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Fig. 1. (color online) (a) Schematics of potential sur-

(e}

face, potential data base and potential derivative data
base; (b) friction obtained via finite difference method;

(c) friction obtained via differential method.
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Fig. 2. (color online) (a) Experimental Friction loop; (b) potential surface with atomic-level barrier; (c) potential
surface with superlattice-level barrier; (d) potential surface with both atomic-level and superlattice-level barriers;

(e) friction map corresponding to the potential surface in (d); (f) potential energy profile; (g) calculated friction
loop corresponding to (£) (201,
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Fig. 3. (color online) (a)—(e) Sliding potential surface of MoS2/MoS2, Gr/Gr, FG/FG, FG/MoS2 and Gr/MoSs;
(£)—(j) friction map of MoS2/MoS2, Gr/Gr, FG/FG, FG/MoSs and Gr/MoSs; (k)—(o) friction loop of the balck
lines in (f)—(j).
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Fig. 5. (color online) (a) Sliding potential surface of Gr/Gr, arrows and dashed lines indicate the direction of
the driver, black dots indicate the trajectory of the oscillator, time intervals are constant between adjacent dots;
(b) corresponding friction map; (c)—(e) trajectory after zooming in on (a), axis X indicates the driver’s position in
x direction and axis Y indicates the oscillator’s shift in y direction away from the trace of the driver; (f)—(h) friction

loop on different trajectories.
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Fig. 6. (color online) (a)—(d) Trajectory of the oscillator when spring constant on y direction is 200 N/m, 50 N/m,
10 N/m, 1 N/m; (e)—(h) friction map corresponding to (a)—(d); (i)—(1) friction loop on trace 3.
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Abstract

The excellent tribological characteristics of two-dimensional (2D) materials have received great attention, however,
how to effectively predict their frictions is still lacking. Here, we propose to obtain the sliding potential energy surface
by density functional theory calculations, instead of simplified potential energy function. Thus it is able to solve the
frictional behaviors of 2D materials with irregular complex potential energy surfaces. Firstly, we reveal the mechanism of
dual-scale stick-slip behavior between a tip and a graphene/Ru(0001) heterostructure. With a dual-wavelength potential
energy surface, we observe a similar frictional behavior to those captured in atomic force microscopy experiments, in
which a significant long-range stick-slip sawtooth modulation emerges with a period coinciding with the Moiré superlat-
tice structure. Secondly, we discuss the interlayer frictions of 2D materials, including graphene/graphene, fluorinated
graphene/fluorinated graphene, MoS2/MoS2, graphene/MoS, and fluorinated graphene/MoS,. With sliding potential
energy surface obtained by density functional theory calculations, the interlayer friction is estimated according to the
Prandtl-Tomlinson model calculation method. Compared with the friction between homostructures, the friction between
heterostructures is lowered by orders of magnitude, which could be attributed to its ultralow sliding potential barrier.
The stick-slip instability could be observed in homostructure, while heterostructure exihibits smooth friction loops. The
2D sliding path between the layers is recorded in the sliding process, showing its dependence on both the potential energy
barrier and the spring constant. The sliding path shift increases with the increase of potential energy barrier and the
decrease of spring constant in the y direction. This method is also applicable to tribological systems with dominated

interfacial van der Waals interaction.

Keywords: atomic scale friction, Prandtl-Tomlinson model, two-dimensional materials, interlayer sliding
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