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ARTICLE INFO ABSTRACT

Keywords: Graphene is a promising solid lubricant, in particular for small-length scale devices such as nano/micro-electro-
Molecular Dynamics mechanical systems. Atomistic simulations such as molecular dynamics is a popular tool to study the frictional
Graphene behaviors of graphene layers and it is of critical importance to accurately describe the interlayer interactions in
Friction

order to give a reliable prediction on the friction of graphene. In this study, the interlayer interactions between
graphene layers are examined by using two interatomic potentials, Lennard-Jones (LJ) potential and dihedral-
angle-corrected registry-dependent interlayer (DRIP) potential, in the molecular dynamics simulations of friction
sliding of multilayer graphene structures. While both potentials have the identical attractive interactions, DRIP
models the repulsive interaction by registry-dependent modifiers considering transverse distance and dihedral
angle. The sliding simulations mimic the atomic force microscope experiment and are carried out in the zigzag
(ZZ) and armchair (AC) directions. The simulation results reveal that the friction forces of the DRIP models are
about one order of magnitude larger than those of the LJ models in both sliding directions. It turns out that the
modification of the repulsive term in DRIP introduces additional energy corrugations which increase the friction
force. Moreover, it is found that the sliding direction is another important factor on friction force of graphene
layers so that in both LJ and DRIP models the friction force in the AC sliding direction is about two to three times

larger than that of the ZZ sliding.

1. Introduction

Tribological behaviors play an important role in the performance of
micro- and nano-scale systems such as micro-electro-mechanical-sys-
tems (MEMS), especially those devices in contacting motion, due to the
small surface-to-volume ratio and very tight tolerance [1,2]. Graphene
is an ideal solid lubricant which can be used to reduce friction and wear
of such small-length scale devices thanks to its geometric advantage as
an atomically thin 2-D material, low surface energy, and superior re-
sistance to wear in various environments [3-5]. Thus, many research
efforts have focused on studying the effects of various factors such as
anisotropy, humidity, roughness, normal force, number of layers, etc.
on tribological properties of graphene layers via both experimental
[6-10] and theoretical/simulation methods [11-17].

Atomistic computer simulations have been widely used in the
scrutiny of material behaviors and properties, especially on small length
scales, and the interatomic potential which dictates the interaction
between atoms is of critical importance in the atomistic simulations. In
particular, the accurate modeling of the interlayer interactions between
graphene layers is a key factor to the reliability of the friction
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simulation of graphene systems. One of the most widely used interlayer
potentials for graphene is the Lennard-Jones (LJ) potential, which de-
scribes the overall binding characteristics between graphene layers
(i.e. van-der-Waals interaction) and predicts the equilibrium layer
spacing and the c-axis elastic modulus of graphite close to the experi-
mental values [18]. Thus, most theoretical and simulation studies about
the tribological properties of graphene have also used the LJ potential
[11-13,16,17,19,20]. For example, using the LJ potential Ye et al. [11]
found that the number of layers has significant effects on friction of
graphene and Li et al. [16] studied the mechanism of transient frictional
strengthening on graphene. However, the LJ potential depends only on
the interatomic distances between atom pairs so that it fails to describe
the energy variation during the sliding and rotational displacements
from the equilibrium configuration [21,18]. To correct this drawback,
Kolmogorov and Crespi [22] developed a registry-dependent interlayer
potential (KC) for graphitic structures by modifying the repulsive in-
teractions to include the overlapping 7 orbitals of adjacent layers. This
modification makes the energy variation due to the transverse dis-
placement accurate. However, it was recently found that the KC po-
tential cannot predict the correct force in the out-of-layer direction
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when one layer is rotated relative to the other layer [18]. Wen et al.[18]
provided a correction to this problem by incorporating dihedral angle
dependent terms (See Section 2.2). Their potential is called the dihe-
dral-angle-corrected registry-dependent interlayer potential (DRIP).

In this research, we used the molecular dynamics methodology to
study the friction property of graphene layers using the LJ and DRIP
potentials. Our friction model consists of the defect-free graphene
layers in the AB stacking and the simulation mimics the atomic force
microscope (AFM) experiment. The simulation results revealed that the
friction forces of the DRIP models are about one order of magnitude
larger than those of the LJ models. This article is structured as follows.
In Section 2, we explain the simulation model and the two interlayer
potentials (LJ and DRIP). The simulation results are presented in Sec-
tion 3, where some primary differences between the two potentials and
the friction force results from the sliding simulation are discussed. Fi-
nally, Section 4 provides a summary and conclusions.

2. Models and methods
2.1. simulation model

A schematic representation of the simulation model consisting of 4
graphene layers, labeled layer 1 to 4 from bottom to top, is shown in
Fig. 1. We considered two models of different orientation whose x axis
is aligned with the zigzag (ZZ) or armchair (AC) directions. Note that
Fig. 1 shows only the ZZ model. Each layer in the model has dimensions
of 200.757A x 75.409A in the x and y directions for the ZZ model and
201.092A x 74.981A for the AC model. Since the real graphene layers in
use have larger sizes (up to meters [23]) than the simulation models,
periodic boundary conditions are applied in the x and y directions to
create a pseudo-infinite layer and remove the edge effect, which may be
exaggerated otherwise. One layer contains 5,952 atoms in the AC model
and 5,976 atoms in the ZZ model, respectively, per the periodic domain.
The atom positions of the bottom layer (layer 1) are fixed to prevent the
rigid body translation whereas the top layer (layer 4) moves like a rigid
body during sliding, i.e., the atoms in layer 4 have no relative motion
between them. Atoms in the two middle layers (layer 2 and layer 3) can
move freely in all the x, y, z directions except for the atoms in one row,
colored red in Fig. 1, which are rigidly attached to layer 1 for layer 2
and layer 4 for layer 3. This arrangement is introduced to ensure that
sliding occurs only between layers 2 and 3. Hereinafter, layers 1 and 2
are referred to as the bottom substrate and layers 3 and 4 as the top
substrate.

The sliding simulation mimics the AFM experiment so that the top
substrate represents the graphene layers attached to an AFM tip, which
is pulled by a cantilever sliding against the bottom substrate. The de-
formation of the cantilever was modeled by a linear spring as shown in
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Fig. 1. The center of mass (COM) of the top layer is attached to one end
of the spring and the other end is connected to a slider so that the spring
stores a deformation energy of %k[(xs — xcom)? + O — Yeom)?], where
xs and y, are the x and y coordinates of the slider and xcom and ygy are
the x and y coordinates of the COM of the top layer. A spring constant of
k = 47.6N/m was obtained from the stiffness of an AFM cantilever used
in an actual experiment [24]. Thus, the spring can impart both the
lateral (Fy) and transverse (F,) forces on the top substrate as

F = k(xs — Xcom)s (€9)]
E, = k0, — Yeom)- ()

During the sliding simulation, the slider moves from the initial location
of the COM of the top layer and travels a distance of 25A only in the
positive x direction with a constant velocity of 1 m/s. Thus, ), remains
constant at the initial y coordinate of the COM during the sliding si-
mulation and the transverse force F, prevents substantial fluctuation of
the top layer in the y direction. Unlike the friction force in the AFM
experiment that is indirectly measured using the deformation of the
cantilever, the friction force in our simulation was directly calculated
from the interface force between layers 2 and 3, i.e., the sum of the
forces of the atoms in the top substrate exerted by the atoms in the
bottom substrate.

The interaction of carbon atoms within the same layer was modeled
by the adaptive intermolecular reactive empirical bond order (AIREBO)
potential [25] while either the LJ potential or the DRIP potential [18]
was employed for interlayer interactions. The LJ potential parameters
were adopted from Ref. [26]. The temperature of the system remained
constant using Langevin thermostat for all free atoms (blue-colored
atoms in Fig. 1) [27,28]. We tested two temperatures of 10 K and 300 K.
The simulations were carried out using the large-scale atomic/mole-
cular massively parallel simulator (LAMMPS) program [29] and the
post-processing visualizations were performed by the open visualiza-
tion tool (OVITO) software [30].

2.2. Interlayer interactions

The interactions between carbon atoms in different layers are
modeled by either the LJ potential or DRIP potential. First, the LJ po-
tential has the following functional form.

Vie= 2, 2, #U0,

iclayerl jelayer2 (3)

where 7; is the interatomic distance between atom i and atom j in dif-
ferent layers and

PUr) = de [(%)lz - (%)6] @

Slider (v=1m/s)

substrate

Bottom
substrate

Fig. 1. A schematic representation of the simulation model which consists of 4 graphene layers stacking in the ABAB order. Atoms in blue are free atoms so that they

can move freely in all the x, y, z directions.
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where £ (=2.168 meV) and o (=3.36A) are the LJ parameters [26]. Thus,
the interaction due to the LJ potential depends only on the atomic
distance.

On the contrary, the DRIP potential incorporates the dependence on
the relative configuration of the layers through the transverse distance
and dihedral angle as

1
=g X X @,

ielayerl jelayer2 (5)

where

6
PR = £.(e) | e (C + [ o)) + gy, laf D} - A(@) ]
i (6)
In Eq. (6), f.(x,) is a cutoff function of x, = rj/r, which ensures that
the potential and its derivatives are continuous at the cutoff radius
Feut = 12A. While the attractive part of DRIP (— A (zo/ 1;)5) is the same as
that of the LJ potential (van-der-Waals interaction), it has the Morse-
type repulsive part (e=*?i=29)), which is modified by configuration-de-
pendent corrections (transverse distance and dihedral angle) due to
overlapping 7 orbitals between graphene layers.
First, the dependence on the transverse distance is realized through
the transverse distance function f (o), where p; is defined as

py = 1 — (iry)?, )
where #1; is the unit vector normal to the plane defined by the three
nearest neighbors of atom i (k;, k;, k3) and r; is the displacement vector

connecting atoms i and j (See Fig. 2a). The functional relation, plotted
in Fig. 2b, is

f®) = e’ (Co+ Coy? + Cay®), (®)

where y = p/8 and 6 = 0.83679A. Note that in general p; # pj because
A, # i so that gPR1F % gPRIF,

Next, the dihedral angle dependence is measured through a para-
meter ociﬁ’") defined as

aém) = c08Q4, 1, COSQijt, COSQyiit, (M = 1, 2, 3), 9

where Qy; is the dihedral angle (torsional angle) defined with atoms
k,i,j,1 and L, b, l; are the three nearest neighbors of atom j (See
Fig. 3a). For example, when a perfect layer 2 where all atoms have three
nearest neighbors separated by 120° is in the AA stacking with another
perfact layer 1 and is rotated about a fixed atom, we have

rxél) = 0515-2) = rxl-§3) = cosfcos(6 + 120°)cos(6 — 120°), (10)

where 0 is the dihedral angle defined with k, i, j, l,, (m = 1, 2, 3). Its
functional relation is plotted in Fig. 3b. The dihedral angle function g in

Eq. (6) is a function of p; and the dihedral angle products oci}l), ocig-z), ocl-}”

25

W

f(p) (meV)

(a)

Fig. 2. (a) Definition of the transverse distance Py and (b) the transverse function f (o).
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as shown in

[¢8) 2) 3)
glo. {af™}) = BL(xp)(e ™% + €% + e ),

1
where x, = p/p,,, and p, = 1.562A.

The ten parameters (Cy, C5, Cy, C, &, A, B, 1, A, Z5) in the DRIP po-
tential were optimized in comparison with the DFT results based on the
exchange-correlation energy of the electrons treated within the gen-
eralized gradient approximated (GGA) functional of Perdew, Burke, and
Ernzerhof (PBE) [31] and the van-der-Waals correction by the many-
body dispersion (MBD) method [32]. The DRIP developers found that
the MBD method provides the best overall accuracy for all considered
properties. Table 1 shows several key properties computed by the DFT
and DRIP potential, extracted from [18]. For full details about the DRIP
potential and comparison with the DFT results, see the original re-
ference [18].

3. Results
3.1. Preliminary comparison

Here we show the difference in the interlayer interaction energy
between the LJ and DRIP potentials with two rigid perfect layers sub-
jected to the transverse and rotational motion. We first computed the
energy per atom by translating the top layer against the bottom layer in
the ZZ and AC directions, respectively, from the initial AA stacking
position (See Fig. 4a). The interlayer distance is fixed at 3.4 A. The
results are shown in Fig. 4b, where the normalized sliding distance s, is
calculated by s/l for the ZZ translation and s/Is¢ for the AC translation
and s is the actual sliding distance in each direction. l;; and l,c are the
unit cell lengths in the ZZ and AC directions, which are /3 X rec and
3 X Icc, respectively, where rec (=1.3965A) is the C-C bond length. We
used the periodic boundary conditions in the in-plane directions and
there are two types of atoms having different energies so the energy per
atom shown in Fig. 4b is the averaged value of these two types of atoms.
As seen in the figure, the variation in energy is about a factor of 20
larger in DRIP (5.18 meV in ZZ and 5.74 meV in AC) than in LJ
(0.256 meV in ZZ and 0.263 meV in AC), which implies that graphene
layers should overcome larger energy barriers during sliding than es-
timated by the LJ potential.

Next, we calculated the energy during rotation of the top rigid layer
against the bottom layer in the AA stacking with one atom in each layer
fixed (See Fig. 5a). As in the translation, the interlayer distance is fixed
at 3.4 A. Fig. 5b shows the energy of the atom in the bottom layer on
the rotation axis. Compared to the translation case, the energy variation
in DRIP (5.05 meV) is about two orders of magnitude larger than that in
the LJ potential (0.021 meV), which implies that the LJ potential sig-
nificantly underestimates the rotational resistance of the graphene
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Fig. 3. (a) Definition of the dihedral angles. All atoms are projected into the plane normal to r;. (b) The behavior of dihedral angle product aél).

Table 1

Properties of bilayer graphene are compared by DFT and DRIP. dag, daa and dgpaphice are the equilibrium layer distances in AB, AA stackings and graphite, respectively.
Ejp and Egphiee are the binding energy at equilibrium distance in AB stacking and in graphite. AExa_xp and AEsp_ap are energy difference between AA, AB and SP

stacking at a layer distance of 3.4 A. All the results are extracted from [18].

dap daa dgraphite ExB Egraphite AEAA-AB AEgp_aB Cs3
(A) (A) A) (meV/atom) (meV/atom) (meV/atom) (meV/atom) GPa
PBE + MBD 3.423 3.638 3.398 22.63 48.96 6.17 0.69 31.64
DRIP 3.439 3.612 3.415 23.05 47.38 6.02 0.71 32.00
layers. bottom substrates can sustain so that the top substrate starts to slide to a

3.2. Friction force

Now we present the friction force results calculated from the sliding
simulations. All the simulations were repeated three times by assigning
different, but statistically equivalent initial velocities. An equilibration
simulation was carried out with the slider position fixed before the
sliding simulation started. Also, the friction force was calculated by
summing the interface forces in the sliding direction between the atoms
in the top and bottom substrates as described in Section 2.1.

3.2.1. Sliding in ZZ direction

First, Fig. 6 shows the friction forces as functions of sliding distance
when the top substrate is driven in the ZZ direction. As seen in the
figures, a typical stick-slip motion was observed in all the samples with
both LJ and DRIP. Thus, the top substrate is initially locked with the
bottom substrate in the AB stacking corresponding to a local minimum
(stick phase), which is characterized by almost linear increase in fric-
tion force. As the slider continues to move in the sliding direction and
the spring stretches, the lateral force exerted on the top substrate by the
spring exceeds a critical limit which the interface between the top and

/g}" cc

lZZ

Energy per Atom (meV)

new minimum in the sliding direction (slip phase). During the slip
stage, the friction force exhibits an abrupt drop as shown in the figure.
The slip event stops as the top substrate becomes pinned at a new
minimum and the friction force starts to linearly increase again. This
whole process continues to be repeated as the slider moves. In the case
of the LJ simulations shown in Fig. 6a, the large (~ 2 nN) and small (~
0.5 nN) peak forces alternate, which will be explained shortly. More-
over, the figures clearly reveal the difference in the friction force be-
tween the LJ and DRIP potentials. The peak forces in the DRIP potential
range between 20 and 30 nN, which are about one order of magnitude
larger than the LJ peak forces. It is also observed that the friction force
of the DRIP simulation always remain positive while the friction force
from the LJ simulation fluctuates between the positive and negative
values.

In order to better understand the frictional behavior, we constructed
the potential energy maps of the LJ and DRIP sliding models, shown in
Fig. 7a and Fig. 7b, respectively. In this construction, the top layer is
rigidly displaced to a position in the xy plane by a small amount of Ax
and Ay in each step. Then, the top layer is allowed to relax only in the z
direction with the x and y positions fixed there. During the energy
minimization, the atoms in layer 2 and layer 3 are fully relaxed in the

-17
-18
»— LJ along ZZ
-19+ e—o LJ along AC B
A-ADRIP along ZZ | 4
=20+ =8 DRIP along AC| £ -
21 a
)= 4
23 4
24 0.4 06 08 1

02 ‘
Normalized Sliding Distance s

(b)

Fig. 4. Difference in energy between LJ and DRIP during translation. (a) Initial configuration of the two perfect layers in the AA stacking; red-filled circles and blue-
open circles represent atoms in the bottom and top layers, respectively. (b) Energy per atom as a function of normalized sliding distance in the ZZ and AC directions.
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Fig. 5. Difference in energy between LJ and
DRIP during rotation. (a) A schematic diagram

| showing the relative configuration during rota-

»17

Energy per Atom (meV)

!
)

tion of the top layer against the bottom layer,
which is initially in the AA stacking; red-filled
circles and blue-open circles represent atoms in
the bottom and top layers, respectively. (b)
Energy of the atom at the rotation center in the
bottom layer as a function of the rotation angle 6
defined in (a).

20 -80

(a) Rotation configuration

X, y, z directions as in the friction simulation. As seen in Fig. 7a and
Fig. 7b, the local minima of both the LJ and DRIP models have a hex-
agonal arrangement, reflecting the symmetry of graphene layer with
two types of different neighboring arrangements, referred to as A and B
in the figures. However, the actual scale of the energy in DRIP is much
larger than that of the LJ model as seen in Fig. 7c, where the energy is
plotted along the path connecting A to B. Moreover, the energy map
figures include the trajectory of the top layer in each sample simulation.
In the case of the LJ models, the top layer alternates the slip motions
from A to B and B to A. Since the top layer starts from a type A
minimum and the slider moves only in the x direction, its y position
remain fixed as the y position of type A minima (~0A). As the spring
stretches, the slider imparts a lateral force F, on the top substrate. Since
the minimum energy path from A to B is inclined by 30° from the sliding
direction, only the component of the lateral force in this direction
(Fccos30°) can be effective to pull the system out of A. When this
component exceeds the critical value F,; of the interface, the slip from A
to B will occur. Thus, the peak force for A to B slip, F4_ 3, can be es-
timated as F,;/cos30°. When the top substrate is pinned at B, there is an
extra spring force acting in the positive y direction (F,) due to the
difference in the y position between the slider (y position of A-type
minima) and the COM of the top layer (y position of B-type minima).
Since only the components of F; and F, in the minimum energy path
from B to A are effective for the slip from B to A, the slip will occur
when F.cos30° + F,cos60° > F,. Thus, the peak force for B to A slip,
Fs_.4, is given by (F, — F,c0s60°)/cos30° (<Fj4_p), which explains why
the large and small peak forces alternate in Fig. 6a. The DRIP simula-
tions are more complex. When the first slip event from the initial type A

4.0 , I ,
L o—o LJ - Sample 1]

300 o—o LJ - Sample 2 ||
—~ »— LJ - Sample 3
% L i
~ 2.0r%
° 1
o] %
5
= LOg
o]
]
'E 0.0
=
=

-1.0

209 5 10 15 20 25

Sliding Distance (A)
(a) LJ

40 0 4 %0
Rotation Angle 6 (degree)

(b) Rotation energy

minimum happens, an enormous kinetic energy is released making the
top substrate skip several minima before being stabilized into a local
minimum. The three sample simulations underwent different initial
stages, but eventually all moved to a type B minimum and then only the
slip from B to B occurs, i.e., the released kinetic energy is large enough
to skip the type A minimum although it is smaller than the first slip
value. Thus, the DRIP simulations exhibit the same peak forces after the
initial unstable stage (See Fig. 6b).

3.2.2. Sliding in AC direction

Next, we discuss the friction force results of the sliding simulation in
the AC direction, shown in Fig. 8. As in the ZZ simulations, both the LJ
and DRIP models exhibit the stick-slip motions and the friction forces of
the DRIP models are one order of magnitude larger than those of the LJ
models. Also, like the ZZ sliding, the LJ models exhibit the alternating
larger and smaller peak forces, but the larger peak force in the AC
sliding is about three times larger than the larger peak force in the ZZ
sliding. The same observation was made with the DRIP models, which
have two to three times larger peak forces in the AC sliding than the ZZ
sliding. Moreover, the three DRIP sample simulations all exhibited the
first slip (i.e. the first drop in friction force) at the same slider positions
(~ 12.5 A), but the subsequent events were different.

To understand the difference in friction force between the ZZ and
AC sliding, we also created the energy map for the AC model by rotating
the energy map of the ZZ model by 90°. The results are shown in Fig. 9,
where the four distinguished types of minima are labeled by A, B, 4/,
and B’, depending on the arrangement of their neighboring minima.
Note that A and A’ (also B and B') are the same types of minima, but

40.0 " ; .

‘ ‘ ‘
o—o DRIP - Sample 1
r oo DRIP - Sample 2 |
»— DRIP - Sample 3

w2

I

=
T

Friction Force (nN)
) S
o o
T T

0.0 | | | |
Sliding Distance (A)
(b) DRIP

Fig. 6. The friction forces of 3 statistically equivalent sample simulations sliding in the ZZ direction, which were calculated using the (a) LJ and (b) DRIP potentials.
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Fig. 7. The potential energy map and the trajectory of the top layer in (a) LJ and (b) DRIP. The local minima are labeled as A and B, depending on the arrangement of
their neighboring minima. Three curves correspond to the trajectories of the three sample simulations; cyan (sample 1), green (sample 2), and blue (sample 3). (c)

The energy along the path A — B shown in (a).

with different y coordinates. As in the ZZ sliding, the slider starts from a
type A minimum and moves in the sliding direction without changing
its y coordinate. However, unlike the ZZ sliding, the minimum energy
path to the next local minimum B is inclined by 60° from the sliding
direction so that the required peak force for A to B slip becomes

10.0 w \ :

‘ ‘ ‘
o—o LJ - Sample 1
8.0 o— LJ - Sample 21
»— LJ - Sample 3
6.0 B

4.0} 4

2.0 u

Friction Force (nN)

_4'00 ‘5 lb 1‘5 . 2‘0 25
Sliding Distance (A)
(a) LJ

Fig. 8. The friction forces of 3 statistically equivalent sample simulations sliding

E.;/cos60°. As the top substrate climbs up the potential energy hill in the
sliding direction, this inclination angle increases, making the required
peak force even larger than F,/cos60°. Therefore, the AC sliding has
larger peak forces than the ZZ sliding, whose peak force is just
F./cos30°. In the LJ models, once the slip from A is triggered, the top

80.0 ‘ I ‘
| o—o DRIP - Sample 1 | |
o—o DRIP - Sample 2
2 60.01- »— DRIP - Sample 3|
Z | i
N—
o 40.0- #
o
o | f
i
= 20.0-
g - 1
3
= 0.0
i | |
-20.0+ 1
‘ ! ‘ ! ‘ ! ‘ ! ‘
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Sliding Distance (A)
(b) DRIP

in the AC direction, which were calculated using the (a) LJ and (b) DRIP potentials.
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Fig. 9. The potential energy map and the trajectory of the top layer in (a) LJ and (b) DRIP. The local minima are labeled as A, B, A, and B’, depending on the
arrangement of their neighboring minima. Three curves correspond to the trajectories of the three sample simulations; cyan (sample 1), green (sample 2), and blue

(sample 3).

substrate detours around the potential energy hill, passing through the
intermediate minima B and A’, and eventually becomes pinned at a type
B’ minimum, which has the same y position as A. The next slip event
occurs from B’ to A and the smaller peak force shown in Fig. 8a cor-
responds to this slip event. Then, the same patterns of slip events
(A—> B— A - B and B’ > A) are repeated. In the DRIP models, as
shown in Fig. 9b the top substrate traveled longer distances (~ 15 A)
than the LJ models during the first slip due to the larger kinetic energy
released after the slip is triggered. Also, each of the three sample si-
mulations moved to a different second minimum, which is off the
sliding direction in the y coordinate. Eventually the subsequent slips led
the top substrate to the minima having the same y coordinate (A or B')
as the initial type A minimum.

3.2.3. Temperature effect

In order to study the effect of temperature on the friction force of
graphene layers, simulations were also performed at 300 K. The results
are shown in Fig. 10. Compared to the 10 K simulations, there is little
difference in the frictional behaviors at 300 K. All the models exhibited
the stick-slip behaviors and the friction forces in the AC direction were
larger than in the ZZ direction in both the LJ and DRIP potentials. We
also calculated the average friction force in each case, shown in Fig. 11.
First of all, the average friction forces of the DRIP models are about one
order of magnitude larger than those of the LJ models at both 10 K and
300 K. Moreover, the average friction forces of the LJ potential were
smaller at 300 K than at 10 K in all the three sample simulations. In
particular, the friction force in the AC direction at 300 K was almost
twice larger than that in the ZZ direction. However, the friction force in
the DRIP potential exhibited little dependence on temperature as seen
in Fig. 11b. Also, the friction force of sample 2 in the AC direction (=24
nN) was even larger at 300 K than that at 10 K (~17 nN). We conjecture
that this inconsistency might be caused by a smaller number of
stick—slip motions observed in the AC sliding of the DRIP potential than
in the ZZ direction for the sliding distance of 25 A.

4. Conclusion

In this study we compared the interlayer interactions modeled by

the LJ and DRIP potentials during the molecular dynamics simulations
of friction of graphene layers. These two potentials have the similar
attractive term based on the van-der-Waals interaction, but DRIP uses
the repulsive term modified with transverse distance and dihedral angle
dependent parameters. As a preliminary test, we measured the inter-
layer energy variation by translating or rotating one rigid graphene
layer relative to the other. The results showed that the energy variations
in DRIP were by a factor of about 200 in rotation and by 20 in trans-
lation larger than those in the LJ potential.

Next, we performed the sliding simulations with a model consisting
of four defect-free perfect graphene layers in the AB stacking. The si-
mulation mimics the AFM experiment so that the top substrate is pulled
by a linear spring as the slider moves at a constant velocity. The si-
mulation was carried out in the ZZ and AC directions at two tempera-
tures of 10 K and 300 K and the friction force was measured by directly
considering the interface force between two middle layers where the
sliding occurs. All the simulations were repeated three times by as-
signing different initial velocities in each combination of simulation
conditions.

Typical stick-slip motions were observed both in LJ and DRIP
models and the LJ models exhibited the alternating larger and smaller
peak forces when slips occurred. Moreover, it was found that the fric-
tion forces of the DRIP model were about one order of magnitude larger
than those of the L-J models in both ZZ and AC sliding directions and at
both 10 K and 300 K. To better understand these frictional behaviors,
the potential energy maps were computed, where the trajectories of the
top layer are also plotted. The energy barrier calculated along the
minimum energy path was larger in DRIP than LJ, which explains why
the DRIP models have larger friction forces. In the LJ models, the top
substrate always exhibited alternating two distinguished slip motions in
both ZZ and AC directions. Since the next minimum in the AC direction
has a larger inclination angle than in the ZZ direction, a smaller com-
ponent of the lateral force due to the spring elongation can be used to
trigger the slip, making the peak forces in the AC direction larger than
those in the ZZ directions. Furthermore, the larger peak force in the
DRIP models (i.e. a larger spring energy stored at the onset of slip)
released a vast amount of kinetic energy, making the top substrate
traveled longer distances than the LJ models and visited different types
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Fig. 10. The friction forces of 3 statistically equivalent samples sliding in the ZZ and AC directions at room temperature (300 K), which were calculated using the LJ

potential for (a) and (b) and the DRIP potential for (c) and (d).

of subsequent minima. The DRIP models also had larger friction forces
in the AC sliding than the ZZ sliding. Models at a higher temperature of
300 K have similar friction behaviors to those at 10 K. However, overall
the average friction force of the LJ potential at 300 K was lower than at
10 K while the DRIP potential exhibited little dependence of the friction
force on the temperature.

Since most of the prior studies of graphene friction have used the LJ
potential to model the interlayer interactions, we believe that our
findings should be taken into account for all future studies in order to

2.5 I
fam O LJ-ZZ @10K
Z O LJ-ZZ @300K ||
=50k + LJ-AC @10K ||
8 ’ X LJ-AC @300K
— r 4
<

1.5 + + *
g 1 ,
e}
2k i
= »
o | |
o x .
§ 0.5+ B
< B 8 8 1

0.0 | | |

Samplel Sample2 Sample3
(a) LJ
Fi

obtain more reliable and accurate predictions of the tribological prop-
erties of graphene. As a final remark it is noted that the simulation time
of DRIP models is about 50 times larger than that of LJ models as the
DRIP equations are more complex.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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