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Imaging Delocalized Electron Clouds: Photoionization of C60 in Fourier Reciprocal Space
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The dynamics of the photoionization of the two outermost orbitals of C60 has been studied in the
oscillatory regime from threshold to the carbon K edge. We show that geometrical properties of the
fullerene electronic hull, such as its diameter and thickness, are contained in the partial photoionization
cross sections by examining ratios of partial cross sections as a function of the photon wave number in
the Fourier conjugated space. Evaluated in this unconventional manner photoemission data reveal
directly the desired spatial information.
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lence electron inside the fullerene, modeled as a sphere of
radius R, feels a constant potential. At the fullerene edge

respectively. A crucial point for the measurements is the
calibration of the photon flux over the whole energy range
Fullerenes, in particular C60 [1], are a very specific
form of matter which causes surprising behavior even in
such matured fields as scanning tunneling microscopy [2]
and photoelectron emission [3], both well established
tools for the structural analysis of matter. Because of its
spherical symmetry a sample of C60 molecules provides
all structural information independently from any par-
ticular orientation, either in crystalline form or in the gas
phase [4]. This made it promising to look for such in-
formation in the dynamics of the photoionization cross
sections of C60 and other fullerenes, particularly because
theoretical considerations based on the acceleration form
of the dipole operator showed that spatial regions with a
large gradient in the potential of an illuminated target
contribute dominantly to photoionization. The path dif-
ferences of electron continuum waves emanating from
these regions of steep potential gradient should lead to
characteristic oscillatory patterns in the cross sections
from which spatial properties of the target should be
reconstructed.

Evidence for an oscillating behavior of the partial cross
sections in fullerenes was first obtained from photoemis-
sion experiments on solid C60 by Benning et al. [5].
These early measurements showed a photon energy de-
pendent oscillation in the intensity of the photolines of
the two highest occupied molecular orbitals [(HOMO)
and HOMO� 1] in the photon energy range between 24
and 100 eV whose origin was unknown. It has been
attributed to a particular band structure in the continuum
influenced by the special symmetries of the C60 bound
states [5]. Only after the first gas phase measurements
revealed similar oscillations [6] it became clear that this
effect was not related to the electronic properties of
condensed matter. However, also quantum chemical ap-
proaches based on individual electronic orbitals treating
C60 as a big molecule failed to explain the origin of the
oscillations. Xu, Tan, and Becker [7] explained the oscil-
lations with an empirical refraction model where a va-
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the potential drops suddenly to zero. This causes refrac-
tion which leads to an oscillating photoionization cross
section. The refraction model assumed that the oscillation
is of geometrical origin and a property of the entire
valence electron density rather than due to individual
quantum orbitals. Experimental data on other fullerenes
[8] confirmed the original C60 experiments concerning
the single frequency character of the oscillations. How-
ever, theoretical work [9] providing a general framework
for geometry-based oscillations in photoionization cross
sections for systems with delocalized electrons described
by a jellium potential [10] predicted four oscillation
frequencies when applied to C60, connected to the diame-
ter 2R of C60, to the thickness 	 of the electron hull, and
to sidebands related to 2R�	 [11]. Previous experiments
did not reach far enough in photon energy to clarify if
these frequencies do exist.

Here, we report on new experimental data taken in
smaller steps and at higher photon energies, as well as
on new calculations designed to interpret as many fea-
tures of the fullerene photoabsorption cross section as
possible in structural terms. The measurements for the
partial cross sections were performed at the undulator
beam line BW3 of the Hamburg Synchrotron Radiation
Laboratory HASYLAB at DESY [12]. This undulator
delivers intense photon beams of � 1012 photons per
sec, monochromatized by a SX 700 monochromator.
The photon beam is crossed with an effusive beam of
C60 molecules produced by a resistively heated crucible
inside a vacuum chamber containing two time-of-flight
(TOF) electron spectrometers for the energy and angular
resolved detection of the C60 photoelectrons [6,8]. In
order to keep the resolution of the electron spectra vir-
tually the same for the whole energy range between 20
and 290 eV appropriate retardation voltages had to be
applied before the electrons entered the drift tubes of
the TOF spectrometers. The inset of Fig. 1 shows two of
such spectra taken at a photon energy of 22 eV and 37 eV,
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FIG. 2 (color online). Ratio of partial photoionization cross
sections for the HOMO and HOMO� 1 (present data: filled
black circles, former measurements [6]: open circles). The
shaded area represents the various solid state measurements
[5,16,17], whereas the different curves are the result of the
discussed calculations (Decleva et al.: solid line; spherical-
jellium model: dashed line; semiempirical: dash-dotted line;
coherent part of the semiempirical fit: dotted line).

FIG. 1 (color online). Partial photoionization cross sections
of the HOMO (filled circles) and HOMO� 1 (open circles)
orbitals of C60, between 18 and 130 eV photon energy. The
dashed and solid curves represent the LDA calculations of
Decleva et al. [13] using a full molecular potential. The dotted
line represents the total photoionization cross section used for
the normalization of the partial cross section. The inset dis-
plays two photoelectron spectra of C60, taken at different
photon energies showing the distinct intensity variation of
the photolines of the two outermost orbitals HOMO and
HOMO� 1.

VOLUME 89, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 16 SEPTEMBER 2002
in order to derive relative partial cross sections. They can
be brought to an absolute scale by normalization to ab-
sorption measurements or by adoption of sum rules [14].
Such photon flux calibrated measurements were per-
formed over an extended range of photon energies. The
result is shown in the main part of Fig. 1 along with the
total cross section and theoretical curves from a very
recent ab initio calculation [13]. This calculation is based
on an effective single particle description in the local
density approximation (LDA), but it includes in addition
to the spherical components of the potential anisotropic
components of the full molecular potential [15]. The
calculation agrees remarkably well with the experiment
over the new extended energy regime, particularly with
the new independent branching ratio measurements pre-
sented in Fig. 2.

To explore the prediction of four frequencies from
the spherical-jellium model [11] we have set up a new
calculation which contains an electronic level-dependent
self-interaction correction [18]. In contrast to previous
jellium-type descriptions, this produces the correct as-
signment of the angular momenta to the highest occupied
levels as known from quantum chemical calculations. The
photoionization amplitudes have been calculated in the
framework of time-dependent local density approxima-
tion which also accounts for correlation in the final state
through interchannel coupling; details will be published
elsewhere. The total absorption cross section is in good
agreement with experiment on an absolute scale if shifted
in energy by 2.5 eV. This shift has also been reported
comparing recent quantum chemical results to those of a
125503-2
jellium based approach [19]. The cross section ratio from
this calculation, shown in Fig. 2 as a dashed line, agrees
with the overall oscillations and reproduces the (nontri-
vial) average ratio of about 0.55. However, there is clear
disagreement with the experiment around 110 eV. This
could be a consequence of artifical coherence induced by
the spherical approximation of the jellium potential and
not present in the nonspherical LDA calculation [13].
While in the nonspherical calculation the main frequency
related to the diameter 2R of the fullerene can be pro-
duced by many different radial potential components
with different ‘‘width’’ 	l � R belonging to different
partial waves l, similarly as for the spherical-jellium
model, no beating connected to 	 will be generated as
in the case of the spherical-jellium causing the depression
of the signal around 110 eV. The latter effect can be
modeled with a semiempirical fit based on rectangular
potentials with a coherent part containing the shell width
	 as parameter, an incoherent part giving rise to the
R-dependent basic oscillation frequency and a smooth
nonoscillatory background function B�h�� [20]. This fit-
ting model accounts for both spherical-jellium and non-
spherical molecularlike components of the effective
potential, and it is able to quantify the contributions
separately. This makes it possible to distinguish for the
first time between localized and delocalized parts of the
electron distribution in clusterlike systems. Figure 3 vis-
ualizes the complex interplay between the jellium picture
with its spherically distributed delocalized electrons and
the molecular orbital picture arising from the many non-
spherical components of the molecular potential located
near the carbon atoms of the C60 cage. The result of the
fit to the experimental data with R � 0:354 nm and
125503-2



FIG. 4 (color online). Fourier transform of the cross section
ratio in Fig. 3 for the experimental data (shaded area), the LDA
calculation of Decleva et al. [solid line in (a)], the LDA
calculation using a spherical-jellium potential [solid line in
(b)], and the result of the semiempirical fit (dotted line) [22].

FIG. 3 (color online). Schematic representation of the

-electron distribution of the two outermost valence orbitals
of C60 (Weaver and Poirier [3] and Bischof in Kuzmany’s paper
[21]) along with a cut through a spherical shell potential
visualizing the way how coherent and incoherent photoemis-
sion from different parts of the fullerene, marked by filled and
open circles, may occur. Two characteristic branching ratio
oscillation patterns for each process over momentum vector k
are shown at the bottom of the figure. The geometric quantities
R and 	 are connected to the characteristic wavelengths �R
and �	 via 
=�R;	.
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	 � 0:15 nm is shown in Fig. 2 (dash-dotted curve). The
coherent part of the cross section is plotted as a dotted
line and, indeed, resembles the result of our spherical-
jellium calculation closely. Although this is the first in-
dication for additional frequencies originating from the
edges of the potential, clear evidence is still masked by
other noncoherent contributions. The new data set, how-
ever, taken in smaller steps over an extended range of
photon energies �Eph � Ebin�, allows us for the first time
to perform a Fourier analysis with sufficient resolution to
separate the various possible oscillation frequencies. The
Fourier transform shown in Fig. 4 reveals indeed more
than the one oscillation frequency corresponding to the
diameter of C60. One recognizes the right-hand side band
belonging to the wavelength 2R	 	 and under the
shoulder of the main peak the left side band at 2R�	;
only the low frequency beating, which represents the
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thickness 	 of the electronic hull of C60, is not pro-
nounced in the Fourier spectrum. However, it can be
quantitatively extracted from the difference between the
main peak and the two sidebands. Note that besides the
overestimation of the low frequency beating peak 	 by
the spherical-jellium model both calculations from Fig. 2
are in good agreement with the experiment concerning
the main peaks of higher frequency. A non-negligible
difference between the ideal theoretical jellium model
and the real data is the finite temperature in the experi-
ment. One might think that it does not influence data at
high energies of 100 eV photon impact and more.
However, the yield around the maximum of the cross
section close to the plasmon at 20 eV contributes after
convolution a tail even at higher energies, which consti-
tutes a considerable background since the high energy
cross section is exponentially small. In this context, an-
other advantage of Fourier imaging becomes apparent: By
Fourier transform the convolution integral is turned into
a product of the Fourier transforms of the original signal
and of the convolution function. Hence, the energy con-
volution has a substantial effect on the amplitudes of the
oscillations, i.e., on the relative strengths of the peaks in
the Fourier spectrum. However, the energy convolution
does not influence the position of the peaks and therefore
any results concerning the geometrical properties. This
analysis shows that interference effects similar to those
which have been observed recently in collisions with
homonuclear molecules [23] do appear as well in the
partial photoionization cross section, but not to the extent
which one might expect on the basis of a pure spherical-
jellium-type potential. As a consequence of this simpli-
fied potential, which consists of one spherical component
only, the low frequency beating peak is overestimated.
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Employment of a more realistic multicomponent poten-
tial [13] destroys the beating peak 	, while the higher
frequency sidebands of the main peak are only broadened,
but still clearly present. From the sidebands, the thickness
	 of the electronic hull can be read off. More generally
speaking, the complex aspects of the C60 electronic struc-
ture shown schematically in Fig. 3 give rise to the ob-
served Fourier spectrum whose main features can be
interpreted in terms of geometrical properties of the
delocalized, but specifically structured, valence electron
distribution.

In conclusion, we have demonstrated that photoioniza-
tion cross section in Fourier reciprocal space is a proper
tool to map out geometrical properties of valence electron
distributions in many electron systems. This is due to the
sensitivity of the dipole operator on the gradient of the
effective potential. In principle, this type of imaging
should be possible for all systems with a large number
of delocalized electrons. First results on the less spherical
system C70 corroborate this expectation. However, the
present pilot investigation has been possible only thanks
to the unique properties of C60. Its spherical symmetry
allowed us to use all molecules from the beam without
having to orient them, and effusive C60 beams produced
by evaporation reached a relatively large density com-
pared, e.g., to other cluster beams. The high intensity of
the target beam was necessary since the cross sections
become exponentially small towards large photon ener-
gies. These types of experiments and hence this imaging
will become feasible for other target systems, such as
mass selected clusters, by using more intense radiation
available from x-ray free electron lasers in the near
future.
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