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Observation of normal-force-independent superlubricity in mesoscopic graphite contacts
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6Université Paris-Est, Laboratoire de Modélisation et Simulation Multi Echelle, UMR 8208 CNRS, 5 bd Descartes,

77454 Marne-la-Vallée, France
(Received 10 February 2016; published 5 August 2016)

We investigate the dependence of friction forces on normal load in incommensurate micrometer-size contacts
between atomically smooth single-crystal graphite surfaces under ambient conditions. Our experimental results
show that these contacts exhibit superlubricity (superlow friction), which is robust against the application of
normal load. The measured friction coefficients are essentially zero and independent of the external normal load
up to the maximum pressure of our experiment, 1.67 MPa. The observation of load-independent superlubricity
in microscale contacts is a promising result for numerous practical applications.
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Friction and wear impose serious constraints and limitations
on the performance and lifetime of micromachines and,
undoubtedly, will impose even more severe constraints on the
emerging technology of nanomachines [1–5]. Using materials
that possess superlow friction may provide a desired route to
overcome these major problems. A mechanism for superlow
dry friction, which arises from the structural incompatibility
of two contacting solids, was first suggested by Hirano and
Shinjo [6,7]. This phenomenon is also referred to as superlu-
bricity. Recent experimental observations of superlubricity for
graphite samples of micrometer size under ambient conditions
[8,9] and at extremely high speed (up to 25 m/s) [10], and
superlubricity for centimeter-long carbon nanotubes [11] are
promising results for many practical applications.

The question of greatest interest for fundamental studies
of friction and numerous applications is how robust is the
superlubric state against the normal load. For nanoscale in-
commensurate contacts between graphene flakes and graphite
surfaces a sudden increase of friction with increasing load
has been observed in experiments and simulations [12]. This
loading effect has been attributed to the load-induced locking
of the flakes as a result of vertical motion of edge atoms. A
breakdown of superlubricty can also occur if the application
of normal load leads to strong in-plane distortions resulting in
local commensurability of contacting surfaces [13,14]. On the
other hand, so far, all experimental studies of superlubricity
at micro- and macroscales [8–10,15] have been performed
without application of normal load, and we still do not know
how the load will affect the superlubric state at the scales
relevant to tribological applications. Here, we investigate this
fundamental question measuring friction between microscopic
graphite mesas in ambient conditions.

Our work is based on the recent discoveries of self-
retraction motion (SRM) and superlubricity in graphite-
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graphite contacts [8,15]. Square graphite mesas of the sizes
3 μm × 3 μm and height 1 μm with a SiO2 cap of thickness
200 nm on each mesa are fabricated similar to that described
in Refs. [10,15–18] and in the Supplemental Material (SM)
[19]. We use an optical microscope (HiRox KH-3000) and
a micromanipulator (Kleindiek MM3A) to select mesas that
exhibit the SRM property. The chosen samples were used
in subsequent atomic force microscope (AFM; NT-MDT)
experiments performed at various normal loads. As illustrated
in Fig. 1(a), the SRM phenomena are observed when the top
graphite layer is sheared laterally relative to those below and
slides back when the layer is released, retracting towards its
original, overlapping position. It was shown that the SRM
occurs only for the incommensurate contacts between the top
and bottom flakes with atomically flat [0001] graphite surfaces,
and in these contacts the interfacial friction is nearly zero
(superlubricity) [8]. The superlubric interface remains clean
during the sliding experiments since the SRM removes con-
taminants adsorbed on the exposed [0001] graphite surfaces,
providing the self-cleaning (nanoeraser) effect [20,21].

As illustrated in Fig. 1(a), our experimental setup includes
a commercial NTEGRA upright AFM (NT-MDT, Russia), a
100 μm XYZ piezoelectric tube scanner, and a high numerical
aperture objective lens (×100 Mitutoyu, Japan), equipped with
a special AFM cantilever (VIT-P tip, NT-MDT, Russia; the
nominal spring constant is 50 N/m) so that the AFM tip is
visible when it is in contact with the test graphite mesa samples.
The sample is fixed on the scanner and is pressed with the AFM
tip acting at the indentation made in advance [see Figs. 1(d),
1(e), or the SM [19]] in the central area of the SiO2 cap. To
avoid a complex analysis of the effect of the top flake rotation
on friction, we report results that correspond to SRM without
a notable rotation (see the SM [19]). The normal force (N )
applied by the tip to the SiO2 cap at the top of the graphite
flake can be precisely measured (with an accuracy of 4%;
see the SM [19]) and controlled through the AFM feedback
system. Operating the scanner with a normal force N allows
one to induce a relative lateral motion between the top and
bottom graphite flakes [Fig. 1(a)]. The corresponding lateral
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FIG. 1. Schematic diagram of the experimental setup. (a) An objective lens is coupled to the AFM head to observe the relative movement
of the sheared flake with respect to the substrate. Experiments are performed in an ambient condition with 1.5 μm/s of sliding velocity (v) and
0.8 μm of sliding distance (x). The normal (N ) and lateral (F ) forces are applied to the top flake through its SiO2 cap using the same AFM
probe that contacts the central area of the cap [the cross in (d)]. The two force components are measured simultaneously by the AFM. (b), (c)
Two optical images obtained for the top flake sheared in the forward and backward directions, respectively. (d), (e) AFM topographic images
of the selected sample. In order to generate sufficiently large lateral forces for very low normal loads, we made an indentation in the central
area of the SiO2 cover. The inset to panel (d) shows the AFM scanning profile (the blue curve) measured along the dashed blue line across the
indentation [see (d)]. The profile shows that the width and depth of the indentation are about 1 μm and 10 nm, respectively.

(shear) force (F ), which is applied to the cap by the same
tip, can be also precisely measured (with the resolution of the
order of 0.5 nN and an accuracy of 0.7%; see the SM [19])
by the AFM. A standard AFM calibration method [22–24] is
adopted for both the lateral and normal force measurements,
as detailed in the SM [19]. Experiments are carried out in
an ambient condition (temperature ∼25 ◦C, relative humidity
∼30%) in Beijing.

Figure 2(a) presents a typical trace showing both forward
(F+, the red curve) and backward (F−, the blue curve) lateral
forces for a fixed normal load (N = 3.72 μN; see the left
inset to Fig. 2(a)]. The sliding speed (v) is 1.5 μm/s and the
maximum lateral displacement (xmax) is 800 nm.

The force-displacement loops have an excellent repeata-
bility for 500 cycles (the maximum cycle number which
has been tested). The results for five cycles are shown
in the right inset to Fig. 2(a). It should be noted that during
the shearing/retracting motion under the ambient condition
the exposed surfaces adsorb contaminants. If the adsorbed
contaminants, which are located in front of the top flake, would
enter into the contact area over the next sliding/retracting
motions, then the subsequent force loops will be significantly

different from the previous ones, and the repeatability will be
lost [25]. This suggests that the SRM removes contaminants
adsorbed on the exposed graphite surfaces [20,21].

Figure 2(b) shows a typical set of lateral force loops
measured for different values of normal force N . A remarkable
feature observed from Fig. 2(b) is that the shapes and areas of
all these loops are essentially unchanged by N .

It should be noted that the lateral force loops observed
in our experiments, which are shown in Figs. 2(a) and
2(b) differ significantly from the conventional friction loops
measured in AFM experiments [26]. They show two “unusual”
features. First, the lateral forces are always positive. Second,
the differences between the lateral forces measured during
forward and backward motion decrease with increasing the
displacement, x.

The reason for the observed features can be easily under-
stood taking into account that the forces measured during
the sliding motion in the forward and backward directions
can be written as F± = Fret ± F±

fr , where Fret = �L is the
retraction force that drives the self-retraction motion [15]
with � (= 0.37 J/m2) being the graphite cleavage energy
[9,18], L(= 3 μm) is the mesa size, and F+

fr and F−
fr are the
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FIG. 2. The lateral force (F ) and applied normal force (N ) for a typical mesa sample of 3 μm × 3 μm. (a) Lateral force’s loop corresponds
to forward [F + (red)] and backward [F − (blue)] directions. The corresponding normal forces are shown in the left inset. The right inset
illustrates the repeatability of the force loops for five cycles. (b) The lateral force—displacement loops measured for various normal forces N

up to 15 μN. (c) The dependencies of the friction forces on the normal force measured for five self-retractable mesas of the sizes 3 μm × 3 μm.
The friction force (Ffr) is estimated as the mean value of the 1

2 (F + − F −) over the sliding displacement range 300 nm < x < 800 nm. (d)
Variations of friction forces with normal load measured for two randomly chosen graphite mesas of the same size 3 μm × 3 μm but not showing
SRM. Compared with the N -independent friction observed for the superlubric contacts, as shown in (c), here we found the usual linear increase
of friction with N , and the friction forces are one order of magnitude higher than for the superlubric state.

friction forces experienced by the flake during the forward
and backward motions, respectively. The retraction force
gives the main contribution to the measured force, and as a
result F± > 0. The increase of displacement, x, leads to the
reduction of the contact area and the edge lengths, and as a
result the friction forces, F±

fr , and the measured difference,
F+ − F−, decrease with x. In addition, the friction forces
F+

fr and F−
fr could be different because of adsorption on the

graphite surfaces exposed to air during the shearing time.

Friction forces in incommensurate contacts scale with
the contact area A as F±

fr = F±
0 (N )Aγ , where the exponent

γ � 0.5 [9,27–29]. It should be noted that in our experiments
the area of contact between the relatively sliding top and
the bottom flakes changes during the shearing, as A =
L(L − x). Then, integrating the force loops in Fig. 2(a)
over the displacement range xmin = 300 nm < x < xmax =
800 nm, where the forces F± are nearly constant, we
get

1

2
〈F+(x)−F−(x)〉 = 1

2(xmax−xmin)

∫ xmax

xmin

[F+(x) − F−(x)]dx = F+
0 (N ) + F−

0 (N )

2
Aγ

[(
1 − xmin

L

)1+(γ /2)−(
1 − xmax

L

)1+(γ /2)(
1 + γ

2

)
xmax−xmin

L

]

≈ F+
0 (N ) + F−

0 (N )

2
Aγ . (1)

The last approximation in Eq. (1) is obtained for small xmax
L

that is indeed the case in our experiments. Thus, measuring
1
2 〈F+(x) − F−(x)〉 we define the mean friction force,

〈Ffr〉 = 1

2
〈F+

fr + F−
fr 〉 = F+

0 (N ) + F−
0 (N )

2
Aγ . (2)

Figure 2(c) presents the dependencies of the mean friction
force, 〈Ffr〉 on the normal force, N , which have been measured
for five samples. For all samples we find extremely small and
even negative values of the mean slope of 〈Ffr〉 versus N

lying in the range between 9.69 × 10−5 and −4.55 × 10−4.
Similar slopes of the friction force are observed for more
than a dozen of the mesas exhibiting SRM. Thus, within the
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accuracy of our measurements [see error bars in Fig. 2(c)] the
friction coefficient (the slope of 〈Ffr〉 vs N ) in incommensurate
micrometer-size contacts between atomically smooth single-
crystal graphite surfaces is essentially zero and independent
of the normal load, up to a normal pressure of 1.67 MPa. In
comparison, for the graphite flakes, which do not exhibit the
SRM, we found a significant increase of friction forces with
the increasing load, where the mean slope of 〈Ffr〉 versus N is
about 0.03 [see, for example, results in Fig. 2(d)].

Recently, the cleavage energy � of graphite was directly
measured independently by two research groups [9,18]. Both
works were based on the same SRM phenomenon, but used
the samples of different sizes and different techniques: in
Ref. [9] the 100–400 nm sized graphite mesas have been
studied with AFM, whereas in Ref. [18] a force sensor has
been employed to perform measurements with the 3−4 μm
sized graphite mesas. The experiments gave different values of
�: 0.227 ± 0.005 J/m2 and 0.037 ± 0.01 J/m2, respectively.
We note that the estimation of � using the relation � = F+/L

with L = 3 μm and the force measured by AFM in the present
study gives � of about 0.35 J/m2. Regarding the shear stress
in the incommensurate graphite contacts at zero normal load,
our result, ∼0.057 MPa, is very close to the value reported
by Koren et al. [9], ∼0.051 MPa, but significantly smaller
than the value reported by Dienwiebel et al. [26], that is,
∼6.1 MPa.

The micrometer-size frictional contacts considered in this
study are too large to be studied using molecular dynamics
(MD) simulations. However, the insight into the mechanism
of superlow friction observed here can be revealed through the
simplified theoretical models such as the Frenkel-Kontorova-
Tomlinson model [13,30], and from the simulations performed
for small systems [12,13]. The previous theoretical results and
simulations [12,13,31,32] demonstrated that the superlubric
regime of friction with close to zero friction coefficient,
which is observed here for incommensurate contacts, up to
a normal pressure of 1.67 MPa, corresponds to smooth sliding
modulated by the periodicities of contacting surfaces. The

increase of normal load enhances the potential corrugation at
the frictional interface, and above a critical load, for which
the stiffness of interfacial potential corrugation reaches the
intralayer stiffness of contacting materials, the transition from
smooth sliding to stick-slip and the corresponding increase
of the friction coefficient should occur. This breakdown of
superlubricity is caused by the load-induced rearrangement of
the surface atoms, making the interface configuration locally
commensurate. The local commensuration may be the most
energetically favorable near the edges of the substrates [12].
MD simulations performed for nanoscale graphite flakes on
the graphite surface [12] found that the critical normal force
corresponding to the transition to high-dissipative stick-slip
regime is of the order 0.6 nN per the flake atom. This
force corresponds to the normal pressure of ∼23 GPa, which
is significantly higher than the maximum pressure in our
experiments, 1.67 MPa. The latter value is close to the
maximum load that can be reached by the special AFM probe
used in our measurements.

Figure 2(c) shows a notable difference between the friction
forces observed for five samples, which have been prepared
using the same fabrication procedure and have the same size
(3 μm × 3 μm). Intuitively, one would expect a certain varia-
tion of friction forces with degree of contamination located in
particular at the edges of the flakes. To test this hypothesis, we
measured friction forces for these five samples according to the
following protocols: (1) before heating, (2) after heating the
samples at 150 ◦C for 1 h and then exposing them to ambient
conditions and room temperature for about 10–30 min (the
minimum time needed to prepare the experiment), (3) after
exposing the samples to ambient conditions for 14 days, and
(4) after reheating the samples at 200 ◦C for 1 h and then
exposing them to ambient conditions and room temperature
for about 10–30 min. The results shown in Fig. 3 demonstrate
that large scattering of friction forces observed for samples
exposed to ambient conditions and room temperature for an
extended time (navy square and purple diamond symbols) is
removed after a heating at 150 ◦C or 200 ◦C (pink up triangle

FIG. 3. Effect of heating on friction forces measured with the five selected mesas. (a) Friction forces measured at room condition according
to four different protocols: (1) before heating (navy squares), (2) after heating at 150 ◦C for 1 h and then exposing to room temperature for
10−30 min (pink up triangle), (3) exposed to air for 14 days (purple diamonds), and (4) after reheating at 200 ◦C for 1 h and then exposing
to room temperature for 30 min (violet right triangle). (b) Variation of friction forces with gradually increasing normal force observed for the
samples, which have been treated according to the protocols (1)–(4), respectively. The error bars show the standard deviation of measurements
for each plot.
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and violet right triangle symbols). This allows one to conclude
that the scattering of the results in Fig. 2 is indeed the effect of
contaminants on the friction force, which diminishes after the
heating processes. Thus, our experiments demonstrate that the
incommensurate micrometer-size contacts between atomically
smooth single-crystal graphite surfaces provide a superlow
friction force (superlubricity), which is independent of normal
load.

The contribution of contaminants to friction, F , is the
key but still an open question in superlubricity studies.
The observation of “normal-force independence” of friction
force in the superlubric state allows one to draw important
conclusions on the contribution of contaminants to friction,
as explained below. The contribution of contaminants to the
friction force can be separated into two terms: area, F

(area)
fr ,

and edge, F
(edge)
fr , contributions. The first one comes from

the contaminants located at the contact area between the top
and bottom graphite flakes, whereas the second one comes
from the contaminants located at the edges of the driven
flake. According to the theoretical works [25,33], the term
F

(area)
fr follows the Amontons-Coulomb law, F

(area)
fr = μ(ρ)N ,

with the friction coefficient μ(ρ) depending on the surface
density of contaminants. The coefficient μ(ρ) was estimated
as ∼10−1 for ρ ∼ 10−1, where ρ is defined as a number
of absorbed atoms per surface atom. At low values of ρ a
linear dependence of μ(ρ) on ρ is expected, and we have
μ(ρ) ∼ ρ. Previous experiments show that, when a freshly
prepared graphite surface is exposed to ambient condition, it
is fully covered by atomic contaminants within a time of the
order of minutes [34]. Taking into account that the duration
of each loading-unloading loop is 1 s, the surface coverage
can be estimated as ρ ∼ 10−2. Then, assuming that the main
contribution to friction comes from the contaminants located
at the contact area between the flakes, we get μ(ρ) ∼ 10−2,
which is two orders of magnitude higher than the measured
friction coefficient, μ(ρ) < 10−4. This indicates that most
of the contaminants (∼99%) adsorbed at the exposed area
are swept away by the edge of the moving flake in each
loading-unloading loop and do not enter the contact area. Thus,
the main contribution to friction is given by the edges, F

(edge)
fr .

The results presented in Fig. 3 and in Fig. 2 in Ref. [18] show

that F
(edge)
fr can be reduced by one order of magnitude after

heating the samples at 150−200 ◦C. The ability to remove
the contaminants by heating at 150 ◦C indicates that they are
caused by a weak adsorption through, for instance, hydrogen
bonds.

To conclude, we investigated a variation of friction force
with increasing normal load in incommensurate contacts
between atomically smooth single-crystal graphite surfaces.
Our measurements demonstrate that superlubricity is robust
against the application of normal load up to 1.67 MPa,
corresponding to a normal load of 15 μN acted on a square
flake of 3 μm × 3 μm. In the investigated range of normal
load for all selected samples the friction coefficient remains
smaller than 3 × 10−5, and after unloading the graphite
flakes still exhibit SRM. The observation of load-independent
superlubricity in microscale contacts is a promising result
for practical applications, such as micro electro-mechanical
systems, sensors, fast switches, and more.

An open challenge is to experimentally investigate the load-
induced transition from superlubric to highly dissipative stick-
slip motion. The maximum load allowed by our AFM probe is
15 μN, which is four orders of magnitude lower than the pre-
diction of molecular dynamics simulations [12] for the critical
load corresponding to this transition. This predicted pressure
is much higher than the current experimental capabilities.
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