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Abstract: Superlubricity and active friction control have been extensively researched in order to reduce the
consumption of fossil energy, the failure of moving parts, and the waste of materials. The vibration-induced
superlubricity (VIS) presents a promising solution for friction reduction since it does not require high-standard
environment. However, the mechanism underlying the VIS remains unclear since the atomic-scale information in
a buried interface is unavailable to experimental methods. In this paper, the mechanism of VIS was examined via
numerical calculation based on the Prandtl-Tomlinson (PT) model and molecular dynamics (MD) simulations.
The results revealed that the pushing effect of stick—slip is one of the direct sources of friction reduction ability
under vibrational excitation, which was affected by the response amplitude, frequency, and the trace of the tip.
Moreover, the proportion of this pushing effect could be modulated by changing the phase difference when
applying coupled vibrational excitation in x- and z-axis. This results in a significant change in friction reduction ability
with phase. By this way, active friction control from the stick—slip to superlubricity can be achieved conveniently.
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1 Introduction

Friction, a ubiquitous natural phenomenon that affects
daily life and industrial activities, presents significant
challenges. Friction is responsible for about 23% of
the total global energy consumption [1], as well as
the failure of lots of parts. Although friction can be
harmful to humans, it also has positive applications,
such as braking, welding, and non-rigid connections.
Extensive research has been conducted on active
friction control and superlubricity. Various ways
have been proposed to achieve superlubricity, such as
structural superlubricity [2, 3] and liquid superlubricity
[4, 5]. These methods have made great success
and achieved superlubricity in the experimental
environment. The vibration-induced superlubricity
(VIS) is one of these methods that could achieve
superlubricity and has broad prospects for industrial

and micro-electro-mechanical

system (MEMS)

applications. Moreover, active friction control
could be realized using the VIS under appropriate
parameters.

Stick—slip is usually accompanied by mechanical
instability and atomic vibration, representing the
leading causes of energy dissipation at an atomic scale
[6]. The first observation of the stick—slip phenomenon
was reported by Mate et al. [7] when measuring the
atomic friction between a tungsten tip and graphite
substrate using the atomic force microscopy (AFM).
The sawtooth-like modulation of the lateral force
represents a typical feature of stick—slip [8]. When
the tip is dragged over the periodic surface potential,
it may stick to a low-energy point. When the pull
force of the moving support is high enough to pull
the tip from the current potential well, it slides until

it becomes stuck in the following potential well. The
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instability of the motion caused by stick-slip leads
to the dissipation of energy by phonon modes and
electronic excitations [9, 10]. Moreover, the capacity
of the dissipative channel affects the rate of dissipated
energy [11-14].

The friction generated from stick—slip is directional,
and it always obstructs the relative motion of friction
pairs. If the current direction of relative motion is
opposite to the main direction, the friction promotes
the motion in the main direction at that moment.
We name this phenomenon as the pushing effect of
stick-slip, which is often disregarded due to the
unavailability of the atomic-scale information within
a buried interface using experimental methods.
However, this effect may play a critical role in the
measured friction during stick—slip. A typical instance
is structural lubricity, showing that incommensurability
can lead to relatively low friction [2, 3]. The molecular
dynamics (MD) simulations provide more details
about the buried interface of this phenomenon [15].
It shows that the stress distribution is homogeneous
for the aligned system, while there is heterogeneous
positive and negative alternation in misaligned systems.
This heterogeneity suppresses the characteristic
peaks of the overall friction and generates areas with
negative friction [16, 17]. In typical experiments
measuring atomic friction, the proportion of the
pushing effect during the entire test process is small.
However, this effect can be significantly increased
using certain methods, consequently realizing active
friction control. One of these technique applications
is the VIS method.

Features of vibrational excitation that could effectively
reduce friction were discovered and studied since
1960 [18-22]. The macroscopic vibrational excitation
could reduce friction to a certain degree by changing
the direction and magnitude of friction. Unlike the
macroscale, one of the primary sources of friction
at the nanoscale is derived from the stick-slip
phenomenon, while vibrational excitation is also
effective for friction reduction at this time. Socoliuc
et al. [23] electrically excited the AFM tip in the normal
direction while sliding over single crystals of NaCl
and KBr. The friction and wear were reduced by the
resulting variation in the interaction energy. Gnecco
et al. [24] expanded this method to various materials
and ambient environments by applying piezoelectric
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excitation instead of being limited to conductors and
ultra-high vacuum (UHV). Besides normal vibration,
Roth et al. [25] found that vibration along the sliding
direction is also effective for reducing friction.
Lantz et al. [26] showed that vibrational excitation
significantly reduced the wear between the silicon tip
and the polymer surface during long-distance sliding,
significantly increasing the lifetime of parallel-probe
storage systems. Pedraz et al. [27] found that normal
vibration is able to reduce the wear-induced
nanopatterning of polystyrene surface. Shi et al. [28]
investigated the dependence of oscillation amplitude,
frequency, and normal force on friction when normal
vibrational excitation was applied. Cao and Li [29]
introduced a piezoelectric thin film on the small-scale
interface rather than additional vibration source or
global excitation, which provided a convenient way
for achieving active friction modulation.

Although the AFM experiments are helpful to
reveal new insights about atomic friction, challenges
arise in identifying the underlying mechanism of
friction since the AFM does not provide detailed
information regarding the buried interface. Numerical
calculations based on the Prandtl-Tomlinson (PT)
model and MD simulations can provide more
information about this issue, presenting an excellent
supplement to the AFM experiments involving
atomic friction. Wang et al. [30] and Cheng et al. [31]
studied the friction reduction ability of lateral (y-axis)
and normal (z-axis) vibration on nanoscale using the
PT model and MD simulations. However, further
research for the mechanism of the friction reduction
ability of vibrational excitation is still needed. In this
paper, unidirectional vibration in all three axes and
multi-directional vibration were studied using the
PT model and MD simulations. According to these
simulations, the pushing effect of stick—slip is one of
the direct sources of the friction reduction ability of
vibrational excitation. The proportion of this effect is
affected by the response amplitude, frequency, and
tip trace. Moreover, the motion state can be modulated
from stick-slip to superlubricity by changing the
phase difference under coupling excitation in x- and
z-axis. This method provides a more convenient way
to achieve active control of friction than unidirectional
vibration excitation, which requires modulating the
energy of excitation. Meanwhile, the x—z coupled
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excitation could achieve stronger friction reduction
ability than single direction excitation in x- or z-axis
at the same energy level.

2 Models and methods

The numerical calculations based on the PT model
were used for preliminary analysis. It has relatively
fast calculation speeds and significant guidance for
the actual experiments. In order to find appropriate
parameters that can reduce friction and obtain a
general understanding of the VIS, this method was
used to simulate and analyze the VIS with a wide
range of parameters. The PT model is a simple model,
which involves a mass-spring oscillator sliding over
the ideal potential energy surface (Fig. 1(a)). The motion
of the oscillator is affected by the total potential
energy, V, which consists of the elastic energy stored
in the springs, V,, and the interaction energy between
the mass and the substrate, V. The expression of V
is shown in Eq. (1) when vibrational excitation is
applied in all three directions.

V()= E, (1+ as;n(Zchzt)) cos(%”x)cos(%“yj

+

k, (vt + Bsin(27f,t)— x)2

K, (rsin(2nf,t)-y) (1)

+

N[—= N|=

where a, , and y are the amplitudes of the vibrational
excitation along the z-axis, the x-axis, and the y-axis,
respectively, and £, f,, and f, represent the respective
frequencies E, is the magnitude of the corrugation
potential. The lattice constant is a = 5.4305 A. The
support moves along the x-axis at a speed, v, and the
scanning time is t. The spring constant between the
support and the mass point in the x and y direction is
k. and k,, respectively.

The vibrator motion equation was obtained
according to the total potential energy, as shown in
Egs. (2) and (3). The motion of the vibrator and the
lateral force, F;, during sliding were obtained by
solving Egs. (2) and (3).

iy (1 +asin (27'(th)) sin (%J cos [Zﬂ)
a a

mx +my x =—
a
+k, (0t + Bsin(2nf t)—x) + £(t)
@)
mij+mp = T (1+asin(2nfzt))cos(2ﬂjsin[2ﬂ]
) a a a
+k, (ysin(anyt)—y)+§y(t)
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where u, and , are the damping coefficients of the
x-direction and y-direction, respectively. &(f) and &,(t)
are the components of Gaussian distributed random
noise along each direction. For convenience, we define

Fig. 1 Description of the PT model and MD model. (a) Schematic diagram of the PT model. The mass slides over the ideal potential
energy surface dragged by the sliding support. A spring with stiffness, &, connects the mass, m, and the sliding support. Vibrational
excitation in all three directions could be applied to the sliding support, which would drive the mass to vibrate at a certain frequency and
response amplitude. The mass, spring, and the sliding support represented by the dotted lines show the situation when the pushing effect
of stick—slip occurs. Negative lateral force is generated since the mass crosses the potential well in advance under the influence of
vibration excitation. (b) MD simulation model. The radius of the hemispherical tip is 16 A. The tip contains 443 silicon atoms, which
are divided into three layers from the uppermost to lowermost, namely the rigid, thermostat, and Newton layers. The dimensions of the
substrate are 130 A x 87 A x 9 A. The substrate includes 5,376 silicon atoms, which are divided into three layers from the uppermost to
the lowermost, namely the Newton, thermostat, and fixed layers.
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the x-direction as the positive direction of friction, f,
and F;.

The pushing effect of stick-slip is shown in Fig. 1(a)
represented by the dotted lines. Under the influence
of vibrational excitation, the mass crosses the potential
well much earlier. At this time, the movement distance
of the mass may exceed the sliding support, which
would change the spring from the extended state to the
compressed state. Therefore, the direction of the lateral
force changes from negative x-direction to positive
x-direction, which is numerically negative at this time.
Vibrational excitation increases the proportion of the
pushing effect in the entire sliding process, so that
the average friction is significantly reduced.

The PT model is an ideal model that has a lot of
simplifications, which hinders the exploration for
in-depth mechanism analysis. Compared with numerical
simulation, MD simulation is more complex and precise.
Therefore, the MD simulation is used to study the
mechanism of friction reduction ability under
specific parameters of the VIS. Although limited by
computing power, MD simulation was not consistent
with the actual experiment in terms of speed, mass,
and some other parameters. However, it is still
indicative to actual experiments. The MD simulation
model is shown in Fig. 1(b). This model consists of a
hemispherical silicon tip and silicon substrate. The
radius of the tip is 16 A, while the size of the substrate
is 130 A x 87 A x 9 A. The tip contains 443 silicon
atoms and is divided into three layers: the rigid,
thermostat, and Newton layers from the uppermost
to the lowermost. The substrate contains 5,376 silicon
atoms and is divided into three layers: Newton,
thermostat, and fixed layers. The NVE ensemble is
employed with the number of atoms, volume, and
temperature conserved. The Langevin thermostat is
used in the thermostat layers and absorbs heat from
the adjacent Newton layer to maintain a constant
temperature (0.1 K) of the system. The force of the
atoms in the fixed layer is set to zero to eliminate the
rigid motion of the substrate. Periodic boundary
conditions are set in the x- and y-direction, while fixed
boundary conditions are applied in the z-direction.
The Tersoff potential [32] is used to describe the
interaction between the silicon atoms in the tip
and the substrate, while the Lennard—Jones (L]) pair
potential [33] delineated the interaction between them
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(with the parameters ¢ = 17.44 meV, ¢ = 0.3826 nm).
Three virtual atoms are connected to the rigid layer
via springs in all three directions, while the slide and
vibration are transmitted to the tip through springs
by controlling the displacement of virtual atoms
directly. The spring stiffness is set to 2 N/m, while the
load is 1 nN. The velocity of the virtual atom in the
x-direction is 1 nm/ns. The vibrational frequency of
virtual atoms ranges from 0 to 500 GHz, while the
amplitude ranges from 0 to 20 A in all three directions.
The MD simulation package LAMMPS is used to carry
out the MD simulations in this paper [34].

3 Single-direction vibrational excitation

The influence of vibrational excitation on the friction
in all three directions was analyzed via numerical
simulation based on the PT model at 0 K. Parameters
of the PT model are set to be consistent with the
MD model. The results are presented in Fig. 2 in a
two-dimensional form. The friction mapping under
y-axis excitation is not shown here since the friction
characteristics are similar to those of the x-axis
excitation. When the amplitude was less than 1 (the
ratio between the drive amplitude and the potential
amplitude for the z-direction excitation, and between
the drive amplitude and the lattice constant for the x-
or y-direction), an apparent frequency range for
friction reduction appeared in the z-axis and x-axis,
which corresponded to the prediction of Socoliuc et al.
[23]. The friction decreased in all three directions as
the vibration amplitude increased in this frequency
range. Moreover, the excitation in the x- and y-axis
improves the ability of the tip to cross the potential
barrier, which leads to certain friction reduction ability
at a low frequency and a large amplitude.

The friction reduction mechanism was analyzed in
detail via the MD simulation. First, the frequency
characteristics of the vibrational influence on friction
reduction were evaluated via a frequency sweep with
a fixed amplitude. Figure 3 shows the corresponding
results. The drive amplitude was fixed at 20 A for
the z-axis excitation and 10 A for the x- and y-axis
excitation. Since the vibration in the z-direction was
significantly affected by the interaction force between
the tip and the substrate, the overall response amplitude
is relatively low with a weak resonance peak. The
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Influence of vibrational excitation on friction (analyzed via numerical simulation). (a) Friction mapping under z-axis excitation.

(b) Friction mapping under x-axis excitation. Friction mapping under y-axis excitation is not shown here since the friction characteristics

have only slight differences with those of the x-axis excitation. The excitation frequency range in all three directions is 0.1-500 GHz,

while the amplitude ratio range is 0—4. In the z-direction, the amplitude is the ratio of the potential energy amplitude, while it is the ratio

of the lattice constant in the x- or y-direction.
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Fig.3 Sweep frequency simulations of the vibrational excitation
in all three directions (analyzed via the MD simulation). Simulations
under vibrational excitation in different directions were expressed
by different colors (the lines represented by blue, red, and yellow
correspond to the excitation in z-axis, x-axis, and y-axis,
respectively), while the solid and dashed lines represented the
response amplitude and friction, respectively. The baseline is
represented by a dashed black line, which expresses the friction
simulated without vibrational excitation. The drive amplitude of
the z-axis excitation was fixed at 20 A, while those of the x- and
y-direction were 10 A. The drive frequency varies from 25 to
500 GHz.

friction under z-direction vibrational excitation (the
dashed blue line) showed an overall upward trend.
Compared with the friction without vibrational
excitation (the dashed black line), the z-direction
excitation reduced the friction by about 50% at low
frequencies but lost its friction reduction ability at
high frequencies. No resonance peaks were apparent
for x- and y-direction in the plane, indicating that

the forced oscillations in these two directions were
overdamped. Moreover, the response amplitude and
friction reduction ability gradually decreased as the
frequency increased. The friction reduction ability of
the excitation in the plane was more significant than
that in the z-direction excitation at low frequencies
but also disappeared at high frequencies. The friction
slope of the x-axis excitation frequency (the dashed
red line) was smaller than that of the y-direction
excitation (the dashed yellow line), demonstrating
that the friction reduction ability of y-axis vibration
decreased faster as the frequency increased. This was
primarily attributed to a coupling effect between the
sliding and vibration, which existed in the x-direction
but not in the y-direction.

Next, the origin of the friction reduction ability is
analyzed in detail via the MD simulation. Figure 4
shows a comparison between the lateral force, the
displacement in the x-direction, and the trace between
experiments with and without excitation in the
z-direction. Figure 4(a) suggests that the friction is
significantly reduced under excitation in the z-direction.
The average friction was 0.779 nN without vibrational
excitation and 0.363 nN with the z-direction excitation
(the amplitude and the frequency were 20 A and
25 GHz, respectively). The peak force was significantly
reduced under z-direction excitation, while the motion
of the tip changed from multiple slips to single slip,
as shown in Fig. 4(b). According to Fig. 4(b), the
distance of a single stick-slip motion was sometimes
even less than a lattice constant. Combined with
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Fig. 4 Comparison between the simulations under no excitation and z-axis vibrational excitation via the MD simulation. The
amplitude and frequency of z-axis excitation were 20 A and 25 GHz, respectively. (a) Measured lateral forces during the simulation
under no excitation and z-axis excitation. (b) Displacements of the tip centroid in the x-direction under no excitation and z-axis
excitation. (c) Traces of the tip under no excitation and z-axis excitation.

Fig. 4(c), it can be inferred that the tip is more likely
to bypass the potential barrier rather than cross
it under excitation in the z-direction, rendering the
average potential of this trace much lower than that
of the trace without excitation. In addition, excitation
in the z-direction slightly increased the height of
the probe during the sliding process, weakening the
interaction between the tip and the substrate.

Figure 5 compares the lateral forces, displacements,
and traces between the experiments with and without
excitation in the x-direction. The amplitude and
frequency of x-axis excitation were 10 A and 50 GHz,
respectively. Unlike excitation in the z-direction, the
stick—slip characteristics were not apparent under
excitation in the x-direction, as shown in Fig. 5(a).
Due to the relatively large response amplitude in the
x-direction, the lateral force displayed positive and
negative values in one cycle, rendering the average
friction relatively small. The average friction is
0.779 nN when no excitation was applied and 0.210 nN
when the x-direction excitation was applied. The
weakening of the stick—slip characteristics is presented
in Fig. 5(b). The tip displacement in the x-direction
was generally ahead of the group without excitation.
The ability of the tip to cross the barrier improved
significantly with the assistance of x-direction excitation.
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Therefore, excitation in the x-direction rendered the
path closer to a straight line, as shown in Fig. 5(c).
It is worth mentioning that the absence of the stick-slip
characteristics under x-direction excitation did not
necessarily indicate the disappearance of the stick—slip
phenomenon. Contrarily, only the stick-slip direction
changed due to excitation in the x-direction. Therefore,
at certain moments in a vibrational cycle, the lateral
force was opposite to the instantaneous sliding
direction but consistent with the overall sliding direction,
denoting the pushing effect of stick-slip described
above. The average friction was reduced significantly
due to this phenomenon. However, active control of
friction cannot be achieved easily with excitation in
only one direction.

lateral forces and
displacements with and without excitation in the

Figure 6 compares the

y-direction, and shows the trace of the tip under y-axis
excitation. As shown in Fig. 6(a), the peak force at each
stick period was reduced significantly. In addition, the
friction reduction ability of y-direction excitation was
displayed in the x-displacement, as shown in Fig. 6(b).
The tip displacement under y-direction excitation kept
ahead of the displacement without excitation. The
average friction was 0.779 nN for the group without
excitation and 0.142 nN for the experimental group
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Fig. 5 Comparison between the simulations under no excitation and x-axis vibrational excitation via the MD simulation. The
amplitude and frequency of x-axis excitation were 10 A and 50 GHz, respectively. (a) Measured lateral forces during the simulation
under no excitation and x-axis excitation. (b) Displacements of the tip centroid in the x-direction under no excitation and x-axis
excitation. (c) Traces of the tip under no excitation and x-axis excitation.
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Fig. 6 Comparison between the simulations under no excitation and y-axis vibrational excitation via the MD simulation. The
amplitude and frequency of the y-axis excitation were 10 A and 50 GHz, respectively. (a) Measured lateral forces during the simulation
under no excitation and y-axis excitation. (b) Tip displacements in the x-direction under no excitation and y-axis excitation. (c) Traces of

the tip centroid under y-axis excitation. The black point indicates that the lateral force was negative at this point, while the red point
indicates positive lateral force.

with excitation in the y-direction. The trace of the tip ~ adjacent potential barrier, which was opposite to the
under y-direction excitation is shown in Fig. 6(c). Due  sliding direction. This resulted in a period of negative

to vibrational excitation in the y-direction, the tip  lateral force. The pushing effect of stick—slip excited by
crossed the potential barrier laterally to generate an

lateral movement was the main source for the friction
instantaneous movement under the influence of the

reduction ability of excitation in the y-direction.

www.Springer.com/journal/40544 | Friction



1232

Friction 11(7): 1225-1238 (2023)

According to the numerical simulation based on
the PT model, unidirectional vibrational excitation has
good friction reduction ability in all three directions.
This ability exists in an appropriate frequency range
and increases significantly as the amplitude rises.
The mechanism of the friction reduction ability of
vibrational excitation in all three directions is analyzed
through the MD simulation. The excitation frequency
has little effect on the response amplitude in the
z-direction, but it would change the trace of the tip.
The tip is more likely to bypass the potential barrier
rather than cross it under the excitation in z-direction.
The average potential of the trace under z-direction
excitation is much lower than that of the trace without
excitation, rendering much lower average friction.
The excitation frequency has a greater influence on
the response amplitude in the x- and y-direction. The
response amplitude is very large at the appropriate
frequency, which enhances the ability to cross the
potential barrier along x- or y-direction. The pushing
effect is stimulated at this time, so that the average
friction is reduced.

Moreover, we did some preliminary research about
the VIS method using the PT model. These time
parameters consistent with the MD simulation were
not chosen since the vibrational frequency was too
high to keep low energy consumption. The range
of frequency is 0 to 1x107 Hz, while the range of
amplitude is 0 to 2 times of the lattice constant. The
sliding speed is 1 nm/s, while the mass is 1x10™* kg.
Figure 7(a) shows the distribution of friction under
this set of parameters, while Fig. 7(b) shows the energy
consumption distribution. The energy dissipation for
sliding over each lattice constant is 5 eV when no
excitation was applied. Since the energy dissipation

(@) 2 4
15 3 _
) P4
=] | L
g 2 8
E s
0.5 1"
0 0
102 104 106

Frequency (Hz)

increases exponentially with the increase of vibrational
frequency and amplitude, the maximum value of the
color bar in Fig. 7(b) is set to 10 eV for a better
resolution. Comparing the distributions of friction
and energy, it is obvious that there is a parameter
range that can effectively reduce the friction without
significantly increased energy. Although the VIS
method does not seem to have advantage in reducing
energy dissipation, it is still possible to obtain significant
friction reduction with less energy input.

4 Multi-directional vibrational excitation
coupling

Section 3 shows the friction reduction ability when
uniaxial vibrational excitation is applied. Realizing
the active control of friction in this mode requires
changing the excitation amplitude and frequency,
which is inefficient and unstable. However, the active
control of friction can be realized in a simple way
under multi-directional vibrational excitation. Figure 8
shows the friction reduction ability under multi-
directional excitations simulated using numerical
methods, where Figs. 8(a)-8(c) represent the x—=z, y—z,
and x—y couplings, respectively. The friction changed
significantly with the phase difference under x—z
coupled excitation, while this effect was not significant
in the other two combinations. In addition, the friction
under x—z coupled excitation exhibited a 27 cycle.
To examine the mechanism underlying this effect
and realize active friction control, a more in-depth
investigation was performed via the MD simulation.
The friction reduction ability under x—z coupled
excitation was analyzed in detail via the MD simulation.
The friction varied with the z-axis excitation phase,
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Fig. 7 Research on energy consumption of the VIS. (a) Friction distribution when x-axis vibrational excitation was applied; (b) energy
dissipation distribution when x-axis vibrational excitation was applied.

it % £ 4wt

Tsinghua University Press

e

@ Springer | https://mc03.manuscriptcentral.com/friction



Friction 11(7): 1225-1238 (2023)

1233

as shown in Fig. 9(a). The amplitudes of the two
uniaxial excitations were 4 A for the x-axis and 10 A
for the z-axis. The coupled two excitations vibrated at
the same frequency (25, 50, or 75 GHz). The x-axis
excitation displayed a fixed phase, while that of
the z-axis excitation varied from 0 to 27mt. Although
the uniaxial excitation of these two sets of parameters
exhibited ability,
superlubricity could not be reached. However, the

apparent friction reduction
friction reduction ability changed with the phase
when coupling the two uniaxial excitations. Of the
three coupled frequencies, x—z coupled excitation at
25 GHz demonstrated the strongest friction control
ability. When the phase was zero, the friction was
close to zero, even reaching a negative value. When
the phase was 7, the friction reached the maximum
value, close to 0.6192 nN, which exceeded the values
when the two uniaxial excitations were applied
alone. Furthermore, x—z coupled excitation at 25 GHz
realized friction control from -0.0125 to 0.6192 nN.
These values were 0.0552 to 0.6176 nN and 0.1491 to
0.488 nN for coupled excitation at 50 and 75 GHz,

respectively. The friction control ability gradually

decreased with an increase in excitation frequency.
For the x—z coupled excitation at 25 GHz, another set
of simulation was performed with only the sliding
direction reversed, as shown in Fig. 9(a) by the purple
dashed line. When the sliding direction is reversed,
the phenomenon related to the phase of x—z coupled
excitation is exactly differing by m. The mechanism
of this phenomenon will be discussed in this section
later.

Although the response amplitude is one of the
most critical factors affecting friction during uniaxial
excitation, it does not cause changes in friction during
dual-axis coupled excitation. As shown in Fig. 9(b),
the dashed line with triangle marks, the dashed
line with “x” marks, and the solid blue line represent
the response amplitudes in the z-axis, the x-axis,
and the friction, respectively. The response amplitude
fluctuated slightly in a specific range in the z-direction.
Contrarily, the response amplitude in the x-direction
gradually increased with an increase in friction. In
addition, the height data indicated that the tip position
was higher at phase zero than that at phase m.
Therefore, the tip was usually at the bottom of the
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Fig. 8 Variations in the friction with phase and frequency under bidirectional excitation via numerical simulation based on the PT
model. The parameters of the PT model are set to be consistent with the MD model. (a) x—z bidirectional excitation; (b) y—z bidirectional
excitation; and (c) x—y bidirectional excitation.
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Fig. 9 The friction reduction ability of x—z coupled excitation. (a) Variations in the friction with the phase difference under the x—z
coupled excitation at different frequencies. The blue, red, and yellow solid lines represent the x—z coupled excitation at 25, 50, and
75 GHgz, respectively. The purple dashed line represents the x— coupled excitation at 25 GHz with reverse sliding direction. (b) Variations
in the frictional force and response amplitude with the phase difference under the x— coupled excitation at 25 GHz.
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potential well at phase m, while reaching a higher
potential position at phase zero. The difference in the
energy of the position led to variation in the response
amplitude. However, an increase in the response
amplitude in this situation did not enhance the
friction reduction ability as in the case of uniaxial
excitation, since the response vibration at this time
failed to cross the energy barrier.

Figure 10 shows the traces of the tip at phase
zero and phase m. The colors of the data points
are consistent with those in Fig. 6. Negative lateral
force accounted for more than half of the force data
measured at phase zero, reaching 50.65%. This indicates
that the pushing effect of stick-slip widely exists under
x-z coupled excitation at phase zero. Contrarily,
negative lateral force accounted for less than 20% at
phase 7. This shows that the proportion of the pushing
effect can be adjusted specifically, such as the phase
difference under x—y coupled excitation.

Therefore, the phase difference caused such a
substantial change in friction under x—z coupled
excitation. This could be attributed to the fact that the
phase difference changed the vibration shape when
two directional excitations were coupled. Figure 11
shows the vibration diagram at phases zero and m
under x-z coupled excitation. The inset represents

the theoretical vibration diagram and the potential
energy surface, while the main graph represents the
displacement of the tip in the x—z plane. Consequently,
the actual vibration shape of the tip is close to the
theoretical vibration shape. This suggests that the
vibration shape significantly affected the sliding friction,
while the phase difference changed the vibration shape
of the x—z coupled excitation. The vibration shape
changed the friction by aiding the tip to cross the
energy barrier. When the tip moved forward to cross
the potential barrier, the vibration direction was
nearly parallel to the tangent of the potential energy
surface at phase zero. The tip reached a peak in the x-
and z-direction simultaneously. Therefore, the vibration
aided the tip in crossing the energy barrier. However, at
phase m, the vibration shape was almost perpendicular
to the tangent of the potential energy surface. When
the tip reached the peak in the x-direction, it was also in
the trough in the z-direction. Consequently, the
vibration failed to assist the tip in crossing the energy
barrier and hindered this process. The phenomenon
obtained after reversing the sliding direction in Fig. 9(a)
provides strong support for this mechanism.

As mentioned before, bidirectional x—z coupled
excitation displays a powerful friction control ability.
However, whether bidirectional vibrational excitation
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Fig. 10 Traces of the tip at 25 GHz x—z coupled excitation at (a) phase zero and (b) phase 7 (via the MD simulation). The colors of the
trace are determined according to the sign of the friction at that moment. The black points indicate negative lateral force, while the red

points denote positive lateral force.
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is more effective in friction reduction compared to
uniaxial vibrational excitation or not requires further
examination. Therefore, the friction was measured
at different phases by fixing the total input energy
and changing the proportion of vibrational energy in
the x-direction, as shown in Fig. 12. At phase zero
or 0.25 m, the friction initially decreased to zero in
conjunction with an energy increase in the x-direction,
after which it gradually rose to the friction of uniaxial
excitation in the x-direction. At phase 0.57, the
friction gradually decreased with increased energy in
the x-direction. Regardless of the energy changes,
the friction at phase 0.5t was almost always larger
than the friction when x-axis excitation was applied
alone (E,/Eota = 1). At phases 0.75m and m, the friction

24

Phase 0

Phase =

z position (A)

x position (A)

Fig. 11 Prediction (the inset) and simulation of the vibrational
shape under x—z coupled excitation. The solid blue lines represent
the vibration shape at phase zero, while the solid orange lines
represent the vibration shape at phase m.

0.8

—_—) ——0.2571 0.57 0.75n 1n

Friction (nN)

0 0.2 04 0.6 0.8 1
Er/Etotal

Fig. 12 Variations of average friction under x—z coupled excitation
with the energy in the x-direction, £,, changing while the total energy,
E\a1, kept constant.

increased first, followed by a gradual decrease in
conjunction with a rise in energy in the x-direction. In
summary, x—z coupled excitation displayed a stronger
friction reduction ability at about phase zero than
unidirectional vibrational excitation, while the energy
ratio of 0.5 was necessary to achieve superlubricity.
However, x—z coupled excitation no longer exhibited
stronger friction reduction ability than unidirectional
vibrational excitation when the phase increased.
Moreover, x—z coupled excitation achieved significantly
higher friction in a specific proportion range at
phase m.

5 Conclusions

Atomic friction typically originates from mechanical
instability and lattice vibration due to stick—slip motion.
Although the proportion is small, negative lateral
force is evident in atomic friction, named as the
pushing effect of stick-slip, which is often ignored
due to the unavailability of the atomic-scale information
within a buried interface when using experimental
methods. However, this information can be obtained
via simulation. This article examines the impact
of vibrational excitation on atomic friction via the
numerical and MD simulations. We found that the
pushing effect is one of the direct sources for the
friction reduction ability of the VIS method. The
proportion of pushing effect in atomic friction increases
significantly via unidirectional vibrational excitation,
leading to ultra-low friction. The proportion of
this effect was affected by the response amplitude,
frequency, and trace of the tip. Furthermore, a stronger
friction reduction ability can be achieved through
multi-directional vibrational excitation coupling,
especially for coupled excitation in x- and z-axis. Active
atomic friction control can be attained in this way
by changing the phase difference between excitation
in these two directions, which modulates the atomic
friction from stick—slip to superlubricity.
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