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The photoionization cross section and angular distribution relative to all primary ionizations in C have been
60
computed employing a convergent one-centre expansion and an LDA hamiltonian over an extended energy
range. The results show the presence of very sharp shape resonances both in the valence and core spectra.
Good agreement is obtained with available experimental data, notably the HOMO/HOMO-1 oscillations, the
absolute total photoabsorption and the available photoionization spectra, suggesting that more structure
should be observable in the low energy region.

Introduction
The C molecule, being the prototype of an entirely new class
60
of carbon compounds, has been extensively studied, both
experimentally and theoretically. Among its spectroscopic
properties, photoemission studies are those most directly connected with the electronic structure.
Several calculations of the molecular orbitals and the relevant ionization potentials have been performed1h14 and
photoelectron spectra have been measured at various energies.7,8,15h25 Cross sections and angular distributions have
been obtained. However, because of experimental difficulties,
data are rather sparse, and only a few aspects, notably the
well-known high energy oscillations in the cross section ratio
between the two outermost bands (HOMO and HOMO1),16,20h23 have been carefully analysed. Although the exploitation of the full I symmetry of C brings about a large comh
60
putational saving, it is still a rather large system for high
quality quantum chemical calculations, and most structural
studies have been performed at the HartreeÈFock or density
functional (DFT) levels, or with semiempirical models.1h14
Calculation of photoemission properties is signiÐcantly more
difficult, as it involves evaluation of continuum wavefunctions.
Here several spherical models have been employed,26h28
which capture some of the most signiÐcant features of the
spectra but cannot attain more than a qualitative understanding. Molecular calculations involving plane waves for the Ðnal
states have been performed,11,12 and recently a more sophisticated approach based on multicenter atomic waves has been
employed,21,22 obtaining excellent agreement with the experimentally derived proÐle of the HOMO/HOMO-1 ratio. An
important issue is the role of many body e†ects in photoabsorption and photoemission of C . Because of the large
60
number of delocalized p electrons it is expected that correlation, or response of the electron cloud to the external perturbation, may be large. Calculations of the low lying excitations
employing single excitation conÐguration interaction (SCI) at
the semiempirical level, as well as model RPA and TDLDA
calculations of the total photoabsorption,29h31 have revealed
important e†ects, which are largest below and close to threshold. A full TDLDA calculation has recently appeared32
employing a novel algorithm based on real time solution of
the TDLDA equations, although a large numerical noise is
DOI : 10.1039/b104761m

present in the calculated spectrum. Although it is not presently feasible to include response in full continuum calculations
on C , this indicates that results at the LDA level should be
60
treated with caution close to threshold, where large oscillator
strength is available.
We have recently developed a large-scale one-center code
for the solution of the continuum functions,33 as a Ðrst step of
an ongoing e†ort to obtain high quality solutions for complex
molecular systems employing a multicenter expansion. In the
case of highly symmetrical systems the full use of symmetry
allows the use of very high angular momenta, so that accurate
convergence of photoionization proÐles may be achieved by a
pure one-center expansion even for rather large systems, as is
the case of C .34 Actually a single center expansion very
60
similar to the present one has been recently employed in the
study of electron scattering properties in C .35h38 Further60
more a recent study39 of the LB94 potential,40 which incorporates the correct asymptotic behaviour and has been
designed primarily for the study of polarizabilities, a property
closely related to photoabsorption, has shown a signiÐcant
advantage over the previous VWN transition state (TS) potential which was generally employed.33 Comparing with the
latter it is found that the use of the ground state LB94 potential gives results of comparable or better accuracy, even for
the core region. Moreover, this brings also a large computational advantage, since the entire spectrum is obtained with a
single state independent potential, making feasible the treatment of the complete spectrum.
So given the fundamental importance of C , we have con60
sidered it interesting to extend our previous exploratory
study34 to cover the entire photoionization spectrum, which
includes 32 valence and 16 core ionizations. The results
obtained are convergent solutions of the LDA equations, and,
with the reservations already noted for the near threshold
behaviour, are expected to be capable of highlighting the most
important features of the spectra, of which only a small part
has been experimentally studied in detail. In fact, apart from
the HOMO/HOMO-1 ratio already mentioned,16,20h23 data
for individual cross section proÐles and asymmetry parameters are rather few, even if photoelectron spectra taken at
di†erent energies clearly show some large intensity changes
between di†erent bands. It is generally found that, contrary to
the situation common in most small molecules, the cross
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section and angular distribution proÐles are characterized by
the presence of many sharp shape resonances close to threshold, with features extending up to some 40 eV above threshold, in the whole spectrum, including inner valence and core
orbitals. This indicates that the photoemission spectra of C
60
may be more structured than is suggested by the experimental
data available, and that even if many overlapping bands are
present, large changes in shape and relative intensities could
be experimentally detected and more information extracted.
Finally, several measurements of absolute total cross section
with various techniques have produced widely di†erent
results, and a recent critical reassessment of di†erent experimental data, covering an extended energy region, has been
presented,41 asserting the need of a comparable theoretical
treatment, and providing an excellent opportunity of comparison with present data.

Computational method
The computational scheme employed has been previously
described in detail33,34 and will be only brieÑy summarized. A
KohnÈSham hamiltonian
\ T ] V ] V [o] ] V [o]
KS
N
C
XC
is completely deÐned by the ground state (GS) density o and
the form of the exchange-correlation potential V for which
XC
we employ the LB94 functional.40 The GS density is obtained
by a conventional bound state calculation, employing the
ADF program42 with a DZP basis set. The resulting eigenvalue equations
h

h r \ Er
KS
are then solved in a single center basis deÐned as products of
B-spline radial functions times real spherical harmonics
\ 1/rB (r)Y (h, r)
ilm
i lm
which are further symmetry adapted to the full molecular
point group.
For the bound state initial orbitals a conventional diagonalization is employed, using an iterative scheme, while for the
continuum a full set of independent eigenvectors is obtained at
each preÐxed energy employing the inverse iteration approach
to the energy dependent matrix43
s

A(E) \ H [ ES
Convergence is determined by the angular momentum expansion, which is very smooth and can be carefully controlled. As
we have previously shown34 very satisfactory convergence can
be achieved in C at L
\ 60, giving accurate numerical
60
max
solutions of the LDA equations even in the case of very sharp
features which can be followed in detail.
Cross sections and asymmetry parameters are obtained
from dipole matrix elements Sr ,rr T and phase shifts
i E
employing the angular momentum transfer formalism.44

The IPÏs calculated by the VWN TS approach are reported
in Table 1 together with the proposed assignment to the
experimental features.8 The orbital labels relative to the r/p
character and the dominant angular momentum are also indicated. The present results are also compared with a full
valence experimental spectrum in Fig. 1. Apart from the total
span of the spectrum, which is slightly underestimated, the
agreement is very satisfactory. Comparison with previous
DFT7,9,11,12 and ab initio KT results10 shows good agreeTable 1 Experimental8 and calculated valence ionization potentials
of C a
60
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a The absolute energy for the Ðrst ionization is reported ; for all other
ionizations relative energies are given. b The symmetry in the I point
h l of
group, the r/p character and the dominant angular momentum
the wavefunction are indicated.
1

(7.6)

(8.74)

2

1.4

1.13
1.24

Results and discussion
Valence region
The electronic structure of C has been discussed several
60
times,1h14 and the nature and ordering of the molecular
orbitals and IPÏs may be considered to be well established,
except for details within closely spaced levels. In addition to I
h
symmetry labels, the quasispherical nature of C (the Ðrst
60
nonspherical potential component is l \ 6, rather weak, and
the Ðrst strong component is l \ 10) makes l a fairly good
quantum number for most orbitals,7,9 as can be seen from the
dominating radial component. Moreover, the r/p symmetry,
which is not strict in I , is also very well conserved as can be
h
seen in the radial components being symmetric or antisymmetric across the carbon surface.9
4482
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Fig. 1 Full valence experimental photoelectron spectrum of C 8
60
and calculated VWN TS ionization potentials.
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ment, except for the ordering within band 3 (the relative position of the p and r levels, which varies widely) and band 4,
which consists of 7 or 8 ionizations. In particular the lowest p
orbital 4a (p ) may be part of band 5.11,12
g 0
Figs. 2È4 collect the partial cross sections, summed over the
relevant ionizations relative to the Ðrst three bands, those
relative to bands 4, 6 and 7, and those relative to bands 8, 9
and 10, respectively, which are fairly well resolved and therefore should be amenable to a detailed experimental investigation. It has to be noted that the photon energy scale is
obtained by adding the VWN TS ionization potentials to the
photoelectron kinetic energy.
The most striking feature is the presence of very sharp resonances in the low energy range. These are necessarily shape
resonances, since the LDA model employed cannot describe
autoionizing states, and are very di†erent from the wide structures present in the photoionization of most small molecules,
although the photoelectron spectrum itself is typically molecular, with several well-resolved bands, as has been often
noted.7,9 These resonances are obviously related to the peculiar spherical potential well of the C cage, we have shown,
60
however, that the nonspherical molecular potential is essential
to obtain the proper structures.34 This is understandable
since, in addition to mixing di†erent angular momenta, they
induce important changes in the Ðnal wavefunction close to
the carbon atoms, where most of the contribution to the
dipole moment is obtained. The presence of sharp features
shows also the importance of a computational scheme able to
get a high energy resolution to obtain an accurate photoionization proÐle from the given model, even if the experimental
spectra may be broadened by many electron or vibrational
e†ects presently neglected, or by instrumental resolution. It is
also worth observing the very high cross section, in the
hundred Mb region, reached close to threshold, for which
there is experimental evidence,17,23 and the presence of additional structures in the spectra up to rather high photon ener-

Fig. 2 Calculated cross section proÐles relative to the three outermost bands of C summed over the relevant ionizations (Table 1).
60
The VWN TS ionization
potentials are employed for all ionizations.

Fig. 3 Calculated cross section proÐles relative to bands 4, 6 and
(7 ] 7@) of C summed over the relevant ionizations (Table 1). The
60
VWN TS ionization
potentials are employed for all ionizations.

gies. Actually, even sharper resonances are apparent in the
individual channel contributions. Since there are many contributions to each composite band we shall not discuss them
analytically. A more detailed discussion of the partial contri-

Fig. 4 Calculated cross section proÐles relative to bands 8, 9 and 10
of C summed over the relevant ionizations (Table 1). The VWN TS
60
ionization
potentials are employed for all ionizations.
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butions to bands 1È3 has been presented in previous work,34
with the VWN TS potential. We note that the present LB94
potential, being more attractive, shifts the spectra towards
threshold, but the general features, as well as the interpretation, remain unchanged. The same general features are also
present in the following bands. There are two groups of low
energy resonances, the Ðrst close to threshold, the second
separated by about 5È6 eV. These correspond rather closely
to transitions into valence virtual orbitals. For each symmetry
(except a ), the lowest unoccupied valence orbital is p*, and
u
some of them appear below threshold, notably the 7t , which
1u
is the LUMO. The following orbitals are all r*, with a gap of
about 6È8 eV from the corresponding p*, clustered in a few
groups, the highest being around 18 eV above threshold.
Because of the high l values involved, and the associated centrifugal barrier, these antibonding orbitals interact very little
with the underlying nonresonant continuum which cannot
e†ectively penetrate at low energy, and so they give rise to
exceedingly sharp shape resonances, a dramatic example of
the so-called molecular giant resonances Ðrst discussed in ref.
45. Unfortunately the high density of states means a large
overlap between distinct features. Resonances at still higher
energies cannot be associated with antibonding orbitals, they
are wider, and are probably due to trapping of high l spherical
waves inside the cavity.
Figs. 5 and 6 shows average asymmetry parameters relative
to bands 4, 6, 7 and 8, 9, 10, respectively. Those relative to
bands 1È3 are essentially similar to those already presented in
ref. 32, where rather good agreement with the few experimental data available was observed. Even summing over many
contributions relative to the experimental bands leaves pronounced structure on the b proÐles, some of which are on a
sufficiently wide energy scale to allow an experimental study.
The range of b values, on the other hand, span a rather
limited range, rarely falling outside the interval 0È1.
The best known feature in the photoionization spectra is
the presence of wide oscillations in the two outermost

Fig. 5 Calculated asymmetry parameter proÐles relative to bands 4,
6 and (7 ] 7@) of C summed over the relevant ionizations (Table 1).
60
The VWN TS ionization
potentials are employed for all ionizations.
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Fig. 6 Calculated asymmetry parameter proÐles relative to bands 8,
9 and 10 of C summed over the relevant ionizations (Table 1). The
60
VWN TS ionization potentials are employed for all ionizations.

bands,16,20 which has been recently measured with high accuracy over an extended energy range.21,22 The present results,
together with the experimental data and the most accurate
theoretical calculations.21,22 are presented in Fig. 7. As can be
seen excellent agreement, including the damping at high
energy, is obtained over the whole energy range, after employing a high energy shift of about 4 eV of the calculated proÐle
(upper panel of Fig. 7). This gives conÐdence in the quality of

Fig. 7 Upper panel : HOMO/HOMO-1 cross section ratio. (…)
experimental values, ref. 21 ; (È È È) theoretical calculation, ref. 21 ;
(ÈÈ) present calculation. Lower panel : (…) experimental values
(È È È) present calculation ; (ÈÈ) VWN TS results.34
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the present model for the photoionization proÐles, which is
purely ab initio, without any special parameterization for this
particular feature, and is able to give a uniÐed description of
the entire spectrum of C . At the same time this result also
60
gives very clear and quantitative evidence of the fact that the
LB94 potential is too attractive, shifting the calculated proÐles
too close to threshold. This has been generally suggested by
previous results in small molecules,39,46 and is also apparent
upon comparing the results obtained for the cross section proÐles of the Ðrst three bands obtained with the VWN TS potential.34 Actually the HOMO/HOMO-1 ratio given by the latter
is compared with the present result in the lower panel of Fig.
7. As can be seen the two proÐles are very similar except for a
translation of the VWN TS proÐle towards higher photon
energies, closer to the experimental data, but still too low by a
couple of eV. It is to be noted that a similar adjustment of the
calculated proÐle by suitable choice of the inner potential V
0
has been employed in the theoretical results.21 As an aside this
shows the relevance of precise photoionization data to drive
improvement in the design of LDA potentials for cross section
calculations.
A direct comparison with experimental photoemission data
may be obtained by simulating the photoelectron spectra.
This has been often made by simply employing the density of
states,7,9 or by the use of cross sections evaluated with plane
waves as Ðnal states.11,12 Even if a reasonable qualitative
agreement is obtained, it is hardly possible to follow spectral
changes with photon energy, especially in the low energy
region where many resonances are present and cross sections
vary very rapidly. In the present case the fairly good cross
section proÐles obtained allow to mimic the C valence spec60
trum at di†erent photon energies. In Fig. 8 the calculated
spectrum at 60 eV photon energy is presented. Convolution
with gaussians of width 0.4 eV for the Ðrst 5 bands and 1.0 eV
for the rest has been employed. Comparison with the experimental spectrum in Fig. 1 shows a fairly satisfactory agreement, although the shape of band 4 is not well reproduced,
and band 5 is somewhat too intense. We note that the choice
of widths has a marked inÑuence on the visual appearance of
the spectrum, and that experimental bands often have an
asymmetric shape. The structure of band 4 is worth further
discussion. In our results (see Table 1) it comprises eight ionizations, and it is meaningless to report all of them individually. Still a careful examination reveals that large changes in
individual cross sections take place up to at least 50 eV, which
have a strong inÑuence on band shape. We report in Fig. 9 a
series of proÐles relative to the fourth band (gaussian
width \ 0.4 eV) evaluated at di†erent photon energies, to
illustrate the large change in the shape. Indeed in most experimental spectra a two peak structure is observed for band 4,
although only a very narrow energy range (18.8È21.4 eV) has
been studied in detail,16 showing a large variation in the rela-

Fig. 8 Theoretical photoelectron spectrum simulated at 60 eV from
calculated cross sections and WVN TS ionization potentials. Individual lines have been convoluted with gaussians of 0.4 eV FWHM up to
band 5 and 1.0 eV width for the rest.

Fig. 9 Detail of the calculated shape of band 4 at various photon
energies, employing calculated cross sections and ionization potentials. Individual lines have been convoluted with gaussians of 0.4 eV
FWHM.

tive cross sections and a complete reversal in shape, supporting the present Ðnding. A qualitative agreement with the
observed behaviour can be seen in the proÐles at 20 and 21
eV, where the intensity shifts completely from the low to the
high energy component of the band.
Finally, an important test of the calculated results is the
comparison with the experimental data for the total cross
section. This is illustrated in Fig. 10 with the total ion yield
spectrum of Hertel et al.17 shown as an inset. As has been
previously underlined, interchannel coupling, as described at
the SCI, RPA or TDLDA levels,29h31 has a rather strong
inÑuence on the absorption spectrum, especially below and
close to threshold. This is probably reÑected in the too steep
rise of the calculated spectrum at threshold, although the
overall structure and span of the huge absorption resonance is
in good agreement with the experimental result. Notably the
data17 have been renormalized to absolute values in ref. 41,
and show a maximum of about 1200 Mb around 20 eV, in
very good agreement with the present data. The full absorption spectrum of C has been carefully reexamined by Berko60
witz,41 who has critically assessed all available experimental
data, which are widely scattered. His best evaluation of the
spectrum is somewhat higher and wider than that of ref. 17,
having a maximum around 1400 Mb at 22 eV, and a slower
decay at the high energy side. However, in the discussion
based on sum rules, a reduction of the cross section of about
22% is proposed to improve agreement, giving again a good
match with the calculated values. A single experimental point
is available at 40.8 eV,24 in excellent agreement with the calculated value, and only the results of the calculated total cross
section of 60 C atoms are available at higher energies. The
present results Ðt nicely those values (Fig. 10) especially at
higher energy, still showing many small jumps in the cross
section which are of molecular origin, a kind of extended Ðne
structure in the valence region. It is also interesting to note
that the spectrum,17 as discussed by Berkowitz,41 falls more
Phys. Chem. Chem. Phys., 2001, 3, 4481È4487
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Fig. 10 Calculated total valence cross section. Dotted line is 60 ]
the carbon atomic cross section evaluated at the same level. The inset
shows experimental total ion yield spectrum from ref. 17. Lower
panel : enlargement of the high energy region, the Ðlled triangles are
atomic values from ref. 41.

steeply than that obtained by extrapolation of the atomic
cross section from the high energy side, and the single point at
40.8, and would then require an almost constant cross section
between 30È40 eV. This is, however, precisely what is shown
by the present results, which give strong support to the data of
Hertel et al.17
The atomic cross section (60 times the C cross section
evaluated at the present LDA level) is reported as a dotted
line in Fig. 10. It agrees very well at high energy with the
values reported in ref. 41. Even in the low energy part it is
striking to observe that, apart from the structure which is the
essence of the molecular e†ect, it predicts the total cross
section pretty well, the major e†ect of molecular formation
being to transfer oscillator strength from threshold and from
the region above 30 eV concentrating it in the spectral region
between 15 and 30 eV. The good large scale match is naturally
due both to conservation of the atomic character and to the
constraints of sum rules.

Fig. 11 Calculated total cross section (upper panel) and average
asymmetry parameter (lower panel) relative to C 1s ionization. The
experimental potential, IP \ 290.1 eV20 has been employed for all
ionizations.

C 1s initial orbitals, and so are sensitive to the full molecular
symmetry. Alternatively they could be considered as interference patterns from individual waves emitted by each individual C 1s orbital. The comparison of the cross section with
the experimental spectrum normalized on an absolute scale41
(Fig. 12, upper panel) is qualitatively correct, as most features
seen experimentally have a good match in the calculated spectrum, as well as the maximum at around 10 eV above threshold, so that agreement is quite satisfactory. Actually the
calculated cross section at the maximum is about twice as
large as that estimated in ref. 41. However, the simulated

Core region
In earlier studies on small systems,39 as well as in C H ,46 we
6 6
have observed that a good reproduction of the core photoemission spectrum is obtained by employing the same LB94
GS potential, even in the case of equivalent core holes.
Despite the relatively slow convergence of C 1s eigenvalues in
the one-center expansion, we have also found that cross sections and asymmetry parameters converge much faster, and
full convergence is indeed attained in C . The results for the
60
total C 1s cross section and angular distribution are reported
in Fig. 11, and are compared with experimental data20,25,41 in
Fig. 12, where a smoothed proÐle (convoluted with a gaussian
of 1.2 eV width) is employed. Again the presence of extremely
sharp structures is surprising, although these are much
broadened in the experimental spectrum. Individual features
come from resonances obtained at di†erent photoelectron
kinetic energies in the di†erent channels, which are available
to dipole transitions for di†erent symmetry combinations of
4486
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Fig. 12 Comparison of the calculated cross section (upper panel) and
average angular distribution (part a in the lower panel), smoothed by
convolution with a gaussian of 1.2 eV FWHM and the experimental
data from ref. 41 (cross section) and 20 (asymmetry parameter, b in
lower panel).
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peaks are still much sharper than experimentally found, so
that further broadening could reduce the value closer to that
proposed in ref. 41, obtained by matching with the atomic
cross section at the high energy side of the available data.
Indeed the agreement at higher energy becomes quite satisfactory, with a calculated cross section p B 50 Mb at 340 eV and
an estimated value around 10% lower. However, in this case
the calculated spectrum is consistently higher than the estimated one, and we suspect that the latter should probably be
revised towards higher values. A signiÐcant structure is still
calculated around 310 eV, a region however barely reached by
the actual experimental measurement, and another one at 330
eV, so that no deÐnite conclusion can be reached at the
moment, but suggesting again that Ðtting with an atomic tail
around 310 eV may be inadequate, and the experimental measurement should be carried out more than 50 eV above the
threshold to achieve the atomic asymptotic limit.
The calculated b proÐle oscillates around the value 0.5 in
the region of the experiment, then slowly increases (Fig. 12,
lower panel). The experimental result20 instead reaches
quickly a much higher value, so that a signiÐcant discrepancy
is observed there. From our previous study of C H we have
6 6
found a good qualitative agreement for b proÐles when
observed over a larger energy range, while the detail of the
low energy part is often less satisfactory. Clearly a better
evaluation of the present results requires more extensive
experimental data.

Conclusions
The present method has been able to give a realistic description of the entire photoionization spectrum of C . Agreement
60
with the available experimental data is quite satisfactory, and
it is expected that the prediction of strong resonances and
large cross section variations up to rather high photon energies are at least qualitatively correct, and should be observable in a more detailed analysis of photoelectron spectra. This
in turn will drive a corresponding enhancement in the theoretical description, as is well illustrated by the quantitative
comparison possible in the case of the HOMO/HOMO-1
ratio and of the total photoabsorption over an extended
energy range. The presence of several sharp resonances in the
core region is mirrored by corresponding structures in the
experimental spectrum, but needs further conÐrmation. It is
attributed to the presence of many symmetry distinct Ðnal
channels available and the high centrifugal barrier which prevents decay of the antibonding excitations in the nonresonant
continuum, both associated with the exceptional symmetry of
C .
60
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