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Abstract

Yields of endohedral Cs@igions were measured under field-free conditions, following the impact of low enBsgy(0-200 eV) Csions with
a near-monolayer g 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, &&@t@ 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 thelCis@C
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction ion or neutral encoded with the qubit (spin state in this case),
thus chemically/electronically isolating and shielding them from
The collisional formation of endohedral fullerenes by implan-environmental interferences on the molecular scale. Ordered
tation of atomic ions into g5 molecules is a subject of broad surface arrays of endohedral fullerenes can potentially offer a
interest and importandé,2]. While the impact insertion of an solution to the decoherence and scalability problems of quantum
atomic ion into an isolated g in the gas phase was studied in computing devices and were indeed proposed as an alternative
detail[3—15], the analogous process with surface adsorhgd C route towards the realization of quantum-information process-
is much less explored and understood. Campbell, Hertel anisig [22,23] Unfortunately, a very low efficiency of 13—10-°
co-workers have generated M@b@andofullerenes at surfaces was reported (paramagnetic centers) for the ion impact synthesis
by bombarding films of g on silicon with alkaliions (M=Li, of N@GCsp[21]. Clearly, a better understanding of this intra-cage
Na, K and Rb)16,17] A yield of up to 50% was reported for single ion implantation process is valuable from both the basic
Li@Cso and 2-5% for the heavier atorfis7]. This was demon- and practical points of view.
strated to be a useful and high yield synthetic approach towards Recently, we have presented a new approach for studying sin-
isolation of Li@Gg and study of its propertigd8,19] A sim-  gle ion implantation into surface adsorbed fullerefiz&-26]
ilar implantation method was applied also using'H@&d N&  We have collided low energyE =40-200eV) C§ ions with
ions but with much lower efficiencies-0.05%)[20]. Itis also  adsorbed gy molecules on gold and silicon surfaces (near-
interesting to note that a leading candidate for spin quanturmonolayer coverage) and clearly demonstrated a single collision
computing using endohedral fullerené¥\@Cso, was synthe-  penetration/ejection event of the so-formed Csg@€hdocom-
sized using collisional implantation of atomic nitrogen ion into plex. The fullerene molecule is actually being picked up off the
Ceo films [21]. An important potential advantage of the endo- surface by the penetrating Csn. After penetration, the Cson
hedral fullerenes approach in quantum computing is that thedeack-scatters inside the (still partially open but gradually clos-
species can serve as uniform surface nano-traps for the atoniitg) carbon cage and is responsible for uplifting the just-formed
Cs@G off the surface. The single collision (sub-ps) time scale
for the combined formation/ejection event allows only very par-
* Corresponding author. Tel.: +972 4 829 3749; fax: +972 4 829 5703, tial accommodation to the surface such that the information
E-mail address: eliko@tx.technion.ac.il (E. Kolodney). associated with the dynamics of this reactive collision event is
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mostly conserved. This process constitutes a unique type of simvidth of AE <0.5eV. The ion beam was tilted 2=-8ff axis to

gle collision surface pick-up reactive event (Eley—Rideal type). ltenable complete blocking of the effusive Cs atomic component.
can also be considered as a novel secondary ion mass spectromdl-measurements reported here were performed under strictly
try (static SIMS) process. The concept can possibly be extenddikld-free conditions. These conditions were assured along the
to other surface adsorbed species with internal cavities. So fdull flight path of the outgoing endohedrals (both parents and

we have reported yield measurements under (surface) potentidtagments) by proper grounding of all electrodes and the sur-
biased conditions (aimed at better extraction and detection of thface. Furthermore, all adjacent metal surfaces were carefully
emitted ions) leading to formation of Cs@gand Cs@G,on  shielded by grounded Ta cages.

Au and Si surfaces and KEDs measurements for C&@CAu

for different impact energies. The KEDs measurements wer . .

done under both field-free conditions and field-biased condi-g' Results and discussion

tions. The field-free mode is the most reliable one for comparing, , Field-free yield measurements

with calculations. Measurements with a potential bias (accelera- Y
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 hig n=1-5) measured under field-free conditions as a function of

near t.hreshold, since in .this region the kinetic energy O.f th(?he C¢ ion kinetic energy, are given iRig. 1 Generally, these
outgoing endofullerenes is rather low (below 1eV). The fleld'field—free yield curves are quite similarin appearance to the field-

b|ased_ meafsur_em_ents were done in oro!er fo get information Blased ones reported earlj2d]. The main differences observed
the point of ionization of the surface emitted endohedrals. Thig i - field-free Cs@f; results are a somewhat steeper decay at
is due to the fact that ionization can take place either at the su

: . D he high energy rangé&{ > 120 eV) and a more moderate deca
face or “on-flight” via thermal electron emission. The measure g gy rangéh ) Y

field-f KED q lculated KED q t E; <60eV. The peak of both curves is at the same value of
eld-ree s were compared to calculate S and goo o =70+ 3 eV. With respect to the daughter ions the only pro-

agreement was obtained. However, in order to extend the appPliounced difference is the ratio of the Cs@® Cs@G, peak
cability of the proposed model (tested so far only by comparnngyensities, which is smaller for the field-free mode. All other
with the experimental field-free KEDs) one has to compare the, ., posit,ions are quite similar

fleldgreg modbel _pred|ct|c_>ns also W|t|h y||elddm§asure||;r)1ents. ThiS  the mass integrated (summed over parent and all daugh-
can be done by integration over calculated CS(@KEDs as a ters) Cs@¢, ,, (n=0-5) ion signals are presentedFiy. 2

function of Cs impact energyFo. qu getting the most reliable Although we do not address here the endohedral daughter ions
measurements and consistency with the KEDs results, we ha

! : \é‘fgnals, it is of interest to compare the integrated yield curve
measuredtheﬂe_ld-free CS@B}“ pactgnergy dependentyields measured in the field-free mode with that measured earlier in the
and compared with the model calculations. Here, we report the

. ; - NeSfe1d-biased mode. Due to summation over all kinetically shifted
measurements and the agreement obtained with Calcul""t'ons'daughter ion intensities the mass integrated intensity should
depend rather weakly on kinetic parameters such as experimen-
tal time windows and parent vibrational temperature. We find

Relative intensities of the parent Cs@C(subject of
this report) and kinetically shifted daughter ions Cs@G,

2. Experimental

The experimental setup and procedure were described before
[24,26] Only a brief account of the most relevant details will be
given here. The experiments were carried out inside a ultrahigh
vacuum chamber (base pressure of 5010 Torr). An effusive 2.0 /'\ Field-free &

Ceso Oven was aimed at the surface at 48ith respect to its mode —n—Cs@Cy
normal while the C&ion beam was hitting the surface at°90
to the Ggp beam axis. A quadrupole mass spectrometer (Extrel
MEXM-4000) fitted with a homemade retarding field energy
analyzer (RFAAE =0.4eV) and situated normal to the surface
(between the gy source and Cson gun) served for KEDs mea-
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surements. A sub(near)-monolayer gh@as grown on a gold \ 81 < ° ~_

surface and maintained under steady state conditions simulta- D/E's;\o\:\;\_
neously with the Csion bombardment. The layer growthd& 041 N .:225
deposition) and removal (Cs@gemission and gy sputter- /O 4 —kA:n oo
ing) kinetics were probed using the time-dependence of both 0-020 " Io ?/éo */8.‘0/? 1?()0'-‘?2?0 . 13{:@:80 . 230
Cs@G, and G, signal after starting & deposition (while C& E. [eV]

ion beam is already hitting the surface). The detailed kinetics

observed and rate constants derived from both “growth/etchingf‘_‘ig. 1. Rglative intensities of the parent endohedral_fullerene q%@ﬁ:d its

and “etching only" measurements resulted i €urface cover- daughter ions Cs@;ngn (n=1-5) measured under field-free conditions asa
fabout 0.7 | Cs ts of 1-10 nA function of the C% ion energy over thé&, =40-200 range. The substrate is a

age ot about U./ monolayer. eam Curre_n s of 1=1UnAwere near-monolayer § on gold. All ions intensities are normalized to the' ®@eam

used. Beam energy was well-defined with a narrow (FWHM)cyrrent.
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kinetic energyE@ can therefore be shown to be:

Field-free " Cs'*—~ C /Au
44 mode & 1
k%) 5 @ —
2 . P(E@, Eo) =
S %CS@Cso.zn ( o) S - [EO@(EO) + Eg@s]dzn
> 1 [E® - EQ(Eo)]
> X exp —5 a2 1)
FC_’ 2 82 [EO@(EO) + Eds]
£ 27
3 where
©
c’ -
£ EQ(Eo) + EQ = (Eo — nEp)Ko—— @
0 — T T 1 T T T 1 T T T T T T 1 and
0 20 40 60 80 100 120 140 160 180 200
Eo[eV] E® + EQ < (Eo—nEp) . (3)
m

Fig. 2. Integrated Cs@;IC‘LG (n=0-5) ion signal measured under field-free
conditions. Each point represents the sum over all ion intensities (parent and |n grder to take into account the outgoing particle flux vari-
fragments), as taken frofiig. 1, down to Cs@G,. ation (per unit solid angle) one has to assume a specific barrier
] o ) function B(E®@, Ed@s) which depends on the field of attractive
that the field-free curve is similar in shape and width to thegrface forces acting on the particle. One usually distinguishes
field-biased one but is shifted by about 10eV to highgval-  peyeen the two limits of a “flat barrier” that leads to a refractive-
ues, from a peak \_/alue of 805 eV for the field-biased curve to  |ixe pehavior along the outgoing trajectd&7,28]and a “spher-
90+ 5 eV for the field-free one. ical barrier” which results in no angular flux variation namely
B(E@, E®) = 1[28]. We have found that the spherical barrier
3.2. Model calculations and comparison with experiments assumption is in better agreement with the experimental KEDs
) ) . . and it will therefore be used in the yield simulation as well. The
Details of the model are given in R¢26]. Briefly, the model  thjrd function that has to be taken into account is the probability
first describes the formation of the Cs@Gt the surface and g that after penetrating thegg cage the Csion will remain

its ejection off the surface and then links between the resultingrapped and will not break out. This probability function was
original KEDs (at the surface) and the measured KEDs (at thgnown to be:

detector) by taking into account the various competing decay

processes which the surface ejected endohedral undergoes dg,r(E@) _m nEp @)

ing its flight time to the detector. The processes considered are M E@ Eg@s

the formation of the Cs@4g at the surface following penetra-

tion by the C3 ion, its ejection off the surface with a certain for E@ > (m/M) - nEp — Eg@s and®(E®) = 1 otherwise.

kinetic energyE@ (after overcoming its adsorption energy to  Finally, the decay kinetics of the emitted Cs@@ described
the surfaceEa@d) and its thermal decay kinetics during flight. in terms of Klots finite heat bath theofg9]. These processes
The first part of the model (formation/ejection dynamics) leadsnclude the fragmentation and delayed ionization of the neutral
to a strong correlation between the vibrational and the kinetiparent Cs@gp emitted from the surface and the fragmentation
energyE®@ of the outgoing Cs@g. The faster endohedrals are of the Cs@(}’0 ions (formed by thermionic ionization of the
also hotter. This interesting feature eventually leads to preferemeutral). All this information is included in the so-called differ-
tial depletion of the high energy tail of the CS@J(KEDS dueto ential breakdown functiofE@,g) whereg represents the part of
fragmentation. Since th&, dependent yield curve for Cs@&: the energy:E}, (released upon cage closure) that is converted to
will be calculated by integrating over the corresponding KEDCs@ G internal energy, while its complementary part{%)

at a givenE, value, one should first present the simulation ofis dissipated into the surface. In the calculation, we will assume
the KEDs and extent of agreement with experiment. As the fulthat all Cs@ (g are leaving the surface as neutrals and thermion-
calculation was already presented bef@®@, here we will give ically ionize on flight. This assumption is also supported by
just the different dependencies controlling the calculated KEDsexperiment26]. The AE@,g) function takes into account the
The interested reader is referred to the original discussion fatomplex decay kinetics including radiative cooling following
details. After penetrating theggcage (mas#/) by breaking:  the power lawkrag=4.5x 10-1778 eV s~1 (Ref.[30]). In order
carbon-carbon bonds, the Ti®n (massn), while inside the  to follow the derivation of this function one is referred to the
cage, backscatters with kinetic energ{S, = (Eo —nEp)K  appendix of Ref[26] where the “decay process related” isoki-
with Ep as the average-@ bond energy and (& K) as the netic temperatures are derived. The final form of 2 g)
kinetic energy loss coefficient. The spreadkivalues is taken function calculated within the relevant detection time windows
to be described by a Gaussian distribution centered around sorigalso given in Refl26]. We further assume that the factoran

K, value with a width parametér The density of the probabil- be described by a Gaussian distribut@(g,g,) centered around

ity distribution P(E@ E,) for emitted neutral endohedrals with someg, value with width paramete¥, such that the integrated
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breakdown curvé(E®@) takes the form: The E, dependent yield of Cs@igions can now be calcu-
lated by integrating Eq(6) over E@:

1
F(E®) = /O G(g, 80, 8) f(E®, g)dg. (5) ( Epen) /EQM(EO) .
1- = P(E@, Eo) -
0

Y(Eo) =
The shape of the KEDs detected at the output of the mass specS 2 Eo

trometer should therefore be:
dN(E®, Eo) _ P(E®@, Eo) - ®(E@)B(E@, EQF(E®). (6)
dE@ - b + Ego) : The pre-integral function represents the threshold behavior of
, i the E, dependent probability for Cspenetration into the £
A comparison between experimental and calculated CH@C cage. A linear threshold law for the excess of impact en&egy
KEDs for two values of Csimpact energie, is presented in ¢t apove the threshold value for penetrati8i"was assumed.
Fig. 3. The f_ollowmg four adjustable parameters were fitted iNThis can be compared with the functior-1b(E@) from Eq.(4)
the calculationX,=0.4,6=0.5,80=0.85,5,=0.2. The pene- ;) gives the probability of the Cson to escape out of the
tration threshold:E, was taken as 20eV (3-5 carbon—carboncage (frustrated implantation event). We will uBE®" = n Ej,
bonds). All other values required for the calculation are giver]n accordance with our model for the. Cs@Qormation at the
and discussed in Ref26]. The calculation is carried out for surface. The conditioB @ + Ed@ — (Eo — nEp)m/(m/M) (see
i H H H ” H H @ @ _ ' : . s .
delayed ionization only” and spherical barme8(E™, Eq)) = g4 (3)) defines the maximum enerds@, (Eo) (upper integral
1) assumption. As can be seenfiiy. 3, good agreement Was |n,if) in the kinetic energy distribution of the escaping CS@C
obtained between the model calculation and experiment. It WaZist after leaving the surface. Once we E&=0 in the above
found that the ,KEPS are mainly sensitive to g J, param- condition we get the Csimpact energy thresholﬂ})hr for the
eters (G(g,g0) distribution) and are only weakly controlled by yield Y(Eo):
the K, and § values P(E@,E,) distribution). In order to test o
the validity of the “delayed ionization only” assumption we ,tr _ @ +M 4 nE )
have repeated the calculation under the “surface ionization only” © ds b-
assumption. Inthis case, itwas not possible atall to reproduce ttﬁ
peak-shape behavior of the KEDs. Only monotonously decay-
ing KEDs could be obtained. These results strongly support the Measured and calculated£o) dependences (Eq6)) are

. o Lo resented inFigs. 4 and 5The same (humerical) values of
assumption that the large majority of the ionization events ar :
all model parameters used for calculating the KEDs (both the
thermally delayed.

four parameterk, =0.4,6 =0.5,¢0,=0.85,8, =0.2 and all other
given values) were used also for calculatir{d,). The calcu-
lation was carried out using the assumption of a spherical bar-
Cs@C,, Cs* — Cgo/Au rier. Note that the intensities ratio between the calculated (with
radiative cooling) and measured curves was arbitrarily adjusted
E=80eV for best fit with the high energy sid&§{ > 70eV). The ratio

o(E@)B(E®, EQ)F(E@)JE®. (7)

ease note thatl" > EE°".

® - Experimental
..... - Calculated

)

= K ° Lo .

5_ Y 008k Cs@Cy, \ delayed ionization
o - ) = +

5 5 E =160 eV Cs*—— Cgo/Au
W % 7 O - Experimental with radiative

2 b 0.06 - cooling

Zr e — - Calculated

Field-free experimental
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Kinetic energy, E@ [eV
oy [eV] Fig. 4. A comparison between experimental (solid circles, taken ff@n1)

Fig. 3. A comparison between experimental (solid and empty circles) and cand calculated (solid and dashed lines) yield curves for C&@De intensities
culated (dashed and solid line) Cs@CKEDs following C¢ ion impact with ratio between the calculated (with radiative cooling) and experimental curves
E,=80 and 160eV. The calculation is carried out for spherical barrier andvas arbitrarily set for best fit with the high energy side of the experimental

“delayed ionization only” (see text for explanation). Radiative cooling is takenyield curve g, >70 eV). The calculation is carried out under the assumption of
into account. “delayed ionization only” with and without radiative cooling.
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slightly below monolayer. The penetration/ejection is a single

0.0 _CS@CEO S“+”a°e fonization collision event where the impact implanted*Qsn is back-
- o Cs™ Cgo/Au scattered inside the cage thus leading to the up-lifting of the
= _W'g;fi'r‘]‘;a“"e just-formed Cs@gy off the surface. This actually constitutes
3 direct pick-up (Eley—Rideal type) of the fullerene cage. Formerly
= 004 we have shown that model calculations can reproduce quite well
[ the field-free kinetic energy distributions of the outgoing endo-
_f’é’ experimental hedrals. Here, we apply the same model to the field-free yield
68 002k . measurements by integrating over the calculated (impact energy
® no radiative ~_ dependent) kinetic energy distributions. We show that using this
&) cooling model with a single set of four adjustable parameters we can

----- reproduce the main features of both the impact energy depen-
0002040 50 80 100 120 140 160 180 200 dent yield curves and kinetic energy distributions.
E,[eV]
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