE'’s (Refs. 8-10. Note, however, that the covalent radius erties of the 5 states might be caused by their hybridization
of U (1.42 A) is about 20% smaller than that of, e.g., La with C2p states. We have investigated this possibility by
(1.69 A).%%0 Since intercalant atoms are located betweerPerforming LDA-LCAO band-structure calculations for
centers of tightly bound carbon hexagons of neighboringJCi2 including 5f states into the set of atomic valence or-
graphenes, the distances between the outermost covalent itals. The calculations yield an overlap betweénabid g
bitals of guest(i.e., U6d or La5d) and host atoms (Ci® symmetry graphite-derived orbitals, which is only slightly
are much larger in the U-graphite system. The latter reducestronger than that betweenf 4and 7§ states in Eu-GIC,
covalent interaction leaving, nevertheless, the possibility ofvhere the 4 states are found to be strongly localiZédlhe
ionic bonding related to the different values of electronega<calculated bands along high-symmetry directions in the BZ
tivity; 1.4 for U and 2.5 for C, respectivef/. of UC,, are shown in Fig. 6. Weak dispersion along the

The observed for U-GIC3 X v3)R30° reconstruction of T'-A’ direction is in agreement with the experimental re-
the crystalline structure of pristine graphite is similar to thatsults obtained in the normal emission PE experini&ig.
obtained uponn situ intercalation of RE’s. This type of lat- 4(a)]. Branches, which contain more than 20%fafngular
tice reconstruction was also found for bulk RE-GIC’s syn-momentum character are shown by thick-solid lines in the
thesized by the classic vapor-phase intercalafidiiin con-  figure. The obtaine-symmetry bands are rather narrow in-
trast to bulk intercalation, thé situ intercalation method dicating a possible tendency to localized behavior. From the
applied here is restricted to incorporation of guest atoms$and-structure calculations af Soccupation close to 2 is
within the first few graphite layers close to the surface. Al-found pointing to a valency of U in this compound close to 4.
though the 3 Xv3)R30° LEED image points to a local YC Assuming that on-resonance PE spectra reflect only the 5
stoichiometry, it is not easy to estimate the real bulk compocharacter of the wave function, model spectra may be gener-
sition, i.e., the stage of intercalation. On the other hand, difated extracting the corresponding information from the band-
ferent stages of intercalation are related to a different numbestructure calculation. Figure(ts shows the results of such
of donor electrons supplied by U per C atom. We have persimulations, where peak positions correspond to the location
formed band-structure calculations for U-GIC’s of different of individual band and peak intensities reflect the squared 5
stages. The results of our analysis show, that for a hypothetadmixture to the wave functions. Taking into account finite
cal stage-1 compound (WY no agreement with the mea- lifetime and energy-resolution effects, a constant linewidth
sured EDC'’s can be obtained. However the calculated eleimilar to that observed in the experiment was assumed. A
tronic structure of a stage-2 intercalation compound {§)C clear dispersion of individual bands is visible in the simu-

Binding Energy (eV)
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to the appearance of differenf's ! final-state multiplets in
the PE spectra. Quantitatively this situation may be described
by an extension of the simple single-impurity Anderson
model presented by Imer and WuilloGtiHere, the valence
band is approximated by a single levele&at. ; denotes the
energy of a bare B state, the hybridization parametar
describes the hopping betweeri &nd valence-band states
and U represents the on-site Coulomb repulsion energy of
two 5f electrons. This model that has been applied success-
fully to the 4f states of Ce systems may also be applied to

5f electrons if in addition tof®, f!, andf? configurations
present in Ce systems, the existence 6f @onfiguration is
also considered. The configuration mixing of the ground

Binding Energy (eV)

state is then derived from the diagonalization of the model
* Hamiltonian
20+ i D "
- o * ¢ 0 A 0
i:" MI A €t \/EA
=10 vaa 2¢+U V3A @
FIG. 7. Band structure of the stage-2 U-GllBcalized U 52 2 €t Ut 3
configuration, calculated within thd™’-A’-L’-M" plane and pro- 0 0 V3A 3es+3Uy

jected onto thel'’-M’ direction, in comparison to the measured
band dispersions. and the 5 PE spectrum is obtained by a projection of the
_ ground state onto the individual excited states by means of
lated spectra, that, however, is not observed in the experthe transition operator. Fak=0, the assumption of af5
mental spectrgFig. 5a)]. This fact can be taken as an addi- ground state demands e+ U;<e; [corresponding to
tional indication for a localized character of thé 8lectrons  E(5f2)<E(5f')] and 2¢+ U;<3e;+3Uj; [corresponding
and, consequently, further calculations were performed witho E(5f2) <E(5f%)]. These conditions can be fulfilled with
localized § configurations. It should be noted, however, thate,= — U, — 8, where § denotes the observedf’5 binding
only dipole selection rules were considered in the simulateénergy in the PE spectrum. In the present casmust be
spectra, Fig. 8). Thus, quenching of the high binding- assumed to be smaller than 0.2 eV in order to yield a con-
energy contributions due to crystal symmetry reasons cann@fstent description of the spectra. The magnitudéJef is
be ruled out. more difficult to estimate. In #systemsl; amounts to~8

In order to study the effect of U valency on the electronicey, the corresponding-d interaction energy in Ni amounts

calized configurations, 5 (tetravalent and 52 (trivalen)  giscussed®4In the present case, the actual valudJof is
were carried out. A good matching of the experimental datgf secondary importance since it defines only the binding
to theoretical bands was only achieved for tHé Bonfigu-  energies of ° and 52 final states. An important point is,
ratlon_, while for a 52 configuration, strong deviations from however, thal; is much larger tham. In this case, finite
experimentally observed band positions were obtained. Apatfa|yes ofA lead essentially to £ admixtures to the ground
from the I states, only slight difference between bands.state. Calculated model spectra, where the individual final
calculated for the localized 5 configuration and bandlike states are described by simple Lorentians, are shown in Fig.
5f states, is found. Figure 7 shows the band structure of thg. For finite values oft, 5f° and 52 final states appear in
stage-2 U-GIC(localized U 52 configuration, calculated  addition to the prominent® final state at- —U; and 0 eV
within the I'"-A’-L’-M’ plane and projected onto the pinding energy, respectively. On the left panel of Fig. 8, this
I'’-M' direction in comparison to the measured band dispereffect is illustrated for constar, Uy, and different values
sions. Only pronounced experimental features are considereaf 6. As it is evident from the figureg must be positive and
in this figure. larger thanA to avoid strong 5° emissions in the spectra.
A localized character of the f5states seems to be not The right-hand side of Fig. 8 shows the interplaysadind A
consistent with the appearance of thePE signal directly at in more details. Here, also the%component is shown and
the Fermi energy and the lack of multiplet splitting. Assum-the actual 3 occupancies; of the individual excited states
ing, however, a scenario where a localizeid §round state are given. Note, that; of the 5% component is identical to
is almost degenerate with théSfinal state, the PE spectrum that of the ground state. The fact, that in the real spectra no
would consist of a pure B final state just aE¢. Since for  5f° emission is observed in the region between 1 and 5 eV
actinides the’Fs;, component of this final state is predicted binding energies, restricts to small values. One should con-
to be weak, in fact no significant multiplet structure is ex-sider, however, that the signal of af% peak might be
pected. The situation becomes complicated by considerationashed out by lifetime broadening. In Ce metal the width of
of hybridization that will lead to finite admixtures of other the 4f° peak is about 10 times larger than that of thi¢ 4
5f" configurations to the & ground state and, consequently, emission, and similar situations are observed for the lower
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Res. PE ! present analysis; the spin-orbit splitting and thie,85fs,,
hv=1136V) 7/ eV 3.0y intensity ratio of the dominating & component have been
K Uy=3.0eV 13 . . . . .
: o 17 used as adjustable parameters. This may be justified since the
40106V 5f occupancy of this state differs from 1, and intensities may
13 change at resonance. To avoid additional fit parameters we
00 \n08ev \ have applied the calculated multiplet’” without changes,
12 although there the deviations from the atomic configuration
o id are even stronger. One should also note, that the energy of
o 870068V 4 the bare 5° state might be lower than assumed in Ed).
since U;s may depend on the f5occupation. In this case
00 A=0.04eV -8 larger 52 and even $° contributions become possible that
i would affect the line shape. However, as long as no quanti-
tative theoretical predictions for the respective parameters
0.0 A=0.02eV 1.9 . . . .
0 are available, it makes no sense to consider these effects in a
‘ numerical simulation.
00 A=0.00eV 20 With our present model calculations we have shown, that
4 3 2 1 Er 4 3 2 1 Er a description of the b spectra within a single-impurity
Binding Energy (eV) Binding Energy (eV)

Anderson approach is possible and leads to better results

FIG. 8. Calculated PE spectra simulated on the basis of a singldh@n the application of band-structure calculations. One may

impurity Anderson modelsee text The linewidth of the individual ~@rgue that the reality lies in between these two extreme po-
5f" final states are set to be equal and multiplet effects are ignore@itions and should be better described in a periodic Anderson

On the right panel, the energy positions and intensities of the indimodel. Unfortunately such a model is still not available for
vidual 5f" final states are additionally shown by black bars and thequantitative calculations of real PE spectra. Since no disper-
f occupancies); are given. The insert shows a fit of the experimen-Sive 5f features are observed in the present experiment we
tal data including multiplet effects and energy-dependent lifetimefeel no need to go beyond the SI model.
(see the text

VI. CONCLUSIONS
lying final states of mixed-valent compounds of heavy rare

earths. For a quantitative analysis of the present data, a Ieast—a Isr}nsg{trsjm?éy’a?esdti%%'jr %ﬁ(?gggzigﬁ;cgla&%n dCeonggi(t)il(J)rrlmd
squares fit was performed based on the sketched slt prep y P

Anderson model. The spectral width of thé States was .Of U metal onto 40007 surface of single.- crystalline graph-
assumed to scale linear with the distance to the Fermi lev W\%?\%?llgigs()(?’q:Jeecr:)tnaé?rrllizltl)r:]g;)]:rthheeoLl:)I;aIEIBeSaLtJt-(ecrer]Cv\;iit:/ ergl_s a
by Zog_mev per 1 ev bmdmg_ener_gy. For both thbl and spect to that of pristine graphite. The samples were studied
the 5f“ state, the corresponding final-state multiplets wereDy means of angle-resolved PE and angle-resolved resonant
adopted. Since for thef4 emission ofy-like Ce systems the

intensity of the?F s, emission is considerably larger than the PE at the 8 5f excitation threshold. The experimental
calculated value‘_gzthe corresponding intensity for thef data were compared with results of LDA-LCAO band-

S ' . . sttructure calculations performed for bandlike and different
emission has been taken as a fit parameter in the Preselcalized configurations of thef5states. It was shown that
study.U;; was assumed to be 3 eV, andindA were taken i

as free parameters. Doniach-Sun(i2S) line shapes super- the electronic structure of the U-GIC can be understood on
P : P P the basis of a charge transfer from the U atoms to unoccu-

imposed by an integral background were applied to Simulat%ied states of graphite. The valence bands are almost tightly
electron-hole-pair creations and other inelastic-scatterin hifted toward higher BE's in the intercalation compound. In

events. The simulated spectra were convoluted by a Gaussian, ,:.: :
of 170 meV to take into account the finite-energy resolution%ddltlon’ a rather narrow feature appears at the Fermi energy

. : in the PE spectra of U-GIC that is mainly assigneatU 5f
?itZE ?prelrzlrgrennetflll)se_:_lé%S(r)egwueit\J;ng thg;rsr}zll:rf(i)? (ﬁgng signal that does not reveal multiplet splitting or dispersion.
v B P . & Pos; . While the shape of thefemission is not in agreement with
=0.05eV ands=0.10eV is shown in the insert of Fig. 8.

Contributions of the §° state are washed out due to Weakthe dispersive behavior predicted by band-structure calcula-

. : . . ; .~ ““tion, a description within a simple single-impurity Anderson
intensity and large linewidtlicorresponding spectral region model is possible
is not shown in the insertAt E¢, the linewidthy of the DS '

fu.nc'uon equalsA, as it would be expected if interactions ACKNOWLEDGMENTS
with more than one valence-band state were considered. The
resulting asymmetry parameter<0.3 is too large as com- The authors thank F. von der Decken, Graphitwerk
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