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We explore dynamic structural superlubricity for the case of a relatively large contact area, where the
friction force is proportional to the area (exceeding ∼100 nm2) experimentally, numerically, and
theoretically. We use a setup composed of two molecular smooth incommensurate surfaces: graphene-
covered tip and substrate. The experiments and molecular dynamic simulations demonstrate independence
of the friction force on the normal load for a wide range of normal loads and relative surface velocities. We
propose an atomistic mechanism for this phenomenon, associated with synchronic out-of-plane surface
fluctuations of thermal origin, and confirm it by numerical experiments. Based on this mechanism, we
develop a theory for this type of superlubricity and show that friction force increases linearly with
increasing temperature and relative velocity for velocities larger than a threshold velocity. The molecular
dynamic results are in a fair agreement with predictions of the theory.
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Introduction.—Understanding physical nature of friction
at different scales, including nanoscales, and ability to
control it, is of immense fundamental and practical impor-
tance [1,2]. Indeed, nearly a quarter of irreversible energy
losses of today’s world industry is attributed to friction
[3,4]. Therefore superlubricity—the ultralow friction due to
mutual cancellations of tangential forces for incommensu-
rate surfaces [5,6]—seems to be very promising for future
technical applications. It was first predicted theoretically
[7,8] and then confirmed experimentally, e.g., [9–14], and
numerically, e.g., [14–16].
Superlubricity has been reported for many nanoscale and

microscale systems, ranging from junctions of multilayer
graphene flakes and graphite surface, graphene, or graphitic
junctions to graphene or graphite-boron nitride heterojunc-
tions [9–16]. There exists, however, a number of effects that
restrict superlubricity. Among these are incomplete can-
cellation of tangential forces due to incomplete unit cells of
the arising moiré pattern at the rim area of the layer (finite
size effects), as well as incomplete cancellation within
complete unit cells [17–19], atomic scale defects [20], and

motion of domain walls in superstructures with large
commensurate domains [21]. These effects may give rise
to static and dynamic friction. Moreover, superlubricity
may be destroyed [15] by spontaneous variation of surface
orientation, resulting in a commensurate state [22] owing to
load-induced commensuration [15,23] or other similar
effects, e.g., [24].
Most of the above restrictions may be, in principle,

surmounted by improving technology, e.g., by diminishing
atomic scale defects, decreasing role of the rim area, or
increasing the contact size, as demonstrated in Ref. [19].
Still there exists a restriction for dynamic superlubricity,
which remains even for an ideal case of complete incom-
mensarubility and negligible role of finite-size effects. It
stems from unavoidable corrugation of the contacting
surfaces due to out-of-plane thermal fluctuations of the
surfaces. The importance of such surface deformation for
friction has been demonstrated in [25] for a coarse-grained
model of atomic graphene film sandwiched between two
metal surfaces.
Here, we address the dynamic friction in structurally

superlubric systems for contacting incommensurate surfa-
ces due to corrugation of the surfaces by out-of-plane
thermal fluctuations. We consider the case of relatively
large incommensurate contacts when friction due to rim
effects, restricting superlubricity, is small as compared to
friction due to out-of-plane fluctuations. This corresponds
to the “solitonlike, smooth sliding” regime, according to
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classification of Ref. [19]. Hence, it differs from the most of
the studies of dynamic superlubricity, mainly focused on
“coherent stick-slip” or “collective stick-slip” regimes [19],
which refer to relatively small contacts. Physically, the
addressed mechanism is similar to the one proposed for
commensurate molecularly smooth surfaces of two con-
centric carbon nanotubes performing relative telescopic
motion [26,27].
We investigate such systems experimentally, and by

large-scale molecular dynamic (MD) simulations. Unlike
previous studies, we mimic the experimental setup using
the atomistic (and not coarse-grained) model, along with
the most realistic, recent interatomic potentials. Also, we
develop a theory of such kind of dynamic superlubricity. In
contrast to the previous theories, which assume the friction
mechanisms associated with Prandtl-Tomlinson model
with thermal activation, e.g., [5,22,28–30] or Frenkel-
Kontorova-Tomlinson model, e.g., [8,31], we propose
the mechanism of synchronic out-of-plane fluctuations
(see below) and confirm it numerically. Based on this
mechanism we explain (i) the observed independence of the
friction force on the normal load and other friction laws,
such as (ii) the increase of the friction force with temper-
ature and relative velocity of contacting surfaces (linear
above some velocity threshold), and (iii) a linear propor-
tionality of the force with the true contact area. Although
friction independence on the normal load has been reported
[13,14,32] (for somewhat smaller range of parameters), as
well as proportionality of the friction force to the contact
area [14] and its increase with temperature [16], the
respective theoretical description of all these laws, as a
consequence of a specific mechanism, has not been given.
Experimental results.—We performed experiments by

means of lateral force microscopy—the regime of the
atomic force microscopy (AFM) designed to explore fric-
tional phenomena at the nanoscale. This method has been
successfully utilized before, including the case of graphene
over graphene friction studies that support our findings
[32–34]. The measurements were performed in N2 atmos-
phere with the content of O2 and H2O less than 1 ppm. A
typical custom multilayer (Si-Ta-Cu/Si-Pd) probe with
graphene on the top is shown in Fig. 1(a). For technical
details regarding the fabrication and measurements, see
Supplemental Material (SM) [35]. In short, we utilized a
metallic substrate covered, with a chemical vapor deposi-
tion [47] grown, monolayer graphene and silicon probe
covered by metal and graphene synthesized via the same
chemical vapor deposition technique; we estimate the
contact area to be about 102–103 nm2 (see SM).
The experimental results presented in Figs. 1(b)–(d),

demonstrate very low friction corresponding to structural
superlubricity of incommensurate contact. They clearly
indicate that, within the accuracy of our measurements, the
lateral friction force Ff does not depend on the normal
force, FN, up to several μN, until the graphene coverage of

the tip remains stable (see also the discussion in SM). The
friction force increases with the velocity of the tip, up to
V tip ∼ 100 μms−1, much faster than logarithmically but
somewhat slower than linearly; see Fig. 1(d). Note that the
velocities in Ref. [14], where the logarithmic dependence
of Ff on V tip was observed, were 2 orders of magnitude
smaller. From our results we conjecture that the static
friction is vanishingly small.
MD simulations.—We performed numerical experiments

for the model depicted in Fig. 2(a), which mimics the above
experimental setup, up to the presence of N2 atmosphere
(we assume that its impact is negligible). Its bottom part is a
planar graphene nanosheet adhered on the surface (111) of
Cu (copper) substrate. The upper part, which models the
tip, is a spherical fragment of copper of the initial radius of
300 A°; it is coated by a circular piece of graphene with the
radius of about 100 A°. We use incommensurate orienta-
tion of the two surfaces; the contact area always exceeded
90 nm2 (see SM). We varied the normal load FN by 3
orders of magnitude, from 0.008 to 7.654 nN. The tip was
pulled with a constant lateral velocity Vx ¼ V, varying
from 0.1 to 5 A°=ps. This range of sliding velocities has
been chosen to guarantee the acceptable simulation accu-
racy. Smaller velocities yielded too noisy data for the
friction force, while the thermostating lost stability for
larger velocities. The MD simulations have been performed
for three different temperatures: T ¼ 320, 470, and 670 K.
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FIG. 1. Friction experiments by means of AFM. (a) SEM image
of the AFM probe covered with copper-graphene composite.
(b) Lateral force map illustrating its dependence on the normal
force (FN) and tip’s velocity (V tip). (c) Friction force, Ff , versus
normal load, FN, for different tip velocities. (d) The dependence
of the friction force on the tip’s velocity; the inset shows FfðV tipÞ
with logarithmic velocity scale.
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The interactions for graphene were modeled with the use
of both the second-generation reactive empirical bond order
potential [48] for intralayer C-C interaction, as well as the
(refined) Kolmogorov-Crespi potential [49,50] for inter-
layer C-C interactions between two different layers. For
copper we used the embedded atom method [51,52], with
the potential developed in [53]. For C-Cu interaction the
Abell-Tersoff potential, derived for graphene on Cu sub-
strate, has been employed [54]. The horizontal dimensions
of the computational cell were 229.88 × 193.90 A° (in x
and y axis), and about 85 A° in height (z axis). The periodic
boundary conditions have been applied along x and y axis.
The total number of atoms was 261 064. The bottom half of
the substrate and upper half of the tip were coupled to
thermostats with temperature T; this yields constant T and
unperturbed thermal fluctuations at the surface (see SM).
The friction force was computed as a time-averaged x
component of the total force acting on the upper part of the
system. We have checked that the graphene layers were
firmly attached to the according substrates, and formed
together a joint solid body. For more computational detail,
see SM.
The simulation results are presented in Figs. 2(b)–(e). As

it may be seen from the figures, the MD results confirm the
experimental observation of practical independence of fric-
tional force on the normal load. Note that the “true” atomic
contact area,S, remains almost constant for the studied range
of loads, slightly increasing for the largest load of 7.654 nN;
S, however, noticeably changes with temperature; see SM.
Figures 2(c) and 2(e) depict the frictional stress, Ff=S—the
force divided by the contact area. Its practical constancy is
consistent with the assumption that friction force is propor-
tional to the contact area, which is large enough (see SM).
Moreover, the behavior of the friction coefficient, γ ¼
Ff=ðSVxÞ in Fig. 2(b) (inset) additionally supports this
assumption; see also SM. Our simulations also confirm the
lack of static friction. We do not compare the MD and
experimental dependence of the friction force on the
velocity, since the range of experimental and simulated
velocities significantly differ (note that A°=ps ¼ 100 m=s).
Simulations demonstrate a linear dependence of friction
force on the velocity, above some threshold velocity; see
Figs. 2(b) and 2(d). The increase of the friction coefficient γ
with increasing temperature T [see inset in Fig. 2(b)]
indicates thermal mechanism of friction; see below and SM.
Theory.—Both experimental and simulation results evi-

dence the thermal origin of the friction force—while
surface corrugation, caused by the atomic potential, is
very small for incommensurate contact, thermal fluctua-
tions may cause much larger corrugation, hindering the
relative motion of bodies at a contact. Here, we propose a
mechanism that explains friction independence on the
normal load. It also explains the observed velocity and
temperature dependence of friction. In contrast to previous
studies, which analyzed the role of thermal fluctuations in

the context of Prandtl-Tomlinson model [5,55–57], we
demonstrate that the major role for molecular smooth,
incommensurate surfaces play surface fluctuations of a
special type, when surfaces remain in a tight contact; we
call them “synchronic fluctuations”; see Fig. 3. The energy
of such fluctuations is significantly smaller than that of
other surface fluctuations. Hence, the synchronic fluctua-
tions, generated by thermal noise, can develop relatively
large amplitudes, that is, they dominate. The respective
surface corrugation effectively hinders the surface sliding,
giving rise to the friction force.
To simplify the explanation of the basic mechanism, we

consider here an idealized model of a contact in vacuum of
two identical flat bodies with a uniform deformation. More
rigorous analysis of the general case is presented in SM; it
leads to the same conclusion. Let molecular smooth

FIG. 2. The setup and results of MD simulations. (a) Graphene
nanosheet (shown blue) is firmly adhered on the surface (111) of
Cu substrate (orange and gray) and (shown red) on the copper tip
(light yellow, gray, and white). The groups of atoms coupled to
the thermostats of temperature T are given in gray. The positions
of Cu atoms on the bottom substrate layer (white) are fixed.
(b) The dependence of the frictional stress, Ff=S, where S is the
area of the contact, on the tip’s velocity Vx for the different
normal load FN at temperature T ≃ 320 K. The theoretical
dependence, Ff=S ¼ γVx, with γ given by Eq. (10) is shown by
thick gray line. The single fitting parameter ðbη=YÞ≃ð8.5�1.5Þ×
10−16 s is used, which yields the ratio ðγ=TÞ ≃ 54.0 Ns=ðKm3Þ.
The inset shows the dependence of the friction coefficient,
γ ¼ Ff=ðSVxÞ, on temperature for the normal load of FN ¼
0.765 nN. (c) Frictional stress Ff=S as the function of the normal
load FN for different tip velocities at 320 K. (d),(e) The same as
for the main panels (b) and (c), respectively, but for T ≃ 470 K.
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surfaces of two such bodies, with the same elastic and other
properties, be in a contact at the plane z ¼ 0. Let the bodies
be pressed together by the normal load FN, directed along z
axis; see Fig. 3. If the area of the contact is S, than the
normal stress σzz ¼ FN=S emerges at z ¼ 0. It yields the

equilibrium deformation of uð1Þzz of the first body and uð2Þzz of

the second body, such that uð1Þzz ¼uð2Þzz ¼ueqzz¼Y−1σzz, where
Y is the Young modulus of the material [58]. (Note that the
continuum mechanics concepts remain applicable at the
nanoscale; see, e.g., [59]). Then the deformation energy of
the two bodies at equilibrium reads [58]

Eeq ≃ 2
1

2

Z
ueqzzσzzdr ¼ Yðueqzz Þ2SL; ð1Þ

where the integration is performed over the whole volume
of the bodies, equal to SL, with L being their dimension in
the direction along z axis. Consider now a small deviation,
�δðx; yÞ, of both surfaces from the equilibrium position at
z ¼ 0, such that the surfaces remain in a tight contact.
These deviations correspond to the synchronic fluctuations;
see Fig. 3. The respective deformations are

uð1Þzz ¼ ueqzz þ δ̃ðx; yÞ; uð2Þzz ¼ ueqzz − δ̃ðx; yÞ; ð2Þ

where δ̃ðx; yÞ ¼ δðx; yÞ=L is the deformation caused by the
surface fluctuation δðx; yÞ. The energy of the synchronic
fluctuation then reads

δE¼ Y
2

Z
dr
��
ueqzz þ δ̃ðx; yÞ�2 þ �

ueqzz − δ̃ðx; yÞ�2�−Eeq

¼ ðY=LÞ
Z
S
dxdyδ2ðx; yÞ; ð3Þ

that is, δE ¼ Oðδ2Þ, which means that the energy of such
synchronic fluctuations are second order with respect to the

amplitude δ. The lack of linear-order terms in the fluctua-
tions energy, δE, makes them much more energetically
favorable than nonsynchronic fluctuations, whose energy
contains linear-order terms in δ. Hence, the synchronic
fluctuations play a major role in thermal corrugation of the
surface, providing the main friction mechanism for incom-
mensurate surfaces. The dominance of synchronic fluctua-
tions is directly confirmed by numerical simulations;
see Fig. 3.
Even more important is that the fluctuation energy δE

does not depend on the equilibrium deformation ueqzz , that is,
it is independent on the normal load, FN. Hence, we come
to the principle conclusion: the friction force (for this type
of superlubricity) is mainly determined by the surface
corrugation, due to synchronic fluctuations, and does not
depend on the normal load.
Now we estimate the dependence of the friction force Ff

on the relative velocity V of the surfaces. We will not
discuss here the dependenceFf for small velocities, but will
address the velocities larger than a threshold velocity V�,
which may be associated with the propagation velocity of
the synchronic fluctuations along the surface. Based on the
estimates detailed in SM, we obtain, V� ∼ 50–100 m=s.
Consider the dissipation of energy due to relative motion

of two surfaces with the velocity V > V�. We assume that
for V > V�, the surfaces, corrugated by the synchronic
fluctuations, remain in a tight contact, so that

uð1=2Þzz ðx; y; tÞ ¼ ueqzz � δ̃ðx − Vt; yÞ: ð4Þ

This means that the sliding motion “drives the wrinkles” of
the synchronic fluctuations in the direction of the relative

motion; see Fig. 3(c). Then the deformation uð1=2Þzz ðx; y; tÞ
varies in time as

d
dt

uð1Þzz ¼ −
V
L

∂

∂x
δðx; yÞ; d

dt
uð2Þzz ¼ V

L
∂

∂x
δðx; yÞ; ð5Þ

yielding the dissipation of energy per unit time Wdiss. It is
quantified by the dissipative function R [58]. In our case all
deformation components except uzz may be neglected,
which yields (see SM for more detail)

R ¼ η

�
duð1Þzz

dt

�2

þ η

�
duð2Þzz

dt

�2

;

Wdiss ¼
Z

Rdr ¼
�
2η

L

�
V2

Z
S

�
∂δðx; yÞ

∂x

�
2

dxdy: ð6Þ

Here, η ¼ ð4
9
η1 þ 1

2
η2Þ, with η1 and η2 being the viscosity

coefficients of solid material, quantifying viscous losses,
respectively, for shear and bulk deformation rates [58].
Since the thermal fluctuations, δðx; yÞ, are random, the

averaging of Wdiss is needed. It may be done using the
probability of such fluctuations, PðδÞ ¼ Z−1e−EðδÞ=kBT ,

FIG. 3. The synchronicity of surface thermal fluctuations,
responsible for friction, demonstrated by MD simulations. The
time dependence of the vertical deviation δðtÞ from the equilib-
rium plane z ¼ 0 for the central segment of the bottom (blue)
and upper (yellow) surfaces is shown for 200 K (a) and 670 K (b).
The synchronicity is quantified by the correlation coefficient
C (C ¼ 1 for complete synchronicity); it decreases with increas-
ing temperature; see SM for detail. (c) The schematic sketch of
the synchronic thermal fluctuations.
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where Eðδðx; yÞÞ is the energy of the fluctuation δðx; yÞ, T
is temperature, kB the Boltzmann constant, and Z−1 the
normalization factor. The averaging is to be performed over
all possible δðx; yÞ:

hWdissi ¼
Z

D½δðx; yÞ�Wdiss½δðx; yÞ�P½δðx; yÞ�: ð7Þ

D½δðx; yÞ� in (7) denotes functional integration over two-
dimensional functions, associated with the surface fluctua-
tions at the contact area S. Note that Eq. (7) shows that
hWdissi does not depend on the normal load. Indeed, EðδÞ,
and hence PðδÞ in Eq. (7), do not depend on FN. Referring
for computation details to SM (where it is done for the
general model), we present the final result:

hWdissi ¼ FfV ¼ πbðkBT=YÞρ2sηV2S; ð8Þ

where ρs is the number of surface atoms per unit area and
we take into account that the dissipation power is equal to
the product of the velocity V and friction force Ff . The
numerical coefficient b depends on the Poisson ratio ν and
combination of viscous constants r ¼ ð4

9
þ 1

2
η2=η1Þ−1 as

b ¼ ð1þ νÞð1 − 2νÞ
π2

�
b1 þ rb2

b2 þ ð1 − νÞb1

	
; ð9Þ

where we abbreviate, b1 ≡ 5–8νþ 8ν2 and b2≡
13–20νþ 8ν2; see SM. This yields the friction force and
coefficient

Ff ¼ γSV; γ ¼ πbðkBT=YÞρ2sη: ð10Þ

Hence, we demonstrate that the friction force does not
depend on the normal load, in a qualitative agreement with
the experiment and simulations, Figures 1 and 2 explain the
atomistic mechanism of this phenomenon. We also show
that it linearly depends on the sliding velocity V and contact
area S, while the friction coefficients γ linearly increase
with temperature, in agreement with the numerical experi-
ments; see Figs. 2(b)–2(e). Note that the friction coefficient
γ is expressed in terms of the square average of thermal
synchronic fluctuations, γ ∼ hWdissi ∼ ηhð∂δ=∂xÞ2i, that is,
it obeys the fluctuation-dissipation relation [60,61]; a
similar linear dependence on T of the dynamic friction
force was reported for double-wall nanotubes [27].
Conclusion.—We explore dynamic structural superlu-

bricity experimentally and numerically, using incommen-
surate contact of two solid surfaces with firmly adhered
graphene layers. The contact area was relatively large,
corresponding to “solitonlike smooth sliding” regime, by
the classification of Ref. [19], where friction force is
proportional to the contact area. We observe superlubric
behavior for a wide range of the normal load and relative
velocities of surfaces, spanning several orders of

magnitude. The impact of temperature has been also
investigated. For this kind of superlubricity we propose
a few friction laws and support them by theoretical
analysis. In contrast to conventional Amontons-Coulomb
laws of dry friction [1,2], we demonstrate independence of
friction force on the normal load and its increase
with increasing intersurface velocity and temperature.
Furthermore, we show that above some threshold velocity
the dependence of friction force on the velocity is linear; the
temperature dependence is also linear. We propose an
atomistic mechanism of friction independence on the
normal load in terms of synchronic out-of-plane surface
fluctuations of thermal origin, when two surfaces remain in
a tight contact. Because of relatively small energy, such
fluctuations dominate, yielding corrugation of the contact-
ing surfaces, which hinders the relative motion. We confirm
this mechanism in our MD experiments. We show that the
intensity of such synchronic fluctuations, which determine
friction, does not depend on the normal load. As the result,
friction force does not depend on the normal load for both
small velocities (as in the experiment) and large ones
(as in MD simulations). For large velocities (exceeding
the propagation velocity of synchronic fluctuations) we
develop a theory of the friction force. It is in fair agreement
with the simulation data. We show that the friction
coefficient obeys the fluctuation-dissipation relation, which
is similar to bulk viscous friction but is very unusual for
conventional dry friction.
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