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The evolving quality of frictional contact

with graphene

Suzhi Li%?3, Qunyang Li*®, Robert W. Carpick®, Peter Gumbsch’-8, Xin Z. Liu®, Xiangdong Ding!, Jun Sun*® & Ju Li%?°

Graphite and other lamellar materials are used as dry lubricants
for macroscale metallic sliding components and high-pressure
contacts. It has been shown experimentally that monolayer
graphene exhibits higher friction than multilayer graphene and
graphite, and that this friction increases with continued sliding,
but the mechanism behind this remains subject to debate. It has
long been conjectured that the true contact area between two
rough bodies controls interfacial friction'. The true contact
area, defined for example by the number of atoms within the
range of interatomic forces, is difficult to visualize directly but
characterizes the quantity of contact. However, there is emerging
evidence that, for a given pair of materials, the quality of the
contact can change, and that this can also strongly affect interfacial
friction>”’. Recently, it has been found that the frictional behaviour
of two-dimensional materials exhibits traits®-!* unlike those of
conventional bulk materials. This includes the abovementioned
finding that for few-layer two-dimensional materials the static
friction force gradually strengthens for a few initial atomic periods
before reaching a constant value. Such transient behaviour, and the
associated enhancement of steady-state friction, diminishes as the
number of two-dimensional layers increases, and was observed
only when the two-dimensional material was loosely adhering
to a substrate®. This layer-dependent transient phenomenon has
not been captured by any simulations'*!5, Here, using atomistic
simulations, we reproduce the experimental observations of layer-
dependent friction and transient frictional strengthening on
graphene. Atomic force analysis reveals that the evolution of static
friction is a manifestation of the natural tendency for thinner and
less-constrained graphene to re-adjust its configuration as a direct
consequence of its greater flexibility. That is, the tip atoms become
more strongly pinned, and show greater synchrony in their stick-
slip behaviour. While the quantity of atomic-scale contacts (true
contact area) evolves, the quality (in this case, the local pinning
state of individual atoms and the overall commensurability) also
evolves in frictional sliding on graphene. Moreover, the effects can
be tuned by pre-wrinkling. The evolving contact quality is critical
for explaining the time-dependent friction of configurationally
flexible interfaces.

We conducted molecular dynamics simulations by sliding a silicon
tip over graphene supported on an amorphous Si (a-Si) substrate
(see Methods). Substrate-graphene adhesion was modelled as a van der
Waals interaction with an effective work of adhesion of approximately
0.17 m~2, based on experimental values'®. Figure la shows the relaxed
system consisting of a-Si and a monolayer of graphene at 300K. As
in experiments'®, the modelled surface morphology of graphene
conformed well to the a-Si substrate (Fig. 1b and ¢). A rigid round

(001)-oriented crystalline silicon tip with a radius of 16.3 nm was
placed in contact with graphene (Fig. 1d) and equilibrated for
2ns (Fig. 1e and f). Graphene’s high out-of-plane flexibility coupled
with tip—graphene adhesion causes local puckering near the contact
edge (Fig. le, arrow). A similar puckering phenomenon was also
found for the multilayer graphene systems (see Supplementary
Discussion 1).

We then applied an external normal load of 0.8 nN to the tip and
further relaxed the whole system. After relaxation, we displaced a
harmonic spring laterally coupled to the tip at 2m s~ '. It is noted that the
normal load was stably maintained at 0.8 nN during the friction simula-
tion (see Supplementary Discussion 2). As the tip slid on graphene (with
layer numbers N= 1-4), clear stick-slip motion with two distinct stages
was observed in all cases (Fig. 1g), in contrast to conventional atomic
stick-slip on bulk graphite!”. Initially, the local peaks of the lateral force
(that is, the static friction force, when slip initiates) increased progres-
sively with each slip. After a few periods, the behaviour became regular,
and the peak forces remained constant. The slip distance in each stick-
slip event is approximately 2.5 A, equivalent to the lattice spacing of
graphene. The simulations consistently reproduce, for the first time, the
two-stage friction behaviour observed in experiments®.

Our simulations also show layer-dependent frictiond, that is, the
strengthening effect became weaker and the frictional force reduced
as sample thickness increased; the strengthening almost vanished
once the thickness reached four layers. To check that two-stage fric-
tion was not a dynamic effect caused by the high sliding speed, we first
reduced the speed to Im s~ ! and 0.5m s~ ! and found that there is only
aweak dependence of the frictional strengthening on sliding speed (see
Supplementary Discussion 3). In addition, we performed quasi-static
calculations>!® and found that the two-stage friction trait was retained
(see Supplementary Discussion 4). Finally, we computed the energy
barriers for stick-slip motion, and confirmed that the stick-slip event is
not driven primarily by thermal fluctuations at experimental time and
force scales, but primarily by the external forcing (see Supplementary
Discussion 5).

Early studies attributed the friction enhancement for thinner two-
dimensional samples to puckering®'*!°, where the sliding tip induces
more out-of-plane deformation for thinner samples, leading to a larger
true contact area and thereby a larger friction. Here, we also observed
noticeable puckering (Fig. le, Supplementary Video) and found that
the puckered configuration evolved as the tip moved forward. Figure 1h
shows the average friction force together with the contact area in the
constant static friction force regime (that is, beyond the initial strength-
ening regime) for different layered graphene samples. The simulations
show that a larger contact area corresponded to larger friction, and was
correlated with increased puckering. However, the friction increase
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Figure 1 | Model setup and frictional behaviour for a Si tip sliding over
a graphene/a-Si substrate system at 300 K. a, Graphene adhering to the
a-Si substrate. b, ¢, Surface morphology of monolayer graphene (b) and
the substrate (c). d, A rigid Si tip is placed in contact with graphene for the
friction tests. e, f, Morphology of monolayer graphene (e) and substrate (f)
in the presence of the tip after 2 ns. The lateral dimensions of the substrate
and graphene are 43.4nm x 43.4 nm and 38.5nm x 38.6 nm, respectively.
g, Force traces showing stick-slip behaviour on single (1L) and multilayer

(an 80% increase for monolayer versus four-layer graphene,
consistent with experiments) was substantially larger than the change
in contact area (14%). Therefore, the true contact area (which by
definition is geometric and additive) change caused by the puckering
of graphene alone cannot account for the large increase in friction. This
strongly suggests the existence of additional mechanisms contributing
to the layer dependence of friction and the transient strengthening.

To trace the physical processes at play, we analysed the distribution
of atomistic interaction forces at the interface. For the tip, the net
lateral interaction force from graphene, Fipteract, is the sum of
the x components of all atomic forces exerted by graphene, Fipersci=
>, friction _ =3, (i (xgpr) —£,(0)) , where f.(xg,) is the x component
of the graphene tip interaction force for tip atom i when the spring
moves a distance Xy, and f;(0) is the interaction force before sliding.
To highlight the resultant forces due to sliding, we considered only
the incremental interfacial forces with respect to the initial state (see
Supplementary Discussion 6).

We first performed interfacial force analysis for monolayer graphene.
Figure 2a-d shows the f fmti"“ distributions at four moments, each
when the lateral force reached its local peak values during the stick-slip
friction, marked i, ii, iii and iv in Fig. 1g. Owing to the crystallographic
and geometrical differences between graphene and silicon, f fric“"“
values at all four moments exhibited a seemingly random distribution; the
total sum in each case was negative (thus producing frictional resistance).
The f. friction djstribution clearly evolved from points i to iii (Fig. 2a-c) and
was almost unchanged between points iii and iv (Fig. 2c and d).

We individually followed f friction of 5 few tip atoms that were acting as
pinning sites or ‘traps’ (see Supplementary Discussion 7). For some of
these atoms, the absolute value of f friction i creased in the strengthening
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(2L-4L) graphene/a-Si substrates. h, Variations of averaged friction (black)
and contact area (grey) with number of layers of graphene. The black, red
and gold atoms in a and d refer to the a-Si substrate, graphene and the tip,
respectively; atoms in b, ¢, e and f are coloured according to the height
amplitude along the y direction. The tip-graphene contact area is taken

to be ms, where m is the number of graphene atoms that are in intimate
contact with the tip atoms and s (2.77 A? per atom) is the atomic area of
graphene (see Methods for details).

stage and then saturated. This indicates that pinning gets progressively
stronger at these sites with each slip. These atoms apparently provide a
substantial contribution to frictional strengthening. For most atoms,

the variation of f tf“c“"“ was steady, indicating no pinning enhancement.
These atoms contribute to the overall friction, but not to the initial
transient strengthening by local trap deepening.

Further inspection shows that the variation of the interfacial force
is closely related to the local configuration of the contacting graphene.
If the environment near a tip atom allows the graphene to locally
adjust its atomic configuration, the interfacial force will exhibit an
evolution effect. However, the detailed local contact environment varies
from atom to atom owing to complex tip, graphene and rough substrate
configurations. We cannot tell beforehand how an individual tip atom
and its surrounding would evolve, because they not only depend on the
initial configuration but also depend on the randomly rough surface and
the complicated deformation history (for example, the statistical features
of the final configuration depend on the entire sliding path, and not
just on the initial and final tip locations). Nevertheless, our simulations
clearly demonstrate that the interface tends to evolve towards a more
commensurate (that is, with more atomic alignment at the interface) and
better-pinned state (that is, it finds a deeper energy trap).

To quantify this, we plotted the histogram of the atomic interac-
tion forces at these four moments in Fig. 2e. All four histograms have
larger populations at low-magnitude interaction forces and much lower
populations at high magnitude. However, these histograms were all
skewed negatively because the overall net force was negative. More
importantly, as indicated by the insets of Fig. 2e, the range of the
distribution increased appreciably from points i to iv (for example, the
maximum forces are around £0.6 nN at point i, but increase to 0.8 nN
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Figure 2 | Evolution of the atomic-level forces contributing to friction
on a monolayer graphene/a-Si substrate. a-d, Corresponding f fmi""
distribution at the four moments marked in Fig. 1g. The sites with positive
magnitude of f fmi"“ (red colour) are the local pushing points that help the
tip slip forward (to the right), while the sites with negative magnitude of
f fmm“ (blue colour) are the local pinning points that produce lateral
resistance. e, The histogram of f <" (1) at each of the four moments.

at points iii and iv). This local force enhancement is consistent with the
higher contrast of interfacial forces shown in Fig. 2a—d, which confirms
the abovementioned local trap deepening. In addition, geometrical
analysis also suggests that the tip-graphene interface evolved through
small atomic shifts to produce more intimate atomic contact as the tip
was displaced forward, providing more atomic pinning sites for lateral
sliding (see Supplementary Discussion 8).

We further analysed the evolving commensurability of the interface.
A less structured contact interface should have a unimodal force
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Figure 3 | Simulations of stick-slip friction on monolayer suspended
graphene at 300 K. a, Simulation model. Three graphene samples

with different amounts of pre-existing wrinkles are generated, named
G1, G2 and G3. The colours represent the out-of-plane height amplitude.

Moment

The histogram is obtained by dividing the range of interfacial forces into
twenty bins and plotting the number of tip atoms with interaction forces
within each bin. The insets provide a magnified view of the distribution
in the tails. f, The kurtosis value for the four force distributions at the
four moments. The inset shows the force distributions that were used to
calculate kurtosis. p(n) is the normalized atom number in each
corresponding bin of interfacial forces.

distribution, similar to a Gaussian or even a uniform distribution.
A very effective parameter with which to describe the deviation from
a unimodal distribution (see Supplementary Discussion 9) is the
kurtosis K= 1, /c*, where /14 is the fourth moment about the mean
value and o is the standard deviation of the distribution (see Methods).
The larger K, the more structured the distribution becomes, and the
more commensurate the interface. Figure 2f show the kurtosis values
for points i to iv. The kurtosis increased from point i to point iii and
was almost unchanged between points iii and iv. This provides an
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The induced peak-to-peak height undulations of G2 and G3 are 4.9 A and
9.0 A, respectively. b, Lateral force traces showing friction sliding on the
three samples. ¢, Variation of tip-graphene contact area during sliding.
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Figure 4 | Evolution of the atomic-level forces contributing to friction
on monolayer suspended graphene. a-c, Comparison of f fmi‘)"
distribution in the three samples of Fig. 3b. d, The histograms of f ffiction ()
for the three samples. The insets provide a magnified view of the

indication that the tip—graphene interface became slightly more
commensurate with each slip initially, and finally reached a stable value.

The simulations unambiguously show that the friction strengthening
originates from two key mechanisms: enhancement of the local
pinning (some individual atoms becoming more strongly pinned),
and an increase in the interfacial commensurability (an increase in
the number of atoms that are pinned in perfect synchrony). This is, to
some extent, consistent with simulations of three-dimensional mate-
rials showing that interfacial commensurability, either through lattice
matching? or through interaction-enhancing contaminant species,
greatly increases static friction®!. However, the evolution of interfacial
friction and contact quality here is a result of high configurational free-
dom of graphene owing to its bending flexibility.

We then performed similar force analysis for multilayer (N=2-4)
graphene systems (see Supplementary Discussion 10) and found that
the variation of the interfacial pinning and overall commensurability
also contributed greatly to the layer dependence of friction, explaining
the large quantitative disparity between the friction enhancement and
true contact area increase in Fig. 1h. However, in the multilayer cases,
the top graphene layer forms a perfect AB stacking with respect to the
lower graphene layer. As observed in several experiments>*?, perfectly
aligned stacking can strongly constrain the relative lateral movement
of graphene layers. This enhanced constraint reduces the ability of
graphene to adjust its configuration during the sliding process.

Since the contact interface with graphene can be affected by pre-
existing wrinkles'4, we speculate that regulating the degree of wrinkling®
may offer an effective means of tuning friction. To test this, we studied
a model system by sliding a tip over freely suspended graphene with
various degrees of pre-existing wrinkling (Fig. 3a), formed by applying
different amounts of bi-axial compressive strain (e, and ). Three
samples G1, G2 and G3 with 0%, —0.2%, and —0.5% pre-compressive
strain were studied in the simulations. As expected, the relaxation state
of graphene profoundly affects its friction (Fig. 3b). Compared to G1,
relaxed samples G2 and G3 exhibited substantially enhanced static
friction (up to about 300%), although the increase in true contact
area was much smaller (up to about 1.5%, see Fig. 3¢). The ff'mi""
distributions at the local force peaks of these three samples (Fig. 4a—c)
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distribution in the tails. e, The kurtosis value of the distributions of
friction (1) for the three samples. The inset shows the force distributions
that were used to calculate the kurtosis. p(n) is the normalized atom
number in each corresponding bin of interfacial forces.

and their histograms (Fig. 4d) indicate that, as pre-compressive strain
increased, stronger pinning sites with higher local interfacial forces
appeared. Furthermore, the kurtosis analysis shows that the interfacial
force distribution increasingly deviates from a unimodel Gaussian
distribution from G1 to G3 (Fig. 4e), indicating a more commensurate
interface with increasing pre-compressive strain.

As confirmed by the simulations, friction on suspended graphene
can be effectively tuned by pre-compression and the ‘quality’ of the
interfacial contact. But unlike the supported cases, the interface reached
its steady configuration immediately after the tip made contact, because
of larger excess area and resultant higher configurational flexibility.
Thus, no frictional strengthening was observed in these simulations,
consistent with the observations of Deng et al.''. We also performed
simulations for graphene strongly bound to a flat surface. Owing to
the much reduced freedom for graphene to configurationally evolve,
no frictional strengthening or layer dependence occurred in this case
either (see Supplementary Discussion 11), consistent with experimental
measurements of strongly bound graphene®2%.

In conclusion, we have identified a complementary aspect to the
concept of true contact area governing friction on two-dimensional
materials, related to evolving configurational relaxations that exploit
out-of-plane floppiness. There is a general tendency for configuration-
ally flexible systems to attain progressively deeper energy traps despite
mechanical work being done to the system, improving the quality of
contact. Imposing pre-compression on suspended graphene (to pro-
duce wrinkles) increased the total friction force several times with little
change in the true contact area. This suggests a means of controlling
friction of two-dimensional materials via strain engineering.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Atomistic simulations. In the molecular dynamics simulations, we primarily
studied the stick-slip friction of a tip sliding on two graphene systems: multilayer
graphene supported on a rough amorphous silicon (a-Si) substrate; and suspended
monolayer graphene. The covalent bonds of C-C in graphene? and Si-Si in amor-
phous substrate and in the crystalline Si tip?® were described using the Tersoff and
Stillinger—Weber potentials, respectively. A typical 6-12 Lennard-Jones potential
was employed to describe van der Waals adhesive interaction between graphene
and the substrate, graphene and the tip, and between the graphene layers. The
Lennard-Jones parameters were chosen such that the work of adhesion (E,q) or
the pull-off force (f,q) obtained by the molecular dynamics calculation were at
the same scale as those from experimental measurements'>¢27-2  ag shown in
Supplementary Table 1. The simulations were performed at 300 K using a Nosé—
Hoover thermostat®® with the LAMMPS?*! code. The atomic configurations are
displayed using AtomEye®2.

For the graphene/a-Si substrate system, we first created an a-Si substrate by
quenching liquid silicon from high temperature to 300 K using a cooling rate of
103K s~L. The lateral dimension of the substrate was 43.4nm x 43.4nm (x-z
plane) with a thickness of approximately 3.0 nm. The atoms in the lowest 0.5nm
were held fixed. Owing to the free boundary condition along the out-of-plane (y)
direction, roughness naturally formed on the free surface. A graphene sample,
38.5nm x 38.6 nm in size was then placed above the a-Si within the adhesive inter-
action distance, and was then allowed to relax by approaching the substrate in
response to adhesion. The root-mean-square roughness for the a-Si substrate and
the relaxed graphene is 1.5 A and 1.0 A, respectively, close to experimental values®.
After relaxation, a rigid (001)-oriented crystalline silicon tip in a bowl-shape with
aradius of 16.3nm is placed in contact with the graphene.

The rigid tip assumption was based on the following considerations. First, previ-
ous experiments® have demonstrated that the layer-dependent friction on graphene
was reproducible regardless of the tip material (that is, silicon, silicon nitride, or
diamond). Second, using a rigid tip that is non-deformable makes it easier to trace
the important yet subtle evolution of the interfacial forces.

To incorporate the compliance of atomic force microscope cantilever in
experiments, we coupled harmonic springs in the x direction for pulling the tip
and in the z direction for applying a fixed normal force. The stiffness of the normal
springs is 30.0N m~!and 0.16 N m~!, comparable to the previous experiments®.
The entire system was relaxed for 2 ns after adding the tip and further relaxed after
the normal load was imposed. The friction tests were performed by displacing the
lateral spring along x direction with a constant velocity of 2m s~! with a normal
load of 0.8 nN applied, and calculating the lateral force acting on the virtual atom.
To enhance the damping of oscillation (primarily along the lateral direction), we
artificially decreased the tip mass by a factor of ten (see Supplementary Discussion
12). Simulations were performed at 300 K. Besides the rigid tip and the fixed atoms
at the boundaries, all the other atoms in graphene and a-Si substrate were subjected
to the thermostat. To further justify the rigid tip assumption, we carried out another
simulation using a silicon tip sliding on monolayer graphene/a-Si substrate where
all tip atoms were deformable but the topmost layer of atoms were rigid. We again
obtained two-stage frictional behaviour (see Supplementary Discussion 13).

In the suspended graphene system, we created an ultraflat graphene sheet
with dimensions of 38.5nm x 38.6 nm in the x-z plane. The boundaries were

non-periodic. To constrain translational movement during tip sliding, the atoms
near the boundaries were fixed rigidly. The tip was the same as that used in the sup-
ported system. We coupled a harmonic spring with a lateral stiffness of 30.0N m~!
and pulled the silicon tip at a velocity of 2m s™! in the x direction for friction tests.
To minimize the boundary effects'®, a small sliding distance of 2.5 nm was used,
compared to the much larger width of the graphene sheet (about 39 nm). Again,
the simulations were carried out at 300 K.

Contact area. The contact area between the tip and graphene is estimated by
setting a cutoff distance r. to judge whether graphene atoms are in intimate con-
tact with the tip atoms. Here r.=4 A, which is slightly larger than the equilibrium
distance of the Lennard-Jones potential imposed on the tip-graphene interaction.
The contact area is then obtained by multiplying the total number of attached
graphene atoms by the graphene atomic area of 2.77 A2 per atom. It should be
noted that the qualitative conclusions related to contact area are not affected even
when we change the cutoff distance r slightly. For example, the 20% increase of .
causes an increase of contact area by only 6%.

Force analysis. To minimize the influence of thermal fluctuation on interfacial
forces, the force analyses were performed on quasistatic configurations which were
obtained by further relaxing the system using the conjugate gradient method. This
relaxation does not alter the frictional behaviour qualitatively, but it makes the
statistical results more reliable and stable.

Kurtosis. The kurtosis is calculated as K = 1, /0%, where 114 is the fourth moment
about the mean value and o is the standard deviation of the distribution.
Specifically, e = Zn (ffriction (71) _T)4p(n) and 0.2 — Zn (ffriction (f’l) —]7)2,0(7’1),
where ffiction (47) is the atomic friction force of the nth bin, p() is the normalized
atom number in each corresponding bin and f is the mean value of f€tn (1) of
all bins, where f = ffi€ton (4) p(n). In our case, kurtosis measures the ‘peak-
edness’ and ‘tailedness’ of the force distribution.

Data availability. The authors declare that all data supporting the findings of this
study are available within the paper and its Supplementary Information.
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Supplementary Discussion 1 Morphology of multi-layer graphene in the presence of tip
with a normal load of 0.8 nN and its influence on friction signal

Figure 1 in the main text shows the morphology of monolayer graphene after the tip is placed in
contact with it. Wrinkles are formed in the graphene, localized around the tip. We checked the
morphology of multi-layer graphene to compare with the monolayer graphene system, as shown
in Fig. S1. The left column shows the corresponding atomic configuration in a transverse view,
where a vertical slice is cut through the center in order to view how the graphene sheet is
deformed near the tip. We then extracted the top-view morphology of each layer, plotted to the
right of each transverse view. We find that the layers in multi-layer graphene undergo some
cooperative bending in the small area right beneath the tip. However, for the area around the
edges of the tip-sample contact, only the top layer lifts off, partially wrapping around the tip.
This separation is due to the competition between tip-graphene adhesion and interlayer adhesion
among graphene sheets, resulting in out-of-plane deformation. In comparison to that of 2L, 3L
and 4L graphene, the wrinkle height is largest in 1L graphene. The previous puckering model
assumed that puckering was reduced because interlayer separation was negligible. This, thicker
sheets were much more flexurally rigid. The simulations suggest that out-of-plane deformation,
constrained to the topmost graphene layer, is a persistent feature and thus may occur even for
bulk graphite samples. While the degree of out-of-plane deformation is layer-dependent, the
dependence is modest. This suggests that additional mechanisms are contributing to the strong

layer-dependent friction seen both in experiments and our simulations.

In order to know whether such layer separation could have a large influence on friction, we set
up another friction test on multi-layer graphene where all layers lift off. Here we took the 2L
graphene/a-Si substrate as an example to illustrate it. We made both layers lift off by keeping the
tip-graphene interaction the same, but weakening the graphene-substrate interaction to be a half
(Ead = 0.05 J/m?) of that set in the manuscript (Ead = 0.1 J/m?), as shown in Fig. S2a. The friction
test was performed under the same condition as that in the manuscript. Figure S2b shows the
lateral force as a function of distance. We found that the stick-slip motion follows almost the
same two-stage friction trace, although the magnitude of friction drops a little bit in the constant
force regime. The current simulations results confirm that frictional behavior is mostly governed

by the interaction between tip and the topmost layer graphene.
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bottom

bottom

Figure S1 The morphology of monolayer and multi-layer graphene in the presence of the tip. A
normal load of 0.8 nN is applied. (a) 1L, (b) 2L, (c) 3L and (d) 4L graphene system. The leftmost
image in each row is a cut-away view through the center of the tip, which reveals separation of
the topmost layer around the edge of the tip-sample contact. The remaining images are top-views
of each graphene layer. The color represents the corrugation height (the out-of-plane

displacement of each graphene layer).
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Figure S2 Friction test on 2L graphene where both layers lifts off. (a) The simulation model. The
adhesion energy of graphene-substrate is weakened to make both graphene layers life off upon
the adhesion by the tip. (b) Friction signal of stick-slip motion in comparison to that in

manuscript where only the topmost layer lifts off.
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Supplementary Discussion 2 Variation of normal load in friction simulation

In the graphene/a-Si substrate system, the normal spring constant we chose in the simulation,
0.16 N/m, was based on values used in the corresponding experiments. In those experiments,
multiple probes were used and the normal spring constants were typically in the range of 0.1~0.2
N/m (see ref. 7). We paid special attention to ensure that the normal force in our simulations

remained stable. Figure S3 shows a typical variation of normal force during a sliding simulation

with layer numbers N = 1-4.
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Figure S3 Typical variation of normal load as a function of lateral distance in graphene/a-Si

substrate.
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Supplementary Discussion 3 The effect of sliding speed on friction in the 1L graphene/a-Si
substrate system

In MD simulations, we used a pulling velocity of 2 m/s to drag the tip, which is several orders of
magnitude larger than that in experiments. Despite the drastically different time scales, previous
studies have shown that MD simulations can offer unique and valuable atomic-scale information
about sliding interfaces, especially when energetics are concerned®!°. We took careful attentions
to ensure the simulation results obtained do not arise from artifacts due to the different kinetics.
To address this issue, we performed further simulations to confirm that our results do not come
from non-equilibrated high-speed pulling. We first performed another two sets of simulation by
reducing the sliding speed from 2 m/s down to 1 m/s and 0.5 m/s. As shown in Fig. S4, the
friction force traces with reduced sliding speeds are very similar to the original case, with
apparent two-stage strengthening behavior. Although we could not reduce the sliding speed to a
much lower value due to the constraint of the computational cost, the weak dependence of the
friction strengthening behavior on sliding speed suggests that the evolution of the interface is less

likely to be erroneously caused by the high pulling speed.
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Figure S4 The lateral force vs. lateral distance, under different pulling speeds.
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Supplementary Discussion 4 The quasi-static calculation of stick-slip motion in the 1L

graphene/a-Si substrate system

To further confirm that the two-stage friction was not a dynamic effect caused by the high sliding
speed, we used a quasi-static approach!!? to perform the friction test for the 1L graphene/a-Si
substrate system. This method essentially excludes the temperature and dynamic effects.
Specifically, the tip atoms are coupled horizontally to a rigid “support” by a linear spring with a
spring constant of 0.003 N/m. Then we moved the support laterally step-by-step at an interval of
0.2 A. For each step, we used conjugate gradient techniques to relax the system. The lateral force
was calculated by sum up the force on each tip atom. Figure S5 shows the trace of the lateral
force vs. lateral distance obtained from this quasi-static simulation. Once again, a similar two-
stage friction was reproduced for the 1L graphene/a-Si substrate, i.e. the friction first underwent
strengthening and then entered a stage of nearly steady peak friction force. In comparison to the
simulation results at 300 K, the local peak lateral force oscillated moderately. As revealed in our
simulations, friction variation is dependent on the evolution of graphene, which relies on its
interaction with both tip and the deformed substrate. The detailed deformation process of
individual atoms of the amorphous-phase Si during the quasi-static simulation (corresponding to
0 K) can be slightly different from that at 300 K. The difference of such deformation ability
might affect the evolution of graphene and influence the friction force signal. Nevertheless, the
friction strengthening effect was clearly preserved. This confirms that our previous observations

and conclusions are not artifacts due to the high sliding speed in our simulations.

Lateral force (nN)
N

Lateral distance (nm)

Figure S5 Friction signal obtained by quasi-static calculations in 1L graphene/a-Si substrate.
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Supplementary Discussion 5 Calculation of the energy barrier for one stick-slip event

The issue of timescale is indeed key when comparing atomistic simulations with experiments!*!4,

Importantly, recent MD simulations and AFM experiments of atomic-scale friction with close
and even matching sliding speeds showed that sliding mechanisms and energetic parameters
matched well between the two; a discrepancy in force values could be accounted for by simply
considering the smaller mass (and higher vibration frequencies) in the simulations®’.
Collectively, this gives some confidence to the reliability of using MD for understanding AFM

experimental results.

However, to establish further reliability, one can evaluate the energy barrier. This is a good way
to check whether the observed behavior is an artifact of the relatively high-speed simulations. In
particular, it helps us estimate the time scale at which a spontaneous slip motion can be driven by
thermal activation. In atomistic simulations, the climbed image nudged elastic band (CINEB)

d'>!® is widely used method to search for the minimum energy pathway and the

metho
corresponding activation barrier. Therefore, we used this method to calculate the barriers in the
first stick-slip cycle for both suspended graphene (G1 sample in Fig. 3a of manuscript) and for
the a-Si supported graphene (1L graphene/a-Si sample). Figure S6a shows that the energy
pathway of the suspended graphene has an energy barrier of approximately 1.8 eV. Because the
initial and final configurations are nearly equivalent, they stay in almost the same energy states.
The activation pathway in the first stick-slip event of 1L graphene/a-Si substrate system is given
in Fig. S6b. The activation energy barrier is again quite significant (approximately 4 eV). We
note that, in contrast to the suspended case, the energy in the final state in the supported case is

higher than that in initial state. The increase of energy arises primarily from elastic deformation

of the a-Si substrate as well as the configuration of the evolved graphene as the tip slides forward.

With the energy barriers above, we can then estimate whether the thermal activation could have a
significant effect on the stick-slip motion or not. The scan speed (v) in AFM experiments is
typically on the order of 1~10 nm/s. For the stick-slip motion on graphene, the slip distance (d) is
roughly the period of one hexagonal carbon lattice (0.25 nm). Now the thermal-activated
threshold barrier (AE) that the tip needs to overcome can be estimated as v/d = voexp(-AEw/ksT),
where wois the attempt frequency at high-speed limit, kB is Boltzmann constant and 7 is absolute

temperature. The magnitude of wo is on the order of 10'° s! because of the relatively large
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effective mass associated with the stick-slip motion in comparison to a single atom or molecule.
It includes all tip atoms in the simulations, and it may even include the whole cantilever for real
experiments (see more in ref. 8). The AEwmis obtained to be around 0.56 eV with v =1 nm/s at T
= 300 K, much smaller than the real barrier we obtained above. Therefore, even if our

simulations were carried out with a realistic low speed, the thermal activation is still unlikely to

play an important role.
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Figure S6 The activation pathways in the first stick-slip motion of (a) suspended graphene
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(sample G1) and (b) 1L graphene/a-Si substrate calculated using the CINEB method.
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Supplementary Discussion 6 The distribution of £;(0) and f;Friction jn tip

As mentioned in the main text, there already exists a locally non-zero but globally self-
equilibrated distribution of tip-graphene interfacial forces even before sliding. Figure S7 shows
the distribution of x-component of this interaction force at xspr = 0 as fi(0) in the monolayer

graphene/a-Si substrate system.

We further checked the distribution of f7" in tip and found that the forces are mostly
undertaken by the outer and second outer surfaces of tip. Figure S8 shows a snapshot of tip when
sliding on the graphene/a-Si substrate system (the applied force from the spring is to the right).
The colors in Fig. S8a and Fig. S8b are displayed by atomic friction force (fife°") and
coordination number (CN), respective. We then cut the tip to examine the atomic friction force in
the core region of tip, as shown in Fig. S8c-d. We find that, besides the outer surface (CN = 2)

and second outer surface (CN = 3), the tip atoms in the inner layer contribute little to the friction.

Figure S7 The distribution of the x-component of the tip-graphene interaction force at xspr = 0 in
the monolayer graphene/a-Si substrate system. The positive force direction (yellow to red) is to

the right.
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Figure S8 (a)-(b) A snapshot of the tip configuration while being pulled to the right. (c)-(d) The
tip is further cut to show the core region. The images are colored according to f"t°" distribution
in (a), (c), and according to coordination number (CN) in (b), (d). The positive force direction

(yellow to red) is to the right.
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Supplementary Discussion 7 The ffricton trace of individual tip atoms during tip sliding in

graphene/a-Si substrate

To understand better how the local pinning sites affect the resistance to sliding, we followed the
trace of f1con of the individual tip atoms during sliding for the monolayer graphene/a-Si
substrate system. As mentioned in the previous section, the atomic friction forces are primarily
sustained by the tip atoms on the outer surface. We thus chose all the surface atoms (CN = 2) and
individually followed their force traces during sliding (Fig. S9a). The total amount of surface
atoms that are taken into account is approximately 800. We know the atoms with negative values
of ffricion will act as the pinning sites, and those with positive values will act as pushing sites.
Here we only focus on the pinning sites. We found that, among all the atoms, only a few atoms
exhibit the two-stage friction behavior (where there is a transient strengthening stage, followed
by a stage of constant static friction, i.e., where the force at which the tip slips in each stick-slip
cycle remains constant) (Fig. S9b), which corresponds to the two-stage friction measured by the
spring. The majority of the atoms show a constant static friction force, as shown by

representative traces in Fig. S9c.

As we stated in the main text, the variation of interfacial force is closely related to the local
configuration of the contacting graphene. To show this, we examined the nearby graphene
atomic configuration around individual tip atom (within a radius of 1 nm). Figure S10 shows the
atomic configuration of nearby graphene for tip atoms #1 and #8 at different friction states,
which correspond to the original state and the following i~iv states in Fig. 1g of the main text.
For tip atom #1, whose interfacial force exhibited two-stage variation, the nearby graphene
configuration changed during the strengthening stage, but became stable during the steady state.
However, for tip atom #8 whose interfacial force underwent normal stick-slip variation, the local
configuration of nearby graphene was almost unchanged. The reason why tip atoms #1, #2, #3,
#4 play a special role in the interfacial force evolution is that their nearby environment allows
certain room for the floppy graphene to adjust its atomic configuration and increase the resulting

local pinning forces.

Furthermore, since this is occurring under a sliding tip, the strengthening process is dynamically
induced by the sliding itself; the new graphene atoms that are brought into the contact zone via
shear displacement are able to find more traps and trap more deeply. This is consistent with the
finding that adhesion (measured via pull-off forces) is higher when a tip is slid against graphene
just prior to pull-off as compared to adhesion measured by approaching and then retracting the
tip with no sliding during the contact!”.
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Figure S9 The ffrici°n traces of individual atoms at the surface of the tip during sliding for the
graphene/a-Si substrate system. (a) Specific atoms on the outer surface of the tip are indicated.
The various force traces in (b) show cases that exhibit two-stage friction (strengthening followed

by constant static friction) while the force traces shown in (c¢) exhibit constant static friction.
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Figure S10 Snapshot of individual tip atoms and the atomic configurations of nearby graphene
during sliding for (a) atom #1 and (b) atom #8 in the tip. The force on tip atom #1 exhibits two-

stage variation and the force on tip atom #8 undergoes regular stick-slip variation.
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Supplementary Discussion 8 Evolution of graphene configuration for 1L and 4L
graphene/a-Si substrate

We examined the evolution of the graphene film’s configuration during sliding for the
graphene/a-Si substrate system. Figure S1la shows stick-slip motion on 1L graphene with
several specific points selected. Figures S11b-f show the corresponding atomic images marked in
Fig. S11a. The top row shows the side view of both tip and graphene configurations and the
bottom row shows the top view of the graphene only. To amplify the local configuration, we do
not show all of the graphene, but only a small localized region beneath tip within a height of 4 A.
Here, the height is measured by taking the lowest point of the graphene (beneath the center of the
tip) for each snapshot as the reference. From the images, we observe a change in the
configuration of the graphene from the point o to point iii in the strengthening stage evident by
the change in contrast and diameter of the plotted region seen in the top view, but very little
change between points iii and iv, in the constant slip force constant regime. This indicates the
variation of local curvature of graphene as the schematic illustration shown in Fig. S11g, where
the overall curvature increases during the strengthening stage, indicating increased geometric
conformality with the tip. For comparison, we also did the similar analysis to 4L graphene, as
shown in Fig. S12. In contrast to the results for 1L graphene, the configuration of the 4L
graphene does not undergo an obvious evolution. This is consistent with the much smaller
strengthening effect and the reduced friction in the constant slip force regime. Note that there
was no atomic bond breaking or rehybridization observed in graphene during sliding, which

implied that the deformation of graphene was always in the elastic and non-wear regime.

Although this morphology evolution (or lack thereof) correlates with the change in
commensurability, we still should be careful in making any direct linkage between the two
because the accurate characteristic of interface commensurability at atomic scale requires a

three-dimensional view.
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Figure S11 The graphene configuration during sliding for the 1L graphene/a-Si substrate system.
(a) The lateral force trace with several typical points indicated. (b)-(f) The corresponding atomic
images for the points indicated in (a). The top and bottom rows are viewed from the side and top,

respectively. The graphene atoms are colored according to their height. (g) Schematic illustration.
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Figure S12 The graphene configuration during sliding in 4L graphene/a-Si substrate system. (a)

The lateral force trace. (b)-(f) The corresponding atomic images indicated in (a). (g) Schematic

illustration.
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Supplementary Discussion 9 Interpretation of kurtosis

In the main text, we analyzed the distribution of atomic friction forces in terms of kurtosis.
Figure S13 shows several typical unimodal distributions and their excess kurtosis value (=
kurtosis - 3), with their variance, 62, constrained to be constant. A Gaussian distribution has a
kurtosis value of 3. A uniform distribution has a kurtosis value of 1.8. The uniform and
Gaussian distributions are representative of unimodal distributions, which is the outcome of
structureless randomness. Distributions with long tails (tailedness) and compensating tall peak
(peakedness) have kurtosis values larger than the Gaussian or uniform distributions, and they
typically are manifestations of more structured interfaces. An example of such high-kurtosis
distribution would be the superposition of two Gaussians, one with a narrower o and the other
with a wider 6,2, with fixed 6?= w161+ w202> where wi and w» are the mixing weights of the
first and second Gaussian respectively. Such a distribution would represent a bipartite atomic

population, one with smaller force fluctuations, and one with larger force fluctuations.

Our force distribution profile of f; /" shows noticeable increases in the peakedness and
tailedness as the system reaches points iii and iv (Fig. 2¢ and 2d in the main text), with kurtosis
close to 5.5. Such a larger kurtosis and deviation from a Gaussian distribution indicate an
underlying structure that drives the distribution away from unimodality. When viewing the
spatial distribution of forces in Fig. 2c or 2d, one can see a double-periodicity along the z
direction, i.e. the forces are strongly alternating along z direction at a given instant. In contrast,
the force exhibits strong single-atom periodicity along the x direction, i.e., at a given instant, the
forces on the tip atoms are often of the same sign and similar magnitude for a few atoms in a row

along the x direction. This is illustrated in Fig. S14.
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Figure S13 Kurtosis in different distributions. Here the values in the figure refer to the excess
kurtosis, which is the kurtosis minus 3.0. More details can be found in Wikipedia

(https://en.wikipedia.org/wiki/Kurtosis)

Figure S14 The periodicity of force distribution. The horizontal and vertical arrows indicate the

double-periodicity along z direction and single periodicity along x direction, respectively.
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Supplementary Discussion 10 Force analysis in multi-layer graphene (N = 2~4)

We selected several points where the lateral force reaches a maximum (i.e. the static friction
force) during stick-slip sliding to show the friction force distribution (£;F"i°") during friction in
multi-layer graphene samples (N = 2~4), as shown in Figs S15a-c. Similar to that in monolayer
graphene, the density and strength of pinning points go up in the strengthening stage, and
become almost unchanged in the constant friction force stage. Comparing the magnitude of static
friction force for different numbers of layers of graphene, we can roughly see that the magnitude
becomes smaller as layer number increases. The force analysis in multi-layer graphene further
confirms that the friction in graphene thin sheets is governed by the interfacial pinning and

commensurability.
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Figure S15 Evolution of the atomic friction force (ff1°") during sliding in multi-layer graphene
for (a) 2L, (b) 3L, and (c) 4L samples.
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Supplementary Discussion 11 Friction for the graphene/mica substrate

Previous experiments showed that the layer-dependent friction effect was suppressed if the
graphene is adhered to a highly adhesive substrate (muscovite mica)’. To simulate the friction for
a tip sliding on graphene supported by mica, we constructed a simple “effective mica” model by
placing graphene on an ultra-flat surface that with an extremely large stiffness and high adhesion
with graphene. Figures S16a and S16b show the model of 1L and 2L graphene placed on this
effective mica substrate. The interaction between graphene and the substrate is modeled by a 6-
12 type LJ potential as before, but as shown in Supplementary Table 1, the parameters were set
to be £=0.023 eV (2.4 times larger than the value of 0.0096 used for the a-Si substrate) and o=
3.0 A, which results in an adhesion energy between graphene and substrate of 114.8 meV per
carbon atom (corresponding to 0.66 J/m?), close to that by density functional theory (DFT)
calculations® and much higher than the graphene-a-Si experimental range of 0.1-0.45 J/m?. The
tip was the same as that used in the manuscript. The friction tests were performed with a normal
load of 0.8 nN applied. Figure S16¢ shows the lateral spring force as a function of distance in a 3
nm scan trace at 300 K. In contrast with the graphene/a-Si substrate, there is no strengthening
stage or obvious layer-dependent behaviors, which qualitatively agree with the experimental

observations’.

Lateral force (nN)

00 05 1.0 15 20 25 30
Lateral distance (nm)

Figure S16 Stick-slip motion on graphene/mica system. (a)-(b) Simulation model for 1L and 2L

graphene. (c) Lateral spring force trace of two samples.
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Supplementary Discussion 12 Enhancement of damping by artificially reducing tip mass

In the MD simulations, the kinetic energy of the sliding tip after a local slip is dissipated through
graphene and the supporting substrate by a thermostat. Direct damping to the spring is typically
not used to avoid unphysical interference to the slip process. Because of this configuration, after
the tip jumps in one stick-slip event, the tip can have a large instantaneous slip speed, and can
oscillate in the next cycle if the damping is not strong enough. This is shown in the red friction
force curve in Fig. S17 when the real tip mass (m = mo) is used for the 1L graphene/a-Si substrate
system. To damp out the oscillation more efficiently, we artificially reduced the mass of the tip
atoms, therefore the kinetic energy could be damped more quickly, giving a smoother force
curve (the black curve in Fig. S17). As indicated by the two curves in Fig. S17, simulations with
this artificial treatment produced quantitatively similar results as the original one. This is
understandable since our simulations were good approximation for quasistatic sliding as we have

demonstrated in Supplementary Discussion 4.

Lateral force (nN)
(o2}

0.0 0.5 1.0 15 2.0
Lateral distance (nm)

Figure S17 Comparison of the lateral force signal obtained by changing tip mass in 1L
graphene/a-Si substrate. Black and red traces refer to the original mass (m = mo) and the mass

reduced by a factor of 10 respectively.
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Supplementary Discussion 13  Friction in 1L graphene/a-Si substrate by using a
deformable silicon tip

In the main text, we used a rigid tip that is non-deformable for the friction simulation in order to
show the important but subtle evolution of the interfacial forces clearly. To exclude the possible
influence of using a rigid tip on the results, we carried out another simulation by using a
deformable <001>-oriented crystalline silicon tip sliding on 1L graphene/a-Si substrate, as
indicated in Fig. S18a. In this new simulation, only the top few layers of the Si tip were fixed
(yellow color, 14566 atoms) and all the remaining atoms (dark red color, 1884 atoms) were fully
free. In the sliding simulation, the spring pulling force was applied to the fixed layers to drive the
tip to move at the same velocity as before (2 m/s). To save computational time, we used a
smaller tip with the radius of 5.4 nm (leaving the tip the same size would have required a few
weeks of computation despite using state-of-the-art algorithms and parallel computing resources).
We also re-adjusted the LJ parameters of tip-graphene interaction to make sure the effective
work of adhesion is at the same level as before. Figure S18b shows the resulting lateral force
trace with lateral distance in the new simulations. Because of the smaller tip used, the final
steady-state friction force was lower than the previous cases, which is expected (e.g., see the size
dependence found in ref. 9). Although the friction forces and slip distances in the steady-state
stage oscillated slightly (likely due to the randomly rough substrate and the extra deformation
capability of the Si tip), the two-stage friction with an initial strengthening was very clear and
reproducible. Therefore, we believe that the behavior we observed previously is not sensitive to

the deformability of the tip.
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(=3

Lateral force (nN)
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Figure S18 Lateral force for a free crystalline silicon tip sliding on 1L graphene/a-Si substrate.
(a) Simulation model. The atoms in dark blue and light blue refer to the a-Si substrate and
graphene. The atoms in yellow are fixed layers in tip and all the other atoms in dark red are free.

(b) The lateral force vs lateral distance. The two-stage stick-slip motion is clearly observed.
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van der Waals £ o Ead Jad
interactions (eV) A) (J/m?) (nN)
raphene 7.7 for 47.3 for
K ﬂli) o 0.092 | 3.0 — — rip=8.0nm  rip=16.3 nm
sticon tp (ref. 1) (present)
graphene 0.03 0.03 . .
—graphene 0.0024 34 (ref. 2) (present)
graphene 0.1-0.45 0.1 o .
—a-Si substrate 0.0096 3.0 (refs 3-5)  (present)
graphene
—effective mica | 0.023 3.0 (r(lf66) ( roés666nt) — —
substrate ’ P

Supplementary Table 1 Parameters of the 6-12 Lennard-Jones potential for the different
types of van der Waals interactions used in the simulations. The ¢ and o parameters are in
units of eV and A, respectively. The calculated adhesion energy Ead and adhesion force fad are in
units of J/m* and nN, respectively. The value of Ead and fad calculated from MD simulations are
also compared with values from experimental measurements. The adhesion energy between
monolayer graphene and the SiOz substrate ranges from 0.1-0.45 J/m? as obtained by different
groups, and our simulations gave a value of 0.1 J/m?. The adhesion energy between graphene-
graphene interlayers is set to be 0.03 J/m?, the same as that in bulk graphite. The adhesion force
between tip and graphene should be proportional to tip radius (rtp), according to continuum
contact mechanics theories. The value of fad is measured to be 7.7 nN at rip = 8.0 nm in
experiments. Our simulation used a larger tip and set fad to be 47.3 nN at rtip = 16.3 nm. Values

are also included for the effective mica substrate discussed below in Supplementary Discussion
11.
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