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The force between a sharp scanning probe tip and a surface can drive a graphene flake over
crystalline substrates. Recent design of particular patterns of structural defects on a graphene
surface allows us to propose an alternative approach for controlling the motion of graphene flake
over a graphene substrate. The thermally induced motion of a graphene flake is controlled by
engineering topologically defects in the substrate. Such defected regions lead to an inhomogeneous
energy landscape and are energetically unfavorable for the motion of the flake, and will invert and
scatter graphene flakes when they are moving toward the defected line. Engineering the distribution
of these energy barriers results in a controllable trajectory for the thermal motion of the flake without
using any external force. We predict superlubricity of the graphene flake for motion along and
between particular defect lines. This work provides new insights into frictional forces of interfaces
and opens a novel route to the engineering of the stochastic motion of a graphene flake over any

crystalline substrate.

I. INTRODUCTION

Atomic scale precision and control of the motion of
graphene flakes over crystalline substrates are used for
atomic scale design of novel systems targeted for oper-
ations at the atomic scale. [1-5] The lateral frictional
force between a sharp tip and a surface - for driving
a nanometer-sized graphene flakes over the surface of
graphite - can be measured by atomic force microscopy
(AFM) and scanning tunneling microscopy (STM). [1-
3] This is related to the self-reorientation of interacting
two-dimensional crystals recently studied for other lay-
ered crystals beyond graphene over graphite. [4, 5]

The diffusion after rotation of a graphene flake into su-
perlubric states is controlled by the size of the flake, tem-
perature, and the presence of contamination bubbles or
defects in the underlying substrate. For instance, super-
lubric to commensurate ground states gives longer sliding
distance (95 nm) at low temperature 5K as compared to
(33nm) 77K. [1] It has also been reported that a mis-
aligned graphene flake (3° rotated) can be returned to
the commensurate state by annealing the sample up to
200°C. [4]

On the other hand, recent control over the location
and average complexity of defect formation in graphene
(by exposure of a graphene sample to a focused electron
beam) allowed to engineer defect patterns in a desirable
way. [6] Defects in graphene modify its properties and
affects its functionality. [7, 8] We are interested to use
such designed defects in the substrate to engineer the
dynamics of a graphene flake that is put on top of it.

In this letter, we reveal that the superlubricity of a
graphene flake over a graphite substrate [9-11] is strongly
influenced by the presence of defects in the substrate.
The dynamics of the graphene flake is significantly al-
tered and the well known random rotational motion and
corresponding transition from incommensurate to com-
mensurate states and related life time are profoundly in-
fluenced by the defected regions. In particular, we ob-
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FIG. 1. (color online) A hydrogen edge-passivated flake is put
over graphene which initially is in one of the positions labeled
by square, (), €@, and ). The black dashed lines indicate
the region that is scanned for finding the energy landscape,
see Fig. 2. The blue vector (#qc) is a unit vector along the
armchair direction of the flake which helps us to determine
the mutual orientation between the flake and the z-axis of
the substrate.

serve backscattering in the motion of a flake that is moved
towards a grain boundary (GB) line. Notice that the
commensurate to incommensurate transition is the main
reason for locking of the flakes on the substrate. This
transition is determined by the competition between the
GB line size, initial velocity and size of the flake. Several
types of grain boundaries - different arrays of 5-7 defects
- are investigated in order to identify how they influence
the trajectory of motion of a graphene flake. Our work
reveal several microscopic aspects of the motion of a ther-
mally actuated flake over graphene with GB which can



be helpful for developing AFM/STM driven force mea-
surements. [1, 2] Although AFM measurements give an
estimation for the static friction force, but providing any
details on the complex dynamics of the sliding motion of
graphene flakes is still challenging [12].

II. THE MODEL AND METHOD

Molecular dynamics simulations are used to simulate
a graphene flake with 750 carbon atoms and 72 hydro-
gen atoms at its edges. The substrate is a graphene
layer which contains a GB line at the middle. We
study several types of GB where the mutual orienta-
tions of the two crystalline domains is described by the
misorientation angle which e.g. for Large-Angle Grain
Boundary (LAGBI) [7] is 6, =21.8° with respect to z-
axis, see Fig. S1 in Supplemental Material (SM) [13]
for more grain boundaries. A square-shaped flake (di-
mension [2=4nmx4nm terminated by hydrogen atoms)
is put over the substrate. Such a small size graphene
nanoribbon can be fabricated using e.g. bottom-up ap-
proach. [14] We associate a unit vector that is always
along its armchair direction (independent of its orienta-
tion with the substrate i,.). Therefore the orientation of
the flake with respect to the substrate is determined by
the angle 6 which is defined by Z.l4. = cos(6). To model
the covalent bonds formed between the different carbon
atoms within the same flake, we used the AIREBO po-
tential [15] and a registry-dependent potential developed
by Kolmogorov and Crespi (KC [16]) for the interlayer in-
teraction [17] which are implemented in the Large-scale
Atomic Molecular Massively Parallel Simulator package
LAMMPS [18].

IIT. ENERGY ANALYSIS: PRISTINE AND
LAGBI SYSTEM

In Fig. 1 we depict a graphene substrate containing a
LAGBI line which is located at =0 and elongated along
the y-axis with a flake put on top of it. A typical incom-
mensurate state for the flake (having § = 0°) is shown by
the square symbol. The other possible configurations can
be as those shown by symbols (), @, and ) which have
0 =0y, 01, and 0°, respectively (see below). Notice that
in the RHS (LHS) of the LAGBI line, the system shown
by (O () is completely (partially) in the AB-stacking
configuration.

First, we relaxed the substrate in the xy-plane, then
we made it rigid and studied the dynamics of the top
flake. In Fig. 2 we depict three vdW-energy landscapes
(2D-density plots) where in all cases the flake (which is
located at average height z=0.34 nm above the substrate)
is moved to scan a 4 x 4nm? area (the dashed squares
in Fig. 1). The corresponding energy landscape (for
scan area indicated by the black dashed square (5 in
Fig. 1) is shown in Fig. 2(a). The substrate below

the square (5) consists of pristine graphene (the flake is
initially in the AB-stacking configuration). In Fig. 2(b)
we show the corresponding profiles along the indicated
vertical and horizontal dashed lines. These results are
in good agreement with previously reported vdW-energy
landscape for graphene over graphite. [10] The energy
barriers are found to be about 10meV/atom which is
the energy difference between two well known stacking
states in graphite Ag = Eqa — Eap (we set E4xp to be
the energy reference).

In Figs. 2(c,d) we show the energy landscape and cor-
responding profiles, respectively, for an energy scan inside
the dashed square P, i.e. a rotated square with respect
to the underlying flake. The blue (dashed red) line in Fig.
2(d) refers to the energy profile along z-axis at y=0 (y-
axis at =0, i.e. along the GB line). The periodic func-
tion for the profile along y-axis (GB line) is as expected -
maximum barrier is found to be about A = 5meV/atom
- however the energy profile along z-axis is unexpected.
It is seen that until almost x ~ —[/2 the fluctuations
in the solid blue line are negligible (as compared to the
dashed red line) and after x ~ —[/2 it oscillates (A
grows) with nonuniform larger amplitude. The latter is
due to the fact that crossing the GB brings us to the
AB-stacking region as seen from the right hand side part
of the flake € in Fig. 1. The maximum energy barrier is
found to be around 10meV/atom where x varies in the
range 1-2nm. Notice that the flake @ is rotated by an
angle 6 with respect to the z-axis. In fact, the flake is
affected by very small energy barriers for z < —[/2, i.e.
the superlubricity states. The honeycomb pattern in the
right hand side of Fig. 2(c) clearly indicates this effect.

In Fig. 2(e) we plot the energy landscape for a scan of
the flake @) inside the corresponding black-dashed square
shown in Fig. 2. Here the flake in both sides of the GB
is located at incommensurate states. The correspond-
ing energy profiles along x- and y-axis are shown in Fig.
2(f). One naturally expects to find periodic oscillations
for the energy barriers along the GB line where the maxi-
mum barrier is about 0.2 meV /atom. However, along the
z-axis, only when the flake is close to the GB line (its
neighborhood), it is influenced by larger energy barriers
of ~0.13meV/atom (|z| < 1/2). Therefore, although in
Fig. 2(f) the energy barriers along z-axis where |z| < 1/2,
are larger than both the energy in || > /2, but they are
still much smaller than the energy barrier Ay see also
Fig. S2 in SM [13] for the energy barriers against ro-
tation above pristine graphene/LLAGBI). Notice that the
total barrier energy is 750xE which is the relevant en-
ergy for practical applications. E indicates the calculated
energy of the flake per atom. Crudely thinking about the
latter energy barriers represented in Fig. 2(d,f) —in com-
parison to the energy barriers in Figs. 2(a,b) — leads us
to conclude that the flake should be able to pass the GB
easily at any finite temperature. However, surprisingly,
this turns out not to be the case (see backscattering).
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FIG. 2. (color online) (a) The vdW-energy landscape resulting from the vdW-energy stored between the graphene flake above
a perfect graphene substrate at z=0.34 nm and (b) two corresponding cross sections along the armchair and zig-zag directions
indicated by dashed lines in the inset of (a). In (c) ((e)), we show the energy landscape of the flake rotated with 6 = 6.(0°)
scanned inside the box @ () as shown in Fig. 1 and the corresponding cross sections along the dashed lines are shown in
(d) ((f)). Energy reference is chosen to be E4p=0.
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FIG. 3. (color online) The variation of x-component of the total force of a flake moving on (a) pristine graphene, (c,e) a
graphene substrate containing a GB line. The variation of corresponding direction 6 of the flake are shown in (b,f) and 6 — 6,
in (d). The orientation of the flake are shown as insets which have 0°, 6z, and 0° in (b), (d), and (f), respectively.

IV. FORCE ANALYSIS AT FINITE the lowest force which enables us to move the flake con-
TEMPERATURE tinuously over the GB depends strongly on the initial 6

(stacking) of the flake. We applied a constant force of

fo=6.5pN/atom [20] along the armchair direction which

By identifying the force between a sharp tip and a sur-  drives the flake (initially started its motion from AB-
face, while keeping the temperature fixed at T=300K [1, stacking) to the right. Interestingly, after a shift of about
2], frictional effects can be understood. We found that Inm (see Fig. 3(a)) the flake rotates (see the variation
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FIG. 4. (color online) Backscattering of a flake moving to-
wards a LAGBI GB when initially it was in an incommensu-
rate state (a,b,c). The path of motion are shown in (d,e) for
vo = 100m/s where different colors refer to different initial 6
(given in the inset of (d)).

of # in Fig. 3(b)). In Fig. 3(a) we show the net fric-
tion force F,. The flake rotates and reorients itself after
x ~ —1.5nm in order to minimize its energy.

The dashed line in Fig. 3(a) is the result of sliding the
flake over graphene without relaxing it at each step, i.e.
a rigid flake is moved with fixed # along the armchair
direction of pristine graphene. Comparing the dashed
black line and the blue line leads us to conclude that
the results of Ref. [22] are questionable because of the
non-relaxed sample.

We also applied fy on the flake along the z-axis to
move it over the GB line. The results for two different
initial 6, i.e. flake @ with initial § = 0, and Q) with
6 = 0°, are shown in Figs. 3(c) and 3(e). The corre-
sponding variation of 6 is shown in Figs. 3(d) and 3(f),
respectively. The flake € passes the GB line by expe-
riencing large forces around/on the GB line (Fig. 3(c))
but in parallel it is rotated to minimize its energy. The
0 — 01, (see Fig. 3(d)) changes to larger values. The in-
homogeneous energy landscape around the GB line cre-
ates a lateral force (F,) on the front of the flake (lo-
cated in x<-1/2) which induces a net torque (7, ~ [F}/2)
and eventually changes the path (note in the beginning
F, = 0). The angular velocity can be approximated by

w ~ 1/6(v? —vp?)/1? if the initial and current states

are incommensurate with small potential energy (e.g.
w ~0.01rad/ps for vy = 2v = 100m/s).

Surprisingly, when the flake ) is subjected to fo, it
passes the GB line i.e. 6 ~ 0° without changing its ori-
entation and it experiences a larger force . In fact if the
flake approaches the GB line and is located in the state
& it can pass the GB line easily, however, this rarely
happens because reaching the state ) is difficult (it is
an incommensurate state) except when moving with high
kinetic energy. The latter effect is directly related to the
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FIG. 5. (color online) (a) The passing probability of a flake
with size 4nm X 4nm moving over a perfect graphene sub-
strate and three different defected substrates as function of
the initial shooting velocity (vo). In (b), the passing proba-
bility for different sizes 3, 4, and 5 nm over LAGBI is shown.

well known superlubricity effect -see Fig. S3 in SM [13]
for more detail on the effect of the flake size.

V. BACKSCATTERING

The interface between two domains of graphene with
different crystallographic orientation (GB) changes the
energy landscape at both sides. If the flake is diffusing
on one side of the GB it prefers to stay away from the
GB line. In order to quantify this effect, we shoot the
graphene flake to the right with initial velocity vy = voZ
over perfect graphene and given graphene with a GB line
where vg is the velocity of the center of mass of the flake.
The velocity ¥ = (vs, vy) varies with time after shooting.

In Figs. 4(a-c) we show three different snapshots of
a flake moving towards a LAGBI line where initially it
started from an incommensurate state. It is clearly seen
that the flake is backscattered in (c) when it approaches
the GB line. In Fig. 4(d) we show backscattering of the
flake moving toward the GB line with different initial
0s -see Fig. S4 in SM [13] for a case of moving flake on
perfect graphene. The corresponding variation of 6 with
x are shown in Fig. 4(e) (and velocities are shown in
Fig. S5 in SM [13]). Different colors refer to different
initial 8 which are shown in the legend. The dotted line
in Figs. 4(d,e) refers to the LAGBI line. Eventually they
arrive into the AB-stacking configuration (“AB” symbol
in (c)). [23] Examples of the motion of one such flake are
shown in Figs. 4 (a,b,c).

The above described mechanism can be used to design
ultra-low dissipation nano mechanical devices. The flake
avoids the region over the LAGBI line except for the
situation when there are two LAGBI lines on both sides
of the flake (panel (b) of Fig. S6 in SM [13].

VI. DISCUSSION AND CONCLUSIONS

In order to see the influence of the shooting velocity
(vg) of the flake, we show in Fig. 5 the passing probability



as a function of vg for perfect and defected substrates (see
[25]). By increasing vy the passing probability increases.
In fact, the lattice orientation on both sides of the GB line
determines the passing probability. The smallest passing
probability is found for LAGBI (and larger flake with
5nm size, see Fig. 5(b)) and trivially the largest proba-
bility should be for motion over perfect graphene. It is
interesting to note that after = x,,, ~ —1/2 most of the
flakes start to change their direction of motion (see Fig.
4(d)). Therefore, the flake’s portion that enters in the
Zm region is affected by LAGBI. [26] We emphasize that
the obtained results are general and independent of the
shape of the flake, i.e. the minimum energy configuration
corresponds to maximizing the commensurate coverage of
the flake and substrate independent of its shape.

The design of defect patterns is an active area of re-
search [6, 27], e.g. A. W. Robertson et al. conducted an
experimental study to induce topological atomic defects
in graphene using the technique of ion irradiation [6].
Achieving high velocities of the order of 100 m/s for the
motion of a flake over a substrate is experimentally chal-
lenging. In the past decade, several studies attempted
to produce high velocities [28, 29], e.g. Nikhil et al.
use dmodified an existing commercial AFM setup and
achieved velocities between 1pm/s and 10mm/s [28].
When the flakes move with high supported velocities
above the defected regions, we found that the motion
can be controlled/scattered by designing particular de-
fect patterns. Our study would be an endeavor worth
taking and is promising for the future studies.

The obtained scattering/backscattering (mirror reflec-
tion) phenomena can be realized experimentally. Many
experimental samples contain GBs and by moving a
graphene flake through/over the GB region the motion
of the flake should be strongly affected by the presence of
the defected region especially when both sides of that re-
gion correspond to different crystallographic orientations.
For instance, we found that for LAGBI and “zig-arm”
substrates see Fig. S1 in SM [13], passing a graphene
flake over this GB line has a very small probability, i.e.
it only happens for very large vy of the flake (see Fig.
6). Moreover, by designing a particular pattern of topo-
logical defects on the graphene substrate (see Figs. S6
in SM [13]), thermally induced motion of graphene flakes
follows the designed path if the flake can not find an AB-
stacking configuration in nearby regions. This is similar
to what happens when a flake approaches the edge of the
graphene substrate. Such controllable paths can be real-
ized by designing a particular defect pattern on various
substrates enabling control of stochastic motion of the
flake.
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