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In two-dimensional van der Waals (vdW) materials, the relative twist angle between adjacent layers
not only controls their electronic properties but also determines their stacking energy. This effect makes it
difficult to stabilize the vdW materials with twist angles. Here, we demonstrate that we can controllably
stabilize the system with custom-designed twist angles, for example, magic angle, which is realized by
tailoring the adhesive-energy landscape of graphene nanostructures on graphene by using a one-
dimensional tilt grain boundary (GB). Our result demonstrates that the flat band of the custom-built
nanoscale magic-angle-twisted bilayer graphene is still robust, even when its size is comparable to a single
moiré spot. Moreover, in our experiments, the area ratio with different stacking orders separated by the
tilt GB can be continuously tuned by using the scanning-tunneling-microscope tip, and we can repeatedly
fold and unfold the graphene nanostructure along the one-dimensional GB, demonstrating the ability to
manipulate the graphene nanostructure at the atomic scale.

DOI: 10.1103/PhysRevApplied.17.034013

I. INTRODUCTION

In van der Waals (vdW) layered materials, the phys-
ical properties crucially depend on the relative twist
angle between adjacent layers [1–5]. The most reputed
example is bilayer graphene, in which we can obtain
two-dimensional quasicrystals [6–8], magic-angle-twisted
bilayer graphene with flat bands [9–11], minimally twisted
bilayer graphene with a triangular network of chiral one-
dimensional states [12–15], and so on, by simply varying
the relative twist angle. The structures and correspond-
ing stacking energy in bilayer graphene also depend on
the relative twist angle. Bilayer graphene with stacking
misorientation is energetically unstable and the zero-twist-
angle stacking order, i.e., the Bernal-stacked bilayer, is
the most energetically favorable structure [16–19]. Conse-
quently, thermal fluctuations can lead to rotation between
the adjacent vdW layers to the energetically favorable
structure [20–26]. Therefore, stabilizing twisted bilayer
graphene and achieving precise angle control are of equal
importance in the development of twistronics.

Here, we demonstrate the ability to stabilize the stacking
misorientation of graphene nanostructures on graphene by
using a one-dimensional tilt grain boundary (GB), which is
a line defect connecting two graphene grains with a relative
rotated angle φ [27–31], in the supporting graphene. In our
experiment, the area ratio with different stacking orders,
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as separated by the tilt GB, of the system is continuously
tuned by using a scanning-tunneling-microscope (STM)
tip, which helps us to stabilize the graphene nanostructure
with a tunable twist angle on graphene. Our result demon-
strates that the flat band of the custom-built nanoscale
magic-angle-twisted bilayer graphene is still robust even
when its size is comparable to a single moiré spot. Because
of the different stacking orders separated by the tilt GB, we
further demonstrate that we can repeatedly fold and unfold
the graphene nanostructure along the one-dimensional
tilt GB.

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Calculated adhesive-energy landscape of a
graphene nanostructure on graphene

For a graphene nanostructure on a continuous graphene
sheet, the relative twist angle between adjacent layers
plays a vital role in determining the resulting structure,
as shown in Fig. 1(a). Figure 1(b) shows the calculated
adhesive energy of a graphene nanostructure with 3800
carbon atoms on a continuous graphene sheet, according
to the theoretical result in Ref. [18] (see Appendix A). The
graphene nanostructure on graphene is initially of AB (or
Bernal) stacking, defined as zero-twist angle, and the adhe-
sive energy depends sensitively on the relative twist angle.
The energy maxima for twist angles of 20° and 40° are
set to zero [18]. Obviously, the AB-stacked configuration
is the most stable stacking order, and the 30° configura-
tion is a metastable stacking order. The configurations with
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other relative twist angles are not thermally stable configu-
rations for the graphene nanostructure on graphene. Due to
the structural symmetry of graphene, the adhesive energy
as a function of twist angle exhibits a period of 60°. By
introducing a one-dimensional tilt GB in the supporting
graphene sheet, as schematically shown in Fig. 1(a), we
can controllably tune the area ratio, RL, of the graphene
nanostructure between the left side and the right side sepa-
rated by the GB. This introduces a new degree of freedom,
i.e., RL, to modulate the adhesive-energy landscape of the
graphene nanostructure on graphene. Figure 1(c) shows the
calculated energy landscape of the graphene nanostructure
on supporting graphene with a φ = 21° tilt GB (for simplic-
ity, the boundary is assumed to be a perfect line defect with
zero width, which separates the graphene structure into two
parts, in the calculation). Now, the total energy of systems
depends on both the twist angle and area ratio RL separated
by the GB. For the cases with RL = 100% and 0%, there is
no GB in the supporting graphene. According to Fig. 1(c),
there are always one stable state and one metastable state;
however, the corresponding angles of the stable state and
the metastable state are not fixed but depend on the area
ratio, RL. Figure 1(d) shows representative results with area
ratio RL = 25%, 50%, and 75%, which exhibit quite dis-
tinct features compared with that for RL = 100% (or 0%).

For the φ = 21° tilt GB, the stable state and the metastable
state can be switched by changing the area ratio, RL. More-
over, the twist angle of two regions separated by the GB
can be continuously tuned from 9° to 0° (pink circles in
Fig. 1) and from 21° to 30° (black circles in Fig. 1), respec-
tively, by changing the area ratio from 0% to 100% (see
Fig. 5 in Appendix A for the energy landscape of another
tilt GB).

B. Stabilizing the graphene nanostructure by the tilt
grain boundary

To explore the above effects experimentally, highly ori-
ented pyrolytic graphite (HOPG) and multilayer graphene
on Ni foil synthesized by chemical vapor deposition (see
Appendix B) are used in our experiments. Previous stud-
ies have demonstrated that one-dimensional tilt GBs with
different φ can be frequently observed in the two sys-
tems [27–31], which is also observed in our STM mea-
surement (see Fig. S1 within the Supplemental Material
[32] for STM characterizations of grain boundaries). The
graphene nanostructures are obtained by etching the stud-
ied samples with the hydrogen-plasma etching method
(see Figs. S2 and S3 within the Supplemental Material

(a) (c)

(b)

(d)

FIG. 1. Energy landscape of graphene nanostructure on graphene with a tilt GB. (a) Schematic configurations of a graphene nanos-
tructure on graphene with a tilt GB. (b) Energy evolution of a graphene nanostructure on single-crystal graphene with different relative
twist angles. (c) Energy landscape of a graphene nanostructure on graphene with a tilt GB. In this theoretical energy landscape, the
tilt angle of the GB is 21°, as observed in our experiment (Figs. 2–4), and the area of the nanostructure is 100 nm2. Parameter θL
represents the twist angle of the graphene nanostructure with underlying graphene on the left of the GB. RL is defined as the area ratio
between the region on the left of the GB and the whole nanostructure. (d) Energy evolution as a function of twist angle. Area ratios are
about 25%, 50%, and 75%. Area ratio and twist angle of the stable or metastable state are strongly related. By changing the area ratio,
the twist angle for the metastable and stable states can be changed gradually.
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[32] for STM characterizations of graphene nanostruc-
tures). To study the effects of the tilt GB on the stacking
orders of the graphene nanostructures on graphene, we use
a STM tip to “move” an etched graphene nanostructure

to a selected tilt GB. Figures 2(a)–2(d) summarize two
typical processes in our experiments. Reducing the
tunneling resistance and moving the tip along a given
direction, the graphene nanostructure can be repeatedly

(a)

(c) (d)

(b)

(e) (f)

FIG. 2. Stabilizing the graphene nanostructure by the tilt GB. (a) STM image of an initial configuration showing that the graphene
nanostructure is on the right side of the GB. GB is highlighted with the white dotted line. Inset, height profile of the graphene nanos-
tructure along the white arrow. (b) STM image of a final configuration that the graphene nanostructure is “moved” on top of the GB,
Vs = 1 V and I = 0.1 nA. Area ratio is measured to be about 30%, and the twist angle is measured to be about 115° ± 1.0°. Obtained
nanostructure is moved along the white arrow by the tip with Vs = 1 V and I = 0.2 nA in (a). (c) STM image of an initial configuration
showing that the nanostructure is in the left side of the GB (Vs = 1 V and I = 0.1 nA). (d) STM image of a final configuration that
the nanostructure is “moved” on top of the GB with an area ratio of about 80% and twist angle of about 60° ± 1.0°. Scale bar, 10 nm
(Vs = 1 V and I = 0.1 nA). Nanostructure is moved along the white arrow in panel (c) by the STM tip with Vs = 1 V and I = 0.8 nA.
(e) Corresponding states in the energy landscape of the configurations in (a)–(d). Blue and gray dots indicate the initial states in (a)
and (c). Yellow and orange dots show the final states in (b) and (d). Area ratio and twist angle of these states are marked with (RL,θL).
Twist angles are measured by comparing atomic resolved images of top and bottom graphene sheets. (f) Top, STS map is recorded
along the black arrow in (d). Bottom, STS spectra are obtained at three typical positions marked by the colored square dots in (d). Flat
band is marked by arrows.
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moved on and off the tilt GB (see Fig. S4 within
the Supplemental Material [32] for the movement of
graphene nanostructures). Our experiments indicate that
the graphene nanostructure on the tilt GB is quite sta-
ble during measurements and the graphene nanostructure
becomes movable only when the STM tip approaches to
manipulate it (the STM tip approaches the graphene nanos-
tructure by either decreasing the bias or increasing the
current or both of them, see Fig. S5 within the Supplemen-
tal Material [32] as an example). To fully understand the
experimental results, we carry out atomic resolved STM
measurements (see Figs. S6 and S7 within the Supple-
mental Material [32] for the atomic resolved images). The
rotated angle of crystal orientation between the left and
right sides of the tilt GB in the supporting graphene is
about 21.1° ± 1.0°, and the relative twist angles, θL, of the
graphene nanostructure to the left region of the tilt GB in
Figs. 2(a)–2(d) are also measured. According to the area
ratio, RL, and twist angle, θL, with the left side of the
GB, we can obtain the detected initial and final states in
Figs. 2(a)–2(d) on the energy landscape, as summarized in
Fig. 2(e) (see Appendix A for detailed calculations). There
is mainly a translation of the graphene nanostructure from
panel (a) to panel (b), whereas there are translation and
rotation of the graphene nanostructure from panel (c) to
panel (d). Because of the large rotation angle, the manip-
ulation from panel (c) to panel (d) overcomes a barrier of
the energy landscape.

The final configurations in Figs. 2(b) and 2(d) are in the
valleys of the energy landscape, indicating that they are
energetically favorable states, as observed in our experi-
ment. The competition from adhesive energy between the
two regions separated by the tilt GB helps to stabilize the
configurations with stacking misorientations in the studied
system. For the final configuration in Fig. 2(d), the twist
angle between the graphene nanostructure and the left side
of the GB is about 1° (near the magic angle). To study the
local electronic structure, we carry out scanning-tunneling-
spectroscope (STS) measurements (see Appendix C for
STM and STS measurements), as summarized in Fig. 2(f).
A pronounced tunneling peak is clearly observed on the
graphene nanostructure on the left side of the GB [Fig. 2(f),
top panel]. Such a feature is attributed to the flat bands in
magic-angle-twisted bilayer graphene (MATBG). In addi-
tion, there is negative differential conductance between the
flat bands and the steplike features in the spectrum, which
is a clear signature of a gap between the flat band and
the high-energy bands in slightly TBG, as observed previ-
ously [12,33–35]. Therefore, our result demonstrates that
the flat band of MATBG is still robust when its size is
comparable to a single moiré spot. Due to the different
stacking orders separated by the tilt GB, the two regions
exhibit quite different electronic properties, and a clear
boundary is observed, as shown in the bottom panel of
Fig. 2(f).

C. Tunable configurations of the nanostructure on
graphene with the tilt grain boundary

Recent experiments demonstrated the ability to tune
strained structures of graphene by using local probing
tips [36–45]. In our experiments, the continuously tun-
able area ratio enables us to realize almost countless
stable and metastable states for the graphene nanostruc-
ture on graphene. By using the STM tip, the transfer
between stable and metastable states, i.e., from either sta-
ble states to metastable states or from metastable states
to stable states, can be realized. Figures 3(a)–3(c) sum-
marize three representative results obtained in our exper-
iments and each figure shows composite STM images
to compare the states before and after each manipu-
lation step. The initial and final configurations of the
graphene nanostructure on the tilt GB are seized in the
STM measurements and the corresponding states on the
energy landscape are obtained, as shown in Fig. 3(d),
according to the area ratio and twist angle with the
left side of the GB (see Fig. S8 within the Supple-
mental Material [32] for the enlarged atomic resolved
images and the moiré pattern image). From the energy
landscape, the relationship between twist angle, area
ratio, and total energy can be vividly displayed. When
the area ratio is close to 50%, the two regions sepa-
rated by the tilt GB are stabilized in configurations with
stacking misorientation. Increasing the difference in the
area between two regions, e.g., RL = 20% or 80%, the
region with a large area becomes nearly aligned with
the supporting graphene. Obviously, the changes in the
configurations of the graphene nanostructure correspond
to the switch between the stable states and the metastable
states.

D. Custom-designed manipulation of the graphene
nanostructure using the tilt grain boundary

Due to the existence of the tilt GB, the two regions
of the graphene nanostructure, as separated by the tilt
GB, exhibit different stacking orders. Therefore, the vdW
forces between the two regions of the graphene nanos-
tructure and the underlying graphene are different. Such
a feature provides us with an unprecedented opportunity
to fold the graphene nanostructure at a selected position,
as schematically shown in Fig. 4(a). By decreasing the
distance between the STM tip and the graphene nanos-
tructure, we can lift and fold the graphene nanostructure
at the position of the tilt GB when the tip-graphene vdW
force overcomes the force between the graphene nanos-
tructure and the underlying graphene. Figure 4(b) shows a
typical experimental result. The scanning bias is decreased
from 1 V to 50 mV stepwise with an interval of 50 mV
(the tunneling current is fixed at 0.1 nA). Then, the left
side of the graphene nanostructure can be lifted and folded
at the position along the tilt GB under a scanning bias
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(a)

(c)

(d)

(b)

FIG. 3. Tunable configurations of the nanostructure on graphene with the tilt GB. (a) Configurations before (yellow) and after (blue)
the first tip manipulation. STM images taken at 1 V and 0.1 nA. Nanostructure is rotated by the tip with Vs = 1 V and I = 0.8 nA.
(b) STM images before (blue) and after (purple) the second operation. Nanostructure is rotated by the tip with Vs = 1 V and I = 0.8 nA.
(c) STM image before (purple) and after (red) the third manipulation. Nanostructure is rotated by the tip with Vs = 150 mV and
I = 0.1 nA. Scale bar, 4 nm. Atomic resolved images are marked with colored circles in (a)–(c). (d) Corresponding states in the energy
landscape of the configurations in (a)–(c). Corresponding states are identified with colored dots with the area ratio and the twist angle
(RL,θL).

of 50 mV (see Fig. S9 within the Supplemental Mate-
rial [32] for the folding and unfolding processes, see
Appendix D for the estimation of the tip-graphene distance
and vdW forces). The continuously tunable area ratio of
the graphene nanostructure enables us to fold and unfold

the graphene nanostructure at any selected position, as
demonstrated in Figs. 4(b)–4(d). Although folding and
unfolding graphene nanostructures along an arbitrarily
chosen direction were realized very recently [33], folding
and unfolding the graphene nanostructures at the nanoscale
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(a)

(c) (d)(b)

FIG. 4. Custom-designed manipulation of the graphene nanostructure using the GB. (a) Schematic showing the process of folding
the graphene nanostructure along the tilt GB by using a tip. F1 is the vdW force between the graphene nanostructure and the underlying
graphene. F2 is the vdW force between the tip and the graphene nanostructure. Purple dotted line is the final configuration after folding.
(b)–(d) STM images of the nanostructure after folding. Nanostructure is the same as that in Figs. 2 and 3. Tunneling current used for
folding is I = 0.1 nA. Left side of the nanostructure with weaker interlayer interactions is folded to the right side along the GB. Scale
bar, 10 nm. More and more “contaminants,” which may be gas molecules or nanoflakes of etched graphene adsorbed on the tip, adsorb
on the graphene nanostructure during the folding process because of the large tip-sample vdW force.

at custom-designed positions are still very big challenges
in experiments. Our results provide a promising route to
overcome this challenge with the help of the one-
dimensional tilt GB.

III. CONCLUSION

Using a one-dimensional tilt GB in the supporting
graphene, we provide a method to tailor the adhesive
energy of graphene nanostructures on graphene. The
tunable area ratio with different stacking orders, as

separated by the tilt GB, of the system helps us to
stabilize the graphene nanostructure with tunable twist
angles on graphene, which is of vital importance in the
development of twistronics. It is interesting to find that
the flat band of the custom-built nanoscale magic-angle-
twisted bilayer graphene is still robust, even when its size
is comparable to a single moiré spot. Because the different
stacking orders are separated by the tilt GB, the graphene
nanostructure can be folded and unfolded along the GB,
which shows the ability to manipulate the graphene nanos-
tructure at the atomic scale. The in situ manipulation and
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measurements reported in our experiments are the begin-
ning of the study of the twist-dependent electronic prop-
erties of van der Waals materials at the nanoscale, which
may lead to the possible development of twist-based nan-
odevices.
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APPENDIX A: DETAILS OF THE ENERGY
CALCULATION

1. Total energy of the nanosystem

In our experiment, the total number of atoms of the
graphene nanostructure is about 8000, which is much
larger than the number of carbon atoms, about 4000, of
the large graphene flake in Ref. [18]. Therefore, we use the
results obtained for the large graphene flake in Ref. [18]
to calculate the energy landscape. We calculate the total
energy from

ELR = ALRNElr. (A1)

Here, ELR represents the total energy of the flake for the
left or the right area of the GB, ALR is the area to the left
or right side of the GB, N is the number of atoms per unit
area, and Elr is the energy per atom at a certain twist angle
for the left or right side of the GB. The total energy can be
obtained by summing the energy of the right side and the

left side of the boundary. For the bilayer system, the num-
ber of atoms is doubled. Since the increased area and layers
influence only the total energy, rather than changing the
main characteristics of the three-dimensional energy-state
diagram, we simplify the total energy with the nanoflake
of the top layer. The number of atoms per unit area is
approximately 38 nm−2.

2. The influences on the energy calculation

Here, we discuss some factors that may influence the
total energy of the landscape.

(1) Edge atoms: According to previous theoretical work
[18], there are fewer edge effects for a large flake compared
with a small flake. In our experiments, the number of edge
atoms of the graphene nanostructure is about 500, which is
about 6% of the total number of atoms, and the energy of
the edge atoms is assumed to be the same as that inside the
nanostructure in our calculations.

(2) Interlayer distance: The interlayer distance between
the nanostructure and the supporting graphene layer is
assumed as 0.32 nm (here, we should point out that using
an interlayer distance of 0.36 nm does not affect the main
features of the energy landscape nor the main results of this
work).

(3) Stacking order: In our experiments, the stacking
orders of the graphene nanostructure on graphene are
directly measured by using atomic resolved STM images.
Then, we can calculate the stacking energy of the graphene
nanostructure on graphene.

(4) Lateral motion: The route from one stacking con-
figuration to the other configuration cannot be exactly

(a) (b)

FIG. 5. (a) Energy landscape of graphene nanostructure on graphene with a φ = 15° tilt GB. Area of the nanostructure is 100 nm2.
(b) Energy evolution as a function of twist angle for area ratios of 0%, 25%, 50%, and 100%. Angles of stable states marked with
black circles are about 15°, 14°, 7°, and 0°. Changing the area ratio from 0% to 100%, the stacking misorientation with the left side of
the GB can be tuned from 15° to 0°.
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FIG. 6. Temperature program for growth by the LPCVD method. After growth, multilayer graphene with one-dimensional bound-
aries can be obtained. Then, we repeat this procedure and change the middle step into 100 sccm Ar, 100 sccm H2, 70 W power to
obtain nanoflakes.

detected by using STM and is not the topic of this work.
Therefore, it is not necessary to take into account the
effects of lateral motion and rotation on our result. Only
the stacking orders of the initial configuration and the final
configuration are important in this work.

(5) Temperature: In Ref. [18], the energy landscape of
graphene nanostructures on graphene is calculated at 0 K.
Our experiments are carried out at 77 K, and the studied
stacking configurations of the graphene nanostructure on
graphene are quite stable at 77 K. The switching between
different stacking configurations of the graphene nanos-
tructure on graphene is achieved only with the help of
the STM tip, and thermal fluctuation does not activate the
switching between different states. Therefore, it is reason-
able to assume that temperature does not affect the main
feature of the energy landscape of graphene nanostructures
on graphene.

(6) Boundary effect: Here, the effect of the width of the
tilt grain boundary (about 0.5 nm) is not taken into account,
and the boundary is assumed to be a perfect line defect
with zero width in the calculations. First, we consider that
the GB is equally divided into two parts so that it can affect
the nanostructure on both sides of the GB equally. Here, we
calculate the effective atomic percentage of the GB for the
nanostructure. For the final states in Figs. 2(b) and 2(d) of
the main text, the length of the GB, the number of atoms,
and the atomic percentage are about 13 nm, 247 atoms,
and 3% and 11 nm, 209 atoms, and 2.6%, respectively. In
addition, for the states in Figs. 3(a)–3(c), the length of the
GB, the number of atoms, and the atomic percentage are
about 11 nm, 209 atoms, 2.6%; 18 nm, 342 atoms, 4.2%;
17 nm, 323 atoms, 4% and 9 nm, 171 atoms, 2%. All of the
proportions are less than 5%. From the estimation of the
number of atoms above, we find that they are not dominant

(a) (b)

FIG. 7. (a) Tip-sample distance decreases with increasing current. (b) Tip-sample distance increases with increasing bias. Red dots
represent the tip height at 1 V and 0.05 V with a fixed tunneling current of 0.1 nA.
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(a) (b)

FIG. 8. (a) Tip-sample distance and tip-sample van der Waals forces as the function of current at a fixed sample bias of 0.2 V.
(b) Tip-sample distance and van der Waals forces as the function of bias at a fixed current of 0.1 nA.

factors in the whole system. Second, the final states in the
energy landscape are always located at energy valleys at a
fixed area ratio. This tells us that the competing adhesive
energy is the dominant reason in our experiments, and the
movements can be described very well without including
the GB/edge effects. The theoretical energy landscape is
consistent with the movements of the nanostructure, which
can support our simplified estimations.

(7) Substrate influence: Theoretically, the energy land-
scape is determined by the atomic stacking configurations
of the two adjacent pristine graphene layers. When the
substrate introduces large lattice reconstruction and local
strain from the graphene layers, then the energy landscape
is expected to be strongly affected. In our experiments, the
topmost graphene layer is atomically flat, and there is no
detectable lattice reconstruction and local strain. There-
fore, it is reasonable to use the theoretical calculation
to understand our experimental results for the graphene
nanostructure on graphene.

(8) Isolated bilayer vs graphene on multilayers: The van
der Waals forces decay quickly with increasing interlayer
distance [46]. The distance between the third layer and the
top layer is larger than 0.6 nm, which indicates that the van
der Waals potential energy between them is close to zero in
our experiments. Different from the energy states, there are
some problems related to size effects and boundary effects
for the local density of states. These questions are worthy
of further study. Here, we focus on the construction and
manipulation of the TBG system.

APPENDIX B: SAMPLE PREPARATION

Multilayer graphene on Ni foil is synthesized by using
low-pressure chemical vapor deposition (LPCVD). First,
the substrate is put on a quartz shelf in a 2-inch quartz
tube, and then it is annealed at a temperature of about
1045 °C for 1 h with 100 sccm (standard cubic centime-
ters per minute) Ar and 100 sccm H2. Next, 10 sccm
CH4 and 500 sccm H2 are added to synthesize graphene

for about 60 min. Finally, the sample is cooled to room
temperature under 100 sccm Ar and 100 sccm H2 natu-
rally. In this work, we use multilayer graphene on Ni foil
and HOPG substrate to obtain one-dimensional tilt bound-
aries [31]. The graphene nanostructures are obtained by
putting multilayer graphene in hydrogen-plasma LPCVD
[47] (Fig. 6).

APPENDIX C: STM AND STS MEASUREMENTS

STM measurements are taken in an ultrahigh vacuum
chamber with a pressure of about 10−11 Torr with (USM-
1400 and USM-1500) STM systems (UNISOKU). All
measurements are carried out in constant-current scanning
mode. Lateral dimensions of the STM topographic mea-
surements are calibrated using a standard graphene lattice,
a Si (111) 7 × 7 lattice, and Ag (111) surface. The STM
tips are obtained by chemical etching from a wire of Pt-Ir
(80/20%) alloy. The experiments are performed at a tem-
perature of about 77 K. The STS spectra are recorded with
a standard lock-in technique by turning off the feedback
circuit and using a 793-Hz 5-mV ac modulation of the
sample voltage.

APPENDIX D: TIP-SAMPLE DISTANCE AND VAN
DER WAALS FORCES

To further understand our experimental results, we can
simply estimate the tip-sample distance and van der Waals
forces between the tip and the nanostructure. The tip-
sample distance can be estimated according to [38,40,41,
44,48–50]

D(I , V) = 1
2c

ln
(

V
IR0

)
. (D1)

Here, V and I are the bias and current in the experiments,
and R0 and c depend on the tip-sample contact; R0 is
-h/2e2 and c ∼ 1 Å−1. The calculated results are shown in
Fig. 7. The van der Waals forces between the tip and the
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nanostructure can be estimated according to [23,51]

FvdW = AR
6D2 . (D2)

Here, R is the radius of the tip, A is the Hamaker con-
stant of 1 × 10−19 J, and D is the tip-sample distance. The
order of the forces is about 0.1–1 nN. With increasing cur-
rent or decreasing bias, the tip height becomes smaller
and the van der Waals forces between tip and nanostruc-
ture increase, as shown in Fig. 8. When the van der Waals
force between the tip and graphene nanostructure is larger
than the force between the graphene nanostructure and
substrate, the nanostructure is lifted up.

For the folding process in our experiments, we decrease
the bias from 1 V to 50 mV at a fixed current of 0.1 nA.
Based on the above analysis, the tip height changes from
0.68 to 0.53 nm, accordingly. Correspondingly, the van der
Waals force between the tip and flake changes from 0.36
to 0.6 N. The flake is lifted up at 50 mV, which means
that FvdW between the tip and flake is larger than the FvdW
between the flake and substrate at a height of 0.53 nm.
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