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ABSTRACT: We present accurate calculations of friction in graphene films in
configurations simulating the presence of an anchoring substrate. We find that a slider
induces both out-of-plane and shear deformations, which increase with the thickness of
the supported film. We elucidate the new frictional mechanism connected to shear layer
motions, which is minimal for systems with the smallest number of layers.

■ INTRODUCTION

Graphite has long been a system of interest in frictional studies.
As other lamellar solids, it is known to be a good solid lubricant
and is used in many practical applications.1,2 In micro- and
nanoscale applications, the thickness of a solid lubricant can be
a very important factor not only in view of the relative mass of
material involved but also in view of substrate functionalities
that can only be preserved by ultrathin layers. A typical goal
could be, for example, preserving high-intensity magnetic
interactions through a lubricant film in magnetic devices.
Multilayer graphene, thanks to its exceptional stiffness and
chemical stability, is a very promising candidate for these
applications.3 The frictional characteristics of graphene films
have been recently studied by friction force microscopy (FFM).
Filleter et al., who studied epitaxial graphene grown on SiC,
observed that the single layer had double the friction than the
bilayer and graphite had higher friction than both the films.4 On
the contrary, Lee et al., who deposited graphene films by
mechanical exfoliation on weakly adherent substrates, observed
that friction monotonically decreased as the number of layers
increased also beyond two layers. Binding the graphene
strongly to a mica surface suppressed this trend.5 Microscale
scratch tests on exfoliated and epitaxial graphene films have not
revealed a dependence of the friction coefficient on the number
of layers.6 To explain the experimental observations, Filleter et
al. have proposed a frictional mechanism involving electron−
phonon coupling,4 while Lee et al. suggested that out-of-plane
deformations or “puckers” in front of the scanning tip dictate
the frictional behavior.5 Here, we show the existence of another
important frictional mechanism based on shear deformations.
Understanding shear deformations in multilayer graphene is
important for a wide set of electro-mechanical applications at
the nanoscale, such as graphene-based resonators or nano-
sensors. Recently, the shear mode of multilayer graphene has

been detected by Raman spectroscopy,7 and the shear modulus
of graphene films has been measured as a function of thickness,
showing a marked decrease passing from the single layer to
bulk graphite.8

Progress in measuring atomic-scale friction has highlighted
the importance of the physicochemical interactions in
determining the tribological behavior of carbon-based materials.
Simulations relying on first-principles calculations of the
interactions have proven to be useful tools for interpreting
nanotribological experiments on these materials.9−12 We
perform atomistic simulations of friction on graphene films of
different thicknesses, anchored to a rigid substrate. The
potential adopted to describe interlayer interactions has been
tested to reproduce the potential energy surface (PES)
obtained by density functional theory (DFT) calculations. We
observe that the stick−slip motion of a slider of finite size
produces the periodic displacement−retraction of the under-
lying layers. Thanks to the shear displacement of the film layers,
the slider interlocking is enhanced during the sticking phase
and shear vibrational modes are frozen. The latter are suddenly
freed during the slip phase, and the evolution of the system is
nonadiabatic. Shear deformations are larger for thicker films as
the stacked layers behave like springs added in series.

■ SYSTEM AND METHODS
Our model system is illustrated in Figure 1, which shows a two-
layer graphene (2LG) film. An additional, fixed graphene layer,
positioned at the bottom of the film, mimics the presence of a
substrate, which tightly anchors the film. In the following, this
layer is referred to as a bound graphene layer (bGL). Our
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model does not refer, thus, to situations as suspended graphene
or deposited graphene on weakly adherent substrates, where
thin films can behave as soft membranes.5 In our molecular
dynamics (MD) simulations,13 the interatomic interactions are
described by the AIREBO potential,14,15 with the substitution
of the Lennard-Jones potential by the Kolmogorov−Crespi
(KC) potential.16 We refer to this combination as REBO +
KC.17 We verify that this computational scheme correctly
describes both the binding of graphene layers and the energy
variation due to their relative lateral position, that is, the
potential corrugation,16 a quantity that is largely under-
estimated by the standard Lennard-Jones (LJ) potential.15

For layered materials, as for physisorbed layers, the potential
corrugation is very small and its accurate evaluation is essential
for the study of frictional properties.18 We also calculate the
shear elastic constant of graphite: the result obtained with the
REBO + KC potential, C44 = 5.4 GPa, is in agreement with the
experimental value of 5.0 GPa.19 The details of this analysis are
described in the Supporting Information.
To study the friction of multilayer graphene, we consider a

model tip consisting of a graphene flake of 96 atoms in
commensurate contact with the film. Each atom of the flake is
connected by two springs (kx

ext = ky
ext = 15 meV/Å2) to a

support moving at a constant velocity, v = 0.242 m/s, along the
x direction. This model is a generalization of the Tomlinson
model,20,21 which has been shown to reproduce the stick−slip
patterns observed by FFM.22−24 Graphene films of thicknesses
ranging from one to four layers are considered between the
flake and the bGL. Each graphene layer contains 1672 atoms in
a 9.2 nm × 4.6 nm cell with periodic boundary conditions. A
constant load L = 5 GPa is applied to the flake; then the system
is relaxed at T = 0, allowing the cell size to vary until the in-
plane components of the stress tensor become close to zero.
After the relaxation, the system is equilibrated at a constant
temperature of T = 300 K and a constant volume (NVT
ensemble, integration time step dt = 1 fs). The temperature of
each individual layer is controlled by a Nose−̀Hoover chain of
thermostats. We verified that this choice does not affect the
calculated friction by comparing with the Langevin method.

The tests we carried out to validate the choice of the thermostat
are presented in the Supporting Information. To focus on the
dissipative mechanisms in the graphene films, we kept the flake
at T = 1 K to avoid its diffusion. In a real experiment, thermal
diffusion would be hindered by the inertia of the cantilever.

■ RESULTS AND DISCUSSION
The potential energy surface (PES) for bilayer graphene
calculated within the REBO + KC scheme is reported in Figure
2. The PES, V(x, y, zeq), is constructed by calculating the

interlayer energy at different relative lateral (x, y) positions,
after relaxing the interlayer separation at each location to its
equilibrium value zeq. The PES minima (in dark blue)
correspond to A and C relative positions, where the upper
layer (not shown) is in the so-called AB stacking where one of
the two atoms in the unit cell occupies a hollow site, as in bulk
graphite. The binding energy calculated for the A and C
positions is VA = −45 meV/atom and zeq = 3.37 Å. The PES
maxima (in red) correspond to B positions where each atom of
the upper layer is on top of an atom of the lower layer (the so-
called AA stacking). For this position, zeq is 3.59 Å and the
potential corrugation is ΔVB = VB − VA = 8.9 meV/atom. The
PES saddle points are located at iAC sites, where ΔViAC = 1.4
meV/atom. From the shape of the minimum energy path
(MEP), which connects the PES minima passing through the
PES saddle points, we can predict an ideal shear strength25 of
about 188 MPa for the relative sliding of two graphene layers at
zero applied load.
Since experimental data on the PES corrugation are not

available to our knowledge, it is interesting to compare the
results obtained within empirical schemes with those obtained
by density functional theory (DFT) calculations. In the
Supporting Information, we present the calculated interlayer
binding in graphite and the binding energy curve for two
graphene layers as a function of the relative position along x, y,
z, taking into consideration four different methods: REBO +

Figure 1. Ball-and-stick representation of the simulated system. The
dark and light colors of the stacked layers indicate the characteristic
ABAB sequence of Bernal graphite. The inset offers a schematic view
of the model: A slider, consisting of a graphene flake, is connected by
springs to a moving support. A multilayer graphene film (nLG) lies on
a bound graphene layer (bGL), which is held rigid to take into account
the presence of a substrate, which tightly anchors the film.

Figure 2. Two-dimensional representation of the PES describing the
interaction of two isolated graphene layers identically oriented. The
unit cell of the hexagonal lattice is indicated by dashed lines. The labels
indicate the position of the origin of the unit cell of the upper layer
(not shown) on the underlying layer (represented in ball and stick). A
and C sites are PES minima; B sites are maxima; and iAC, iCB, and
iAB are intermediate positions between these points.
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KC, REBO + LJ, and DFT, in both the local density
approximation (LDA) and the generalized gradient approx-
imation (GGA) with the semiempirical inclusion of the van der
Waals (VdW) interactions, as proposed by Grimme.26 The
REBO + KC potential correctly reproduces the experimental
interlayer binding in graphite and provides a description of the
potential corrugation in agreement with the considered DFT
methods. On the contrary, the REBO + LJ scheme, previously
adopted to simulate graphene friction,27,28 produces a potential
corrugation almost negligible with respect to thermal energy.29

In Figure 3, the equilibrated structure of the 4LG system is
represented. The color code reveals the presence of a local

depression in the film under the sliding flake. The depression is
deeper in the surface layer and becomes shallower and
shallower as the subsurface layers approach bGL. The
depression remains confined below the flake during its motion
and maintains its shape and depth almost unchanged. On the
contrary, the flexure visible in the flake (Figure 3), which is due
to the tendency of contacts of finite size to maximize their
commensurability to the substrate,30 slightly changes during the
flake motion: the flake curvature is enhanced during the
sticking phases compared to the slip phases. In Figure 4, the
flake and layer profiles are represented for all the considered
graphene films. The analysis of the interlayer separations
reveals that a local deformation is the most energetically
favored response mechanism to the applied load. In this way,
interlayer distances are reduced only within the film portion

located under the flake and can maintain the unperturbed value
in the rest of the film. In addition, we can observe that the
depth of the depression in the surface layer increases with the
film thickness, suggesting that the vertical contact stiffness,
kz
contact = ΔL/Δz, of supported graphene films decreases with
thickness. The opposite trend has been reported for suspended
graphene films,28 consistently with the fact that thinner
membranes are more compliant than thicker ones.31

The flake trajectory relative to the surface layer is represented
in Figure 5a for the 1LG case, while the PES experienced by a

rigid flake is shown in the background. The flake trajectory does
not completely fall on the MEP because the spring ky

ext prevents
the tip from reaching the C minima located at yC = 0.7 Å from
the support path. The absolute x and y positions of the flake
CM are represented in Figure 5b,c as a function of time. At the
chosen scan velocity, the support spans one lattice parameter in
1 ns. This time interval corresponds to two sticking phases for
the tip, the longer at the A minimum, the shorter at the C
minimum, separated by a rapid slip. During each sticking phase,
the tip, climbing the iAC barrier, moves slowly in the x
direction. We can observe in Figure 5d that, during this period,
the surface layer is dragged by the tip and performs a shear
displacement in the same direction. As soon as the tip jumps to
the next minimum, the surface layer is pulled back to the
original position by the underlying layers. When the tip jumps
from the A to the C minimum, the surface layer shifts in the −y
direction because the position of the tip landing is not a
stationary point of the PES, and so opposite forces act on the

Figure 3. Equilibrated structure of 4LG film. The color code indicates
the deviation, dz = z − zCM, of the particle height, z, from the height of
the center of mass, zCM, of the layer it belongs to. dz ranges from −0.9
Å (red) to 0.4 Å (blue).

Figure 4. Lateral view of the four simulated systems in the (x, z) plane
bisecting the flake. The average (over three periods) of the interlayer
distances (in black) and depression depths (in blue) are reported in Å.

Figure 5. Tip path (red line) relative to the surface layer of 1LG film
on the PES experienced by the tip. The dashed black line represents
the path of the support that drags the tip (a). The x and y positions of
the CM of the flake (surface layer) are reported as a function of time
for the four nLG films ((b, c) and (d, e)). Lateral force along the x
direction acting on each atom of the flake as a function of time (1
meV/Å = 1.6 pN) (f).
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tip and the surface (Figure 5e). By looking at Figure 5d, it
appears that the amplitude of the shear displacement of the
surface layer increases with the number of layers in the film.
This happens because the subsurface layers in nLG films are
displaced as well. In particular, we find that the shear
displacement of the n-layer is linearly related to the number
of underlying layers: Δxn ≃ nΔx1. As discussed in the following,
this is consistent with the model proposed in ref 27, where the
layers of an nLG film are represented by oscillators connected
by springs added in series.32

In Figure 5f, the lateral force per atom on the flake during the
support movement is reported. In FFM experiments, the
average value of the lateral force during a few stick−slip periods
is often taken as a measure of kinetic friction f k. We report the
calculated averages in the first column of Table 1. We can see

that friction increases with the number of film layers. This
result can be explained by considering that the surface layer of
thicker films can accommodate the flake in the sticking phases
for longer periods than in thin films. In thin films, a stronger
restoring force makes the surface layer retract sooner and the
tip jump out of the PES minimum. To corroborate this
hypothesis, we calculate the lateral “spring constant” of the
surface layer, kx

surf, by plotting the lateral force acting on the
surface layer during an A-sticking phase as a function of its
displacement in the same period (see Figure 5 of the
Supporting Information). The slopes of the fitting lines are
reported in the second column of Table 1. We can see that kx

surf

decreases with the film thickness. In particular, kx
surf(nLG) ≃

(kx
surf(1LG))/(n), as expected for springs in series.
The mechanism of energy dissipation associated with the

above-described interlayer displacements can be described as
follows: during the sticking phase, the slow motion of the tip
(adiabatic motion) creates “frozen phonons” by displacing the
underlying layers. When the tip jumps, these phonons are
suddenly freed, and the evolution of the system is non-
adiabatic.33 We calculate the excited phonons by Fourier
transforms (FT) in the time domain of the CM displacements
during both an adiabatic A-sticking phase and a nonadiabatic
phase starting just before the tip jumps from A to C and ending
90 ps later. The results (shown in the Supporting Information
for the 3LG film) reveal that the frequency spectra associated
with acustic shear modes7 (FT along x and y directions)
broaden in the nonadiabatic phase and the intensity of the
lower frequency peaks increases. On the contrary, the
frequency spectra associated with out-of-plane modes (FT
along z) remain almost unchanged.
To understand to what extent the interlayer shear displace-

ment affects friction, we repeated the simulations by fixing the
boundaries of each film layer in the position assumed after the
equilibration at constant load. The final structure of the films is

almost unchanged compared to that obtained without
constrains. On the contrary, the calculated kinetic friction
force f k undergoes a 10−19% reduction (see third column of
Table 1). The interlayer shear displacement is not completely
suppressed by the imposed constrains, but it survives in the
contact region. The local displacement presents the same
modulation observed for unconstrained films, but a much
smaller amplitude (see Figure 7 of the Supporting Informa-
tion).

■ CONCLUSIONS

In summary, we first tested the pair potentials used in the MD
simulations in reproducing the experimental interlayer binding
in graphite and the corrugation of the PES calculated by DFT
and semiempirical calculations, including VdW interactions. We
then analyzed the atomistic mechanisms intervening during the
sliding motion of a model tip on supported graphene films and
calculated friction as a function of the film thickness.
We found that out-of-plane deformations induced by a

scanning tip increase with the thickness: a trend that is opposite
to that expected for suspended films, which become compliant
when thinner. We have shown that the formation of out-of-
plane deformations is not the only relevant process for
friction.5,28 The stick−slip motion of the tip creates, in fact,
shear deformations that produce friction by increasing the tip
interlocking and giving rise to energy dissipation by shear
vibrational modes. By fixing the boundaries of the films, we
observe a 10−19% reduction of friction even if small shear
displacements are still present in the contact region.
The interplay between out-of-plane and shear deformations

may be influenced by the presence and magnitude of the film−
substrate adhesion and may determine different frictional
trends as a function of thickness, as observed by experiments.
Our results indicate that, in graphene films tightly anchored to a
substrate, both the vertical and the lateral contact stiffnesses
increase by decreasing the number of layers. Thus, in the
absence of any other possible mechanisms of energy
dissipation, friction is minimal for a single layer. This finding
is consistent with recent measurements of adhesion and friction
of CVD-grown graphene on different substrates: the frictional
characteristic of the multilayer films improved when graphene
was tightly bound to the substrate.3 The fact that a single-layer
graphene film can function as a better lubricant than multilayer
films represents an advantage for nanotribological applications,
such as hard disk recording, where the thickness of the
lubricant should be maximally reduced.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information contains a comparative analysis of
different methods in describing the interlayer binding in
graphite and the interlayer potential of bilayer graphene, the
calculation of the shear elastic constant and the bending rigidity
of graphite, the study of the influence of the cell size on the
amplitude of the interlayer shear displacement, the derivation of
the lateral “spring constant” of the surface layer, a brief analysis
of the excited phonons of the system studied, an explanatory
figure of the local displacement in the 4LG system with fixed
boundaries, and a test on the use of a Nose−́Hoover versus
Langevin thermostat. This material is available free of charge via
the Internet at http://pubs.acs.org.

Table 1. Lateral Force per Atom, Averaged over a Scanned
Distance Corresponding to Three Lattice Parametersa

f k (meV/Å) kx
surf (meV/Å2) f k

fix (meV/Å)

1LG 2.3 9.2 2.0
2LG 2.5 4.9 2.2
3LG 3.1 2.8 2.6
4LG 3.3 2.1 3.0

aThe values obtained for unconstrained films, f k, are compared to
those obtained by fixing the boundaries of each layer in the film, f k

fix.
Lateral spring constant experienced by the surface layer, kx

surf.
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