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G
iven the different ways in which
carbon atoms can bond to each
other to produce diamond,

graphene, nanotubes, and fullerenes, as

well as a host of related materials, there is

understandably a high level of interest in

manufacturing electronic devices based on

carbon.1,2 Given their cost, nonspecificity,

and now their toxicity, the dream of using

carbon nanotubes in device structures is

rapidly receding. This is, however, being re-

placed by graphene, which possesses a vari-

ety of intriguing electronic and mechanical

propertiesOthis is manifested as band

structure and film morphology, which vary

with the number of layers, and can hence

be tuned locally.3 However, as we will see,

there are many useful lessons still to be

learned from looking at graphite, which we

report on in this article. Graphite is com-

posed of layers of sp2-bonded carbon at-

oms arranged in a honeycomb lattice,

Bernal stacked along the c-axis, bonded by

weak van der Waals forces. It has been used

as a standard substrate in STM experiments

for over 25 years, and its structure, both

morphological and electronic, is reasonably

well-understood both theoretically and ex-

perimentally. Despite the correlation of

electronic density of surface states with the

surface geometric topography for most

substrates, graphite nevertheless exhibits

some intriguing phenomena. One such

phenomenon is the difficulty in obtaining

a true view of the honeycomb atomic struc-

ture by STM due to the electronic interac-

tion between the surface graphene layer

and the underlying layers. Calculations have

predicted a lower electronic density of

states (DOS) at the Fermi level for carbon

atoms that are situated directly above a car-
bon atom in the underlying layer (�-atoms)
relative to carbon atoms that are not
(�-atoms).4,5 This is due to �-states local-
ized above alternate carbon�carbon
bonds.6 Therefore, the typical atomic resolu-
tion image of graphite imaged by STM
shows a triangular lattice, with a hexagonal
symmetry modulation of 0.246 nm periodic-
ity, as compared to 0.142 nm between adja-
cent carbon atoms. Nevertheless, there
have been numerous reports on the obser-
vation of the honeycomb atomic lattice by
STM, assigning them to either a tip modifi-
cation which increases the number of occu-
pied orbitals probed at the Fermi level,6�8

reduced mechanical tip�sample interac-
tion,9 or the displacement of the top
graphene layer.10�13 Such controversy arises
because the triangular/honeycomb transi-
tion phenomenon is imaged as an abrupt
transition from one linescan to the next, as
shown in Figure 1a, which is exactly what
happens when the tip state changes. Even
within the displacement explanation, there
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ABSTRACT With recent developments in carbon-based electronics, it is imperative to understand the interplay

between the morphology and electronic structure in graphene and graphite. We demonstrate controlled and

repeatable vertical displacement of the top graphene layer from the substrate mediated by the scanning tunneling

microscopy (STM) tip�sample interaction, manifested at the atomic level as well as over superlattices spanning

several tens of nanometers. Besides the full-displacement, we observed the first half-displacement of the surface

graphene layer, confirming that a reduced coupling rather than a change in lateral layer stacking is responsible for

the triangular/honeycomb atomic lattice transition phenomenon, clearing the controversy surrounding it.

Furthermore, an atomic scale mechanical stress at a grain boundary in graphite, resulting in the localization of

states near the Fermi energy, is revealed through voltage-dependent imaging. A method of producing graphene

nanoribbons based on the manipulation capabilities of the STM is also implemented.
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is no common ground, but speculations regarding a
change in stacking from A�B to A�A are ubiquitous
since, in the A�A configuration, each surface atom in-
teracts equally with the underlying layer and should
possess an equal density of states. STM observations
on graphene on an insulator are consistent with this ex-
planation, as monolayer and bilayer films display hon-
eycomb and triangular lattices, respectively.14 Observa-
tions of epitaxially grown graphene on a metal
substrate further illustrated the complexity of inter-
layer interactions in determining the apparent atomic
arrangement.15 The question to answer is thus: What is
the true origin of this triangular/honeycomb transition?
And if displacement indeed occurs, what is the true
mechanism behind it? The honeycomb images re-
ported so far extend along the whole length of the li-
nescan, which we term as “full-displacement”.

The extremely low sliding friction between
graphene layers of which graphite is composed makes
it an extremely good lubricant and, together with its rela-
tively high abundance, makes graphite ideal for use as
pencil lead. One consequence, however, of this low fric-
tion is that the layers on graphite may easily be laterally
misoriented with respect to each other. This manifests it-
self electronically as a superperiodic interference struc-
ture: a superlattice, with periods typically in the range of
1�10 nm, akin to the optical interference patterns typi-

cally associated with Moiré interference,12,16�21 although
there are other explanations which fit a small number of
experiments as well such as tip-induced surface
deformation,4,22 multiple tip effects,23 and dislocation
networks.24 Observations of graphite superlattices by
STM are commonplace, albeit random, and without any
application to date since their electronic properties are
assumed to be inalterable or at least appear so. How-
ever, given the weak electronic coupling between the
layers of graphene in graphite, studies of superlattices
can be used to gain a better understanding of how
graphene sheets will interact with a given substrate.
These superstructures are, of course, not unique to
graphite and graphene and have also been observed
in multiwalled carbon nanotubes, where the Moiré ex-
planation was found to hold also.25

In this work, we use the signature of a superlattice
to ascertain the true origin of the triangular/honey-
comb atomic lattice transition and have extended this
to demonstrate displacement over lateral length scales
of several tens of nanometers. Our results present the
first direct evidence which answer the longstanding
controversy as to the origin and mechanism behind the
triangular/honeycomb atomic transition as well as the
origin of superlattices. We have also used the presence
of a superlattice to investigate surface strain at the
atomic scale, heralding a novel method for materials

Figure 1. (a) Atomic resolution of bare graphite showing coexistence of the triangular and honeycomb lattice (0.1 V, 0.40 nA) with the
atomic model fitted (2 � 2 nm2). The bottom half of the image where the honeycomb traverses across the entire length of the linescan
is termed “full-displacement”. (b) Line profile along triangular lattice showing the distance between every other atom. (c) Line profile
along honeycomb lattice revealing two pronounced maxima corresponding to two adjacent carbon atoms measured to be 0.142 nm.
(d,e) Density of states simulation of graphite triangular and honeycomb STM images under normal coupling and 20% of normal cou-
pling, respectively, using A�B stacking for both instances (1 � 1 nm2 area).
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characterization and pave the way in engineering the
electronic properties by introducing an atomic scale
stress. The article is then concluded by implementing
a method for producing graphene nanoribbons
through STM manipulation. Besides advocating the ap-
plication of superlattices in carbon electronics, this ar-
ticle explores the various capabilities and functionalities
of STM in terms of its imaging, spectroscopic and ma-
nipulation techniques at room temperature.

RESULTS AND DISCUSSION
The Honeycomb Atomic Lattice. Figure 1a shows an

atomic resolution image of bare graphite in the vicin-
ity of a superlattice and a defect (in this case, a grain
boundary). A transition from triangular to honeycomb
lattice is clearly observed during scanning. This is rela-
tively commonplace in STM imaging and is typically as-
cribed to a random tip change. We will show, how-
ever, this is not always the case and is, in fact, highly
reproducible.

We have used a simple analytical model describing
the spatial variation of the density of states of graph-
ite, which we reported previously.26 In this model, STM
images are simulated by considering the top three lay-
ers with relative weightings of 1, �0.5, and 0.125, where
the variation in weighting is simply due to the dis-
tance of the layers from the tip and the minus sign for
the second layer represents the fact that the stacking is
A�B. These weightings have been found to give the
best agreement with experimental STM images, and
they apply when the distance between the layers is
0.335 nm (which we will refer to as normal coupling).
Modification of the interlayer distance through the
tip�sample interaction will result in a shift in these
weightings and therefore a change in the image con-
trast, which is the essential finding reported in this ar-
ticle. It is also a simple matter to introduce a lateral ro-
tation between the layers and produce a superlattice,
whose periodicity is as expected from the Moiré pattern
assumption.

The line profiles in Figure 1b,c further reveal the dif-
ferences between the triangular and honeycomb lat-
tices, which can be compared to simulations of the den-
sity of states of both as shown in Figure 1d,e,
respectively. Since the honeycomb lattice traverses the
entire linescan, we regard this as full-displacement.
Within the displacement theory, there exist two tradi-
tionally accepted explanations: (i) the tip has laterally
displaced the surface graphene sheet to change the
stacking from A�B to A�A, which is extremely unlikely
given the size of the sheet; or (ii) the tip has lifted the
surface layer enough (i.e., a few angstroms) to signifi-
cantly reduce the coupling with the layer below. To
verify this, simulations were done on the basis that, in
Figure 1d, the stacking is A�B with the normal coupling
between the layers, whereas in Figure 1e, it is still A�B
but the surface layer has been lifted to reduce the cou-

pling with the second and third layers to 20% of the

normal value. At around this point, the honeycomb lat-

tice becomes noticeable. Given that the coupling be-

tween layers separated by a distance d (in nm) is

e�0.24d,17 we find that the additional displacement in-

duced by the STM tip is of the order 3.3 Å (i.e., the dis-

tance between the displaced top layer and the layer un-

derneath is 6.7 Å), which is coincidentally rather close

to the interlayer spacing in graphite. As such, we pro-

pose that a reduced coupling rather than a stacking

change is pivotal in the transition between the two ob-

served atomic structures. This will be further validated

and elucidated in the later part of this article, where we

furthermore observe a similar transition over a much

larger lateral scale as well as a “half-displacement”.

Manifestation of Atomic Scale Strain and Surface

Displacement. To demonstrate the role of superlattices’

signature in identifying surface displacement and

atomic scale strain, we must first locate and character-

ize a superlattice. Figure 2a shows conjoined superlat-

tices, each with a different corrugation, periodicity,

and orientation. It is clear from this image (and Figure

2d) that the surface layer is continuous. Therefore, we

propose that the boundary between these two sets of

superlattices coincides with a grain boundary in the lay-

er(s) underneath, where each grain has a slightly differ-

ent orientation. For the superlattice on the left (which

we will henceforth refer to as the left superlattice), be-

sides having a lower corrugation than the one on the

right (Figure 2c), there is a gradient in the periodicity, in-

dicating that the grain boundary underneath is low

angle, consisting of a series of screw dislocations. The

lower region has a periodicity of 7.1 nm, decreasing

gradually toward the upper region, where the periodic-

ity is 6.5 nm. The implication of this is that the misorien-

tation angle between the surface and underlying

graphene layers will be smaller on the lower region be-

cause the longer the periodicity, the higher the misori-

entation angle, according to the Moiré model. As the

periodicity of 5.9 nm in the superlattice on the right

(which we will henceforth refer to as the right superlat-

tice) is constant throughout, the atomic lattice misori-

entation angle of the underlying layer between the two

regions of superlattices will be greater at the lower

region.

In calculating the rotational misorientation between

two graphene layers, we employ the Moiré pattern for-

mula: The periodicity, D, of the resulting Moiré superpe-

riodic hexagonal structure is related to the rotation

angle, �, between the two layers of the hexagonal lat-

tice, with lattice constant d, as D � d/[2 sin(�/2)].19 The

orientation of the Moiré pattern, ▫, with respect to the

atomic orientation of the top layer is related to the ro-

tation angle, �, as ▫ � 30° � (�/2). The calculated rota-

tional angle between the two graphene layers, from the

measured superlattice periodicity of 5.9 nm, is 2.39°.
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The calculated misorientation angle for the Moiré pat-

tern will then be 28.81°, which agrees well with the

measured value of 29° from the FFT (fast Fourier trans-

form) in Figure 2d, validating the Moiré rotation

assumption.

A model of the grain boundary in the underlying

graphene sheets is depicted in Figure 2e, in accor-

dance with Figure 2b. Due to the misorientation be-

tween the grains, we would expect that the boundary

will result in atomic scale compressive stresses being

exerted in some regions along the boundary as indi-

cated. It is known that the presence of local stresses in-

duces localization of states near the Fermi energy.27,28

Upon imaging at �0.1 V, the enhanced density of states

becomes apparent at the locations indicated by the ar-

rows in Figure 2g, corresponding to those indicated in

the model (Figure 2e). The stress exerted decreases

from the lower region to the upper region due to the

smaller atomic misorientation angle in the upper re-

gion. Therefore, localization of states is expected pre-

dominantly in the lower region. Closer inspection of

Figure 2a reveals that the surface layer on the right

superlattice region is buckled, as indicated by the lin-

ear ripples in the region of the image in the black dot-

ted ellipse drawn. These ripples are not parallel to the

boundary but to the nanoribbon (Figure 4) close to the

boundary and shows that the surface layer is more eas-

ily deformable on the right superlattice region than on

the left. Furthermore, in Figure 2g, there is a transition

in the appearance of the superlattice about halfway up

the image. We attribute this to a large-scale vertical dis-

placement of the surface layer, which will be discussed

in detail later. Knowing the angle of the boundary as

well as the atomic orientation of the underlying

graphene sheet (from the atomic orientation of the sur-

face layer and the calculated misorientation angle), we

Figure 2. (a) Two sets of superlattices showing a region of higher contrast (right) and a region of lower contrast (left) (�0.3 V, 0.2 nA).
Superlattice periodicities at different regions are indicated with the calculated misorientation angle (as bracketed). Light blue arrow in-
dicates where the fault/boundary begins. Angular mismatch between the two sets of superlattice is 8°. Linear ripples indicated by the
black dotted ellipse on the right superlattice demonstrate buckling. (b) Region indicated by a green box in (a) having a change in the fault
direction of 120° (�0.3 V, 0.2 nA). (c) Line profile across the boundary as depicted by the solid blue line in (b). All periodicities are mea-
sured from an average of at least four superlattice corrugations. (d) A 20 � 20 nm2 area at the boundary between the right and left
superlattices with atomic resolution (0.05 V, 0.2 nA), Bottom left inset: FFT of the right superlattice. Outer hexagonal spots correspond
to the atomic lattice, while the inner hexagonal spots correspond to the superlattice. The blue line, which traverses the boundary, shows
no atomic mismatch between both regions, indicating that the surface graphene layer for both regions is continuous. The misorienta-
tion angle between the superlattice and atomic lattice is 29°, measured from the FFT. (e) Proposed Moiré rotational pattern model with
the fault/boundary line in red. Green and blue arrows show the locations where compressive stresses are present at the boundary caused
by a difference in the misorientation angle at both regions which results in a slight difference in superlattice periodicity in both regions
as shown (a). (f) Proposed fault/boundary line having a 120° directional change indicates that the fault will result in terminations with arm-
chair edges. (g) Boundary imaged at �0.1 V showing locations with enhanced density of states due to the localization of states induced
near the Fermi energy attributed to stresses as indicated in (e) (0.2 nA).
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can extract the termination structure of the proposed

fault line using a simple atomic model as shown in Fig-

ure 2f. From our analysis, we predict that the fracture

along the fault line will produce terminations with arm-

chair edges.

From Figure 2g, it appears that there is a relatively

larger stress being exerted in the region where the fault

line changes direction at an angle of 120°, as indicated by

the dark blue arrow. As such, we performed voltage-

dependent imaging in the area indicated by the green

Figure 3. (a) Voltage-dependent STM imaging of the same region indicated by a green box in Figure 2g (0.2 nA). As the
bias magnitude decreases (i.e., probing levels near the Fermi energy), the contrast at the blue dots increases, demonstrat-
ing the presence of localized states near the Fermi level induced by a local stress. The darker blue dot has a slightly higher
contrast since it is directly next to the 120° bend in the fault line, as indicated by the blue arrow in Figure 2e,g and there-
fore experiences a higher stress. (b) Transition in superlattice contrast due to lifting and “dropping” of the surface
graphene layer, when imaged at 0.7 V and (c) �0.3 V, 0.2 nA. Note the stretching of the hexagonal superlattice unit cell
by 16% upon surface displacement in both conditions. (d) Illustration of the warping and displacement of the top graphene
layer induced by the tip, which causes the superlattice stretching and a change in contrast. Superlattice pattern is also ob-
served in this illustration caused by the rotational mismatch of the two graphene layers. (e�h) Zoom-ins of the bound-
ary indicated by a red box in (c) imaged at (e) �0.1 V, 0.2 nA and (g) 0.5 V, 0.2 nA. (f,h) Respective magnified region indi-
cated by a green box. Transition from triangular (T) to honeycomb (H) atomic lattice is clearly discernible in (h), while no
transition is observed in (f). Note that, under both conditions, the left region shows a triangular atomic lattice, implying a
constant surface coupling with the underlying layer. The change in atomic structure occurs only on the right region (half-
displacement), demonstrating the ease of surface displacement on the right region where the superlattice corrugation is
higher (and is reduced during displacement), and confirms the displacement theory and reduced coupling hypothesis. Blue
dots indicate the region of stress as discussed in (a). Simulation of superlattice with 2.39° of orientation mismatch be-
tween the top and subsequent layers for (i) normal coupling and (j) 20% of normal coupling between the layers. Both im-
ages are 25 nm � 25 nm. From the image, it is clear that the superlattice orientation is unaltered with reduced coupling,
the main difference being that the contrast is significantly reduced. There is a more dramatic difference at the atomic scale
where the reduced coupling causes a transition between the triangular and atomic lattice structures, as shown in Figure
1 and (e)�(h).
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box to probe for the presence of localized states. From
Figure 3a, it is evident that a decrease in the magnitude
of the applied voltage (i.e., imaging closer to the Fermi en-
ergy) reveals an increase in the density of states in the re-
gion indicated by the blue dots for both polarities. There
is a small asymmetry in the electronic states, with larger
density of additional states below the Fermi energy as
compared to above it. Superlattices have always been
shown to be a superperiodic interference pattern with
an enhanced density of states, but our result indicates
that this electronic state could be further enhanced lo-
cally through the application of stress. In addition, the lo-
cation directly below the fault line experiences the most
stress, as indicated by the darker blue dot (slightly higher
DOS), as compared to a region a few nanometers away
from the fault, as indicated by the lighter blue dot (slightly
lower DOS). As such, the graphite superlattice could well
serve as a means of mapping the nanoscale stress gradi-
ent in graphite even for stresses just beneath the surface.

In recent years, there has been a spate of research
focusing on graphene edges,29�31 both experimentally
and theoretically, emphasizing the difference in the
density of states between zigzag and armchair-
terminated edges. Zigzag-terminated ribbons possess
a unique filled edge state close to the Fermi level, stem-
ming from the topology of its �-electron networks,
which is not present in armchair ribbons. In our case, it
is unlikely that the localization of states is caused by the
presence of zigzag edges since the termination con-
sists mainly of armchair edges as discussed earlier. We
find that the localization of states occurs gradually with
decreasing bias for both polarities of sample voltage, al-
beit with a slight asymmetry toward there being more
filled states, all indicating that our assertion of local
compressive stress is valid.

After performing several scans in the boundary re-
gion, we observe the occurrence of a transition in the
superlattice structure (Figure 3b,c), which we attribute to
the decoupling of the surface layer relative to underlying
layers, analogous to what is shown in Figure 1a for the
atomic lattice. In fact, after the transition, the atomic lat-
tice switches from triangular to honeycomb. In all cases,
the orientation and position of the superlattice remain
unchanged after surface decoupling, but the symmetry
becomes distorted, corresponding to stretching of the
superlattice unit cell by 16% in the y-direction, as shown
by the inserted honeycomb model (Figure 3b,c). This
shows that the transition is not simply a switch in the im-
age contrast due to a change in the tip state. Also, the
transition cannot be explained as a lateral shift of the sur-
face layer modifying the stacking from A�B to A�A, as
this shift at the atomic scale would result in a significant
shift of the superlattice peak positions, which we do not
observe. The occurrence of the transition is independent
of the voltage. This implies a weak interaction between
the surface and the underlying layer especially in the right
superlattice region, such that even at an increased tip�

sample distance (associated with a bias of 0.7 V) decou-
pling of the surface graphene sheet still occurs. We pro-
pose that this is made possible here due to the tapered
shape of the surface layer in the scan area, meaning it is
relatively easy to be lifted by the tip. The higher superlat-
tice corrugation could also enhance the surface deforma-
tion. It has been shown that the corrugation of superlat-
tices decreases with increasing voltage as the interlayer
influence is only important near the Fermi level18,32 and
decreases with decreasing current (i.e., increasing
tip�surface distance).20 Nonetheless, it is evident that
the corrugation of the portion of superlattice that has
been displaced in the lower half of Figure 3b (2 Å) at a
sample bias of 0.7 V is significantly larger than at the lower
bias of �0.3 V in Figure 3c (0.5 Å). This is due to a conse-
quent increase in the average tip�sample distance after
surface decoupling. In Figure 3d, we have illustrated the
warping of the surface graphene layer under the STM tip.

The decoupling of the surface graphene sheet in-
duced by an STM tip is already known and, in fact, is
the reason for the observed anomalous atomic corruga-
tion of graphite on the order of 0.1�0.2 nm, which is ul-
timately the reason for its common use in STM experi-
ments. The scanning tip is in extreme close proximity to
the graphite surface during tunneling because graph-
ite is a semimetal with a low density of states. This re-
sults in a large attractive tip�surface interaction lead-
ing to surface deformation4,22 and displacement.12,21,33,34

The already weak interlayer coupling in graphite would
be further reduced by the presence of any intrinsic de-
fects. Since our experiments were carried out directly on
a superlattice, which implies an intrinsic underlying de-
fect, and in the vicinity of a grain boundary, this region
would have a much weaker interlayer coupling. There-
fore, the surface graphene layer will be prone to decou-
pling by the STM tip�sample interaction during tunnel-
ing. Finally, the lateral scan speed of the tip used in
our experiment is relatively high (2 Hz for all scan sizes).
An increased scan speed decreases the effectiveness
of the feedback mechanism of the STM, thus allowing
the tip to get closer to the surface and increase the like-
lihood of decoupling the surface layer. An increase in
scanning speed has previously been reported to en-
hance the likelihood of surface displacement.11

From Figure 3b,c, we know that surface displace-
ment occurs only on the right superlattice region, imply-
ing a weaker coupling as compared to the left superlattice
region. To further validate this point and rebut the tip
state modification explanation for observation of super-
lattices and the honeycomb atomic lattice, we imaged the
boundary area indicated by a red box in Figure 3c, where
the transition occurs for the right superlattice. Atomic
resolution images of graphite are obtained for both re-
gions in the same image plane as shown in Figure 3e,g.
Panels f and h of Figure 3 are their respective magnified
areas for clarity. Figure 3h shows a transition in the atomic
lattice from triangular to honeycomb when traversing
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across the boundary (from left to right), while no transi-
tion is observed in Figure 3f (the atomic lattices for both
regions remain triangular). We termed this phenomenon
half-displacement because the displacement occurs from
the middle of each linescan. The occurrence of this transi-
tion is again independent of the applied voltage and its
polarity. Note that the atomic lattice on the left superlat-
tice region remains triangular, which implies that the left
region remains fully coupled at all times and only the right
region experiences a series of both coupling and decou-
pling phenomena under different scanning instances.
This observation is a direct evidence of decoupling, con-
sistent with the displacement hypothesis because the
higher superlattice corrugation means that the elastic de-
formation over that region is stronger. In addition, know-
ing that the surface layer between the two regions is con-
tinuous, strongly supports the simulation in Figure 1e
that the half-displacement is caused by reduced cou-
pling rather than a change in the stacking from A�B to
A�A since such stacking change will certainly result in
both regions having the same atomic structure, which is
not the case. As such, the message which both panels f
and h of Figure 3 (the half-displacement) deliver is conse-
quential. Besides affording a cogent evident that a dis-
placement indeed occurs, it also confirms the type of dis-
placement taking place. This is further highlighted in
Figures 1d,e and 3i,j, where we present simulations of
the density of states of the surface. In Figure 1d,e, we
show that, under normal coupling, the triangular lattice
is observed, whereas under reduced coupling (20%), the
pattern at the atomic scale is a hybrid
triangular�honeycomb structure, which the STM ob-
serves as a honeycomb structure. In Figure 3i,j, which
shows simulations over larger areas (25 nm), we show
that a superlattice is still observed in both cases, albeit
with a greatly reduced contrast in the case of reduced
coupling, as expected, and consistent with our
experiments.

Producing Graphene Nanoribbon through STM Manipulation.
The capability of the STM to manipulate atoms and mol-
ecules is already well-established,35,36 but the application
to larger structures is still in its infancy especially at room
temperature. We have demonstrated here that, while im-
aging HOPG, the sample warps under the tip, and the
scanning conditions can be optimized to allow the top
graphene layer to be decoupled from the underlying lay-
ers by a few angstroms. The next step, of course, is to per-
form this with more control to ultimately fabricate a de-
vice whose electrical characteristics can be modulated by
the presence of a superlattice. The first step toward this
is illustrated in Figure 4, where we have used the STM tip
to fold over the edge of the top few layers of graphene
(Figure 4b) with zigzag terminations on HOPG, followed
by a successful manipulation back to the original config-
uration (Figure 4d). The resulting superstructure, due to
the misorientation between the layers, is clearly visible
(Figure 4c). Through suitable manipulation pathways and
selection of folding regions, it is possible to control the
superlattice periodicity, along with the desired graphene
size and edge termination. This should alter the electronic
band structure and introduce sub-bands, whose electri-
cal characteristics can be utilized in a novel few layers
graphene device structure, thus enhancing carbon
electronics.

To conclude, we have shown that by studying
the properties of HOPG carefully, we can learn some-
thing useful for future graphene electronics as well
as for general STM imaging and manipulation. We
have mapped local strain in the vicinity of a defect
through voltage dependent imaging of superlattices
and have successfully used STM to manipulate and
alter the coupling between individual graphene
sheets. This further extends the evidence that stud-
ies on graphene, if they are not free-standing films,
must be taken with great caution due to the cou-
pling with any substrate.

METHODS

All STM images were acquired at constant current with an
Omicron UHV STM/AFM system at room temperature. Mechani-
cally cut Pt/Ir tips were used. HOPG substrates were prepared by

cleaving with tape and treated with 1,2,4-trichlorobenzene to in-

duce the formation of superlattices.13 The sample was then intro-

duced into a load-lock chamber and pumped down overnight

to a pressure in the order of 10�10 mbar prior to scanning. There

Figure 4. (a) Graphite flake on a step in the vicinity of a grain boundary, resulting in a superlattice (0.4 V, 0.2 nA). (b)
Modified step after STM tip has been used to peel back flake, resulting in a bilayer graphene nanoribbon (0.4 V, 0.2 nA).
(c) Zoom-in on the nanoribbon reveal complex pattern where the orientation of atomic rows indicates a zigzag edge ter-
mination (0.4 V, 0.2 nA). (d) Nanoribbon has been refolded back to its original position (0.5 V, 0.2 nA).
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is no evidence of intercalation of the solvent, as atomic resolu-
tion imaging of different areas around the superlattices reveals
that the measured atomic misorientation between layers is con-
sistent with that expected from the superlattice periodicity
based on the Moiré pattern assumption. All STM images pre-
sented here were processed using WSxM37 without smoothing.
Simulations of STM images of the honeycomb and triangular lat-
tice were done using the model for density of states as reported
in ref 26. For the results shown in Figure 4, the original image
was taken with a bias voltage of 0.4 V and a scan rate of 1.5 Hz,
and for the manipulation, this was altered to 0.1 V and 2 Hz. To
manipulate the flake back, the bias voltage was again reduced to
0.1 V.
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