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We have performed high-resolution measurements of photoelectrons emitted from the valence shell of C
for both gas phase and solid state, in order to obtain branching ratios, partial cross sections, and the angular
distribution anisotropy parameters of the two highest occupied molecular orbitals. The analysis is based on the
Fourier transform of the cross-section oscillations and the results are corroborated by different theoretical
models. In contrast to this good overall agreement between theory and experiment there is a striking disagree-
ment with respect to predicted discrete resonance structures in the partial cross sections. Possible reasons for
this behavior are discussed.
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[. INTRODUCTION setup is sketched in Fig. 1. The photon beam crosses an
effusive beam of g, molecules, provided by an oven resis-

Kratschmer and co-workef&] in synthesizing macroscopic tively heated to=500 °C. The size of the interaction region
y 9 PIC is determined by the intersection of the monochromatic pho-

quantiti_es of this new form_ of pure solid carbon_, its baSiCton beam (focal size ~1 mm) with the molecular beam
properties were soon studied by nearly all avanable te.Ch'beam size=5 mm at about 5 mm above the outlet aperfure
niques. Due to its unique .molecular s'gructure like asphenc or the solid-state measurements, thg, @apor was col-
shell, G ha_s an interesting electronic structure which has1ected on a stainless-copper plate 'that could be moved into
gegen S)étfin[gll/%ly Ilrr]l\{[?]setlgparlteesderl])tySa;ulg;gethr;urgﬁgtgaf :#é?g;%he interaction region after termination of the gasjphase mea-
d.er;enden;:e of 'Lhe photoelectron specira@f\@s recorded surement. Outgoing electrons are detegted in tlme-of-fllght
d (TOF) electron spectrometers at two different angles with

in the range Oh”.z 20_.70 ev, for bOth. gas p.hase and SO“. respect to the electric vector of the ionizing radiation in order
state, in order to investigate the photoionization cross—schO{b derive the partial cross sections and the angular distribu-

behavior of the two highest occupied molecular orbltalstion asymmetry parameters.

oo Iy ool o e e PO Tandomy oente molecies in the gas phase, e
in terms of the geometrical properties of both the cage Struc_|_f'fer_ent|al cross section is characterized by the angular dis-
ture and the distribution of the delocalized electron cloud Oftrlbuuon asymmetry parametgr [10]
the highest occupied molecular orbitals. The overall agree- do _ a(hv)
ment between theory and experiment, concerning the general 40~ 4x
shape of the cross-section behavior, is very good. The angu- ) ) o o
lar distribution asymmetry parametgr measured during the Hereo is the partial photoionization cross sectidd,is the
same experiment, shows no pronounced oscillations, rath&@lid angle,¢ is the angle between the electric vector of the
rising continuously at higher photon energies. This is a
fullerene-unspecific behavior, also known from other carbon-
containing molecules, such as ¢8).

After the discovery of G in 1985[1] and the success of

[1+ B(hv)Py(cosb)]. (1)

main chamber
Il. EXPERIMENT

Our measurements were performed at the undulatot
beamline BW3 of the Hamburg Synchrotron Radiation Labo-
ratory HASYLAB at DESY[9]. This undulator delivers in-
tense photon beams @£10% photons per second, mono- storage
chromatized by a SX-700 monochromator. The experimental nne linearly molecular

undulator  synchrotron polarized light beam source
radiation

exit slit TOF 2

*Present address: Physics Department, Medical Faculty, Univer- FIG. 1. Scheme of the experimental setup consisting of the ro-
sity of Rijeka, Bré@e Branchetta 20, 51000 Rijeka, Croatia. tatable electron time-of-flight spectrometers and an evaporative mo-
"Electronic address: becker_u@fhi-berlin.mpg.de lecular beam source.
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These intensity modulations provide evidence for the exis-
tence of high-lying final states that are not plane-wave-like.
It is natural to expect that the variations in the intensities of
these two photolines should be strongly affected by the spe-
cial geometrical structure of & which is quite peculiar in
nature: the carbon atoms form a cagelike structure enclosing
a large cavity, and the high point group symmeirymakes
all C atoms equivalent. It turned oj3] that the oscillations
originate from the interference of photoelectron waves ema-
nating from the 60 carbon atoms, i.e., the multicentered pho-
toemission with the phase difference of each wave. Further-
more, the analytical calculation with a simplified conducting-
12 shell model[15] revealed that the spherical structure of the
Binding energy (eV) Cgo molecule and its large radius are connected with the
oscillations. In this paper we will compare our results for
__free molecules with corresponding measurements of con-
Yensed phase ¢ The photoelectron spectra of the
condensed-phase ¢& show sharp, well-defined features
HOMO and HOMO-1. The comparison of these spectra with
photon beam and the direction of the outgoing electron, and gas-phase spectrum reveals a close similarity, indicating
P,(cos#) is the Legendre polynomial of second degree. Atthe weakness of the interactiqwhich is of the van der
the so-called “magic angle®#=54.7°, this polynomial be- Waals type between G, molecules in the molecular solid
comes zero and the differential partial cross section becomd49]. However, the relative intensities of the valence photo-
proportional to the partial cross section. Measurement at aamission lines of solid and gaseougy@re different, most
additional angle determing& In our setup, the two detectors likely because of inelastic scattering effects and differences
were positioned at the “magic angle” and at 0°. in the corresponding transition matrix elements.

The transmission of the analyzers was determined using The branching ratio of the two outermost molecular orbit-
neon calibration spectra covering the energy region of interals HOMO and HOMO-1 for the condensed phase is dis-
est and normalizing the NepZand 2 lines with the known  played in Fig. 3 together with different theoretical curves. It
cross sections and angular distributidrid]. Additionally, is independent of the photon flux and target density varia-
the Gy spectra are normalized to the beamline flux profile,tions. The photon energy was changed from near threshold
which was determined from the neon data and the photocump to the carborK edge with 1-eV increments. These new
rent measured on a gold mesh placed in the beamline in fromheasurements of the partial cross-section data over a large
of the main chamber. energy range made it possible to analyze the observed oscil-
lations in terms of the structural information of the fullerene.

The Fourier-transformed cross-section déig. 4) can be
used to determine the radius of the fulleret® and the

Typical gas-phase spectra for different photon energiethickness of the delocalized electron clolk). One has to
are shown in Fig. 2. The experimental valence spectrum i&eep in mind that these geometrical properties of thg C
characterized by a small number of distinct photoionizationrmolecule are not directly displayed by the peak positions in
lines, which is consistent with the predicted high symmetrythe plotted Fourier spectrum; they correspond rather to the
of the moleculd12] and the large degeneracy of the corre-asymptotic frequencie§ being proportional to the energy-
sponding orbital levels. The first photoelectron line corre-window-dependent spectral frequerfcy. The photoelectron
sponds to the ionization from a single orbitallgf 75 sym-  cutoff energy of 280 eV used in this study corresponds to a
metry (HOMO) [5]. The second photoelectron line proportionality factor of 1.085, giving rise to a radii®
(HOMO-1) corresponds to the ionization from two different =3.55 A, in good agreement with the electron scattering re-
orbitals ofhy-7, and g4-7, symmetry, which are nearly de- sults of Voset al.[20] and most theoretical calculations. It is
generate. Other photoelectron lines are broader and not welteresting to note that the agreement with the jellium calcu-
resolved. The results show systematic variations in the lindation is improved compared to the former less densely mea-
intensities as a function of the photon energy. Each maxisured data set, particularly concerning the low-frequency
mum of an odd statéHOMO) is matched by a minimum in beating peak.
intensity of an even stattHOMO-1). These oscillations are Figure 5 shows partial cross sections gfy€ two outer-
well known and have been the subject of several investigamost orbitals for the gas phase. The photon energy was in-
tions with simplified theoretical modelgl3-15 and the creased in small steps of 0.1 eV in the photon energy range
same behavior is actually measured both in the gas pha$emm 19 to 50 eV, and in larger steps of 1 eV from 50 to 70
[16,17] and the solid stat¢18]. Benninget al. [18] first  eV. The experimental results are compared with two different
observed these variations for condensed phage They theoretical calculations. The first theoretiedd initio calcu-
showed relative intensity modulations of these features withation [21] employed a convergent one-center expansion and
photon energy up te=100 eV and interpreted these effects in a local density approximatioft.DA) Hamiltonian, which ex-
terms of final-state symmetries and parity-selection rulesplicitly include the nonspherical nature of the potential. The

Counts (arb. units)

energy for three different photon energies.

IIl. RESULTS
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FIG. 3. Partial cross-section ratio HOMO/
HOMO-1 for gas and solid £ for different pho-
ton energies. The lines show the results of differ-
ent theoretical models: theoretical curves with a
jellium model (-----) and with LDA calculations
(----9; semiempirical curves with a shell model
(--+) and with a shell+cage modél-). The ex-
perimental data of Ref.17] are shown by open
rhombs, whereas the data of the present work are
given by open circles for the gas-phase data and
crosses for the solid-state measurements.

in delicate balance between stabilization and decay forced by

solves the coupled scattering equations for the ejected elethe different vibrational modes, such as the breathing mode

tron in the field of the molecular ion within a polyatomic of Cgy [12]. In most cases the excited states are probably
Schwinger variational methd@2]. The general behavior of

the partial cross section is very well described by the theory.
Also, the quantitative agreement is quite satisfactory consid-
ering the scatter of the experimental data points. At low en-
ergies the photoionization cross section is dominated by the
well-known plasmon peak resulting from collective electron

behavior. For higher energies the ionization cross section ex

hibits oscillations with a frequency related to the diameter of —~

the cluster superposed on the exponential decay. The onl,

discrepancy between theory and experiment is the predictei®

existence of the pronounced resonant structures in the partie
cross sections. Both theories show such structures in thei
calculations, found, however, at different positions, while no
sharp structures are found in the experimental data. Becaus
of the present measurement it seems reasonable to assur
that the resonances in the partial cross sections are probab
quenched by the vibrations of the molecule. The complex
resonant wave functions of the resonantly excited states ar

T v T v T v T T T
2R
L | «  expt. -
Y. T jellium potential
Y
- 7’ 3 . ‘o
sl J 0 g
3 2R, J - [
§ r *_‘ J V2R, 7
g | pay *‘ l
E| .a s [N JPEN
AR v o RN e
C I. 1 1 1 I. ]
(3] 2 4 6 8 10 12
r(10"°m)

the experimental data for the solid stéfided circles and the LDA

calculation using a spherical jellium potentidlashed ling

400 —

100 | el

10 |

(a) HOMO

400

100 |- %

10 |

60 70 80
Photon energy (V)
(b) HOMO-1
;ago. _"j _Q..;o‘t . E
© oo QP
l 1 1 1 1 1 1
20 30 40 50 60 70 80
Photon energy (eV)

FIG. 5. Absolute cross sections for the two outermost orbitals of
FIG. 4. Fourier transform of the cross-section ratio in Fig. 3 for Cgy (2 HOMO and (b) HOMO-1. The experimental points are

shown by open circles. The theoretical curves are from R2]

(dashed lingand Ref.[22] (solid line), respectively.
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L e B S S B B may be influenced by scattering of the photoelectron on other
atoms in the molecule, giving rise to additional components
! ®0e® . and shifts in their relative phases. This phenomenon is in
&o° particular pronounced in shape resonances in molecular

ORRN i photoionization 26]. The theoretical curves for the values
/ RS are very structured, especially in the low-energy region,
while the experimental results show much smoother and
wider structures. This is in accordance with the interpretation
of the cross section oscillations as a quantum state effect of a
three-dimensional box potential with no significant effect on
the phase of the outgoing photoelectron wave. For both
HOMO and HOMO-1, the anisotropy parametgshange
dramatically from zero to positive values over a very narrow
7 P v ———— photon energy range. They are both increasing after a mini-
20 30 40 %0 60 70 80 mum at about 25 eV, although this is shifted by a few eV
’ ' . Ph°t°‘? energy (V) with respect to each other. This behavior reflects the effect
' ' ' ot Tt that the ejected electrons are emitted with increasing kinetic
o energy away from the isotropic distribution more towards the
~ BB we® ] direction of the electric field of the light. The agreement
-3 B~ between theory and experiment is, concerning this general
1N @@,&“ e o> et 7 trend, also satisfactory for the values, however, to a lower
extent than for the partial cross sections. Even in the non-
2 g . resonant regime the different theories deviate inghalues
-=N 4 .
% from each other up to about half of a unit.

(a) HOMO

' (b) HOMO-1 IV. SUMMARY
In conclusion, we presented a study of the electronic
structure and electron correlation effects in gas-phase and
1= 30 20 P 0 2 so  solid Cg molecules. The direct comparison of the spectra
Photon energy (¢V) tak_en in bo'gh phas_es reveals a close s_|m|Iar|ty, |_nd|c_at|ng that
solid-state interactions play only a minor role in this mate-
FIG. 6. The angular distribution asymmetry parameiéor the rial, and electron correlation effects are predominantly in-
two outermost orbitals of g (3 HOMO and (b) HOMO-1 as a  tramolecular. For botlr and 3, the general trend, as well as
function of the photon energy. The figure shows experimental refh® broad oscillatory features, are adequately described by
sults(open circlesand theoretical curves from Ré22] (solid line  theory, but the predicted pronounced resonance structures do

and Ref[23] (dashed ling respectively. not appear.
gnstable and therefore do not appear in the partial cross sec- ACKNOWLEDGMENTS
ion.

We also determined the angular distribution asymmetry This work was supported by tHBundesminister fir Bil-
parameterg, of the HOMO and HOMO-1 for the same pho- dung und ForschundBMBF) and in part by theDeutsche
ton energiegFig. 6). In atomic and molecular photoioniza- ForschungsgemeinschafDFG). The authors thank Piero
tion, the B paramete[10] reflects the photoelectron’s angular Decleva for providing us unpublished data and many helpful
momentum compositioi24,25. The angular momentum discussions.

[1] H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, and R. E. Lett. 125 459 (1986.

Smalley, NaturgLondon 318 162(1985. [6] M. Ozaki and A. Takahashi, Chem. Phys. Left27, 242
[2] W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huff- (1986.

man, NaturgLondon 347, 354(1990. [7] R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Phys. Rev. B
[3] A. Oshiyama, S. Saito, N. Hamada, and Y. Miyamoto, J. Phys. 46, 9906(1992.

Chem. Solids53, 1457(1992. [8] U. Becker and D. ShirleyyUV and Soft X-Ray Photoioniza-
[4] J. L. Martins, N. Troullier, and J. H. Weaver, Chem. Phys. tion StudiegPlenum Press, New York, 1996

Lett. 180 457 (199J. [9] C. U. S. Larsson, A. Beutler, O. Bjorneholm, F. Federmann, U.

[5] R. C. Haddon, L. E. Brus, and K. Raghavachari, Chem. Phys.  Hahn, A. Rieck, S. Verbin, and T. Méller, Nucl. Instrum.

013203-4



PARTIAL CROSS SECTIONS AND ANGULAR... PHYSICAL REVIEW A 71, 013203(2005

Methods Phys. Res. 837, 603 (1994). [18] P. J. Benning, D. M. Poirier, N. Troullier, J. L. Martins, J. H.
[10] C. N. Yang, Phys. Rev74, 764 (1948. Weaver, R. E. Haufler, L. Chibante, and R. E. Smalley, Phys.
[11] F. Wuilleumier and M. O. Krause, J. Electron Spectrosc. Relat. Rev. B 44, 1962(1991).

Phenom.15, 15 (1979. [19] S. Krummacher, M. Biermann, M. Neeb, A. Liebsch, and W.
[12] G. Gensterblum, J. Electron Spectrosc. Relat. Phen8in. Eberhardt, Phys. Rev. B8, 8424(1993

101 (1996. § SN :

[20] M. Vos, S. A. Canney, |. E. McCarthy, S. Utteridge, M. T.
and N. Ueno, Phys. Rev. B8, 4927 (1998 Michalewicz, and E. Weigold, Phys. Rev. 85, 1309(1997.

[14] Y. B. Xu, M. Q. Tan, and U. Becker, Phys. Rev. LeT, 3538 [21] P. Decleva, S. Furlan, G. Fronzoni, and M. Stener, Chem.
(1996. ' T Phys. Lett. 348 363 (2001.

[15] O. Frank and J. M. Rost, Chem. Phys. L1, 367 (1997. [22] F. A. Gianturco and R. R. Lucchese, Phys. Rev64 032706

[16] T. Liebsch, O. Plotzke, F. Heiser, U. Hergenhahn, O. Hem- (2001.
mers, R. Wehlitz, J. Viefhaus, B. Langer, S. B. Whitfield, and [23] P. Decleva(private communication
U. Becker, Phys. Rev. /2, 457 (1995. [24] J. Cooper and R. Zare, J. Chem. Ph¥8, 942(1968.
[17] A. Rudel, R. Hentges, U. Becker, H. S. Chakraborty, M. E.[25] U. Fano and D. Dill, Phys. Rev. /&, 185(1972.
Madjet, and J. M. Rost, Phys. Rev. Le&9, 125503(2002. [26] J. Dehmer and D. Dill, Phys. Rev. LetB5, 213(1975.

[13] S. Hasegawa, T. Miyamae, K. Yakushi, H. Inokuchi, K. Seki,

013203-5



