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Impact formation of endohedral fullerenes at surfaces:
Comparing field-free yield measurements with model calculations
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Abstract

Yields of endohedral Cs@C+60 ions were measured under field-free conditions, following the impact of low energy (Eo = 40–200 eV) Cs+ ions with
a near-monolayer C60 molecules adsorbed on a gold surface. Under these conditions, we were able to apply model calculations and successfully
simulate the experimental results. The simulation was carried out by integrating over calculated Cs@C+

60 kinetic energy distributions (KEDs).
Combined with former measurements and simulations of the KEDs, we arrive at a full and consistent description of both KEDs and impact energy
dependent yields, reflecting the combined formation/ejection/decay dynamics of the Cs@C+

60 ion.
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. Introduction

The collisional formation of endohedral fullerenes by implan-
ation of atomic ions into C60 molecules is a subject of broad
nterest and importance[1,2]. While the impact insertion of an
tomic ion into an isolated C60 in the gas phase was studied in
etail [3–15], the analogous process with surface adsorbed C60

s much less explored and understood. Campbell, Hertel and
o-workers have generated M@C+

60 endofullerenes at surfaces
y bombarding films of C60 on silicon with alkali ions (M = Li,
a, K and Rb)[16,17]. A yield of up to 50% was reported for
i@C60 and 2–5% for the heavier atoms[17]. This was demon-
trated to be a useful and high yield synthetic approach towards
solation of Li@C60 and study of its properties[18,19]. A sim-
lar implantation method was applied also using He+ and Ne+

ons but with much lower efficiencies (∼0.05%)[20]. It is also
nteresting to note that a leading candidate for spin quantum
omputing using endohedral fullerenes,14N@C60, was synthe-
ized using collisional implantation of atomic nitrogen ion into
60 films [21]. An important potential advantage of the endo-
edral fullerenes approach in quantum computing is that these

ion or neutral encoded with the qubit (spin state in this ca
thus chemically/electronically isolating and shielding them f
environmental interferences on the molecular scale. Ord
surface arrays of endohedral fullerenes can potentially of
solution to the decoherence and scalability problems of qua
computing devices and were indeed proposed as an alter
route towards the realization of quantum-information proc
ing [22,23]. Unfortunately, a very low efficiency of 10−7–10−5

was reported (paramagnetic centers) for the ion impact syn
of N@C60 [21]. Clearly, a better understanding of this intra-c
single ion implantation process is valuable from both the b
and practical points of view.

Recently, we have presented a new approach for studyin
gle ion implantation into surface adsorbed fullerenes[24–26].
We have collided low energy (Eo = 40–200 eV) Cs+ ions with
adsorbed C60 molecules on gold and silicon surfaces (n
monolayer coverage) and clearly demonstrated a single col
penetration/ejection event of the so-formed Cs@C60 endocom
plex. The fullerene molecule is actually being picked up off
surface by the penetrating Cs+ ion. After penetration, the Cs+ ion
back-scatters inside the (still partially open but gradually c
pecies can serve as uniform surface nano-traps for the atomic

∗ Corresponding author. Tel.: +972 4 829 3749; fax: +972 4 829 5703.

ing) carbon cage and is responsible for uplifting the just-formed
Cs@C60 off the surface. The single collision (sub-ps) time scale
for the combined formation/ejection event allows only very par-
tial accommodation to the surface such that the information
associated with the dynamics of this reactive collision event is
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mostly conserved. This process constitutes a unique type of sin-
gle collision surface pick-up reactive event (Eley–Rideal type). It
can also be considered as a novel secondary ion mass spectrome-
try (static SIMS) process. The concept can possibly be extended
to other surface adsorbed species with internal cavities. So far
we have reported yield measurements under (surface) potential-
biased conditions (aimed at better extraction and detection of the
emitted ions) leading to formation of Cs@C+

60 and Cs@C+70 on
Au and Si surfaces and KEDs measurements for Cs@C+

60 on Au
for different impact energies. The KEDs measurements were
done under both field-free conditions and field-biased condi-
tions. The field-free mode is the most reliable one for comparing
with calculations. Measurements with a potential bias (accelera-
tion) can be distorted in a way that cannot be taken into account
due to locally inhomogeneous fields or small collection aper-
ture. Sensitivity to local fields is expected to be especially high
near threshold, since in this region the kinetic energy of the
outgoing endofullerenes is rather low (below 1 eV). The field-
biased measurements were done in order to get information on
the point of ionization of the surface emitted endohedrals. This
is due to the fact that ionization can take place either at the sur-
face or “on-flight” via thermal electron emission. The measured
field-free KEDs were compared to calculated KEDs and good
agreement was obtained. However, in order to extend the appli-
cability of the proposed model (tested so far only by comparing
with the experimental field-free KEDs) one has to compare the
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width of �E ≤ 0.5 eV. The ion beam was tilted 2–3◦ off axis to
enable complete blocking of the effusive Cs atomic component.
All measurements reported here were performed under strictly
field-free conditions. These conditions were assured along the
full flight path of the outgoing endohedrals (both parents and
fragments) by proper grounding of all electrodes and the sur-
face. Furthermore, all adjacent metal surfaces were carefully
shielded by grounded Ta cages.

3. Results and discussion

3.1. Field-free yield measurements

Relative intensities of the parent Cs@C+
60 (subject of

this report) and kinetically shifted daughter ions Cs@C+
60−2n

(n = 1–5) measured under field-free conditions as a function of
the Cs+ ion kinetic energy, are given inFig. 1. Generally, these
field-free yield curves are quite similar in appearance to the field-
biased ones reported earlier[24]. The main differences observed
for the field-free Cs@C+60 results are a somewhat steeper decay at
the high energy range (Eo > 120 eV) and a more moderate decay
at Eo ≤ 60 eV. The peak of both curves is at the same value of
Eo = 70± 3 eV. With respect to the daughter ions the only pro-
nounced difference is the ratio of the Cs@C+

58 to Cs@C+56 peak
intensities, which is smaller for the field-free mode. All other
p

ugh-
t
A r ions
s urve
m in the
fi ifted
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F
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eld-free model predictions also with yield measurements.
an be done by integration over calculated Cs@C+

60 KEDs as a
unction of Cs+ impact energy,Eo. For getting the most reliab
easurements and consistency with the KEDs results, we
easured the field-free Cs@C+

60 impact energy dependent yie
nd compared with the model calculations. Here, we report
easurements and the agreement obtained with calculatio

. Experimental

The experimental setup and procedure were described b
24,26]. Only a brief account of the most relevant details wil
iven here. The experiments were carried out inside a ultra
acuum chamber (base pressure of 5× 10−10 Torr). An effusive
60 oven was aimed at the surface at 45◦ with respect to it
ormal while the Cs+ ion beam was hitting the surface at 9◦

o the C60 beam axis. A quadrupole mass spectrometer (E
EXM-4000) fitted with a homemade retarding field ene
nalyzer (RFA,�E = 0.4 eV) and situated normal to the surf
between the C60 source and Cs+ ion gun) served for KEDs me
urements. A sub(near)-monolayer of C60 was grown on a gol
urface and maintained under steady state conditions sim
eously with the Cs+ ion bombardment. The layer growth (C60
eposition) and removal (Cs@C60 emission and C60 sputter-

ng) kinetics were probed using the time-dependence of
s@C+

60 and C+
60 signal after starting C60 deposition (while Cs+

on beam is already hitting the surface). The detailed kin
bserved and rate constants derived from both “growth/etch
nd “etching only” measurements resulted in C60 surface cover
ge of about 0.7 monolayer. Cs+ beam currents of 1–10 nA we
sed. Beam energy was well-defined with a narrow (FWH
e

e

re

l

-

”

eak positions are quite similar.
The mass integrated (summed over parent and all da

ers) Cs@C+60−2n (n = 0–5) ion signals are presented inFig. 2.
lthough we do not address here the endohedral daughte
ignals, it is of interest to compare the integrated yield c
easured in the field-free mode with that measured earlier

eld-biased mode. Due to summation over all kinetically sh
aughter ion intensities the mass integrated intensity sh
epend rather weakly on kinetic parameters such as exper

al time windows and parent vibrational temperature. We

ig. 1. Relative intensities of the parent endohedral fullerene Cs@C+
60 and its

aughter ions Cs@C+60−2n
(n = 1–5) measured under field-free conditions

unction of the Cs+ ion energy over theEo = 40–200 range. The substrate i
ear-monolayer C60 on gold. All ions intensities are normalized to the Cs+ beam
urrent.
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Fig. 2. Integrated Cs@C+60−2n
(n = 0–5) ion signal measured under field-free

conditions. Each point represents the sum over all ion intensities (parent and
fragments), as taken fromFig. 1, down to Cs@C+50.

that the field-free curve is similar in shape and width to the
field-biased one but is shifted by about 10 eV to higherEo val-
ues, from a peak value of 80± 5 eV for the field-biased curve to
90± 5 eV for the field-free one.

3.2. Model calculations and comparison with experiments

Details of the model are given in Ref.[26]. Briefly, the model
first describes the formation of the Cs@C60 at the surface and
its ejection off the surface and then links between the resulting
original KEDs (at the surface) and the measured KEDs (at the
detector) by taking into account the various competing decay
processes which the surface ejected endohedral undergoes d
ing its flight time to the detector. The processes considered ar
the formation of the Cs@C60 at the surface following penetra-
tion by the Cs+ ion, its ejection off the surface with a certain
kinetic energyE@ (after overcoming its adsorption energy to
the surfaceE@

ad) and its thermal decay kinetics during flight.
The first part of the model (formation/ejection dynamics) leads
to a strong correlation between the vibrational and the kinetic
energyE@ of the outgoing Cs@C60. The faster endohedrals are
also hotter. This interesting feature eventually leads to preferen
tial depletion of the high energy tail of the Cs@C+

60 KEDs due to
fragmentation. Since theEo dependent yield curve for Cs@C+

60
will be calculated by integrating over the corresponding KED
at a givenE value, one should first present the simulation of
t full
c
j EDs
T n fo
d
c
c
w
k n
t som
K il-
i ith

kinetic energyE@ can therefore be shown to be:

P(E@, Eo) = 1

δ · [E@
o (Eo) + E@

ds]
√

2π

× exp

[
−1

2

[E@ − E@
o (Eo)]

2

δ2 · [E@
o (Eo) + E@

ds]
2

]
(1)

where

E@
o (Eo) + E@

ds = (Eo − nEb)Ko
m

m + M
(2)

and

E@ + E@
ds ≤ (Eo − nEb)

m

m + M
. (3)

In order to take into account the outgoing particle flux vari-
ation (per unit solid angle) one has to assume a specific barrier
function B(E@, E@

ds) which depends on the field of attractive
surface forces acting on the particle. One usually distinguishes
between the two limits of a “flat barrier” that leads to a refractive-
like behavior along the outgoing trajectory[27,28]and a “spher-
ical barrier” which results in no angular flux variation namely
B(E@, E@

ds) ≡ 1 [28]. We have found that the spherical barrier
assumption is in better agreement with the experimental KEDs
a The
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o
he KEDs and extent of agreement with experiment. As the
alculation was already presented before[26], here we will give
ust the different dependencies controlling the calculated K
he interested reader is referred to the original discussio
etails. After penetrating the C60 cage (massM) by breakingn
arbon–carbon bonds, the Cs+ ion (massm), while inside the
age, backscatters with kinetic energyECs

scat. = (Eo − nEb)K
ith Eb as the average CC bond energy and (1− K) as the
inetic energy loss coefficient. The spread inK values is take
o be described by a Gaussian distribution centered around
o value with a width parameterδ. The density of the probab

ty distributionP(E@,Eo) for emitted neutral endohedrals w
ur-
e

-

.
r

e

nd it will therefore be used in the yield simulation as well.
hird function that has to be taken into account is the proba

that after penetrating the C60 cage the Cs+ ion will remain
rapped and will not break out. This probability function w
hown to be:

(E@) = m

M

nEb

E@ + E@
ds

(4)

or E@ > (m/M) · nEb − E@
ds andΦ(E@) = 1 otherwise.

Finally, the decay kinetics of the emitted Cs@C60 is described
n terms of Klots finite heat bath theory[29]. These process
nclude the fragmentation and delayed ionization of the ne
arent Cs@C60 emitted from the surface and the fragmenta
f the Cs@C+60 ions (formed by thermionic ionization of th
eutral). All this information is included in the so-called diff
ntial breakdown functionf(E@,g) whereg represents the part

he energynEb (released upon cage closure) that is convert
s@C60 internal energy, while its complementary part (1− g)

s dissipated into the surface. In the calculation, we will ass
hat all Cs@C60 are leaving the surface as neutrals and therm
cally ionize on flight. This assumption is also supported
xperiment[26]. The f(E@,g) function takes into account th
omplex decay kinetics including radiative cooling follow
he power law:krad= 4.5× 10−17T6 eV s−1 (Ref.[30]). In order
o follow the derivation of this function one is referred to
ppendix of Ref.[26] where the “decay process related” iso
etic temperatures are derived. The final form of thef(E@,g)

unction calculated within the relevant detection time wind
s also given in Ref.[26]. We further assume that the factorg can
e described by a Gaussian distributionG(g,go) centered aroun
omego value with width parameterδg such that the integrate



Y. Manor et al. / International Journal of Mass Spectrometry 249–250 (2006) 8–13 11

breakdown curveF(E@) takes the form:

F (E@) =
∫ 1

0
G(g, go, δg)f (E@, g)dg. (5)

The shape of the KEDs detected at the output of the mass spec-
trometer should therefore be:

dN(E@, Eo)

dE@ = P(E@, Eo) · Φ(E@)B(E@, E@
ds)F (E@). (6)

A comparison between experimental and calculated Cs@C+
60

KEDs for two values of Cs+ impact energiesEo is presented in
Fig. 3. The following four adjustable parameters were fitted in
the calculation:Ko = 0.4,δ = 0.5,go = 0.85,δg = 0.2. The pene-
tration thresholdnEb was taken as 20 eV (3–5 carbon–carbon
bonds). All other values required for the calculation are given
and discussed in Ref.[26]. The calculation is carried out for
“delayed ionization only” and spherical barrier (B(E@, E@

ds) =
1) assumption. As can be seen inFig. 3, good agreement was
obtained between the model calculation and experiment. It was
found that the KEDs are mainly sensitive to thego, δg param-
eters (G(g,go) distribution) and are only weakly controlled by
the Ko and δ values (P(E@,Eo) distribution). In order to test
the validity of the “delayed ionization only” assumption we
have repeated the calculation under the “surface ionization only”
assumption. In this case, it was not possible at all to reproduce the
p cay
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t
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TheEo dependent yield of Cs@C+60 ions can now be calcu-
lated by integrating Eq.(6) overE@:

Y (Eo) =
(

1 − E
pen
o

Eo

)∫ E@
max(Eo)

0
P(E@, Eo) ·

Φ(E@)B(E@, E@
ds)F (E@)dE@. (7)

The pre-integral function represents the threshold behavior of
the Eo dependent probability for Cs+ penetration into the C60
cage. A linear threshold law for the excess of impact energyEo
just above the threshold value for penetrationE

pen
o was assumed.

This can be compared with the function 1− Φ(E@) from Eq.(4)
which gives the probability of the Cs+ ion to escape out of the
cage (frustrated implantation event). We will useE

pen
o = nEb

in accordance with our model for the Cs@C60 formation at the
surface. The conditionE@ + E@

ds = (Eo − nEb)m/(m/M) (see
Eq.(3)) defines the maximum energyE@

max(Eo) (upper integral
limit) in the kinetic energy distribution of the escaping Cs@C60
just after leaving the surface. Once we setE@ = 0 in the above
condition we get the Cs+ impact energy thresholdEthr

o for the
yield Y(Eo):

Ethr
o = E@

ds
m + M

m
+ nEb. (8)

Please note thatEthr
o > E

pen
o .
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l l bar-
r (with
r sted
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F
a s
r urves
eak-shape behavior of the KEDs. Only monotonously de
ng KEDs could be obtained. These results strongly suppo
ssumption that the large majority of the ionization events

hermally delayed.

ig. 3. A comparison between experimental (solid and empty circles) an
ulated (dashed and solid line) Cs@C+

60 KEDs following Cs+ ion impact with
o = 80 and 160 eV. The calculation is carried out for spherical barrier and
delayed ionization only” (see text for explanation). Radiative cooling is taken
nto account.

w ental
y n of
“

-

-

Measured and calculatedY(Eo) dependences (Eq.(6)) are
resented inFigs. 4 and 5. The same (numerical) values
ll model parameters used for calculating the KEDs (both

our parametersKo = 0.4,δ = 0.5,go = 0.85,δg = 0.2 and all othe
iven values) were used also for calculatingY(Eo). The calcu

ation was carried out using the assumption of a spherica
ier. Note that the intensities ratio between the calculated
adiative cooling) and measured curves was arbitrarily adju
or best fit with the high energy side (Eo ≥ 70 eV). The ratio

ig. 4. A comparison between experimental (solid circles, taken fromFig. 1)
nd calculated (solid and dashed lines) yield curves for Cs@C+

60. The intensitie
atio between the calculated (with radiative cooling) and experimental c
as arbitrarily set for best fit with the high energy side of the experim
ield curve (Eo > 70 eV). The calculation is carried out under the assumptio
delayed ionization only” with and without radiative cooling.
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Fig. 5. A comparison between experimental (solid circles, taken fromFig. 1)
and calculated (solid and dashed lines) yield curves for Cs@C+

60. The intensities
ratio between the calculated (with radiative cooling) and experimental curves
was arbitrarily set for best fit with the high energy side of the experimental
yield curve (Eo > 70 eV). The calculation is carried out under the assumption of
“surface ionization only” with and without radiative cooling.

between the calculated curve with radiative cooling (solid line)
and without radiative cooling (dashed line) is determined by the
calculation.

The agreement between experiment and calculation within
the “delayed ionization only” assumption is presented inFig. 4.
Both peak shape and decay at the high energy side are reasona
reproduced but agreement is worse at the low energy side an
threshold region. The calculated maximum of the curve (with
radiative cooling) is at 65 eV while the experimental value is
at 70 eV. The experimental curve appears to be narrower tha
the calculated one and the near threshold behavior is not we
reproduced. Due to the unique condition ofEthr

o > E
pen
o and the

importance of the field-free threshold behavior it will be interest-
ing to further explore this issue. Based on experimental evidenc
and the clear disagreement with the calculated KEDs shape
the possibility of surface ionization as an important ionization
process in this experiment, was already ruled out. However, in
order to find out whether there is an agreement with the yield
measurements, we have repeated the calculation under the “su
face ionization only” assumption and the results are presente
in Fig. 5. As can be seen, the peak behavior is roughly repro-
duced but agreement with experiment in terms of shape an
maximum value is worse than for the “delayed ionization only”
calculations (maximum yield at about 56 eV as compared with
the experimental 70 eV value). It is clear that the integral (yield)
measurements constitutes a much less sensitive test for the vali
i n th
d

4

i di-
t
m age

slightly below monolayer. The penetration/ejection is a single
collision event where the impact implanted Cs+ ion is back-
scattered inside the cage thus leading to the up-lifting of the
just-formed Cs@C60 off the surface. This actually constitutes
direct pick-up (Eley–Rideal type) of the fullerene cage. Formerly
we have shown that model calculations can reproduce quite well
the field-free kinetic energy distributions of the outgoing endo-
hedrals. Here, we apply the same model to the field-free yield
measurements by integrating over the calculated (impact energy
dependent) kinetic energy distributions. We show that using this
model with a single set of four adjustable parameters we can
reproduce the main features of both the impact energy depen-
dent yield curves and kinetic energy distributions.
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