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Resonant excitation x-ray fluorescence from Cyg,
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X-ray fluorescence of condensed Cg4, has been recorded in high resolution using monochromatic syn-
chrotron radiation excitation. Strong intensity modulation of constituent spectral features is observed
with varying excitation energy up to 10 eV above threshold. The energy dependence is interpreted as
due to resonant inelastic x-ray scattering, leading to symmetry selection rules governing the two-photon
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process in the fully symmetric molecule.

The C4, molecule (fullerene) has the interesting form of
a soccerball, with icosahedral (I,) symmetry in its
ground state.! In the condensed phase (fullerite), the Cq,
molecules form van der Waals intermolecular bonds,
which are much weaker than the molecular bonds, and
IR and Raman spectroscopy studies have indeed shown
that the soccerball-shaped structure is retained in the
condensed phase.>® Also, band formation in fullerite is
not pronounced and dispersion has been predicted to be
small.* Resonant photoemission spectroscopy’ and
electron-energy-loss spectroscopy® have been used to
study the electronic structure of Cg, The electronic
structure has also been examined theoretically (see, e.g.,
Refs. 7 and 8). Both the theoretical and the experimental
results indicate that the electronic structure of fullerenes
is only affected slightly by solidification. The molecular
properties of Cg4, are thus expected to be important for its
X-ray emission spectrum, a notion that is confirmed by
observations in nonselectively excited emission spectros-
copy.? ™12

Great progress has been made on the resonant x-ray
fluorescence spectroscopy, since the first observation of
narrow-bandpass resonant photon emission.!*> In the
present work, we report on resonance x-ray fluorescence
measurements of Cq. We propose that the resonant x-
ray emission of Cg is strongly affected by resonant inelas-
tic x-ray scattering (RIXS), and that the RIXS structure
reflects the symmetry of the orbitals engaged in the pro-
cess by a 1=0, %2 parity conserving selection rule. Our
observations suggest that RIXS is another method of
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studying molecular electronic structure in Cqy and other
molecular systems, and of making assignments of ob-
served spectral features in molecules with an element of
symmetry.

The experiments were performed at beamline 7.0 of the
Advanced Light Source, Lawrence Berkeley Laboratory.
This beamline is comprised of a 5-m, 5-cm-period undula-
tor and a 10 000-resolving-power spherical grating mono-
chromator covering the spectral range from 100 to 1300
eV.!* The sample was made in situ by vacuum evapora-
tion of C¢, on a clean stainless steel surface in the experi-
ment chamber. The temperature of the evaporation
source was slowly increased to 300°C for outgassing.
The Cq, was then evaporated at about 380°C. The eva-
porated film with thick enough so that the Fe-substrate
L, ; emission lines could not be observed with 3-keV
electron-beam excitation. The soft-x-ray fluorescence
was recorded in the polarization plane and normal to the
incident photon beam, using a high-resolution grazing-
incidence grating spectrometer with a two-dimensional
detector.’® The sample was oriented so that the incident
photon beam was at an angle of ~70° relative to the sur-
face normal, in order to suppress effects due to self-
absorption.!® The bandpass of the exciting photon beam
was set to ~0.15 and ~0.22 eV, respectively, for absorp-
tion and emission measurements, and the fluorescence
spectrometer resolution was ~0.56 eV. The energy scale
in the x-ray emission spectra was calibrated using the
elastic peak, as well as Cr L, ; emission lines obtained
from an electron-beam-excited reference standard and
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recorded in the second order of diffraction.

The inset in Fig. 1 displays the x-ray absorption spec-
trum of solid Cg,, obtained by measuring the total x-ray
fluorescence yield. The spectrum has been normalized to
the photocurrent from a clean gold mesh introduced in
the synchrotron radiation (SR) beam in order to correct
for intensity variations in the excitation beam. The ener-
gy scale was calibrated by aligning the first absorption
peak at 284.5 eV, a value determined by resonant photo-
emission measurements of Briihwiler et al.> The spec-
trum is in good agreement with those from other high-
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FIG. 1. X-ray fluorescence spectra of fullerite for various ex-
citation energies. The resolution of monochromator and spec-
trometer are 0.22 and 0.56 eV, respectively. The fluorescence
spectra have been obtained by taking the average of three con-
secutive channels. Results from ab initio calculations of x-ray
emission from Cg, are displayed at the bottom (the symmetries
of the molecular orbitals are indicated in the figure). The inset
shows the x-ray-absorption spectrum of fullerite recorded by
measuring the total electron yield. The arrows indicate the ex-
citation energies at which x-ray fluorescence spectra were
recorded.

BRIEF REPORTS 52

resolution x-ray-absorption spectroscopy measure-
ments,® 7% indicating that the film was of good quality.
We observe four peaks below the ionization threshold at
290.5 eV.!” The first absorption peak, at 284.5 eV, has
been assigned to the lowest unoccupied molecular orbital
(LUMO). The LUMO has ¢;, symmetry in the
icosahedral (I,) point group that the Cq molecule as-
sumes in its ground state. The second absorption peak, at
286.0 eV, has been assigned to the second lowest unoccu-
pied orbital with ¢;, symmetry. The third absorption
peak appearing at 286.6 eV represents the third and
fourth unoccupied orbitals, with ¢,, and hg symmetries,
respectively, t,, giving the largest contribution to the
peak. The fourth absorption peak at 288.4 eV corre-
sponds to unoccupied orbitals with symmetries a,, h,, &g,
8, and t,, where a, dominates the feature. The bars in-
dicate the excitation energies at which the C K emission
spectra of Cq, were recorded.

The fluorescence spectra, excited at various photon en-
ergies near threshold, are displayed in Fig. 1. The spec-
tral intensities show a strong dependence on the excita-
tion energy, especially below the ionization threshold.
While energies of the different bands seem to change only
by small amounts. Quite large energy shifts were ob-
tained in the Cl K3 resonant x-ray emission spectra from
CFCl, vapor,?° which could be explained in terms of per-
turbation effects due to the presence of an electron in the
first unoccupied MO.2° The small change in energy posi-
tions in the spectra of C¢, can be explained as due to
small interaction strengths between the excited and the
occupied electrons, something which is likely to be the
case for such a large molecule. For assignments of the
symmetry character of Cq, molecular orbitals, the calcu-
lated x-ray emission spectrum of the Cg, molecule in an
ab initio Hartree-Fock frozen model is shown at the bot-
tom.!? In all cases, we are probing the bulk properties of
the sample, which means that surface contamination
effects should be small. We also do not observe any vari-
ations of the spectra with time, indicating that sample
damage caused by irradiation is negligible. The main
effect seems to be an intensity variation of the different
features in the spectra, similar to the observation of
strong excitation-energy dependence in the x-ray fluores-
cence spectra of diamond?! and of the highly oriented py-
rolytic graphite.?? The proposed explanation for the vari-
ations in those cases was based on considering the x-ray
fluorescence as a scattering process, in which the momen-
tum of the electron-hole pair and the momentum transfer
from the photons are related by momentum conserva-
tion.?> We propose that the x-ray emission spectra of ful-
lerite also can be treated in terms of inelastic scattering of
the C¢, molecule. The RIXS process in the molecule is
the one-step correspondence to a transition of a core elec-
tron into an unoccupied molecular orbital (MO) and the
subsequent emission caused by the transition of a
valence-electron from an occupied MO to the core hole.
The parity of the molecule is conserved in the case of res-
onant inelastic scattering. As a result, there exists a
strong symmetry correlation between unoccupied and oc-
cupied MO’s, which take part in the RIXS process, ap-
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pearing as an / =0, +2 selection rule of the x-ray process.
A general theoretical description of resonant inelastic
scattering of x rays for molecules, including polarization
effects, can be found in the references.?*?

The molecular orbitals of the ground-state C¢, has been
assigned in terms of the I, point group on several oc-
casions in literature, see, e.g., Refs. 4, 12, and 26, howev-
er, still not unanimously. The RIXS spectra presented in
Fig. 1 contain five pronounced features, labeled with E |,
E,, E;, E,, and Es. Based on ab initio calculations of
Ref. 12, the first feature E,; corresponds to the highest
occupied molecular orbital with 4k, symmetry, while the
second feature E, represents a combination of the nearly
degenerate 4g, and 7h, orbitals. Features E; and E,
contain more complicated molecular-orbital combina-
tions as shown in Fig. 1. Feature E5 contains the 24,
3t,,, and 2g, orbitals. A strong excitation-energy depen-
dence for all these features can clearly be discerned. At
the photon energy of 284.5 eV, the core electron has been
resonantly excited to the LUMO level (¢,,). According
to the parity selection rule for RIXS transitions, i.e., only
the valence MO’s with the same parity as the unoccupied
MO are transition allowed, one can expect that feature
E, should be absent. However, this is not the case in the
spectrum of Fig. 1 which, on the contrary, presents a
quite significant intensity for E,. This indicates that con-
tributions from symmetry forbidden (Jahn-Teller in-
duced) vibrational levels, the frequencies of which are in
the order of 0.1-0.2 eV, have taken part in this scattering
process. To examine the possibility of the interference in
the RIXS spectrum for the LUMO level from these vi-
brational levels, an excitation energy has been selected
below the first absorption peak at 284.1 eV. For this en-
ergy, the contribution from the nearby vibrational levels
should then expectedly be strongly decreased. Indeed, it
can be seen from the spectrum that feature E, is hardly
observable at this excitation energy, whereas the LUMO
symmetry allowed E, feature still is, thus proving that E,
does not originate from pure symmetry of the LUMO
zero level. At a photon energy of 286.0 eV, where the
core electron is excited to the LUMO+1 (¢,,) level, the
intensity of E, gets stronger and E, gets weaker (but is
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still present, due to tail excitation). An important obser-
vation concerning Es that can be drawn from Fig. 1 is
that this feature is clearly resolved at the photon energy
of 284.5 eV, but becomes only a shoulder for other excita-
tion energies. This E; feature thus correlates strongly
with the excitation to the LUMO level, which is of ¢,
symmetry. Since Ej contains important ungerade contri-
butions (3¢,, and 2h, ), we take this as a confirmation of
the parity selection rules operating for RIXS spectra.

In the second (286.0 eV) and third (286.6 eV) absorp-
tion spectra the elastic peak is much weaker, and in the
fourth absorption spectrum (288.4 eV), it is barely notice-
able. The strength of the elastic peak should be depen-
dent on the degree of localization of the excited electron
at the core hole site. The strong intensity found for the
elastic peak at the first absorption threshold indicates
that the LUMO derived states are more ‘“excitoniclike”
than the higher unoccupied states.

In summary, we have reported the x-ray fluorescence
spectra of condensed Cg,, using energy selective excita-
tion. The spectral profiles of the x-ray fluorescence ex-
hibit a strong photon-energy dependence near the carbon
K edge. This photon-energy dependence is interpreted in
terms of resonant inelastic x-ray scattering. We propose
that resonant inelastic x-ray scattering can be used as an
experimental method to study the electronic structures of
molecules with an element of symmetry.
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