Collective superlubricity of graphene flakes
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We investigate solid lubrication of graphene and graphene flakes using atomistic molecular-
dynamics simulations. We find that graphene flakes yield lower friction than graphene as a result of
a collective mechanism that emerges from the independent behaviour of the flakes. By freezing out
different degrees of freedom of the flakes, we are able to attribute the low friction to non-simultaneous
slipping of the individual flakes. We also compare the results of the atomistic simulations to those of
a simplified two-dimensional model and find that the behaviour of the latter is strongly dependent
on parameters, which emerge naturally from the atomistic simulations.

PACS numbers: 46.55.4+d, 81.40.Pq, 62.20.Qp, 81.05.uf

INTRODUCTION

Graphitic systems are prototype systems for friction,
particularly in the context of solid lubrication with
layered materials. Moreover, since the discovery of
graphene, there have been rapid developments of syn-
thesis methods for other new two-dimensional materials,
such as MoSy, WSy or h-BN [1-3]. Wear of such lamel-
lar materials results often in the formation of flakes [4—
6]. In the last years, the notion that graphene and
other layered materials are important for lubrication has
led to much interest in this topic beyond the engineer-
ing community [7, 8]. One relevant question is whether
large graphene layers are a better solid lubricant than
nanoflakes.

Low friction due to structural incompatibility, dubbed
structural superlubricity, was first observed in a graphene
flake attached to an AFM tip sliding over a graphite sub-
strate [9]. When the contact of the flake relative to the
substrate was incommensurate a substantial reduction
in friction was observed. Superlubric sliding over tens
of nanometers was observed for graphene nanoflakes for
temperatures as low as 5K [10]. However, superlubric
sliding is a fragile state, as flakes rotate back to the com-
mensurate orientation [11, 12]. Mesoscopic flakes have
been observed to retract to their original commensurate
positions, after having been pushed away from equilib-
rium to an incommensurate angle [13].

Usually particles between sliding contacts, often called
third bodies, increase the friction by pinning both sides
of the contact [14-16]. Due to their flat and rather
inert structure, graphene flakes might instead facilitate
sliding. Some of the authors have previously examined
whether graphene flakes could reduce friction between
sliding graphite plates [17]. The model considered in that
work represented an idealized situation with rigid flakes
where out-of-plane motion, vibration and interactions be-
tween the flakes were neglected. That paper suggested a
strategy to reduce friction by having one of the sliding
surfaces made of graphene with patches with different

orientations formed e.g. by grain boundaries, in order to
avoid that the flakes would be commensurate with both
plates at any time. Although we believe this stategy ben-
eficial, it is relatively cumbersome to realize in practical
devices.

Here we examine a more realistic model based on an
atomistic description of sliding graphite plates lubricated
either by flakes or by a full graphene layer. We find that
graphene flakes yield a state of low friction as a result of
a collective mechanism emerging from independent be-
haviour. The crucial ingredient of this mechanism is that
the flakes do not slip simultaneously. In the atomistic de-
scription, which naturally restricts the parameters to re-
alistic values, this mechanism appears to be robust. The
simple model of Ref. [17] might also show this type of
behaviour but it is too sensitive to the precise choice of
parameters to be predictive quantitatively.

SIMULATION SETUP

We construct a model of two graphene layers with be-
tween them either another graphene layer or n hexag-
onal flakes of N carbon atoms, terminated with hydro-
gen atoms. Unless stated otherwise, each graphene layer
measures 77.5A x 83.9A (2560 atoms), N = 24 and
n = 29. The latter values result in a ratio of p = 0.27 be-
tween the number of carbon atoms in the flakes and those
in a graphene layer. The system is shown in Fig. 1. The
bottom layer is immobile while the top layer is fully mo-
bile and pulled in the z-direction at a velocity v = 10 m/s
by springs with spring constant K = 1 meV /A2, attached
to every atom. In the appendix we discuss this choice and
the effect of weaker and stronger K.

The sum of the force on all springs yields the lat-
eral force F,. Assuming an area A of the graphene
layer as above, F, = 1 eV/A: 1.6 nN gives a stress
7 = F,/A = 2.464 - 10"Pa. The resulting friction is cal-
culated as the average of F, over a few periods of the
motion. We performed molecular dynamics simulations



FIG. 1: Top view and side view of our model.

for up to 10 periods, using the molecular dynamics code
LAMMPS [18].

The moving top layer is thermostatted by a Langevin
thermostat with damping constant v = 1 ps at T =
300 K. The flakes are not directly thermostatted to avoid
complications with thermostatting of rigid flakes and
treating fully mobile and rigid flakes differently.

The interactions within one layer are given by the
REBO potential [19] as implemented in LAMMPS, while
the interlayer interactions are given by the Kolmogorov-
Crespi potential [20]. The equilibrium bond length d of
the intralayer REBO potential in lammps is 1.3978 A,
yielding a period a = v/3d = 2.42 A, slightly smaller
than the experimental value. Therefore we rescale the
Kolmogorov-Crespi potential to this value. Also, we do
not include bending terms in the Kolmogorov-Crespi po-
tential as our layers are flat compared to the nanotubes
for which the potential was developed. We have also con-
sidered geometries with more layers and different schemes
for thermostatting (see Appendix).

FRICTION AND SLIPPAGE

Fig. 2 shows that a much lower friction is found when
flakes instead of a full layer are placed between the
graphite plates. With a full layer, the lateral force
displays a distinctive stick-slip high-friction behaviour
whereas the flakes lead to a smoother behaviour with
broader downward profile, resulting in lower friction. For
the layer, after the first three periods the centre of mass
displays a very regular motion, jumping from one mini-

mum to the next. The dynamics of the flakes is instead
much more complex as we will describe later. The dif-
ference in the friction cannot be explained by the lower
coverage, which leads to a lower potential energy barrier
against sliding but cannot account for the reduction of
more than a factor 5 shown in Fig. 2.
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FIG. 2: Lateral force as a function of support displacement
for contacts with either graphene flakes or a graphene layer.
The friction is lower for the case with flakes. In addition, the
lateral force with flakes does not have the standard saw-tooth
profile resulting from stick-slip motion that the force for a
graphene layer does display.

In order to elucidate the mechanism for the reduction
of the friction, we have investigated several cases where
different degrees of freedom of the flakes were frozen. We
first consider flakes that are rigid, but otherwise free to
translate and rotate, and also entirely immobile flakes
that are fixed to the bottom substrate in commensurate
orientation. In Fig. 3 we show the results of these sim-
ulations in comparison with the fully mobile flakes. In
the case with immobile flakes attached to the substrate,
friction is still considerably lower than for a full layer
due to the lower coverage, but the lateral force clearly
shows stick-slip behaviour. The friction for mobile and
rigid flakes is much lower than for the fixed flakes and
with a less pronounced stick-slip character. The inter-
nal degrees of freedom of the mobile flakes lower the
friction only marginally. Very small differences in fric-
tion are also found when comparing fully mobile flakes
to flakes restricted to move only in the in-plane direction
(not shown).

One might think that rotations of the flakes away from
commensurate contacts are crucial for the low friction
state. Surprisingly, we have found instead that we can
also eliminate rotations of the flakes as the main cause of
the low friction. In Fig. 4. we compare situations with
restricted types of motion. The lateral force for rigid
flakes that cannot rotate (translation only) is very similar
to that of rigid flakes that can both rotate and translate
(rigid). This comparison excludes rotations as origin of
the low friction. In contrast, not allowing translational
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FIG. 3: Lateral force as a function of support displacement
(time) for different cases: (i) fixed flakes, (ii) rigid flakes, (iii)
fully mobile flakes. Both the fully mobile and rigid flakes have
lower friction and do not show the distinctive stick-slip shape.

motion (rotation only) leads to a much higher friction and
stick-slip behaviour. We have also examined the range
of rotations occurring during the motion. In Fig. 5 we
see that freezing of degrees of freedom leads to a higher
probability of commensurate contact, as signaled by a
sharper peak at zero degrees.

Having eliminated internal vibrations and rotations of
the flakes as main reason of the lower friction, we show
next that the crucial ingredient is that the flakes move
independently. This conclusion can be drawn by examin-
ing the dynamics obtained by averaging the force on the
flakes, i.e. by making the flakes move as one body. The
corresponding lateral force (labeled one-body in Fig. 4)
displays stick-slip and high friction. The friction is simi-
lar to the case of immobile flakes (Fig. 3) and flakes that
can only rotate (Fig. 4), although the static friction, i.e.
the height of the lateral force peaks, is lower.

The cause of lower friction then, can be found in the
non-simultaneous collective translations of the flakes. We
characterize their translational dynamics in Fig. 6, where
we show the x-position of the centre of mass of the indi-
vidual flakes as a function of time. When the flakes are
stuck, they move on average with half the sliding veloc-
ity, that is , with the average velocity of top and bottom
layer. One can also see the rapid movement of the flakes
when they slip, but also that these slips do not occur
simultaneously for all flakes so that it is not possible to
recognize the period of the motion in Fig. 6. Rather
than moving all at once, which would result in a single
large slip of the top graphene sheet, there is continuous
slippage of flakes one by one. This leads to the smoother
force profile shown in Fig. 2 but, as there is still stick-slip
occurring on smaller scales, the force still displays some
of the typical characteristics of stick-slip, such as tem-
porary negative lateral forces. When the flakes are rigid
(Fig. 6b), the slips are longer. This is to be expected,
as internal degrees of freedom are expected to dampen
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FIG. 4: Lateral force as a function of support position (time)
for rigid flakes with either total force on each flake set to
zero, enabling only rotations, or the torque on each flake set to
zero, enabling only translations, or the rigid flakes where both
translations and rotations are allowed. The friction curve with
only rotations closely resembles that of fixed flakes, while the
translations only is close to the one of the rigid flakes. The
line labeled ‘one body’ has the force on the flakes averaged,
thus enabling only translations of all flakes moving as one
body. This resembles the case of fixed flakes, but with lower
static friction.
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FIG. 5: Distribution of angles for mobile flakes, rigid flakes
and flakes where where the force is set to zero (rotations only).

the movement. The effect on the lateral force is however
negligible as shown in Fig. 3.

In Fig. 7, we show the distribution of slips throughout
one lattice period of the support motion. A slip has been
defined as the motion of a flake for more than one quarter
of the lattice period relative to the fixed bottom plate
during a time interval of 0.5 ps. One can see that slips
occur during all phases of the period.

In the Appendix, we also include a brief comparison
to the simple two-dimensional model of Ref. 17, which
has rigid plates, rigid flakes, and a sinusoidal interaction
potential. In such simple models, the choice of parame-
ters is a challenge as they have to be estimated indirectly.
As shown in the Appendix, the behaviour of the model
may depend strongly on the choice of parameters. Atom-
istic descriptions present an advantage in this respect, as
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FIG. 6: Position along the x-axis of the flakes as a function of
time (expressed in terms of support displacement) for a) fully
mobile flakes, b) rigid flakes. The flakes themselves perform
stick-slip motion, but do not slip simultaneously. Moreover,
they sometimes stick to the graphene sheet above them and
sometimes to the one below. During a stick, the flakes stick
to both plates and so move with half the support velocity
(indicated by the black line).
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FIG. 7: The distribution of slips of single flakes during the
time needed for the support to move by one period of the
lattice. Slips were detected as a change of position in the
sliding direction of more than 1/4 lattice period during 0.5 ps.

Slips typically occur over half a lattice period, due to the
hexagonal lattice.

realistic parameter values emerge naturally.
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FIG. 8: Lateral force as a function of support position for
different temperatures. The friction is higher and tends more
towards stick-slip for lower temperatures.
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FIG. 9: Lateral force as a function of support position for
H-saturated hexagonal flakes of different size. We consider 27
flakes of 24 carbon atoms, 12 flakes of 54 atoms and 3 flakes
of 216 atoms. Each graphite plate measures 77.5A x 75.4812A
and the total number of flake atoms is equal to keep p = 0.28.

Finally, we include several numerical results from the
atomistic simulations that explore the effects of other pa-
rameters, namely temperature and flake size. In Fig. 8,
the lateral force is plotted for several different tempera-
tures. As usual, due to thermal activation of slips, for
higher temperatures the friction is lower [21]. Figure 9
shows the lateral force for a number of different flake
sizes, with the same total number of atoms in the flakes.
For larger flakes, the friction is higher. This is to be
expected as larger flakes interact more strongly with the
substrate and are less subject to thermal fluctuations. As

a result, the larger flakes slip more simultaneously than
the smaller ones.



CONCLUSIONS

By means of realistic molecular dynamics simulations,
we have shown that graphene flakes reduce the friction
when compared to a perfect graphene layer. This is not
only due to the lower coverage which reduces the poten-
tial energy barrier, but also to the fact that there are
many independently moving flakes. The flakes slip at
different times within one period, causing the top layer
to slide more smoothly. The independent collective be-
haviour of the flakes is a way of lowering friction not
studied before.

By freezing out degrees of freedom we have examined
the effects of different contributions to the movement of
the flakes on the friction separately, making it possible
to rule out the role of internal vibrations and rotations
of the flake as a determining factor for the low friction
behaviour. Our results suggest that graphene nanoflakes
are more suitable for coatings than perfect graphene
layers for low friction devices.
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APPENDIX
Comparison to the simple model of Ref. [17]

Here, we also include a brief comparison to the simple
two-dimensional model of Ref. 17. This model is simi-
lar in setup to the atomistic description in the current
work. It consists of two rigid plates in two-dimensions,
one of which is fixed, and the other is pulled by a spring
connected to a support moving at constant velocity. A
collection of rigid flakes is interacting with both plates
through a sinusoidal potential.

We simulate the simple model with the parameters
used in Ref. [17], with the exception of the pulling angle,
which is set to 0 for reasons of clarity. We also consider
several variations of the parameters. Figure 10 shows
force traces for the simple model with the original pa-
rameters, as well as results of a simulation with similar,
but slightly modified parameter values. It is clear that
the behaviour of the simple model depends dramatically
on the parameter values. The force traces show different
slip lengths, as well as transitions between stick-slip and
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FIG. 10: Lateral force as a function of support position for the
simple model from Ref. [17] for several parameter sets. “Orig-
inal” refers to the parameters used in Ref. [17]. “Parameter
set 2”7 refers to very similar parameters but with both the tip
spring constant and the tip mass multiplied by a factor of
4. “Parameter set 3” refers to the same parameters as “Pa-
rameter set 2”7, except that also the damping parameter is
multiplied by a factor of 4. Finally, “Parameter set 4” refers
to the same parameters as “Parameter set 3”7, but with the
temperature and sliding speed adjusted to match the current
atomistic description. For each of these sets of parameters the
model behaves radically differently. Nevertheless, between the
different simulations only very few parameters are different,
and they differ by less than an order of magnitude.

more smooth-sliding like behaviour, or even irregular dy-
namics. Nevertheless, between the different simulations
only very few parameters are different, and they differ
by less than an order of magnitude. Without an accu-
rate atomistic description, it is difficult to know which of
these parameter values most accurately describe a real-
istic system.

In previous work on the simple model, the tip mass was
taken to be equal to the mass of the flakes, whereas in
the more realistic atomistic description, it is almost four
times larger. Similarly, the spring constant, which was
taken to be similar to the spring constant of an AFM tip
with a sharp apex, is an underestimate of the spring con-
stant of a large, blunt piece of graphite. While these pa-
rameter values appear naturally in the atomistic descrip-
tion, they are not directly obvious for a simple model.

Effect of number of layers and thermostat

We performed simulations with a different number of
layers and different thermostat settings. In Fig. 11 we
show that smooth-like sliding with low friction occurs
for all cases. Thermostatting the flakes (the line labeled
“3L*” in Fig. 11) does not have much effect. When a
graphene layer is added between the top layer and the
flakes that is also thermostatted (4L*), the friction is
slightly higher, probably due to the increased damping
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FIG. 11: This shows lateral force curves for different number
of layers. “3L” refers to the situation as in the main text.
“BL*7 4L “BL*” refers to a system with 3 layers, 4 layers,
5 layers respectively with a thermostat on all mobile atoms.

(lowering the damping constant also results in the addi-
tion of a constant value to the lateral force). This is also
true when another layer is added between the flakes and
the bottom layer (5L*).

Effect of spring constant

The choice of K is always a delicate point in simu-
lations of friction because it depends on the theoretical
model or experimental setup. In Fig. we compare the
lateral force presented in the main text for a full layer
with K = 1 meV/A? to those with a fivefold stronger or
weaker K. One can see that smaller K gives an irregular
behaviour with long jumps whereas a stiffer K leads to
strong oscillations with the current, standard, choice of
the damping parameter of 1 picosecond.

The value K = 1 meV/A? we use is consistent with
the elastic effects of a block of material with the size of
our cell, a height of 16 Aand the typical Young’s modulus
of graphite, 10 GPa. Notice that usually the Tomlinson
model is implemented by means of a total spring constant
attached to the center of mass, whereas we report the
spring constant per atom with periodic boundary con-
ditions. The chosen spring constant per atom K = 1
meV/A? is equal to 0.016 N/m per atom, which brings
the total spring constant in our 2560 atom system to
40.96 N/m. Note also that we do not impose any load,
and the effects of a weaker spring constant are similar to
keeping the same spring constant while imposing a load.
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