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Abstract

The transition from single to multiple atomic slips, theoretically expected and important in

atomic-scale friction, has never been demonstrated experimentally as a function of velocity. Here

we show by high-resolution friction force microscopy on monolayer MoS2/ Au(111) that multiple-

slips leave a unique footprint – a frictional velocity weakening. Specifically, in a wide velocity

interval from 10 to 100 nm/s, friction surprisingly decreases. Model simulations show a similar

non-monotonic behaviour at velocities in quantitative agreement with experiment. Results suggest

a velocity-corrugation phase diagram, whose validity is proposed more generally.

In recent decades, the fundamental understanding of atomic stick-slip friction has been

substantially improved by experimental tools, such as the atomic force microscope (AFM)

[1–5]. The physics of a single nanoscale asperity sticking and sliding on a well-defined

periodic substrate can be theoretically described and studied within the framework of the

Prandtl-Tomlinson (PT) model [6, 7]. One of the most intriguing predictions of the PT model

including thermal activation and reaction rate theory is that the friction force increases log-

arithmically with sliding velocity, which is different from both the Amontons-Coulomb and

viscous friction laws [8–11]. A variety of experimental AFM measurements confirmed this

logarithmic frictional growth, which spans many velocity ranges and has been validated on a

variety of substrates, including ionic crystals [8], metals [10] and two dimensional materials

[12]. Although thermally activated stick-slip sliding has also been exemplified by more ad-

vanced molecular dynamics simulations [10, 11], the PT model remains a fundamental and

robust method for describing nanotribology [13].

One peculiar feature that the PT model also predicts for stick-slip sliding is the occurrence

of multiple-slips once the velocity or load exceeds certain thresholds [14–16]. However,

despite these predictions, multiple-slips have been found experimentally only for increasing

loads [17, 18], but not as a function of velocity.

In this study a non-monotonic velocity dependence of atomic friction is observed during

sliding of an AFM tip on a pristine MoS2 surface, a system known for its ultra-low friction

and wear-inhibiting properties [19, 20]. A PT-type model simulation plus analytical un-

derstanding demonstrates the atomic multiple-slips mechanism behind this non-monotonic
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friction, in quantitative agreement with experimental observations.

FIG. 1. Experimental setup and atomic friction measurements of MoS2. (a) Schematic

diagram of the experimental setup for measuring the friction between the sliding AFM tip and the

MoS2 layer. The MoS2 was grown on the Au(111) substrate under UHV conditions. (b) Exper-

imental lateral force trace showing different types of slips within one scan line. (c) Topography

image and (d) corresponding lateral force obtained on the MoS2 surface by AFM with atomic res-

olution. The hexagonal atomic structure of MoS2 has a lattice constant of 0.31 nm. Measurement

parameters: normal load FN = 1.1 nN and sliding velocity v = 195.3 nm/s in (b), FN = 1.1 nN

and v = 6.7 nm/s in (c, d).

Experiments were performed with a silicon AFM tip sliding on monolayer MoS2 grown

under ultrahigh vacuum (UHV) conditions on a single crystal gold substrate. MoS2 was

prepared by Mo deposition on the freshly prepared Au(111) surface in H2S atmosphere (the

chamber pressure was kept at 1.0 × 10−6mbar during the process) using an electron-beam

evaporator. Subsequently, the sample was annealed at a temperature of 800K, resulting in
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the growth of single layer triangular MoS2 flakes on the substrate [21]. Since the sample was

grown and measured under UHV conditions, atomic cleanliness is preserved, which allows

the acquisition of nanotribological properties of pristine MoS2. The periodicity mismatch

gives rise in our MoS2/Au(111) system to a moiré structure with a periodicity of 3.3 nm

[20, 22]. In some cases, the mechnical properties such as stick-slip friction are influenced by

the barrier arising when the tip crosses a boundary of the moiré patterns [23, 24]. However,

in our MoS2/Au(111) system, the strong interlayer interaction between sulfur layer and

gold surface leads to the rigidity of the moiré corrugated MoS2 surface [20, 25], so that no

significant modulations from moiré pattern can be observed in the lateral force maps taken

in contact mode (see Fig. 1(d)).

All measurements were performed using a home-built UHV AFM with beam deflection

detection and running at a base pressure below 1 × 10−10mbar and at room temperature.

Fig. 1(a) illustrates the experimental setup. The normal spring constant of 0.2N/m and

the torsional spring constant of 125.5N/m of a commercially available silicon cantilever

(PPP-CONT, Nanosensors) are determined based on the geometrical parameters and the

first resonance frequency of the cantilever (details are given in Supplemental Material).

The normal and lateral forces acting on the tip were calibrated according to the methods

described in Ref. [26]. The cantilever, before measurements, was annealed at 200 ◦C for

1 h to remove the residual pollution on the tip and sputtered by Ar+ ions for 2min to

remove the silicon dioxide covering the Si tip. The sliding velocity of AFM cantilever was

primarily tuned by changing the scanning frequency. Figs. 1(c) and (d) show the topography

and corresponding image of the lateral force measured on a monolayer MoS2 in a range of

5× 5 nm2. The hexagonal atomic structure of the surface has a lattice constant of 0.31 nm.

The velocity-dependent experimental data of the friction force between the sliding AFM

tip and the MoS2 measured at different normal loads of 0.65, 2.0, and 2.5 nN are shown in

Fig. 2. Three velocity regimes can be observed. A regular increase in friction at low velocities

below a first transition velocity of 10 nm/s is followed by an abnormal decrease in friction

up to a second transition velocity of about 100 nm/s and only then does an increase occur

again. This non-monotonic velocity dependence of atomic friction is observed independently

of different normal loads. The mechanically applied load through the tip apex, ranging from

0.65 to 2.5 nN, is in fact much smaller the adhesion force ≈ 19.9 nN between the AFM tip

and the MoS2 layer (see Supplemental Material), which dominates the effective load.
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FIG. 2. Velocity dependence of the friction force between the sliding AFM tip and the MoS2

surface measured at different normal loads of 0.65, 2.0, and 2.5 nN.

The gently increasing velocity dependence of atomic stick-slip friction in the first regime

is readily understood. At high velocities there is less time for the thermal fluctuation to

assist the tip apex to overcome the local energy barriers [9, 10, 13, 27, 28]. In the third,

very high velocity regime, the stick-slip is suppressed, as indicated by the essentially linear

friction growth. More interesting in our specific context is the non-monotonic decrease of

friction in the second, intermediate regime.

To understand the non-monotonic velocity dependence of friction in the experiments, we

conducted a theoretical study based on the thermally activated PT model. In the PT model

the tip dynamics is given by [6, 7]:

mẍ = −ηẋ+ γ(t)− ∂U sub(x)

∂x
− ∂U tip(x, t)

∂x
(1)

where m and x are the effective mass and the displacement of the tip, η is the damping

coefficient, and γ is the thermal noise satisfying the fluctuation-dissipation relation, ⟨γ(t)⟩ =

0 and ⟨γ(t)γ(0)⟩ = 2ηkBTδ(t) [29]. The 3rd and 4th terms on the right-hand side are the

forces due to the substrate corrugation and the cantilever U sub(x) = −U0

2
cos(2πx/b) and

U tip(x, t) = keff
2
(vt−x)2, respectively. Here U0 is the tip-surface energy barrier height, which

is determined experimentally (see details in Supplemental Material), b is the substrate lattice
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FIG. 3. (a) Non-monotonic frictional velocity dependence and the corresponding simulation result;

(b) room temperature histograms of force drops obtained from experimentally measured lateral

force traces for three typical velocities; (c) velocity dependence of the mean slip length Ls (normal-

ized to lattice spacing b); (d) histograms of force drops obtained from simulated lateral force for

three different velocities. The force drops corresponding to single slip and double slip are indicated

by two red arrows in (b) and (d). Values of parameters used in simulations are: U0 = 0.44 eV,

b = 0.315 nm, keff = 1.71 N/m, m = 2.84× 10−9 kg, η = 3.32× 10−5 kg/s, and T = 300 K.

periodicity, keff is the effective lateral stiffness of the system, and v is the sliding velocity.

The mean friction force Fk is extracted from the time-average of the steady-state lateral

force. Using parameter values suggested from experiments, the simulation results for Fk(v)

show good agreement with the experiments (Fig. 3(a)). Beyond the important experimental

velocity weakening, even subtle features, such as the small dip in the mean friction force at

6



v ≈ 1000 nm/s are captured in the simulation.

Both experimental and simulated results show that the anomalous velocity weakening in

the intermediate regime is due to a gradual change from single slip to multiple-slips as the

velocity increases. The statistically obtained average slip length Ls (normalized to lattice

spacing b) presented in Fig. 3(c), shows a clear increase above 1 with velocities between the

first and second transition points. For single slips in each slip process, the tip jumps to the

neighboring energy minimum, and the elastic energy stored in the stick period is released,

with a drop of the lateral force ∆Fl = keffLs (as shown in Fig. 1(b)). The evolution of this

force with velocity and temperature is expected to lead to F ∼ (ln v/T )γ, where γ is a pos-

itive exponent 2/3 < γ < 1 [30, 31]. Fig. 3(b) presents a histogram of the force drops from

the measured lateral force maps at three typical velocities 3, 27.9, and 195.3 nm/s, where at

the low velocities, single and double slips were mainly revealed, whereas at higher velocities,

genuine multiple-slips were detected (see Supplemental Materials for peak decomposition

of these histograms). This is in agreement with the simulated results of Fig. 3(d), where

histogram peaks are much narrower than for experimental data owing to a much smaller

noise. The increase of Ls results in a larger drop of the lateral force during a slip, which

in turn causes a drop of the time-averaged lateral force, i.e., the kinetic friction. From the

perspective of energy dissipation, this Fk drop is attributed to the decrease of highly dissipa-

tive slip events, now rarefied with the increase in slip length. This explains the decrease in

mean friction force seen in Fig. 3(a) at velocities from 10 to 100 nm/s and from 1000 to 1500

nm/s where the slip length increases significantly (Fig. 3 (c)), confirming the theoretical

prediction. It is worth noting that although a similar non-monotonic dependence of Fk on

velocity had been discussed theoretically [14–16], this is, to the best of our knowledge, the

first time that this correlation has been observed experimentally in nanoscale tip/substrate

systems. At the same time, the general agreement with the model-based PT simulations

proves the accuracy of both our experimental and theoretical understanding.

Taking advantage of that, we can use simulations to gain a deeper fundamental under-

standing of the multiple-slips behavior and its velocity dependence beyond our experiments.

We first generalize our simulation from a fixed surface corrugation energy U0 = 0.44 eV

to a wider range, from 0.2 to 1.0 eV, which are common values in other nanotribological

experiments [8, 13, 32, 33]. A higher energy barrier should raise the static friction – the

smallest lateral force to initiate the sliding, Fs = πU0/b. Owing to a higher deformation
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energy stored in the drag spring during the stick period, the tip should then have larger

slip length, thus favouring multiple slips. As shown in Fig. 4, our simulations validate this

expectation, both at 4(a) T = 0 and 4(b) T = 300 K (see also Supplemental Material).

In very low temperature and low velocity regimes where such details are more visible,

the slip length Ls will be an integer multiple n of the lattice spacing b. From Ref. [18],

the slip length nb occurs when U0 = En, where En = keffb
2

2π2cn
, cn > 0 being the slope of

the n-th tangent (y = ±cnx) to the function sinx. The first five values of cn are 1, 0.217,

0.128, 0.0913 and 0.0709, which corresponds to the energies 0.0537, 0.247, 0.418, 0.588 and

0.758 eV. Except for the first level (0.0537 eV), which represents the transition from smooth

sliding to stick-slip, the remaining four level are marked by red dashed lines in Fig. 4(a).

They coincide quantitatively with the simulation results – the green-colored background of

Fig. 4(a), which indicates a clear transition between multiple-slips.

At higher velocities, simulations show that the boundaries between different Ls regions

bend down to smaller U0. This is understood as a velocity assisted effect: the tip with

higher kinetic energy crosses more efficiently the energy barrier. Therefore, for a fixed

U0, the slip magnitude tends to increase as velocity increases. This prediction agrees with

both experiments and simulations, see Fig. 3(c). In other words, the barrier required to

achieve the same slip length is reduced by kinetic energy [33, 34]. Based on the above

understanding, the boundaries of different Ls regions, should be realistically represented by

En(v) = En − 1
2
mv2. As shown in Fig. 4(a), the red dashed lines based on this assumption

agree well with simulation results.

At finite temperatures, thermal noise helps the tip to cross energy barriers. Therefore,

achieving the same multiple-slips at finite temperature generally requires a larger energy

barrier than at T = 0K. A series of simulations from 0 to 500K confirmed this expectation

(Supplemental Material). Also due to thermal noise, the slip length no longer shows sharp

boundaries, although smooth crossover boundaries can still be identified by the mean friction

(see section 4 in Supplemental Material for more results under different temperatures). As

already mentioned, any decrease in the mean friction force with increasing velocity means

an increase in slip magnitude. Therefore, it is still possible to identify different regions

of multiple-slips on the basis of the local maxima or plateaus of the mean friction. For a

specific case, illustrated in Fig. 4(b), we simulated the dependence of friction upon velocity

and corrugation magnitude at room temperature, and extracted the slip length in different
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FIG. 4. (a) Phase diagram for the slip length Ls at T = 0K. The red dashed lines indicate the

boundary of different Ls regions, from deep green single slip region to light green multiple-slips

regions. The frictional crossover “ridges” marked by red dashed lines coincide with the boundary

of different slip length. (b) Dependence of the mean friction force on sliding velocity v and energy

barrier U0 at T = 300 K. Different friction regions indicated by the red shaded lines correspond to

different slip length regimes, where Ls is no longer a constant. The black dotted line indicates the

crossover from the stick-slip regime to a ballistic regime, which occurs when U0 ∼ 1
2mv2.

regions, and highlighted the local maximum of the mean friction force with red lines. As

expected, these red lines coincide with the boundaries between different integer slip lengths.

We found that the result shown in Fig. 3 is a special case with U0 = 0.44 eV, and the

non-monotonic Fk(v) relation corresponds to a horizontal section of the pattern in Fig. 4(b).

The elements determining the phase diagram of Fig. 4 also clarify the significance of

the upper limiting velocity for multiple-slips. When the velocity is fast enough that the

kinetic energy of the system becomes larger than the energy barrier, stick-slip disappears,

the system enters the viscous dissipation regime. This upper limit is marked by the black

dotted line in Figs 4(a) and (b) above which the velocity scaling of the mean friction becomes

linear [35]. One thing to note in addition is that the damping coefficient η can influence the

multiple-slips [17, 33, 36, 37], especially in the case of critical damping and overdamping

η ≥ ηc =
2π
b

√
2U0m. We show in Supplemental Material additional simulation results of the
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damping coefficient dependence of kinetic friction and slip length. The consistency between

experiments and simulations of both friction force and slip length (Fig. 3) indicates that

the underdamped regime is realistic in our case, consistent with the fact that sliding on the

MoS2/Au(111) surface exhibits an ultra-low friction [20].

In summary, we reported the first experimental observation of non-monotonic velocity

dependence of atomic friction caused by the onset of multiple-slips. The underlying phe-

nomenology is explained in quantitative model simulations leading to a complete and more

general stick-slip phase diagram with velocity-dependent boundaries between single, double,

and multiple-slips. We expect that these results, revealing that multiple-slips can give rise

to a substantial friction velocity weakening, should be of considerable importance in the

broad field of nanotribology.
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