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The structural superlubricity (SSL), a state of near-zero friction be-
tween two contacted solid surfaces, has been attracting rapidly in-
creasing research interest since it was realized in microscale graphite
in 2012. An obvious question concerns the implications of SSL for
micro- and nanoscale devices such as actuators. The simplest actua-
tors are based on the application of a normal load; here we show
that this leads to remarkable dynamical phenomena in microscale
graphite mesas. Under an increasing normal load, we observe me-
chanical instabilities leading to dynamical states, the first where the
loaded mesa suddenly ejects a thin flake and the second character-
ized by peculiar oscillations, during which a flake repeatedly pops
out of the mesa and retracts back. The measured ejection speeds are
extraordinarily high (maximum of 294 m/s), and correspond to ul-
trahigh accelerations (maximum of 1.1x10"® m/s?). These observa-
tions are rationalized using a simple model, which takes into
account SSL of graphite contacts and sample microstructure and
considers a competition between the elastic and interfacial energies
that defines the dynamical phase diagram of the system. Analyzing
the observed flake ejection and oscillations, we conclude that our
system exhibits a high speed in SSL, a low friction coefficient of
3.6x107%, and a high quality factor of 1.3x10” compared with what
has been reported in literature. Our experimental discoveries and
theoretical findings suggest a route for development of SSL-based
devices such as high-frequency oscillators with ultrahigh quality
factors and optomechanical switches, where retractable or oscillat-
ing mirrors are required.
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an der Waals layered materials, such as graphite and MoS,,
Vthibit unique electronic and mechanical properties (1, 2).
The most fascinating mechanical property of these materials is the
structural superlubricity (SSL) (3-10), a state of nearly zero fric-
tion between two solid surfaces in direct contact. The microscale
SSL was first discovered in single crystalline graphite interfaces via
shear-force-induced mechanical exfoliation of a highly oriented
pyrolytic graphite (HOPG) mesa (6, 10). This superlubric behavior
was found to sustain ambient environment (6) and high sliding
velocities up to 25 m/s (11). A remarkable consequence of SSL is
the self-retraction motion (SRM) that was first observed in one-
dimensional (12) and then in two-dimensional materials (13). This
unique phenomenon enables a general method for direct mea-
suring interface energies in SSL contacts (14, 15) and between
liquids and a van der Waals material (16), and drives self-assembly
of graphene ribbons (17). SRM property is also considered as a
promising mechanism for fabrication of high-frequency van der
Waals oscillators (18). Here we report remarkable load-induced
dynamical transitions that occur at superlubric interfaces.

Results

The experimental samples are an array of square graphite mesas
fabricated from a freshly cleaved HOPG (Bruker, ZYB grade) by
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using the same electron beam lithography process as those in the
previous publications (6, 11, 13, 16), with Fig. 14 showing typical
scanning electron microscopy (SEM) images of some mesas,
which have a side length of 4 pm and height of 1 pm. The top of
each mesa is coated by a 200-nm-thick SiO, film, which enhances
the mesa’s out-of-plane rigidity to sustain higher loads. The
normal load is applied to the SiO, mesa caps by displacement of
tungsten probe, using a micromanipulator MM3A (Kleindiek),
as illustrated in Fig. 1B. Both the mesa and the probe are fol-
lowed in situ by an optical microscope (Scope Al; Zeiss), which
was integrated with the laser knife-edge technology (11). The
experiments were performed in an ambient (temperature:
20~25 °C, relative humidity: 20~30%) environment.

All of the experimental phenomena reported in this article
were observed using the setup illustrated in Fig. 1B, where the
tested mesa is surrounded by similar structures. Increasing the
normal load acting on the tested mesa through slow downward
probe displacement at the speed about 40 nm/s, we often ob-
served that at a certain probe displacement, Ad, a top part of
some neighboring mesa suddenly (within the time resolution of a
video recorder, 0.1 s) disappeared, as if it been removed by a
“ghost hand.” As shown in Fig. 1F for three screenshots photo-
graphed at different times during the loading process on a mesa
(the left, see Movie S1), the top of a neighboring mesa (the right)
was suddenly sheared off together with its SiO, caps. Fig. 1G

Significance

Applying an increasing normal load on microscale graphite
mesas, we observe two dynamic phenomena. First, the loaded
mesa suddenly and laterally ejects a thin flake; second, a flake
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The flake ejection phenomenon in graphite. (A) A typical SEM image of the tested mesa pattern. (B) The experimental setup where a graphite mesa is

pressed by a probe. Laser knife-edge technology is combined with an optical microscope to measure the ejected flake’s motion. (C-E) lllustration of the flake
ejection phenomenon. (F and G) Typical effects observed after the flake ejection:(F) A displacement of SiO, cap due to the impact. (G) A color change due to
removing SiO, cap. (H and /) AFM profiles corresponding to (F and G), in which the blue dotted lines and the black solid lines are the original and the after-
loaded height profiles of the mesas, respectively. (J) Light strength change recorded using the laser knife edge technology. (K) Histogram of estimated
ejection speeds for 17 ejected flakes. The arrow indicates the speed of sound in air (340 m/s).

demonstrates another often observed scenario, when the color of
the top of a neighboring mesa suddenly changes from bice blue to
off-white, indicating loss of the SiO, cap (Movie S2). The shift or
loss of the SiO, cap together with the mesa’s top part was con-
firmed by atomic force microscope (AFM) measurements of
height changes, which occurred in the mesas adjacent to the
loaded one, as exemplified in Fig. 1 H and I with two AFM pro-
files that correspond to Fig. 1 F and G, respectively.

What physical processes underpin the observations above? As
schematically illustrated in Fig. 1 C-E, we propose that: 1) an
intermediate flake is suddenly ejected from the loaded mesa, 2)
it hits one of its neighboring mesas, and then 3) it either bounces
away or shears the top part of one of neighboring mesas. Con-
sidering the process in Fig. 1G, where a graphite flake of a
neighboring mesa was removed, the kinetic energy of the ejected
flake before its impact to the neighboring mesa must exceed the
cleavage energy for removing the neighboring flake. In other
words, a necessary condition is mv?/2>TL?, where m and v
denote the mass and ejecting speed of the ejected flake, I" de-
notes the cleavage energy of graphite (~0.2 J/m?) (14-16), and L
is the side length of the square mesa. Assuming that the thick-
ness of the ejected flake is 100 nm (see Fig. 17), we estimate for
the lower bound of the ejection speed as v = 42 m/s.

To experimentally verify the scenario just proposed, we di-
rectly measured the ejection speed v using the laser knife-edge
technology (11). Here a laser beam was focused to a micrometer-
sized spot located at about 1~2 um in front of an edge of the
loaded graphite mesa, as illustrated in Fig. 1 B-E. Taking into
account the difference between laser reflectivity from the flying
flake and the substrate, we have detected the motion of the
ejecting flake by measuring the variation in the power of the
reflected signal. Fig. 1J shows the time variation of a typical
recorded signal. The observation of a sudden change in the light
strength proves the assumption that the flake pops out of the
loaded mesa. Knowing the duration of the time interval, Ay,
corresponding to the abrupt signal strength change (~20 ns in
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Fig. 1J) and the flake length L = 4 pm, the mean ejection speed
can be calculated as L /At = 200 m/s. Fig. 1K shows the histo-
gram obtained for all 17 measurements of ejection speeds that
range from 66 to 294 m/s. The observed ejection speeds are
extremely high—in the range of speeds of most pistol bullets.
The mean ejection acceleration, estimated as 2L/A#, is also
extraordinarily high: For the ejection speed of 294 m/s we obtain
an acceleration of 1.1 x 10" m/s2, which, to our knowledge, has
not been observed in any field except high-energy physics (see SI
Appendix for details).

To reveal mechanisms of sudden horizontal ejection of thin flakes
from vertically loaded mesas, we analyzed the surfaces and height
profiles of ejected flakes by using an AFM. These height profiles
exemplified in Fig. 24 and detailed in SI Appendix are used to es-
timate the wedge angles, o. The results show that all 10 collected
ejection flakes differ in thicknesses, but they all have wedge shape,
with wedge angles ranging from about 0.06° to 0.52°, as summarized
in Fig. 2B. These observations are consistent with the mosaic
structure of polycrystalline HOPG (19, 20), where the (0001)
principal axes or normal directions of all its single-crystalline grains
are highly but not exactly aligned. The black curve in Fig. 2C pre-
sents the probability density function of grain-normal directions
measured on our HOPG by X-ray diffraction (D/max-2550, Japan),
which are characterized by the angle 0 between the grain’s and the
HOPG’s normal directions. The origin of nonzero wedge angles is
understood to be the partially expanded graphene layers which form
steps, as shown in Fig. 2D for the AFM scanning image of a typical
flake and illustrated in Fig. 2E (21) for the hidden steps. Fig. 2F
schematically illustrates the relationship between the wedge angle
(e.g., a =6; — 0, = 0.5°) of the wedge flake (shadowed) and two
orientations (0; = 0.3° and 6, = —0.2°) on its top and bottom sur-
faces. Using this relation, we calculate the probability density
function of wedge angles as shown by the blue dashed line in Fig. 2C
(see SI Appendix for details).

Downward probe displacement leads to increase of normal
load, N, applied to the SiO, cap, and consequently to increase of
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Fig. 2. Flake wedge angles and their origins. (A) The AFM height profile across a typical ejected flake. (B) Wedge angles and thicknesses found for all 10
ejected flakes. (C) Probability density function of grain orientations measured on the basal planes by X-ray diffraction (black solid line) and the probability
density function of wedge angles (blue dotted line) calculated from the measured orientation distribution (details see S/ Appendix). The Inset shows the
mosaic structure of the HOPG used, which was observed by EBSD on a freshly cleaved surface (differently colored regions correspond to different single
crystalline grains of the HOPG). (D) The AFM scanning image of a typical flake and (E) the height profile (Upper) along the blue line in (D) indicate the
existence of partially expanded graphene layers. The no sudden change of friction scan (E, Lower) indicates that the steps are located under a surface
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graphene or graphene layers (21). (F) A schematic illustration of relationship between wedge and orientation angles.

elastic strain energy, U, stored in the system including the probe,
SiO, cap, mesa, and graphite substrate. In the mesas including
wedge flakes (see Fig. 2F), release of the stored energy generates a
lateral force, Fyq ~ aN, acting on the flake with a wedge angle o in
the direction of flake thickening. Therefore, in the absence of
interfacial forces resisting sliding, the flake will be squeezed out of
the mesa. Under real conditions, however, the flake ejection may
be prevented by a frictional force (Fg < uN, where y is the friction
coefficient) acting at the interfaces between the wedge flake and
the contacting graphite, and by chemical bonds formed along the
flake edges. Since a contact between the graphite flake and its
surroundings occurs through two incommensurate graphitic in-
terfaces, and is thus superlubric (6), there should be a critical load,
N, above which the generated lateral squeezing force, Fy, is strong
enough to break the edge bonds. Then, the accumulated elastic
strain energy will be instantly released resulting in flake ejection.

Flake ejection is not the only potential dynamical instability of
the graphite mesas. In fact, via optical microscopy we accidentally
recorded (the recording frame rate of the camera is 10 Hz) a
repeatedly popping out and oscillations of an intermediate flake
that lasted at least 10 s (Movie S3). Fig. 34 presents five snapshots
selected from this movie, and Fig. 3B gives an illustration of the
observed flake oscillations. Using the results obtained with the
help of image enhancement technique (Fig. 3 4, Top), we can
estimate the time displacements of the oscillating flake which are
exemplified in Fig. 3C. The irregular flake displacements recorded
at 1-s time intervals (Fig. 3C) could be thought to be consistent
with, but cannot be considered validation, of the model calcula-
tions (red dots in Fig. 3D) accounting for oscillatory flake motion.
Our theoretical analysis, presented in SI Appendix, predicts that
the flake oscillations are characterized by the high frequency of
0.13 MHz and by the high quality factor of 1.3 x 107. In com-
parison, the highest quality factor reported so far for single-crystal
silicon and quartz resonators is 9.74 x 10° (22-24), as summarized
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in Fig. 3E. The promising results presented demonstrate the high
potential for the use of van der Waals self-retractable oscillators
(18), and require additional measurements.

Discussion

Our experiments reveal three possible outcomes for transverse
motion—static, flake ejection, and flake oscillation that arise under
the application of normal forces to graphite mesas. A qualitative
understanding of the observed phenomena can be achieved con-
sidering schematic Fig. 4 A and B, illustrating the mechanism of
flake injection. Due to the presence of a wedge angle o, a vertical
displacement of the probe producing a normal load, N = ky, where
k denotes the equivalent stiffness of the probe (see SI Appendix for
details) and y is the vertical displacement of the tip, also causes a
lateral force, Fyq = aN, which tends to squeeze the flake out. When
the squeezing force Fy, exceeds the self-retraction force, Fye = I'L
(see refs. 13-15), the flake moves along the x direction. During this
motion the normal load decreases, leading to a reduction of the
squeezing-out force, Fy. There are two possible scenarios: 1)
Fy > Fy. during the whole squeeze-out process, and in this case the
flake will be ejected from the mesa; 2) at some value of the flake
displacement F; becomes smaller than Fr, leading to the backward
motion and flake oscillations.

The observed dynamical transitions are controlled by two pa-
rameters, the downward probe displacement Ad and the wedge
angle a, which define a dynamical phase diagram. To derive such a
diagram, we employ the quasistatic model, sketched in Fig. 4B and
accounting for the total elastic strain energy, U,;, accumulated in
the probe-SiO, cap—mesa-graphite substrate system, as well as for
the change in the total interfacial energy, Uy, between the flake
and its surrounding graphite and air, which appears during flake
displacement to a distance x. The latter can be written as
Uit = 2I'L(L —x), and the elastic strain energy Uy, is calculated
using the finite-element method, as detailed in SI Appendix. For a
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Fig. 3. Flake's lateral oscillation. (A) Optical observation of a flake popping-out

and self-retracting oscillations, where the five snapshots shown in the Bottom
are selected from Movie S3. The Top shows the corresponding images obtained
by the image enhancement technique. (B) lllustration of the oscillation obser-
vations. (C) Ten measured displacements x(t) of the oscillating flake vs. times t.
(D) Theoretically predicted displacements of the oscillating flake. Left shows the
values of ten displacements (red dots) calculated at one-second time intervals.
Right shows a zoom-in the oscillation during the time interval limited by the
yellow dashed lines in the Left. (E) A comparison of our observed Q-factor (red
%) with those reported for piezoelectric (X) and capactive (&) resonators that
were regarded as having ultrahigh Q-factors (cited from ref. 22-24).

probe-sample system with a typical wedge flake angle of 0.2°,
Fig. 4C shows the variations of the total energy, U = Ug + Uiy, as
functions of the flake displacement x which were calculated for
different levels of loadings. For a relatively low load (Ad = 0.6 pm)
we found a monotonic increase of U as a function of x indicating a
stable state of flake inside the mesa. Under these conditions the
overall lateral driving force, Fy4, = —dU /dkx, is negative for all values
of flake displacement, and the flake experiences a retractive, sta-
bilizing force. For a relatively high loading (Ad = 0.7 pm) the total
energy decreases monotonically with x, suggesting instability of the
flake inside the mesa. Correspondingly, Fg4, becomes positive for all
x, pointing to a repulsive force, which leads to the flake ejection.
Under an intermediate loading (Ad = 0.634 pm) the total energy
exhibits a minimum as a function of x, and Fy, is positive before the
flake approaches the energy minimum, and then becomes negative,
predicting a possibility of flake oscillations.

Similarly, for every given wedge angle, o, we can calculate the
critical displacements Ad), (lower bounds) and Ady, (upper
bounds) that define the boundaries between the stable, oscillatory,
and ejection states, respectively. Fig. 4D (Bottom) shows the phase
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diagrammatic representation of flake state as a function of the
wedge angle and probe displacement, where the two solid lines
display the critical displacements Ad,(r) and Ad,(a) as functions
of the wedge angle, and thus separate the domains correspond-
ing to the three states. Fig. 4D (Top) shows the flake state phase
diagram as a function of the lowest driving force, F, required
for initiating the squeezing-out motion and the wedge angle. It
should be noted that for a typical wedge angle of 0.4° the range of
probe displacements, Adg, that may result in the flake oscilla-
tions is very narrow, about 4 nm (Fig. 4 D, Bottom). This is con-
sistent with our observation of the low probability of detecting
such oscillations in experiments. Among hundreds of tested sam-
ples, only three of them showed oscillatory behavior. In S7
Appendix we give a detailed explanation of why the observed
oscillation probability is very low in our experiments, and what
setup should be used to achieve a high probability of oscillatory
state for future applications.

In the above discussion we neglected the effect of friction be-
tween the wedge flake and its surrounding graphite onto ejection.
Fig. 4E shows the comparison between the driving force Fg,;, which
causes the flake motion, and the friction force, Fy = uN, which
was obtained calculating the normal force N acting on the flake
and using two possible values of friction coefficient corresponding
to an SSL state, . The presented results are obtained for a = 0.2°
and Ad = 0.7 pm, for which the energy U(x) decreases mono-
tonically with the flake displacement (Fig. 4C). Fig. 4E demon-
strates that only for friction coefficients smaller than 3.33 x 10~
the driving force exceeds the friction force, and flake displacement
becomes possible. Fig. 4F presents a phase diagram in the {Ad, u}
phase space, showing domains of possible flake states (stable,
oscillatory, and ejection), which were obtained for the wedge angle
of 0.2°. Our calculations predict that for the smallest wedge angle
of 0.06° found in our experiments for the ejected flakes, the critical
value of friction coefficient below which the ejection becomes
possible is 3.6 x 107°. To the best of our knowledge, this is the
lowest coefficient of friction between two solid surfaces reported
so far (25). Considering the high ejection speeds observed here,
this estimation of the friction coefficient allows us to make a very
important conclusion that SSL in graphite withstand ultrahigh
speeds of 300 m/s. For comparison, the previously reported
highest speed in the SSL state was 25 m/s (11).

In summary, we observed dynamical transitions in microscale
graphite mesas, which exhibit three states of transverse flake
motion in response to normal forces: stable, oscillatory, and
ejection. The speeds of ejected flakes fall in the range of 0pistol-
bullets’ speeds, and their accelerations (maximum of 10'" m/s?)
are 10° times higher than the acceleration of gravity. The phe-
nomena discovered can occur only under superlubric conditions,
which are particularly probable for graphitic contacts. Control of
the discovered dynamical effects could lead to micro- and
nanoelectromechanical systems (18, 22, 26-28) most immedi-
ately including oscillators as well as trackers of force histories.

Materials and Methods

Sample Fabrication. Graphite mesa samples were fabricated using lithogra-
phy. First, a layer of 200-nm-thick silicon oxide (SiO,) was deposited onto a
freshly cleaved surface of HOPG (Bruker, ZYB grade) using plasma-enhanced
chemical vapor deposition. Second, using electron beam lithography,
4 pm X 4 pm square patterns were created on the photoresist by spin coating
of the surface of a SiO, film. Third, the photoresist patterns were used as
masks to transfer the square patterns to the SiO, film by argon plasma
etching. Finally, using the SiO, patterns as the masking surface, arrays of
graphite mesas with a pattern size of 4 pm x4 um and a height of 1.2 pm
(including the SiO, cap) were fabricated by oxygen plasma etching.

Sample Measurements. The ejecting speeds of the graphite flake were
measured by a home-built Laser Knife-edge equipment. A He-Ne laser beam
(JDSU,1125P) was focused on a micrometer-sized area near the edge of the
graphite mesa, and an avalanche photodetector (Thorlabs, APD110A/M) was
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Fig. 4. Mechanisms of flake ejection and oscillations. (A) A schematic presentation of the squeezing-out process of a wedge flake. (B) A force diagram il-

lustrating the occurrence of lateral force caused by normal load. (C) Total energy,

U, and corresponding total driving force, Fy,, as functions of the flake

displacement calculated for the flake with a wedge angle of 0.2° and three different probe displacements. (D) Ejection (blue), oscillatory (purple), and stable
(green) domains in the {a, Ad} (Bottom) and {a, Fo} (Top) phase spaces. (E) Comparison between the calculated total driving force F4, (purple line), and the
calculated friction forces, Fs, = uN (N is the calculated normal force), for two different values of friction coefficient, u. (F) Stable, oscillatory and ejection

domains in the {Ad, u} phase space.

used to detect the variation of the power of the reflected signal. The AFM
from Asylum Research (MFP-3DInfinity) was employed to perform the to-
pography and friction measurements under ambient condition (temperature:
20~25 °C, relative humidity: 20~30%). EBSD measurements were performed
using scanning auger electron spectroscopy (PHI-710, ULVAC-PHI).

Data Availability. All data support the findings of this study are available
within the article and supporting information, with corresponding raw data
deposited at Zenodo (29).
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