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Effect of target surface on the elastic properties of fast fullerenes
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C{, fullerenes with keV energies are scattered at grazing angles of incidence from atomically clean and flat
LiF(001), KC1(001), A1(001), Be(0001), Ni(110) surfaces as well as p(2 x 1) and p(3 x 1) oxygen superstructures
on Ni(110). The elastic properties of Cg are derived from a comparison of experimental data with 3D molecular
dynamics simulations for different interaction potentials. In terms of a simple model for the hybridization of Ceg
with the surface, we find evidence for a close relation between electronic structure of the surface and elasticity

of C()() .
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The elastic properties of carbon nanostructures play an im-
portant role for applications in composite materials, nanome-
chanical devices, or molecular electronics.!~” In such config-
urations, carbon nanostructures will be embedded, supported,
or in contact with a matrix of material that will affect the
properties of the carbon nanostructure. Prominent examples
are strong covalent interactions of fullerenes with surfaces
such as Si(100), Ni(110), or Pt(111) resulting in dissociation
of fullerenes in thermal desorption spectroscopy (TDS) exper-
iments or charge transfer processes inducing semiconductor-
conductor phase transitions.®'® By an appropriate choice of
the surrounding material, these interactions might be exploited
for an optimized performance of the building blocks of future
carbon nanostructure devices or materials.

From a fundamental point of view, it is important to
provide experimental data on the properties of single carbon
nanostructures in different environments. Here, we focus
on the elastic properties of the prototype of a carbon
nanostructure, Cgp,'! in front of single crystal surfaces for
deformation energies up to some 10 eV. As the ultimate
experimental tool, a single molecule vise with two opposing
nondeformable surfaces, cannot be realized, we performed
scattering experiments in the surface channeling regime, i.e.,
under grazing incidence, where the deformation of the surface
is negligible due to the small energy transfer to the surface
in small-angle scattering events.'>!3 The velocity of the
molecules is still sufficiently slow in order to guarantee an
adiabatic regime for the interaction with the surface.'* Via
the incident energy and the angle of incidence, the molecule
can be exposed to well-defined deformation energies. The
elastic properties of the molecules are studied by means of the
kinetic energy of outgoing fullerenes. In the case of a stiff/soft
molecule, a small/large amount of the energy is transferred to
internal degrees of freedom and the outgoing kinetic energy is
large/small.

During the last two decades, a fair number of studies have
been devoted to elastic properties, stability, fragmentation, and
charge transfer during scattering of hyperthermal fullerenes
from surfaces.'>>> However, for angles of incidence ®;, >
10° with respect to the surface, the deformation of the
surface was considerable and affected the kinetic energies of
outgoing molecules. First, experiments under grazing angles
of incidence of ®;, &~ 1° with a negligible energy transfer to
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the surface were recently reported by Kimura et al.?>"*> For
the full range of energies for the motion normal to a KCI(001)
surface of up to Ef = E sin* ®;, = 20 eV (E: total energy),
the Cgo molecules were scattered fully elastically.

Motivated by this work, we have studied grazing scattering
of Cg molecules from an AI(001) surface’®?’ and found
pronounced differences to the data of Kimura er al. for
the insulator KCI(001). For normal energies E; > 7 eV,
considerable energy losses AE'™ for the motion normal
to the surface were observed. An analysis of fragment
spectra revealed that AE'"S was completely transferred
to internal excitations of the fullerenes. Three-dimensional
molecular dynamics simulations showed that AE'™ does
not depend on the interaction potential of the molecule with
the surface, but is related to internal elastic properties of
the molecule.?®?” Therefore, the differences in AEﬂ‘_’Ss for
scattering of Cgy from KCI(001) and Al(001) might to stem
from different elastic properties of the fullerene in front of both
surfaces.

In order to clear up this important feature, we have
extended our study on the elastic properties of Cgo during graz-
ing scattering from LiF(001), KCI(001), Al1(001), Be(0001),
Ni(110) surfaces as well as p(2 x 1) and p(3 x 1) oxygen
superstructures on Ni(110), so that the electronic properties of
the target surfaces are varied over a wide range. The data are
compared to 3D molecular dynamics simulations for different
interaction potentials for the C atoms of the Cgy molecules
and for the interaction of the fullerenes with the surface. We
find that electronic structure of the surface and elasticity of the
fullerene are closely related. A simple model of hybridization
of Cgo with the surface, provides a qualitative understanding
of the different elastic properties of the fullerene in front of
different surfaces.

In our experiments, we have scattered Cgro molecular ions
with energies E up to some 10 keV under grazing angles
of incidence ®j, of typically 1° from atomically clean and
flat surfaces. Scattering proceeds in the surface channeling
regime,'>!? where the motions parallel and normal to the
surface are widely decoupled. Whereas the parallel motion
takes place with keV energies E| = E cos’ ®;, ~ E, the
interaction with the surface is governed by the slow normal
motion with about 3 orders of magnitude smaller energy
Ejl_’ = Esin® &, ~ 1073E, i.e., in the regime of eV.
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The molecules were produced by evaporation of fullerene
powder (SES Research, Houston, TX) in an electron cyclotron
resonance (ECR) ion source (Nanogan-Pantechnique, Caen,
France) in Ar atmosphere. After extraction at 2.8 keV, the
molecular ions were mass separated in a 90° deflection magnet
and accelerated to their final energy E. Before impacting the
surface, the divergence of the beam was reduced to about
0.03° by means of a slit system. The surfaces were mounted
on a precision manipulator in an ultrahigh vacuum (UHV)
chamber with a base pressure of some 10! mbar and were
prepared by cycles of grazing sputtering with 25 keV Ar*
ions and subsequent annealing. The quality of the surfaces
was checked by ion beam and standard surface analytical
tools.!® The oxygen superstructures on Ni(110) were prepared
by the controlled adsorption of O, at elevated temperatures
(for details see Ref. 28). The scattered projectiles of different
charges were dispersed in an electric field and detected 66 cm
behind the target with a position sensitive microchannel
plate detector (DLD40, Roentdek, Kelkheim-Ruppertshain,
Germany). For details on the experimental setup see Ref. 26.

In Fig. 1, we show polar angular distributions for scattering
of E=10 keV Ar’ atoms (solid curves) and C ions
(dashed curves: outgoing Céo, dotted curves: outgomg Cd)
for different incident normal energies E in from clean Ni(1 10)
(left panel) and from a p(3 x 1) oxygen superstructure on
Ni(110) (right panel) The corresponding outgoing normal
energies ES" = E sin® ®,, are given in the upper scale. The
angular dlstrlbutlons for Ar® atoms serve as a reference for
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FIG. 1. (Color online) Normalized polar angular distributions
for scattering of £ = 10 keV Ar” atoms (solid curves) and Cf,
molecular ions (dashed curves: outgoing C%,, dotted curves: outgoing
C{,) with different angles of incidence ®;, from Ni(110) (left
panel) and p(3 x 1)O/Ni(110) (right panel). (Upper scale) Polar
exit angle &, (lower scale) converted to outgoing normal energy
ES" = E sin® @y
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elastic scattering, where the width is determined by thermal
displacements of target atoms.'? The distributions for outgoing
neutral and charged fullerenes coincide. The fragmentation
of the fullerenes can be checked for charged molecules via
deflection in an electric field. We do not find any indication for
a fragmentation at the surface in the investigated range of E .
However, postcollisional and delayed fragmentations might be
possible and slightly broaden the distributions, but do not shift
the position of the maximum due to their isotropy.'>26-3

At small normal energies E"' in<2eV, CZO molecular ions
are scattered elastically from N1(1 10), whereas for E f > 3eV,
the fullerenes are scattered subspecularly with a mean outgoing
normal energy of EQ" & 3 eV. For the largest normal energy
of E f_‘ ~ 12 eV, this corresponds to a normal energy loss
AE"YS = E" — E9"' ~ 9 eV. For the oxygen superstructure
p(3 x 1)O/Ni(110), i.e., for less than one monolayer oxygen
on the Ni(110) surface, the behavior is completely different.
The molecules are scattered elastically for normal energies up
to EI" = 13 eV. In passing, we note that the slight shift of
the distributions for the fullerenes and the Ar” atoms for the
smallest normal energy is a result of the attractive force owing
to image charge interactions>®? on the incident path prior to
neutralization. As the outgoing charged fullerenes are formed
via a delayed ionization after the collision, the distributions for
neutral and charged outgoing fullerenes are not shifted with
respect to each other. !>

For a systematic analysis, we show in Fig. 2 the elasticity
ratio ES"/E™, i.e., the ratio of the outgoing ES" and the
incident normal energy E if, derived from the maxima of polar
angular distributions as function of E™ for scattering of Cg,
molecular ions from LiF(001), KC1(001), A1(001), Be(0001),
Ni(110), p(2 x1) O/Ni(110), and p(3 x 1)O/Ni(110) surfaces.
The data reveal pronounced differences for E*/ EI’ and the
normal energy loss A E'** for different surfaces. Note that less
than a monolayer of oxygen on a Ni(110) surface is sufficient
to establish a similar behavior as observed for insulator
surfaces.
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FIG. 2. (Color online) Elasticity Ei‘“/Eiln as a function of
incident normal energy EN for scattering of Cg, molecular ions
from LiF(001), KC1(001), A1(001), Be(0001), Ni(110), p(2 x 1) and
p(3 x 1)O/Ni(110) surfaces as indicated.
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FIG. 3. (Color online) Simulated elasticity E{"/E 1‘ as a function
of incident normal energy E'™" for scattering of Cgo and Cgro from indi-
cated surfaces for Albe and Tersoff potential for different parameter
sets. (Full circles/squares) Experimental data for LiF(001)/Ni(110)
(cf. Fig. 2). For details see text.

In order to explore the physical mechanism, we performed
3D molecular dynamics simulations for different potentials
for the C—C and the fullerene-surface interaction. Thermal
displacements of target atoms were included in the framework
of the Debye model and internal excitations in the ion source
of incident fullerenes by about 35 eV was incorporated. For
details on the simulation concepts and numerical routines,
we refer to Refs. 26 and 27. For each set of parameters, 30
trajectories were calculated and the mean values are shown by
the symbols in Fig. 3 together with the experimental data from
Fig. 2 for the two extreme cases, LiF(001) (full circles) and
Ni(110) (full squares). We apply the Tersoff*! (small symbols
in Fig. 3) as well as the more recent Albe potential®” (large
symbols in Fig. 3) for the interaction of the C atoms of the
fullerene. The results for both potentials coincide. In case of
the insulator surfaces LiF(001) and KCI(001), the molecules
are not or only partly neutralized at the surface,>=>>3334 5o
that we performed simulations for neutral C(s)o and charged
CZO fullerenes including intramolecule Coulomb interac-
tions and the classical image charge interaction with the
surface.

The interaction of the molecule with the surface is imple-
mented by a Moliére potential with modified Firsov screening
length proposed by O’Connor and Biersack.?® In addition, for
the Al(001) surface, we show results using potentials from
literature (“attr. S. W.:”30, “attr. A. P-J.:” attractive part of
potential from Ref. 37 for Au(111) taking into account the
relative shifts of jellium edges of Al(001) and Au(111)). In
order to exclude a possible effect of the modified bond order
of the C atoms of the fullerene due to the interaction with
the surface, we also show a calculation for A1(001) (“attr.
incl. bond order”), where the Al atoms were treated as C
atoms in terms of the Tersoff potential. In order to avoid
a complete disintegration of the molecules at the surface,
the attractive part of the fullerene surface interaction had
to be reduced by a factor of 2. The bond order was kept
constant.
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In good accord with our analysis for an Al(001) and a
KCI1(001) surface,?02"-3* different surface structures, interac-
tion potentials of the fullerene with the surfaces, or charge
of the fullerene do not affect the outcome of the simulations.
The results fall on one curve and reproduce the experimental
data for the surfaces with the smallest normal energy losses
AElfSS, i.e., the largest elasticity Ei‘“ / E™ LiF(001) and
p(3 x 1) O/Ni(110), on a near-quantitative level. Therefore, we
conclude that the differences in the elasticity for the different
surfaces are not related to differences in the interaction
potentials of the fullerene with the surface nor to the charge of
the fullerene in front of the surface.

The only reasonable possibility to explain the pronounced
normal energy losses during scattering from a metal surface
seems to be an influence of the surface on the internal
elastic properties of the molecule. In Fig. 3, we have
included calculations for intramolecular C—C interactions
reduced by a factor of 0.75 (labeled as “0.75 x C—C”) and
0.5 (labeled as “0.5 x C—C”), which result in strongly reduced
elasticity.

In Fig. 4, we show an energy diagram for a Cgy molecule
(HOMO: highest occupied molecular orbital, LUMO: lowest
unoccupied molecular orbital)! and different surfaces®®
arranged as a function of decreasing elasticity, i.e., increasing
normal energy loss AE'™, from left to right. We find a
clear-cut correlation of normal energy loss and electronic band
structure of the surface. The smaller the energy defect between
the electronic states of fullerene and surface, the stronger is the
reduction of the elasticity of the fullerene. Of particular interest
is the case of KC1(001), where we have observed slightly larger
normal energy losses for smaller angles of incidence &, at
same normal energy Ej‘_“ in Fig. 2. As the same normal energy
for smaller angles of incidence is reached for larger beam
energies E, this might be a consequence of a kinematically
induced broadening!*3*% of the upper edge of the valence
band (VB) of KCI(001), which reduces the energy defect
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FIG. 4. Energy diagram for a C¢y molecule and different indicated
surfaces arranged as a function of decreasing elasticity, i.e., increasing
normal energy loss AE'f“. VB (CB): valence (conduction) band. O:
oxygen adsorbate states. Ni: CB of Ni(110) for more open p(2 x 1)
oxygen adsorbate structure.
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with the HOMO. As the p(2 x 1)O/Ni(110) superstructure
has a smaller oxygen density than the p(3x1)O/Ni(110)
superstructure, the interaction of the fullerene with electronic
states of the substrate is stronger than for p(3 x 1)O/Ni(110)
indicated by the light gray area for p(2x1)O/Ni(110) in
Fig. 4.

In summary, we attribute the modification of internal elastic
properties of the fullerenes to a hybridization of molecular
electronic states with electronic states of the surface. This
hybridization results in reduced elasticities, most prominent
for metal surfaces. In spite of different approaches, our
experiments are in good accord with the classification of
fullerene-surface interaction strengths by Maxwell et al.®
based on TDS studies of thin fullerene films. We hope to trigger
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further studies on this fundamental aspect of molecule-surface
interactions. Compared to TDS studies, our data provide
complementary detailed information, as we provide complete
elasticity curves, where the distance of closest approach and
the deformation of the fullerene at the surface are varied over
a large parameter range.
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