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We have performed high-resolution measurements of photoelectrons emitted from the valence shell of C60,
for both gas phase and solid state, in order to obtain branching ratios, partial cross sections, and the angular
distribution anisotropy parameters of the two highest occupied molecular orbitals. The analysis is based on the
Fourier transform of the cross-section oscillations and the results are corroborated by different theoretical
models. In contrast to this good overall agreement between theory and experiment there is a striking disagree-
ment with respect to predicted discrete resonance structures in the partial cross sections. Possible reasons for
this behavior are discussed.
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I. INTRODUCTION

After the discovery of C60 in 1985f1g and the success of
Krätschmer and co-workersf2g in synthesizing macroscopic
quantities of this new form of pure solid carbon, its basic
properties were soon studied by nearly all available tech-
niques. Due to its unique molecular structure like a spherical
shell, C60 has an interesting electronic structure which has
been extensively investigated by a large number of authors,
e.g., Refs.f3–7g. In the present study, the photon energy
dependence of the photoelectron spectra of C60 was recorded
in the range ofhn=20−70 eV, for both gas phase and solid
state, in order to investigate the photoionization cross-section
behavior of the two highest occupied molecular orbitals
HOMO and HOMO-1. These photolines exhibit characteris-
tic energy-dependent intensity oscillations that are analyzed
in terms of the geometrical properties of both the cage struc-
ture and the distribution of the delocalized electron cloud of
the highest occupied molecular orbitals. The overall agree-
ment between theory and experiment, concerning the general
shape of the cross-section behavior, is very good. The angu-
lar distribution asymmetry parameterb, measured during the
same experiment, shows no pronounced oscillations, rather
rising continuously at higher photon energies. This is a
fullerene-unspecific behavior, also known from other carbon-
containing molecules, such as COf8g.

II. EXPERIMENT

Our measurements were performed at the undulator
beamline BW3 of the Hamburg Synchrotron Radiation Labo-
ratory HASYLAB at DESYf9g. This undulator delivers in-
tense photon beams of<1012 photons per second, mono-
chromatized by a SX-700 monochromator. The experimental

setup is sketched in Fig. 1. The photon beam crosses an
effusive beam of C60 molecules, provided by an oven resis-
tively heated to<500 °C. The size of the interaction region
is determined by the intersection of the monochromatic pho-
ton beam sfocal size <1 mmd with the molecular beam
sbeam size<5 mm at about 5 mm above the outlet apertured.
For the solid-state measurements, the C60 vapor was col-
lected on a stainless-copper plate that could be moved into
the interaction region after termination of the gas-phase mea-
surement. Outgoing electrons are detected in time-of-flight
sTOFd electron spectrometers at two different angles with
respect to the electric vector of the ionizing radiation in order
to derive the partial cross sections and the angular distribu-
tion asymmetry parameters.

For randomly oriented molecules in the gas phase, the
differential cross section is characterized by the angular dis-
tribution asymmetry parameterb f10g:

ds

dV
=

sshnd
4p

f1 + bshndP2scosudg. s1d

Heres is the partial photoionization cross section,V is the
solid angle,u is the angle between the electric vector of the
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FIG. 1. Scheme of the experimental setup consisting of the ro-
tatable electron time-of-flight spectrometers and an evaporative mo-
lecular beam source.
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photon beam and the direction of the outgoing electron, and
P2scosud is the Legendre polynomial of second degree. At
the so-called “magic angle”u=54.7°, this polynomial be-
comes zero and the differential partial cross section becomes
proportional to the partial cross section. Measurement at an
additional angle determinesb. In our setup, the two detectors
were positioned at the “magic angle” and at 0°.

The transmission of the analyzers was determined using
neon calibration spectra covering the energy region of inter-
est and normalizing the Ne 2p and 2s lines with the known
cross sections and angular distributionsf11g. Additionally,
the C60 spectra are normalized to the beamline flux profile,
which was determined from the neon data and the photocur-
rent measured on a gold mesh placed in the beamline in front
of the main chamber.

III. RESULTS

Typical gas-phase spectra for different photon energies
are shown in Fig. 2. The experimental valence spectrum is
characterized by a small number of distinct photoionization
lines, which is consistent with the predicted high symmetry
of the moleculef12g and the large degeneracy of the corre-
sponding orbital levels. The first photoelectron line corre-
sponds to the ionization from a single orbital ofhu-p5 sym-
metry sHOMOd f5g. The second photoelectron line
sHOMO-1d corresponds to the ionization from two different
orbitals ofhg-p4 andgg-p4 symmetry, which are nearly de-
generate. Other photoelectron lines are broader and not well
resolved. The results show systematic variations in the line
intensities as a function of the photon energy. Each maxi-
mum of an odd statesHOMOd is matched by a minimum in
intensity of an even statesHOMO-1d. These oscillations are
well known and have been the subject of several investiga-
tions with simplified theoretical modelsf13–15g and the
same behavior is actually measured both in the gas phase
f16,17g and the solid statef18g. Benning et al. f18g first
observed these variations for condensed phase C60. They
showed relative intensity modulations of these features with
photon energy up to<100 eV and interpreted these effects in
terms of final-state symmetries and parity-selection rules.

These intensity modulations provide evidence for the exis-
tence of high-lying final states that are not plane-wave-like.
It is natural to expect that the variations in the intensities of
these two photolines should be strongly affected by the spe-
cial geometrical structure of C60, which is quite peculiar in
nature: the carbon atoms form a cagelike structure enclosing
a large cavity, and the high point group symmetryIh makes
all C atoms equivalent. It turned outf13g that the oscillations
originate from the interference of photoelectron waves ema-
nating from the 60 carbon atoms, i.e., the multicentered pho-
toemission with the phase difference of each wave. Further-
more, the analytical calculation with a simplified conducting-
shell modelf15g revealed that the spherical structure of the
C60 molecule and its large radius are connected with the
oscillations. In this paper we will compare our results for
free molecules with corresponding measurements of con-
densed phase C60. The photoelectron spectra of the
condensed-phase C60 show sharp, well-defined features
HOMO and HOMO-1. The comparison of these spectra with
a gas-phase spectrum reveals a close similarity, indicating
the weakness of the interactionswhich is of the van der
Waals typed between C60 molecules in the molecular solid
f19g. However, the relative intensities of the valence photo-
emission lines of solid and gaseous C60 are different, most
likely because of inelastic scattering effects and differences
in the corresponding transition matrix elements.

The branching ratio of the two outermost molecular orbit-
als HOMO and HOMO-1 for the condensed phase is dis-
played in Fig. 3 together with different theoretical curves. It
is independent of the photon flux and target density varia-
tions. The photon energy was changed from near threshold
up to the carbonK edge with 1-eV increments. These new
measurements of the partial cross-section data over a large
energy range made it possible to analyze the observed oscil-
lations in terms of the structural information of the fullerene.

The Fourier-transformed cross-section datasFig. 4d can be
used to determine the radius of the fullerenesRd and the
thickness of the delocalized electron cloudsDd. One has to
keep in mind that these geometrical properties of the C60
molecule are not directly displayed by the peak positions in
the plotted Fourier spectrum; they correspond rather to the
asymptotic frequenciesf!

−1 being proportional to the energy-
window-dependent spectral frequencyf−1. The photoelectron
cutoff energy of 280 eV used in this study corresponds to a
proportionality factor of 1.085, giving rise to a radiusR
=3.55 Å, in good agreement with the electron scattering re-
sults of Voset al. f20g and most theoretical calculations. It is
interesting to note that the agreement with the jellium calcu-
lation is improved compared to the former less densely mea-
sured data set, particularly concerning the low-frequency
beating peak.

Figure 5 shows partial cross sections of C60’s two outer-
most orbitals for the gas phase. The photon energy was in-
creased in small steps of 0.1 eV in the photon energy range
from 19 to 50 eV, and in larger steps of 1 eV from 50 to 70
eV. The experimental results are compared with two different
theoretical calculations. The first theoreticalab initio calcu-
lation f21g employed a convergent one-center expansion and
a local density approximationsLDA d Hamiltonian, which ex-
plicitly include the nonspherical nature of the potential. The

FIG. 2. The electron yield at the magic angles54.7°d, which is
proportioned to the partial cross section, as a function of the binding
energy for three different photon energies.
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second theory uses Hartree-FocksHFd molecular orbitals and
solves the coupled scattering equations for the ejected elec-
tron in the field of the molecular ion within a polyatomic
Schwinger variational methodf22g. The general behavior of
the partial cross section is very well described by the theory.
Also, the quantitative agreement is quite satisfactory consid-
ering the scatter of the experimental data points. At low en-
ergies the photoionization cross section is dominated by the
well-known plasmon peak resulting from collective electron
behavior. For higher energies the ionization cross section ex-
hibits oscillations with a frequency related to the diameter of
the cluster superposed on the exponential decay. The only
discrepancy between theory and experiment is the predicted
existence of the pronounced resonant structures in the partial
cross sections. Both theories show such structures in their
calculations, found, however, at different positions, while no
sharp structures are found in the experimental data. Because
of the present measurement it seems reasonable to assume
that the resonances in the partial cross sections are probably
quenched by the vibrations of the molecule. The complex
resonant wave functions of the resonantly excited states are

in delicate balance between stabilization and decay forced by
the different vibrational modes, such as the breathing mode
of C60 f12g. In most cases the excited states are probably

FIG. 3. Partial cross-section ratio HOMO/
HOMO-1 for gas and solid C60 for different pho-
ton energies. The lines show the results of differ-
ent theoretical models: theoretical curves with a
jellium model s-----d and with LDA calculations
s-·-·-d; semiempirical curves with a shell model
s¯d and with a shell+cage models—d. The ex-
perimental data of Ref.f17g are shown by open
rhombs, whereas the data of the present work are
given by open circles for the gas-phase data and
crosses for the solid-state measurements.

FIG. 4. Fourier transform of the cross-section ratio in Fig. 3 for
the experimental data for the solid statesfilled circlesd and the LDA
calculation using a spherical jellium potentialsdashed lined.

FIG. 5. Absolute cross sections for the two outermost orbitals of
C60 sad HOMO and sbd HOMO-1. The experimental points are
shown by open circles. The theoretical curves are from Ref.f21g
sdashed lined and Ref.f22g ssolid lined, respectively.

PARTIAL CROSS SECTIONS AND ANGULAR… PHYSICAL REVIEW A 71, 013203s2005d

013203-3



unstable and therefore do not appear in the partial cross sec-
tion.

We also determined the angular distribution asymmetry
parameter,b, of the HOMO and HOMO-1 for the same pho-
ton energiessFig. 6d. In atomic and molecular photoioniza-
tion, theb parameterf10g reflects the photoelectron’s angular
momentum compositionf24,25g. The angular momentum

may be influenced by scattering of the photoelectron on other
atoms in the molecule, giving rise to additional components
and shifts in their relative phases. This phenomenon is in
particular pronounced in shape resonances in molecular
photoionizationf26g. The theoretical curves for theb values
are very structured, especially in the low-energy region,
while the experimental results show much smoother and
wider structures. This is in accordance with the interpretation
of the cross section oscillations as a quantum state effect of a
three-dimensional box potential with no significant effect on
the phase of the outgoing photoelectron wave. For both
HOMO and HOMO-1, the anisotropy parametersb change
dramatically from zero to positive values over a very narrow
photon energy range. They are both increasing after a mini-
mum at about 25 eV, although this is shifted by a few eV
with respect to each other. This behavior reflects the effect
that the ejected electrons are emitted with increasing kinetic
energy away from the isotropic distribution more towards the
direction of the electric field of the light. The agreement
between theory and experiment is, concerning this general
trend, also satisfactory for theb values, however, to a lower
extent than for the partial cross sections. Even in the non-
resonant regime the different theories deviate in theb values
from each other up to about half of a unit.

IV. SUMMARY

In conclusion, we presented a study of the electronic
structure and electron correlation effects in gas-phase and
solid C60 molecules. The direct comparison of the spectra
taken in both phases reveals a close similarity, indicating that
solid-state interactions play only a minor role in this mate-
rial, and electron correlation effects are predominantly in-
tramolecular. For boths andb, the general trend, as well as
the broad oscillatory features, are adequately described by
theory, but the predicted pronounced resonance structures do
not appear.
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