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Behavior of uranium 5f states in a graphite intercalation compound
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We present an angle-resolved photoemission~PE! and angle-resolved resonant PE study of a single crystal-
line U-graphite intercalation compound~U-GIC!. Stage-2 U-GIC samples were preparedin situ, by deposition
of U metal onto clean graphite~0001! substrates and subsequent annealing. As follows from comparison with
the results of local-density approximation~LDA !-linear combination of atomic orbitals~LCAO! band-structure
calculations, the electronic structure of the grown GIC may be understood by the filling of unoccupied graphite
p0* 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 (EF) , upon intercalation. This Fermi-level peak is superimposed by a sharp U 5f signal,
that is located directly at EF and reveals no trace of multiplet splitting or dispersion. Results of band-structure
calculations indicate a weak hybridization of the U 5f states and their occupation of about 2. A description of
the observed 5f -related spectra in the framework of a single-impurity Anderson model is possible.

DOI: 10.1103/PhysRevB.64.035404 PACS number~s!: 79.60.2i, 68.65.2k, 73.21.2b, 71.28.1d
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I. INTRODUCTION

The physical and chemical properties of actinide syste
are mainly determined by the behavior of the actinidef
orbitals that ranges from ‘‘atomiclike’’ to ‘‘bandlike,’’ de-
pending on the surrounding atomic arrangement. Due
node in the radial wave function, the 5f states are spatially
more extended than the 4f states in lanthanides and ar
therefore, subject to strongerf - f andf-valence states hybrid
ization. As a consequence, the 5f states behave bandlike i
hcp U metal as it has been shown recently by probing th
energy dispersion by means of angle-resolved photoemis
~PE!.1,2 In the pure metal, the bandlike properties of the Uf
states stem from directf - f interaction rather than fromf -d
hybridization and a description in the framework of sing
particle band-structure calculations is possible.1 Among the
other elemental actinide metals, the 5f states are expected t
take part in chemical bonding only up to Np, while starti
with Am, they are predicted to be localized. Pu seems to
a borderline case.3 In actinide compounds the situation
more complicated. Due to the increased interatomic dista
to the nearest actinide neighbors, already in some U c
pounds the 5f states reveal correlation-related propert
such as magnetic phenomena, mixed valency, heavy
mion, and superconducting behavior.4 Therefore, investiga-
tions of U systems are of high interest for fundamental
search.

Among other U systems, U-graphite intercalation co
pounds~GIC’s! seem to be promising candidates to study
interplay between 5f hybridization and localization phenom
ena. GIC’s consist of stacks of graphite sheets~graphenes!,
which alternate with ordered two-dimensional~2D! intercal-
ant layers.5 Hereby, intercalated atoms are located betwe
0163-1829/2001/64~3!/035404~8!/$20.00 64 0354
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the centers of two C hexagons of neighboring carbon lay
Due to this arrangement, theA-B-A-B stacking sequence o
the graphite layers is changed into anA-A sequence around
the intercalant layer, and the GIC’s reveal a ()3))R30°
or 232 overstructure with respect to the~0001! plane of
pristine graphite. In these structures, the nearest-neigh
distances between intercalant atoms are considerably la
than in the corresponding elemental solids@Fig. 1~a!#. Hence,
contrary to U metal, the 5f states in U-GIC may be expecte
to be rather localized due to a negligible overlap betweenf
orbitals of neighboring U atoms@Fig. 1~b!#. Since the atomic

FIG. 1. ~a! Crystalline structure of U-GIC andhcpU metal~top
view!. ~b! Overlap of U 5f squared radial wave functions mult
plied by r 2 of U-GIC (UC12) andhcpU ~shadowed area! for neigh-
boring U atoms.
©2001 The American Physical Society04-1
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positions of the intercalant atoms are well defined, the
portunity to obtain well-ordered magnetic multilayer stru
tures in U-GIC’s arises, if the 5f states reveal atomiclike
behavior.

Although in the recent past, GIC’s of different meta
have been subject of numerous experimental and theore
studies due to their interesting two-dimensional structu
electronic, and transport properties,5 no attempts forin situ
intercalation of actinides~except our earlier studies!6,7 were
reported. It was shown that particularly alkali-GIC’s can e
ily be grown in situ under ultrahigh-vacuum~UHV! condi-
tions. Other metals, which are characterized by more c
plex valence-band structures, includingd and f states~e.g.,
transition metals, lanthanides, and actinides! make the inter-
calation process more difficult. Nevertheless it w
shown8–17 that deposition of lanthanides onto the~0001! sur-
face of graphite followed by thermal annealing at cert
temperatures leads to formation of surface compounds
electronic and crystalline structures similar to those of alk
derived GIC’s. Eu- and Yb-graphite systems are formed
direct diffusion of divalent rare-earth~RE! ions into the in-
terlayer spacings of graphite12,13 and may be considered a
conventional bulk GIC’s. On the other hand, graphite s
tems with trivalent RE’s~La, Gd, and Tb!, which were syn-
thesized via a stage of RE-carbide formation, can be
scribed as a thin layer of intercalationlike compound gro
on the top of the~111! surface of RE dicarbide.8,10,11,14–17

In the present paper we report on an angle-resolved
and resonant PE study of the electronic structure of grap
intercalatedin situ with uranium. The samples were prepar
under UHV conditions by deposition of U metal onto a cle
graphite~0001! surface and subsequent annealing. The
data are compared with results of band-structure calculati
It is found that the intercalation leads to a shift of a
graphite-derived PE structures toward higher binding en
gies ~BE’s! and to the appearance of an additional narr
feature at the Fermi energy (EF). This Fermi-level peak is
superimposed by a sharp U 5f signal that is located directly
at EF and reveals no trace of multiplet splitting or dispersio
Since the band-structure calculations give evidence for o
weakly hybridized character of the U 5f states and their
occupation of about 2, a description of the PE data in
framework of a single-impurity~SI! Anderson model is pro-
posed.

II. EXPERIMENTAL DETAILS

Single-crystalline flakes of natural graphite with typic
diameters of 7–9 mm were cleaved with an adhesive t
and subsequently carefully degassedin situ during several
hours at a temperature of 1700 K under UHV conditio
This procedure results in a clean surface, which reveals h
agonal low-energy electron diffraction~LEED! pattern char-
acteristic of graphite~0001!. Similar to the previous studie
of GIC’s,6–17 in situ intercalation of U into the graphite ma
trix was achieved by thermal deposition of relatively thi
layers of the intercalant~100 Å! onto the clean graphite sur
face followed by a step-by-step annealing. The deposition
U was performed at rates of 3–5 Å/min by means of elect
bombardment of an U-metal filled tungsten crucible with
03540
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pin hole, which was heated up to temperatures of about 2
K. The thickness of the deposited U films was monitored
quartz microbalances. The vacuum during evaporation
in the 10210-mbar range. Deposition at room temperatu
resulted in nonordered interfaces terminated by pure U-m
layers. Several stages of a step-by-step annealing~from 600
K to 1100 K! of the obtained U-graphite system led to
recovering of a periodic crystalline structure with a sha
GIC-like ()3))R30° reconstruction of the LEED patter
relative to that of pristine graphite~Fig. 2!. No hint of a
formation of carbidelike chemical compounds accompan
by a destruction of the graphite matrix as in the case
La~Gd, Tb! graphite interfaces,8–11,14–17could be observed
during the annealing process. This indicates that, in cont
to the above trivalent RE’s, U can be directly incorporat
into graphite crystals.

The observed ()3))R30° reconstruction of the LEED
image that is in accordance with crystalline structure of b
RE-GIC’s synthesized by a classic vapor-pha
intercalation18,19 points to a UC6 surface stoichiometry for
the samples grown in the present study. Note, however,
an estimation of the bulk composition, i.e., the stage of
tercalation defined by the number of carbon planes lay
between neighboring U layers, is not possible from t
LEED experiment. The obtained sharp reconstructed LE
pattern did not change throughout several hours of data
quisition pointing to a chemically inert surface. This fact
related to the layered structure of the GIC, where U ato
are incorporated into the graphite matrix and the surfac
formed by a carbon layer.

The measurements were performed at the Berliner E
tronenspeicherring fu¨r Synchrotronstrahlung~BESSY I! us-
ing radiation from the plane-grating-monochromator bea
line SX/700 II. Angle-resolved valence-band photoemiss
spectra and resonant photoemission spectra at the Ud
→5 f excitation threshold were taken with a hemispheri
electron energy analyzer~ARIES, Vacuum Science Work
shop, Ltd.! tuned to an energy resolution of 150 meV~full
width at half maximum! and an angle resolution of 1°. Th
experiments were carried out at room temperature. In or
to monitor graphite-derived bands of bothp ands symme-
tries, the photon incidence angle was selected to be 35° r
tive to the sample surfaces. The basic pressure during
measurements was always better than 1310210mbar.

III. DETAILS OF THEORETICAL CALCULATIONS

Band-structure calculations for different sequences o
and graphene layers were carried out in the framework of

FIG. 2. LEED pattern of graphite and U-graphite compound.
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BEHAVIOR OF URANIUM 5f STATES IN A GRAPHITE . . . PHYSICAL REVIEW B 64 035404
local-density approximation ~LDA ! using the Hedin-
Lundqvist exchange-correlation potential.20 A number of dif-
ferent stackings was considered since the correct layer
quence could not be directly extracted from the availa
experimental data. The U-GIC was treated as an ideal c
talline structure: no account was taken of surface and
structure effects. We employed the method of an optimi
linear combination of atomic orbitals~LCAO!21 in its fully
relativistic version.22 The set of atomic orbitals included th
U 7s, 6p, 6d, and 5f states as well as the C 2s and 2p
states. Since a transition from bandlike to localized beha
of the 5f states may be expected in U-GIC, we assumed a
localized 5f configurations in our calculations. The localize
behavior was simulated by treating the 5f ’s as core states.

IV. EXPERIMENTAL RESULTS

Two sets of angle-resolved energy distribution curv
~EDC’s!, measured for pristine graphite and a U-graph
system after annealing to 1100 K, are shown in Figs. 3~a!
and 3~b!, respectively. The spectra were taken at 50 eV p
ton energy at various polar angles~Q! along theḠ-K̄ direc-
tion in the first surface Brillouin zone~BZ! and theK̄-M̄
direction in the second surface BZ of graphite. For the gro
U-graphite compound, this corresponds to a scan along
Ḡ8-M̄ 8-Ḡ8-M̄ 8 direction in the reconstructed surface BZ
as follows from the observed ()3))R30° overstructure of
the LEED pattern. The spectra are normalized to the flux

FIG. 3. EDC’s of ~a! graphite and~b! U-graphite compound

measured at variousU values along theḠ-K̄-M̄ direction in the

surface BZ of graphite and theḠ8-M̄ 8-Ḡ8-M̄ 8 direction in the BZ
of U-graphite compound.
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the incident photons. The experimental band dispersions
guided in the figure by solid lines through the peak maxim

In accordance with the results of earlier studies,12,23–25

EDC’s measured for graphite are characterized by four m
photoemission bands. Thep1v-symmetry band originating
from the C 2pz orbitals disperses toward the Fermi level
the first Brillouin zone (0°,Q,32°). It reaches EF close to

the K̄ point that is the only region in the BZ of graphite wit
finite density-of-states at the Fermi level. At larger po
angles this band shifts back toward higher BE’s. AtQ
,32°, thep1v-symmetry band reveals a high PE intensi
The PE weight of this band considerably decreases in
second BZ. The latter can be explained by Brillouin zo
selection rules based on the interference of outgoing ph
electron waves from the two carbon atoms in the unit cell
graphene on their way to the detector.26 The other three low
intensity bands reveals symmetry. Two of them are degen
erated at theḠ point. These bands, which have 2px,y angular
momentum character, disperse in the direction of hig
BE’s on the way from the center of the Brillouin zone to i
border. They cross thep1v band in the region ofQ>8°. For
polar anglesQ.12° these bands are energetically split in
two components marked bys2v ands3v in the figure. In the
region of the border of the BZ, the 2px,y-derived bands over-
lap the 2s-originating band~s1v symmetry! giving rise to
sp2 hybridization characteristic for the hexagonally arrang
graphite layers. According to the selection rules mention
above26 the PE intensities of all threes symmetry bands
grow in the second BZ.

The EDC’s shown in Fig. 3~b! for each particularQ, are
similar to the corresponding PE spectra of pure graphite
BE’s larger than about 2 eV. All graphite derived band
presented in Fig. 3~a! are reproduced in Fig. 3~b!. In the
latter figure, however, these bands are shifted by up to
eV toward higher BE’s depending on their symmetry and
point monitored in the BZ of the synthesized compound. T
triplet structure observed in the region of thesp2 hybrid
bonds in pristine graphite~marked by vertical bars in the
figure! is preserved in the U-graphite system. Characteri
variations of intensities of thep- ands-originating features
across the border of the Brillouin zone26 indicate also, that
the structure of graphenes is retained in the synthesized c
pound. Note that the above intensity variations are less p
nounced than those in the case of pristine graphite. The
signal related to the U 6p states is seen at about 17 eV B
The important difference between EDC’s shown in Figs. 3~a!
and 3~b! is, however, a new intense peak that is located
rectly at EF in the U-graphite system. A similar feature wa
observed for all alkali and RE-GIG’s8–10,12,16,17,27,28studied
up to now. In contrast to the mentioned intercalation co
pounds, in the U-graphite system, this Fermi-level struct
is present for all polar angles of analyzing~not only in the
region of theK̄ point!; its intensity is not strongly modulate
with the change ofQ.

An important difference between pristine graphite and
synthesized U-graphite compound relates to the pronoun
2D character of the electronic structure of the compou
while some bands of graphite reveal rather strong disper
4-3
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in the direction perpendicular to the surface.29 Two series of
PE spectra of the grown U compound measured along
G-A andK-H high-symmetry directions in the BZ of graph
ite are shown in Figs. 4~a! and 4~b!, respectively. As it is
clearly seen, neithers- nor p-symmetry graphite-derived
features, as well as the peak atEF , show BE variations when
the energy of photon excitation is changed.

In RE-GIC’s the structure at the Fermi energy was
signed mainly to thep0* -derived unoccupied bands o
graphite,8,9,12,16which become filled in the intercalation com
pounds due to valence electrons supplied by the RE ato
Thep0* bands sink belowEF close to the border of the BZ o
graphite, while in the inner part of the BZ they are st
located above the Fermi energy. The remarkably differ
behavior of the Fermi-energy peak in Fig. 3~b! suggests an
alternative nature of this PE signal. It could be assigned
U 5 f electronic states, which are located in the region ofEF
and characterized by a high cross section of photoexcita
for the photon energy used. This supposition is in accorda
with a characteristic suppression of the 5f -derived signal for
U systems at hn594 eV followed by its strong enhanceme
at hn598 eV ~Refs. 30–32! that is observed also for th
Fermi-energy feature in Fig. 4.

To identify 5f -derived photoemission features within th
valence bands of the U-graphite system, resonant photoe
sion at the U 5d→5 f excitation threshold was applied. In th
present case the resonant PE is based on a Fano
interference33 between direct photoionization of a 5f state

FIG. 4. PE spectra of the synthesized U-graphite compo
measured with different hn along~a! theG-A and~b! theK-H high
symmetry directions in the BZ of graphite.
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(5 f n→5 f n211e2) and photoexcitation of an U 5d electron
into an unoccupied 5f state (5d105 f n→5d95 f n11) followed
by a participator decay (5d95 f n11→5d105 f n211e2). By
means of the resulting strong cross-section variation, the
response of the U 5f states can be separated from nonf-
derived emission from carbon and uranium. In our rec
study of La metal34 we showed that resonant PE in its ang
resolved mode allows us to determine the angular mom
tum character of valence-band electronic states across
BZ. We apply this method in the present experiment to a
lyze possible contributions of 5f states to Bloch states of th
U-graphite compound along theḠ-M̄ 8 high-symmetry direc-
tion. Corresponding PE spectra are shown in Fig. 5~a!. In all
spectra the observed strong signal at EF is due to 5f emis-
sions as concluded from a comparison of on- (hn5113 eV)
and off-resonance (hn5103 eV) data shown for theḠ point
in the inset in Fig. 5. The 5f Fermi-energy peak reveals n
fine structure or multiplet splitting. For all emission angl
the maximum of the PE intensity is located at EF within the
instrumental resolution. No evidence for a 5f band disper-
sion can be found in the presented EDC’s in contrast to
situation encountered in U metal.1 This observation implies a
description of the 5f ’s in the obtained compound beyon
single-electron-band models.

V. DISCUSSION

The presented experimental results show that
U-graphite system with characteristics of an intercalat
compound was grown in the present study. This conclus

d

FIG. 5. ~a! Resonant PE spectra taken along theḠ8-M̄ 8 direc-
tion. The inset shows a comparison of on- (hn5113 eV) and off-
resonance (hn5103 eV) data for theG point. ~b! Spectra simulated
on the basis of the band-structure calculations.
4-4
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is based on the LEED pattern and the discussed similar
of the graphite-derived photoemission bands shown in F
3~a! and 3~b!. As seen from the experiment, thesp2 hybrid
bonds, which build hexagonal cells of graphenes, are pre
in the synthesized compound. Also the Brillouin-zone sel
tion rules derived in Ref. 26 from the particular structure
the elementary unit cell of graphene, are reproduced in
U-graphite system. Similar to other GIC’s,8,9,12,35,36no pro-
nounced folded PE bands, according to the observed)
3))R30° overstructure of the LEED pattern, were o
served. The nondispersive behavior of all valence-b
structures observed along theG-A andK-H direction~Fig. 4!
indicates an almost two-dimensional character of the crys
line arrangement and electronic structure of the samples

As was observed for all other GIC’s intercalated with d
nor species~e.g., alkalies or RE’s!, the p- ands-symmetry
bands in U-GIC are almost rigidly shifted toward high
BE’s as compared to their positions in pristine graphite. A
general trend the observed energy shift in the U-GIC is, ho
ever, smaller than in the case of the RE-GIC’s. Close toG
point it amounts to only 1.1 eV for thep1v-derived band,
while it reaches about 1.6 eV for this band in the case
RE-GIC’s.8,9,12 This fact can be understood by the high
electronegativity of U as compared to that of alkalies a
RE’s ~Ref. 37! that results in a weaker charge transfer fro
the intercalant to the carbon states.

In situ intercalation of U into single-crystalline graphit
was achieved by a method cross proved in our previous s
ies of RE-GIC’s.6–17 In spite of the very high chemical reac
tivity of U ~Refs. 3, 38! carbide formation is not observed a
a precursor of intercalation as it is the case with all trival
RE’s ~Refs. 8–10!. Note, however, that the covalent radiu
of U ~1.42 Å! is about 20% smaller than that of, e.g., L
~1.69 Å!.39,40 Since intercalant atoms are located betwe
centers of tightly bound carbon hexagons of neighbor
graphenes, the distances between the outermost covale
bitals of guest~i.e., U 6d or La 5d! and host atoms (C 2p)
are much larger in the U-graphite system. The latter redu
covalent interaction leaving, nevertheless, the possibility
ionic bonding related to the different values of electrone
tivity; 1.4 for U and 2.5 for C, respectively.37

The observed for U-GIC ()3))R30° reconstruction of
the crystalline structure of pristine graphite is similar to th
obtained uponin situ intercalation of RE’s. This type of lat
tice reconstruction was also found for bulk RE-GIC’s sy
thesized by the classic vapor-phase intercalation.18,19 In con-
trast to bulk intercalation, thein situ intercalation method
applied here is restricted to incorporation of guest ato
within the first few graphite layers close to the surface. A
though the ()3))R30° LEED image points to a local UC6
stoichiometry, it is not easy to estimate the real bulk com
sition, i.e., the stage of intercalation. On the other hand,
ferent stages of intercalation are related to a different num
of donor electrons supplied by U per C atom. We have p
formed band-structure calculations for U-GIC’s of differe
stages. The results of our analysis show, that for a hypoth
cal stage-1 compound (UC6) no agreement with the mea
sured EDC’s can be obtained. However the calculated e
tronic structure of a stage-2 intercalation compound (UC12)
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is in good agreement with the experimental data. This f
indicates that a compound with@-U-C-C-# stacking sequence
@as in the case of RE-GIC’s~Ref. 12!# was likely synthesized
in the present study.

In contrast to hcp U metal, where the 5f states reveal
clear bandlike properties that arise from a direct overlap
the 5f orbitals of neighboring U atoms1 ~the hcpU-U near-
est neighbor interatomic distance is 3.2 Å!, in U-GIC no
dispersion of the 5f ’s was observed@Fig. 5~a!#. According to
Fig. 1~b!, there is essentially no overlap between 5f orbitals
in the intercalation compound, since the U-U interatomic d
tance amounts here to 4.26 Å. Alternatively, bandlike pro
erties of the 5f states might be caused by their hybridizati
with C 2p states. We have investigated this possibility
performing LDA-LCAO band-structure calculations fo
UC12 including 5f states into the set of atomic valence o
bitals. The calculations yield an overlap between 5f andp0*
symmetry graphite-derived orbitals, which is only slight
stronger than that between 4f and p0* states in Eu-GIC,
where the 4f states are found to be strongly localized.12 The
calculated bands along high-symmetry directions in the
of UC12 are shown in Fig. 6. Weak dispersion along t
G8-A8 direction is in agreement with the experimental r
sults obtained in the normal emission PE experiment@Fig.
4~a!#. Branches, which contain more than 20% off angular
momentum character are shown by thick-solid lines in
figure. The obtainedf-symmetry bands are rather narrow i
dicating a possible tendency to localized behavior. From
band-structure calculations a 5f occupation close to 2 is
found pointing to a valency of U in this compound close to
Assuming that on-resonance PE spectra reflect only thef
character of the wave function, model spectra may be ge
ated extracting the corresponding information from the ba
structure calculation. Figure 5~b! shows the results of suc
simulations, where peak positions correspond to the loca
of individual band and peak intensities reflect the squaredf
admixture to the wave functions. Taking into account fin
lifetime and energy-resolution effects, a constant linewid
similar to that observed in the experiment was assumed
clear dispersion of individual bands is visible in the sim

FIG. 6. Electronic bands, calculated for a bandlike U 5f con-
figuration along the high-symmetry directions in the BZ of UC12.
Branches, which contain more than 20% off angular momentum
character, are shown by thick-solid lines.
4-5
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lated spectra, that, however, is not observed in the exp
mental spectra@Fig. 5~a!#. This fact can be taken as an add
tional indication for a localized character of the 5f electrons
and, consequently, further calculations were performed w
localized 5f configurations. It should be noted, however, th
only dipole selection rules were considered in the simula
spectra, Fig. 5~b!. Thus, quenching of the high binding
energy contributions due to crystal symmetry reasons ca
be ruled out.

In order to study the effect of U valency on the electron
structure of U-GIC, band-structure calculations for two
calized configurations, 5f 2 ~tetravalent! and 5f 3 ~trivalent!
were carried out. A good matching of the experimental d
to theoretical bands was only achieved for the 5f 2 configu-
ration, while for a 5f 3 configuration, strong deviations from
experimentally observed band positions were obtained. A
from the 5f states, only slight difference between ban
calculated for the localized 5f 2 configuration and bandlike
5 f states, is found. Figure 7 shows the band structure of
stage-2 U-GIC~localized U 5f 2 configuration!, calculated
within the G8-A8-L8-M 8 plane and projected onto th

Ḡ8-M̄ 8 direction in comparison to the measured band disp
sions. Only pronounced experimental features are consid
in this figure.

A localized character of the 5f states seems to be no
consistent with the appearance of the 5f PE signal directly at
the Fermi energy and the lack of multiplet splitting. Assu
ing, however, a scenario where a localized 5f 2 ground state
is almost degenerate with the 5f 1 final state, the PE spectrum
would consist of a pure 5f 1 final state just atEF . Since for
actinides the2F5/2 component of this final state is predicte
to be weak, in fact no significant multiplet structure is e
pected. The situation becomes complicated by considera
of hybridization that will lead to finite admixtures of othe
5 f n configurations to the 5f 2 ground state and, consequent

FIG. 7. Band structure of the stage-2 U-GIC~localized U 5f 2

configuration!, calculated within theG8-A8-L8-M 8 plane and pro-

jected onto theḠ8-M̄ 8 direction, in comparison to the measure
band dispersions.
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to the appearance of different 5f n21 final-state multiplets in
the PE spectra. Quantitatively this situation may be descri
by an extension of the simple single-impurity Anders
model presented by Imer and Wuilloud.41 Here, the valence
band is approximated by a single level atEF . e f denotes the
energy of a bare 5f 1 state, the hybridization parameterD
describes the hopping between 5f and valence-band state
andU f f represents the on-site Coulomb repulsion energy
two 5f electrons. This model that has been applied succ
fully to the 4f states of Ce systems may also be applied toU
5 f electrons if in addition tof 0, f 1, and f 2 configurations
present in Ce systems, the existence of af 3 configuration is
also considered. The configuration mixing of the grou
state is then derived from the diagonalization of the mo
Hamiltonian

H5F 0 D 0 0

D e f &D 0

0 &D 2e f1U f f )D

0 0 )D 3e f13U f f

G ~1!

and the 5f PE spectrum is obtained by a projection of t
ground state onto the individual excited states by mean
the transition operator. ForD50, the assumption of a 5f 2

ground state demands 2e f1U f f,e f @corresponding to
E(5 f 2),E(5 f 1)# and 2e f1U f f,3e f13U f f @corresponding
to E(5 f 2),E(5 f 3)#. These conditions can be fulfilled with
e f52U f f2d, where d denotes the observed 5f 1 binding
energy in the PE spectrum. In the present case,d must be
assumed to be smaller than 0.2 eV in order to yield a c
sistent description of the spectra. The magnitude ofU f f is
more difficult to estimate. In 4f systems,U f f amounts to;8
eV, the correspondingd-d interaction energy in Ni amount
to 6 eV. For uranium,U f f values around 2–3 eV ar
discussed.42–44 In the present case, the actual value ofU f f is
of secondary importance since it defines only the bind
energies of 5f 0 and 5f 3 final states. An important point is
however, thatU f f is much larger thand. In this case, finite
values ofD lead essentially to 5f 1 admixtures to the ground
state. Calculated model spectra, where the individual fi
states are described by simple Lorentians, are shown in
8. For finite values ofD, 5f 0 and 5f 2 final states appear in
addition to the prominent 5f 1 final state at;2U f f and 0 eV
binding energy, respectively. On the left panel of Fig. 8, t
effect is illustrated for constantD, U f f , and different values
of d. As it is evident from the figure,d must be positive and
larger thanD to avoid strong 5f 0 emissions in the spectra
The right-hand side of Fig. 8 shows the interplay ofd andD
in more details. Here, also the 5f 2 component is shown and
the actual 5f occupanciesnf of the individual excited states
are given. Note, thatnf of the 5f 2 component is identical to
that of the ground state. The fact, that in the real spectra
5 f 0 emission is observed in the region between 1 and 5
binding energies, restrictsD to small values. One should con
sider, however, that the signal of a 5f 0 peak might be
washed out by lifetime broadening. In Ce metal the width
the 4f 0 peak is about 10 times larger than that of the 4f 1

emission, and similar situations are observed for the low
4-6
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lying final states of mixed-valent compounds of heavy r
earths. For a quantitative analysis of the present data, a l
squares fit was performed based on the sketched
Anderson model. The spectral width of the 5f states was
assumed to scale linear with the distance to the Fermi le
by 200-meV per 1 eV binding energy. For both the 5f 1 and
the 5f 2 state, the corresponding final-state multiplets w
adopted. Since for the 4f 1 emission ofg-like Ce systems the
intensity of the2F5/2 emission is considerably larger than th
calculated values,45 the corresponding intensity for the 5f 1

emission has been taken as a fit parameter in the pre
study.U f f was assumed to be 3 eV, andd andD were taken
as free parameters. Doniach-Sunjic~DS! line shapes super
imposed by an integral background were applied to simu
electron-hole-pair creations and other inelastic-scatte
events. The simulated spectra were convoluted by a Gaus
of 170 meV to take into account the finite-energy resolut
of the experimental setup~150 meV! and thermal broadening
(;4kBT5120 meV). The result of a possible fit withD
50.05 eV andd50.10 eV is shown in the insert of Fig. 8
Contributions of the 5f 0 state are washed out due to we
intensity and large linewidth~corresponding spectral regio
is not shown in the insert!. At EF , the linewidthg of the DS
function equalsD, as it would be expected if interaction
with more than one valence-band state were considered.
resulting asymmetry parametera'0.3 is too large as com
pared to a valuea50.1 expected ford wave screening.46

The discrepancy might be explained by a nonapplicability
the simple DS approach to the present system or to a
tional broadening mechanisms such as crystal-field eff
that were not considered in our calculation. We have to
mit, however, that there are also other weaknesses in

FIG. 8. Calculated PE spectra simulated on the basis of a sin
impurity Anderson model~see text!. The linewidth of the individual
5 f n final states are set to be equal and multiplet effects are igno
On the right panel, the energy positions and intensities of the i
vidual 5f n final states are additionally shown by black bars and
f occupanciesnf are given. The insert shows a fit of the experime
tal data including multiplet effects and energy-dependent lifeti
~see the text!.
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present analysis; the spin-orbit splitting and the 5f 7/2/5f 5/2
intensity ratio of the dominating 5f 1 component have bee
used as adjustable parameters. This may be justified sinc
5 f occupancy of this state differs from 1, and intensities m
change at resonance. To avoid additional fit parameters
have applied the calculated 5f 2 multiplet47 without changes,
although there the deviations from the atomic configurat
are even stronger. One should also note, that the energ
the bare 5f 3 state might be lower than assumed in Eq.~1!
since U f f may depend on the 5f occupation. In this case
larger 5f 2 and even 5f 3 contributions become possible th
would affect the line shape. However, as long as no qua
tative theoretical predictions for the respective parame
are available, it makes no sense to consider these effects
numerical simulation.

With our present model calculations we have shown, t
a description of the 5f spectra within a single-impurity
Anderson approach is possible and leads to better res
than the application of band-structure calculations. One m
argue that the reality lies in between these two extreme
sitions and should be better described in a periodic Ander
model. Unfortunately such a model is still not available f
quantitative calculations of real PE spectra. Since no disp
sive 5f features are observed in the present experiment
feel no need to go beyond the SI model.

VI. CONCLUSIONS

In summary, a stage-2 U-graphite intercalation compou
wasin situ prepared under UHV conditions by the depositi
of U metal onto a~0001! surface of single-crystalline graph
ite and subsequent annealing. The obtained U-GIC revea
()3))R30° reconstruction of the LEED pattern with re
spect to that of pristine graphite. The samples were stud
by means of angle-resolved PE and angle-resolved reso
PE at the 5d→5 f excitation threshold. The experiment
data were compared with results of LDA-LCAO ban
structure calculations performed for bandlike and differe
localized configurations of the 5f states. It was shown tha
the electronic structure of the U-GIC can be understood
the basis of a charge transfer from the U atoms to unoc
pied states of graphite. The valence bands are almost tig
shifted toward higher BE’s in the intercalation compound.
addition, a rather narrow feature appears at the Fermi en
in the PE spectra of U-GIC that is mainly assigned to a U 5f
signal that does not reveal multiplet splitting or dispersio
While the shape of the 5f emission is not in agreement wit
the dispersive behavior predicted by band-structure calc
tion, a description within a simple single-impurity Anderso
model is possible.
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