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Mechanical manipulation of graphene nanoribbons on Au(111) using large amplitude scanning
force microscopy experiments and calculations
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We investigate the manipulation of weakly bound graphene nanoribbons (GNRs) on the Au(111) surface
using large amplitude scanning force microscopy. The GNRs are fabricated in situ via surface-assisted Ullmann
coupling. Mobile GNRs are identified in scanning images by increased noise due to their weak binding. Their
mobility is reduced when they are part of an extended GNR network. Even during passive imaging, interactions
between the tip and the GNR can induce slight movements, allowing us to approximate the corrugation of the
surface binding potential. We demonstrate tip-induced rotation and lateral displacement of GNRs perpendicular
to their axis, during which the ribbon is partially lifted from the surface. Based on first-principles calculations,
we construct a two-dimensional potential energy landscape and perform climbing image nudged elastic band
calculations to approximate energy barriers for translation. Both approaches show that the barrier strongly
depends on the GNR orientation. In addition, we find that beyond a critical length, GNRs become effectively
immobilized due to increased energy barriers and reduced flexibility. The theoretical results align well with the

observed outcomes of the manipulation experiments.

DOI: 10.1103/5t5n-p5pl

I. INTRODUCTION

Single atoms, CO, molecular islands and nanocrystals have
been manipulated mechanically by scanning tunneling mi-
croscopy using electromigration forces [1-4]. Manipulating
atoms or molecules with scanning force microscopy (SFM)
has followed [5]. If SFM is used for mechanical manipulation,
then the force needed to move the object can be measured
[6] and the binding energy of a molecule to the surface can
be determined [7]. However, there is an additional compli-
cation compared to scanning tunneling microscopy, because
in the main measurement mode (dynamic mode) used for
atomic resolution [8,9] the tip is oscillated and may not re-
main in permanent contact with the object to be manipulated.
Therefore, in most manipulation studies, quartz crystal tun-
ing forks and oscillation amplitudes below 0.1 nm are used
[6,10]. In addition bimodal oscillation of cantilevers also with
small oscillation amplitudes (0.3 nm) was used successfully
for manipulation [11]. For such manipulation experiments,
lowering the diffusion barrier by the presence of the tip was
discussed as a possible manipulation mechanism [12,13]. Us-
ing large oscillation amplitudes (2 to 66 nm) the manipulation
of single atoms and defects on insulators or semiconductors

“Contact author: hoffmannvogel @uni-potsdam.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2475-9953/2026/10(4)/043803(13)

043803-1

at room temperature has also been demonstrated [5,14,15].
For large amplitude manipulation experiments, mechanisms
of manipulation are discussed additionally involving vertical
manipulation and/or long jumps of the object to be manipu-
lated [5,16].

Graphene nanoribbons (GNRs) have attracted interest due
to their peculiar electronic properties, e.g., due to the con-
finement of electrons in the ribbons and the possibility of
engineering the energy gap by influencing the width of the
ribbons [17,18]. In particular GNRs terminated with arm-
chair edges are semiconducting whereas GNRs terminated by
zigzag edges are metallic (gapless). The local work function
has been studied [19] and electrostatic effects at the nanorib-
bon edges [20]. Electronic properties such as the conductance
have been studied by manipulation-related techniques, such
as lifting [21]. Perfecting molecular manipulation could help
to position a molecule, e.g., a graphene nanoribbon, between
two metallic contacts for molecular electronics experiments
in vacuum, where they are more independent of possible con-
tamination. The force needed for manipulation of a graphene
nanoribbon along its length has been measured using small
oscillation amplitudes (40 pm) [10]. Superlubricity has been
found where friction nearly vanishes.

GNRs have also received considerable theoretical interest.
In 2011 Bjork et al. [22] proposed a mechanism for the
formation of GNRs from polyanthracene via a cyclodehy-
drogenation step. Later, another mechanism was discussed
in a paper by Blankenburg et al. [23], which was also as-
sumed with the STM induced formation of heterojunction.
Other studies further explored the STM-induced reaction by
using quasi-freestanding polyanthrylene chains [24,25]. Later,
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Ma et al. [26] critically reexamined the previously proposed
mechanisms and, based on deuterium-labeling experiments,
concluded that both earlier pathways were incorrect. They
proposed an alternative mechanism that better explains the
observed reaction behavior. Theoretical studies have explored
the manipulation of GNRs on Au(111) using force fields such
as the Embedded Atom Method (EAM) [27] and the reactive
empirical bond order (REBO) potential [28]. In these simula-
tions, the GNR is moved laterally over the surface from one
end, accompanied by partial detachment and bending.

Here, we show the manipulation of single GNRs on the
Au(111) surface using dynamic mode cantilever-scanning
force microscopy with large oscillation amplitudes. The sub-
strate is cooled by liquid nitrogen. The tips are not cooled in
our set-up and remain near room temperature. Weakly bound
GNRs on the surface can be manipulated easily, i.e., rotated
or displaced in the direction perpendicular to their length.
When the graphen nanoribbon binds to a network structure,
the nanoribbon is stable against manipulation. Weakly bound
nanoribbons are detected through their noisy appearance. An
influence of the tip’s scanning motion on the nanoribbon
position is detected and used to estimate the surface binding
potential corrugation. During manipulation the nanoribbon is
partly lifted from the surface. Our first-principles calculations
have allowed us to construct a two-dimensional potential en-
ergy landscape for GNRs. On this basis we have performed
climbing image nudged elastic band (CI-NEB) calculations
to approximate energy barriers for translation. In both de-
scriptions, the energy barrier strongly depends on the GNR
orientation similar to the experimental observation. Beyond a
critical length, GNRs become effectively immobilized due to
increased energy barriers and reduced flexibility.

II. METHODS

We prepare GNRs in situ by surface-assisted Ullmann-
coupling using 10,10’-Dibromo-9,9’-bianthryl (DBBA) pre-
cursor molecules on the Au(l111) surface [29]. We use
commercially available Au(111) on Mica substrates (Phasis,
Plan-les-Oates, Switzerland). We mount them in thermal con-
tact to a Ta stripe for direct current heating. We clean the
Au(111) surface by sputtering and annealing cycles using Ar
ion sputtering. We have carefully checked the self-assembly
of the precursor molecules at room temperature [30]. We
check the substrate cleanliness by scanning force microscopy
imaging in the same vacuum system having a base pressure on
the order of 10~ Pa. After that we deposit DBBA on the pre-
heated (180 °C) substrate by thermal evaporation. GNRs are
obtained after annealing to 250 °C for 2 h and subsequently to
420°Cfor 1 h.

Scanning force microscopy imaging and manipulation
is performed in our variable temperature scanning force
microscope from Omicron (VI-AFM-XA, Omicron,
Taunusstein, Germany). We use a Nanonis phase-locked
loop system (Specs, Switzerland) for controlling the tip
oscillation, scanning and manipulation. We image in the
dynamic mode, where the tip is oscillated at resonance using
a constant oscillation amplitude controlled by a feed-back
loop. We measure the frequency using a phase-looked loop
system acting on the excitation amplitude. When the tip

approaches the surface, the resonance shifts due to the
interaction with the sample. This change in resonance is kept
constant for topographic imaging using another feed-back
loop acting on the tip-sample distance.

For scanning force microscopy manipulation first a path
for the horizontal motion of the tip is defined in the SFM con-
troller software. The nanoribbon to be manipulated is intended
to be located in the center of this path. We then scan this
path several times with a predefined velocity, while lowering
the frequency shift between tip and sample by a predefined
step before each scan. During the motion of the tip, the z
position, the oscillation amplitude and the frequency shift of
the tip are observed. A clear change of one of these measured
quantities points to an irreversible change of the position of
the GNR. With every step of lower frequency shift the inter-
action between tip and GNR becomes larger. At some point
the interaction is so large that the GNR changes position on
the substrate. After each scan the tip is brought to the original
frequency shift and an overview image is measured to pinpoint
possible changes concerning the tip and/or the sample.

All calculations were performed using VASP in the version
VASP-5.4.4 [31,32]. We use a projector-augmented plane-
wave basis [33,34] with the PBE [35] functional and include
dispersion forces via the Grimme D3 method [36] with Becke-
Jonson damping [37]. Based on the calculations reported
in Ref. [38], we use a cutoff energy of 400 eV. Further, we
used 3 layer slabs, which gave reasonably converged results
regarding the adsorption energies for the adsorption geometry
reported in Ref. [38]. Three layers were also found to be suf-
ficient for the calculation of local work functions in Ref. [19].
The used k-point grids and further details of the calculations
can be found in the Appendixes A—F.

III. EXPERIMENTAL RESULTS

Figure 1(a) shows an overview image of graphene nanorib-
bons with a nominal coverage of 0.7 molecular layers on the
Au(111) surface. We observe points where several nanorib-
bons connect (“knots”) and a relatively homogeneous length
distribution. A typical knot is marked in blue in Fig. 1(a). In
addition, we observe a preferential orientation of the nanorib-
bons along one of the sixfold substrate symmetry directions,
similar to the one observed, e.g., in Refs. [39,40]. By the knots
and branches the graphene nanoribbon network is stabilized.
These connected nanoribbons are not suitable for manipula-
tion due to their stability.

In addition to these network-stabilized graphene nanorib-
bons, we find weakly bound graphene nanoribbons, marked
by bright ovals. In comparison to the stable network of
nanoribbons these appear noisy because they are moved lat-
erally during scanning by the interaction with the tip. To
manipulate a graphene nanoribbon, first, a nanoribbon with
noisy contrast is identified. The tip is then brought to a posi-
tion suitable for manipulation, marked in yellow in Fig. 1(b).
Then the frequency shift set-point is lowered and the tip is
moved along the blue arrow. It is checked whether there is a
jump of measured quantities during manipulation. After that
the frequency shift set-point is set to its original value and
an overview image is taken Figs. 1(c)-1(e). The tip is again
moved to the yellow position and the process is repeated with
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FIG. 1. Manipulation by stepwise approaching and then moving
the tip, forward scan images, (a) GNRs are bound with different
strength to the substrate. Weakly bound ribbons not connected to
a network are marked by white ovals. A point where GNRs are
connected is marked with a blue circle. A nanoribbon showing
reduced noise is marked by a green oval: Af = —13Hz. (b) The
nanoribbon to be manipulated appears noisy due to its mobility
and is weakly bound to the substrate. The starting point of the
manipulation is marked in yellow and the arrow shows the ma-
nipulation path of the tip: Af = —16Hz. (c) Graphene nanoribbon
after manipulation at A f = —50 Hz. Frequency shift used for imag-
ing: Af = —16Hz. (d) Graphene nanoribbon after manipulation at
Af = —55Hz. Frequency shift used for imaging: Af = —16Hz.
(e) Graphene nanoribbon after manipulation at Af = —60 Hz. The
graphene nanoribbon has rotated. For all images ¢, = 37 N/m, f, =
331Hz, A = 6 nm, and Q = 24 000.

a lower frequency shift set-point until an irreversible change
in position of the nanoribbon is observed. The velocity used
for manipulation was 49 nm/s, i.e., one manipulation run was
performed in approximately 1 s.

Figures 1(d) and 1(e) show the image of the graphene
nanoribbon after attempted manipulation at Af = —55Hz
and A f = —60 Hz. While in Fig. 1(d) the nanoribbon remains
in its original position, in Fig. 1(e) it has rotated by about
24° around a point close to its center near the end of another
nanoribbon. Finally, we tried to reverse the rotation by manip-
ulation. This attempt was unsuccessful presumably because
the tip did not reach into the space between the nanoribbon to
be rotated and its neighboring nanoribbon on the right hand
side. Another possibility is that it the nanoribbon to be rotated
is now bound too strongly to neighboring nanoribbons. This
possibility is supported by the observation of an additional
kink introduced to the nanoribbon near its end at the lower left
side. Here, the two nanoribbons are located parallel to each
other and this configuration could enhance a larger mutual
binding energy of the two ribbons. Another possibility, as
detailed in the DFT section below, is that the rotation results
from a reorientation of the GNR on the surface. A reverse
rotation is energetically unfavorable and therefore does not
occur.

-q.0—0.5 0.0 05 1.0 15
Width [nm] - 1.4 nm

FIG. 2. (a) Same image as Fig. 1(c) where lines representing the
noisy graphene nanoribbon were added to each scanline. In addition
the width of a bound graphene nanoribbon that does not appear
noisy was measured by four additional lines and determined to be
1.4 nm. (b) Added lines are shown for clarity without the measured
image. (c) From the width of these added lines a histogram of the
apparent width of the noisy graphene nanoribbon was generated. In
most scanlines the noisy graphene nanoribbon appears wider than
the bound ribbon of width 1.4 nm. The bin size of the histogram
was chosen to be 0.3 nm because this is the approximate atomic
distance on the Au(111) herringbone reconstruction in the direction
perpendicular to the herringbone lines.

To find out more details about the noise and the poten-
tial energy landscape we have analyzed in detail the noise
observed on the nanoribbon in Fig. 1(c), see Fig. 2. For the
different scanlines, both the width and the lateral position of
the nanoribbon vary at the atomic scale. A varying width of
the nanoribbon could be a sign for a hop of its position while
it interacts with the tip during scanning: If the nanoribbon
appears wider than expected, then this could be explained
by a hop in the scan direction. If the nanoribbon appears
narrower than expected, then this could be explained by a
hop against the scan direction. A varying position is related
to the sum of the jumps the nanoribbon carries out during one
full scan cycle including forward and backward scan. We have
analyzed the width of the nanoribbon for 74 scanlines.

‘We compare the nanoribbon width with a typical width of
a nanoribbon oriented in the same direction as the one to be
investigated; see Fig. 2(a). Also the apparent width of this
strongly bound nanoribbon shows small variations along its
length, partly because the apparent height of the Au back-
ground varies locally. These variations are clearly distinct
from the appearance of the loosely bound nanoribbon. We
determine the average width of the strongly bound nanoribbon
to be 1.4 nm in the direction of the scan. Compared to this
average width, the loosely bound nanoribbon appears 22 times
similar, 44 times wider, and 8 times narrower, indicating that
nanoribbon hops in the direction of the scan are much more
probable compared to the opposite direction. A histogram of
the loosely bound nanoribbon’s apparent width is shown in
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TABLE I. List of the binding energies, Eg, the barriers, AVpq,
of the interpolated potential [cf. Fig. 6(b)] along the direction per-
pendicular to the GNR, the energy barrier of the CI-NEB-calculation
AVcings, the second derivative of these potentials at the minimum,
kprep.» and the corresponding harmonic frequency for the frustrated
GNR translation. Ep, AV, and kyp, are normalized with respect to

NGNR-

Ads. direction A B C D
AVpo. [eV] 0.072 0.027 0.011 0.006
AVcrnes [eV] 0.050 0.015 0.002 0.002
Korep. [eV/AZ] 0.246 0.099 0.071 0.031
Vharm [1/8] 59 x 10" 3.7 x 10" 3.2 x 10" 2.1 x 10"

Fig. 2(c). The bin size of the histogram was chosen to be
0.3 nm since the interatomic distance on the Au(111) surface
has this value. The histogram shows that most probably the
nanoribbon hops one atomic step forward during the interac-
tion time with the tip, but also no hop, backward hops, and
multiple forward hops are observed with less probability.

A similar analysis for the backward scan direction showed
no broadening of the graphene nanoribbon. Presumably the
nanoribbon can move more easily in the direction pointing
away from the neighboring nanoribbon than in the opposite di-
rection. The overview image of Fig. 1(a) shows that noise for
several nanoribbons depends on their orientation with respect
to the substrate. For example, the nanoribbon marked with
a green oval shows less noise compared to the nanoribbons
marked with white ovals.

These hops can be explained by the mechanisms discussed
in literature: the energy barrier between two neighboring
states could be lowered due to the interaction with the tip
[12,13], or the temperature of the nanoribbon could increase
due to the presence of the tip [41]. Since the tip remains near
room temperature in this experiment while the nanoribbon is
cooled, it is likely that the temperature of the nanoribbon is
raised by the presence of the tip. This change in temperature
would however not lead to an asymmetry in the forward
and backward hopping. The asymmetry could be related to
a lowering of the energy barrier relevant for hopping due to
the presence of the tip. Assuming one hop per scan and a
thermal activation hopping rate of y = ypexp (—AE /kgT) =
1/s with yy = 10> Hz and T between 115 K and room tem-
perature gives AE = 270-710meV. We set the value of yy
slightly higher than the estimated vibrational frequency for
the lateral motion of the whole rigid GNR derived from our
two-dimensional (2D) potential (see below and Table I), be-
cause preexponential factors for surface reactions are often
dominated by entropic effects and thus can be larger than the
actual vibrational frequencies (see, for instance, Ref. [42]).
Furthermore, we note that y; enters only logarithmically in
the calculation of AE.

An analysis of noise had been done before for truxenes
on a KBr(001) surface [43]. Truxenes are bound much more
loosely to a KBr(001) step compared to nanoribbons on Au.
In that study the width of the truxene image was related to the
residence time of the molecule near the step. Configurational
entropy detected through molecular hops was analyzed in
detail previously [44].
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FIG. 3. Manipulation of graphene nanoribbons bound to the sub-
strate with different strength. (a) The nanoribbons to be manipulated
are marked in red and purple. The starting point of the manipula-
tion path is marked in yellow and the manipulation path is marked
by a blue arrow. Af = —15Hz. (b) The purple graphene nanorib-
bon is bound to another nanoribbon at the point marked by a red
circle (Af = —15Hz). (c¢) Graphene nanoribbons after attempted
manipulation at Af = —60Hz. Frequency shift used for imaging
Af = —15Hz. (d) Graphene nanoribbons after attempted manipu-
lation at Af = —75Hz. The red graphene nanoribbon has changed
position. Frequency shift used for imaging A f = —15Hz. (e) Image
after repeated manipulation attempt at Af = —75Hz. The purple
nanoribbon remains at its position. Frequency shift used for imaging
Af = —15Hz. (f) Comparison of the position of the red nanoribbon
before and after manipulation. The black profile shows the graphene
nanoribbon in its original position. For all images ¢, = 37 N/m,
fo =331Hz, A = 6 nm, and Q = 24 000.

Figure 3(a) shows two other graphene nanoribbons to be
manipulated marked in different colors. The red graphene
nanoribbon appears noisy and is weakly bound to the
substrate. The purple graphene nanoribbon is bound to a
neighboring nanoribbon and stabilized by this bond. Addi-
tional structures have been marked in green as a guide to the
eye. The manipulation protocol is similar to the one described
above. The yellow circle in Fig. 3(a) marks the starting point
and the blue arrow shows the direction and endpoint of the
manipulation path.
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Figure 3(b) shows an enlarged view of the graphene
nanoribbons to be manipulated. In this image the surface
bonding of different strength of the red and purple nanoribbon
becomes particularly clear due to the strongly smeared edges
of the red nanoribbon. The purple nanoribbon is bound more
strongly but it is connected to the other graphene nanoribbons
only at one position marked by a red circle. The goal of the
manipulation experiment was to move the purple graphene
nanoribbon in the direction of the structure marked in green
and to break the bond. The manipulation path has been chosen
to be longer to manipulate also the nanoribbon marked in
red, which is weakly bound. The frequency set-point is set
to Af = —60Hz at the start of the manipulation. The white
lines in Figs. 3(b) and 3(d) show the position of the height
profiles depicted in Fig. 3(f). In Fig. 3(c) the red and the purple
nanoribbons are still located at their original position.

In the course of the manipulation experiment, A f is low-
ered to —60 and —75 Hz. The results are shown in Figs. 3(c)
and 3(d). The purple nanoribbon remains in its original
position whereas the red nanoribbon has moved from the
nanoribbon marked in green on the right hand side to the
nanoribbon marked in green on the left hand side. The line
profiles taken before and after manipulation [Fig. 3(f)] con-
firm the displacement of the red nanoribbon by 1.8 nm, a
distance that is clearly distinct from the smallest relevant
length scale in the Au(111) herringbone reconstruction: The
distance between elevated areas separated by a hexagonal
close-packed region is 2.4 nm; see Ref. [45]. Another manip-
ulation attempt at the same frequency shift does not lead to
further changes [Fig. 3(e)].

For both manipulation events discussed in this work Figs. 1
and 3, large oscillation amplitudes are used. From the overall
geometry of the process, for the manipulation shown in Fig. 1,
it seems unlikely that the tip should remain in permanent
contact to the nanoribbon during the manipulation process:
Since the oscillation amplitude is 6 nm and the length of the
nanoribbon is about 15 nm, maintaining a permanent contact
to the tip during one oscillation cycle would mean to displace
the nanoribbon by 12 nm (two times the oscillation amplitude)
along its length for the experiment shown in Fig. 1. It would
then form a 12-nm free-standing chord; see Fig. 4(a). In the
state detached from the surface, the nanoribbon would shake
thermally and it would be unlikely that it is placed back to a
position where the center of the ribbon has precisely the same
position with respect to a neighboring short ribbon discussed
as the turning point of the manipulation process above. We
therefore think that it is more realistic that the nanoribbon
remains near the surface, as shown in the extreme case in
Fig. 4(b). In alignment with these considerations we consider
the manipulation event to have a short time duration on the
timescale of the cantilever oscillation, similar to a collision
event. When small oscillation amplitudes are used, it could
be that several collision events lead to the final movement
as in a stick-slip motion while the GNR remains attached to
the tip. Here, we can exclude such stick-slip motion from the
details of our experimental setup due to using large oscillation
amplitudes.

For the experiment shown in Fig. 3, lifting the nanoribbon
with the tip could mean to fold it, since the tip is positioned
near the center of the nanoribbon [Fig. 4(c)]. The tip touches

(@) (b)

A Y
12 nm 12 nm
Y e y
(c) (d)
’f
12 nm 12 nm
S

FIG. 4. Situation near the upper turning point of the oscillation.
(a), (b) Possible scenarios during manipulation of the graphene
nanoribbon shown in Fig. 1. In panel (a) the situation is shown,
where the tip remains in contact with the nanoribbon during a full
oscillation cycle. This situation is unlikely, because the nanoribbon
is placed back to its original position rather precisely. Panel (b) shows
a more realistic scenario, where the tip does not lift the nanoribbon
during manipulation. (c), (d) Possible scenarios during manipulation
of the graphene nanoribbon shown in Fig. 3(c) The tip partly lifts
the nanoribbon, but panel (d) does not remain in contact at the
upper turning point of the oscillation. This is in agreement with
the displacement of the nanoribbon along its length observed in this
experiment.

the ribbon only 15 nm from its end near the lower left corner
of the image and about 10 nm away from a kink near the
top right end of the ribbon. Remaining in permanent contact
would mean that the ribbon were nearly completely detached
from the surface at the upper turning point of the oscillation. It
seems unlikely that a folded and/or largely detached nanorib-
bon would be automatically placed back in such a precise way.
For this manipulation experiment, the nanoribbon is not only
moved in the direction perpendicular to the GNR by 1.8 nm
but it is also moved along its length by about 5 nm. This can
best be confirmed by comparing the position of the kink in
the red nanoribbon in Fig. 3(a) to the position of the kinks
in the green nanoribbons, and by doing the same comparison
for Fig. 3(e). Here, the motion of the nanoribbon along its
length is guided by the neighboring green nanoribbons on the
surface. We conclude that it is unlikely that the tip remains
in permanent contact to the nanoribbon while it moves later-
ally, but that it is likely that part of the nanoribbon is lifted
for several nanometers during the manipulation event which
probably takes place within only one oscillation cycle. The
geometry during lifting is described schematically in Fig. 4(c).

Several theoretical proposed mechanisms of molecular
manipulation have been compared to experimental
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results concerning 3,4,9,10-Perylene-tetracarboxylicacid-
dianhydride (PTCDA) manipulation on the Ag(111) surface
at 5 K using small oscillation amplitudes (0.4 nm) [16]. It
has been proposed that the motion of the molecule could
span as large as 4 lattice spacings due to the transfer of
potential energy from the tip to the molecule, allowing the
molecule to perform long jumps. Here, also a manipulation
mechanism explains best the experimental results, where
during one tip-sample contact event energy is transferred
from the tip to the sample, because the nanoribbon is never
imaged in an excited state. This result could be discussed in
relation to experiments where nanoribbons were displaced
along their length over distances of more than 1 nm in
one sliding event [10]. Applying these considerations to the
manipulation experiments shown here, we think that by lifting
a nanoribbon a sufficiently large amount of potential energy
could be transferred for the nanoribbon to be displaced over
several lattice positions. Here, we displace the nanoribbon
in a controlled way in the direction perpendicular to its
length, but we can show that by the interaction with the tip
it is additionally moved along its length. This allows us to
separate the effect of mechanically pushing the nanoribbon
from the effect of lifting it. While lifting the nanoribbon
occurs while the nanoribbon is in contact with the tip,
pushing it to the side could occur by momentum transfer,
because the tip does not remain in contact with the nanoribbon
until it has reached its final position.

IV. THEORETICAL PART

In the following, we investigate possible reasons for the
loosely bound GNRs using periodic DFT calculations. Our
analysis focuses on determining translation barriers, which
provide insight into the strength of the GNR-surface inter-
action. We also examine different orientations of the GNRs
relative to the surface, as the initial experiments showed that
a slight rotation increases their stability.

A. Adsorption orientations

The purpose of our theoretical calculations is to deter-
mine approximate translation barriers for GNRs adsorbed in
different orientations with respect to the Au(111) surface.
Therefore, we start from optimized lattice constants of as, =
2.897 A and agnr = 4.290 A. Using these values of aay,
agnr, we have identified orientations of the GNR, which lead
to nearly commensurate translation vectors along the direction
parallel to the GNR. Additionally, we take only orientations
which lead to unit cells of reasonable size. Details are given
in the Appendix B. In this way, we identify three further
adsorption orientations B, C, and D in addition to the one
reported in Ref. [38], labeled as A in the following. In other
works A is given as R30 [46]. A sketch of these orientations is
given in Figs. 5(a) and 5(b) the unit cells used for the periodic
calculations are indicated. The unit cells for the different
orientations contain different numbers of GNR repeat units,
NGNR, 1-€., ngNrR = 2 (A), ngxr = 3 (B), ngnr = 6 (C), and
ngnr = 5 (D).

To identify suitable adsorption geometries for the orienta-
tions B, C, and D, a rough scan of possible lateral positions
of the GNR with respect to the primitive surface unit cell was

FIG. 5. (a) Schematic representation the different adsorption ori-
entations considered in this investigation (A, B, C, and D). The
Cartesian coordinate system is indicated by the blue arrows, the
directions of the primitive surface unit cell vectors, a, and a, by
the red arrows. (b) Top view on the optimized adsorption geometries
for all orientations. The unit cells for the periodic calculations are
indicated by black lines.

done before the actual geometry optimization. Top views of
the optimized geometries are shown in Fig. 5(b). The unit cell
vectors chosen with respect to the optimized Au bulk lattice
and the coordinates of the lowest Au layer in the slab are kept
fixed in these optimizations. The binding energies normalized
with respect to ngnr are comparable for all orientations, i.e.,
1.26 eV (A), 1.13 eV (B), 1.31 eV (C), and 1.21 eV (D).
Further, for all orientations the planar geometry of the GNR
is slightly bent in a way that the outer carbon and hydrogen
atoms are closer to the surface than the inner carbon atoms.
Further details about the geometry optimization are given in
the Appendixes A—C.

B. Translation barriers and frequencies

Translation barriers have been calculated using two ap-
proaches. In the first approach, we generate a 2D translation
potential energy surface by rigidly translating the GNR along
the gold surface unit vectors. This potential has then been
extended periodically to represent the full surface. We have
applied this procedure to all four GNR orientations, allowing
us to extract the corresponding translational energy barriers
as well as the directions in which these barriers occur. We
have then performed CI-NEB calculations over the previ-
ously defined barriers. We choose these two complementary
approaches because, in a realistic scenario, the GNR will
undergo atomic relaxation during translation. However, this
relaxation is unlikely to be complete, as the timescale of
translation may fall short of that needed for structural re-
organization. By comparing the rigid 2D potential with the
fully relaxed CI-NEB pathway, we establish upper and lower
bounds for the actual energy barrier. The true energy cost
of translation is expected to lie between these two limiting
cases.

We calculate approximate translation potentials, i.e., po-
tentials for the motion of the whole GNR along coordinates x
and y [cf. Fig. 5(a)], starting from the optimized geometries
for each orientation. Here, we choose the following approach:
(1) The internal geometry of the GNR is kept rigid and at
constant height, i.e., fixed z coordinate for all atoms. Then,
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FIG. 6. (a) Translation potentials for the lateral displacement of the rigid GNR along x and y [cf. Fig 5(a)] over a gold slab (details see text).
The direction parallel to the GNR is indicated by the gray arrow, the on perpendicular to the GNR by the white arrow. (b) One-dimensional
cuts of the potentials along the direction perpendicular to the GNR. All potentials are normalized with respect to ngxg.

the whole GNR is translated along a; and a, [cf. Fig. 5(a)]
in the primitive surface unit cell. (ii) The surface Au layers
are kept fixed in positions where the x and y coordinates
correspond to the values derived from the optimized geometry,
while the z coordinate is set to the average z coordinate of
each layer obtained for the optimized geometry. As a result
we get translation potentials which are almost periodic with
respect to the primitive surface unit cell. To obtain the pe-
riodic potentials, a 2D fourier interpolation is done. We use
seven discrete points along a, and g,, i.e., 49 points in total
to calculate the translation potential. Figure 6(a) shows the
Fourier interpolated potential as a function of the translation
of the GNR along x and y [see Fig. 5(a)] for the different
orientations (details about the interpolation are given in the
Appendix D). The directions parallel to the GNRs are indi-
cated by the thick arrows, the ones perpendicular to the GNRs
by the thin arrows. In Fig. 6(b), one can see one-dimensional
cuts through the potential along the perpendicular direction.
The potentials are given relative to the minimal adsorption
energy and are normalized with respect to ngngr. A small shift
of the minimum position occurs, due the Fourier interpolation
and the changed Au coordinates, compared to the optimized
geometry given in Fig. 5(b). These shifts are equal or less
0.1 A and are corrected in Fig. 6(b) for a better comparison
between the different orientations. Further, test calculations
for orientation A show that the barriers obtained in this way
are in the same order of magnitude as the ones one obtained
translating the rigid GNR with respect to the optimized rigid
surface.

In the CI-NEB approach, we have proceeded as follows: (i)
we have identified a surface vector along which the GNR ex-
hibits a notable energy barrier in the 2D potential, (ii) we have
translated the relaxed GNR geometry by one unit cell along
this direction and re-optimized the resulting structure, (iii) we
have used the initial and final configurations as endpoints in
a CI-NEB calculation to determine the minimum energy path
and the associated barrier.

We have applied this procedure to all orientations.
The resulting energy barriers vary between orientations, as
summarized in Table I. The same qualitive trend compared
with the approximate translation potentials is observed. The
corresponding translation vectors are visualized in Fig. 7,
which illustrates as well the CI-NEB energy profiles.

These findings support the assumption that the true energy
barrier lies between the two limiting cases represented by the
rigid 2D potential and the fully relaxed CI-NEB path.

Looking at Fig. 6 one immediately recognizes that the
translation potentials are quite different for the different ori-
entations although the binding energies are comparable. The
initial barriers for a translation in the direction perpendicular
to the GNR, i.e., the energies of the first potential maxima
along this direction, are given in Table I. Here, A has by far the
largest translation barrier, while D exhibits the smallest, which
is approximately 12 times smaller. In the CI-NEB calculation,
this difference is even greater, with the barrier being about 25
times smaller.

To compare to the experimental hopping rates (see above),
we have additionally computed the second derivative of the
one-dimensional potential cut at the minimum, kpep. We use
the mass of one GNR repeat unit (Cy4Hy, 172.19 amu) to
obtain harmonic frequencies vp,m,. These values can also be
found in Table I. Taking these frequencies as the Arrhenius
prefactor, one can estimate the hopping rate as a function of
the GNR length, Igng, as

= ex lonk AV (1)
Y = Vharm p aGNRkBT .
From Eq. (1), it follows
v\ acnrksT
l =—In{— )———. 2
GNR ( - ) AV ()

We note that the barrier heights AV obtained from the trans-
lation potential are likely overestimated, while the harmonic
frequencies vham are probably underestimated. This implies
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FIG. 7. (a) CI-NEB Path for the different orientations normalized per anthrylene unit energies. (b) The different orientations and the

direction of the CI-NEB presented by the red arrow.

that the theoretically predicted hopping rates likely under-
estimate the actual mobility of the GNRs. Conversely, the
CI-NEB barriers tend to underestimate AV, which would lead
to an overestimation of mobility.

Since Ignr depends reciprocally on AV but only logarith-
mically on Vham, errors in AV have a much stronger impact on
the predicted GNR length than errors in vp,y,. This highlights
the dominant role of the barrier height in controlling GNR
mobility.

The lower bound of experimental hopping rates at
298.15 K was determined to be 1 s™! (see above). This cor-
responds to predicted GNR lengths of 4 nm (A), 11 nm (B),
27 nm (C), and 48 nm (D) for the translation potential barriers,
and 6 nm (A), 20 nm (B), 162 nm (C), and 125 nm (D) for the
CI-NEB barriers.

These characteristic lengths provide a natural explanation
for the “fuzzy” appearance of structures B, C, and D in STM
images. In these cases, the GNRs are sufficiently short to
enable thermally activated motion along the surface perpen-
dicular to the length of the GNR. Because the effective barrier
scales with Igngr, longer nanoribbons exhibit more restricted
movement in this direction—yet still retain enough mobility
to appear fuzzy. Conversely, orientation A becomes immobile
at much shorter lengths, effectively freezing the GNR in place.

Notably, D deviates by only 6° from A (16° for C), indicat-
ing that even small changes in orientation can significantly
alter the mobility even though the binding energies of the
configurations are similar within the precision of the calcu-
lation methods. In the case of B, the rotation angle of 24°
matches the experimental value, suggesting that a transition
from orientation B to A may have been directly observed.

V. SUMMARY

Using SFM, we have imaged GNRs on Au(111) and have
observed a variety of configurations, including freestanding
ribbons, interconnected networks, and point-wise junctions.

The orientation of GNRs has consistently occurred at ap-
proximately 60° from one another, which reflects the sixfold
rotational symmetry (Cg) of the Au(111) surface. In several
cases, we have observed a fuzzy appearance of the ribbons,
indicative of dynamic fluctuations or hopping between nearby
adsorption sites. These observations have motivated a detailed
theoretical analysis of the underlying adsorption orientations
and energy barriers.

‘We have identified four nearly isoenergetic adsorption ori-
entations (A-D) based on DFT calculations. To estimate and
compare their translational energy barriers, we have applied
two complementary approaches: a two-dimensional potential
energy surface scan without atomic relaxation, and NEB cal-
culations with full relaxation. Orientation A has shown the
highest kinetic stability, featuring the largest energy barrier
and the correspondingly shortest critical length—that is, the
maximum ribbon length below which thermal fluctuations and
SFM tip interactions can induce motion. Compared to B, the
next most stable orientation, A exhibits a barrier about three
times higher, resulting in a critical length roughly three times
shorter. This kinetic profile aligns well with the experimental
observations: GNRs that appear fuzzy in SFM images are
typically shorter than the calculated critical length and can
switch between nearby minima, particularly in orientations
B-D, which exhibit lower barriers. In contrast, GNRs longer
than the critical length remain localized in a single minimum
and thus appear sharp—regardless of orientation. Notably,
since orientation A has the shortest critical length, even rel-
atively short ribbons can remain stable in this configuration.
The experimentally observed fuzzy GNRs have lengths of
approximately 10-40 nm, while the theoretically predicted
critical lengths range from about 15 nm to over 100 nm de-
pending on orientation, indicating not only qualitative but also
good quantitative agreement. However, it should be noted that
since PBE tends to underestimate energy barriers, the actual
critical lengths may be somewhat shorter than predicted.
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FIG. 8. Unit cells for the different orientations of the gold (111)-
surface.

We conducted SFM manipulation experiments on free-
standing GNRs by moving the tip perpendicular to the ribbon
axis. In the first experiment, we observed a rotation of about
24°, which could correspond to a transition from orientation
B to A, as these orientations differ by exactly this angle.
Attempts to manipulate GNRs connected to others at their
ends were unsuccessful, indicating increased stability. In a
separate experiment, we were able to translate a freestanding
GNR by moving the tip perpendicular to its length and grad-
ually increasing the tip frequency until motion occurred. This
observation is consistent with our calculated energy barriers.
Additionally, motion along the length of the GNR was occa-
sionally observed, which can be explained by the near absence
of an energy barrier in this direction in our calculations and by
partial lifting of the GNR during the oscillation cycle of the

tip.
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APPENDIX A: COMPUTATIONAL DETAILS

All calculations in this work were performed using VASP
[31,32,48]. The projector-augmented wave (PAW) [33,34]
method was employed together with the PBE exchange-
correlation functional [35] and dispersion corrections via
Grimme D3 with Becke-Johnson damping [36]. A plane-
wave cutoff energy of 400 eV was used for all calculations.
Following the setup reported in Ref. [38], we used a I'-
centered k-point mesh of (16, 16, 16) for bulk gold and (6,
1, 1) for the isolated GNR. For the combined systems, the fol-
lowing k-point meshes were used: orientation A: (4, 4, 1), B:
(2,4,1),C: (1,4, 1),and D: (1, 4, 1). Default convergence cri-
teria were applied. Nonspherical gradient corrections within
the PAW spheres were included by setting LASPH =.TRUE. .
For large unit cells, particularly those combining the ribbon
and the surface, we enabled LREAL =.AUTO. to optimize
performance.

APPENDIX B: ORIENTATIONS

To construct the different orientations: We use a hexagonal
lattice for the surface, which is assumed to be in the xy plane.
The second coordinate is omitted in the following, i.e.,

A ((1)) (B1)
1
- =aAu( 2 ) (B2)
V3

(b)

b(()()(C)()(()()(()()(()(

FIG. 9. Shown are the optimized geometries and unit cells for all adsorption orientations aswell the bending of the GNR on the edges is

shown.
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TABLE II. Length of the GNR in different orientations under
varying conditions, given in nanometers.

AVZD Potential AVC[—NEB
T=115 T =298.15 T =115 T =298.15
Orientation K K K K
A 1.6 nm 4.1 nm 2.3 nm 6.0 nm
B 4.1 nm 10.7 nm 7.6 nm 19.6 nm
C 10.3 nm 26.8 nm 62.5 nm 162.2 nm
D 18.5 nm 48.0 nm 48.2 nm 124.9 nm

The ratio r between the two different lattice constants is

r= R _ 1 48054. (B3)
Aaau
We need to identify suitable total units cells
A = kdgsurf + kbllgurfv kaﬂ kb € Zv (B4)
B =l.ay.¢ + by, laslp € Z, BS)

with | A |~ nrpparip, # € Z. We further demand k,, k, < 10.
We define a scaling factor subject to the following condition:

A |
fscale =
NRibAdRib

frcale €[0.98:1.021.  (B6)

In what follows we use the notation
A = kaag, ¢ + kpbgyy = (kas kp),

the same for B. Using these conditions we identify the follow-
ing orientation, for which we use the k-point grids as follows:

(1) (3,0) x (—=3,6), ngipb = 2, k-point grid (6,4,1),

) (3,2) x (—5,5), nrip = 3, k-point grid (4,4,1),

3) (7,1) x (—4,6), ngripb = 5, k-point grid (2,4,1),

@) (7,3) x (—4,6), ngip, = 6, k-point grid (2,4,1).

The gold unit cells corresponding to the different orienta-
tions A, B, C, and D are shown in Fig. 8. The bending of
the GNR on the gold surface, as discussed in the main text,
is illustrated in Fig. 9. The length of the GNR in different
orientations is given in Table II. The corresponding POSCAR
files for these structures are provided in Zenodo at Ref. [47].

X [A]

FIG. 10. Fourier interpolated PES for translation of the rigid
ribbon over the rigid surface starting from the optimized geometry
covering the total unit cell A.
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FIG. 11. One-dimensional cuts along A and B of the translation
PES for A. Opt-UC is for translation of the rigid ribbon over the
rigid surface starting from the optimized geometry covering the
total unit cell. Surf-UC is based on a translation of the rigid ribbon
with optimized coordinates and the surface layers with averaged z
coordinates, where only on surface unit cell is considered.

APPENDIX C: CONVERGENCE TESTS

Convergence tests were performed to determine the ap-
propriate vacuum thickness and the number of gold layers
(slabs) to be used. As a test system, we selected the simplest
orientation A for convenience. The number of slabs was varied
from 3 to 5, and the vacuum spacing was varied between
15 and 19 A. For all resulting structures, we computed the
binding energy as follows:

AE, = Eopt — Egut — Exip. (CDH

In the following, we define the binding energy per ribbon
unit cell as §E = AEy/ny, denotes the number of ribbon
unit cells included in the simulation supercell. For the con-
vergence tests, we used n:, = 2, which corresponds to the
(3,0) x (—3.6) supercell. The results of the convergence tests
are summarized in Table III. As can be seen, the chosen
settings provide reasonable convergence, taking into account
the typical uncertainties associated with translational energy
barriers in static calculations. All calculations presented in
this work were performed using a vacuum spacing of 15 A
and three layers of gold.

Further, it should be noted that the bonding of the GNR
to the surface is mainly due to dispersion forces and a small
charge transfer between the GNR and the surface. In Ref. [19],
we performed extensive convergence tests for A with respect

TABLE III. Convergence tests for different binding energies (de-
tails see text, all values in eV).

Parameters O0E

3 layer, zy ~ 15A 1.2628
3 layer, zye &~ 17A 1.2620
3 layer, zue ~ 19A 1.2643
4 layer, zy,c & 15A 1.3133
5 layer, zye ~ 15A 1.3176
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FIG. 12. PES for translation potentials using the surface unit cell and averaged z positions for the Au atoms (details see text). Shown are

the PES for a single surface unit cell.

to the calculation of local contact potential difference maps.
In these calculations, we used slabs containing up to seven
layers and found that both the local potential and the ad-
sorption geometry are converged for the three-layer system.
This indicates that the charge transfer is correctly described
in the three-layer system. Since the bonding situation does
not fundamentally change when the GNR moves laterally, this
conclusion should also apply to the whole PES.

APPENDIX D: TRANSLATIONAL BARRIERS

For the smallest system a translation of the rigid ribbon
over the rigid surface for the whole optimized system unit cell
was performed. We use 21 equidistant points along A and 37
along B. The resulting PES (Fourier interpolated) is shown in
Fig. 10

As one can see, the surface unit cell is still “visible.” This
becomes more clearly in one-dimensional cuts along A and B
shown in Fig. 11 (Opt-UC). Also shown here, are the same
cuts for a PES based on a translation of the rigid ribbon with
optimized coordinates and the surface layers with averaged
z coordinates (Surf-UC). Here, only the surface unit cell is
sampled. Both assumptions are somewhat arbitrary, but as
both qualitatively agree and are in line to the scans shown in
Fig. 12, where the sampling over the unit cells of gold from
each orientation is shown as described in the paper. But here
only presented for one unit vector along a and b of gold and
not a larger section as we did it in the paper.

APPENDIX E: NUDGED ELASTIC BAND

The CI-NEB method [49] was employed to investigate
the translational motion of GNR molecules on the surface.
All calculations were performed using VASP, with the sup-
port of the VTST tools provided by the Henkelman group,
which were used to generate a total of seven intermediate
images along the reaction path. For the geometries prepared
for the NEB calculations, stricter convergence criteria were re-
quired, so we chose 1076 eV for electronic convergence in the
SCF-cycle and 10~ eV/A as the maximum energy difference
between a step, respectively. The path optimization was car-
ried out using the fast inertial relaxation engine algorithm [50]
with standard settings. A spring constant of —5eV/AZ; was
used, and the convergence criterion for the atomic forces was
set to 0.02 eV/A. The transition state was identified as the
image with the highest energy along the minimum energy
path.

APPENDIX F: CHARACTERISTIC LENGTHS

We used Eq. (2) to calculate the immobile length of the
GNR the length at which the GNR becomes static on the sur-
face due to translation barriers. These values were determined
for the two temperature extremes given in the experimental
part and are reported for both calculated potentials.
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