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We have performed high resolution measurements of the photoelectrons emitted from the valence 
shell of C70, in the gas and adsorbed phase on a metal surface, in order to derive branching ratios 
and the partial photoionization cross sections of the two highest occupied molecular orbitals, 
HOMO and HOMO-1. The comparison  between the two phases and the adsorbed phase shows an 
interesting and unexpected difference that can be attributed to a small orbital shift in  solid C70. 
Density Functional Theory calculations within the Local Density Approximation (LDA) show 
good agreement for both data sets and give a plausible explanation for the observed difference.

1. Introduktion
The discovery of the family of carbon molecules dubbed the 

'fullerenes' [1] and the breakthrough in their synthesis [2] have 
stimulated an extensive research activity in this field. The best 
known among the fullerenes is the C60 molecule, which consists 
of 60 carbon atoms arranged on a nearly spherical shell with the 
highest possible symmetry, point group Ih. Recently, we have 
studied some of its particularly interesting properties by photoe-
lectron spectroscopy [3].  Our results revealed strong oscillations 
in the partial photoionization cross sections of the two highest 
occupied molecular orbitals,  HOMO and HOMO-1, reflecting 
the molecular geometry and symmetry of the electronic charge 
distribution.

These oscillations, which were for the first time discovered 
in solid C60 and interpreted as a solid state effect [4,5], were later 
also observed for free C60 molecules [6]. Their interpretation 
was basically interpreted within a standing wave model of the 
photoelectron wave in a box like potential [7] being extended to 
a jellium like potential in a subsequent experimental and theo-
retical study [8].  It is the spherical like structure of the C60 mole-
cule which gives rise to shell like distribution of the delocalized 
carbon valence electrons. However, one may look to the problem 
also from the view point of symmetry. The valence hole states 
HOMO and HOMO-1 have different symmetry gerade (g) and 

ungerade (u),  a situation which may be compared to homonu-
clear diatomic molecules.  Here the g and u states show also pro-
nounced oscillations in their partial photoionization cross sec-
tions and even more pronounced oscillations in their photoelec-
tron diffraction intensity behavior in the molecular frame. These 
oscillations which were predicted more than forty years ago by 
Cohen and Fano [9] have been experimentally corroborated 
since the last ten years only [10,11]. Regarding photoionization 
this was even more recently [12]. The showcase example exhib-
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Fig. 1 The normalized partial cross section of the HOMO and HOMO-1 orbitals of 
C60 derived from partial and branching ratio measurements. The data points from the 
ref. [3] are given by small filled circles, from the ref. [8] by bigger filled circles 
whereas from the ref. [6] are given by open circles.
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iting oscillations over several periods is the core electron pho-
toionization of N2 [13]. The oscillation frequency is proportional 
to the bond length R in the same respect as the oscillation fre-
quency is proportional to the diameter D of C60. In this sense 
these two may be directly compared if one chooses for the ki-
netic energy axis the reciprocal bond length or the diameter as 
unit of the electron momentum. In Fig. 1 we show the normal-
ized partial cross section of the HOMO and HOMO-1 orbitals of 
C60 derived from partial cross section and branching ratio meas-
urements during the last years [3]. The normalization was done 
with respect to the non-oscillating intensity in order to remove 
this steeply declining part and to exhibit the oscillation over a 
large energy range more clearly. The dashed curve represents the 
corresponding part of the fitting curve. The oscillations cover de 
Broglie wavelengths of the photoelectron down to λ (D) = 0.1 
corresponding to ten full oscillation periods in the carbon cage. 
These properties of C60 are very similar in both the gas and solid 
phase due to the weak van der Waals forces that bind the solid. 
We have now performed the same kind of experiments as for C60 
also for C70,  the next most stable molecule of the fullerene fam-
ily,  in the gas phase and also in a noncrystalline adsorbed forma-
tion. Our results show an unexpected different behavior. The 
oscillations of the HOMO/HOMO-1 branching ratio exhibit a 

distinct offset between the gas and solid phase curves pointing to 
a relative orbital shift upon absorption.

2. Experiment
Our measurements were carried out at the undulator beam-

line BW3 of the Hamburger Synchrotron Radiation Laboratory 
HASYLAB at DESY [14]. Synchrotron radiation was mono-
chromatized in a modified SX-700 plane grating monochromator 
with a usable energy range of approximately 20-2000 eV and a 
spectral resolution of 0.1 eV in the energy range applied here. 
The experimental set-up is presented at Fig. 2.  An effusive mo-
lecular beam was produced by a resistively heated oven at 
500°C which contained 98%-purified C70 powder. For the solid 
state measurements the C70 fullerenes were deposited on an 
OFHC-copper substrate kept at room temperature and positioned 
at the angle of 45° with respect to the direction of the incoming 
light. The angle between the surface normal and photoelectron 
emission and the angle between the surface normal and the po-
larization plane were 19° and 51°,  respectively. After the ioniza-
tion of the target with the synchrotron light the outgoing elec-
trons were detected in a time-of-flight (TOF) electron spec-
trometer, placed at the magic angle (54.7°) which monitors the 
partial cross section independently from the angular distribution. 
Appropriate voltages can be applied to the spectrometer in order 

to keep a constant resolution of the electron spectra for different 
photon energies. More details of the experimental apparatus are 
given in reference [3]. The spectra were recorded in the photon 
energy range from 25 eV to 200 eV with the steps of 1 eV for 
the solid and with the steps of 5 eV for the gas phase.

3. Results and discussion
A typical photoelectron spectrum for both, solid and the gas 

phase, at incident photon energy of 50 eV is presented at Fig. 3. 
The vertical bars represent the result of the Density Functional 
Theory (DFT) calculations within the Local Density Approxima-
tion (LDA) shifted so that the calculated first ionization energy 
aligns with the measured first vertical ionization energy. Note 
that our experimentally obtained first ionization potential of 
approximately 7.6 eV is in good agreement with ab initio 
Hartree-Fock calculations [15] and is 0.27 eV lower than for C60 
obtained at the same level of theory [16].  In the LDA calcula-
tions of Density Functional Theory explored here, all many-
body effects are collected into the exchange-correlation energy, 
evaluated within a free-electron model.  The computational ap-
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Fig. 2 Scheme of the experimental set-up for the photoelectron spectroscopy ex-
periment using a time-of-flight (TOF) analyzer and a molecular beam source at 
HASYLAB.
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Fig. 3 Photoelectron spectra for the solid and gas phase C70 taken at the photon 
energy of 50 eV. The results are compared with the theoretical calculations within the 
frame of LDA given by the vertical bars. The dashed-dotted line depicts the position 
of the filled HOMO HOMO-1 gap. The green solid and dashed lines represent the 
fitted curves to the additional intensity observed in the adsorbed phase.
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Fig. 4 Photoelectron spectra for the solid and gas phase C60 taken at the photon 
energy of 50 eV.



proach employed accurately solves the Kohn-Sham equations, 
both in the discrete and continuous spectrum, using a multi-
center basis of B-spline functions.  Bound state orbitals are ob-
tained by conventional diagonalization, while the full set of open 
channel continuum orbitals are obtained by a least squares ap-
proach. The initial ground state density is obtained using a con-
ventional LCAO calculation, employing the Amsterdam density 
functional program and a double zeta plus polarization basis. 
This affords a numerically convergent solution of the Schrö-
dinger equation in a realistic one-particle potential, and gives a 
good reproduction of the available experimental data. More de-
tails of the procedure are given elsewhere[17,18].  Our experi-
mental results are also in good agreement with some other theo-

retical calculations [15,19,20], the latter one also employing 
LDA to calculate electronic structure by using molecular orbitals 
constructed from linear combination of Gaussian-type functions. 
Both, theory and experiment, reveal sharp and well defined 
structures in the low binding energy region of the spectrum 
which points to the high degeneracy of the electronic levels as 
expected from the relatively high symmetry of the molecule and 
in general to the weak interaction between the fullerene mole-
cules. The states closest to the Fermi level EF, for the solid C70 

are derived from the molecular HOMO which is of a2''  symme-
try, and some deeper-lying π* molecular orbitals HOMO-1 of e2'' 
symmetry [21]. HOMO and HOMO-1 are representing 20 elec-
trons in largely π-derived levels. Other photoelectron lines are 
very broad and not well resolved. The comparison with our pre-
sent and previous gas phase measurements of C70 [22-24] re-
veals close similarity indicating that the molecules in the mo-
lecular crystal,  bounded by weak van der Waals forces, behave 
in many respects like free molecules. However, the relative in-
tensities of the valence photoemission lines of solid and gaseous 
C70 are different, probably because of inelastic scattering effects 
and differences in the corresponding transition matrix elements. 
In order to quantify this effect, we have made a fit to the associ-
ated structures shown in figure 3. The comparison of the C70 
with the C60 spectra (Fig. 4 and Ref.  [3]) reveals also close simi-
larity. The molecular elongation of C60 because of the 10 addi-
tional carbon atoms around the equator in order to produce C70 
has little effect on the overall distribution of bands.  That means 
however that for C70 there will be five additional pπ-derived 
bands in the vicinity of HOMO. Moreover the spectra do differ 
because the breaking of the Ih symmetry in C60 into D5h in C70 
leads to lowering of the degeneracies of the energy levels and 
broadening and splitting of the photoelectron lines. In C60, 
HOMO and HOMO-1 have no discernible underlying structure 
whereas in C70,  the corresponding features split into three re-
solvable photoelectron features in the first peak and two in the 
second [19].

Fig. 5 shows photoelectron spectra for three different photon 
energies for the solid state C70. Our results show oscillations in 
the intensity, or in other words, in the partial cross section of the 
two outermost molecular orbitals, HOMO and HOMO-1 as a 
function of the photon energy. These oscillations are well known 
for the case of C60 [3,4,6,8] for both gas and the solid phase but, 
due to the reduced symmetry, less pronounced for the case of 
C70. For the same reason,  they exhibit much quicker damping at 
higher photon energies.  The crucial point for understanding of 
this phenomenon is the importance of the spherical structure of 
fullerene molecules. According to the spherical shell model [7], 
the variations of the photoionization cross sections are due to the 
formation of the spherical standing waves of the final state elec-
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Fig. 5 Photoelectron yield, for the solid C70, measured at the magic angle (54.7°), 
which is proportioned to the partial cross section, as a function of the binding energy 
for three different photon energies.

Fig. 6 Partial cross-section ratio HOMO/HOMO-1 for gas and solid C60 for differ-
ent photon energies. The lines show the results of different theoretical models: theo-
retical curves with a Jellium model (-----) and with LDA calculations (-·-·-·-·-·); 
semi-empirical curves with a Shell model (·········) and with a Shell+Cage model 
(–––––––). The experimental data of ref. [8] are shown by open rhombs, whereas the 
data of our previous work [3] are given by open circles for the gas phase data and 
crosses for the solid state measurements.

Fig. 7 Partial cross section ratio HOMO/HOMO-1 for gas and solid C70 for differ-
ent photon energies. The experimental data of the present work are shown by open 
circles and of ref. [23] by filled circles for the gas phase, whereas the data of the 
present work for the solid state measurements are given by crosses. The dashed lines 
show the calculated results based on the LDA with (-------) and without (-·-·-·-·-·) the 
16a1' orbital. The solid curve is the result of our semi-empirical fit.
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trons inside the molecule. This effect may be considered as in-
tramolecular interference. Higher fullerenes, e.g. C84 [25], C78, 
C82, C86,  C90 and C96 [26-28] showed similar photoemission in-
tensity variations in the solid state. These results first pointed to 
a fullerene-specific phenomenon but just recently, it has been 
shown that it is a much more widespread behavior, even present 
in transition metal sandwich molecules [29].

The branching ratio of the HOMO and HOMO-1 photolines 
for C70 is shown in Fig.  7. For the comparison, the result of our 
previous work with C60 is given in Fig.  6. Using this ratio one 
avoids uncertainties produced by photon beam intensity fluctua-
tions. The solid line is the result of the semi-empirical model 
where the data are approximated by an exponentially decaying 
set of spherical Bessel functions, including electronic and geo-
metric properties of C70.  Using a Levenberg-Marquardt algo-
rithm for an estimation of the fitted parameters we have obtained 
values close to the measured ones. Considering the experimental 
results,  the ratio between the corresponding HOMO and 
HOMO-1 levels shows an offset of about 0.5 for the gas phase 
measurements compared to solid state data. The latter one are 
constantly lower for all energies between 25 and 200 eV. As 
already pointed out, the molecular elongation of C60 in order to 
produce C70 introduces 10 additional carbon atoms around the 
equator of the molecule. According to the calculations of Mint-
mire and co-workers [20],  this results in an increase of s-derived 
to p-derived emission lines for C70 with increasing photon en-
ergy. Moreover,  the elongation of the C70 cage probably intro-
duces orientational disorder in the solid. According to our calcu-
lations, the HOMO band comprises 6 ionizations, for a total of 
20 electrons, compared to the 10 electrons in the corresponding 

ungerade band of C60,  and the next band, HOMO-1, is formed by 
4 or 5 different ionizations,  for a total of 16 to 18 electrons. 
Theoretical calculations show good agreement for our both data 
sets,  if one assumes, that in the gas phase the 16a1' orbital (Fig. 
3, dashed line) which lies at the bottom of the HOMO-1 band is 
part of the next peak.  We assume, that upon adsorption this band 
becomes filled but with a relative orbital shift from the tail of 
HOMO-2 (gas phase) towards the HOMO-1 band thereby mov-
ing the latter one closer to the HOMO band and filling the gap 
partially.  This, however, has to be independently corroborated 
and further explored by future studies.

The Fourier transformation of the HOMO/HOMO-1 ratio 
(Fig. 8) enables us to extract the structural information about the 
molecule like the cage radius (R) and the thickness of the elec-
tron cloud (Δ). The radius of the molecule obtained in this way 
is in good agreement with what one would expect after averag-
ing over all the axis of this ellipsoidally shaped fullerene 
[30].The transformed experimental data show more structures at 
larger distances than the simple model and the shape of the C70 
experimental curve is broader than in the case of C60 because of 
its lower symmetry.

Fig. 9 shows the partial cross section of the C70's two outer-
most orbitals.  The overall agreement between theory and ex-
periment is good. The photoionization cross sections exhibit an 
oscillatory behavior with a frequency related to the diameter of 
the fullerene molecule superimposed on the exponential decay. 
Previous measurements [22,23] were not performed at suffi-
ciently close energy intervals to prove the more detailed struc-
ture of these oscillations. They can be explained by single-
particle effects [31],  i.e. the collective response of the valence 
electron cloud to the electromagnetic radiation appears to play a 
negligible role in this respect.

4. Conclusion
In summary, for the first time we, have performed the sys-

tematic measurements of the photoelectron spectra of C70, for 
both, the gas and the adsorbed phase,  in small energy steps over 
a wide energy range. We have shown that the partial cross sec-
tion oscillations in the fullerenes C60 and C70 are not only a sen-
sitive measure of their particular electronic and geometric struc-
ture but also of their environment.  This is demonstrated for the 
case of C70 where this ratio,  in contrast to the case of C60, shows 
a marked difference depending on the molecular environment 
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Fig. 8 Fourier-transform magnitude of the cross section ratios for the solid C70. 
Experimental results are given by crosses and the result of the model fitted function 
taken from Fig. 7 is given by the solid line. For the comparison, the Fourier-
transform of the two theoretical curves, with and without additional orbital, is also 
presented. The result of solid C60 taken from the ref. [3] is given by the solid squares.
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Fig. 9 Absolute cross section for the two outermost orbitals of C70, HOMO (upper 
part) and HOMO-1 (lower part). The experimental points are given by open circles 
for the gas phase data and by crosses for the solid state data. We show the full range 
of the partial cross section behavior for comparison with Fig. 7, but assume that the 
sudden drop of the partial cross sections at the end of the photon energy range comes 
rather from the variations of the beamline's flux than the molecule itself. The solid 
line represents our theoretical curve based on the LDA.



either in the gas or adsorbed phase. This change in behavior is 
suggested to be caused by a small orbital shift in C70.
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