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The C 1s near-edge absorption spectrum of Cq, has been studied experimentally and theoretically. An
assignment of the C 1s transitions to unoccupied states below the continuum threshold is suggested on the
basis of multiple-scattering X local density and semiempirical intermediate-neglect-of-differential-overlap
self-consistent-field calculations, including effects of screening and relaxation of the symmetry-breaking core
hole. The present work shows that modeling the core hole is necessary for understanding the absorption
spectrum of Cgy. Thus excitonic interactions between the excited electron and the core hole left behind give a
final state that is significantly different from the ground state.

Since the discovery of a method for producing macro-
scopic quantities of Cg,' there has been an ongoing experi-
mental and theoretical effort to understand electronic and
optical properties of this novel form of carbon. The use of
different experimental methods such as photoelectron
spectroscopy,>™> inverse photoemission,® electron-energy-
loss spectroscopy (EELS),”® and  x-ray-absorption
spectroscopy”'? have given an extensive amount of experi-
mental data about the electronic structure of Cgy. From
structural studies it is known that at room temperature Cg is
a molecular solid with face-centered-cubic structure in which
the individual molecules are rotating.'* Studies thus far indi-
cate that delocalized wr-like electrons within the molecule
and van der Waals intermolecular interactions characterize
the electronic structure of solid Cgy.'?

Band structure calculations in the local density approxi-
mation (LDA) predict nearly isolated Cg, molecules in the
solid and an electronic structure typical for a molecular solid
with narrow bands (~1/2 eV).!? The low-energy EELS of
solid Cg shows a peak at 1.55 eV,’ interpreted as an excita-
tion across the 4,-¢t;, HOMO-LUMO gap, where HOMO is
the highest occupied molecular orbital and LUMO is the
lowest unoccupied molecular orbital, which seems to be con-
sistent with the calculated band gap of ~1.6 eV (Ref. 12)
using LDA. However, it is well-known that LDA usually
underestimates the band gap and experimental values could
be considerably larger, particularly for semiconductors and
insulators. In recent work Lof et al.'® determined the band
gap to be indeed considerably higher, 2.3 eV, consistent with
earlier experimental results.>'* They suggested that the low-
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energy features in the optical spectrum of Cg, should in fact
be assigned to Frenkel molecular excitons, indicating strong
electron-hole interactions and supporting the picture of a
highly correlated system.

Inner shell excitation spectroscopy is proving to be a
powerful technique for obtaining information on the elec-
tronic structure of molecules and solids. The suggestion of
excitons in the optical spectra of Cg, indicates that this type
of effect, sometimes referred to as a final state effect, might
be important in C 1s absorption spectroscopy of Cgy. The
“excitonic effect” in this context is considered to be the
interaction between the excited electron and the core hole,
which gives a final state of one core hole and 241 valence
electrons which may be quite different from the ground state
of 240 valence electrons. The electronic structure of molecu-
lar Cq is characterized by delocalized and highly degenerate
orbitals due to the 7-bonding and icosahedral geometry. A
1s hole will break the symmetry and create an attractive
potential to which all electrons of the system must respond.
There has recently been some question as to the magnitude
of the effect of the localized hole on 7 states,'> which cen-
ters on the case of graphite. The core-hole interaction was
introduced to explain the shape and position of the graphite
ar* peak in calculations for a single layer of graphite, includ-
ing relaxation near the core hole, suggesting a strong exci-
tonic effect,'® but more recent workers have challenged that
picture.'® It is therefore of high interest to test a mesos-
copic case such as Cgj.

In this work we report an experimental study of the near-
edge carbon 1s x-ray-absorption spectrum of molecular and
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solid C¢y, and compare to the results of two theoretical
analyses: self-consistent calculations of molecular Cqy using
the multiple-scattering X (MS-Xa) method, including ef-
fects of broken symmetry, static screening, and relaxation,
and the more easily implemented intermediate-neglect-of-
differential-overlap—self-consistent-field (INDO-SCF, or
INDO) method. Our results show that the main effects of the
core-hole—valence-electron interaction can be described
qualitatively within a one-electron model including effects of
relaxation and static screening of the core hole. These effects
are pronounced, and essential for understanding the 1s near-
edge x-ray-absorption spectrum of Cgg.

The exgerimental data were taken at Beamline 22 at
MAX-lab" in the total electron yield mode. For the data
presented here, the samples were a thick film of Cy, depos-
ited on Au(110), and Cgy molecules isolated in a Xe matrix.
The data were calibrated by comparing first and second order
light-excited photoemission spectra, and after many mea-
surements we find a threshold peak of 284.45+0.05 eV. The
shape of the spectra is comparable to earlier results.-10
Comparison of the two experimental spectra shows that the
primary effect of neighboring fullerenes on the near-edge
x-ray-absorption fine structure (NEXAFS) is a slight broad-
ening of the features, consistent with weak intermolecular
bonding. This conclusion is also supported by high-
temperature gas phase NEXAFS data.?’

The self-consistent MS-X« oscillator strengths were cal-
culated using a local density type of exchange-correlation
potential, i.e., the Xa potential with «=0.7. The volume of
the constant muffin-tin potential was substantially reduced
by introducing a number of extra “empty sphere potentials”
which minimizes the effect of the muffin-tin approximation
on the calculated result. The core-hole relaxation and static
screening were modeled by using the transition state proce-
dure introduced by Slater.?* It is well-known in density func-
tional theory that differences in total energies between elec-
tronic states can be calculated by considering a specified
occupancy of one-electron orbitals by using the relation be-
tween the total energy functional E and the eigenvalues

8,-=6’E(n1,...,ni,...,nN)/ani 5 (1)

where n; are the occupation numbers. Consider a transition
A=B with the initial occupation A=[n;=n;0),
nj=n;(0)] and the final occupation B=[n;=n;(0)—1,
n;=n;(0)+ 1] after an excitation from i to j. By introducing
a reference state, the ““transition state” T, in which both the
orbitals ¢ and j have occupancies 1/2, i.e., T=[n;=n;(0)

— 1/2,n;=n;(0)+1/2], all second order terms vanish and
the energy difference to third order between the initial and
final state simply is

ETTAL-pTNAL=E(A) —E(B)~e{(T)~&/(T), (2)
where £,(7) and &;(T) are the one-electron eigenvalues cal-

culated by using the transition state 7. This approach was
extended for calculating the oscillator strengths

f=2m/k? [(palrldis)| *(e,—e1y), ?3)

shown as the theoretical spectrum in Fig. 1(b), by using tran-

BO WASTBERG et al. 50
1 i 1 i i
a/ i —8— matrix isolated
'§
>
-
[}
=
<
<
g
>
]
o]
=
2
«
d INDO
2
c
=
>~
-
(o]
=
<
[
I | 1 | i 11
T T T T

283 284 285 286 287 288 289
photon energy (eV)

FIG. 1. C 1s absorption spectra of Csy: (a) Experimental data
for solid and matrix isolated (molecular) C¢y—the matrix isolation
data contain a small contribution from CO, leading to the extra peak
at 287.4 eV; theoretical results for molecular Cqy: (b) MS-Xa and
(c) INDO. The oscillator strengths are broadened with a Gaussian
function.

sition state eigenvalues and wave functions corresponding to
1s transitions to unoccupied valence orbitals.

Computational schemes based explicitly on the Hartree-
Fock Hamiltonian, including, e.g., the complete neglect of
differential overlap and INDO methods, have the well-
known property that the virtual orbital energies correspond-
ing to excited states are placed at artificially high energies,
because of an unbalanced treatment of the electronic
self-repulsion.® In an early paper, Mulliken?* suggested that
these states are better obtained as eigenstates of the so called
“ionic Hamiltonian”

N
Fi=h,+2 (d;|(1-Py)| ), (4)

J#i

where N is the number of electrons, A, the kinetic energy
plus nuclear attraction, ¢; the occupied Hartree-Fock spin
orbitals, and ¢; the initial orbital of the excited electron. It
was later shown®>?® that the Hamiltonian (4) can be derived
from a configuration interaction treatment between all
singly-excited configurations which have ¢; as initial orbital,
yielding the excitation energies directly as orbital energy dif-
ferences.
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FIG. 2. Energy level diagram for unoccupied states of Cg, cal-
culated with the MS-Xa method. To the right are the ground state
orbital energies calculated in I, symmetry. To the left are the tran-
sition state energies presented for transitions from the 1s core of a
C atom in the Cgy molecule in C; symmetry. The energy scale for
the transition state energies is defined as relative to the C 1s ion-
ization potential.

In the present application, ¢; is a 1s orbital on one of the
carbon atoms. In a valence electron approximation such as
INDO, the removal of ¢; from the Fock operator in (4) is
then equivalent to an increase of the nuclear charge from Z
to Z+ 1, whereas the number of occupied valence MO’s in-
cluded in (4) is unchanged. The appropriate Fock operator to
use in the present case is thus the ordinary INDO Hamil-
tonian for C5oN*. The theoretical spectrum in Fig. 1(c) was
shifted to align the first peak with experiment, and scaled
uniformly by a factor of 1.28 in order to fit the positions of
the two lowest peaks in the experimental spectrum.

The intensities of the 1s= valence transitions have in the
present INDO treatment been calculated within a one-center
approximation, using the expression

1(ls:¢a)°c|CA,2px|2+ICA,Zpy|2+|CA,2pllz’ %)

where A is the core-ionized atom, the expansion coefficients
refer to the excited orbital ¢,, and the slight variation in
(e,—€15) in Eq. (3) has been neglected. Formula (5) was
used to calculate the relative intensities shown in Fig. 1(c).

The ground state energy levels obtained from the MS-
Xa calculations are presented in Fig. 2. Most of the pub-
lished calculations agree about the ordering of the four low-
est unoccupied electronic states in the ground state but there
is some uncertainty about the higher states. The LUMO is
5ty, followed by 2t,,, 5t,,, 8h,, and 4a,. The 4a, state
of the MS-X« calculation does usually not occur in calcula-
tions of linear combination of atomic orbitals (LCAO) type.
This state has a pronounced spherical electron density inside
the cage and is likely to be missed in calculations using
LCAO type basis sets, as pointed out by Jost et al.% Shown to
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TABLE I. Energies and oscillator strengths for 1s-¢; transitions
of Cg calculated in C; symmetry with the transition state procedure
(Ref. 22). Calculated transition energies are shifted —4.63 eV to
give better correspondence with the experimental transition ener-
gies.

Transition Oscillator
MO energy (eV) strength fx 1073
67A’ 284.50 32.37
51, 554" 284.58 0.9
68A' 284.68 0.05
69A’ 285.51 45.03
2ty 564" 285.62 1.51
57A" 285.64 <0.01
704’ 286.02 34.96
5ty, 71A’ 286.30 4.59
584" 286.32 0.96
59A" 286.35 <0.01
72A’ 286.43 0.05
8h, 604" 286.44 0.02
73A’ 286.51 0.64
74A’ 286.52 0.30
da, 75A"' 287.28 28.29
76A’ 287.34 <0.01
61A" 287.55 3.84
624" 287.58 0.55
63A" 287.59 0.14
77A’ 287.61 4.00
784’ 287.72 0.05
64A" 287.78 2.42
65A" 287.80 0.02
664" 287.90 0.15
67A" 287.92 0.03
79A’ 287.95 2.35
804’ 287.96 0.88
684" 288.23 <0.01
814’ 288.29 0.07
824’ 288.30 <0.01
83A’ 288.31 <0.01

the left in Fig. 2 are the transition state electron energies in
C, symmetry. The valence electrons of Cg, are grouped in the
final state into 66 orbitals of A’ symmetry and 54 orbitals of
A" symmetry. Orbitals of initial state T symmetry are split
into two A’ orbitals and one A" orbital if the symmetry is
“ungerade” and in one A’ and two A" if the symmetry is
“gerade.” Orbitals of G and H symmetry are split in a cor-
responding manner.

The theoretical oscillator strengths in Figs. 1(b) and 1(c)
were broadened with a Gaussian linewidth to mimic the ex-
perimental data. The MS-Xa oscillator strengths and transi-
tion energies are given in Table I. Four prominent peaks of
A’ symmetry appear and the suggested assignment is based
on our calculations by referring to the ground state. The first
peak originates from the 5¢,, state and only one of the three
components, the 67a’ orbital, gives any substantial contribu-
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tion. The next two peaks originate from the 2¢;, and the
5t,, states, with contributions from the 69a’ orbital and the
70a’ orbitals, respectively. The last peak originates from the
4a, state which corresponds to the 75a’ orbital in C; sym-
metry. There is almost no contribution from orbitals originat-
ing from the 8h, state which indicates that the absorption
spectrum deviates strongly from the ground state density of
states. There is a good overall agreement between experi-
mental and calculated spectra although the intensities are
somewhat different. Broadening of the peaks due to band
formation between the core-excited molecule and its neigh-
bors occurs, but has a small effect on the peak heights.?! It
can be noted that the experimental intensity for the 1s-2¢;,
transition is weaker relative to the 1s-5¢,, transition, while
the opposite holds true for the theoretical intensities using
the MS-Xa method. The INDO result is in this regard in
agreement with experiment, but is noticeably less accurate in
the spacing of the energy levels derived from a given ground
state level, and also in terms of absolute intensities. In par-
ticular, the intensity of the fourth peak is much too low,
which can be traced to the above-mentioned inability of
LCAO methods to describe the 44, state.

We have calculated the oscillator strength of 1s transi-
tions to Rydberg states by including a 1/r tail potential in the
MS-Xa calculation. =~ Weak  Rydberg transitions
(<0.1x107%) occur in the —1-0 (eV) energy range which
is above the last 15-4a, peak. The Rydberg states play a role
in C 1s near-edge absorption spectroscopy of aromatic mol-
ecules with planar 7 bondings as benzene and pyridine.?”?
Benzene has at least two visible Rydberg peaks, the 1s-3s
and 1s-3p transitions, but Cgy has none. Otherwise there are
some similarities between the 1s absorption spectrum of
benzene and Cg, €.g., benzene is dominated by the 1s-e,,
transition in a similar way as Cg is by the (first) 1s-5¢,,
transition. The effect of core-hole interactions in C 1s ab-
sorption of aromatic molecules is important, as has previ-
ously been demonstrated,””?® and is similar to Cgq as this
work shows.

It is important to note that the ‘core-hole relaxation can be
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divided into a static and a dynamic part in the real space
picture. If the core hole is stationary and localized we are
talking about static screening and static relaxation, but if the
charge distribution of the hole has a time dependence, the
electron cloud will follow the motion of the hole and the
screening involves dynamic relaxation. In this work we have
only considered static relaxation induced by a localized core
hole, but dynamical screening could be included by calculat-
ing the dielectric response function and introducing the effect
perturbatively using linear response theory.?’ By considering
the bare core hole as a localized charge distribution, the re-
laxation process leads to a correlation between the position
of the hole and the position of the screening cloud. As a
result, the concepts of relaxation and correlation become
inseparable.*

To summarize, in this paper we have demonstrated the
importance of final state relaxation effects in core photoab-
sorption spectroscopy of delocalized r-electron systems in
general, and Cg in particular. We have also given a compari-
son between two widely different computational approaches,
the semiempirical INDO method and the local density MS-
X a method, which give coinciding interpretations of the first
three peaks. Of these two methods, MS-Xa gives the best
overall agreement with the experimental spectrum, but both
methods can serve as the basis for an assignment of near-
edge peak structures in the C 1s absorption spectrum. The
importance of final-state interactions found here and for ben-
zene elsewhere suggests that the system size required to
quench such effects is at least orders of magnitude larger
than Cg.
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