Available online at www.sciencedirect.com

sc.suca@p.“cp

Mass Spectrometry

ELSEVIER International Journal of Mass Spectrometry 228 (2003) 1055-1065

www.elsevier.com/locate/ijms

Implanting atomic ions into surface adsorbed fullerenes: the singl
collision formation and emission of Cs@and Cs@¢,

A. Kaplan Y. Manor, A. Bekkerman B. Tsipinyuk E. Kolodney

Department of Chemistry, Technion—srael Institute of Technology, Haifa 3200, |srael
Received 13 December 2002; accepted 28 April 2003

Abstract

We describe the formation and emission of endohedral fullerenes, gs@@ Cs@G,, following a single collision of
Cs" ion with a sub-monolayer of & on gold and silicon surfaces and with a sub-monolayer-gfad gold. A continuous
low energy Eo = 35-220eV) C$ ion beam hit the g covered surface and the collisional formation and ejection of
the endohedral Cs@gcomplex, within a single C9Cgg collision, was observed and characterized. The steady sgate C
coverage is shown to be in the sub-monolayer range. The instantaneous rise of th&@m(by afactor of 1%) with the
Cs™ beam onset clearly demonstrate the single collision nature of the combined “atom penetration/endo-complex ejectio
event. The fullerene molecule is actually being picked up off the surface by the penetratingnC3he evidence for the
trapping of the C$ ion inside the fullerene cage is given both by the appearance of the q§@n(_‘(n = 1-5) sequence and
its termination at Cs@Z%;. Similar experiments were carried out with nearly pure (98%) stib-monolayer on gold. Both
the Cs@G, ,, and G, ,, (n = 0,1, 2,...) fragmentation sequences were observed. C§@ad G, signals appeared
strongly enhanced in these sequences. We believe that the experimental results presented here provide a first example
single collision pick-up scattering (Eley—Rideal type) involving the formation and ejection of an endo-complex.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction beams and in pick up reactive scattering with molecu-
lar ions. In secondary ion mass spectrometry (SIMS)
Unique species and interesting chemical binding experiments on organic layers with*Cas the primary
configurations are often identified among the scattered beam, adducts in the form of CsiVare frequently ob-
particles following energetic projectile-target encoun- served, where M is an organic or inorganic resiflije
ters. The projectile impact enerdyy provides the Similar Cs™ bombardment experiments on a graphite
necessary activation energy for the reactive scatteringtarget yield species of the form CsQn = 4, 6, 8,
event. Various examples can be found in studies of etc.)[2]. In all cases reported the outgoing sputtering
sputtering from surfaces using energetic atomic ion or pick-up product is an exo-complex, where the two
collision partners are attached side by side. In order
e to get an endo-complex where the incoming atomic
* Corresponding author. Tel972-4-8293749; . . L
fax: 1+972-4-8295703. ion is encapsulated inside a very large molecule or
E-mail address: eliko@tx.technion.ac.il (E. Kolodney). cluster one needs to be able to implant the primary
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ion into the target specie and the target specie shouldthese experiments. Similar ion beam implantation

be able to anneal itself, namely regaining the original
structure or rearrange itself around the implanted ion
in some stable configuration. Here we describe a col-
lision experiment resulting in the formation and ejec-
tion of an endo-complex, within a single collision. We
will review some recent observatiofi3] and extend

it to new surface/collider systems. Low enerdsy(=
30-220eV) C3 ions hit and penetrategg molecules

method with deposited g was reported also for He

and Ne" ions but with an efficiency of only up to
0.05%[8]. While the beam-surface approach was in-
troduced only as a high yield synthetic method (for al-
kali ions), without any in-situ characterization, former
gas phase experiments provided deeper insight into
the dynamics and energetics of the endohedral forma-
tion process. Schwarz and co-workers performed the

adsorbed on gold and silicon surfaces. Care was takenfirst experiments in this field by passing high-energy
to assure sub-monolayer steady state coverage of theC‘g0 ions through heliunf9] and other rare gas¢s0].

Ceo molecules. The penetrating €satom is there-
fore backscattering inside the open fullerene cage af-
ter hitting the inner side of the carbon network, which
is in contact with the substrate itself. The time scale
for the backscattered Csatom to escape through the
window which is temporarily opened in the;gcage

(breaking of carbon—carbon bonds upon the penetra-

tion impact) is probably sub-picosecond. The fact that
we observe the formation of intact (but highly vibra-
tionally excited) endohedral fullerene is a striking ev-

Anderson and co-workers have used atomic ion beams
at kinetic energies oy = 0-150eV for implanting
Rg" rare gas ions and some*Malkali ions (Lit, Na*,

K¥) into neutral fullerene molecules §gICo vapors)
[11-13] The main information source for the pene-
tration dynamics in the gas phase experiments is the
kinetically shiftedEg-dependent yield curves for the
M@C{, ,, and Rg@¢, ,, ions @ = 0,1,2,...).
These curves are directly related to the vibrational
excitation of the endohedral complex during its colli-

idence for the extremely efficient self-healing abilities sional formation. The experiments presented here are
of the fullerene carbon cage. The trapped atom, after in a way a marriage of both approaches: The fullerene
intra-cage back and forth scattering accompanied by molecule is directly supported on a solid substrate

vibrational heating of the cage, still has enough back-
ward momentum in order to enable the ejection of the
endo-complex from the surface.

Besides of being an example for a unique
pick-up scattering resulting in the combined forma-
tion/ejection of an endo-complex, there is a lot of
interest specifically in the formation mechanisms and
synthesis of endohedral fullerengg5]. lon implan-
tation into substrate supporteddivas shown to have
a promising potential as a general M@CM as an
alkali atom) high yield production method. Campbell
and co-workers were the first to demonstrate this
experimentally[6,7]. They have bombarded thingg
films deposited on a Si substrate by*Malkali ion
beams (M= Li, Na, K, Rb). By post-analyzing (ex
situ) the films using laser desorption mass spectrom-
etry they have found that the materials so-produced
contains M@@Gp. A yield of up to 50% was reported
for Li@Cgp and 2-5% for the larger alkali iodg].
Bombardment with C5 ions was not attempted in

and the fragmentation dynamics of the vibrationally
hot outgoing endohedral complex is probed on-line as
a function of impact energy. The ability to change the
supporting substrate thus controlling (indirectly) the
energy loss of the impinging ion to the surface (and
subsequently the vibrational heating of the endohedral
fullerene) is an important additional degree of free-
dom. The energy transfer to the substrate is obviously
mediated by the carbon cage since the penetrating ion
is hitting the inner side of the fullerene molecule (via
a single or multiple intra-cage scattering) which is in
direct contact with substrate atoms.

Finally, the experiments presented here are aimed
at providing better understanding of the collisional
formation of endohedral fullerenes at surfaces. This
aspect can be broadened to ion implantation into
nano-structures in general. It could be expected that
interest in controlled, low energy<600eV) ion im-
plantation into carbon-based inorganic and organic
nano-structures on surfaces will grow sharply together
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with the increase in number of applications in
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stable Cs@¢, and Cs@¢,, currents are achieved.

nano-electronics. Two specific examples are carbon The scattered species and their (on-flight) dissoci-
nanotubes (where the amount of implanted core ions ation products are collected by ion-extraction and

inside the nanotube controls electrical propert[é$)

ion-transfer optics into quadrupole mass spectrometer

or organic nano-structures based on self-assembled(QMS; Extrel MEXM-4000) whose axis is along the

monolayers where implanted ions could control elec-
tron transfer properties.

2. Experimental

The experimental set-up is presented Rig. 1
An effusive G beam emerging from a dg oven,
served for depositing §g molecules on the gold and
silicon surfaces. The beam axis was at’ 46 the
surface normal. A Csion gun, also situated at 45
to the surface normal (and at 9@ the Go beam
axis) delivered beam currents of 1-10 nA at energies
of up to 250eV with an energy width of 0.5eV or
smaller (FWHM). During normal operation both the
Ceso oven and the Csion gun are working simul-
taneously such that a steady statg €Coverage and

N

surface normal. Pure g (MER, 99.8% purity) and
C70 (MER, 98% purity; 0.3% @ impurity) pow-
ders were used. The experiments were conducted
inside an ultrahigh-vacuum chamber (base pressure:
5 x 10~1%Torr). The Go source was thermally iso-
lated from its surroundings by three concentric Ta ra-
diation shields. The final §g beam spot at the surface
was about 10 mm in diameter (actually an ellipsoidal
projection). The C§ ion beam spot on the surface
was about 2 mm in diameter thus assuring nearly ho-
mogeneous £y density within the C§ impact zone.
The effusive neutral Cs beam component was blocked
by tilting the Cs ion beam 2-3 off-axis. Please
note that theEg-dependent yield curves presented
here are not measured under field free conditions and
therefore are not easily amenable to detailed kinetic
analysis. The target potential wad 0V and the QMS

Fig. 1. The experimental set-up: (1) C#on gun; (2) quadrupole mass analyzer with ion transfer and extraction optics; (3) fullerene oven
for nearly collimated effusive beam; (4) rotatable surface; (5) quadrupole mass spectrometer on-line with the effusive fullerene beam.
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extraction electrode potential was20V for optimal
collection of all secondary positive ions. Field free
measurements aimed at testing kinetic models will be
carried out at a later stage.

Suitable substrates for achieving sub-monolayer
coverage of g and G are those where the interac-
tion between the fullerene molecule and the substrate
atoms is stronger than thes;§=-Cgo or C70—Cyg inter-
action which to a good approximation is given by the
heat of sublimation of the solid (1.4 eV/molecule for
Ceo [14]). If this is not the case the fullerene molecule
will tend to form 3D islands even at low surface con-
centrations. The heat of adsorption for fullerenes on
Au and Si is 2.0-2.5eV/moleculg,15,16] There-
fore, a completion of sub-monolayer or full mono-
layer growth can be expected before islanding. For a
Si surface, the fullerene-surface bond energy should
be somewhat higher than for a Au surface due to high
density of dangling bonds. It was reported that most
of the Ggo molecules adsorbed on Si(100)2) are
located over the silicon surface dimer row (between
four dimers), forming a partially ordered overlayer
[17]. For the experiments reported here we have used
hyperpure epitaxial Si(1 00) wafer and polycrystalline

A. Kaplan et al./International Journal of Mass Spectrometry 228 (2003) 1055-1065

Cs@Q, ejection and ¢ sputtering). Both G de-
position rate and Csbeam current were kept low (in
the range of 1 monolayer per 200—4005s) in order to
maintain a balance between layer growth and etching.
All experimental evidence point out that the resulting
deposition/etching steady state was at sub-monolayer
coverage[3]. The main evidence is provided by
the Langmuir-type first-order growth kinetics of the
Cs@G, and G, ion signals observed as a function of
the Gy deposition time, under constant Tsn flux.

A time constant of 120s and a saturation value near
200 s were measured. Under these conditions we have
found that the formation of the endohedral fullerene
is practically instantaneous with the opening time of
the Cs ion beam. As shown ifrig. 2, when Gy is
being deposited on the surface for 5-10 min and then
the Cs ion beam is suddenly turned on, the 05@0
signal is instantly increasing by a factor of*1@here

is no need for any preconditioning of the surface such
as slow build up of Cs@gs or pure Cs densities
at the surface. Any process like this will result in a
slow signal increase with a few hundreds of seconds
rise time (due to the low Csion flux). Actually, the
signal decays from its peak value by about 30% over

gold surface. Both surfaces were sputtered/annealed300s of C§ bombardment. This slow layer depletion

with an Ar atom gun at temperature of about 950 K
before every run. For the gold surface, an optical go-
niometry check (with He—Ne laser through a set of
slits) combined with surface microscopy showed that
the annealed surface is composed off largé fn¥)
crystallites whose planes are all parallel to each other
and to the macroscopic surface plane to withii.5".
During the initial Go deposition and throughout all
experiments reported here the surface was kept at
room temperature.

3. Results and discussion
3.1. Collisions of Cs* ions with the Cgo/Au target
The experiment is being carried out under steady

state conditions between g§ deposition (layer
growth) and C$ ion beam etching (layer removal via
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Fig. 2. Instantaneous rise of the Cs@&ignal (by a factor of
10%) with the Cs* beam opening. The surface was pre-exposed
to the Go beam for 5-10 min. The slow decay of the signal from
its peak value (by about 30% over 300s) is due to depletion of
the Gsp coverage by g‘ﬁ and Cs@g:o ejection and is consistent
with the measured sputtering rate.
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is in good agreement with the measured sputtering —« _csac’,
rate. The experiment presentedHig. 2 can be con- 10"k —e —csact,
sidered as a clear evidence that both the formation g i —4—csec,
and the ejection of the endohedral fullerene consti- 5 | e
. . . c 10 ¢ I

tute a combined (nearly simultaneous) event, which @ —,
occurs within a single Cscollision. Please note that E T

in this paper we do not address the issue of the extent % 10" £ “‘\&\\w
of impulsiveness of the ejection process. By saying 2 e A
“single collision” we simply mean that the same’Cs @ 102k ::: CS@CT
ion penetrating the g cage is responsible for lifting - —x— ZZ(;
the just-formed Cs@ég off the surface. However, we B ST S

50 100 150 200

argue that the just-formed Cs@4¢; while still on the
surface, cannot suffer more than a few intra-cagé Cs
chattering events before lift-off. Namely, its expected Fig. 3. Relative intensities of the parent endohedral complex ion

residence time on the surface will be a few picoseconds CS@Go and its daughter ions CS@E ,, (» = 1-5) as a function
of the Cs ion energy over the energy rang& = 50-220eV.

or I?SS (pro.bably.e\{en t_)elow one pICOS-e(?OHd). Longer The surface is gy/Au. All ion intensities are normalized to the
residence time will inevitably lead to efficient thermal Cst beam current.

accommodation to the surface resulting in substantial
fraction of the endohedral complex left on the surface. 50eV. The onset for the fragmentation of the vibra-
This will be in clear disagreement with the experimen- tionally hot Cs@q0 and qo is at 55eV. The evolu-
tal observation reported earlier in this paper which tion of the fragmentation pattern of both endohedral
showed no accumulation of Cs@{on the surface.  and empty parent specie was measured overEthe
Furthermore, a preliminary temperature programmed range of 50-220 e\Fig. 3 shows theEp-dependent
desorption (TPD) measurement after about 90 min of Cs@G, ,, (» = 0-5) ion intensities whileFig. 4
simultaneous C5 bombardment and g deposition shows theEg-dependent &, , (n = 0-8) ion inten-
failed to detect any Cs@g desorption peak over the sities. The sequential emission of up to five @hits
320-970K surface temperature range. Additional ex- while retaining the C5 ion attached to the fullerene,
perimental evidence for the very short residence time rather than immediate emission of the'Qsy the vi-
of Cs@Go on the surface (one or few €sntra-cage brationally hot Cs@g‘o, provides a clear evidence for
scattering events before lift-off) is provided by recent the endohedral nature of the complex. Several impor-
measurements we have carried out of the kinetic en- tant observations emerge frdfigs. 3 and 4First, the
ergy distributions of the outgoing Cs@gJ18]. The Cs@G, and G, yields have strong maximum around
measured distributions were found to be non-thermal, 70-100 eV impact energy. Second, all the breakdown
peaking around 1.2 eV with substantial fraction of the curves are kinetically shifted with respect to each other
outgoing endohedrals having kinetic energy above as expected from sequential delayed fragmentation of
2eV. These observations practically exclude the pos- energy-rich endohedral and empty fullerenes in gas
sibility of thermal desorption following vibrational phase experimen{&2]. And third, the parent Cs@gg
coupling to the surface (even for a few thousan@s seems to be much hotter than the parejgg. Che last
temporarily induced local hot spot at the surface). point provides further evidence for the single collision
During bombardment of thedg overlayer with the nature of the penetration/ejection event, as opposed
Cs" ion beam Eo = 35-220eV), both endohedral to the alternative case of sputtering of pre-produced
Cs@(g;o and Cgo ions were ejected off the surface. endohedral fullerenes by the €don beam. If the
The apparent (extrapolated) appearance energy ofCs@Go was already thermally accommodated to
Cs@(;;0 is around 35-40eV while that ofgg is the surface, then its internal vibrational temperature

Cs" Beam Energy, E,, (eV)
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Fig. 4. Relative intensities of the sputtere@‘oobn and its daughter ions Cs@(QZn (n = 1-8) as a function of the Csion energy over
the energy rangé = 50-300eV. The surface isggAu. All ion intensities are normalized to the €deam current.

should not be higher than that of the sputteregq.c
The important conclusion is that the fragmentation
pattern is a fingerprint that carry direct information on
the collisional formation dynamics of the Cs@C
This involves the initial deformation, penetration
(bonds breaking), cage annealing (bonds forming)
and intra-cage chattering of the trappedtGen. In
Fig. 5 we present the impact energy dependent in-
tegrated yields of Cs@fg and G, scattered off the

[¢,]

Cs"—C_/Au

Relative Integrated lon Intensities

L A" L " 1

‘ 100 150
Cs" Beam Energy, E, (eV)

Fig. 5. Relative Cs@f, and G, vields Eo dependent) calculated

by summing over all the measured breakdown curves as presented

in Figs. 3 and 4

surface. We are assuming that only Csg@@énd G
(neutral or ionized) are ejected off the surface and
fragmentation occurs on-flight. The Cs@pjield
curve peaks attp = 80+ 5eV. The mechanisms
leading to the ionization are not clear yet. Probably
there are meaningful contributions from both surface
charge exchange and delayed thermionic emission.
It is well known that isolated highly vibrationally
excited fullerenes emits electrons on a time scale of
hundreds of microsecondd9,20] Kinetic energy
distributions of outgoing Cs@fg and G, measured
with a potential gradient between the surface and the
extraction electrod§l 8] appear to have a component
of “negative apparent energies” (after subtracting the
acceleration voltage). This is an indication for ion for-
mation away from the surface. Namely, the ions born
along the flight path due to delayed electron emission
do not experience the full acceleration voltagey(5).

3.2. Collisions of Cs* ions with Cgo/S target

The nature of the gy/Si interaction was already
discussed inSection 2 The (scattered) positive
ion mass spectra following ¢sion bombardment
was measured over the impact energy ratge=
50-220 eV. The threshold value for Cs@(fbrmation
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is slightly higher than for the §/Au system and is CS+ C /SI
around Eg = 45eV. Typical spectra for sever&l 60
values are shown ifrig. 6. At Eg = 55eV the mass
spectrum is dominated by Cs@jcand G, signals.
Both outgoing molecules are too cold to emip C CS@CZO
units during the experimental time window. A small
mass peak at around 986 amu is probably due to the C;O
exo-endohedral fullerene Cs (Cs@ﬁformed when
a leaving Cs@g;) picks up a Cs atom on its way
out. The strong relative decrease in the intensity of
this peak at higher impact energies is in agreement
with this assignment since it is expected that hotter
endohedrals will efficiently emit the exo-atom before SN ) — e—|
reaching the detector. The mass spectr&g@t= 90
and 120eV clearly show that the Cs@ons are E,=90eV
hotter than the sputteredggions. This conclusion is
based on the relative intensities of the Cs@% and
C&FZ” mass peaks within each sequence since the
fragmentation time windows for both ions are similar
and the Arrhenius parameters foy €mission are as-
sumed to be roughly the same for Cs@@md Cgo.
The last assumption is probably reasonable for the par-
ent species and their daughter ions down to C§@C
(when the cage is not yet tightly wrapped around the _Jthfm—,—
central Cs atom) but may be questionable when ap-
proaching the sequence end-point at C%@Gig. 7 E,=120eV
shows the fragmentation patterngg = 110 eV with
an expanded section for the 700-880 amu mass range.
The Cs@go_h end point at: = 5 is demonstrated
by the absence of the Cs@fgignal at mass 709 amu
(indicated by an arrow). This minimal possible size
for the endohedral fullerene formed by the “shrink
wrap” mechanism probably reflects the size of the
smallest fullerene that can still contain the central
atom without falling aparf21,22] Similar behavior _AAJUU SN\ ¥ | E——
was observed for Cs@gﬁon gold. TheEg-dependent 600 700 800 900 1000
yields of the Cs@, ,, daughter ions are shown in Mass (amu)
Fig. 8 Based on the relatively high intensity of the
CS@C;G signal it seems that the Cs@(p‘ormed on Fig. 6. Positive ion mass_ spectra following “Cson impac?

. . (Eo = 50-220eV) on a &/Si surface. Note the gradual evolution
the Si surface is somewhat hotter than the one formed ; ;. fragmentation pattern for both Cs@@and C, ions.
on the Au surface. This tendency is in line with the
higher Debye temperature for the Si surface as com-
pared with Au[23] (which means that the Si surface
is less responsive than the Au surface). However,

Eo=55 eV

)
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Fig. 7. Fragmentation of Cs@g‘, and Q;Fo ions formed by C$ ion impact o = 120eV) on a G/Si surface. The inset shows the
termination of the @ emission sequence at Cs@)CThe arrow points at the location of the (missing) Cs@daughter ion at 709 amu.

in order to get a better idea about the energy loss to 3.3. Implanting Cs" ion into C7g molecules
the surface and the final vibrational excitation of the deposited on a gold surface

outgoing Cs@g’0 one needs to know also the effec-
tive masses for the two different collision events, in
the Gso/Au and Go/Si systems. Comparative measure-
ments of kinetic energy distributions for the outgoing
Cs@(‘g0 on these systems will provide a deeper in-
sight into this problem.

The same measurements reported earlier in this
paper for G deposited on a gold surface were car-
ried out also with Go, resulting in the formation
of Cs@C;L0 and its daughter ions. In carrying out
these experiments we were mainly motivated by the

Relative lon Intensities

—m—Cs@C} —0— Cs@C;,
—e-Cs@C}, v CsecC,,

+ +
_a_CseC,, o Csec,

100

150

Cs’ Beam Energy, £ (eV)

Fig. 8. Relative intensities of the parent endohedral complex ion Cgfg@lﬁd its daughter ions Cs@f&h (n = 1-5) for a Go/Si surface
as a function of the Csion energy over the energy rang® = 50-220eV. All ion intensities are normalized to thetGseam current.
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different bonds structure of /g and Go and the Fes™—C /Au c* .

assumption that the efficient penetration and cage an- [ - 100 eV h A ’° CsecC,

nealing observed for &g is directly related with the . 3 A “—r‘ ,i\ A \

specific hexagons/pentagons arrangement of a given£' | TS W L WU W P /‘?‘»-" A

fullerene molecule and that different behavior (e.g., § [E,=120eV

impact energy dependence) may be observed with;‘: i ﬁ\ﬁ’A} « }\

C7o. While Cso has one unique carbon site andtwo & F . . ‘A__,,‘___,)Mh_j AL U\ .

distinct bond lengths £ has five inequivalent sites  ® | g _140ev - cs@c’

and eight distinct bond lengths. Here we give only a L c: mA J\ / o0

brief preliminary report describing our observations. - *MA A L ﬂu)ﬂ... A A vy
In order to deposit nearly purezgsub-monolayer 600 650 700 750 800 850 900 950 1000

on the gold substrate we have started from a 98 C Mass (amu)

powder, which was loaded into the effusive fullerene o o

. . . Fig. 9. Positive ion mass spectra following impact of adsn
beam oven. A new ceramic cartridge was used to this ;. o — 100-1406V) on a @/Au surface. Note the gradual
purpose and the Ta radiation shields were thoroughly formation and accumulation of the Cs@@nd G, ions following
cleaned from any traces ofsg The issue of the final  the fragmentation of Cs@fg and G,
composition of the effusive beam with respect to the
initial C70:Cgo ratio in the solid mixture is not simple
and depends strongly on the nature of the starting ma-
terial (the Go powder): amorphous or polycrystalline,
percentage of fully intercalated;&-Cgo crystallites,
etc. [24,25] Partial pressures ofgg and Go were
measured before as a function of temperature for solid
C70:Cs0 samples with different compositions ranging (1) Both Cs@G, and G}, are ejected from the sur-

carried out. Again the g impurity was found to be
below 2%.Fig. 9 shows the positive ion mass spec-
trum following Cs" ion impact on the &/Au target
over the impact energy range @f = 100-140¢eV.
There are several features that should be noted:

from pure G to pure Go (but only up to 71 mol% face.

Cro-rich mixture)[25]. It was argued that the4:Ceo (2) Using the G emission sequence (Cs@g,, and
binary system forms a solid solution where the two Cs@G,) as an internal thermometer for the vi-
components are partially miscible up to 30 mol%. A brational temperature of the two parent fullerene
binary phase diagram was derived based onthevarying  molecules (endohedral and empty), it is clear that
vapor pressures ofdg and Go in the sublimed sam- the Cs@q0 ion is ejected from the surface much
ples[25]. In this case our nearly purezgpowder can hotter than the % ion. This behavior is similar
be considered almost an ideally dilute solution with no to that observed for thedg/Au system.

solute—solute (6p—Csp) interactions. However, in or-  (3) At the lowest energyKo = 100 eV) the amount
der to avoid assumptions about the nature of the solid of Cs@(g“o and Cgo generated by sequential
fullerenes mixture, we have measured directly the emission of five G units from Cs@d,’0 and qo
beam composition using a mass spectrometer situated  correspondingly is very small, below 3% of the

on-line with the fullerenes effusive beam (d&g. 1). integrated signal. However, already at 120 eV we
The Gso percentage was found to be 1-2% (a small 6:7 see dramatic enhancement of the C%@@nd
correction for the gp:Cyo electron impact ionization Cgo ion intensities. This can be associated with
cross section was ignored). This corresponds to an the increased fragmentation of thegparent and
enrichment factor of 5 (with respect to the 0.3%,C the “stability island” behavior of the . The
impurity, as specified by the supplier, MER). In or- very small C;O—related signal aEg = 100 eV (and

der to measure the final composition of the deposited below) provides further evidence to the negligible
fullerenes on the gold surface a TPD experiment was amount of Gg impurity within the G monolayer.
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(4) The smallest endohedral daughter ion that could
be identified at this stage is Cs@[C

In future experiments we will try to detect smaller
fragments down to Cs@;gin order to see if we can
observe the same end point (of the @mission se-
quence), as that observed fogClt is interesting to
mention that the relative intensities in the fragmenta-
tion pattern (Cs@g, ,, and Cs@¢, ,,) observed
in our surface collision experiments corresponds to
a much colder parents (Cs@and Cs@G,) as
compared with the gas phaseg{70) experiments.
With KT collisions [12], the highest intensity frag-
ments Eo 70eV) were K@G, and K@G,,
respectively, and the relative K@g and K@G,
ion intensities £g < 60eV) were very small. For
Xet/Cgo collisions [22] (comparable in size with
Cs") no Xe@G, or Xe@Glg were observed. The en-
dohedral ion sequence was found to start at X@@C
Similar behavior was observed also forAand Krt
[22] projectiles. This behavior is in agreement with
a weaker vibrational excitation of the parent endohe-
dral in the surface implantation experiments due to
loss of a fraction of the impact enerdsy to surface
excitations. Note that charge transfer exoergicity for
the Xe"/Cgo case is relatively small (4.25e\[p2]
and is not expected to change this conclusion.

Finally, we would like to speculate a little bit on
the transition mechanism from Cs@jCand Cf, to
Cs@G, and G, correspondingly. The ellipsoidal
C70 shape can be obtained from the sphericgh C
by adding an equatorial belt of five,Cunits be-
tween two Go hemispheres, thus forming a ring of
five hexagons. Rotating now the two separateg C
hemispheres by 36will complete the transition. The
transition from Gg to C;o was suggested to involve
the sequential but correlated, @imers absorption
in a self-promoting way4]. Similarly, we can envi-
sion the nearly correlated loss of fivey @Qnits as a
self-promoting mechanism where the emission of one
C> unit facilitates the sequential emission of the next
C, unit by partially relieving the strain caused by
the first G loss. This will inevitably lead to efficient
accumulation of Gy species when the vibrational

%
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energy in the parent g species is increased, in line
with the experimental observations.

4. Conclusions

The formation of endohedral fullerenes (Cs@c
and Cs@q:o) following the collision of low energy
(35-220eV) C% ions with Gsg and Gg molecules
deposited on gold and silicon surfaces was studied.
Evidence is given for the single collision nature of the
combined (nearly simultaneous) penetration/ejection
step. Following penetration, the €$on is trapped in-
side the rapidly closing cage but is left with enough
backward momentum to lift the whole endo-complex
off the surface. The strong deformation of the cage
upon the initial impact, the annealing (bond form-
ing) step and the back and forth scattering of thé Cs
trapped inside the cage (chattering), are all leading to
strong vibrational excitation of the outgoing endohe-
dral. The hot Cs@g;, and Cs@G, starts to emit ¢
units during their flight time to the detector, resulting
in a series of Cs@f, ,, (n = 1-5) and Cs@%, ,,

(n = 1-7) daughter ions. These fragmentation patterns
are indicative of the initial vibrational temperature of
the corresponding parent endohedrals. The sequential
emission of G units (shrink wrap mechanism) and the
termination of the series at Cs@gfor Cs" collisions
with Cgo/Au and Gso/Si) constitute a solid proof for the
endohedral nature of the complex. Empty fullerenes
(Ceo and Go) were also sputtered from the surface
following the Cs ion bombardment. Their fragmen-
tation pattern suggests a weaker vibrational excitation
as compared with that of the endohedral fullerenes.
For both surfaces the impact energy-dependent yield
of Cs@(;f0 is peaking in the range of 75-90eV. The
ionization of the outgoing fullerenes (empty and en-
dohedrals) probably takes place partially at the sur-
face following charge exchange and partially on-flight
via vibrationally induced electron emission. The rela-
tive contribution of each channel is not known at this
stage. We believe that these experiments where the
endohedral fullerenes is both being formed and scat-
tered off the surface within the same Csollision
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