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Core-hole effects in x-ray-absorption spectra of fullerenes
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Near-edge x-ray-absorption fine-structure spectra of two fullerenes, C60 and C70, have been simulated by
means of density-functional theory techniques using ground-state Kohn-Sham orbitals, transition state poten-
tials, or full core-hole potentials. The very good experimental agreement obtained when the full core hole
explicitly is taken into account gives an indication of significant excitonic effects for the x-ray-absorption
spectra of fullerenes.@S0163-1829~99!01935-9#
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I. INTRODUCTION

Fullerenes and related materials have been intensi
studied since the discovery of C60 in 1985.1 Among various
different experimental techniques2 near-edge x-ray-
absorption fine-structure~NEXAFS! measurements hav
been proposed to have special possibilities not only for
study of electronic and geometric conformations, but also
owing to the localization of the core hole to differe
atoms—to separate the roles of the chemically different c
bons in the fullerene.3–6,8,9Simulations of the fullerene spec
tra also form a bridge towards the use of NEXAFS spectr
copy on carbon tubulites and related systems, such as ca
nitrides and boronites,10 with outstanding materia
properties.11 However, accurate first-principles calculatio
are not easily applied to such large systems, something
so far has hampered the analysis of the NEXAFS spectr

Apart from the actual prediction of the experimental sp
tra, simulations of fullerene NEXAFS spectra are also int
esting from the point of view of the formation of exciton
The magnitude of the excitonic effects in the fullerenes
actually been debated for quite some time.8,12 Traditionally,
excitons in solids are defined as electronic levels that
pulled down below the conduction band by the core hole
which then localize to the site of the core hole. In this
spect, fullerenes evidently form an intermediate between
mond withsp3 carbon and graphite withsp2 carbons,13 the
spectrum of the former is well reproduced by the density
states of the unoccupied bands, while graphite show
strongly excitonicp* band. Other ways of identifying exci
tons refer to a localization parameter expressed as the rat
the core-valence Coulomb interaction and the width of
conduction band~the unoccupiedp band!,14 and to the com-
parison of NEXAFS spectra with inverse photoemiss
spectra, which are well described by the density of unoc
pied states. Such comparisons for C60 and C70 have been
conducted by Seki and co-workers.8

In the present work we take account of the fact that in
exciton interpretation of x-ray spectra, the energy levels s
and relocalize according to the creation of each particu
core hole, while in the nonexcitonic interpretation the exci
levels evolve according to the energy bands and densit
PRB 600163-1829/99/60~11!/7956~5!/$15.00
ly

e

r-

-
on

at

-
-

s

re
d
-
a-

f
a

of
e

-

e
ft
r

d
of

states of the ground state. Thus experimental agreemen
calculations with and without core holes, and possibly fra
tional core holes, should therefore give a good measure
excitonic effects. A related problem is the applicability of th
equivalent cores (Z11) approximation, which is of compu
tational significance owing to its efficiency.

In this work we use gradient-corrected density-function
theory~DFT! in order to calculate geometrical structures a
x-ray-absorption spectra of C60 and C70. Core-hole effects
are examined through the use of different approaches: e
using the full core-hole state, the transition potential a
proach with a half-occupied core hole, theZ11 approxima-
tion, or the ground-state orbitals where the effect of the c
hole is neglected.

II. THEORETICAL DETAILS

All the calculations have been done at the gradie
corrected DFT level. We have used the density-functio
code deMon,15 in which three different basis sets are use
namely, a normal orbital basis set and two auxiliary ba
sets. The orbital basis set used in the present study in
calculations of spectra was the iglo-iii basis set of Ku
zelnigg, Fleischer, and Shindler16 for the excited carbon. A
four-electron effective core potential17 ~ECP! was used to
describe the other carbons. The use of ECP’s helps the
vergence of the core-hole state and has negligible effect
the accuracy of the calculated spectra. For the excited
bon, we use a double basis-set technique, where we u
normal orbital basis set in the minimization of the energ
and an added augmented diffuse basis set (19s,19p,19d)
which is used for construction of a static exchange~STEX!
Hamiltonian.18 The intensity of the spectral lines is obtaine
from the computed dipole transition matrix elements for e
citations from the core~C 1s! orbitals. These integrals wer
evaluated for one state, either the ground state, a trans
potential~TP! state, including a half-occupied spin orbital,
full core-hole state, or aZ11 state. The TP approach i
known to provide reliable transition energies, and has a
been seen to give good agreement with experiment for
intensities for many cases.18,19 The approach of using a ful
core hole has been less exploited, mainly due to the fact
7956 ©1999 The American Physical Society
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PRB 60 7957CORE-HOLE EFFECTS IN X-RAY-ABSORPTION . . .
the transition energies are not easily obtained in a sin
calculation as is the case in the TP approach. In the pre
study, the spectra calculated from the full core-hole appro
are shifted so that the first spectral feature lowest unoccu
molecular orbital ~LUMO! coincides with the calculated
C(1s)-LUMO transition energy obtained through aDKS
~Kohn-Sham! scheme, which involves the calculation of th
energy difference between the ground state and the fully
laxed core-excited~1s to LUMO! state. The ionization po
tential ~IP! is also calculated in aDKS scheme, where the
energy is taken as the difference between the ground s
and the fully optimized core-ionized state. A Gaussian fu
tion @full width at half maximum (FWHM)50.5 eV# is used
for convoluting the spectra below the IP, while a Stieltj
imaging approach20,21 is used to describe the spectra abo
the IP in the continuum. In all the calculations, we have u
gradient-corrected functionals.22 The choice of the gradient
corrected functionals seems not, however, to affect the
culated spectra in any visible manner, and almost ident
results can be obtained using the simpler local-density
proximation. The geometries are fully optimized at the sa
gradient-corrected DFT level using double-z plus double po-
larization ~DZP! basis sets for all atoms.

III. RESULTS AND DISCUSSION

The experimental NEXAFS spectra of C60 and C70 have
been reported by several groups.3–6,8,9 Although the experi-
mental conditions have been somewhat different, the ove
spectral structures shown have been the same, with rich
tures below the ionization limit, and with most intensi
gathered in the lowest valence region. This is in itself
indication of excitonic effects due to the interaction betwe
the core hole and the excited electron.

With the Xa multiple-scattering (Xa-MS) local-density
transition potential~TP! method, Wa¨stberget al.12 could ex-
amine the effects of inclusion of a fractional core hole in t
calculations of the x-ray-absorption spectrum of C60. These
calculations involved a transition state with a half-occup
core spin orbital.19 By introducing a half core hole, a spec
trum was obtained that was quite different from the spectr
given by the Z11 approach using a semiempiric
intermediate-neglect-of-differential-overlap~INDO! self-
consistent-field calculation.12 However, the agreement be
tween theoretical and the experimental spectra was still q
limited.

The optimized bond lengths from the present DFT cal
lations on C60 and C70 are listed in Table I. Being a molecul
with symmetry I h , C60 has only one unique carbon atom
possessing two different bond distances to its neighbors.
calculated bond distances for C60, ~1.455 and 1.403 Å!, are
in excellent agreement with the experimental data23 ~1.45,
1.4060.015 Å!.

Previous theoretical results for the bond distances of60
have shown the necessity to include dynamical correlatio
the calculational scheme. The best Hartree-Fock results
lished using a triple-z plus double polarization~TZP! basis
set gave values of 1.448 and 1.370 Å,24 while DFT calcula-
tions at the local-density approximation~LDA ! level give
results in closer agreement with experiment, 1.45 and 1.3
using Gaussian orbitals25 for gas-phase C60. For solid C60,
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LDA calculations gave the bond lengths 1.444 and 1.382
in a study by Troullieret al.,26 and 1.45 and 1.40 Å in an
other study by Zhang, Yi, and Bernhole using plane wave27

Finally, calculations using the second-order Møller-Ples
~MP2! scheme for the geometry28 yielded the values 1.446
and 1.406 Å. In summary, all the methods that include d
namical correlation give similar values for the bond leng
as compared to our results and experiments.

In Fig. 1 we show the optimized structure of C70, where
we also label the five symmetry inequivalent C atom
C1–C5 in accordance with previous work.29

The optimized geometry of C70 hasD5h symmetry, as has
also been concluded from previous investigations.29 The

TABLE I. Bond distances~in Å! of C60 and C70 from the present
DFT calculations compared to previous theoretical results and
periment, Refs. 23–28, 33. The eight bond distances for C70 are
explained in Ref. 29.

System This work Previous theory Experiment

C60

Bond 1 1.403 1.370,a 1.39,b

1.382,c

1.40,d 1.406e

1.4060.015

Bond 2 1.455 1.448,a 1.45,b 1.444,c

1.45,d 1.446e
1.4560.015

C70

Bond 1 1.460 1.451f

Bond 2 1.408 1.375f

Bond 3 1.455 1.446f

Bond 4 1.400 1.361f

Bond 5 1.455 1.457f

Bond 6 1.443 1.415f

Bond 7 1.430 1.407f

Bond 8 1.476 1.475f

aHartree-Fock TZF basis set, Ref. 24.
bLDA, Gaussian basis sets, Ref. 25.
cLDA, solid C60, Ref. 26.
dLDA, solid C60, Ref. 27.
eMP2 calculations, Ref. 28.
fHartree-Fock DZP basis set, Ref. 29.

FIG. 1. Optimized structure for C70. The five nonequivalent
carbon atoms are here labeled C1–C5, and the eight different b
are labeled with numbers 1–8.
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7958 PRB 60NYBERG, LUO, TRIGUERO, PETTERSSON, AND A˚ GREN
bond distances for the five subgroups of carbon atoms~C1–
C5! obtained from the present DFT calculations are p
sented in Table I. Our geometry is found to be slightly d
ferent from the previous theoretical Hartree-Fock resul29

where the bond lengths are found to be in the range of 1.
to 1.475 Å.

The ionization potentials, as well as the excitation en
gies for the C 1s to LUMO transition for C60 and C70 have
been calculated using theDKS scheme, with the result
shown in Table II. The excitation energies of C70 to the first
valence state for the different carbon atoms are nonreso
at the given experimental resolution.8 Our calculated results
for C70 certainly confirm this observation. Not only is th
first excitation energy referring to the different carbons u
resolved, but the full NEXAFS spectra are remarkably al
for the C1–C4 group atoms. Only the C5 transitions
singled out, forming a higher excitation onset~explaining the
experimental 285-eV structure! and a different NEXAFS
spectrum, as shown in Fig. 4. This can be understood, s
C5 is connected to three six-rings, while all the other carb
~C1–C4! are connected to two six-rings and one five-rin
similar to the case of C60.

The experimental NEXAFS spectrum of C60 is known to
have four discrete levels before the continuum,4 as shown in
Fig. 2, where the experimental data are taken from Ref.
Based on the ground-state calculation, the first three pe
can be assigned ast1u , t1g , t2u , and hg , where the latter
two are energetically near degenerate. Within the frozen
occupied density-of-states~UDOS! picture, one should an
ticipate that the third peak should have much higher inten
than the first two, which is in contrast to the picture provid
by the experiment. The spectrum calculated from the tra
tion potential ~TP! approach, in which a half core hole
included, is slightly different from the UDOS picture. Th
intensity of the first peak, corresponding tot1u within the TP
approach is larger than that from UDOS. However, the th
peak from the TP approach still has the largest intensity.
spectrum from the general DFT-TP approach is very clos
the previous one obtained fromXa calculations.12 However,
it is clear that the results from the TP approach differ s
stantially from the full core-hole results for the calculat
NEXAFS spectrum of C60, and that a very good agreeme

TABLE II. 1 s ionization potentials~IP! and 1s-LUMO excita-
tion energies~eV! shown compared to available experimental da
The five different carbon atoms are denoted with indices C1–C5
explained in Ref. 29.

System~No. of atoms! IP (1s) Eexc(1s-LUMO)

C60 ~60! 289.56 284.55
C60 expt. 289.6a,b 284.4560.05c

C70
C1 ~10! 290.79 284.61

C70
C2 ~10! 290.65 284.51

C70
C3 ~20! 290.65 284.47

C70
C4 ~20! 290.61 284.52

C70
C5 ~10! 290.98 285.08

aMeasured in solid phase.
bReference 7.
cReference 6.
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with the experimental spectrum is obtained only by the la
results, see Fig. 2. The enhancement of the first feature is
to a localization of the lowest-lying valence state in the pr
ence of the core hole, which thus indicates excitonic char
ter.

The core-hole effects are further illustrated by the sp
trum calculated from theZ11 approximation: Most feature
in the spectrum are actually well described by theZ11 ap-
proximation, only the composite middle 286-eV band
somewhat distorted in intensity. Physically, this indica
negligible effects of both the core-valence penetration and
the influence on the actual core—valence spin coupling
the electronic structure. Computationally, this means sign
cant savings, since theZ11 approximation corresponds to
closed-shell, ground-state-like calculation for which one c
assume strict applicability of the Kohn-Sham theorem; it c
furthermore, be easily applied using any DFT or Hartre
Fock program.

Note that the use of Stieltjes imaging for C60 gives rise to
a step structure at the IP, which is not present in the exp
mental spectrum. Furthermore, there are structures abov
IP in the experiments which are not seen in the appro
employed here. By considering the density of computed
cillator strengths in our underlying data for the Stieltjes im
aging it is clear that much of the structure in the continuu
region is smeared out and lost through the Stieltjes imag

.
as

FIG. 2. Calculated NEXAFS spectra for C60. The calculated
spectra have been shifted so that the value of the excitation into
highest occupied molecular orbital~HOMO! corresponds to the cal
culatedDKS transition energy~see the text for details!. The experi-
mental data are taken from Ref. 30.
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PRB 60 7959CORE-HOLE EFFECTS IN X-RAY-ABSORPTION . . .
procedure. How the treatment of the continuum should
improved in order not to lose information on shape res
nances is presently not clear, and we refrain from discuss
this energy region further in the present paper.

The excellent comparison of intensities with experime
for the valence states obtained from a full core-hole appro
to C60 holds also for C70. Due to the symmetry, the x-ray
absorption spectrum of C60 can be generated by calculatin
excitations from only one atom, while for C70 we need to
calculate one atom out of each of the five groups, scale
spectra according to the relative abundance, and sum i
up. Figure 3 shows the calculated NEXAFS spectra for C70
using a ground state, a TP state, and a full core-hole s
approach together with the experimental spectrum ta
from Ref. 31. Similar to the case for C60, the best compari-
son with experiment is obtained from the full core-hole a
proach. The difference between the core-hole and the tra
tion potential approaches seems to be smaller than tha
C60, especially for the thirdp* feature. It appears that th
calculated intensity ratio between the first and the third f
ture is somewhat smaller than the one observed experim
tally. One plausible explanation might be that the vibron
coupling is stronger in the region of the third feature due
the relatively high density of states present in this regi
This would result in a broadening of this feature relative
the other peaks and a concomitant loss of peak intensity,

FIG. 3. Core-hole effects in the calculated C70 XA spectra, here
illustrated by using the ground state, the transition potential st
and the full core-hole state; see the text for details. The experim
tal data are taken from Ref. 31.
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as observed from the experimental spectrum.
In comparing our calculated data~Fig. 4! to

experiment,4,32 we can relate all five pre-edge peaks se
experimentally to our calculated features. Although the
rect evidence of the excitonic effects in the NEXAFS spec
of the fullerenes is best provided by the simulation of t
actual spectrum, a population analysis of the electron lo
ization of orbitals can also be informative. We find th
peaks 1 and 3 originate from a molecular orbital localized
the excited carbon and its nearest neighbors for the four m
common, C1–C4~60 atoms in total! of the five different
carbons, while peak 2 originates from the carbon that is le
frequent, C5~only ten atoms! ~we label the features accord
ing to the order of appearance; peaks 1 and 5 are the lo
and highest, respectively, in energy!. The localization effects
can be seen as an increased Mulliken population on the
cited atom and its nearest neighbors. For example, we h
for peak 1 for C1 a calculated orbital population of 0.1
electrons in the core-hole state, but only 0.02 electrons
the ground state. Also the nearest neighbors get an incre
population in this molecular orbital, a total of 0.32 electro
for the core-hole state as compared to 0.12 electrons in
ground state. The increased Mulliken population on the
cited atom and its nearest neighbors in the presence of
core hole in the orbitals corresponding to features 1 an

e,
n-

FIG. 4. Calculated NEXAFS spectra for C70 for the optimized
structure. The individual components for the five different types
carbon, C1–C5, are shown together with the total spectrum.
total spectrum has been obtained by summing the five compon
scaled by their relative abundance. The ionization potential and
excitation energy into the first valence state was explicitly cal
lated in aDKS scheme.



ex

c

h
s
e
s
m
o

bit-
ic
e-
cu-
in-

ion
opti-
ind
s,

for
e

7960 PRB 60NYBERG, LUO, TRIGUERO, PETTERSSON, AND A˚ GREN
constitutes an excitonic effect that is present for many
tended systems, e.g., graphite.

IV. SUMMARY

We have shown that DFT calculations of NEXAFS spe
tra for the fullerene systems, here exemplified by C60 and
C70, give very good agreement with experimental hig
resolution NEXAFS data. Geometry optimizations of the
systems at the same level of theory result in good experim
tal agreement, indicating the possibility of analyzing the
and similar systems theoretically from scratch. DFT in co
bination with a full core hole gives accurate estimations
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oscillator strengths for the fullerenes that have valence or
als which are highly delocalized, and for which exciton
effects might occur. In fact, the superiority of the full cor
hole calculations over the transition potential and, in parti
lar, the ground-state calculations, indicates that excitons
deed are important in the formation of the x-ray-absorpt
states in the fullerenes. The good agreement also sheds
misim on the application of computations of the present k
for taking on ‘‘real issues’’ concerning fullerenes, such a
e.g., the isomeric proportions of the larger fullerenes,
which highly resolved NEXAFS spectra now becom
available.9
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