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Angular-resolved Photoelectron Spectroscopy of Superatom Orbitals of Fullerenes
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Photoelectron angular distributions from both C¢, and C;, were recorded for low laser intensity femto-
second and picosecond pulses. Rich structure is seen for electron kinetic energies that lie below the photon
energy. Strong, broad peaks are observed for photoelectron energies corresponding to single-photon
ionization of so-called superatom molecular orbitals (SAMOs). The very simple angular distributions
measured for these peaks, the close similarity of the spectra observed from Cgy and C5, and the comparison
with time-dependent density functional theory provide strong support for the SAMO hypothesis.
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It is notoriously difficult to obtain information on the
excited electronic states of large molecules using conven-
tional multiphoton ionization (MPI) spectroscopy due to
the redistribution and rapid equilibration of energy.
Fullerenes are a particularly good example of this, showing
thermionic electron emission for excitation with ns laser
pulses below the ionization potential (IP) [1,2] and even a
strong thermal electron emission for excitation with fs
pulses [3.4]. Rydberg fingerprint spectroscopy [5] is a
technique that avoids the problems associated with con-
ventional MPI. It was first observed in 2001 that fs photo-
electron spectra (PES) of small aromatic molecules [6,7]
and fullerenes [8] show a rich Rydberg structure that
appears largely independent of the laser excitation wave-
length. For intense laser excitation, this structure is super-
imposed on a background of thermal electrons [8,9].
Well-resolved structure can be recorded even for vibration-
ally hot molecules due to the Av = 0 propensity rule
(based on Franck—Condon arguments and the structural
similarity of the Rydberg states and the cation). Although
the mechanisms for populating these Rydberg series are
not fully understood, Weber and coworkers have since
shown that this technique can be used as a structure-
sensitive spectral fingerprint for aromatic molecules [5].
The excited states of fullerenes have recently become of
topical interest due to the observation of so-called supera-
tom molecular orbitals (SAMOs) in scanning tunneling
spectroscopy (STS) experiments of fullerenes on metal
surfaces [10,11]. These are orbitals that have the angular
distributions of spherical harmonic functions and are de-
fined by the central potential of the hollow molecular core
rather than being defined by the atomic centers. They are
thought to be generic for hollow molecules or nanostruc-
tures and have important consequences for understanding
and tuning the properties of such systems for applications
within molecular electronics [11].

In this Letter, we combine Rydberg fingerprint
spectroscopy with velocity map imaging (VMI) to obtain
angular-resolved PES from neutral fullerenes. The results
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provide strong evidence for the excitation of the s-SAMO
and provide a stringent test of the theoretical models being
developed to study the electronic properties of these inter-
esting nanosystems [11,12].

An effusive molecular beam of purified Cg, or Cy is
produced in a resistively-heated oven at a temperature of
500 °C and introduced to the laser-interaction region of a
combined linear time-of-flight mass spectrometer/VMI
photoelectron spectrometer (arranged at 180°), similar to
the setup described in [4]. A Ti:sapphire regenerative am-
plifier producing 800 nm pulses with a duration of 120 fs
(9 nm bandwidth) and 1 kHz repetition rate with maximum
output energy of 3.8 mJ is used. The fundamental output
from the laser was frequency doubled in a beta-barium
borate (BBO) crystal yielding 120 fs, 400 nm light (3 nm
bandwidth). Bandwidth-limited 4 ps pulses of 401 nm
wavelength (5 cm™! bandwidth) were produced with a
second harmonic bandwidth converter and tunable fs
pulses (500-1000 nm) with a Topas-white noncollinear
optical parametric amplifier. The raw VMI images were
inverted using pPBASEX [13] and checked for consistency
with BASEX [14] and POP [15] (modified to include up to
the tenth Legendre polynomial in the inversion procedure).

For the calculations, Cg, was optimized without
imposing symmetry at the B3LYP/6 — 31 + G(d) and
B3LYP/6 — 311 + G(d) levels [16]. The equilibrium ge-
ometry was computed to belong to the point group /,. In
order to study the excited states of Cgj, time-dependent
density functional theory (TD-DFT) computations were
undertaken for the two basis sets for a band of 200 excited
states above the ground state, with and without imposing
symmetry. The four levels of computation gave the same
excitation energies within numerical precision. To examine
even higher-lying states, a TD-DFT computation for a band
of 500 excited states was carried out at the B3LYP/6 —
31 + G(d) level with the I, symmetry imposed. The first
s-like excited state falls within the band of 200 excited
states, but the higher excited states do not. The excitation
energies to the first s-like state computed for the band of
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200 excited states and for the band of 500 excited states are
identical.

Inverted VMI images from Cg after 120 fs, 400 nm and
120 fs, 800 nm laser excitation are shown in Fig. 1. The
laser intensities were low enough for each wavelength to
only observe singly charged parent ions in the mass spectra
[see inset in Fig. 2(a)]. Even for the low laser intensities
used to obtain the data in Fig. 1, the signal consists of two
components: a peak structure superimposed on a thermal
background. The thermal background has been discussed
in detail previously [4]. Here we focus on the resolved peak
structure, which dominates at low laser intensities. In order
to separate the two components, the VMI image is divided
into angular segments of 10° intervals and the thermal
background is subtracted leaving PES such as those illus-
trated in Fig. 2 for the 0-10° angular interval obtained
from C4y and Cy, for different wavelengths and pulse
durations. For comparison, the spectrum of excited states
obtained from the TD-DFT calculations is also shown in
Fig. 2(b). The energy scale was converted to match the PES
by subtracting the computed binding energy from the
photon energy corresponding to 400 nm.

The spectra in this angular interval are in agreement with
the time-of-flight photoelectron spectra reported previ-
ously by Boyle et al. [8,17]. It was shown earlier that the
structure can be identified with single-photon ionization of
Rydberg states [17], as is the case for Rydberg fingerprint
spectroscopy [5]. Here we focus on the intense broad peaks
that are clearly visible in the 400 nm spectra (identified as
peaks I-IV in Fig. 2). The binding energies of the peaks are
listed in Table I. Peaks corresponding to states with the
same binding energies are found for excitation with 400 to
600 nm and peaks II-1V are found in the spectra taken with
700 to 800 nm where the photon energy is too low to
single-photon ionize from the state corresponding to
peak I. Although the higher energy peaks (III and IV) are
better resolved in the Cg, ps spectrum compared to the fs
data, the full width at half maximum (FWHM) of peaks I
and II does not change significantly.
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FIG. 1 (color online). Inverted VMI images for Cg, after
(a) 120 fs, 400 nm laser excitation (3 X 10'' W/cm?) and
(b) 120 fs, 800 nm (3.7 X 10'> W/cm?). The laser polarization
direction was parallel to the z-axis.

The Rydberg structure in C¢y PES was earlier assigned to
Rydberg series with € =3, 5, and 7 [8] based on the
agreement of electron binding energies with values esti-
mated from solving the Schrodinger equation using a
simple jellium potential. Peak I did not fit the main series
and was tentatively assigned to the 4 p Rydberg state (where
the number 4 indicates the number of radial nodes +1).
Peaks II, III, and IV were assigned to the 4d, 3h, and 4g
states. The PADs, reported here, in combination with the
recent STS observations of SAMOs [10] and more recent
DFT [11] and Hartree-Fock [12] calculations, as well as the
TD-DFT calculations presented here, lead us to revise these
assignments. One can consider the SAMO states to be
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FIG. 2. Angle-resolved PES for polar angle interval 0-10°
obtained by exciting (a) Cg, with 400 nm, 120 fs laser pulses of
intensity 3 X 10'' W/cm?. (b) Calculated spectrum of excited
states of Cg, from TD-DFT calculations. The solid line was
obtained by convoluting each state with a Gaussian function.
The energy scale has been converted to photoelectron kinetic
energy to compare to experimental PES obtained for 400 nm light.
(c) Same as (a) but using 401 nm, 4 ps (5 cm ™! bandwidth) laser
light of intensity 7 X 10'°© W/cm?; (d) C;o 400 nm, 120 fs of
intensity 3 X 10" W/cm? and (e) Cgy 800 nm, 120 fs and inten-
sity 3.7 X 10'2 W/cm?. The inset in (a) shows a time-of-flight
mass spectrum obtained for the same laser conditions as in (a).
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TABLE I. Average value of peak binding energies obtained for
all wavelengths. Values for Cy, are given in parentheses.

Peak Binding energy (eV)

I 1.90 = 0.01
(1.86 = 0.02)

I 1.47 = 0.02
(1.41 = 0.02)

I 1.02 = 0.01

v 0.87 = 0.02

precursors to the Rydberg series. However, in contrast to the
Rydberg states, the electron density of the SAMOs resides
substantially inside the hollow fullerene cage [10]. The
spatial angular distributions of SAMOs follow spherical
harmonics because the electron moves in the central field
of its image charge, which arises due to short-range ex-
change and correlation effects caused by the close proxim-
ity to the other valence electrons and is a consequence of the
hollow geometry [10]. In contrast, in a molecular Rydberg
state, the electron is sufficiently far away from the other
electrons and therefore only experiences the long-range
Coulomb potential, creating the central potential required
for maintaining ¢ as a good quantum number.

The integrated peak intensities for peaks [-VI presented
in Fig. 2 are plotted as a function of polar angle in Fig. 3.
For a single pulse of linearly polarized light, single-photon
ionization of a randomly oriented target results in a photo-
electron angular distribution (PAD), I(6), for a specific
kinetic energy according to [18]

1(6) = %[1 + BP,(cosh)], (1)

where 0, 1s the angle-integrated cross section, 8 is the
anisotropy parameter (which takes on values between —1
and 2), and P, is the second order Legendre polynomial. In
the atomic case, where the orbital angular momentum
quantum number € is a good quantum number, B can be
determined by the Cooper-Zare formula [19]. If the initial
state is an s-state, implying that the angular momentum of
the outgoing electron can only take on the value of € = 1,
BB should equal two (in the absence of significant electron
correlation effects). For higher angular momentum states,
there will be interference between the outgoing channels
leading to a value of B that varies with the kinetic energy of
the outgoing electron.

The PADs shown in Fig. 3 can all be fitted with Eq. (1),
confirming that the structure in the PES is produced from
single-photon ionization from a wide range of electroni-
cally excited states. The extracted values of 3 are plotted
as a function of electron kinetic energy in Fig. 4. It was not
possible to reproduce the measured PADs for these peaks
using the original assignment [8] and calculations based on
the simple jellium potential. The most intense broad peak
seen in the spectra, peak I (Fig. 2), and the smaller peak IV
have values of beta that are very close to 2.0 and do not
show a strong variation with electron kinetic energy. It
therefore seems reasonable to assign those peaks to
s-states. Further support for the assignment is given by
the TD-DFT calculations which show an excited state
comprised entirely of the s-SAMO with a binding energy
of 2.15 eV, in reasonable agreement with the experimental
value of 1.90 = 0.01 eV for peak I. The calculations also
show a higher-lying s-SAMO state with a binding energy
of 0.78 eV, which is in reasonable agreement with the
binding energy of peak IV (0.87 = 0.02 eV).
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FIG. 3. PADs corresponding to the marked peaks in Fig. 2 obtained by exciting with (a)—(d) 400 nm, 120 fs laser pulses of intensity
3 X 10" W/cm? and (e)—(h) 800 nm, 120 fs and intensity 3.7 X 10'> W/cm?. The angular dependence was fitted using Eq. (1) to

determine S.
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FIG. 4. Anisotropy parameter, B3, as a function of photoelec-
tron kinetic energy. The dashed lines show the minimum and
maximum possible value of B8 for a single-photon ionization
process. Peaks I and IV are identified as arising from s-SAMO
states based on their binding energies and 8 = 2. The solid line
shows the calculated 8 values obtained for the p-state using

Eq. (2).

The PADs for peaks II and III do vary with kinetic
energy and can be assigned to higher angular momentum
states. The calculations show a broad band of states above
the s-state and it is not clear which states the observed
peaks correspond to. Based on the energy difference
between peak I and II, the HOMO-7 to LUMO excited
state with binding energy 1.79 eV could be assigned to
peak II (1.47 = 0.02). On the other hand, it is also possible
that a pure p-state with binding energy 1.26 eV, identified
in the calculations, could give rise to peak II. We have used
a simple model to calculate the angular distributions of the
emitted electrons using plain waves as the final wave
functions for the outgoing electrons. The distribution of
emitted photoelectrons as a function of momentum Kk, in
spherical coordinates, can be described as

1k, 0, ) > : »)

f ¢I;<,ae*277'ik~rdr

where £ is the dipole operator and ¢, is the orbital of the
ionized electron computed at the TD-DFT level. When the
calculated PAD for the p-state is compared to the experi-
mental data in Fig. 4, there is a striking agreement with the
PAD for peak II. It is therefore tempting to assign peak I as
a p-SAMO state, although further calculations are needed
for an accurate assignment.

It is striking that there are two prominent peaks in
the C;o PES that are very close in energy to peaks I and
IT in the Cg, spectra and that show almost identical PADs
(the signal to noise ratio is too poor to reliably extract
information from higher energy peaks). The DFT calcula-
tions presented in Ref. [11] also predict the 35 SAMO state
of C;, to have a lower binding energy than that of Cg,, by

ca. 0.1 eV [11]. The experimental results are in reasonable
agreement with this, lying ca. 0.04 eV and 0.06 eV lower in
energy for peak I and 11, respectively. TD-DFT calculations
for Cy, are underway.

In conclusion, we have presented angle-resolved PES of
gas-phase Cq, and C,, after fs and ps laser excitation.
Some of the most prominent observed peaks in the PES
were interpreted as single-photon ionization of SAMOs,
diffuse molecular orbitals predicted to be centered on the
core of hollow molecules [11]. This assignment was based
on the comparison of relative binding energies with
theoretical calculations and, in particular, the PADs that
allowed us to clearly identify two s-SAMO states. The
assignment of peaks II and III is less certain but the kinetic
energy dependence of the anisotropy parameter, 3, pro-
vides a stringent test of theoretical calculations. The com-
parison with TD-DFT calculations indicates that peak II
could be a p-SAMO state. The powerful combination of fs
Rydberg fingerprint spectroscopy and photoelectron VMI
that we demonstrate here can provide detailed information
about excited electronic states of complex molecules in the
gas phase that cannot be obtained readily with other meth-
ods. The fullerene results that are presented will hopefully
stimulate theoretical efforts to obtain a greater understand-
ing of the properties of these novel electronic states which,
in turn, could stimulate the development of new materials
for applications in molecular electronics.
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