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Abstract

We report upon controlled switching of a single 3,4,9,10-perylene tetracarboxylic diimide
derivative molecule on a rutile TiO,(110) surface using a non-contact atomic force microscope
at room temperature. After submonolayer deposition, the molecules adsorb tilted on the
bridging oxygen row. Individual molecules can be manipulated by the atomic force microscope
tip in a well-controlled manner. The molecules are switched from one side of the row to the
other using a simple approach, taking benefit of the sample tilt and the topography of the titania
substrate. From density functional theory investigations we obtain the adsorption energies of
different positions of the molecule. These adsorption energies are in very good agreement with

our experimental observations.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The invention of the scanning tunneling microscope (STM)
in 1982 by Binnig et al enabled not only imaging conducting
surfaces at the atomic scale but also manipulating single atoms
and molecules on these surfaces [1-4]. Both imaging and
manipulation with an STM are generally well understood
and under excellent control. A severe disadvantage of STM,
however, constitutes its limitation to conducting surfaces. Non-
contact atomic force microscopy (NC-AFM), on the other
hand, measures the force acting between an atomically sharp
tip and the surface and can, thus, be used to image both
conducting [5] and insulating surfaces [6—8] with atomic
resolution. Recently, lateral and vertical manipulation of
single atoms has been demonstrated using NC-AFM [9-13]
and studied theoretically [14—-17].

In contrast to the precise control in single-molecule
manipulation using STM, the manipulation of single molecules

4 Present address: Dr. Eberl MBE-Komponenten GmbH, Gutenbergstralie 8,
D-71263 Weil der Stadt, Germany.

5 Present address: Interdisciplinary Nanoscience Center (iNANO),
Department of Physics and Astronomy, Aarhus University, Ny Munkegade,
DK-8000 Aarhus C, Denmark.

0957-4484/11/245701+06$33.00

using NC-AFM is still far from being mature. Several
theoretical studies exist, dedicated to understanding the ma-
nipulation of single molecules using an NC-AFM tip [18-20],
but up to now only a few experiments have been reported
upon manipulating molecules with NC-AFM. In particular,
several challenges have to be overcome when performing
the manipulation of single molecules with NC-AFM on
insulating surfaces. At room temperature, the molecular
surface diffusivity is usually very high, resulting in cluster
formation and molecular crystal growth [21-23]. High
molecular mobility hampers controlled manipulation of single
molecules at room temperature and requires the experiments to
be performed at low temperatures. So far, however, no low-
temperature NC-AFM manipulation experiments of a single
molecule on a non-conductive surface have been reported.
Successful NC-AFM manipulation has been presented in
2006 by Hirth ef al, demonstrating lateral manipulation of
defects on the CaF,(111) surface at room temperature [24].
Simultaneous manipulation of several molecules at room
temperature has been performed by Kawai ef al [25] as well
as in our group [22]. In contrast to the latter studies, here we
present the controlled switching of a single molecule at room

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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temperature. The manipulation is performed by employing a
simple approach, which takes benefit of the TiO,(110) surface
topography, but which is also applicable to other surfaces.

2. Methods

The entire experimental work presented in this paper was
performed under ultrahigh vacuum conditions (UHV) at room
temperature using an NC-AFM operated in the frequency
modulation mode [26]. In NC-AFM, a sharp tip mounted at
the end of a cantilever is scanned over the surface, while the
cantilever is driven at its actual resonance frequency. Because
of tip—surface interactions, the resonance frequency changes,
which is monitored as a resonance frequency shift A f. When
imaging in the constant height mode, Af is recorded and
displayed as a frequency shift image. When imaging in
the constant frequency shift mode, Af is kept constant by
regulating the tip—surface distance. For all measurements
reported here, the distance feedback loop was set very slow,
yielding quasi-constant-height images while still following the
overall tilt of the sample surface, i.e. the presented images
show Af as a function of the tip position.

The experimental details have been described previ-
ously [27]. For all measurements we use n-doped silicon can-
tilevers (NanoWorld, Neuchatel, Switzerland) with a resonance
frequency of about 300 kHz (type PPP-NCH) operated with an
amplitude of about 10 nm. Prior to their use, the cantilevers
were ArT-sputtered at 2 keV for 5 min to remove contaminants.
All images are taken with a scanning speed of one line per
second and 500 pixels per line. Fast- and slow-scan directions
are indicated by the arrows in the upper right corner in each
image. The images are displayed such that bright corresponds
to a highly attractive interaction while dark corresponds to less
attractive or even repulsive interactions.

The molecule used in this study is a 3,4,9,10-perylene
tetracarboxylic diimide (PTCDI) derivative, namely N,N/-
bis(1-hexylheptyl)-PTCDI (CAS no. 110590-84-6) [28, 29].
The chemical structure of this molecule, referred to as PTCDI
S-13, is shown in figure 1(a). After a cleaning procedure
(heating for 12 h at 400 K) the molecules were sublimated
in situ at a temperature of 455 K. For more details on the
preparation, adsorption and imaging characteristics see [27].

PTCDI S-13 was studied on the (110) surface of rutile
titanium dioxide, which is shown in figure 1(b). The TiO,
samples were crystals of the highest available quality (MTI,
Richmond, USA). The unreconstructed (110) surface was
prepared by repeated cycles of Ar" sputtering at 1 kV for
15 min and subsequent annealing at 990 K for 15 min.

The density functional theory (DFT) calculations were
performed with the SIESTA package [30], using ab initio
pseudopotentials and the local-density approximation (LDA).
More details of the calculations can be found in [27].

For the bare TiO,(110) surface, several different contrast
modes are known [31-34]. In previous investigations we have
observed two different imaging modes for the molecules [27],
which are shown in figure 2. In mode I (figure 2(a)) the
molecules were imaged as bright and unstructured features,
while in mode II (figure 2(b)) the molecules were imaged
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Figure 1. (a) Schematic drawing of an

N, N7-bis(1-hexylheptyl)-PTCDI molecule. (b) Schematic drawing
of the bulk-truncated rutile TiO,(110) surface with bridging oxygen
rows along the [001] direction. Titanium atoms are shown as small
black circles. Oxygen atoms are shown as gray circles; lighter
shading represents higher atoms. Defects in the bridging oxygen
rows are marked by arrows, showing an oxygen vacancy as well as
single and double hydroxyls.

as features with a dark center and a bright rim. The dark
center corresponds to a region with less attractive interaction.
In mode II, the core of the molecules appears slightly bent
(in figure 2(b) two molecules are bent to the left while one
molecule is bent to the right), which is related to the adsorption
position. As revealed by NC-AFM and STM investigations as
well as DFT calculations the molecules adsorb on the bridging
oxygen rows. DFT calculations have shown that the molecules
adsorb not exactly on top of the oxygen rows but tilted at an
angle of about 22° towards the Ti troughs (see figure 2(c)) [27].
This tilted adsorption position is explaining the previously
mentioned bent imaging of the molecules. Molecules bent to
the left are adsorbed tilted to the right Ti troughs and vice
versa. When comparing our results to the NC-AFM contrast
formation previously reported in the literature [31-34], we can
explain the different imaging modes by negative (mode I) and
positive (mode II) tip terminations. An explanation limited
to electrostatic interactions solely represents a rather simple
picture and the tip—sample interaction might involve various
other interaction types. In this paper, however, we will use the
terms ‘positive’ and ‘negative’ for simplicity.

3. Results and discussion

In figure 3, a series of three consecutive NC-AFM images
is shown, demonstrating the manipulation of a single PTCDI
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Figure 2. NC-AFM quasi-constant-height images and schematic
diagram of the different contrast modes and the adsorption position
as revealed by DFT [27]. Image (a) shows a molecule imaged with a
negative tip (mode I), while image (b) shows a different sample area
with three molecules imaged by a positive-terminated tip (mode II).
In each image, the dark substrate rows close to the molecules are
highlighted by dotted orange lines, illustrating that the molecule

in (a) is centered on a dark row, while the molecules in (b) are
centered on a bright row. The schematic drawing in (c) illustrates the
energetically favored adsorption position (looking in the [001]
direction of the substrate) as revealed by the DFT calculations.
Further information can be found in [27].

S-13 molecule. For all images presented, the fast-scan direction
is from right to left, while the slow-scan direction switches
orientation from image to image. In figure 3(a) three molecules
are seen, but we concentrate on the lower two. Due to the
molecular appearance (dark center with a bright rim), we can
assign the imaging mode to a positively terminated tip (mode
II). The upper molecule is bent to the right, while the molecule
in the lower part of the image is bent to the left. In (b)
an illustration of the different orientations of the molecules
on the titania surface is given. We want to stress that the
appearance of the molecules does not change as long as the tip—
sample distance is kept the same. In the following NC-AFM
image presented in figure 3(c), the same area is shown again,
but now scanned with a higher frequency shift setpoint, i.e.
with a higher tip—sample interaction. The higher tip—sample
interaction leads to the manipulation of the lower molecule
marked by the square. The upper molecule is not manipulated
for reasons that are given below. The third NC-AFM image
in figure 3(e) again shows the same surface area, but now
both molecules are bent to the right, confirming the successful
manipulation. In figure 3(d) the area marked by the square
from image (c) is reproduced with a larger frame size. The fast
scan line, where the manipulation takes place, is marked by red
triangles. This backward (scanned from right to left) fast-scan
line and the previous forward (left to right) and backward scan
lines are given in figure 4. From figure 4(a) it is obvious that the

Figure 3. Series of three consecutive quasi-constant-height NC-AFM
images showing the manipulation of a single PTCDI S-13 molecule.
In (a) two molecules are imaged with a positive-terminated tip

(mode II). The upper molecule is bent to the left, while the lower
molecule is bent to the right. In (b) a sketch illustrating the two
different adsorption geometries is shown. In the following image (c)
the Af setpoint is reduced and, consequently, the tip—sample
interaction is increased. Due to the higher tip—molecule interaction,
the energy barrier for switching the molecule from one side of the
bridging oxygen rows to the other is overcome and the lower
molecule is manipulated as can be seen by the sharp change in its
appearance. Image (d) shows the manipulation process in greater
detail. In the following image (e), both molecules are bent to the
right, which is also illustrated by the sketch in image (f). The average
Af in (a) is —36.5 Hz, (¢) —37 Hz and (e) —37.5 Hz.

absolute value of the frequency shift for the backward scan line
is always larger than in the forward scan line, demonstrating
that the tip—molecule interaction is higher in the backward scan
compared to the forward scan. This effect has its origin in the
distance regulation feedback and the tilt of the sample®.

6 The left edge of the imaged area is about 0.1 nm higher than the right edge.
Thus, for the forward scan direction the distance feedback has to adjust for a
frequency shift with a smaller absolute value by moving the tip closer to the
surface. Because of the slow feedback settings, the frequency shift setpoint
is not reached completely and, therefore, the measured absolute value of the
frequency shift is smaller than for the backward scan line, where the distance
feedback has to compensate for too high absolute values of the frequency
shift. Thus, the smaller tip—sample interaction in the forward scan direction
compared to the backward scan direction is a direct result of the sample tilt
and the slow feedback loop settings.
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The backward scan line before the manipulation event is
presented in figure 4(b) (line 203 backward, gray squares).
Two distinct maxima are visible. The left feature is higher,
which has its origin in the tilted adsorption position of the
molecule and the sample tilt. The manipulation process takes
place in the following backward scan line (line 204 backward,
red dots). The manipulation event is marked by the rectangle.
Following the way of the tip in this scan line, we start on
the right-hand side, where the tip images the first bright rim
of the molecule. While the tip is over the dark imaged
region of the molecule, the manipulation takes place, which is
visible as a steep rise of the absolute value of the frequency
shift. After the manipulation, the characteristic pattern of
the molecule is imaged again. We now discuss whether the
observed manipulation arises due to an attractive pulling or
a repulsive pushing type of manipulation. First, we note that
the manipulation does not take place at the site of highest tip—
molecule attraction (largest absolute value of the frequency
shift) but, instead, in the less attractive center of the molecule.
Considering the symmetric shape of the molecule, a symmetric
tip” placed above the center of the molecule exerts an identical
force to the left and to the right part of the molecule. Thus, the
lateral attractive force components in the center of the molecule
should compensate each other. In fact, due to the slightly tilted
adsorption position, the left side is imaged as even more bright
than the right side, indicating a stronger attractive interaction of
the left side of the molecule towards the tip, which would result
in an attractive force pointing towards the right, a direction
opposite to the manipulation direction. Hence, a manipulation
to the left side due to attractive forces acting between the
tip and molecule appears unlikely. This line of argument
suggests a repulsive, pushing type of manipulation. As a
repulsive interaction is associated with small negative or even
positive frequency shifts [35], one would expect a spike in the
manipulation curve in figure 4(b) towards small absolute values
of the frequency shift. The absence of this spike might be
explained by the fast time scale of the manipulation process
compared to the NC-AFM data collection.

The higher tip—sample interaction during the backward
scan and the different arrangements of the molecules also
explain why the lower molecule is switched, while the upper
one remains in its original position: while the lower molecule
is tilted to the right, the upper molecule is tilted to the left.
Considering now a pushing type of manipulation, the upper
molecule bent to the right already lies on the left side of the
bridging oxygen atoms of the titania surface and, thus, cannot
be manipulated in the backward scan.

In figure 4(c), an illustration of the manipulation process is
shown. To simplify the drawing the alkyl chains of the PTCDI
S-13 molecules are omitted. The molecule is pushed by the
NC-AFM tip from the right side to the left side of the bridging
oxygen rows. In total, we were able to manipulate around 20
molecules by increasing the tip—molecule interaction. Note
that all switching events were exclusively observed when the
tip was scanned over the molecule, in other words, we did not
observe spontaneous switching events.

7 Note that the experiment was repeated with different tips, greatly reducing
the influence of special tip conditions such as an asymmetric tip shape.
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Figure 4. Part (a) shows a forward (blue) and the preceding
backward (gray) scan line, revealing a much lower tip—sample
interaction in the forward scanning direction. In graph (b) the
backward scan line marked by two triangles from figure 3(d) and the
preceding backward scan line are shown. Sketch (c) shows a model
of the manipulation process. For simplicity the alkyl side chains are
not drawn.

From the calculations carried out to elucidate the detailed
adsorption position of PTCDI on the rutile (110) surface [27]
we are also able to obtain an estimate for the energy barrier,
which must be overcome to push the molecule from one side
of the bridging oxygen row to the other side. To reduce
the needed calculation time, two simplifications are made:
first, bare PTCDI without the alkyl chain side groups are
considered for the calculations. Second, a full geometry
optimization for the whole system (titania substrate plus the
molecule) is not performed. This reduces the number of
possible variables for the position of the PTCDI molecule to
four variables: X, the position of the center of the PTCDI in
the [110] direction, Y, the position in the [001] direction, Z,
the height of the molecule over the substrate and &, the tilt
angle of the PTCDI molecule around its long axis. These four
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Figure 5. Calculated adsorption structures for PTCDI on the TiO, surface (adapted from [27]). (a)—(c) show the cross section of the surface
looking along the [001] direction with different positions of the molecules. (d) shows the corresponding adsorption energies in dependence on
the adsorption positions shown (filled and open circles correspond to Y coinciding with a titanium trough or a bridging oxygen atom,

respectively).

variables are varied and the DFT total energy of the system
is calculated for each configuration. Thereafter, the energy
is optimized with respect to the parameters by polynomial
approximation and least-squares fitting. While this procedure
(i.e. neglecting structural deformation of the substrate and
molecule upon adsorption) may not be accurate enough to draw
final conclusions on precise adsorption energies and details of
the adsorption geometry, it allows us to focus on adsorption
sites and orientations from a more general point of view. Full
geometry optimization has been shown to be extremely slow
and, for a system of such a complex nature as the present one,
might be subject to being trapped in side minima, leading to
wrong conclusions concerning the adsorption site.

For the above-described manipulation event, three
different configurations are presented in figures 5(a)—(c),
while the corresponding adsorption energies are shown in
figure 5(d). Note that two positions along the [001] direction
were considered. The filled circles in figure 5(d) represent the
calculated data for Y coinciding with the center of a titanium
trough atom, while the open circles show the data for Y
coinciding with the center of a bridging oxygen atom.

In part (a), one out of two optimum adsorption positions
is shown. Due to the mirror symmetrical configuration, the
adsorption energy of the molecule lying on the left of the
bridging oxygen row is equal to the adsorption energy of
the molecule lying to the right of the bridging oxygen row.
The total adsorption energy in this configuration is around
—1.7 eV, as seen in part (d). To switch between these two
configurations the molecule has to traverse the bridging oxygen
row (configuration shown in (b)). This configuration results

in a total adsorption energy of nearly —0.9 eV, which is
about 0.8 eV higher than the optimal adsorption energy. The
resulting energy barrier is very close to the thermal energy of
a single molecule at room temperature [36]. However, we
do not observe any spontaneous switching of the molecules,
indicating that spontaneous switching is not possible. An
explanation for this discrepancy might be that the molecules
adsorb to the defects of the titania surface (shown in [27]).
Other possible explanations include the presence of the alkyl
chain side groups of the molecules (not included in the
calculations) and also the errors and simplifications of the
calculations. In part (c) of figure 5, the energetically most
unfavorable configuration with an adsorption energy of around
—0.5 eV is shown, where the molecule lies centered on the
titanium atoms in the trough. The difference between this
configuration and the optimal adsorption position is around
1.2 eV, which is far too high to be overcome by a molecule
at room temperature.

As a result of the limited number of different adsorption
positions we do not determine the exact height of the
energy barriers. In fact, the stated numbers represent a
lower estimate of the relevant barriers. Considering the
number of simplifications made for the DFT calculations, the
experimental observations are in good agreement with the
theoretical results.

4. Summary and conclusion

In summary, the controlled manipulation of a single molecule
is presented using NC-AFM at room temperature. Employing
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a simple approach, a single PTCDI S-13 molecule is switched
from lying on one side of the bridging oxygen row of a
titania (110) surface to the other side. Careful analysis of the
manipulation event suggests the manipulation to be performed
in the repulsive pushing mode. The adsorption energies of the
relevant adsorption geometries are calculated using DFT and
are in very good agreement with the experimental observations.
With this study the capability of NC-AFM for single-molecule
manipulation at room temperature is demonstrated.
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