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Manipulation of Cg, on the Si(001) surface: Experiment and theory
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We extend our previous discussion [D. L. Keeling et al., Phys. Rev. Lett. 94, 146104 (2005)] of molecular
rolling on reactive surfaces. Experimental results showing long-range quasiperiodic tip responses with periods
of two, three, and four lattice constants are presented. In addition, we show systematic change of the repeating
wave form which we attribute to a slow variation of the tip-sample junction at an atomic level. Using ab initio
simulations, we have reexamined the translation of Cg across the surface and confirmed our proposed pivoting
mechanism via which the molecule rolls by sequential breaking and forming bonds with the surface. A
complex character of the molecular displacement, which is accompanied by a substantial deformation of the
molecule and the surface, is revealed by careful analysis of the atomic geometry and the electron density
redistribution along the path. A large variety of observed tip traces along the trough are then explained by
analyzing in detail all possible transition paths between the known stable adsorption sites. Detailed models for
the periodic traces with two and three lattice constants are also suggested based on a modified pivoting

mechanism. In addition, we predict and discuss possible along-the-row manipulation paths.
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I. INTRODUCTION

There is a lot of interest at present in the manipulation of
single atoms and molecules adsorbed on crystal surfaces.
Controlled manipulation can be potentially used both to seed
and/or assemble nanostructures. Scanning tunneling micros-
copy (STM) has proven to be a successful tool for molecular
manipulation.' In particular, manipulation of a Cg, mol-
ecule on the clean 2 X 1-reconstructed Si(001) surface has
been performed experimentally using STM.*3 Recorded
STM tip trajectories show that the movement of the C¢, mol-
ecule is a complex process that in many cases possesses a
long-range periodicity. Periodicities of 3a, and 4a, were re-
corded in the manipulation of Cg, along the trough (a
=3.84 A is the surface lattice constant, i.e., the distance be-
tween Si-Si dimers along the row). Thus, in the course of
manipulation, the molecule goes through a sequence of ad-
sorption configurations before arriving at an equivalent con-
figuration.

It is interesting and important for controlling manipula-
tion to determine atomic-scale details of the manipulation
mechanism. Theoretical information on the manipulation of
molecules adsorbed on crystal surfaces is rather limited. This
is different from the situation with the studies of atomic dif-
fusion and manipulation. Manipulation of single atoms using
SPM (scanning probe microscopy) has been modeled theo-
retically (see Ref. 6 and references therein). There are also
many studies on diffusion of adatoms on surfaces (see, e.g.,
Ref. 7). Manipulation of molecules has been performed ex-
perimentally (see Ref. 8 for a review), but theoretical studies
of manipulation so far dealt only with small molecules, such
as CO on metal surfaces.” We are not aware of theoretical
studies of the manipulation of complex organic molecules
capable of forming covalent bonds with reactive surfaces.

In our earlier study,* STM images and manipulation tra-
jectories were analyzed in order to identify a mechanism for
the movement of the molecule across the surface. One of the
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experimental results that shed light on the manipulation
mechanism is the observed change in the intramolecular fea-
tures of Cqy in STM images that were taken before and after
manipulation events at equivalent adsorption sites.’ This
points to a change in the adsorption configuration of Cg, and
implies that the molecule rolls rather than slides on the sur-
face (otherwise, with sliding, the molecule would arrive at
the same adsorption configuration after each displacement by
ag). Sliding motion is also unlikely because it would require
simultaneous breaking of all bonds between the molecule
and the surface and therefore would involve very high en-
ergy barriers.

In Ref. 4 we proposed a pivoting mechanism for Cg roll-
ing on the Si(001) surface. The mechanism operates as fol-
lows. In stable adsorption configurations, the molecule forms
four bonds with the surface. As the molecule is pushed for-
ward by the STM tip during the repulsive manipulation, the
two “back” bonds are broken and the two remaining bonds
act as a pivot over which the molecule rolls. As the molecule
moves further, it forms two new bonds with the surface in
addition to the unbroken bonds which act as a pivot, and thus
arrives again at a stable adsorption configuration with four
Si-C bonds.

This mechanism can only be verified with atomistic cal-
culations. The first ab initio simulations of a section of a Cg,
manipulation pathway along the trough of the Si(001) sur-
face was reported in.* The calculations confirmed the pro-
posed pivoting mechanism for the Cg, manipulation.

In this paper we present experimental and theoretical evi-
dence for the Cg rolling during its repulsive manipulation on
the Si(001) surface. We report 2a, long-range quasiperiodic
tip traces for the first time, alongside 3a, and 4a, traces. In
addition, we show quasiperiodic traces in which the strength
of subharmonic features varies in a systematic manner. This
is attributed to a slow variation of the detailed configuration
of the tip-molecule junction.

In order to explain several of the observed tip traces, we
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have undertaken an extensive set of ab initio calculations to
elucidate microscopic mechanisms which can be responsible
for the Cg, translation along the trough. In particular, we
suggest detailed mechanisms for the 2a, and 3a, periodic
wave forms observed, and also derive other possible transi-
tion paths with the 4a, periodicity in addition to the one
proposed in Ref. 4. This analysis is based entirely on the
pivoting mechanism and our detailed knowledge of all avail-
able stable adsorption sites for the Cg, adsorption on the
surface.!%12 We extend this approach to predict all possible
manipulation pathways for on-the-row manipulation, al-
though these have not yet been reported experimentally.

The paper is organized as follows. In the next section we
report our experimental results including the details of the
experiments. The results of ab initio modeling of a part of a
particular manipulation path are presented in Sec. III, where
the details of the theoretical method we used is also briefly
outlined. Then, in Sec. IV, assuming the pivoting mechanism,
we derive more manipulation trajectories from the known
stable sites, and discuss their relevance to the tip traces ob-
served experimentally. In particular, we work out all possible
pathways along the trough and the row.

II. EXPERIMENT

A. Experimental details

Experiments are performed using a scanning tunneling
microscope operating at room temperature under ultrahigh
vacuum (UHV) conditions (base pressure 1 X 107! Torr). A
Si(100)-2 X 1 surface is prepared by first loading a 3 mm
X7 mm piece of a p-type Si wafer and outgassing overnight
at 600 °C. This is followed by flash annealing the sample at
1200 °C for 60 s then further annealing at 800 °C for ap-
proximately 10 min. Cg, is sublimed onto the sample at a
typical rate of two monolayers per h. Electrochemically
etched tungsten tips are used for both imaging and manipu-
lation. The tips are cleaned by electron beam heating prior to
use.

STM images are acquired in constant current mode using,
typically, a sample voltage of —3 V and a target tunnel cur-
rent of 0.05-0.1 nA. The inset to Fig. 1 shows an STM
image in which the adsorbed fullerene is resolved as a bright
topographic feature with an apparent diameter of ~22 A.
Also resolved in the background to this image are horizontal
bright features which correspond to rows of Si dimers. The
molecule is adsorbed with its center in the trough between
dimer rows as shown in the schematic in Fig. 1. See Refs. 5
and 13-15 for more details of the Si(100)-2 X 1 surface and
Cyo adsorption. Manipulation of Cg, has been demonstrated
both parallel and perpendicular to the Si dimer rows> and in
both an attractive and repulsive mode of operation.!® Here
we focus on manipulation parallel to the dimer rows in re-
pulsive mode which, under appropriate conditions leads to a
complex tip trajectory which we have recently shown is
characteristic of molecular rolling.*

Manipulation is induced by first locating a target mol-
ecule. The tip is then scanned along a single line which runs
parallel to the dimer rows on the Si(100)-2 X 1 surface and
intersects the center of the molecule. The feedback loop is
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FIG. 1. Linescans acquired during manipulation showing quasi-
periodicity equal to two lattice constants. In the upper trace (ac-
quired in constant current mode, sample voltage —1.7 V, tunnel
current 1.3 nA) the section from 0-30 A has a quasiperiodicity
equal to 2a,. This is followed by a section with a quasiperiodicity
equal to 3a, followed by a section with a single wave form of
length 4a, which is very similar to that previously observed. The
lower trace (constant current mode, voltage —1.6 V, tunnel current
2.0 nA) has a quasiperiodicity equal to 2a,. Insets show an image
of Cgp on Si(100)-2 X 1 in which the dimer rows may be resolved,
a schematic of the repulsive manipulation process which leads to a
sawtooth response and a schematic of the adsorption site of Cg,
(large circle) relative to the rows of Si dimers (filled circles)—the
arrow indicates the direction of translational manipulation.

active during this linescan and, under standard imaging con-
ditions (=3 V, 0.1 nA), the topographic information acquired
during this procedure corresponds to a profile of the
molecule.!” On adjusting the sample bias and target tunnel
current to suitable values (typically —1 V, 1 nA) translation
of the molecule along a trough bounded by two dimer rows
may be induced. Following the approach of Bartels et al.” the
tip trajectory during manipulation is recorded, and from this
data we are able to distinguish between pushing, pulling, and
rolling. A typical sawtooth tip trajectory in the repulsive
mode (pushing) consists of an initial retraction of the tip as it
encounters the molecule followed by a sharp extension to-
wards the surface, as the molecule jumps away from the tip,
see the schematic in Fig. 1.

B. Experimental results

In this section we consider several experimental traces
which extend our recent discussion of molecular rolling. In
particular we demonstrate a tip response with a period of two
lattice constants in addition to the traces with three and four
lattice constants which we have previously reported in Ref.
4. We also consider the issue of reproducibility, particularly
in relation to traces characteristic of rolling in which the
subharmonic features vary in a systematic manner.

In some traces to be discussed presently the wave forms
in a sequence are not exactly identical to each other. In these
cases the term “quasiperiodic” may be more appropriate than
“periodic.”

Figure 1 shows two tip trajectories acquired during ma-
nipulation. In these traces the discontinuous movements of
the tip towards the surface are signatures of a repulsive trans-
lation of the molecule through one lattice constant.> The qua-
siperiodic features apparent in Fig. 1 have an overall period
equal to integer number of lattice constants, but have a wave
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form with subharmonic features separated, approximately, by
one lattice constant. The long range periodicity is thus due to
successive translational steps through a single lattice con-
stant in which the tip height required to induce manipulation
varies in a sequence with longer range periodicity. We have
shown” that this is due to a regular sequence of changes in
molecular orientation which are coupled to translation dis-
placement.

In the upper trace there are several sections with different
periodicities. From left to right (corresponding to the motion
of the tip) we observe a section with a periodicity of two
lattice constants. This is followed by a section with a peri-
odicity of three lattice constants and a single wave form
which is characteristic of the response with a period of four
lattice constants. This switching between responses with pe-
riodicities with different integer multiples of a lattice con-
stant has been reported previously. However, the observation
of a sequence with a periodicity of two lattice constants is
new. Another trace with this periodicity is shown in Fig. 1.
Each trace has a rather similar wave form confirming that
these are examples of a response which recurs and can be
initiated with some degree of reproducibility.

Following our previous work we interpret such traces as
evidence of a molecular response in which changes in the
adsorption state, corresponding to orientation, of Cg, are
coupled to lateral translation of the molecule. In fact there
are two possible explanations for the origin of a response
with a period of two lattice constants. The first is a rolling
mechanism in which molecules pivot over two unbroken
bonds. This mechanism is a direct analogy of that previously
invoked for the response with a period of four lattice con-
stants, but involving different adsorption configurations. An
alternative explanation, discussed in more detail in Sec. IV, is
that the molecule undergoes a combination of rolling and
rotation around an axis perpendicular to the surface. This is
possible if the molecule is connected by one, rather than two,
bonds during manipulation, and we argue below that this is a
more likely explanation.

We now consider the issue of reproducibility for this type
of experiment. First we emphasize that there are many as-
pects, for example the wave form shape, which are highly
reproducible and have been observed in our laboratory to
recur over experimental runs spanning several years. How-
ever, it is also clear that there are several aspects of this type
of experiment which are difficult to control. The two major
limitations relate firstly to the precision of specifying the
initial conditions prior to manipulation, and secondly the ex-
act state of the tip. The initial placement of the tip is
achieved by acquiring in a quasicontinuous mode line scans
showing topographic profiles perpendicular to the manipula-
tion direction, i.e., across the dimer rows. The quasicontinu-
ous acquisition is necessary to minimize the effects of ther-
mal drift which is ever present at room temperature. We
estimate that we achieve a placement accuracy of 0.1 A of
the initial tip position using this approach. The angle be-
tween the tip trajectory and the dimer rows is minimized by
rotating the effective scan direction as explained by
Humpbhry et al.'” This is particularly critical since a 1° mis-
alignment in angle over a 100 A trace leads to a displace-
ment of the tip of 1.7 A towards the dimer row. Thus the
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FIG. 2. Several experimentally acquired linescans with a wave
form repeating with a period equal to 3a. In the upper trace the
relative strength of peaks varies from wave form to wave form
indicating that the tip-molecule interaction is varying in a system-
atic manner from one manipulation event to another—this is attrib-
uted to a steady variation in the tip-molecule contact due to mis-
alignment and/or thermal drift. The different wave forms which are
observed for different traces (see lower four linescans) are similarly
attributed to a variation in initial conditions in tip placement and
alignment. The voltage and current used to acquire these traces are
(top to bottom): —=1.0 V, 1.65 nA; —1.7 V, 1.2 nA; —1.6 V, 1.2 nA,
-1.8V,1.21nA; -1.7V, 1.2 nA.

“point of contact” between tip and molecule would also vary.
While this is naturally a concern it is also worth noting that
the response to manipulation for Cg, on Si(100)-2 X 1 may
well be rather tolerant to this type of displacement. In our
earlier work® we showed that there was a guiding effect of
the dimer rows in controlling manipulation and the mecha-
nism which we have proposed for molecular rolling* is
closely related to the geometry of the surface atoms and is
therefore consistent with this type of guiding.

We have observed several traces which we believe show a
variation in the relative tip-molecule position due to either
thermal drift, misalignment or their combination. Figure 2
shows an example of such a trace (the upper curve) in which
a molecule exhibits a response with a periodicity of three
lattice constants. Although the trace and features are rather
similar to those published previously the wave form varies in
a systematic manner over the trace. In particular, the relative
heights of the peaks within the wave form change. These
small changes indicate that there is a small, and systemati-
cally varying, change in the precise interactions which give
rise to manipulation. We attribute the origin of these changes
to the tip displacement as described above.

While the upper curve in Fig. 2 shows that the wave form
may vary during a single trace, we make the further obser-
vation that there are also differences between wave forms of
different traces, even where there is no variation of the wave
form during the trace. We show more examples of wave
forms with a period of three lattice constants in Fig. 2. It is
clear that the wave form is slightly different in some traces
with some peaks being difficult to pick out at all. Following
the argument above we attribute these differences to limita-
tions of the placement and alignment accuracy of the initial
tip position.

The details of the atomic configuration will clearly affect
the outcome of our experiments. The tips we use are etched
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from polycrystalline wire and so there is an intrinsic random-
ness to the configuration of the tip apex. Furthermore we
typically apply voltage pulses of 5—10 V (of either polarity)
during imaging to configure the tip into a state in which high
quality imaging is possible. This process, and also inadvert-
ent tip crashing which is difficult to avoid at room tempera-
ture, can result in uncontrolled transfer of material between
the tip and the silicon substrate. We consider it likely that our
tip has adsorbed Si atoms at its apex.

Despite this lack of control it is possible, when adopting
the procedures described above, to initiate manipulation with
the same characteristic features. In this and previous papers
we focus only on behavior that is reproducible in the sense
that similar traces have been observed many times. Further-
more we stress that periodic traces are intrinsically reproduc-
ible since the same behavior, and therefore the same tip-
molecule interaction, occurs repeatedly within a given
sequence. Nevertheless there are still many attempts at ma-
nipulation which do not result in the type of trace discussed
in this paper. Alternative outcomes include transfer of a mol-
ecule to the tip, some other change to the tip, sometimes
catastrophic, or displacement of the molecule in a series of
steps in which an extended periodic response cannot be dis-
cerned. Overall approximately 10% of the attempts at ma-
nipulation result in traces with long-range periodicity. Of
these approximately 50% have a period of three lattice con-
stants, 40% have a periodicity of four lattice constants, and
10% have a period of two lattice constants. We attribute
these variations in the outcome of attempts at manipulation
to variations in the tip configuration (which for room tem-
perature operation is difficult to control) rather than intrinsic
randomness in the manipulation process itself.

III. THEORY
A. Theoretical method

We use SIESTA (Ref. 18), a density functional code in the
generalized gradient approximation (GGA), with Perdew-
Burke-Ernzerhof (PBE) functional'® for exchange correla-
tion, with norm-conserving pseudopotentials and periodic
boundary conditions. A localized double-zeta polarized
(DZP) basis set is used to describe the valence electrons,
which is composed of a double (split valence) basis for each
valence orbital plus polarization functions for all the atoms.
The mesh cutoff (which indicates the equivalent plane wave
cutoff) used was 150 Ry. The energy shift (i.e., the energy
raise suffered by the orbital when confined) was taken as
0.14 eV. This choice of basis results in 13 orbitals for both
carbon and silicon with a maximum orbital radius of 5.5 and
6.9 Bohr for the respective elements.

A 188-atom cell was used which contained 60 C atoms,
96 Si atoms (six layers), and 32 terminating H atoms. A
vacuum gap of 13 A was present between the top of the Cq
and the bottom of the image silicon slab. The coordinates of
the two lowermost layers of Si atoms and all H atoms were
fixed. The remaining atoms were allowed to relax until
forces on atoms were smaller than 0.04 eV/A. Only a single
k point was used in the calculations due to the large size of
the simulation cell.
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FIG. 3. Schematic pictures of Cg, adsorption sites on Si(001):
(a) 4 sites above the trough; (b) r2 sites above the row.

A well-known problem associated with the use of local-
ized basis sets applied to compound systems is the basis set
superposition error (BSSE). In our calculations the BSSE
correction is accounted for according to the Boys-Bernardi
counterpoise method?® as described in Ref. 12.

Electron density difference plots Ap(r) for the “Cg
+Si(001)” system were found to be extremely useful in ana-
lyzing the detailed changes in chemical bonding in the sys-
tem along the whole manipulation path. The density differ-
ence was constructed by subtracting the densities pc60(r) and
psi(r) of the isolated Cg and the Si(001) surface from that of
the combined system:

Ap(r) = pe,silr) = pe, (1) = psi(r). (1)

Note that the isolated C¢, and the surface are considered at
each point along the path in the geometry of the combined
system to eliminate spurious density changes due to atomic
displacements.

B. Ab initio calculations of Cg, manipulation

The earlier calculations from our group'’'? together with
the calculations of Godwin et al.'® identified a large number
of stable adsorption configurations for a C4y molecule on the
clean Si(001) surface. Stable sites are found to exist above
the trough between four dimers and above the row between
two dimers, see Fig. 3. They can be characterized by the
number of Si-C bonds formed between the molecule and the
surface. Stable configurations have three or four bonds, with
binding energies typically between —1.6 and -2.8 eV (or
0.4—-0.7 eV per Si-C bond), calculated relative to the isolated
Cgo molecule and the Si(001) surface in the buckled p(2
X 1) reconstruction.

We use the same notation for adsorption configurations as
in Ref. 12: the first letter is either “#”” (trough) or “r” (row),
followed by a number (1, 2 or 4) that denotes the number of
Si-Si dimers bonded to the Cg, molecule, and a letter to label
a particular structure.
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FIG. 4. (a) Binding energies of Cg along the manipulation path calculated relative to the symmetrical p(2 X 1) reconstructed Si(001)
surface. Stable adsorption configurations t4c, rdg, and t4b are marked. Inset: a schematic of the Cgq rolling. (b) Individual energies of Cg,
and the Si(001) surface calculated for the geometries optimized for the Cgy-surface combined system, shown relative to the corresponding
energies of the isolated systems. Labels (a)-(i) correspond to the configurations in Fig. 6.

Configurations t4a—t4i were reported earlier in Refs.
10-12, however, additional sites t4k and 4l were found here.
The latter two configurations were identified during our in-
vestigation of possible Cg, manipulation pathways; this is
described in more detail in Sec. IV. Both configurations have
four Si-C bonds to the surface but relatively low binding
energies, —0.68 eV (r4k) and —1.07 eV (#4l). These can be
explained by a significant rebonding within the lower part of
the Cgy molecule. Configurations r2a—r2g above the row
were also reported in Refs. 10-12, whereas configuration
r2h, which has a low binding energy of —0.63 eV and con-
tains a pentagon of the Cg, facing the silicon surface, is
reported here.

Sites above the trough between two opposite dimers or
above the row on top of a single dimer were found to be
metastable forming two strong Si-C bonds and in certain
cases up to two additional weaker bonds. These sites are
important, as they may be intermediate states during C¢, ma-
nipulation on the Si(001) surface.

We modeled a part of the tip-induced manipulation path
for Cy¢, along the trough using density functional theory cal-
culations, as described in Sec. III A. The outline of the main
results of these calculations can be found in Ref. 4. Only a
2ay-long part of the manipulation pathway was modeled due
to the significant cost of such calculations. A constrained
minimization technique was used to model the Cqy manipu-
lation. For this, a single carbon atom of the C4, molecule was
chosen and displaced in small steps of 0.05 A along the
trough running in the y direction [see the inset in Fig. 4(a)].
For comparison, in experiment the STM tip was moved in
steps of 0.14 A (Ref. 4). The positions of all other atoms
were optimized at each step, and the position of the displaced
atom was optimized in the plane perpendicular to the dis-
placement direction.

In spite of the fact that the STM tip is absent in our
calculations, we believe that our work is relevant to the in-
vestigation of Cg, manipulation. This is because the dis-
placed atom can be used to model the actual contact of the
molecule with the tip that drives the manipulation process. In

particular, pushing may be simulated by an inward displace-
ment of an atom at the rear of the molecule in the direction
of the manipulation, while the pulling mechanism—similarly
by using one of the front atoms displaced outwards in the
same direction, the way it was done in our calculations.

We also think that the tunneling current in STM between
the surface and the tip is not the factor responsible for ma-
nipulation; its role is mainly to control the tip position. In-
stead, the role of the tip is to push the molecule. Therefore,
our computational approach, where the movement of the Cg,
is conducted by displacing one of its atoms is a valid model
to describe externally driven movement of the molecule, as
in real STM or atomic force microscopy (AFM) manipula-
tion experiments.

Structure r4c, the lowest-energy structure of Cg, adsorbed
on the Si(001) surface, was taken as the starting structure for
the simulation. When calculating the binding energies along
the manipulation path, the symmetrical p(2 X 1) structure of
the Si(001) surface was adopted as a reference since the
STM manipulation experiments* were conducted at room
temperature. This point requires some explanation. It is well
known?!-2? that above 200 K (the critical temperature, T, of
the order-disorder phase transition) dimers of the Si(001)
surface perform fast flip-flop motion. The cross section of the
surface potential energy along the flipping coordinate of any
dimer looks like a double well.?? Since there are many
dimers, the potential energy of the surface must be very com-
plicated with two global minima [corresponding to the two
possible orientations of the c¢(4X2) reconstruction] and
many local minima and saddle points (corresponding to other
configurations of the system when dimers take on all pos-
sible orientations). At T, the total energy of the surface (in-
cluding the vibrational contribution which is mainly due to
oscillating dimers) may be simulated by the highest (saddle)
point on the potential energy surface when all dimers take on
the symmetrical orientation. This point can be conveniently
considered as the surface potential energy above the 7. At
room temperature the surface energy is even higher due to
atomic vibrations. However, as we neglect the vibrational

085304-5



MARTSINOVICH et al.

PHYSICAL REVIEW B 74, 085304 (2006)

8 T y T 03 T . 5.3 T T T T
o = ~ N
o or r 1 30.2» ;\”‘ ISz
= g 1 25, ’ 6
=PI 1.Eoif | 1.8 1
=2 2 | B sk ”
P S o J g
L 18 1 B4 b
g (a) | = M\J (b) N ()
0 L L L . 0. 4.8 L L L L L
1 .2 3 4. 5 6 ¢ 6 1.2 3 4. 5 6
100 displacement (A) dlsplacement (A) displacement (A)
: ; : ‘ . . e . : . —
2 5ol e [ {24 :
) ) [L___ )
X 60F T - X I : 4r . 7
=3 J-—"""'J =) B Sof | ]
o 40 1397 ’ 1o
o P =0 1 'sg:DO* v~—--—--.-| V ,
= @ = @ |=2 ‘\ @
L L L §3 | L L E - L L L L L
% 6 3 5% 0 56

1.2 3 ]
displacement (A)

1 2 o
displacement (A)

1 ,.2 3 o
displacement (A)

FIG. 5. The trajectory of the Cgy movement: (a)—(c) y, x, and z coordinates of the molecule’@ center of mass during manipulation as a

function of displacement of the fixed C atom along the y axis [see inset in Fig. 4(a)]; (

x, y, and z axes (in degrees).

contribution for the combined (Cg, and the surface) system,
it is reasonable to take the surface with symmetrical dimers
as a reference to describe the experimental room-temperature
Cgo manipulation. Intuitively this can be easily understood:
due to fast flip-flop motion the surface on average can be
treated as being in the symmetrical p(2 X 1) phase. Note that
in Ref. 4, the buckled p(2 X 1) reconstruction was used as the
reference for the Si(001) surface. Thus, the calculated values
of binding energies are somewhat different in that paper.
Figure 4(a) shows the energy of the molecule, relative to
the isolated C¢, and the Si(001) surface, along the manipu-
lation pathway with respect to the position of the Cg center
of mass. Our simulations give the transition between the con-
figurations r4c— rdg— r4b (energy minima on the plot),
with the energy barriers between them corresponding to tran-
sition states. It can be seen in Fig. 4(a) that the energies at
first rise until the barrier of 2.5-3 eV is reached. After that
there is a fast drop to the next stable configuration. Note that
the displacement of the constrained atom was kept constant
throughout the simulation. However, the position of the cen-
ter of mass of the molecule changed by a large amount, as
the molecule fell into the next stable configuration. These
few steps were also accompanied by a large energy change.
Figure 5 shows the trajectory of the molecule in detail.
The x, y, and z coordinates of the center of mass of the
molecule are plotted with respect to the displacement of the
fixed carbon atom. Recall that the molecule moves along the
y direction, as shown schematically in Fig. 4(a). It can be
seen from the graphs that there are intervals where the y
coordinate of the molecule changes by a large amount during
a few displacement steps, whereas most of the time the mol-
ecule’s movement proceeds slowly. It can be seen that the
molecule advances by ~8 A, or approximately 2aj, as it
goes through the three configurations. The z coordinate of
the molecule (its height above the surface) remains approxi-
mately constant along the manipulation path, except for two
points—the pivoting steps where the molecule stands on two
Si-C bonds rather than on four bonds (the bonding configu-
rations can be seen in Fig. 6). The x coordinate of the mol-

)—(e) angles of rotation of the molecule around the

ecule’s center of mass changes slightly along the manipula-
tion path: the molecule wobbles slightly to the sides as it
moves. This can also be seen from the angles of rotation of
the molecule around the y and z axes: the molecule does not
move entirely along a straight line but tilts slightly to one
side. The angle of rotation around the x axis, i.e., in the
direction of motion, shows that the molecule turned by 90°
during displacement by 2ay, a quarter of the full turn of the
molecule.

It is also worth noting that the second stable configura-
tion, t4g, is asymmetric, despite the initial r4c configuration
being symmetric. The two possible alternative configura-
tions, t4a and rde, are symmetric but are higher in energy
than r4g. This fact is due to geometric commensurability of
the Cqy molecule and the Si(001) surface and demonstrates
that preserving the symmetry of adsorption configurations is
not a necessary requirement in Cg, manipulation.

In each elementary translation of the molecule by a, to
the next stable configuration, as we shall show presently,
three steps can be identified. At the first step, between the
initial stable configuration and the barrier [points (a)-(c) or
(e)—(g) in Fig. 4(a) for the first or the second elementary
translations, respectively], four C-Si bonds are preserved, but
both the molecule and the surface undergo strong deforma-
tion. At the second step [points (c)—(d) or (g)—(h)] the two
back Si-C bonds are broken, and the molecule has only two
bonds to the Si-Si surface dimers. The configurations (d) and
(h) belong to the 2 group.'? Thus, the initial t4c configura-
tion is followed by 72d (point d), which is 0.9 eV higher than
t4c—close to the value of 1.0 eV found in our earlier static
calculations.'?> The next f2-type configuration that follows
t4g (point h), although not identified in Ref. 12, has a similar
but somewhat higher energy, 1.8 eV higher than t4c. Finally,
at the last step [points (d)—-(e) and (h)-(i)], a new pair of front
Si-C bonds is formed, and the molecule moves into a stable
adsorption configuration'? with four C-Si bonds with the sur-
face dimers.

Interestingly, the highest-energy configurations [points
(c), (g) in Fig. 4(a)] are not those with two bonds between
the molecule and the surface but the configurations where all
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FIG. 6. (Color online) Electron density differences (+0.035¢) along the manipulation path between the combined Cg-silicon system and
the isolated Cg and silicon surface: top and side views. Regions of the excess and lack of the electron density relative to the isolated Cg and
silicon are shown in red (dark gray) and black, respectively. Only Si and C atoms close to the bonding interface are shown.

four Si-C bonds are still retained. As we shall argue in Sec.
III C, the energy barriers in our calculations are overesti-
mated. Still, we believe, the physical processes during each
elementary translation, as summarized above, do still take
place.

The path between stable configurations with four Si-C
bonds via intermediate configurations having two Si-C bonds
is confirmed by electron density difference plots obtained
using Eq. (1). These were calculated at a number of points
along the path and are shown in Fig. 6. Regions of the excess
electron density relative to the isolated Cgy and silicon are
shown in red (dark gray), and those with the lack of it in
black.

The Si-C bond formation between the molecule and the
surface and changes in the electron density distribution
within the Cg cage can be seen in the plots. The plots clearly
show that the highest-energy points are not the structures
with two Si-C bonds but the preceding stages just before the
back bonds are broken. Structures with only two Si-C bonds
have intermediate energies and are immediately followed by
stable structures with four Si-C bonds. An explanation for
these energies can also be given based on electron density
distribution.

A significant rebonding in the Cg, cage along the manipu-
lation path can be seen in the top views of the molecule in
Fig. 6. At the highest points [(c) and (g)] along the path, the
electron density distribution in the lower part of the molecule
differs strongly from that in isolated Cg, and the C-Si bonds
are strongly stretched. At these points the system loses a lot
of energy. Notably, intermediate structures with two Si-C

bonds [points (d) and (h)] have an electron density distribu-
tion rather similar to the isolated molecule. This can balance
the effect of breaking two Si-C bonds with the surface and
may explain the fact that the highest-energy structures in our
calculations are not those with only two Si-C bonds but the
immediately preceding ones.

We can semiquantitatively estimate the effect of deforma-
tion of the Cg-silicon system by considering separately the
deformation of the surface, the Cq, molecule, and the Si-C
bonds. Examination of bond lengths and of the geometry of
the surface and the Cg, molecule confirms that the surface
atoms are displaced from their stable positions and the mol-
ecule is very strongly deformed from its original spherical
shape at the highest-energy points.

Figure 4(b) shows the energies of the silicon surface and
the Cgq, molecule calculated separately in their geometries
optimized for the Cgy-surface combined system at each point
along the manipulation path relative to the energies of the
isolated silicon surface and Cg,. The figure shows that, first,
both the molecule and the silicon surface are 1.0-3.5 eV
higher in energy along the whole manipulation path than the
isolated Cg4 and silicon surface; second, the energies of the
Cgp and silicon increase between points (a)—(c) and (e)—(g)
by 0.5-1.0 eV. This means that, as the molecule moves to-
wards the potential energy barrier, both the molecule and the
surface become significantly deformed. Finally, points (d)
and (h) (the pivoting stages where only two bonds exist be-
tween the Cg, and the surface) are those where the Cg, and
the silicon surface have the lowest energies and are the least
distorted compared to optimized isolated geometries.
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The response of the Cq, and other fullerenes to uniaxial
and axial deformation was studied theoretically
previously.?*?> These studies showed that the Cg, molecule
is not a rigid body and that it can withstand strong deforma-
tion before a permanent change of shape or collapse of the
molecule. The strain energy corresponding to an axial strain
of ~4% (similar to the values obtained in our Cg, manipu-
lation simulations) was of the order of 0.5-0.6 eV.

The Si-C bond lengths have also been analyzed during the
manipulation. We find that the front pair of Si-C bonds is
normally ~2.0 A long (cf. 1.88 A the calculated Si-C bond
length in bulk cubic silicon carbide), and the back Si-C
bonds become 2.30 A [during the first elementary translation
step at point (c) in Fig. 4(a)] or 2.23 A [during the second
step, point (g)] before breaking. The energy change due to
the elongation of Si-C bonds can be estimated by varying the
lattice parameter of bulk silicon carbide. Based on the ¢
-SiC data, elongation of Si-C bonds from 2.0 to 2.3 A would
cost 0.61 eV per bond, and from 2.0 to 2.23 A would cost
0.47 eV per bond. This can be compared with the energy
effect of Si-C bond formation upon adsorption of Cg, on the
Si(001) surface, 0.4—0.7 eV.!2

Thus, the combined effect of deformation of the silicon
surface and the Cg, molecule and strained Si-C bonds during
the manipulation of the molecule strongly increases the en-
ergy of the Cgp-silicon system. This deformation can be re-
lieved by Si-C bond breaking and subsequent relaxation of
the geometry of the Cgy and the silicon surface and Cg, reb-
onding. This process is accompanied by energy lowering.
The structures with only two Si-C bonds between the mol-
ecule and the surface are metastable, and a small displace-
ment of the molecule can cause the pivoting of the molecule
over the remaining two Si-C bonds so that two new Si-C
bonds are formed, releasing ~1 eV of energy and resulting
in a new stable adsorption configuration.

Note that the above calculations may also be relevant for
describing self-diffusion of the Cq, molecule on the same
surface, although details may be different. Indeed, it seems
highly probable that the mechanism of self-diffusion is roll-
ing as this would require only two bonds with the surface to
be broken, rather than four in the sliding mechanism. The
issue of Cg, self-diffusion is interesting in its own right.
There have not been systematic studies of Cg, diffusion on
the silicon surface; however, surface diffusion of Cg, and
higher fullerenes was inferred from fullerene desorption data
at high temperatures of 300-500° in an experimental
study,”® and jumps of the Cq, from trough to row positions
were observed by STM during annealing at 500° (Ref. 15).
The experimental results suggest that the barrier to Cg, dif-
fusion is very high. Hence, we can only give an upper esti-
mate of 2—2.5 eV for the barrier of Cg, diffusion on the
silicon surface from our calculations. Such a high barrier
would not allow the diffusion of Cg, even at room tempera-
ture. A displacement of Cgy has to be driven externally, for
example, by means of an STM tip.

C. BSSE corrections

Formation energies described so far and reported in Ref. 4
did not include BSSE corrections as discussed in Sec. III A.
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Here we present more careful calculations in which the
BSSE correction was estimated at each point along the ma-
nipulation pathway. The BSSE values are between 1.17 and
1.26 eV for most of the manipulation path when there are
four Si-C bonds, and between 1.0—1.1 eV for configurations
with two Si-C bonds. This proves that there is a relatively
smaller mutual effect of Cg, and the silicon surface when
only two Si-C bonds exist—the fact already shown by the
electron density distribution of the Cgy-silicon system being
similar to that of the isolated Cgj and silicon surface. We also
conclude that the BSSE correction affects the energy barriers
very little along the path.

Recall that in these calculations we modeled the Cgy ma-
nipulation at room temperature. To this end, the symmetrical
p(2X1) Si(001) surface was considered as a reference in
calculating the binding energies along the manipulation path.
It is seen from Fig. 4(a) that at room temperature the mol-
ecule is bound to the surface along the whole transition path.

The situation may be different for low temperatures where
the c(4 X 2) reconstruction with buckled dimers is known?!22
to be more energetically favorable. In this case, if the c(4
X 2) structure is considered as a reference, the BSSE cor-
rected binding energies near the barrier for the Cy, manipu-
lation become positive. Note that as the binding energy is
defined with respect to the isolated molecule and the surface,
the energy cannot be larger than zero since zero binding
energy corresponds to the infinite separation of the two.
Therefore, obtained positive binding energies are an artifact
of our calculation method based on the constrained minimi-
zation technique and thus the calculated barriers are overes-
timated. Even so, the barriers are too large for the molecule
to overcome at sufficiently low temperatures, so that this
error does not affect our conclusions.

Note that an accurate calculation of the transition path
[using, e.g., the nudged elastic band (NEB) method®’28]
would be very time consuming taking into account the large
size of the system. Still, to estimate the barriers better, one
may try a number of methods. One of them is to model Cg,
manipulation in a different way, including the STM tip in the
model. These calculations are currently under way. The other
approach is to move the molecule by displacing some other
atom of the Cgy molecule. We tried several alternative
choices of the carbon atoms to drive the Cg, manipulation,
and find that the energy barriers can be reduced by at least
~0.4 eV.

IV. MANIPULATION PATHWAYS

Experiments on the STM manipulation of Cg, described
in Sec. II A provided a rich variety of manipulation trajecto-
ries along the trough, including periodic tip traces with peri-
odicities ranging between two and four dimer-dimer dis-
tances a,. It is not practical to perform extensive ab initio
modeling of all possible pathways to explain the observed
trajectories, since ab initio simulations of Cgy manipulation
are very time consuming. However, it is possible to predict
manipulation sequences analytically by analyzing stable ad-
sorption configurations of Cg, on Si(001) and possible tran-
sitions between them.
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FIG. 7. Possible pathways for Cg rolling along the trough (a) and the row (b). The binding energies correspond to the zero temperature.

Solid, dashed, and dotted lines refer to different rolling pathways.

The basic assumptions made when predicting possible
manipulation pathways are as follows: (i) the molecule
moves between known stable adsorption configurations (with
four Si-C bonds) via unstable or metastable transition states
having two bonds; (ii) sequential breaking of Si-C bonds and
formation of new bonds takes place, i.e., the movement of
the molecule occurs via the pivoting mechanism over two
front Si-C bonds as first suggested in Ref. 4.

It can be shown, for example, that the pathway described
in the previous section and in Ref. 4 is a part of a longer
sequence with a 4a, periodicity. An inspection of the bond-
ing in the 74b configuration (the very last one obtained in our
ab initio calculations of manipulation) and all other adsorp-
tion configurations above the trough!? shows that this con-
figuration can only be followed by the r4g” configuration
(the mirror image of the r4g configuration). Similarly, of all
possible configurations, t4g" can only be followed by t4c,
i.e., the same configuration as the starting one. Thus, after
having gone through four different adsorption configurations,
the molecule arrives at the starting configuration. The com-
plete sequence t4c — t4g — t4b—t4g" — tdc- -+ therefore has
a fourfold periodicity. Note that during each translation from
one stable configuration to another the molecule advances by
ay. Therefore, this manipulation sequence has a periodicity
of 4ay, the same as observed in our experiments (see also
Ref. 4).

Other pathways along the trough may also be possible,
starting from or going through different stable configura-
tions. We analyzed all known adsorption configurations in
the trough and the possibilities of transitions between them.
The possible transitions between pairs of configurations can
be summarized as follows: tda—t4b, t4f or t4h; t4b
—14g", thc—tha, the or thg; the—taf;, the" —tdc; tAf
—tde”; tdg —t4b or t4h; t4g*—>t4c; tAh—tde”; t4i—14i".
The asterisk here designates the sites which are mirror im-
ages of the main sites as described in Ref. 12. By connecting
all adsorption sites with arrows corresponding to transitions
between them, all possible manipulation pathways can be
constructed and these are shown in Fig. 7(a).

It can be seen that the configuration t4c, the starting con-

figuration in our ab initio simulations, can give rise to sev-
eral different manipulation sequences: it may arrive upon
pivoting not only at site t4g as described above and found in
our ab initio calculations, but also at some other stable sites:
t4a and t4e. The configuration t4g may be followed either by
t4b (as in our calculations), or by configuration 4k, which is
higher in energy (has a lower binding energy), and in turn
can be followed only by #4g". This results in a 4a,-periodic
sequence that is similar to the one described in the previous
section. The configuration r4e can only roll into r4f, fol-
lowed by t4e”, the mirror image of the configuration t4e, and
finally r4c that is the starting configuration of the sequence.
The configuration t4a appears to be a special case: upon
pivoting it should arrive at a configuration which is not
stable according to our calculations. It can then relax into
one of the configurations t4b, t4f or t4h upon rebonding with
the surface dimers. Therefore, the particular transition from
t4a does not exactly correspond to the pivoting mechanism.
The configuration r4i can only be followed by its mirror
image 4i" and does not transform into any of the sequences
discussed above. Hence, a 2qa, periodic sequence can be con-
structed from these configurations: t4i — t4i* —t4i—---. Fi-
nally, the site r4d does not take part in any periodic se-
quences. However, as shown in Fig. 7, the molecule can
arrive from configuration #4d to t4b via t4k and 41 shown in
Fig. 3(a). Note that the site r4b belongs to the periodic se-
quence mentioned above.

Thus, if one follows the indicated transitions between
stable sites, several sequences can be identified as shown
schematically in Fig. 7(a). All the sequences starting at t4c¢
have the 4qa, periodicity. There is only one sequence with the
2a, periodicity starting from configuration t4i, which is
higher in energy than the above-mentioned 4a, periodic se-
quences.

All the sequences with the 4a periodicity start from the
configuration r4c, i.e., the one with the largest binding en-
ergy. According to Fig. 7(a), manipulation can, in principle,
go along several routes, starting from this configuration, with
different energy profiles for different sequences. However,
our ab initio simulations as described in Ref. 4 and in this
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FIG. 8. A schematic of possible mechanisms of Cg rolling along the trough with the periodicity of 3a, (a), (b) and 2a, (c). Only lower
hexagons and pentagons of the Cg, are shown. Silicon dimer rows are shown as gray stripes. Shaded circles denote carbon atoms forming
Si-C bonds; among them, dark shaded atoms are those which are involved in pivoting over one bond. Empty circles indicate the positions
of the Si-C bonds in the preceding configurations and are included to show more clearly the transitions from a previous configuration to the
next one. Positions of the Si-Si dimers close to the Cgy molecule are shown as dark lines.

work give only one path, the one with the lowest energy. It is
possible that not all of the conceivable sequences occur in
manipulation experiments but only those with the lowest en-
ergy. However, various manipulation pathways with the
same 4a periodicity, which are observed in our STM experi-
ments, suggest that, depending on the particular experimental
conditions, several sequences in Fig. 7(a) could in principle
be involved, not only the one with the lowest energy.

Note that STM manipulation experiments along the
trough have recorded 2ay, 3a,, and 4qa, periodicities for the
manipulation trajectories, with changes from 4a, to 3a, ob-
served within the same trajectory.* Above, we have proposed
a 2ag and several 4a, periodic sequences, among them the
lowest-energy path (tdc— tdg—t4b—t4g" —tdc--+), these
can explain some of the experimentally observed tip trajec-
tories. However, no 3a periodic sequence can be identified,
based on our assumption of pivoting over two bonds as de-
scribed above.

An inspection of experimental tip trajectories (see also
Ref. 4) with different periodicities shows that there is a close
similarity between wave forms of 3a, and 4a, periodic se-
quences, and a return to the 4q, periodicity can occur after a
3a, sequence. This allows us to conclude that there is a part
of the manipulation sequence that is common for manipula-
tion pathways with both periodicities, and a switch from a
4aq to a 3a, sequence occurs at one of the pivoting stages. At
this point the mechanism of Cg rolling is somewhat altered,
for example, by the molecule pivoting over a single bond
only. We propose that when the molecule is close to pivoting
and has only two bonds to the surface (i.e., is much less

stable), a certain amount of asymmetry in the position of the
STM tip can give the molecule a rotational moment about an
axis perpendicular to the surface. In this case, the trajectory
of the molecule can deviate from the sequences suggested
above.

Assuming that only a single bond is retained at the pivot-
ing stage, it is possible to find all possible pathways between
the stable sites for this mechanism as well. There is a signifi-
cant number of possibilities, so that we shall focus only on
those that arise from the most energetically favorable transi-
tion path t4c—tdg—t4b—tdg" —tdc---. Among all the
stable sites there, the t4g configuration is the one that is
likely to give rise to alternative manipulation pathways. For
example, by means of bypassing configuration t4b, a direct
transition from r4g to t4g" is possible as shown in Fig. 8(a).
The sequence involves a 30° rotation of the molecule around
a single Si-C bond. This rotation can be induced, for ex-
ample, by an STM tip that is either nonsymmetrical or is
positioned off center with respect to the molecule. Similarly,
a direct transition between r4g and t4¢” is also possible by
means of a similar mechanism, see Fig. 8(b). In both cases
the molecule arrives back at configuration t4¢ performing in
total the 3a, translation, and the configuration t4g acts as the
bifurcation point. These manipulation pathways would be-
come periodic if the same mechanism (pivoting over a single
bond) is repeated several times. Otherwise, several pathways
(of either 3ay or 4a, periodicities) may alternate resulting in
some variation of the observed tip trajectories.

The t4i—tdi* sequence suggested above to
explain the observed tip traces with 2a, periodicity, is based

—t4i—-
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on the pivoting mechanism over two C-Si bonds. This se-
quence may be unlikely as it is based on the least energeti-
cally favorable on-the-trough adsorption site. If we assume,
however, that the molecule pivots over a single C-Si bond,
then an alternative mechanism as shown in Fig. 8(c) can be
suggested which is still based on the two most energetically
favorable configurations. As in the cases of the 3q, se-
quences, the proposed 2q, trajectory can be induced by an
STM tip that exerts an additional rotational momentum on
the molecule around an axis perpendicular to the surface in
addition to the translational motion.

The sequences discussed above may account for the ex-
perimentally observed trajectories with periodicities of 2ay
and 3a,. They also explain that the periodicities in observed
tip trajectories may not be observable in every experiment as
in order for them to happen it is required that the tip acts on
the molecule at its center and in the direction of the trough
with high accuracy. As was explained in Sec. II B, this is
difficult to achieve and control in experiment, especially at
room temperature.

The manipulation mechanisms considered so far corre-
spond to the on-the-trough displacement of the molecule. We
shall now consider on-the-row manipulation pathways for the
completeness of this study. Analyzing possible transitions
that can connect all eight known stable row sites upon piv-
oting over the front two C-Si bonds, we find that for most
configurations, there is only one possible successor configu-
ration along the manipulation path: r2b—r2g; r2c—r2c¥;
r2d—r2c; r2e—r2f, r2f—r2a; r2g—r2b; r2h—r2a;
r2h" —r2c and r2f" —r2e. There are only two geometries
that allow two possibilities of transitions: (i) r2a may go
either to 724" or r2f" and (i) r2¢"— r2h or r2d.

Combining all these elementary pivoting steps into the
rolling sequences, we arrive at the following four trajectories
shown in Fig. 7(b). The lowest energy sequence r2a— r2f"
—12e—r2f—r2a—--- possesses the 4a, periodicity. The
sequence 1r2b—r2g—r2b—--- has the 2a, periodicity,
while r2a—r2h"—r2c—r2c"*—r2h—r2a—--- has the
5a, periodicity. If the site 72¢” is followed by the r2d con-
figuration, then the 3a, periodic sequence may also be pos-
sible: r2¢—r2¢"—r2d—r2c—--- . The latter two se-
quences involve the highest-energy structures. Note that
there are two groups of sequences with no possibilities of
transitions between sites associated with them: first, the 2a
periodic sequence based on configurations 725 and r2g, and
second, the three other sequences involving configurations
r2a, r2c, r2d, r2e, r2f, and r2h. The 2a, periodic sequence
is determined uniquely by the initial adsorption configuration
r2b or r2g. In other cases the branching off at the r2a or r2¢”
sites may result in a different sequence or alteration of se-
quences and thus broken periodicity. The Cg, manipulation
path on the row is therefore likely to be more complex and
have a less defined periodicity than the in-the-trough path.

Note that on-the-row manipulation has not yet been ob-
served experimentally. The likely explanation for this is that
the on-the-row configurations are less stable than those in the
trough, and also attempts to manipulate a molecule adsorbed
on the row are likely to lead it to be displaced into the
trough. This is especially the case if the tip acts on the mol-
ecule not exactly in the direction along the row. As has been
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discussed already, this is a very likely situation in the real
experiment.

The energies of the adsorption configurations along the
pathways considered above range between -2.6 and
—0.8 eV. Note that we do not know the energy barriers for
the molecule to overcome for most of the transitions between
pairs of stable sites. However, from our ab initio calculations
presented in Sec. III B for the first two elementary steps
along the path t4c— tdg —t4b— t4g" —t4c- -, we infer that
the barriers are likely to be of the order of 2 eV, and thus the
molecule should be immobile at room temperature, so that it
can only be displaced by an external force exerted, e.g., by
an STM tip.

To summarize this section, a number of possible manipu-
lation pathways for the Cg, molecule moving along the
trough and row were considered and compared with experi-
mentally recorded STM manipulation tip trajectories. We
propose sequences of adsorption configurations that account
for the experimentally observed tip trajectories along the
trough including both periodic and aperiodic traces.

V. CONCLUSIONS

We reported on a large variety of constant current room
temperature STM tip traces of the repulsive manipulations of
the Cg, molecule in the trough on the Si(001) surface. Some
of the traces demonstrate wave forms with clear periodicity
of two, three, and four dimer-dimer distances a, and may
extend for tens of A. Some others show a more complex
behavior with switching between different wave forms
and/or systematic changes.

To explain the 4a, periodic sequences, we have under-
taken a series of ab initio density functional theory calcula-
tions, following the same method as in our preliminary
work,* in order to reexamine the first two elementary ma-
nipulation steps of the most energetically favorable in-the-
trough path. In comparison with the earlier work,* our
present calculations include the BSSE correction and also we
have used a number of different methods to force the mol-
ecule to move. In addition, in order to facilitate comparison
with the room temperature STM experiments, the symmetri-
cal p(2X1) Si(001) surface was considered as the reference
system in calculating the binding energies along the path.

In agreement with the earlier study,* the calculations show
that the molecule moves between a series of stable adsorp-
tion configurations with four Si-C bonds to the surface via
intermediate states with two Si-C bonds. Examination of
bonding in the molecule and the surface reveals that the
movement of the molecule proceeds via sequential breaking
and formation of Si-C bonds to the surface according to a
pivoting mechanism: immediately after the transition point,
there are two bonds between the molecule and the surface,
over which the molecule rolls. Energy barriers of ~2 eV are
involved in such motion, they are caused by bond stretching
and deformation of the molecule and the surface. Changes in
the electron density distribution in the Cgy-silicon system
have also been systematically studied. They confirm the Si
-C bond breaking and new bond formation and show that
there are significant changes in the electron density distribu-
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tion in the C4, molecule during manipulation (self-diffusion).
Note that our calculated energy barriers are somewhat over-
estimated due to the constrained minimization technique
used.

In order to understand the complex variety of observed
manipulation traces, we have also analyzed all possible ma-
nipulation paths between stable adsorption sites both along
the trough and the row. We find that a large number of dif-
ferent manipulation sequences are possible, although not all
of them may be easily achieved due to likely high energy
barriers and/or low binding energies of the stable structures
involved. In particular, several 4a, periodic sequences have
been suggested that may account for the observed 4a, peri-
odic wave forms.

In order to explain the observed 3a, periodic tip traces,
we suggested an altered pivoting mechanism according to
which the molecule pivots over one, rather than two, C-Si
bonds, and a pair of possible detailed molecule trajectories
corresponding to this mechanism have been proposed. The
observed 2ay periodic traces, reported here for the first time,
have also been explained as resulting from either a special
double-bond pivoting trajectory involving the configuration
t4i of the molecule in the trough, or a different mechanism
that we consider more likely, in which the molecule pivots
over a single C-Si bond, similarly to the 3a, sequence. The
observed aperiodic tip traces are explained by a nonsymmet-
ric position of the tip with respect to the molecule or by a
lack of precision in its manipulation direction, the factors
which are difficult to avoid in real room temperature experi-
ments, or both. These factors result in frequent switches be-
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tween different manipulation sequences that appear as aperi-
odic tip trajectories in the experiment.

We believe, that the described simulations are also rel-
evant for the self-diffusion of the Cg, molecule on the
Si(001) surface, indicating that the likely mechanism of the
molecule diffusion is rolling, and this rolling can only hap-
pen at elevated temperatures due to rather high energy bar-
riers.

Further studies on this system are currently under way, in
particular, the effect of the STM tip on the manipulation
mechanism is being investigated theoretically. This calcula-
tion will elucidate the role of the tip and will allow us to
distinguish between tip-dependent and tip-independent pro-
cesses. We firmly believe that the pivoting mechanism is the
general mechanism whereby the molecule moves along the
reactive Si surface, either in the absence or in the presence of
the tip. Note that our theoretical results on the Cgy manipu-
lation are also of relevance to a possible AFM assisted ma-
nipulation in which controlled translation is driven by the
force between tip and molecule.
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