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Superlubricity of Graphite
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Using a home-built frictional force microscope that is able to detect forces in three dimensions with a
lateral force resolution down to 15 pN, we have studied the energy dissipation between a tungsten tip
sliding over a graphite surface in dry contact. By measuring atomic-scale friction as a function of the
rotational angle between two contacting bodies, we show that the origin of the ultralow friction of
graphite lies in the incommensurability between rotated graphite layers, an effect proposed under the
name of ‘‘superlubricity’’ [M. Hirano and K. Shinjo, Phys. Rev. B 41, 11837 (1990)].
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proposed to occur when two parallel surfaces slide over glued into the Tribolever using silver epoxy, such that it
Graphite and other lamellar solids such as molybdenum
disulphide (MoS2) are known to be good solid lubricants
and, thus, are widely used in practical applications. The
low-friction behavior is traditionally ascribed to the low
resistance to shear between neighboring atomic layers of
these materials [1]. The slipperiness of graphite, respon-
sible for its excellent lubrication properties, is also ob-
served in frictional force microscopy (FFM) experiments
[2–6], in which friction coefficients as low as 0.001 have
been found. In these experiments, a wide variety of atomi-
cally sharp tips have been sheared over graphite surface,
while the lateral forces were recorded with nN precision.
These experiments also revealed that the scanning tip
in FFM experiments on graphite performs a so-called
‘‘stick-slip’’ movement, where the tip jumps discontinu-
ously over single lattice spacings. This leads to variations
in the lateral force with the periodicity of the graphite
lattice. A simple classical mechanics model [7], the so-
called Tomlinson model, where a pointlike tip is moved
along in a two-dimensional sinusoidal potential, repro-
duced the experimental lateral force maps of the graphite
surface quite well [8,9]. However, the normal forces that
had to be used in the simulations had to be 1 to 2 orders of
magnitude lower than in the experiments in order to fit
the experiments [10]. It has therefore been proposed that
in these experiments the contact might not consist of a
single atom but of a large, but finite number of atoms,
performing a collective atomic-scale slip-stick motion.

In scanning probe microscopy experiments on graph-
ite, it is known that thin, flat flakes of graphite, parallel to
the natural lattice planes of graphite, are frequently trans-
ferred to the scanning tip (e.g., [11]), thus providing a
multiatom contact. Based on this, a natural explanation
for the low-friction behavior of graphite might be super-
lubricity. This conceptually simple phenomenon has been
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each other in incommensurate contact [12–14]. In such a
geometry, the lattice mismatch can prevent collective
stick-slip motion of all atoms in the contact together,
and thus the kinetic friction force can be vanishingly
small [12,13]. A few earlier experiments provided indi-
cations of superlubricity. Hirano et al. [15] found a mod-
est reduction in friction between two mica sheets from
8� 10�4 to 2� 10�4 N, caused by rotating the two
sheets with respect to each other. In a modified scanning
tunneling microscope experiment [16], the same authors
claimed the observation of superlubricity between a tung-
sten tip and a Si(001) sample. Ko and Gellman measured
the friction force as a function of the misfit angle between
two Ni(100) crystal surfaces [17]. They found lowered
friction for certain angles, but they ascribed this to easy
shearing along the preferred slip planes in the bulk.
Although superlubricity had been proposed already in
1990, it has found little attention, in spite of the promise
that it can dramatically reduce friction in dry, unlubri-
cated contacts, which would make it highly relevant for a
wide variety of applications, such as, e.g., nanoelectro-
mechanical systems.

In order to identify and study superlubricity, we have
developed a novel frictional force microscope, which
allows quantitative tracking of the forces on the scanning
tip in three directions, with a resolution in the lateral
forces, down to 15 pN. The key feature of our microscope
is a dedicated friction force sensor [18], the Tribolever
(see Fig. 1). It combines low and symmetric spring
constants in the two lateral directions with a high stiff-
ness in the normal, in order to avoid ‘‘snap to contact.’’ We
determined the lateral spring constants of the Tribolever
to be kTriboleverx;y � 5:75� 0:15 N=m and the normal
spring constant of 26� 1 N=m, using the ‘‘added-mass
method’’ by Cleveland et al. [19]. A tungsten tip was
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FIG. 2. Friction loops (black, forward; grey, reverse) and
lateral force images (forward), measured along the scanning
direction at tip-surface orientation angles � of 60� (a),(b); 72�

(c),(d); 38� (e),(f). Normal force FN � 18 nN (a)–(d) and
30.1 nN (e),(f). Grey scale 590 pN (b), 270 pN (d), 265 pN
(f). Image size 3 nm� 3 nm.

FIG. 1. Model of the microfabricated silicon Tribolever to-
gether with the four glass fibers that are used to detect the
three-dimensional motion of the scanning tip. Four legs, placed
symmetrically around a central pyramid (which acts as the
mirrors for the interferometers), form a set of equally sensitive
springs in the X and Y directions. The tungsten tip, which is
pointing down, is mounted in a hole in the pyramid.
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extended about 50 to 60 �m out of the device. The dis-
placements of the Tribolever tip are monitored using four
all-glass-fiber interferometers (Fig. 1). The instrument
can rotate the sample to change the relative orientation
between the tip and sample lattices.

We performed measurements on highly oriented pyro-
litic graphite grade ZYA, which possesses a lateral grain
size of up to 10 mm. The sample was cut to a size of
2 mm� 2 mm and, therefore, the grade ZYA sample
consisted probably of a single graphite crystal. The
sample was freshly cleaved using scotch tape and
then mounted in the FFM inside a small chamber,
which was continuously flushed with dry nitrogen. The
measurements were performed at relative humidities of
�1–10�%� 1% RH. The scanning speed in the experi-
ments was 30 nm=s. All force maps were recorded in the
form of two-dimensional ‘‘images’’ with 512� 512 pix-
els. The normal load FN was set using the feedback loop
of the scan electronics. Zero normal load was defined as
the load where the Tribolever was not bent in the normal
direction. When the tip was scanned over the surface, we
recorded the lateral forces in the scan direction and
perpendicular to that, both during the forward and during
the reverse scan lines. In contrast to a conventional AFM
cantilever, with the Tribolever it is possible to choose any
sliding direction in the measurement. One forward scan
line and the subsequent reverse scan line together form a
closed hysteresis loop, that is often referred to as the
‘‘friction loop.’’

We rotated the graphite sample in small steps with
respect to the tungsten tip. For each orientation, we mea-
sured the lateral forces at a range of constant normal
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forces, between �25 nN and pull-off (typically
�22 nN). Over this normal force range, all measure-
ments were completely reproducible and reversible, with
no detectable damage to the surface or the tip. Figure 2(a)
shows a typical force loop (one forward line and the
subsequent backward line) of the force parallel to the
sliding direction, at a normal force of 18 nN. The lateral
force in Fig. 2(a) displays clearly resolved atomic-scale
stick-slip sliding. Every time the force is sufficiently
high, the tip slips over one lattice period of the graphite
substrate. The area enclosed in the complete loop corre-
sponds to the energy dissipated irreversibly during the
loop, and the area divided by twice the loop width is the
average, dissipative friction force, experienced by the tip,
of 203� 20 pN. Figure 2(b) shows the corresponding
lateral force map of the lateral forces in the sliding
direction, recorded in a two-dimensional friction scan.

The periodicity of the graphite substrate lattice can be
recognized vaguely in the force variations. Although the
normal and lateral forces used here are relatively low, the
qualitative features of Figs. 2(a) and 2(b) are similar to
those in many previously published FFM measurements
on graphite. Figures 2(c) and 2(d) show FFM measure-
ments under precisely the same conditions as those in
Figs. 2(a) and 2(b), but with the graphite substrate rotated
12� clockwise around an axis normal to the surface, and
parallel to the tip. The rotation has caused the average
friction force to reduce by more than 1 order of magnitude
to 15:2� 15 pN. This variation was completely revers-
ible. Notice in Figs. 2(c) and 2(d) that the ultralow lateral
force still displayed regular variations with the periodic-
ity of the graphite substrate. Also rotating the sample
away in the opposite direction reduced the average fric-
tion force to a near-zero value. This is shown in Figs. 2(e)
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and 2(f) which were measured with the sample rotated
22� anticlockwise from the initial rotational orientation
of the sample. Figure 3 displays the average friction
forces measured over a 100� range of substrate rotation
angles. We recognize two narrow angular regions with
high friction, separated by a wide angular interval with
nearly zero friction. The distance between the two friction
peaks is 61� � 2� , which corresponds well with the 60�

symmetry of individual atomic layers in the graphite
lattice. In order to exclude instrumental artifacts, the
friction values in Fig. 3 were always measured for the
same sliding direction with respect to the substrate,
which was possible by virtue of the complete equivalence
of our sensor’s force sensitivities in all lateral directions.
However, we observed that the same variations in average
friction force always occurred simultaneously for all
sliding directions over the graphite lattice. The lattice-
related orientational variation in the friction force and the
near vanishing of friction for most orientations constitute
firm evidence for superlubricity between the FFM tip and
the graphite substrate. In the following, we provide strong
arguments that the superlubricity has taken place between
the graphite substrate and a graphite flake, attached to the
tip. The presence of a flake between the tip and the
substrate naturally explains the strong orientation depen-
dence of the friction. At the two orientations correspond-
ing to the friction peaks, the flake and substrate lattices
have been perfectly aligned, while they have been incom-
mensurate for the intermediate angles.

The flake scenario also explains the extremely weak
dependence of the observed friction forces on the normal
load [20] (not shown here). For other substrates, FFM
measurements usually show a substantial dependence,
FIG. 3. Average friction force versus rotation angle of the
graphite sample around an axis normal to the sample surface.
Two narrow peaks of high friction were observed at 0 and 61�,
respectively. Between these peaks a wide angular range with
ultralow friction close to the detection limit of the instrument
was found. The first peak has a maximum friction force of
306� 40 pN, and the second peak has a maximum of 203�
20 pN. The solid curve shows results from a model calculation
for a 96-atom flake (see text).
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which, for modest loads, can be attributed to the elastic
variation in the contact area with the load [21]. In the
present measurements on graphite, the typical increase in
friction between loads of 0 and 25 nN was as low as
0:05%–0:4%. This strongly suggests that the contact
area was as good as constant over this force range, con-
sistent with the presence of a flake with a finite, load-
independent area of contact to the substrate. Additional
evidence for the presence of a graphite flake between the
tip and the substrate comes from a set of independent
large-scale measurements on a polycrystalline graphite
sample (grade ZYH), which showed substantial differ-
ences between the friction forces on neighboring grains.
Because the lattice orientation is different on every grain,
the degree of incommensurability changes each time the
flake is moved across a grain boundary, leading to an
abrupt change in the friction. We have also observed on
some occasions that, after a deliberate, modest misalign-
ment by a few degrees of an initially aligned contact, the
high friction restored spontaneously in the course of a
few scan lines. We interpret these events as the effect of
the torque exerted by the surface on a nearly aligned
flake, which was attached to the tungsten tip sufficiently
loosely to rotate. In fact, reproducible measurements,
such as those in Fig. 3, in which the same relative ori-
entations always led to the same friction loops, were quite
rare, the fixed-flake situation occurring as the exception,
rather than the rule. Nevertheless, all observations re-
semble either those in Figs. 2(a) and 2(b) or those in
Figs. 2(c)–2(e); i.e., all measurements were consistent
with friction between a graphite flake and the graphite
substrate.

We have used high-resolution TEM to image the tung-
sten tip after our friction experiments. The TEM analysis
showed that the tungsten tip had a radius of about 80 nm
and was covered with a smooth amorphous layer of 7 nm
thick tungsten oxide. Unfortunately, thorough TEM in-
spection of the tip was not possible due to rapid removal
of the amorphous layer by the electron beam. As a result,
no clear TEM images could be obtained of either a multi-
layer flake or a single layer of graphite, although some
weak features were present, suggestive of multilayers
with the graphite lattice spacing.

The peak width in Fig. 3 directly reflects the flake
diameter. For example, a single-atom tip should show
high friction for all orientations, while an infinitely large
contact would be completely superlubric, except for infi-
nitely narrow angular ranges around perfect registry, if
we assume the flake and the substrate to be completely
rigid. For finite-size contacts, the cancellation of lateral
forces, which causes superlubricity, can be considered
complete when the mismatch between the two lattices
adds up to one lattice spacing over the diameter of the
contact. This mismatch condition provides us with the
estimate that tan���� � 1=D, where �� is the full width
at half maximum of the friction peak, and D is the flake
126101-3
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diameter, expressed in lattice spacings. From the widths
in Fig. 2, of 5:4� � 1� for the first peak and 6:5� � 0:8�

for the second, we estimate a flake diameter of 7 to 12
lattice spacings. How good this estimate is, is demon-
strated by the excellent fit to the friction data in Fig. 3,
provided by a modified Tomlinson model. In this model,
we moved a rigid graphite flake, connected to the
Tribolever springs, in a rigid hexagonal potential, reflect-
ing the periodicity of the graphite surface. For a sym-
metric flake of 96 atoms and a potential depth of 5.5 meV
per atom, the model yielded peaks with a width of 5:5�

and a height of 268 pN, very similar to the experimental
observations.

Other graphitic systems have been found that show
remarkable nanotribological properties, which might be
attributed to superlubricity. Our results might explain the
very low interwall friction between nested carbon nano-
tubes (CNT), observed in TEM experiments [22]. In most
cases, the inner and outer tubes in a multiwall CNT form
an incommensurate graphitic system, similar to a rotated
flake that slides over a graphite surface. Recently, the
transition from sliding motion to rotation of CNTs on
graphite was also considered to be caused by changes in
the commensurability [23]. In contrast to our single-
contact FFM experiment, macroscopic-scale friction in-
volves multiple microcontacts with different sizes and
orientations. Based on our observations, one may specu-
late that in the case of macroscopic lubrication by graph-
ite a large fraction of the graphite-graphite contacts will
be in the ‘‘superlubric state,’’ while only a small fraction
will be in registry. This should lead to a tremendous
reduction in the average friction force, experienced in
the ensemble of microcontacts, and thus might explain
the excellent lubrication by graphite and similar, layered
materials, such as MoS2 and Ti3SiC2. In addition, indi-
cations that also in a macroscopic sliding contact of
lamellar solids rotated flakes are created come from
transmission electron microscopy (TEM) observations
by Martin et al. [24] on MoS2. Finally, it has been shown
that on top of diamondlike carbon coatings a graphitic
tribolayer is formed under sliding conditions, which leads
to a decrease of the friction coefficient after run-in [25].
Therefore, also the excellent friction properties of dia-
mondlike carbon coatings might be caused by superlubric
graphite contacts. We suppose that, for sufficiently large
contacts, superlubricity might break down, as the two
lattices are not perfectly rigid, and a network of misfit
dislocations should form between the two, the motion of
which will dissipate energy.
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