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Collisions of Cgo with hydrogen-terminated diamond-(111) surfaces were studied by molecular-
dynamics simulations based on a semiempirical density-functional approach. The dominating factor
determining the energy partition in the Cego-diamond-(111)-surface collision at constant impact
energy is the orientation of the molecules relative to the initial impact points on the surface. In
agreement with the experimental results using velocity-selective time-of-flight mass spectroscopy the
center-of-mass kinetic energies after the collisions are distributed around a mean value which is only
slightly affected by the initial impact energy. The final energy content of the Cgo’s increases with
the incident kinetic energy, depends strongly on the impact scattering topology, and yields a narrow
distribution with increasing mean values in correlation with lower center-of-mass kinetic energies.

I. INTRODUCTION

Studies that analyze the dissociation products of hot
polyatomic molecules are of high scientific interest, since
they are directly related to the unimolecular reaction
dynamics of their desintegration. An entire interpre-
tation of its results is only possible if one character-
izes the excitation step of the molecule. A direct vi-
brational excitation is achieved in molecule-surface scat-
tering. Experiments!™® have shown that the molecules
dissociate; a process named surface-induced dissociation
(SID). Since the distribution of the internal energy is
much narrower for molecules heated by SID as compared
to gas phase collisions,® it is to the benefit of SID that
the abundant distributions of the dissociation products
correspond to relatively well defined internal energies.

In recent years, scattering of fullerene ions at crys-
talline surfaces has proved to be a well-suited model sys-
tem for surface collision induced excitation of polyatomic
niolecules.®1°® Moreover, relevant carbon and hydrogen-
carbon systems can now realistically be simulated by
molecular-dynamics (MD) calculations, which are based
on quantum mechanically derived forces.!!:'? Such calcu-
lations have been extended here to simulate scattering of
fullerenes at a diamond (111) surface and are compared
to the experimental results obtained for scattering at dia-
mond (111) and graphite (0001).13 Simulations, that are
based on empirical potentials, have already given a quan-
titative description of the scattering process.'* However,
the data obtained for the final kinetic energy in their
values deviate from the experimental data in Ref. 13.

To improve the understanding of the complex and
highly reactive scattering processes, MD simulations on
the basis of more realistic quantum mechanically derived
potentials have been performed for a detailed comparison
with the experiments. The experimental results will be
summarized briefly in Sec. II. The semiempirical density-
functional (DF) aproach for MD, the scattering geome-
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try, and the applied simulation regime are described in
Sec. ITI. In Sec. IV we present the results on the scatter-
ing dynamics, the energy partition during collision, and
discuss reactive states of the Cgo’s molecules with the di-
amond surface. Concluding in Sec. V, we compare our
simulation results with the experiments and quantitative
data derived by applying empirical potential MD.

II. EXPERIMENTAL RESULTS

The energy partition in collisions of Cgo™ ions with
diamond (111) and graphite (0001) surfaces has recently
been reported.!® Figure 1 shows the final velocity distri-
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FIG. 1. Velocity distributions of scattered Cg} ions from
diamond (111), left panel, and graphite (0001), right panel,
for various impact energies, Ei,, at the maximum of the cor-
responding angular distribution (Ref. 13). The individual
data points are experimental results and the solid lines are
analytical functions fitted to the data.
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butions for different initial impact energies F;,. At a first
glance, they do not depend on the impact energy and are
very similar for the two targets. The distributions range
from about 500 m/s to 4000 m/s corresponding to final
center-of-mass kinetic energies E{" ranging from about
1 eV to 60 eV, respectively. The maximum is found at
about 1750 m/s (11.4 eV). The fullerene molecules come
strongly heated off the surface yielding their metastable
fragmentation. The rate of fragmentation has been an-
alyzed as a function of E;;, and Eg7. It was found that
collisional heating increases with increasing F;, at con-
stant E, and with increasing E® at constant E;,; the
increase in temperature varies with increasing speed. In
a next step, the ratio of the final internal energy to the

energy barrier height for dissociation, E}/D, has been es-
timated by using a RRK formalism.!® Figure 2(a) shows
this ratio as a function of E{™ at various values of E;,. It
is visible that E}/D increases with increasing E{f, how-
ever, it seems to approach a saturation value of about 8.
Figure 2(b) shows the same ratio for Ej, at Ein =114
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FIG. 2. Rate of metastable fragmentation of C4} ions after
scattering off a diamond (111) and graphite (0001) surface
(a) as a function of the center-of-mass kinetic energy, Fiin,
for different Ei, and (b) in dependence on the initial impact

energy, Ein, for different Eif,.
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eV and 23.3 eV. A linear increase can be seen. It should
be noted that the scattering signal is already very low
at E;, = 450 eV,'3 which is possibly owing to an upper
limit of this ratio for molecules that come off the surface
without disintegration.

III. COMPUTATIONAL METHOD
AND GEOMETRY

The computational method and scattering geometry
used for the present calculations now will be briefly
described. The dynamical simulations of these hyper-
thermal scattering processes between the Cgg molecules
and crystalline surfaces are based on quantum mechan-
ically derived interatomic forces, considering the elec-
tronic structure of the cluster-surface system explicitly by
the use of a semiempirical MD density-functional (DF)
approach, originally introduced for cluster studies.!®

The electronic wave functions [Kohn-Sham orbitals
1(r)] are written as linear combinations of atomic or-
bitals ¢, (r — R;), centered at the nuclei (LCAO ansatz),
which are determined self-consistently using the local
density approximation (LDA): %(r) =} ,c.pu(r — Ry).
Within a minimal basis representation the localized s and
p valence electron wave functions were considered in the
LCAO ansatz. Each wave function is represented by a
set of 12 Slater-type functions. By the use of a simpli-
fied DF scheme the effective one-particle potential Vg in
the Kohn-Sham Hamiltonian h = £ + Ves(r) is approx-
imated as a sum of potentials of neutral atoms. Con-
sistent with this approximation one has to neglect sev-
eral contributions to the Hamiltonian matrix elements
h, in the secular equation for solving the electron prob-
lem for cluster electron eigenenergies and wave functions:
> .Ch(huy — €iSp) = 0, see Refs. 12 and 15. The total
energy of the system as a function of the atomic coor-
dinates now can be decomposed into two contributions,
Etot({Rl}) = Ebind({Rl}) + Erep({Rl - Rk}) The first
term as the sum over all occupied cluster electron ener-
gies represents the so-called band structure energy and
the second, as a repulsive energy, includes the core-core
repulsions between the atoms and interactions between
electrons at different lattice sites that partly compen-
sate. As a further approximation this repulsive energy is
modeled by short range repulsive empirical two-particle
potentials (polynomials of fifth order), which are fitted to
reproduce the potential energy curves of the correspond-
ing two-atomic molecules in dependence on a wide range
of the interatomic separation, > 1.3ap (Bohr radius),
and thus allows for MD simulations of atomic configu-
rations that are far from equilibrium. This procedure
improves the fitting scheme reported in Refs. 11 and 12,
where the first attempts were made in simply reproducing
the two-atomic equilibrium separations and the experi-
mental vibrational frequencies. The interatomic forces
on each atom are derived from the gradients of the total
energy at the considered atom sites. This scheme may
be viewed as a hybrid between ab initio molecular dy-
namics, based on density functional theory (DFT) and
the use of purely empirical potentials. It has the ad-
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vantage over the latter of overcoming the transferability
problem, where parametrized potentials based on exper-
imental data or molecular ab initio calculations can be
difficult to transfer from one system to another. On the
other hand, it requires less computational effort than ab
initio molecular dynamics. A more detailed description
of the method is given elsewhere, e.g., Refs. 12 and 15.
The reliability of the method has been tested and char-
acterized to the problems of interest. In particular, it
has been proven that representative carbon and hydro-
carbon structures (microclusters, molecules, fullerenes,
bulk crystalline, amorphous modifications, and surfaces)
are quantitatively reproduced in geometry, in structure
data, and in the relative differences of the cohesive en-
ergies of different structures.!»'> Newton’s equation of
atomic motion in the MD is integrated numerically dur-
ing the simulations by the use of the Verlet algorithm. A
time step of 10 atu (1 atu = 2.4 x 10717 sec) has been
proven to guarantee the conservation of energy over the
entire time of the simulation.

All computational experiments have been performed
by using a two-dimensional periodic thin surface slab su-
percell of (111) diamond with hydrogen bonded at both
sides. The carbon atoms of the bottom surface are fixed
at their positions to simulate an infinite crystal. The dy-
namics of the system (upper substrate layers—molecule)
then are simulated to study the energy partition and
chemical reactions during the scattering process. To
minimize the computational effort we have checked how
many double layers of the diamond crystal have to be
taken into account. In all cases, scattering and motion of
the Cgo has been described sufficiently well by only two
double layers of diamond. The diamond surface is much
more rigid than the Cgp and it has been found that by
using a diamond target with an additional double-layer
the simulation yields nearly no change in the response
of the surface to the Cgg. Therefore, an additional third
double layer did not cause any significant improvement,
as it will also be shown below—compare Figure 5.

IV. SIMULATION RESULTS

The atoms of the Cgo molecule were initially located at
the vertices of a truncated icosahedron corresponding to
T = 0K at a sufficient distance above the surface to have
no interaction with the surface atoms. A translational
velocity component was added to each atom to give Ej,
= 150, 200, and 300 eV at an impact angle of 20° with
respect to the surface normal. Different initial orienta-
tions as well as positions of the Cgo with respect to the
surface have been considered, i.e., orientations such that
the molecules first touch the surface with a hexagon, pen-
tagon, and C-C bond. It turned out that the microscopic
topology during scattering (influenced by the orientation
of the Cgp and its starting position) is one of the most
important parameters of the scattering process. In Fig.
3 two cases, with the same initial position of the center
of mass, (a) pentagon down, (b) hexagon down, are com-
pared at the time of greatest deformation. In case (a)
most of the topological structure is kept but in case (b) a
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FIG. 3. Cgo in the most deformed configuration during
the collision; (a) pentagon down and (b) hexagon down,
Ein =300 eV.

lot of new bonds appear resulting in a highly disordered
cluster. On the other hand, the variation of the point of
impact on the surface has also shown the same significant
effect. The total kinetic energy EfSt and the center-of-
mass kinetic energy EfT as a function of time, following
the trajectories, are shown in Fig. 4 for different values
of E;, and two initial orientations. The total kinetic en-

ergy Eft (solid and dotted lines) represents the sum of
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FIG. 4. Characteristic kinetic energies as a function of
time. Total kinetic energy of the Ceo molecule/cluster, ELo:
(solid and dotted lines) and Cego center-of-mass kinetic energy,

E (dashed lines): Three trajectories for a pentagon orienta-
tion parallel to the surface at different primary impact kinetic
energies Ej, and one trajectory for a hexagon orientation.
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the kinetic energies of all Cgg atoms, and its differences
to E™ (dashed lines) is considered in the following as
half of its internal energy. So, including also the poten-
tial energy due to the deformation of the Cgo molecules
via using the virial theorem the internal energy becomes
B; = 2(Bist - Bm).

The partition of Ej, is particularly dependent on the
initial state. The trajectories for E;, = 150 eV, visible
in Fig. 4, show that E{ is much higher when, for this
example, the molecule first touches the surface with a
hexagon than with a pentagon. The absolute values are
about 75 eV and 55 eV for E}St, 34 and 20 eV for E¢T,
and hence 82 and 70 eV for E}. The energy tranferred
to the target may be estimated as Ei,, = Ej, — E; -
E{™. Thus, the collisions are extremely inelastic as it is
found in the experiments. The data also corraborate the
assumption'? that the increase in Cgo temperature with
increasing speed at constant Ej, is due to different initial
states of the molecules.

Now when Ej, is increased in the calculations, an in-
crease of the energy left into the molecule is observed.
In some cases, strongly reactive collisions have been ob-
tained. Figure 5 monitors one example of an absorption
process. Starting with an energy at 300 eV and a hexagon
parallel to the surface, a lot of bonds are formed between
the Cgo and the diamond double layer, such that the Cgq
is deposited as an amorphous cluster. To confirm that
this is not an effect of a too small elastic response of the
target due to the limited target extension in depth, the
same simulation has been performed with one additional
double layer of diamond. The corresponding trajectories
are also shown in Fig. 5. There is no relevant difference
between the calculations made with two and three atomic
double layers in this case and holds true in lower energy
collisions when the molecule rebounds from the surface.
The test also has shown that in both cases the elongation
of the first surface layer followed in time is approximately
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FIG. 5. Energy partition of a Ce¢o molecule deposited at
Ein, = 300 eV as a function of time. Total kinetic energy of
the Cego molecule/cluster, Efg: (solid and dotted lines) and
Ceo center-of-mass kinetic energy, Efin (dashed lines). The
two different curves correspond to situations where two and
three diamond double carbon layers have been included in the
dynamical simulation.
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the same.

The distribution of the final internal energies and the
final center-of-mass energies dependent on the impact en-
ergy for all simulated collisions is shown statistically in
Fig. 6. All results with the same impact angle (20°) seem
to be within the hypothetical limits which are drawn by
dotted lines into the figure. No scattering event outside
this range has been detected. As a qualitative argument
supporting this the changing behavior in the scattering
from almost elastic to deeply inelastic with an increase
of the initial Cgp energy should be discussed. These lim-
its depend strongly on the impact angle as it is shown
by the two examples for @ = 45°. For energies up to
100 eV the dominating part of the impact energy is still
contained in the reflected Cgo. Note that for the case
when the molecule remains at the surface (EgR ~ 0), the
internal energy is measured before the thermodynamic
equilibrium has been reached. Although all collisions for
150< E;, < 300 eV are reactive, in that sputtering of
hydrogen from the surface occurs, scattering of Cgo4s is
observed in the cases, shown in Fig. 4, where E$* and

o™ of the corresponding trajectories are shown. The
mean final values of these energies representing an aver-
age over all trajectories leading to Cgo+s at each initial
energy are plotted in Fig. 7 where they are compared to
corresponding values given by Mowrey et al.,'* who also
report on the formation of temporary bonds between the
Ceo and the surface during the collision. Although we
have found a slight decrease in E{n of Cgo as a func-
tion of Ej, at a fixed scattering topology (cf. Fig. 4),
it is worth noting that the values agree surprisingly well
with the mean values of E{® for all product species (cf.
Fig. 6) and with the range of the experimental maxima
of EZ™ (dark rectangle) in Fig. 7. At the same time,
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FIG. 6. Statistics of the final energies of all product species
for different initial energies for an impact angle of 20° with
respect to the surface normal. The dotted lines indicate the
expected lower and upper limits. Two cases with a larger
impact angle are included.
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FIG. 7. Mean values of the final internal, E}, and cen-
ter-of-mass kinetic energies, Egin, as a function of the initial
impact energy, Ein, for all trajectories leading to scattered
Ceo+s. The present simulations are compared to those of
Mowrey et al. (Ref. 14) and to the experiments. ——,
—o—: E} and —B—, —e—: Ei0 of the present and the
simulation of Mowrey et al., respectively. Bright rectangle:
Range of the experimental Eg, distributions as a function
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of Ein. Dark rectangle: Maxima of the experimental Ei;
distributions as a function of Ei,.

E% for Cgp increases with increasing E;, (cf. Fig. 7),
which is also consistent with the experimental values of
E} /D, shown in Fig. 2, whereas the mean center-of-mass
kinetic energies E{® for all species are almost indepen-
dent of E;, (cf. Fig. 6). This is consistent with the
experimental results of Fig. 1. The results of Mowrey et
al.'* for E{™ deviate considerably from our determined
values. They are also much too high when compared to
the experiment, and their internal energies are too low.
This difference might be due to applying the empirical
potential concept to structure configurations which are
far from equilibrium, e.g., for situations for which they
actually have not been derived. Thus, MD simulated an-
nealing (SA) studies, where the interatomic forces have
a quantum mechanical origin, starting from first prin-
ciple ideas, give better quantitative results for the final
energies. But in a related paper,'® Mowrey et al. also
reported that at the highest impact energies most colli-
sions are highly reactive yielding low E{® (=~ 10 eV) and
high internal energies (= 80 eV), in the cases that are
comparable to our results.

The interactions of the Cgp molecules with the sur-
face and the related scattering characteristics may be
described as follows: (1) At E;, = 150 eV, reactive chain-
like carbon segments of a slightly destorted Cgo cluster
form single bonds with radical surface sites before leav-
ing the surface. After the molecules have left the surface,
a tendency to reorganize in time has been observed. Hy-
drogens which are bonded at the leaving Cgo molecules
are pushed away during the reorganization. The rea-
son for this may be found in the nonuniform distribu-
tion of the kinetic energy in large clusters which causes
C-H bond breaking as the result of local excitations that
have been really observed during the simulations within
the considered time scale. (2) At E;, = 200 eV, small
rings as well as chainlike structures are formed which are
typical for small carbon clusters. After the molecules
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have left the surface as Cgo+s, a reorganization into the
original Cgg structure is not observed on the investigated
time scale. (3) At higher energies, E;, =~ 300 eV, the Cgg
molecules completely lose their geometry and bonding
configuration.

They come from the surface as Cgo45 amorphous clus-
ters which are strongly heated and fragmentate in time or
remain permanently bonded to the substrate layer. (4)
For E;, > 300 eV, all molecules are deposited onto the
surface forming amorphous carbon structures.

V. CONCLUSION

The theoretical result of the energy partition during
the collision has shown that E{T of Cp molecules at fixed
scattering topology (cf. Fig. 4), and their mean values,
E‘ﬁfﬁ, averaged over the number of trajectories (cf. Fig.
7) slightly decreases with increasing Fj, for lower values,
remaining nearly constant for higher values. Simultane-
ously, in agreement with the experiment we observe an
increase of E} with increasing E{ at constant Ej, as well
as with increasing E;, at constant EZT. For some initial
configurations it was found that Cgo scattering occurs
only for Ej, < 150 eV. Higher values for E;, give rise
to a dissociation of the molecules during the collision.
This describes the experimental data pretty well, com-
pare Figs. 1 and 2, and directly yields an interpretation
of the general experimental results. The impacting ions
neutralize during the collisions, and the scattered pos-
itively charged molecules are those which undergo de-
layed, thermionic electron emission,!” i.e., those which
have fullerene structure after the collision. Furthermore,
it has been shown that Efl and E} are correlated. The
ratio E}/D as deduced from the experiments seem to ap-
proach a saturation value. This has been confirmed by
the simulation results presented in Fig. 6 giving strong
evidence that scattering of Cgo fullerenes is only realized
up to an upper bound of E} in correlation with an up-
per bound for Eg for the scattered Cgo fullerenes. This
upper bound strongly depends on the impact angle, and
therefore, on the experimental conditions.

One consequence of the present simulation is that the
scattered positive ions observed in the experiments are
probably those which accidentally are scattered with suit-
able initial states. Most of the molecules disintegrate in
the collision, where the fragments are either adsorbed at
the surface or come from the surface as neutrals or nega-
tive ions. The simulations have essentially improved our
understanding of the experimental results. In particular,
it has been shown that the intial position and orienta-
tion of the molecule is the dominating parameter for the
energy partition in the collision process. This effect is ex-
pected to occur also in cases when other molecules such
as peptides or small molecules are scattered at a surface.
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FIG. 3. Cgo in the most deformed configuration during
the collision; (a) pentagon down and (b) hexagon down,
Ein = 300 V.



