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Abstract
We have investigated the C60 monolayer on Al(110) with angle-dependent
photoelectron spectroscopy. We find that orbital components have different
angular distributions. Calculations of cross sections of the highest occupied
molecular orbital components for free, oriented C60 are found to describe
the experimental data quite well. The observed band splitting is attributed
to intramolecular electronic correlations, due to the different coupling of the
orbital components to the substrate conduction band.

(Some figures in this article are in colour only in the electronic version)

Molecule–surface interfaces constitute a key element in a vision of molecular electronics.
An important goal in the application of molecules to electronics is the inclusion of relatively
complex functionality within the molecule itself; this could be difficult to attain with an Å-
scale molecule, but has been demonstrated for species similar in size to C60 [1, 2]. C60 has
served as a prototype molecular device (component) [3–5] because of its symmetry, size,
and ease of handling. For these device prototypes, the molecule–surface contact is a central
issue [1, 2, 6, 7], and molecular correlation effects modified by the contact interactions are
important [8]. A large database on the surface–fullerene interaction has been assembled in the
literature [9], suggesting that this junction and its role in determining molecular functionality
might be possible to control in the near future. The following substrate-dependent parameters
of the fullerene–surface junction have emerged in previous work: the degree of charge transfer
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(to the fullerene) [9–11], the importance of hybridization with the substrate [9, 12, 13], and
the magnitude of charge–charge correlation effects [10, 14].

Hybridization and the concomitant energy level splitting [9, 12, 13, 15] is the aspect of
the surface–fullerene interaction which could most strongly affect the use of such molecules
in devices, since the level structure is often paramount to control. It has been claimed that the
chemical rehybridization which is so well established for small molecular adsorbates [16] is also
important for adsorbed C60 [17]. The large width of the molecule-derived levels has generally
been attributed to substrate-induced hybridization effects [9, 12]. The fact that calculations in
the local density approximation (LDA) produce single, rather than split, orbital manifolds for
C60/Ag(001) can explain some of the broadening, but not the large splitting observed in the
data [9]. At the same time, the similarity of the energy-dependent photoelectron cross sections
of multi-and monolayer C60 films suggests that adsorption leaves the molecular levels largely
unaffected [18]. The ability of simple calculations to reproduce x-ray photoelectron scattering
data [19] implies only minor geometrical changes occur upon chemisorption. At the same time,
isolated molecules of covalently bound [9, 20] C60/Al are very mobile on the surface [21]. The
roles of hybridization, vibrational coupling [22], and intramolecular correlation effects [10, 14]
for such large molecules in contact with a surface are not yet generally understood.

We will use the angle dependence of the photoelectron spectrum (PES) of C60 to illuminate
these issues for a system displaying some of the largest chemisorption-induced effects on the
energy levels of the fullerene, C60/Al(110) [9]. The splitting of the highest occupied molecular
orbital (HOMO) is confirmed to be due to the symmetry-breaking effect of the surface bond;
the different components are assigned to orbitals which are degenerate for the free molecule
via comparison of the angle dependence of their emission to calculations. The frontier orbital
molecular wavefunctions can be classified into those with and without strong overlap with
the substrate, suggesting that the difference in screening of an electron vacancy in these two
cases explains the observed splitting. This is supported by comparison to other observables,
including the magnitude of the electron–electron correlation energy for metal-supported C60

monolayers. This emphasizes the strong effect of single charges on such anchored molecules
for the electronic structure.

The experiments were carried out at Beamline 33 at MAX-lab [23], which has an angle-
resolved photoelectron spectrometer in a standard ultrahigh vacuum chamber, connected to
a sample preparation chamber via a transfer system. The angular resolution was 2◦, and the
base pressure during measurements 6 × 10−11 mbar. The ordered monolayer was formed
by subliming C60 onto the clean (110) surface while the substrate was held at 620 K. The
experimental geometry and the low energy electron diffraction (LEED) pattern are shown
in figure 1. Further experimental details on the sample preparation will be reported in
detail elsewhere [24]. All data shown here were acquired at 32 eV photon energy with the
polarization in the plane of incidence at an angle of 25◦ from normal. The Al(110) surface
was oriented to place the [10] direction in this plane. The spectral intensity was normalized
to the total photon flux during acquisition. The differential photoionization cross section has
been calculated using an approach which combines density functional theory with a basis
consisting of a large one-centre expansion (OCE) of products of radial B-spline functions and
symmetry adapted spherical harmonics; see [25–27] for more details. In the present work we
employ a conventional Kohn–Sham Hamiltonian [28], with the LB94 exchange–correlation
potential [29]. The complete Ih point group symmetry has been employed in the calculations.

Valence data from C60/Al(110) are shown in figure 2(a); the binding energy scale is shown
on the top axis, and the kinetic energy of the photoelectron on the bottom axis. The kinetic
energy is determined by the energy difference between the calibrated photon energy and the
work function of C60/Al(110) [30]. The data show a strong splitting of the highest occupied
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Figure 1. (a) Illustration of the experimental geometry. (b) Observed LEED pattern. The surface
directions are indicated.
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Figure 2. (a) A single spectrum and (b) an ensemble of angle-dependent valence PESs of
C60/Al(110). The spectra in (b) were taken at 6◦ intervals, indicated by the lines.

molecular orbital (HOMO) [9] into two components, ‘a’ and ‘b’; note that the Al background
is quite weak in comparison to the fullerene-derived features. A set of valence spectra for a
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Intensity Analysis with Empirical Lineshapes
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Figure 3. Illustration of the fitting procedure used to extract the angle dependence shown in figure 4
from the data in figure 2(b); the background due to the substrate has been subtracted. Grey dashed
curves show the HOMO band of gas phase C60 [22] for comparison to the empirical component
lineshapes.

range of polar emission angles is shown in figure 2(b), displaying a rich intensity variation
throughout the selected energy range. We focus in what follows on the HOMO, which is
derived from a single molecular orbital and shows the strongest angle dependence, allowing a
detailed analysis.

To extract the form of each angle dependence, we first scaled and subtracted spectra at
different angles from each other to determine empirical lineshapes for each component, as well
as for the band below (HOMO-1). These are shown in figure 3; the quality of fit shown there
was found for all angles, and further details are given elsewhere [24]. The results of fitting
the empirical lineshapes to the HOMO-a and HOMO-b are shown at the bottom of figure 4.
Consistent with figure 2(b), HOMO-a has an intensity maximum at normal emission and
shoulders at about ±20◦. HOMO-b is characterized by a local minimum at normal emission
and structures at ±25◦. We denote the peaks at ±20◦ and ±25◦ as ‘wing structures’.

The molecular appearance of the variations suggests, as with the energy dependence [18],
that a calculation for an isolated, oriented molecule could explain the data. The orientation for
C60 on the similarly structured surfaces Cu(110) [19, 31] and Pd(110) [32] was experimentally
determined to be characterized by five to six bonds in contact with the surface, aligned
perpendicularly to the rows of substrate atoms.

To test this, we compare the experimental angle dependences to calculations for each of
a set of allowed molecular orientations in figure 4. We make the ansatz that a twofold axis of
symmetry of the molecule will be aligned to one of the substrate twofold axes. For cases in
which the molecule has no mirror plane perpendicular to the emission plane, the two equivalent
orientations are included in the calculation (see figure 5(a)). Emission in a mirror plane as
nominally required by the experimental geometry employed here eliminates contributions from
several of the five HOMO components [33] due to symmetry considerations; hence only the
symmetry-allowed contributions are displayed. The calculated distributions are corrected for
electron refraction, increasing spot size collected by the analyser at higher emission angles, and
attenuation due to inelastic scattering [34]. They have then been broadened with an 8◦ wide
Gaussian to simulate the width of the experimentally determined structures, and compressed in
the angular dimension by a factor of 1.4, which was found [24] to bring the solid C60 data [34]
into agreement with calculations.

Almost all orientations can be eliminated after a cursory comparison of the predicted
angular distributions to experiment. Cases (a), (b), (f), (g), (h), (i) and (j) all predict overly
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Molecular Angle Dependence
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Figure 4. Left columns: schematics of the molecular orientation, taking the surface [10] direction
to be horizontal. The bond or atom closest to the Al surface is drawn as a thick line or circle,
respectively. Right columns: corresponding calculated photoelectron angular distributions for
emission in the experimental emission plane, compared to the experimental curves. See the text
for discussion.

high intensity at greater emission angles. For geometry (d) the component distribution with
significant intensity at normal emission has only weak wing structures, and at very high
emission angles, in contrast to HOMO-a. Case (e) shows rather uniform distributions, unlike
the experiment. The remaining possibility (c) has only one component with significant intensity
at normal emission, and both components show wing structures; this and the relative placement
of those structures (HOMO-b further apart than HOMO-a) is in quite good agreement with
experiment. Thus, calculations based on isolated molecules identify orientations with five to
six bonds in contact with the surface and aligned to the [01] direction as the only reasonable
case of those considered. This is in excellent agreement with the experimentally determined
orientations for C60 on Cu(110) [19, 31] and Pd(110) [32]. Indeed, in all studies so far, the
surface symmetry plays the deciding role for the molecular orientation [24]. This supports the
use of a free molecular calculation, and strongly suggests that the molecular orbitals are only
weakly mixed with substrate states upon chemisorption on Al(110).

The fact that two components are observed here and for angle-integrated data taken with
a less restrictive surface-emission orientation [9] suggests that the observed splitting is not
merely a consequence of emission symmetry, which could be expected to divide the fivefold
degenerate HOMO into at least three separate components in the ground state, or broaden it
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Figure 5. (a) Molecular orientation(s) of C60/Al(110) consistent with the comparison shown in
figure 4, and with expectations from structure studies (see text). Only the carbon atoms closest to
the surface are shown explicitly. The C–C bond closest to the substrate is indicated as a solid line.
The adsorption site depicted is arbitrary. (b) Contour plot of the wavefunctions of the components
corresponding to figure 4(c). Portions with positive (negative) phase are shown as solid (dashed)
lines, and the nodal lines as dash–dotted lines. Circles show C atom positions, while the squares
indicate the intersection between the emission plane and C–C bonds. The substrate and the surface
normal are also indicated. The emission plane is a nodal plane for three out of the five HOMO-
derived components in this geometry.

into a continuum according to theory [12]. The overlap of the different HOMO components
with the substrate, illustrated schematically in figure 5(b), offers a simple explanation for the
existence of exactly two components. There we see that the HOMO-a and HOMO-b have
relatively strong and quite small overlap with the substrate, respectively. This difference in
overlap characterizes the other three components of the HOMO as well, and motivates the
energy-splitting in terms of a final state effect.

To estimate the splitting, we note that the photohole created on the molecule in the
measurement will be fully localized there for components like HOMO-b,but will be delocalized
into the substrate to some extent for components like HOMO-a. In the extreme case, this
would leave the molecule with local charges of +1 and 0, respectively, and the difference in
energy cost, i.e., the splitting sought here, would be the self-energy of a single charge on an
adsorbed fullerene, which explains its absence in ground state calculations [12]. This should
be about half the charge–charge correlation energy U , which has been found to be 0.6 eV
for C60/Ag(111) [14], i.e., a maximum splitting of about 0.3 eV for adsorption on a metal,
which is quite close to the value found here. For semiconductor substrates this splitting would
be expected to increase somewhat due to the reduced image screening, as observed [13, 15].
Thus the splitting can to a good approximation be explained in terms of the difference in hole
correlation energy between orbitals with and without significant substrate overlap.

From the previous study of C60/Al [9], we identify the HOMO-a component as that
displaying significant substrate overlap, based on the fact that the HOMO-b is virtually
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unchanged as the substrate is varied, whereas the HOMO-a showed signs of varying extent
of substrate hybridization. This observation motivates the coloring of the curves in figure 4:
angular distributions from components with relatively large substrate overlap are given in blue,
those with virtually no substrate overlap in red. With this additional criterion, we obtain further
confirmation of our previous analysis; e.g., cases (a) and (e) are eliminated due to the lack of
a red component, and case (d) because the red component has a central maximum. Case (c) is
once again shown to satisfy the available constraints.

All the new observations in the present work are attributable to the retention of significant
molecular character by the electronic states of the fullerene upon adsorption. The strong
similarity between the HOMO-a and HOMO-b lineshapes shown in figure 3 and that of gas
phase C60 indicates that vibrational coupling, which is suggested to be significant in solid
C60 [10, 22, 35], could play an important role in the level widths. The close similarity of
the weakly coupled component HOMO-b with the gas phase data, and the extra broadening
of the HOMO-a relative to those data, are consistent with the stronger substrate interaction
of the HOMO-a component, and with the strong molecular character deduced from the angle
dependence.

This would also help to explain the overlap of the HOMO-a and HOMO-b components
without the need to invoke a strong substrate interaction for both components. The
hybridization effects elucidated in [12] are important for the orbitals which are involved,
but cannot explain the splitting observed. Hence we speculate that vibrational coupling is an
important contributing factor in explaining why level splitting of the type described here and
elsewhere [8] is not evident in C60-based prototypical devices studied to-date [3, 4].

To summarize, we have used the angular distribution of the adsorption-split components
of the highest occupied molecular orbital of C60, combined with calculations for the free
molecule, to identify the sub-orbitals involved. This has led to a molecular picture of the
major aspects of the adsorbate electronic structure, with only minor modifications due to the
covalent bond to the surface. The splitting of the HOMO, which is obvious for several other
substrates as well, is explained in terms of differences in correlation energy of the final state as
a function of differing covalent interactions of the sub-orbitals involved. The present results
have general implications for molecular devices in which a covalent bond between molecule
and substrate is important for electronic applications.
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Vetenskapsrådet and the CARAMEL Consortium, which receives funding from Stiftelsen
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