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Local-density functional photoelectron spectra of fullerenes
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We have calculated the electronic structure of several hollow-carbon-cage molecules-
the "fullerenes" —via an all-electron Gaussian-orbital-based local-density-functional approach.
Starting with the one-electron wave functions and eigenvalues obtained from these calculations,
we have further calculated spherically averaged cross sections for photoelectron emission, using a
first-order time-dependent perturbation-theory approach. We present results for Cso (the sixty-
atom molecule with truncated-pentagonal-icosahedron structure), Cyo, and Cs4, and compare
these theoretical predictions with recent experimental results for C60.

Recently developed synthetic techniques have isolated
and purified macroscopic amounts of a series of ma-
terials believed to be formed from structures of all-
carbon hollow-cage clusters. At least three such clus-
ter materials have been prepared and isolated: Ceo, C7o,
and C84. Nuclear magnetic resonance results sup-
port the suggestion of Kroto et al. , that the building
blocks of these materials are high-symmetry cage struc-
tures, with Ceo having the highly-symmetric truncated-
pentagonal-icosahedron shape. Together with other re-
lated cage molecules, it belongs to a family of molecules
called the "fullerenes. " With the production of macro-
scopic amounts of these cluster materials, valence photo-
electron spectroscopic measurements are now becoming
available.

We have previously calculated the electronic structure
and total energy, and consequently optimized the equi-
librium geometry of Ceo and hydrogenated and fluori-
nated Cso systemsii i2 using a Gaussian-orbital-based
local-density-functional (LDF) approach. is i4 We have
also shown that a good theoretical estimate of photoelec-
tron line shapes can be calculated from such electronic-
structure results. is is This method uses time-dependent
perturbation theory to evaluate the spherically-averaged
cross sections for transitions from the LDF one-electron
wave functions to an outgoing plane-wave state. Herein
we apply this approach to the fullerenes Ceo, C7o, and
Csq, and compare our theoretical cross sections with re-
ported results for thin films of Ceo.

We use our LDF electronic structure results in conjunc-
tion with an approach long established to estimate
photoelectron cross sections for small molecules. First-
order time-dependent perturbation theory and a semi-
classical description of the radiation-matter interaction
are used to calculate the cross sections necessary to de-
scribe the photoelectron spectra. Within this approach,
the differential cross section for bound-to-free transitions
from an initial state, u;, to a final state, ug, induced by
incident radiation of energy h~ and averaged over po-
larization and direction of incidence is proportional to

IP; yI, where P; y is the transition matrix element
defined by

P; J
—— d ruj rV'u;r

Following earlier workers, we approximate the final
outgoing state ug with a plane wave having outgoing mo-
mentum hkj. This final-state wave vector kj must con-
serve total energy such that h k&~/2m = hu + s;, where
c; is the energy of the one-electron initial state u;. Us-
ing the above equations and the anti-Hermitian nature of
the gradient operator, we can evaluate P; J as a term
proportional to the overlap between the occupied one-
electron wave function u;(r) calculated using our LDF
approach, and the outgoing plane wave, exp (iky r).
Typically, experimental photoelectron spectra are not
angularly resolved and thus produce averages over all
allowed orientations of the outgoing wave vector. We
therefore spherically average the transition probability
as described in our earlier work. is is Although the plane-
wave approximation will be better far from threshold and
hence better for x-ray photoemission spectroscopy (XPS)
than ultraviolet photoemission spectroscopy (UPS), we

generally find good agreement between theory and ex-
periment for both XPS and UPS in previous systems
studied.

We calculate the LDF electronic structure using molec-
ular orbitals constructed from linear combinations of
Gaussian-type functions. Within this approach the
electron repulsion and exchange-correlation potentials
are evaluated using a variational fitting of the charge
density 2 and orbital and potential fitting basis sets
constructed from products of solid-spherical harmonics
and Gaussian functions. Maximal use of symmetry has
been incorporated into a computer code capable of cal-
culating both the total energy as well as the one-electron
energies and wave functions. The LDF used herein is
the Perdew-Zunger fit of the free-electron-gas results
of Ceperley and Alder.

We have found the LDF equilibrium geometry (for an
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lls7pld carbon orbital basis set) for Ceo in I&, symme-
try by minimizing the LDF total energy as a function
of the two independent bond lengths, with resulting
bond lengths of 1.39 and 1.45 A. We have calculated
spherically-averaged photoelectron cross sections for the
resulting one-electron states for a series of incident pho-
ton energies: 40.8, 65.0, 170.0, and 1486.6 eV. Table I
presents our predicted photoelectron intensities for C6o
for the occupied valence states of Ceo, and also gives the
symmetry and LDF one-electron eigenvalue of each state.
The intensities listed are the product of the calculated
transition probability and the corresponding occupation
number for the one-electron state, and have been scaled
so that the maximum intensity for the valence states is

unity. As is typical in photoelectron spectra, the location
of the most intense peaks shifts to more strongly bound
states with increasing incident photon energy.

Lichtenberger et a/. have recently reported photoelec-
tron spectroscopy results for Ceo at 21.2 and 40.8 eV.

State

Electronic
energy

(eV)

Relative intensity
at photon energy her (eV)

40.8 65.0 170.0 1486.6

6h„
6gg

10h,
5h.

'
6g„
9h,
642„
5g„
2~2g

8hg
5gg
7hg
4g„
641„
4ag
5&2m

511u

4h„
4gg
3Qg

241g
6hg
4&2m

411„
3h„
3gg
5h,
3g~
342m

4h,
3~1tt

2Qg

0.00
—1.18
—1.30
—2.83
—2.89
—3.14
—3.44
—4.16
—4.63
—4.76
—4.91
—5.31
—5.81
—5.90
—6.50
—6.53
—7.11
—7.31
—8.12
—9.40
—9.53
—9.76
—10.85
—11.84
—11.95
—13.48
—13.96
—15.24
—16.08
—17.10
—18.08
—18.59

1.00
0.73
0.92
1.00
0.66
0.95
0.47
0.75
0.50
0.70
0.63
0.85
0.60
0.37
0.11
0.43
0.41
0.53
0.46
0.13
0.22
0.42
0.28
0.23
0.25
0.22
0.24
0.34
0.10
0.13
0.06
0.02

0.80
0.59
0.73
1.00
0.53
0.95
0.39
0.77
0.49
0.60
0.66
0.89
0.60
0.33
0.10
0.46
0.44
0.55
0.48
0.15
0.21
0.46
0.30
0.24
0.21
0.17
0.23
0.13
0.09
0.10
0.04
0.01

0.74
0.55
0.67
1.00
0.49
0.96
0.36
0.79
0.51
0.55
0.71
0.91
0.62
0.31
0.10
0.48
0.47
0.68
0.53
0.15
0.32
0.60
0.34
0.31
0.43
0.32
0.40
0.27
0.20
0.29
0.16
0.05

0.01
0.01
0.01
0.02
0.01
0.06
0.01
0.05
0.12
0.03
0.18
0.09
0.17
0.02
0.01
0.08
0.13
0.58
0.26
0.00
0.50
0.62
0.25
0.36
1.00
0.72
0.84
0.73
0.54
0.95
0.58
0.19

TABLE I. Relative theoretical photoelectron intensities
for LDF ane-electran states of CGO, far various photan energies
Aced. One-electron eigenvalues are relative to HOMO value of
—5.94 eU.

To compare with these and other results, we depict
our predicted photoelectron line shapes for incident pho-
toelectron energies of 40.8 and 1486.6 eV in Fig. 1, as
well as the experimental UPS He II spectra of Ref. 9. jn
this figure we plot a photoelectron line shape constructed
by broadening our predicted line spectra with a 0.4-eV-
wide at half-maximum Gaussian function. The relative
intensities in both curves have been scaled to yield iden-
tical maximum values. Our highest-occupied molecular
orbital (HOMO) one-electron eigenvalue wauld predict a
first vertical ionization potential (IP) of 5.94 eV, slightly
less than the reported IP of 7.6 eV. Our calculated one-
electron energies relative to the HOMO threshold, how-
ever, agree closely with the experimental results. Our
relative intensities are also in good agreement, especially
considering that the plane-wave approximation made in
our calculations will be worst for this UPS case.2

Lichtenberger e] a/. point out five major features on
their reported photoelectron spectra. The first feature,
at threshold, they assign to a transition from an h„state.
The second, down roughly 1.35 eV from threshold, they
assign to a double transition from g& and h& states. As
can be seen in Table I, our one-electron results support
this assignment. Lichtenberger et a/. find that the rel-
ative intensities of these two peaks are nearly equal, in
contrast to the expected ratio of second to first peak in-
tensities of 18:10expected from their respective electron
occupations. Our cross sections predict a slightly smaller
ratio of roughly 16:10, but do not predict a decrease to
roughly 1:1. This feature might result from the above-
mentioned limitations of the plane-wave approximation
in UPS spectra. Indeed, Weaver ef a/. , reporting pho-

n~ (ev)
1486.6

He II UPS (Ref. 9)

25 20 15 10

Energy (ev)

FIG. 1. Theoretical photoelectron line shapes from LDF
results for C60 at incident photon energies of 40.8 and
1486.6 eU. One-electron energies are relative to the HOMO
level (—5.94 eV). Bottom curve depicts experimental He II
UPS spectra of Ref. 9.
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FIG. 3. Theoretical photoelectronon line shapes from LDF
nt hoton energies of 40.8 andresu its for C84 at inciden p o

relative to t ie1486.6 eV. One-electron energies are re
level (—5.88 eV).



14 284 MINTMIRE, DUNLAP, BRENNER, MOWREY, AND WHITE 43

ture was used for C7o and a Td structure was used
for Cs4, as suggested by recent model studies. 27 2s Be-
cause these two molecules have several more degrees of
freedom than C6o, we first found an optimized geom-
etry using a recently developed empirical potential for
hydrocarbons. Our equilibrium geometry for C70 llas
carbon-carbon bond lengths ranging from 1.43 to 1.49 A. ,

and our equilibrium geometry for Cs4 has carbon-carbon
bond lengths ranging from 1 .38 to 1 .45 A. Full details of
these calculations will be reported elsewhere. LDF cal-
culations were then performed for the equilibrium geome-
tries obtained, and photoelectron cross sections were cal-
culated. We depict our predictions for the photoelectron
line shapes (again broadened with a 0.4-eV-wide Gaus-
sian function) resulting from incident photon energies of
40.8 and 1486.6 eV for C7o in Fig. 2 and for Cs4 in Fig.
3 ~

We note that the breaking of the Cso I& symmetry (to
Dsa in C7o and Td in Cs4) leads to a broadening of the
expected photoelectron line shapes relative to the Cso
spectra. In particular, we expect the UPS spectra to
have only two sharp peaks near threshold, rather than
the three observed in Cso. Rather than the sharp peak
at threshold arising from a single transition observed in

Cso, we expect a broad transition arising from twenty
valence electrons in five states (19ei', 14a2, 7a2, 19e2,
23e&, and 23ei) as the first UPS peak for C7o. Our one-
electron eigenvalues are contained in a 0.7-eV interval;
the experimental line would have additional instrumental

b roadenin g. Simil arly, the first peak in C84 arises from
transitions from three states (22e, 27/i, and 7a2) within
0.1 eV of each other.

In summary, we h ave per formed local-density fu n c-
tional electronic structure calculations on the Ig con-
formation proposed for Cso and further calculated
spherically-averaged photoelectron cross sections for the
one-electron states. %'e find excellent agreement between
reported experimental results of the photoelectron spec-
tra of thin films of a recently synthesized C60 cluster
material. This agreement strongly supports current
beliefs that the material is comprised of a struct, ure of
icosahedral C6o clusters with minimal electronic inter-
action between cluster. . We have also calculated elec-
tronic structures and photoelectron cross sections for the
other two materials recently isolated and purified —C7o
and C84—for which as yet no photoelectron spectra have
been reported. However, our results for these two ma-
terials will be useful in determining whether their C7o
and C84 building blocks remain intact in the condensed-
phase material and have the Dsg and Yg structures earlier
suggested and used as starting points in our calcu-
lations.
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