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Abstract: The influence of vibration on friction at the nanoscale was studied via molecular dynamics
(MD) simulations. The results show that average friction increases in a high-frequency range. This can
be attributed to the vibration of the tip following vibration excitation, which results in peaks of
repulsive interaction between tip and substrate and leads to higher friction. However, when the
frequency is lower than a certain value, friction decreases. This is because vibration excitation results
not in an obvious vibration of the tip but in a slightly larger interface distance, which leads to a
decrease in friction.
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1. Introduction

Friction and adhesion play important roles in nano- and micro-electro mechanical systems (NEMS
and MEMS) and nanosensors owing to surface and interface effects. Friction management in these
systems is critical for their performance and energy saving. Many researchers have made great efforts.
For example, carbon nanomaterials, which have great potential in NEMS, show the ability to tune
friction by surface treatment [1-4], interface structure morphology [5-7], and the environmental factors
such as temperature [8] and humidity [9]. However, these methods work only under certain situations
and a more general method that can tune friction at the nanoscale is still lacking.

The research in friction at the macroscale demonstrates that the external electric field, the magnetic
field, and vibration are effective in tuning friction. Moreover, nanoscale friction can also be altered
mechanically [10], which may shed light on the tuning of nanoscale friction and lead to more reliable
nanoscale devices. Gao et al. [11] indicated that friction in thin-film boundary lubricated junctions can
be reduced by coupling small amplitude (of the order of 0.1 nm) directional mechanical oscillations.
Heuberger et al. [12] confirmed this conclusion with a surface forces apparatus experiment. Tshiprut,
Urbakh et al. [13,14], and Ma [15] demonstrated that friction can be tuned and reduced by controlling
the frequency and amplitude of the imposed substrate lateral excitations. The reason given was that the
diffusion coefficient in nanoscale-confined regions can be greatly enhanced by mechanical oscillations.
Capozza et al. [16,17] studied the dynamics of particles confined between a horizontally driven top
plate and a vertically oscillating bottom plate. The results showed that tiny vibrations, when applied in
a suitable range of frequencies, may suppress the high dissipative stick-slip dynamics and drastically
reduce the lateral friction force. Socoliuc et al. [18] demonstrated that variations in interaction energy
reduce friction below 10 piconewtons in a finite range of excitation and load by exciting the mechanical
resonances of the sliding system perpendicular to the contact plane, without any noticeable wear.
Guo et al. [19] discussed the control of vibration to reduce friction based on a 1D model imitating the
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friction force microscope (FFM) tip moving on a substrate. Fajardo et al. [20] indicated that, under
out-of-plane and in-plane contact vibrations, average friction forces were both significantly lowered in
a frequency range determined by the “washboard” frequency of the stick-slip motion and the viscous
damping accompanying the tip motion. However, Roth et al. [21] studied the influence of lateral
vibrations on the stick—slip motion by atomic force microscopy (AFM) measurements on an NaCl (001)
surface. Their results showed the peak values of the lateral force and the total energy losses increased
with the excitation amplitude, which implied that the vibration of the tip may increase friction under
some situations.

Above all, it is clear that mechanical vibration of suitable frequencies and amplitudes is an
effective way to suppress nanoscale friction. However, why vibration affects friction under vibration
excitation needs more exploration. In this paper, the influence of out-of-plane vibration in a range of
frequencies is investigated via molecular dynamics (MD) simulation. We find that friction reduces in a
lower frequency range but increases in a higher frequency range. The reason why vibration causes
opposite influence on friction under different frequencies is discussed.

2. Simulation Model

MD simulations are discussed in this paper. Figure 1a,b illustrate a simplified AFM model and an
MD model, respectively. As shown in Figure 1b, a diamond tip slides on the two layers of graphene
under a vertical vibration. There is a virtual atom connected to the diamond tip vertically through a
harmonic spring with a stiffness k = 40 N/m. The sinusoidal oscillation vibration of virtual atom in
the Z direction is the vibration excitation, and the vibration of the diamond tip is used to simulate the
vibration of the AFM cantilever and the tip. The resonance frequency of the tip is 319 GHz, which is

calculated by T = (1/2m) \/% [22]. Here, k is the spring stiffness, and m is the mass of the diamond tip.
A virtual atom support in the X direction is connected to the tip by a harmonic spring with a stiffness
k = 40 N/m, which is set to be same as the stiffness of the vertical spring [23]. The support moves
at constant speed to drag the tip to slide against the substrate. Meanwhile, the virtual atom in the Z
direction moves at the same speed as the diamond tip in the X direction.
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Figure 1. (a) A simplified schematic of a dynamic atomic force microscope, in which an excitation to
the shaking piezo results in the tip’s oscillation. (b) Molecular dynamics (MD) model: the diamond tip
on two layers of graphene.

In the MD model, the diamond tip’s radius is 1.1 nm. The X and Y dimensions of the substrate
are 3.68 and 6.39 nm, respectively. The bottom graphene layer is fixed. To constrain translational
movement of the upper graphene layer during tip sliding, the atoms at the ends of the upper graphene
layer along the X and Y directions are also fixed. The remaining atoms in the upper graphene layer
thermally vibrate. The diamond tip is treated as a rigid body. In all simulations, except where noted,
periodic boundary conditions are used along the X and Y directions. The inter-atomic interactions
for the diamond tip and the graphene are described by the second reactive empirical bond-order
(REBO) potential [24], which has been successfully used to study the mechanical and tribological
properties of carbon materials. Classic 12-6 Lennard-Jones potential is applied to describe the
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non-bonded interaction between the diamond tip and the graphene. The parameters can be found
in the literature [25]. A canonical ensemble (NVT ensemble) is employed. The system’s constant
temperature of 100 K is kept by applying the Langevin thermostat. The Velocity—Verlet algorithm is
used with a time step of 1 fs.

The simulation process is as follows: first, the structures of the simulation systems are optimized
through energy minimization in a conjugate gradient method. Then, a relaxation is processed for
10 ps to achieve equilibrium. Next, an external normal load of 10.56 nN is applied to the diamond
tip. The system is further relaxed under load. After relaxation, the virtual atom support in the X
direction, which is coupled to the diamond tip in the MD model, slides at a constant speed of 1 m/s in
the X direction.

3. Results and Discussion

The oscillation amplitude and frequency of the diamond tip are two important parameters in
vibration. Since the virtual atom and diamond tip are connected via a harmonic spring, and the
vibration of the diamond tip is caused by the vibration of the virtual atom, so their frequencies are the
same. The resonance frequency of the diamond tip is 319 GHz. Reinstaedtler et al. [26] pointed out that
cantilever torsional vibration resonances in contact with a sample surface as a function of excitation
amplitude were resembled a Lorentz curve. Considering that the resonance of a diamond tip with the
excitation may be similar, several frequencies 330 GHz, 285 GHz, and 250 Hz that are near resonance
frequency are calculated. The higher frequencies—3.330 x 10> GHz and 3.333 x 10* GHz—and lower
frequencies—100 GHz and 10 GHz—are also considered. Figure 2 shows the relationship between
the amplitude of the diamond tip and the excitation. The vibration amplitude in each case is the
average of several periods. The results show that the shape of the curves is similar to that of a Lorentz
curve. The vibration amplitude of the diamond tip increases as the virtual atom’s vibration amplitude
increases. The peak of the vibration amplitude of the tip appears near resonance frequency owing
to the resonance. When the vibration frequency is far away from the resonance frequency, such as
3.333 x 10* GHz, the diamond tip does not vibrate.
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Figure 2. Vibration amplitude of the diamond tip with vibration amplitude of the virtual atom.
Vibration frequencies in 8 cases are 10, 100, 250, 285, 319, 330, 3.33 x 103, 3.333 x 10* GHz, respectively.

The average friction forces under frequencies from 10 MHz to 3.333 x 10* GHz were calculated.
The vibration frequencies are divided into two frequency ranges. In the first range, the vibration
frequencies are the same as in Figure 2, which varies from 10 to 3.333 x 10* GHz. The second range
includes 7 cases with vibration frequencies 10° times smaller than the frequencies in the first range.
The frequencies are 3.330 X 103, 330, 319, 285, 250, 100, and 10 MHz, respectively, which ranges
from 10 MHz to 3.33 GHz, and the highest frequency in this range is about 10> times lower than
the resonance frequency. The average friction forces of the diamond tip within a higher vibration
frequency range are shown in Figure 3a,b, in which vibration amplitude of the virtual atom is 0.1 and
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0.5 nm, respectively. The vibration amplitude of the tip is 0.01 and 0.1 nm at resonance frequency.
The results show that the average friction forces are obviously larger than the value 0.057 nN in the
case without vibration except for the cases under vibration frequencies of 3.333 x 10* and 10 GHz and
a vibration excitation amplitude of 0.1 nm. In these two cases, friction forces are close to that in the case
without vibration. Compared to the result in Figure 2, we find that the diamond tip barely vibrates in
these two cases. When the vibration amplitude of the virtual atom becomes larger, the average friction
force increases more obviously, as shown in Figure 3b. However, in the lower frequency range from
10 MHz to 3.33 GHz, the average friction forces of the diamond tip obviously reduce, as shown in
Figure 4a,b, in which the amplitude of the virtual atom is also 0.1 and 0.5 nm, respectively. Under
frequencies of 319 MHz, 285 Hz, and 250 Hz, friction forces of the diamond tip reach the lowest.
Fajardo [20] pointed out that, when vs/a < f < f,,/Y, friction decreases under external vibration, where
f is the vibration frequency, vs is the support velocity, a is the spatial periodicity, and f, is the resonance
frequency. Y = v/ (27f,), where 7 is a microscopic friction coefficient describing the coupling with the
phonon and the possible electron oscillations in the substrate. They calculated the case with Y = 1.
Our simulation results show that, when vibration frequency is lower than 10 GHz and the amplitude
of vibration excitation is 0.1 nm, friction is suppressed, which agrees with the formula proposed by
Fajardo, except that Y is much smaller than 1. However, our results also show that friction increases
when the vibration frequency is between 10 and 3.330 x 10°> GHz.
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Figure 3. The average friction in a higher vibration frequency range. (a) Vibration amplitude of the
virtual atom is 0.1 nm. (b) Vibration amplitude of the virtual atom is 0.5 nm. Vibration frequencies in
2-9 cases are 3.333 x 10*,3.330 x 103, 330, 319, 285, 250, 100, and 10 GHz, respectively.
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Figure 4. The average friction in lower vibration frequency range. (a) Vibration amplitude of the virtual
atom is 0.1 nm. (b) Vibration amplitude of the virtual atom is 0.5 nm. Vibration frequencies in 2-8 cases
are 3.330 x 103, 330, 319, 285, 250, 100, and 10 MHz, respectively.

In order to explain how and why vibration influences friction in the opposite way in two frequency
ranges, first, the cases with virtual atom vibration amplitude 0.1 nm were analyzed. As mentioned
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above, the diamond tip does not vibrate in cases under frequencies of 3.333 x 10* and 10 GHz,
so friction is close to the case without vibration. It can be concluded that the vibration of the diamond
tip plays an important role in increasing friction. We investigated the interface distance and the normal
force of the diamond tip with a virtual atom vibration amplitude of 0.5 nm when frequency is 100 GHz
and 100 MHz, as shown as Figure 5. In the case without vibration, the interface distance is about
1.36 nm. When vibration frequency is 100 GHz, the interface distance in the Z direction varies from
1.32 to 1.45 nm. When interface distance is smallest, the corresponding peak occurs in a lateral force
curve in Figure 5b, which is about three times larger than without vibration. Because greater normal
force leads to higher friction, average friction finally increases under vertical vibration. In the case of
a frequency of 100 MHz, because the frequency is far from the resonance frequency of the diamond
tip, the tip does not follow the sinusoidal vibration of the virtual atom. Interface distance remains at
about 1.38 nm, which is slightly larger than that in the case without vibration, as shown in Figure 5a.
The normal force on the diamond tip is obviously lower, as shown in Figure 5b, which leads to a
decrease in friction. The larger interface distance under a frequency of 100 Mz could be explained by
dynamics stiffness of the spring, which connects the virtual atom and the diamond tip. According to
the dynamics stiffness analysis of the single freedom spring [27], the dynamics stiffness of the spring in
general will become larger as frequency increases, except for frequencies lower than about 1.3 times the
resonance frequency, a range in which the dynamics stiffness of the spring becomes lower. Compared
to the model in this paper, the dynamics stiffness of the spring under a 100 MHz frequency is lower
than the static stiffness. Therefore, under certain loads, the length of the spring under 100 Mz is shorter
than the case without vibration, so interface distance slightly increases. The dynamics model can also
explain the cases under high frequencies, in which the diamond tip barely vibrates too. However,
because of the similar or larger dynamics stiffness compared with the static stiffness, the interface
distance will remain the same or decrease. Therefore, in such cases, friction, compared to cases without
vibration, is similar or larger. Additionally, it should be mentioned that Li et al. [28] indicated that,
in conventional MD simulation, MD results at high speeds were not in the thermally activated regime.
Considering the low speed of the AFM tip in the experiment, the tip spends more time above each
graphene atom and is able to escape when the potential is closer to a lower point, which may suppress
the increase in friction under higher frequency.

1.55 50 i e
@ = Without vibration (B ns Withoutyibration
100GH 40+ * 100GHz
1.50F : z 100MHz
100MHz 30+ f‘
145} [
g E 20 s
N 40| 1 oo v
3 : ot 4 N
135
; 7 ‘ , § ; 10k
430 ; ; : ; ; ; Inglin . ; ; ; : .
420 425 430 435 440 445 450 420 425 430 435 440 445 450
tps t/ps

Figure 5. Interface distance and normal force of the diamond tip in three cases: the case without
vibration and the cases under frequencies of 100 GHz and 100 MHz. Vibration amplitude of the virtual
atom is 0.5 nm. (a) Interface distance with time. (b) Normal force in the Z direction with time.

4. Conclusions

In this paper, the influence of vibration on friction at the nanoscale in a range of frequencies was
investigated via MD simulations. The results show that average friction increases when frequency is
between 10 and 3.333 x 10* GHz. The reason for this is that diamond tips vibrate following sinusoidal
vibration of the virtual atom, which results in peaks of repulsive interaction between tip and substrate
and leads to higher friction. Considering the low speed of the AFM tip in the experiment, the tip is
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able to escape when the potential is closer to a lower point, which may suppress the increase in friction
under higher frequency. When vibration frequency is lower than 10 GHz, vibration of the virtual
atom slightly increases interface distance and results in a reduction in normal force of the diamond tip,
which decreases friction force on the tip.
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