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Recently discovered ultralow friction (superlubricity) between incommensurate graphitic layers has raised
great interest in understanding the interlayer interaction between graphene sheets under various physical
conditions. In this work, we have studied the effects of interlayer distance change and in-sheet defects in
modifying the interlayer friction in graphene sheets by extensive molecular-force-field statics calculations. The
interlayer friction between graphene sheets with commensurate or incommensurate interlayer stacking in-

creases with decreasing interlayer distance, but in the case of incommensurate stacking, ultralow friction can
exist in a significantly expanded range of interlayer distance. The ultralow interlayer friction in the incommen-
surate stacking sheets is insensitive to the in-sheet defect of vacancy at a certain orientation. These results
provide knowledge for possibly controlling friction between graphene sheets and offer insight into their

applications.

DOI: 10.1103/PhysRevB.76.155429

I. INTRODUCTION

Graphite is one of the most important solid lubricants due
to its weak interlayer interaction. The lubrication and friction
properties of graphite have been widely investigated by fric-
tion force microscopy (FFM) techniques.'™ It is observed
that the scanning tip of FFM performs a so-called stick-slip
movement on the surface of graphite. Recently, a FFM ex-
periment of a tungsten tip sliding on graphite revealed ul-
tralow friction or superlubricity in the incommensurate
graphene layers, and show the strong orientation dependence
of the friction.®” Theoretical studies based on different mod-
els have been conducted for further understanding the
atomic-scale friction between finite and infinite graphene
sheets.® The interlayer superlubricity state of graphite is
found depending not only on the interlayer interaction but
also on the pulling direction and corresponding registry of
each layer. The low friction force and frictional coefficient in
graphite also show dependence on loading force and inter-
layer stacking structures.” This ultralow friction behavior in
incommensurate graphite may have great potential applica-
tions in miniature instruments, such as micro- and nanoelec-
tromechanical systems.

Controlling friction and realization of superlubricity by
various electronic and mechanical methods are another im-
portant issue in micro- and nanoscale devices and sys-
tems.'%!> One recent experiment has reported that ultralow
friction can be achieved by exciting the vertical mechanical
resonances of a sharp silicon tip sliding on the flat surface of
NaCl and KBr crystals.!” Modulation in interaction distance
and normal force therefore can significantly change the fric-
tion states. For graphite, the change of interlayer distance
will undoubtedly affect the tribological behaviors of the
whole system. Due to such sensitivity, understanding the ef-
fect of interlayer distance will be helpful for friction control
in a graphitic system.

In reality, graphite contains different kinds of defects,
such as the Stone-Wales (5-7) defect and vacancies. Those
defects will change the interlayer interaction and influence
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the interlayer friction in graphite. However, previous theoret-
ical and experimental studies are mainly concentrated on per-
fect graphene sheets without any defect.3*1-1 The effects
of defects in graphene sheets in modifying the interlayer fric-
tion properties remain to be explored.

The friction between graphene sheets originates from the
interlayer interaction. In most previous theoretical studies,
the interlayer interaction is described by a simple Lennard-
Jones (LJ) type potential, which is not sensitive enough to
the registry and honeycomb structures of the graphitic
layers.®? In this study, we employ a more accurate empirical
registry-dependent potential to explore the interlayer friction
properties between a graphene flake and an infinite graphene
sheet. We find that the interlayer friction between graphene
sheets with different registry stackings increases with de-
creasing interlayer distance, but the reduction in the inter-
layer distance between graphene sheets with incommensu-
rate stacking has influence on the interlayer friction
properties 2 orders weaker than that in the commensurate AB
stacking system. The introduction of defects modifies the
interlayer friction between the commensurate and incom-
mensurate graphene sheets that should be considered in the
modeling and interpretation of their friction behavior.

II. MODEL AND METHOD

The structural models used in our simulations are shown
in Fig. 1. Here, a 190-atom rectangular graphene flake is
placed onto an infinite substrate graphene sheet. The length
and width of the graphene flake are 2.21 and 1.99 nm, re-
spectively. The bilayer model is appropriate because the in-
teraction between two nonadjacent graphene sheets is at least
50 times lower than those between two adjacent sheets.”’ We
consider two representative interlayer stacking cases: (1) the
graphene flake put on the substrate graphene sheet with the
AB stacking orientation, a typical commensurate structure in
graphite; and (2) the same graphene flake rotated by 90° and
arranged randomly on the substrate, as shown in Fig. 1(b).
The second case leads to an incommensurate stacking be-

©2007 The American Physical Society
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FIG. 1. (Color online) (a) A finite 190-atom rectangular
graphene flake is stacked on another graphene with initial AB stack-
ing (left). Then the same graphene flake is rotated by 90° and placed
randomly on the substrate graphene to form an incommensurate
stacking (right). The graphene flakes slide 3 nm on the lower
graphene sheets along different directions 6. (b) A 5-7 defect and a
vacancy created by removing one atom are introduced into the com-
mensurate (left) and incommensurate (right) graphene flakes,
respectively.

tween the graphene flake and the infinite graphene sheet. Our
study is aimed at the investigation of the influence of inter-
layer distance and defects on the friction between these
graphene sheets. We consider a 5-7 defect and a vacancy
created by removing one atom in both cases, as shown in
Fig. 1(b).

The interlayer interaction in the layered graphitic sheets is
dominated by the long-ranged van der Waals (vdW) interac-
tion. Large-scale simulations of nanoscale systems are be-
yond the capabilities of ab initio quantum mechanical meth-
ods such as density function technique. Therefore, empirical
methods capable of predicting both the energy level and the
equilibrium distance at the vdW distances are needed for
studying large graphitic systems. Recently, a registry-
dependent interlayer interaction potential is specifically pa-
rametrized for layered carbon structures by Kolmogorov and
Crespi2!=?* (KC) or the KC potential:

\-6
V(ry,m,n;) = e N[ +f(pij) + flp;i)] = A<&> ,
20

2_ 2 (2=>12 2_ 2 ==
pij=rij_(nirij) > pji=rij_(njrij) >

2n
flp)=e @Y, czn(§> : (1)

where Fij and r;; are the distance vector and the nonbonding
interatomic distance, and 71, 1 ; are the normal vectors. The
function f, which reflects the directionality of the overlap,
rapidly decays with the transverse distance p.”! The detailed
definition of these vectors and the parameters in the above
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FIG. 2. (Color online) Variations of the in-plane force Fy4 acting
on the perfect graphene flakes in the AB stacking and incommen-
surate stacking with an interlayer distance AR=0.34 nm when slid-
ing along 6=90°.

equations can be found in Ref. 21. This potential contains a
vdW attraction and an exponentially decaying repulsion due
to the interlayer wave-function overlap.?! Different from the
LJ potential, the KC potential is mainly determined by two
parameters: Fij and p. This setting has been proven to be
more effective in describing the registry-dependent interlayer
interaction of adjacent graphene layers than the LJ
potential.>*>>> The interlayer force acting on the graphene
flake can be expressed as

Np Ny e o -
Foo S S Mripnn) 2)
i=1j=1  Iry

where i denotes an atom in the graphene flake and j an atom
in the substrate graphene sheet, and Ny and N, are the num-
bers of atoms of the graphene flake and substrate involved in
calculations, respectively. The whole structures of the perfect
and defected graphene flakes are all relaxed by the total en-
ergy minimization method based on AMBER molecular force
field before the statics calculations.?® The relaxed graphene
flakes are then fixed at different interlayer distances and rig-
idly slide on the substrate graphene sheet for 3 nm along a
given orientation, and the sliding of 3 nm is repeated for
each small increment of the orientation angle 6, as shown in
Fig. 1. At each sliding step of 0.01 nm, the corresponding
interlayer energy and interaction force F, acting on the
graphene flake along direction € are calculated by the KC
potential.

III. RESULTS AND DISCUSSION

Figure 2 shows the variations of the in-plane force F
acting on the perfect graphene flakes of AB stacking and
incommensurate stacking, with an interlayer distance of
0.34 nm when sliding along #=90°. Here, the negative force
F, means that the force is opposite to the sliding direction,
which can be seen as the resistance or friction force. It is
shown that the magnitude of force variation for the AB stack-
ing is much higher than that for an incommensurate stacking.
The maximum force F, opposite to the sliding direction or
the maximum resistance force acting on the graphene flake is
directly related to the interlayer static friction properties.

155429-2
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FIG. 3. (Color online) Maximum resistance force acting on the
perfect graphene flakes in (a) AB stacking and (b) incommensurate
stacking with different interlayer distances along different sliding
directions 6.

Figure 3 plots the variations of maximum resistance force
with interlayer distance in the AB commensurate and incom-
mensurate stackings along different sliding directions. When
the interlayer distance is 0.39 nm, the two graphene sheets
are still bound together, but the average maximum resistance
forces in the AB and incommensurate stacking systems are
only 3 and 0.05 pN/atom. Compared to the average maxi-
mum resistance force at the interlayer distance of 0.34 nm,
the small force in the AB stacking case suggests that the low
interlayer friction can be realized in commensurate graphene
sheets by increasing the interlayer distance to a suitable
value. In the incommensurate stacking case, the maximum
resistance force at each interlayer distance is approximately 2
orders of magnitude lower than that in the AB stacking case.
Thus, the incommensurate graphene sheets can be consid-
ered as an interlayer superlubric system. Previous experi-
mental and theoretical studies show that the total friction
force in flat graphite for most relative orientations was lower
than 50 pN (superlubricity), but for narrow ranges of orien-
tation, the friction was as high as 250 pN.6-® Although the
magnitude of the resistance forces in our calculations is not
suitable to directly compare with the friction forces mea-
sured in experiments and calculated in other theoretical stud-
ies, the ultralow resistance force in the incommensurate
stacking and high resistance force in the AB stacking are still
consistent with those studies of superlubricity in graphite.®-3

The normal force acting on the graphene flakes increases
with decreasing interlayer distance. This enhances the inter-
layer friction in both the AB and incommensurate stacking
cases. The maximum resistance forces in these two systems
increase sharply when the interlayer distance AR is less than
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FIG. 4. (Color online) Variations of maximum resistance forces
acting on the graphene flakes of different defects in (a) AB stacking
and (b) incommensurate stacking with interlayer distance along 6
=90° direction.

0.3 nm. The total average normal forces acting on the AR
=0.3 nm graphene flakes for the AB stacking and incommen-
surate stacking are 2002 and 1875 nN, respectively. Along
different sliding directions, the variations of the maximum
resistance forces of these two systems are different, as shown
in Fig. 3. The maximum resistance force variations for the
AB stacking system fall on a smaller number of scaling
curves, indicating less influence of the sliding direction on
friction in the AB stacking system. The reduction in inter-
layer distance strengthens the interlayer registry effect. As a
consequence, the interlayer friction in the AB stacking sys-
tem increases much faster than that in the incommensurate
stacking system. For instance, the maximum resistance force
along 6=90° in the AB stacking system increases from
23.9 to 963.7 pN/atom when the interlayer distance de-
creases from 0.34 to 0.24 nm, while the maximum resistance
force in the incommensurate stacking system increases from
0.3 to 10.8 pN/atom. The calculated results show that the
variation in the maximum resistance force of the incommen-
surate stacking system is much more sensitive to the pulling
direction. At =60°, the friction remains ultralow even as the
interlayer distance decreases to 0.24 nm, as shown in Fig.
3(b).

To investigate the effect of defects, the variations of maxi-
mum resistance forces acting on the defected graphene flakes
in the AB stacking and incommensurate stacking systems are
plotted in Fig. 4. Same as the perfect flake, the maximum
resistance forces in these defected systems increase sharply
when the interlayer distance AR is less than 0.3 nm. The
corresponding total average normal forces acting on the
graphene flakes with the AB stacking are 2004 nN for the 5-7
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FIG. 5. (Color online) The force difference AF,,,, between the
maximum resistance force ngf” acting on the defected graphene
flakes and the maximum resistance force F,,, acting on the perfect
graphene flakes along #=90° direction; here, AFmasz‘rgf”—Fmax.
defect and 2002 nN for the vacancy defect. In the incom-
mensurate stacking, the total average normal forces acting on
the AR=0.3 nm graphene flakes are 1875 nN for the 5-7
defect and 1875 nN for the vacancy defect. Compared with
the perfect graphene flake, the graphene flakes with the 5-7
defect and vacancy show small relative differences in the
interlayer friction for the AB stacking system. In the incom-
mensurate stacking system, these defects introduce signifi-
cant relative changes to the interlayer friction properties
when the interlayer distance is decreased below 0.3 nm. The
friction force at the corresponding interlayer distance is in-
creased by the 5-7 defect, but the vacancy reduces the fric-
tion force, as shown in Fig. 4(b). The lower friction in the
vacancy defected flake indicates that the ultralow interlayer
friction in the incommensurate stacking graphene sheets is
insensitive to some types of defects at a certain orientation. A
more detailed comparison between the defected and perfect
graphene flakes with AB stacking and incommensurate stack-
ing is given in Fig. 5. From the maximum resistance force
F‘,ffff” acting on the defected graphene flakes and that on the
perfect graphene flakes F,,,, we obtain the force difference
AF o =F%“'_F ... As shown in Fig. 5, the force differ-
ences AF,,, in the defected graphene flakes with the AB
stacking are always negative with decreasing interlayer dis-
tance. This means that both the 5-7 defect and vacancy re-
duce the interlayer friction in the AB stacking system. The
5-7 defect in the AB stacking graphene flake reduces the
commensurate registry between the graphene sheets, as
shown in Fig. 1(b), thus decreasing friction. In contrast, the
5-7 defect in the incommensurate graphene flake improves
the degree of commensurate registry with respect to the sub-
strate graphene sheet so that the interlayer friction increases.

We have also investigated the effect of sliding direction
on the defected graphene flakes. In the AB stacking system,
the effect of the defects on the interlayer friction remains the
same along various sliding directions. However, the influ-
ence of defects is different in the incommensurate stacking
systems when the graphene flake slides along different direc-
tions. As shown in Fig. 6, both the 5-7 defect and vacancy
enhance the interlayer resistance force with decreasing inter-
layer distance when sliding along #=60°. This is in contrast
to the case of #=90° (see Fig. 4), where vacancy causes an
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FIG. 6. (Color online) Variations of maximum resistance force
acting on the graphene flakes of different defects in incommensu-
rate stacking with interlayer distance along #=60° direction.

opposite effect (decreasing friction). The incommensurate
registry of the flake with respect to the substrate graphene is
changed by the vacancy as sliding in different orientations.
Therefore, the change of interlayer registry and structure in-
duced by the defects may significantly influence the friction
properties of graphene sheets with incommensurate stacking.

In our calculations, the boundaries of the 190-atom
graphene flake are free. Carbon atoms on the boundaries
have dangling bonds, which may affect the interlayer inter-
action. The number of dangling bonds depends on the size of
the graphene flake. To examine the size and boundary ef-
fects, we have compared the interlayer friction of a 2.95
X 2.84 nm? 350-atom rectangular graphene flake with that of
the 190-atom flake. Figure 7 shows the force difference
AF,,,, between the maximum resistance force F>2° acting on

max

the 350-atom flake and F'’° on the 190-atom flake with dif-
ferent defects. As shown in Fig. 7(a), there is no difference in
the maximum resistance force per atom between the perfect
350-atom and 190-atom flakes in the AB stacking case, and
the total friction force linearly increases with increasing size
of the graphene flake as expected and is consistent with the
previous study on the interlayer friction in commensurate
graphene sheets.®?? The force difference AF,,,, between the
defected AB stacking 350-atom and 190-atom flakes only
increases to 1.9 pN/atom even at the reduced interlayer dis-
tance of 0.24 nm. Such a small increase indicates that the
change of flake size and boundary in the commensurate
stacking system only has a small influence on the interlayer
distance dependent static friction properties in both the per-
fect and defected graphene sheets. However, the change of
flake size and boundary in the incommensurate stacking sys-
tem introduces more pronounced changes in the interlayer
static friction, as shown in Fig. 7(b). The force difference
AF . between the 350-atom and 190-atom flakes increases
sharply when the interlayer distance is reduced below
0.34 nm. In the incommensurate stacking system, the inter-
layer friction becomes more sensitive to the change of flake
size with decreasing interlayer distance.

Moreover, we have also studied the effect of flake shape
on friction by changing the rectangular flake into a hexago-
nal flake. It is found that the flake shape change in the AB
stacking system does not influence the interlayer friction, but
in the incommensurate stacking system, the interlayer fric-
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FIG. 7. (Color online) The difference AF,,,, of maximum resis-
tance force between 350-atom and 190-atom graphene flakes with
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tion shows a strong dependence on the flake shape. There-
fore, besides the defects, the change of flake shape and size
will lead to an adjustment in the interlayer friction.
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IV. CONCLUSION

We have carried out extensive molecular-force-field cal-
culations to study the interlayer friction between graphene
sheets with different interlayer stackings and defects. We
have identified low static friction between graphene sheets
with both commensurate and incommensurate stackings.
Upon reduction of interlayer distance below the equilibrium
value of 0.34 nm, the interlayer friction between the
graphene sheets increases sharply with decreasing interlayer
distance. Friction in the AB stacking graphene sheets is more
sensitive to the change of interlayer distance than that in the
incommensurate stacking sheets. The interlayer ultralow fric-
tion state can remain in the incommensurate stacking sheets
even when the interlayer distance is reduced to 0.24 nm. Due
to the change of registry, the introduction of various defects
on the sheets can modify the interlayer friction properties. At
a certain orientation, the interlayer ultralow friction in the
incommensurate stacking sheets is found insensitive to the
defect or vacancy. Our calculated results show that the
change of interlayer distance and introduction of defects may
provide a way to realize ultralow friction and control the
friction properties in graphene sheets with commensurate
and incommensurate stackings.
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