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Abstract:

One of the important characteristics of the Cgy molecule is the collective
response of its valence electron cloud to the electromagnetic radiation.
This collective behavior gives rise to the occurrence of the giant dipole
resonance (so called surface plasmon) in the absorption spectrum
centered around 20 eV, which has also been analyzed theoretically by
various authors. Concerning photoelectron emission, plasmonic
excitation is characterized by a particular intensity behavior near the
threshold. We present here a new series of the K-shell photoelectron
spectra with particular emphasis on the qualitative analysis of all
ionization with excitation and double ionization processes. Our
measurements of the Cg plasmon excitation follow the so-called
Thomas-Derrah law and are in good agreement with the corresponding
behavior of satellite excitations in atoms such as neon.
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Introduction

Since the discovery of Cgop molecule (Kroto et al, 1985, pp.162-163),
(Kratschmer et al, 1990, pp.354-358) many studies have been performed
to investigate its fundamental properties. These properties are mainly
driven by its unique molecular structure like a spherical shell (Electronic
Properties of Fullerenes, 1993), (Korica et al, 2005, pp.132031-132035).
Ceo is known to have a plasmon excitation where 240 valence electrons
contribute to a delocalized electron cloud that can oscillate relative to the
carbon ion core forming the Cgo molecular cage. This oscillation produces
a giant resonance in the Cgy photoabsorption (Hertel et al, 1992, pp.784-
787) and electron-energy-loss spectra (Leiro et al, 2003, pp.205-213) at
the excitation energy of about 20eV. It has also been observed in the
photofragmentation experiments as an enhanced relative fragmentation
of Cgo" ion at the same photon energy (Karvonen et al, 1997, pp.3466-
3472). It has been interpreted by different theoretical models as a dipole
collective giant resonance (Amusia & Connerade, 2000, pp.41-70),
(Bertsch et al, 1991, pp.2690-2693), (Ekardt, 1984, pp.1925-1928), due
to autoionization, which arises from collecting the strength of the
individual one-electron transitions into a single collective excitation.

Experimental set-up

The measurements were performed at the HASYLAB undulator
beam line BW3 in Hamburg using monochromatized synchrotron
radiation whose wavelength can be scanned with a resolution set to an
appropriate value. The photon beam crosses an effusive beam of Cg
molecules, provided by an oven heated to 500 °C. Outgoing electrons
are detected in time-of-flight (TOF) electron spectrometers at two
different angles with respect to the electric vector of the ionizing radiation
(Fig. 1). Appropriate voltages can be applied to the TOF-analysers to
keep a constant resolution of the electron spectra for different photon
energies.
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Figure 1 — The experimental set-up
Puc. 1 - 3kcnepumeHmarnbHas annapamypa
Cnuka 1 — EkciepumenmarHa anapamypa

Results and Discussion

Plasmon excitation in Cgg molecule

Figure 2 shows an example of the K-shell photoelectron spectrum of
Ceo, recorded at 390 eV photon energy, covering the whole range of
kinetic energies down to zero kinetic energy. The spectrum is converted
to the binding energy and the background has been subtracted.

The spectrum consists, besides the single narrow C(1s) main line
(Lichtenberger et al, 1991, pp.203-208), of a variety of satellite lines and
higher lying plasmon excitation (Weaver et al, 1991, pp.1741-1744),
(Benning et al, 1992, pp.6899-6913), (Terminello et al, 1991, pp.491-
496). The low binding energy side of the C1s (from 1.9 eV to 9.3 eV) is
characterized by different dipole and monopole shake-up satellites,
except the one at the 6.0 eV which relates to the 1 plasmon. The energy
region between 10 eV and 20 eV does not have discrete dipole
transitions for free molecules and collective resonances are the
dominating effects here (plasmon like excitations). The broad peak at the
high binding energy side is also caused by several plasmon excitations.

Such plasmons are supposed to originate from a collective motion of
o- and/or Tr-electrons in the electric hull of the Cg, molecules following
the ionization of a K-shell electron.
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Figure 2 — A recorded spectrum of the 54.7°- analyser for a photon energy of 390eV
Puc. 2 — AHanusamop criekmpa Ha 54.7°0ns sHepeuu ¢pomoHa 390eV
Cnuka 2 — Cnekmap aHanu3amopa Ha 54,7° 3a eHepaujy ¢pomoHa 00 390 eV
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We have also studied the dynamical behaviour of plasmon excitation
by recording the photoelectron spectra as a photon energy function. This
is illustrated in Figure 3 for several different photon energies.
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Figure 3 — Spectra as a function of the binding energy of the 180°-analyser for different
photon energies
Puc. 3 — Cnekmp 8 ¢hyHKUYUU ces3HOU 3Hepauu aHanu3amopa Ha 180° dnsi pa3nuyHbIX
yposHel saHepauu ¢hpomoHa
Cniuka 3 — Criekmap y (pyHKUuUju 00 eHepauje se3e 3a aHanusdamop Ha 180° 3a
pasnu4dume eHepauje pomoHa
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Our results are in good agreement with the model of T. D. Thomas
(Thomas, 1984, pp.417-420), a time-dependent model which describes
the transition between adiabatic and sudden behaviour. It takes into
account the interaction between the outgoing electron and the remaining
electrons which leads to shake-up satellite electrons because the
photoejected electron may emerge with less energy than in the adiabatic
picture. In addition, multiple electron ejection is possible, in which case a
continuous shake-off spectrum is observed since the discrete energy can
be arbitrarily divided between the emitted electrons. In the frame of this
model, the intensity ratio of the “shake-up” process and the C(1s) line is
given by the expression:

pn=u, exp{—(r[fﬂﬁ[e V]j2 /(15.32E, [e V])}, (1)

where:

u — intensity ratio of the “shake-up” process and the C(1s) main line,
U — asymptotic value of y (taken from Leiro et al, 2003, pp.205-213),
r — the distance until the electrons are separated from the molecule,
r=0.44, note: r << r(Csp),

AE — the excitation energy of the “shake-up” process,

E,. — the kinetic energy of the outgoing electrons.

Figure 4 shows a comparison of the experimental results with the
results of the model of T. D. Thomas (Thomas, 1984, pp.417-420). With
increasing energy, the plasmon intensity reaches its sudden limit faster
than expected pointing to the localized excitation processes rather than
to a delocalized relaxation in response to core-hole creation. The sudden
limit intensity is as large as 30% of the total K-shell ionization events. Our
measurements are in good agreement with the corresponding behavior
of the satellite excitations in atoms such as He, Ne and Ar (Holland et al,
1979, pp.2465-2484) where electron correlation effects are supposed to
enhance various cross sections.
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Figure 4 — Experimental and calculated values of the ratio of the intensity of all plasmon
peaks and the intensity of the C(1s) main line as a function of excitation energy.
Puc. 4 — OkcriepumeHmarbHbIe U pacyemHble 3Ha4yeHUs1 OMHOWEHUU UHMEeHCUSHOCMU
8cex Ma3MOHHbIX MUKOo8 U UHmeHcusHocmu C(1s) enaeHol TUHUU 8 (byHKUUU SHEpauU
8036)KOEHUS.

Cnuka 4 — EkcnepumeHmarHa u uspadyHama epedHocm 00HOoca UHmMeH3umema ceux
rukosa rnnasmMoHa u uHmeHaumema C(1s) anasHe nuHuje y hyHKUUju eHepauje
ekcyumauuje

Double Auger decay of the excited C60

The strength of the shake-off processes contributes also significantly
to total K-shell ionization rate. The relative fraction of this shake-off rate
has been, however, unknown so far, although the complete
photoelectron spectra exhibit a large fraction of continuously distributed
photoelectron intensity which could either result from shake-off
photoelectron emission or double Auger decay (Fig.5). The quality of the
former K-shell photoelectron measurements was insufficient to
disentangle these two contributions experimentally (Aksela et al, 1995,
pp.2112-2115), (LeBrun et al, 1994, pp.3965-3968), (Brihwiler et al,
1993, pp.3721-3724), (Krummacher et al, 1993, pp.8424-8429).

The contribution of different excitation events can by separated with
the ansatz (Fig.5):

Total Auger = Augeringict Augergoupie
= C(1s) + Satellites + Plasmons + esnakeof
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Figure 5 — Photoelectron spectrum recorded with a photon energy of 390eV. Different
types of contributions are marked with colours. The intensity of the single and double
Auger process can be deduced from the coloured areas.

Puc. 5 — ®omoanekmpoHHbIl criekmp, 3anucaHHbilt 0nsi aHepauu ¢pomoHa 390eV.
PasnuyHblie 8udbl 8nusiHUSI 0603HaqYeHbl pasHbIMU ygemamu. UimeHcusHocmb Oxe-
rpoyeccos MoxHo ornpedenums Mo 0603HaYeHHbIM Yacmsim.

Criuka 5 — ®omoenekmpoHCKU crieKmap CHUMII/bEH 3a eHepaujy chomoHa 390eV.
Pasnu4ume spcme dornpuHoca o3HayeHe cy pasnudumum bojama. IHmeH3umemu
Oxeosux npouyeca mozy ce odpedumu u3 obojeHuUx obracmu.

Performing a spectral analysis, which takes all primary and
secondary ionization events into account, yields a double Auger rate as
high as 60% of the total Auger yield. This is an extremely high value,
raising the question of its origin. Assuming that the main line and the
related shake-off emission result predominantly in single Auger decay,
the K-shell photoionization associated with satellite and plasmon
excitations remain the only plausible source for such a high double Auger
rate.

The only reason for this highly unusual behaviour may be the fact
that satellite and plasmon excitations both populate LUMO states which
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are strongly delocalized and may be completely in the continuum for the
double charged Ceo2" ion resulting from the K-shell ionization and the
subsequent core-hole refilling process (Maxwell et al, 1994, pp.10717-
10725), (Wastberg et al, 1994, pp.13031-13034). The excited electron
cannot survive in this unstable situation and will consequently leave the
Ceo ion along with the Auger electron in a form of an Auger shake-off
transition. These arguments, however, have to be validated by more
sophisticated calculations.

Conclusion

We have studied the Cg, molecule photoionization above the C(1s)
threshold, in the photon energy range hv=(330-390)eV. A careful
analysis of the spectra yielded two surprising and unexpected results:

(i) With energy increase, the plasmon intensity reaches its
sudden limit faster than expected pointing to localized
excitation processes rather than to a delocalized relaxation in
response to core-hole creation. The sudden limit intensity is
as large as 30% of the total K-shell ionization events.

(i) Performing a spectral analysis taking all primary and
secondary ionization events into account yields a double
Auger rate as high as 60% of the total Auger yield.

The double Auger processes are probably linked to the plasmon
excitation in the Cgg molecules.
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OBJIACTb: monekynsapHasa unsnka, CUHXPOTPOHHOE M3NyYeHue,
POoTOINEKTPOHHAsA CneKkTpockonus, dynnepeHsbl,
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OOdHOU u3 cambix 3Ha4umeribHbIX ceolicme morsnekyrbl Cgy s87159emcs
KOJIIeKmueHasi ~ peakyusl ee  8alleHMHbIX  3JIEKIMPOHO8  Ha
arleKmpomMazHUMHbIe U3rydYeHusi. Beriedcmeue KormekmueHol peakuuu
8 CrieKmpe roanaweHUsi 803HUKaem O2POMHbIL OuUNOsbHbILU PE30HAHC
(mak Ha3bigaeMbil Mo8epXHOCMHbIU 1asMoH), npubnusumernsHo Ha 20
eV, Komopbili 6bi1  HEOOHOKpamHO rnpedcmasneH  pasiudyHbIMU
asmopamu 8 UX meopemuyeckux uccriedosaHusix. B criyyae
¢homoanekKmpoHHoU amuccuu, Habrrodaromcs xapakmepHoe rosedeHue
nrnasmMoHo8 rpu e0306yx0eHuUU Ha ropoze UoHuU3auuu. B pabome
npedcmaernieHa Hogasi cepusi (hOMO3NIEeKMPOHHbIX criekmpos K-
obosioyku, a makke MoOpPobHbIU KeanumamueHbIll aHanu3 6cex
UOHU3ayul ¢ 8036yx0eHusiMu 8 rpouyecce 080UHOU UOHU3auyuu. Ha
OCHOBaHUU POBEOEHHO20 aHanu3a U U3MEPeHUl  rniasmMoHHO20
8036yx0eHusi Cgy NpU MPUMEHEHUU mMakK HasbleaeMoeo 3aKkoHa Tomac-
Leppaxa MOXHO ymeepxdamb, YMO OHU rOSIHOCMbIO coenadarm ¢
coomeemcmeyrowuM  MoeedeHUeM  camesiumH{o2o  8036yK0eHUs
amomMo8 8 HEOHaXx.
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Cr1eKmpOCKOIuA, 6036y)KOeHue r1a3MOHO8.
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Caxemak:

JedHa 00 3HauajHux kapakmepucmuka Cgy MOSIEKY/a je KOofeKmueHU
002080p H-€208UX BANlEHMHUX €/IEKMPOHa Ha eIeKmMpPoMasHeMmHO
3paverbe. 080 KOJIEKMUBHO roHaware 0o800u 00 rojage 02POMHE
ourioniHe pe3oHaHue (m38. MOSPUWIUHCKU [171a3MOH) Y arcopriyuoHOM
criekmpy Ha oko 20 eV, Koju cy pasnu4yumu aymopu U MeOopujcKu
aHanusupanu. KalGa je y numary @¢bOmMOeNIeKMpPoHCKa emucuja,
M1a3MOHCKY eKcyumauujy kapakmepuuwe rnocebHo rnoHaware Ha rpasy
JoHusayuje. [lpukasaHa je Hoga cepuja homoenIeKMpPOHCKUX criekmapa
K-rbycke ca mexuwmem Ha KeanumamueHOj aHarnusu ceux joHusauuja
ca ekcyumauyujama u npouyecuma d0socmpyke JoHu3layuje. Mepera
nnasmoHcke ekcuumauuje Cgo npame ma3e. Tomac-Lupaxoe 3aKkoH u y
8esiUKoj cy caznacHocmu ca o0zoeapajyhum noHawaH-emM camesumcKux
eKkcyumauuja y amomuma Kao wmo je HEOH.

KrbyuHe peyu: ¢usuka Morekyna, ghomoesieKmpoHckKa
criekmpocKonuja, nnasmMoHcKa ekcyumauuja.
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