
PHYSICAL REVIEW B VOLUME 48, NUMBER 19 15 NOVEMBER 1993-I

Many-electron effects in BaC6o. Collective response and molecular effects
in optical conductivity and photoionization
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The optical conductivity of BaC« is calculated using a model of an atom embedded inside a finite shell

of jellium. The investigations are carried out within the framework of time-dependent local-density
theory. The optical conductivity of C«shows a strong collective resonance {plasmon) at 17.6 eV, which

is nearly degenerate with the Ba 5p-d giant dipole resonance, leading to strong interference effects in

BaC«. Molecular multiple-scattering effects appear as prominent oscillations in the Ba 4d photoioniza-
tion spectrum of BaC60, without any reduction of the overall intensity of the collective 4d fgiant -dipole
resonance. The oscillations also show up in the various partial photoionization cross sections of the cen-
tral Ba atom and the C«shell.

Fullerenes represent a class of carbon molecules form-
ing structures consisting of curved sheets of carbon, the
first known molecular form of pure carbon being isolated.
The closed form of these molecules is built up by carbon
atoms forming 12 pentagonal rings and a varying number
of hexagonal rings. The C6p molecule with a structure of
a truncated icosahedron is a good example of this novel
form of carbon. These spherical balls exhibit a remark-
ably high stability and may be very useful in materials
science, particularly when they are mixed with small
quantities of other atoms. The dopant atoms can be lo-
cated either outside the cage producing fullerite salts, or
inside the cage, or as a part of the cage itself replacing
one or more carbon atoms. Examples of all three types of
doping have already been observed experimentally. '

In this paper we shall focus on collective effects in opti-
cal absorption of the metallofullerene Ba~C6p where the
Ba atom is confined inside the hollow carbon cage, and
on the interplay between excitations on Ba and the sur-
rounding carbon atoms. Dynamical screening plays an

important role in atomic inner-valence-shell collective ex-
citations known as giant dipole resonances, and the
valence 5p-d and the inner-valence 4d fresonances in Ba-
are good examples. Embedding an atom in a complex
molecular or solid structure will lead to changes in opti-
cal absorption, e.g., in the form of shape resonances, and
it is important to understand the physical origin of these
differences.

The Ba 4d fresonance is an-atomic inner-shell reso-
nance which may be perturbed by the molecular poten-
tial, primarily via the energy dependence of the photo-
electron transmission probability. However, it has lately
been claimed that atomic 4d fgiant dipole res-onances
can completely collapse in a cluster environment, as sug-
gested by an experimental study of antimony clusters by
Brechignac et al. and a time-dependent local-density-
approximation (TDLDA) calculation by Puska and
Nierninen. The result of our study contradicts such a
notion: the Ba 4d fresonance does no-t collapse in our
model of BaC6p, and the cluster environment only results

in pronounced oscillations of the absorption cross sec-
tion. In fact, we cannot imagine any situation where
chemical effects could make this atomically localized ex-
citation disappear.

The model used in this work is the TDLDA applied to
an atom embedded inside a spherical jelliurn shell with
the C6p carbon nuclei and the 1s electrons smeared out
to an effective spherical surface charge. The TDLDA
method has previously been applied to jellium-shell mod-
els of C60 (Ref. 8) and BaC6c. The studied phenomena
have been collective plasrnon excitations at low ener-
gies ' and dynamical screening in inner-shell photoab-
sorption. Both aspects will be discussed in this work.
Our results for isolated C6p represent a check on previous
results, and our results for the interplay of collective elec-
tron dynamics and multiple scattering in BaC6p are new.

Effects of dynamical screening can be introduced by
self-consistent linear-response theory in combination with
the local-density approximation (see, e.g. , Refs. 3 and 4).
The C 2s and 2p electrons are treated as delocalized
valence electrons in an effective background potential of
the nuclei and the 1s core forming a homogeneously
charged shell (surface charge). For BaC6c a central nu-
clear charge Z =56 is added. The self-consistent elec-
tronic structure is obtained by solving the density-
functional (DF) Kohn-Sham equation for the valence
electrons using the Gunn ars son-Lund qvist local
exchange-correlation potential. ' We have chosen
N =232 for C6c (instead of using all available 240 valence
electrons), which gives a closed shell structure. The self-
consistent solution, using the jellium-shell model for C6p,
produces a spherical potential well and a corresponding
electron distribution on the shell.

When discussing electronic properties and bonding of
C6p it is useful to relate the electronic states to o. and
states of a planar graphite surface. Orbitals that have no
radial nodes can be classified as cr states (n = 1) and the
orbitals having one node at the spherical surface as ~
states (n =2), where the n =2 orbitals are more extended
in the radial direction. The level ordering of the X =232
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FICx. 1. One-electron energy spectrum of the jellium-shell
model with N=232 electrons and the radius r =6.78ap. The
heights of the bars represent the 2(2l+1) degeneracy of the
electronic states.

jellium-shell model is

1s 1 ld' lf' lg' ll li 1j lk 2s 2p 1/ 2d' 2f'
The energy-level spectrum of the C6p jellium-shell model
is presented in Fig. 1. The orbitals with n =1 are occu-
pied up to I =9 and orbitals with n =2 are occupied up
to l =3. The highest occupied molecular orbital —lowest
unoccupied molecular orbital (HOMO-LUMO) gap of 1.8
eV for C6O is somewhat lower than molecular [linear com-
bination of atomic orbitals (LCAO)] local-density re-
sults, " and the jellium shell model also gives a wider en-
ergy spread of occupied levels. "

The number of discrete low-energy valence excitations
is very limited, due to the spherical symmetry, and only
the 2f 2g (2.14 -eV), 2p-3s (5.33 eV), ll-lm (5.88 eV),
2s-3p (7.31 eV), and 2p-3d (7.48 eV) transitions are al-
lowed for ~10 (eV). The next possible transitions are
li 2h -(22.25 eV) and 1h -2g (23.80 eV), leaving the
Ace=10—20 eV region without any discrete transitions.
The orbitals with m character are distributed in the ener-

gy region above —10 eV, which is similar to molecular
local-density results. " The levels are slightly shifted
when going from C6p to BaC6p and the Ba 6s electrons
are transferred to C6p.

The static polarizability of our C6p jellium-shell model
is a(0)=138 A . This value is considerably higher than
the tight-binding result 37 A of Bertsch et al. and the
quantum chemical result of 44—65 A, ' but is similar to
the random-phase approximation (RPA) jellium model
result of Bertsch et a/. These results should be corn-
pared with the classical result a(0)=R =46 A for a
conducting sphere and the recent experimental results for
C6O, a(0)=79.3—85.2 A . ' ' The TDLDA calculation
of Puska and Nieminen, with a square-well-like model
potential, quite different from ours, gave a(0)=92 A,
considerably lower than our result but close to experi-
ment.

Figure 2 (dashed line) shows the TDLDA photoabsorp-
tion cross section (proportional to optical conductivity)
for the C6p jellium-shell model for photon energies above
the first ionization threshold at 4.5 eV. The spectrum is
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FIG. 2. The calculated photoabsorption cross sections for a
jellium shell with N =232 (C6p) (dashed line) and for a Ba atom
(Z =56) embedded in a jellium she11 with N =232 (BaC6p) (solid
line) using the TDLDA method. At the bottom of the figure,
the thresholds for photoemission from the various occupied
shells of Ba and C6p have been marked with arrows.

dominated by a giant dipole resonance, a dipolar collec-
tive plasmon (o +n. ) resonance with a maximum at
A'co= 17.6 eV (o. oscillating in phase with n), and with the
largest contribution from the m. shell. The 5 —8-eV reso-
nances may be characterized as dressed single-particle
2p-3s, 11-1m, 2s-3p, and 2p-3d transitions interacting
with the collective (o —m) system. Additional resonances
occur at 22.5 and 23.3 eV and are probably best charac-
terized as dressed and shifted li-2h and 1h-2g single-
particle excitations interacting with the neighboring
(o+m ) plasmon resonance.

Since this paper is focused on BaC6p, we shall only very

briefly mention some of the theoretical ' ' ' and experi-
mental' ' results for C6p. We first note that our result
for the jellium shell in the 0—40-eV region looks very
similar to the jellium-shell RPA results of Bertsch
et al. , but quite different from the TDLDA jellium-shell
result of Puska and Nieminen (whose potential is
square-well-like). On the experimental side, Sohmen,
Fink, and Kritschmer' have derived the optical conduc-
tivity cr(co) from electron-energy-loss spectroscopy
(EELS) for a thin film, finding a very intense and broad,
structured, "Aat-top" peak which is centered around
17—18 eV. Disregarding extra-cluster local field correc-
tions, we just note that the jellium-shell result places the
giant dipole resonance at the center of the experimental
conductivity peak. However, the jellium-shell peak is
much more narrow than the experimental result because
the local inhomogeneities due to the atomic and molecu-
lar structure of C60 are absent. The photoion yield (PIE)
result of Hertel et al. ' for a beam of neutral C6p has the
same peak structure as o.(co) from EELS, ' but thei
overall shape and the center of gravity are not at all the
same. Unless branching into fragmentation channels is
very important, the PIE should be proportional to o (co).
We conclude that the photoabsorption cross section for
the giant dipole resonance measured on a free C60 mole-
cule still involves considerable uncertainties.
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The BaC6O cross section in the 0—40-eV region, shown
in Fig. 2 (solid line), involves a complicated mixture of
the nearly degenerate collective Ba Sp-d and C60 giant di-
pole resonances, leading to various modes of combined
oscillations and to prominent interference effects. The
structure becomes quite dramatic in this clean case of Ba
in the jellium shell. However, similar effects should be
observable also in the real BaC6o system. We suggest that
the peak at 15.3 eV represents a collective mode where
the Ba Sp shell and the C60 shell move in opposite ways,
180 out of phase. This collective resonance may be
mixed with the single-particle 5p-3d excitation (14.86
eV). The more intense structure around 17—19 eV should
represent in-phase motion of the Ba Sp shell and the C6O
shells (cf. Ref. 4). Moreover, since the resonance sits
above the Ba Sp ionization threshold, it will be broadened
in comparison with C6O and will also include Ba Sp emis-
sion. In addition, there are some single-particle-like tran-
sitions driven by and modified by the collective field, with
clear differences between C6o and BaC6o.

The photoabsorption cross section (optical conductivi-
ty) of BaC60 (Ba in the jellium shell) in the 90—160-eV re-
gion, above the Ba 4d threshold, is shown in Fig. 3(a).
The C60 shell can disturb the central Ba in basically two
ways: (i) through hybridization of Ba and C60 wave func-
tions and (ii) through multiple scattering by the shell po-
tential, altering the energy-dependent transmission prop-
erties of photoelectrons.

The effect of the Ba-C6O hybridization can be seen in
the relatively strong BaC6O 4d-6p resonance at 90 eV and
4d 4f resonance at-92 eV, resonances which practically
vanish in the Ba atom. ' Otherwise, the inAuence of the
C6o shell on the 4d polarization is very small despite the
Ba-C60 hybridization changing the wave functions of the
occupied and empty states in the valence region. Such
effects will show up more clearly in the partial, level-
specific, photoionization cross sections.

Concerning the Ba 41 fgiant dipole reso-nance, the
concept of hybridization becomes ill-defined and it is
better to talk about multiple scattering and energy-
dependent transmission through the C6O shell region. A
very clear message from Fig. 3(a) is that the effect of the
C60 shell is to induce an oscillation in the cross section
without changing the overall atomic shape and strength.
The effect of the induced potential may be represented as
an effective I =3 repulsive one-electron potential which
contributes to a potential barrier inside the usual Ba
f—electron angular momentum barrier. This core re-
gion cannot be inOuenced by any type of chemical envi-
ronment. Since the giant dipole resonance f-continuum
wave function resonates in this inner-well region (that is
why it is often labeled "4f"),the effective 4d "4f"dipole-
moment cannot be changed by chemical means. Howev-
er, since the "4f" wave function is not confined by a
barrier —it is just partially rejected at the border be-
tween the core region and the outer "valence" region,
like resonances in an open organ pipe —it will be more or
less heavily influenced by the energy-dependent transmis-
sion and reAection properties of the chemical surround-
ing. This multiple-scattering effect is the main source of
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FIG. 3. Photoabsorption cross sections of Ba and BaC6p
showing the 4d fgiant dipole resonance. T-he cross sections
were calculated using the TDLDA method for a Ba atom and
for Ba in a jellium shell (N =288). (a) shows the BaC6p cross
section compared to the cross section of the Ba atom plus the
1V'=232 jellium-shell model for C60 and the 4d fpartial cross-
section of BaC6p. (b) shows the 4d-p, the Ss-p, and the
Sp-s+ Sp-d partial cross sections and the contribution from C6p
states to the total cross section of BaC«.

the oscillations seen in the BaC6O cross section (which
cannot be described in terms of extended x-ray-
absorption fine structure and single scattering). '

Finally, corresponding results for the effects of reso-
nant photoemission on partial photoionization cross sec-
tions are shown in Figs. 3(a) and 3(b). The giant dipole
resonance is primarily associated with the 4d fpar-tial
cross section [Fig. 3(a)]; resonant contributions in other
channels IFig. 3(b)] may be seen as due to the electric
field of the oscillating induced 4d fcha-rge or may be re-
garded as effects of autoionization of the resonance into
other channels. A new feature is that the oscillations of
the giant dipole resonance also appear in, e.g., the Sp and
Ss partial cross sections in Fig. 3(b). Another new feature
is that we can see the pronounced effects of resonant pho-
toemission from the "ligand" C60 shell. A more detailed
discussion of partial cross sections and resonant photo-
emission will be given in future work.

In conclusion, within the TDLDA we have calculated
the dynamic response of Ba in the jellium shell, approxi-
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mating C60 by a jellium shell and describing collective ex-
citations as well as effects of multiple scattering. A
characteristic for the jellium shell is the very sharp and
well-defined giant dipole resonance (plasmon) around 17
eV (without any trace of splitting due to modes associated
with the inside and outside of the shell). In contrast, pho-
toionization experiments on real C60 suggest that the
plasmon is fairly broad and structured. This increased
damping and structure is a consequence of the short-
range inhomogeneities in the real C6o molecule.

Introducing a central Ba atom inside our model C60
shell leads to complicated collective behavior in the
5 —30-eV region involving mixtures of the Ba 5p-d giant
dipole resonance and the C60 dipolar plasmon mode.
These modes are practically degenerate, and the structure
becomes quite dramatic in this clean case of Ba in the jel-

lium shell. However, similar effects should be observable
also in the real BaC6o system.

In the 100-eV region the response is dominated by the
25-eV broad Ba 4d fgia-nt dipole resonance. The C6o
shell does not in any way change the overall intensity of
this resonance. However, the radial shell does modulate
the transmission probability of the photoelectron, leading
to pronounced oscillations of the photoabsorption cross
section depending on the precise form of the C60 poten-
tial. Finally we just note that the cross sections in Figs.
3(a) and 3(b) are very similar to experimental photoyield
and resonant photoemission data for YBaCuO.¹teadded in proof The a. uthors of Ref. 7 have kindly
informed us that they now agree with the results of the
present paper.
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