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Abstract: Atomistic mechanisms of frictional energy dissipation have attracted significant attention. However,
the dynamics of phonon excitation and dissipation remain elusive for many friction processes. Through
systematic fast Fourier transform (FFT) analyses of the frictional signals as a silicon tip sliding over a graphite
surface at different angles and velocities, we experimentally demonstrate that friction mainly excites
non-equilibrium phonons at the washboard frequency and its harmonics. Using molecular dynamics (MD)
simulations, we further disclose the phononic origin of structural lubrication, i.e., the drastic reduction of friction
force as the contact angle between two commensurate surfaces changes. In commensurate contacting states,
friction excites a large amount of phonons at the washboard frequency and many orders of its harmonics that
perfectly match each other in the sliding tip and substrate, while for incommensurate cases, only limited phonons
are generated at mismatched washboard frequencies and few low order harmonics in the tip and substrate.

Keywords: phononic friction; washboard frequency; structural lubrication; commensurate and incommensurate
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1 Introduction

Friction is ubiquitous in our world. It is not only
responsible for about one-fifth of the world’s total
energy consumption but also the reason for the failure
of most mechanical equipment with moving parts
[1, 2]. Not surprisingly, tremendous efforts have been
made to understand friction; and in recent decades,
advanced instruments, such as atomic force microscopy
(AFM), have allowed for probing friction at an atomic
level that reveals intriguing phenomena [3-7]. An
interesting finding is structural lubrication, which
provides a convenient route to tune friction force. In
1990, based on the Frenkel-Kontorova (FK) model,
Hirano and Shinjo [8, 9] predicted a fascinating
friction regime in which structural incommensurability
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between two contacting crystalline surfaces leads
to ultra-low dry friction. The finding inspired
experimental endeavors to validate the proposed
ultra-low friction force [10-13]. In particular, through
measuring the friction between a tungsten tip with
an attached graphite flake and a graphite substrate,
Dienwiebel et al. [14, 15] demonstrated a sliding angle-
dependent friction force, indicating superlubricity for
incommensurate contacts. More recently, superlubricity
between different two-dimensional (2D) materials
has been observed [14-25], and it is shown that
the formation of Moiré patterns [26-30] in the
heterostructures is essential for superlubricity. So far,
the understanding of superlubricity is from the view
of mechanical interactions between incommensurate
surfaces, while how structural matching affects the
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generation of phonons, the ultimate energy carriers
in friction, is still largely unknown.

Friction is essentially a process in which mechanical
energy associated with the relative motion at an
interface dissipates into thermal energy carried by
phonons. Experimental observation of the relation
between friction force and phonon generation was
first reported in 1991 through a quartz crystal
microbalance (QCM) measurement with sliding over
adsorbed Kr monolayers [31]. More recent studies
through both experimental measurements and
molecular dynamics (MD) simulations disclosed the
dynamics of energy dissipation during several friction
processes. For example, through phonon wavepacket
MD modeling, Prasad and Bhattacharya [32] found
that incommensurate contacts do not necessarily
result in superlubricity, but the outcome relies on
the complex interactions involving longitudinal and
transverse phonons. Through analyzing the vibrational
density of states (VDOS) in MD simulations, Torres
et al. [33] suggested that for commensurate contacts,
phonons of certain low-frequency modes are
preferentially excited, as evidenced by the VDOS
increase at the corresponding frequency.

Very recently, our MD results demonstrated that
phonons excited by friction are highly concentrated
at the washboard frequency and its harmonics [34].
However, so far direct experimental evidence of this
phonon excitation dynamics is still lacking. In this
study, we analyze the instantaneous frictional signals

(a) (b)
Photodiode 00

-

Cantilever ™
\

Laser

as a silicon tip sliding over a graphite substrate along
different crystallographic directions using the fast
Fourier transform (FFT), which clearly shows that
phonons are mainly excited at the washboard frequency
and its harmonics. We further examine the phonon
excitation process in structural lubrication and disclose
the phononic origin of the drastically different friction
force under commensurate and incommensurate
conditions.

2 Experimental results and discussion

To experimentally demonstrate that phonons are
mainly excited at the washboard frequency and its
harmonics, we conducted the AFM measurements of
the friction force using a sharp silicon tip of ~10 nm
radius at the end. Highly-oriented pyrolytic graphite
(HOPG) is chosen as the sample, which provides
varying lattice periodicity corresponding to different
washboard frequencies as the tip slides along
different crystalline directions. The measurements
were performed under ambient conditions with a
temperature of 25 °C (298 K) and relative humidity of
about 30%. In order to obtain the friction force along
different crystallographic directions, the graphite
sample is rotated manually with an increment angle of
about 5°-20°, as shown in Fig. 1(a). At each rotation
angle, a 5 pm x 5 pm area on the sample is selected
and scanned with the AFM in the tapping mode to
identify a terrace that is flat enough without any step
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Fig. 1 (a) Schematic diagram of an AFM tip sliding over a graphite substrate. (b) 2D friction force map as the tip slides along the

zigzag direction. The inset at the left bottom in (b) shows the corresponding 2D FFT of the instantaneous friction force. The bottom panel

shows a typical friction loop randomly picked from the 2D friction force map in the upper panel. The forward and backward scan lines

are indicated by black and red lines, respectively. (c) Average friction force vs. the sample rotation angle. Three narrow peaks of high
friction forces are observed at the rotation angles of 0°, 60°, and 120°, corresponding to a sliding direction close to the armchair direction.
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edges (Section S1.1 in the Electronic Supplementary
Material (ESM)). Then, the AFM is switched to the
contact mode with a constant normal load of 100 nN
to scan a small area of 5 nm x 5 nm with the sampling
points being set as 256 x 256 to observe the stick-slip
pattern. Figure 1(b) shows a representative lateral
force map when the sliding direction is along the
zigzag direction of the graphite surface. The sliding
direction can be distinguished from the 2D FFT of the
instantaneous friction force as shown in the inset in
Fig. 1(b). In the corresponding 2D FFT image, the
position of each carbon atom in the reciprocal lattice
space and the period length along the sliding direction
can be directly read out [35]. The bottom panel in
Fig. 1(b) presents a friction force loop that clearly
reveals the resolved stick—slip motion of the tip in a
forward and backward scan.

From the lateral force map, we can calculate the
average friction force as the tip slides along a specific
crystallographic direction. With the rotation of the
sample, the resulting plot of the average friction force
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vs. the rotation angle is shown in Fig. 1(c), which
exhibits a 60° periodicity with the maximum and
minimum friction forces aligned with the scan along
the direction close to the armchair and zigzag directions,
respectively. In our experiment, a single-crystalline
silicon probe is employed, over which a thin native
oxide layer may be formed, which leads to an
amorphous-crystalline tip-sample interface. As the
tip slides along different crystallographic directions,
the tip undergoes spatially discrete adhesion and
jumps [36], i.e., it scans over different numbers of
carbon atoms per unit length. The period length along
different sliding directions corresponds to the period
of the interaction potential between the silicon tip
and the graphite substrate [37]. As shown in Fig. 52
in the ESM, the period length along different sliding
directions exhibits the same 60° periodicity as that of
the friction force shown in Fig. 1(c).

The FFT of the measured instantaneous friction force
can disclose its spectrum distribution information.
Figure 2(a) shows the FFT spectrum for the
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Fig. 2 FFT spectra of the instantaneous friction force at a sliding velocity of 488.25 nm/s for the sliding direction close to the (a) armchair

and (b) zigzag direction. The red reference dashed lines indicate the corresponding washboard frequency and its harmonics. The period

lengths along the armchair and zigzag sliding directions are determined to be L = 0.268+0.001 and 0.242+0.002 nm, respectively.

(c) Variation of the first peak frequency from the FFT spectrum as a function of the periodic length along different sliding directions
with a fixed sliding velocity of 488.25 nm/s. (d) Variation of the first peak frequency from the FFT spectrum as a function of the sliding
velocity along a specified direction with a periodic length of 0.263+0.002 nm.
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instantaneous friction force obtained at a sliding
direction close to the armchair direction. Along this
sliding direction, the measured period length is
determined to be L = 0.268+0.001 nm, which corresponds
to a washboard frequency of f; = v/L = 1822.46+5.53 Hz,
where v is the sliding velocity. f, coincides almost
perfectly with the first peak in the FFT spectrum,
which has the largest amplitude. Besides the first
peak, the second and third peaks at 2f, and 3f,
frequencies can also be easily distinguished in the
FFT spectrum. Peaks of even higher-order harmonics
can be identified, but their amplitude becomes smaller
with the increasing order. The distinctive peaks in
the FFT spectrum indicate that the components at
the washboard frequency and its harmonics make
dominant contributions to the friction force. As the
AFM tip slides over the graphite surface, the sliding
tip interacts with the substrate carbon atoms, which
induces atomic vibrations. The FFT peaks of the
friction force indicate the frequencies of the excited
vibrations, which are highly concentrated at the
washboard frequency and its harmonics, providing
experimental evidence to our prediction based on
MD simulations [34]. As a comparison, when the
sliding direction is close to the zigzag direction, only
one peak centered at the washboard frequency with a
lower amplitude can be distinguished from the FFT
spectrum, as shown in Fig. 2(b). The lower FFT peak
amplitude is consistent with the observed lower friction
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in Fig. 1(c). We also conducted the FFT analysis of
the instantaneous friction force measured along other
sliding directions and at different sliding velocities.
Figure 2(c) depicts the variation of the first peak
frequency vs. the period length along different sliding
directions at a fixed sliding velocity of 488.25 nm/s,
while the sliding velocity dependence of the first
peak frequency is shown in Fig. 2(d). The excellent
match between the first peak in the FFT spectrum
and the washboard frequency for all different period
lengths and the sliding velocities clearly shows that
non-equilibrium phonons excited at the washboard
frequency play a critical role in the friction process.

3 Simulation results and discussion

To further understand the phononic origin of the
sliding-angle-dependent friction force, we performed
nonequilibrium MD simulations to examine the
frictional energy dissipation process under different
contact scenarios. The MD model includes a piece
of square graphene flake that mimics an AFM tip
and a supported graphene substrate, as illustrated
schematically in Figs. 3(a) and 3(b), respectively. By
rotating the crystallographic angle of the graphene
flake relative to the substrate, the friction interface
presents different contact angles. Periodic boundary
conditions are applied along the x- and y-directions,
and free boundary condition along the z-direction.
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Fig. 3 (a) Friction system is composed of a piece of square graphene flake sliding along the x-axis direction over a supported graphene
substrate. In the substrate, the tan atoms at the two ends of the top layer and all the bottom layer atoms are fixed without thermal
vibration. In commensurate contact, both the tip and substrate are along the zigzag directions parallel with the x-axis. Three sets of
springs are applied to each atom of the tip with effective spring stiffness of &, k,, and £, , which are set as 0.14, 0.08, and 0.08 N/m,
respectively. (b) Only the top graphene layer of the substrate is depicted, in which the orange atoms are set as the thermostat. Eight red
atoms in the tip in (a) and eight purple atoms in the substrate in (b) are selected to extract the VDOS for the tip and substrate,
respectively. (c) Variation of the average friction force as a function of the tip rotation angle.
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Before introducing the relative motion between the
tip and substrate, the system is relaxed to thermal
equilibrium with the thermostat temperature set at
either 0 or 298 K. The interlayer interactions of the
atoms between any two graphene layers including
the tip and substrate, as well as the graphene layers
in the substrate, are described by the Lennard-Jones
(L]) potential [38, 39]. The intralayer covalent bond
interactions are calculated using the Tersoff potential
[39, 40]. The time step used in the simulation is 0.5 fs.
The properties of excited phonons are characterized
by calculating the VDOS of atoms in the contacting
surfaces. All MD simulations are conducted with
LAMMPS software [41]. More details of the simulation
model can be found in Section S1.2 in the ESM.
Figure 3(c) plots the resulting average friction force
when the sliding velocity is set at 9 m/s, and the
thermostat temperature at 0 and 298 K. The obtained
friction force exhibits a 60° periodicity with the
rotation angle, consistent with the experimentally
measured trend shown in Fig. 1(c). It is worth noting
that while at 298 K the peak value of the friction force
is significantly lower than the corresponding value at
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0 K, the sliding-angle dependence is the same for
both cases.

We further calculate the average friction forces for
commensurate and incommensurate contacts when
the sliding velocity ramps from 5 to 55 m/s with the
thermostat temperature set at 298 K, as shown in
Fig. 4(a). For incommensurate contacts, the friction
force is very low and hardly changes as the sliding
velocity increases. However, for commensurate contacts,
the average friction force increases first slowly, and
then rapidly with the velocity.

Figure 4(a) also indicates that the friction force
for commensurate contacts is always larger than that
for incommensurate cases, which means that more
mechanical energy is dissipated into heat, and one
would expect a higher temperature rise of the tip and
substrate under commensurate conditions. Interestingly,
however, Fig. 4(b) indicates a much higher tip
temperature for the incommensurate case, which is
completely counter-intuitive. To further examine this
unexpected result, we calculated the temperature
difference between the tip and substrate, as plotted in
Fig. 4(c), which also shows a larger difference for the
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Fig. 4 (a) Average friction force as a function of the sliding velocity in commensurate and incommensurate contacts. The thermostat
temperature is set at 298 K, and the specific incommensurate contact in this plot corresponds to a rotation angle of 30°. (b) Tip temperature
as a function of sliding velocity. (c) Temperature difference between the tip and substrate at different sliding velocities. (d) Interfacial

thermal resistance R vs. sliding velocity.
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incommensurate case. Since the thermostat is placed
on the substrate, a higher temperature difference
between the tip and substrate suggests that it is more
difficult for heat to transfer from the tip to the substrate
for incommensurate contacts. The interfacial thermal
resistance R can be estimated from the heat flux
through the interface and the temperature difference
between the tip and substrate (the detailed calculation
of R in the friction process is provided in Section 51.3
in the ESM). It is found that R values at all sliding
velocities for the incommensurate contact are about
three orders of magnitude higher than those for the
commensurate contact, as shown in Fig. 4(d). This is
drastically different from the case of a static contact, for
which it has been shown that while lattice mismatch
caused by the relative rotation of the two contact
surfaces can change R, the maximum difference of R
between different rotation angles is no more than
50% [42]. We also calculate the corresponding average
friction force, tip temperature, temperature difference,
and R in commensurate and incommensurate contacts
when the thermostat temperature is set at 0 K (Fig. 54
in the ESM). The simulation results at 0 K keep the
similar trends to those at 298 K. To elucidate the
underlying mechanism of the unexpected drastic
difference in R corresponding to commensurate and
incommensurate contacts, we extract the phonon
spectra for the tip and substrate.

Figure 5 displays the VDOS of the selected atoms
in the tip and substrate shown in Fig. 3(a), which
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reflects the populations of the vibration modes at
different frequencies [43]. The discrete vibration
modes as illustrated in the VDOS indicate that the
phonons excited by friction are highly non-equilibrium
ones concentrated at the washboard frequency and
its harmonics. It should be noted that each atom on
the contacting surfaces feels the potential of its opposite
surface. If we calculate the washboard frequency
f, =v/L of the tip, L stands for the substrate potential
period along the relative sliding direction and vice
versa. For the peak friction force, the period length
for the substrate potential along the sliding (zigzag)
direction is /3a (a is the C-C bond length). Once
the tip is rotated 30° the period length for the tip
potential along the sliding (armchair) direction changes
to 3a (Fig. S3 in the ESM). Note that to clearly observe
the friction excited phonon modes in these calculations,
the thermostat temperature is set to be 0 K to avoid
complications from the background thermal phonons
at elevated temperatures.

As shown in Fig. 5(a), for commensurate contacts,
the frequencies of the excited phonons in the tip are
the same as those in the substrate because the tip
and substrate have the same lattice structure along
the sliding direction. However, for incommensurate
contacts, the atoms on the tip and substrate feel the
potential with different period lengths due to the
lattice mismatch between the tip and substrate.
Consequently, the excited phonon modes in the tip
and substrate have different frequencies, as illustrated
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Fig. 5 Phonon spectra of the tip and substrate in the friction process with the thermostat temperature set at 0 K to clearly observe
the friction excited phonon modes without the complications from the background thermal phonons, for (a) commensurate contact and
(b) incommensurate contact. The dotted lines represent the washboard frequencies and their harmonics. f; and f; stand for the

washboard frequencies for the tip and substrate, respectively.
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in Fig. 5(b). These observations disclose the underlying
mechanism for the large temperature difference
between the tip and substrate shown in Fig. 4(c). For
commensurate contacts, the excited phonon modes
with overlapping frequencies in the tip and substrate
offer smooth energy dissipation channels. In this case,
the dissipated energy due to friction can be effectively
transferred from the tip to substrate, and absorbed by
thermostat. This renders both the temperature rise
of the tip and the temperature difference between the
tip and substrate very low. In contrast, the excited
phonons in the tip have different frequencies from
those on the substrate for the incommensurate contact.
The mismatch of the excited phonon modes renders
it difficult to transfer the atomic vibration energy
from the tip to substrate, leading to the significant
temperature rise of the tip.

An interesting finding is that the amplitude of the
VDOS for each peak for the commensurate contact in
Fig. 5(a) is about 10 to 20 times higher than that of the
incommensurate case in Fig. 5(b). Importantly, besides
the huge difference in the peak amplitude, the
frequency range of the excited phonon modes also
changes dramatically for different contact conditions.
For commensurate contacts, non-equilibrium phonon
modes up to the 8th harmonics of the washboard
frequency can still be excited in both the tip and
substrate. In contrast, it is difficult to discern the
phonon modes beyond the 3rd harmonic of the
washboard frequency in both the tip and substrate
for the incommensurate contact. These differences
suggest that for commensurate contacts, friction excites
much more phonons than those in incommensurate
contacts (Section S1.4 in the ESM), which provides a
quantitative explanation of structure lubrication from
the viewpoint of phonon excitation. With the increase
of those perfectly matched phonon modes being
excited, the thermal vibration energy of atoms can be
effectively exchanged between the tip and substrate in
commensurate contacts, resulting in a small interface
temperature difference in Fig. 4(c).

4 Conclusions

In summary, the systematic study provides solid
experimental evidence that friction directly excites

Tsinghua University Pre:

excess non-equilibrium phonons mainly at the
washboard frequency and its harmonics. Comparison
of the excited phonon modes in commensurate and
incommensurate contacts suggests that much more
phonons are produced under commensurate condition.
The results show that the overlapping frequencies of
the phonons in the tip and substrate allow for smooth
exchange of phonons, leading to a low interfacial
thermal resistance and temperature difference between
the tip and substrate. On the contrary, the mismatch of
phonon spectra in incommensurate contact renders
weak coupling between the excited phonons in the
tip and substrate, causing three orders of magnitude
high interfacial thermal resistance. The disclosed
phononic origin of friction force in structural lubrication
provides insights into the energy dissipation process
in sliding friction.
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