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The influence of lateral vibrations on the stick-slip motion of a nanotip elastically pulled on a flat

crystal surface is studied by atomic force microscopy measurements on a NaCl(001) surface in

ultra-high vacuum. The slippage of the nanotip across the crystal lattice is anticipated at increasing

driving amplitude, similarly to what is observed in presence of normal vibrations. This lowers the

average friction force, as explained by the Prandtl-Tomlinson model with lateral vibrations

superimposed at finite temperature. Nevertheless, the peak values of the lateral force, and the total

energy losses, are expected to increase with the excitation amplitude, which may limit the practical

relevance of this effect. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4866427]

Developing strategies for lowering friction is a key issue

for proper functioning of micro- and nano-electromechanical

systems (MEMS and NEMS). In this context, traditional

lubricants cannot be used, since the viscosity of mineral oils

dramatically increases when the lubricant molecules are con-

fined into nanometer-sized interstices.1 Different approaches,

such as mechanical excitations, need to be explored.

Ultrasonic vibrations have been used for years to modify the

frictional behavior of materials at a macroscopic scale2 and

their application at the nanoscale looks quite promising.3–7

Here, we are particularly interested in sharp asperities sliding

on atomically flat surfaces. In this case, exciting mechanical

resonances of the nano-junctions formed while sliding can

be a valid method to reduce friction. This was shown by

Socoliuc et al.5 in atomic-scale atomic force microscopy

(AFM) experiments on alkali halide surfaces in ultra-high

vacuum (UHV) and by Lantz et al.,6 who succeeded in pre-

venting the abrasive wear of a silicon tip sliding over several

hundred meters following this strategy. The state of

“dynamic superlubricity” so-achieved was also exploited to

acquire lattice-resolved friction force maps of crystal surfa-

ces without damaging the samples.8 Note that in the previous

experimental works, the actuation was applied perpendicular

to the sliding plane. Friction reduction was also predicted

theoretically when mechanical oscillations are induced paral-

lel to this plane.9 However, although this effect was observed

in a series of macroscopic measurements based on a tribome-

ter,10 the variation of the friction features on the atomic scale

has not been documented so far.

In this work, we present AFM measurements in UHV

complementing the results in Ref. 5, where the effect of nor-

mal excitations was investigated by applying an ac voltage

between the tip and a counter electrode on the backside of an

insulating KBr(001) surface. Here, lateral vibrations of the

probing tip are induced by shaking a piezo-element attached

to the cantilever sensor of the AFM at a frequency corre-

sponding to the torsional resonance of the cantilever in con-

tact with the sample surface. An alkali halide crystal, i.e., the

NaCl(001) surface, was chosen as a model system for the

measurements. Similar to the results presented in Ref. 5, the

average friction on the probing tip decreases at increasing

driving amplitude, which can be explained with the classical

Prandtl-Tomlinson (PT) model for atomic-scale friction.11–17

However, this may not be the case for the peak values of the

friction force, which are numerically expected to increase

slightly when ultralow values of the average friction are

approached.

The NaCl(001) sample surface was cleaved in a UHV

chamber and analyzed using a home-built AFM18 and a sili-

con tip attached to an elastic cantilever with normal spring

constant kN¼ 0.08 N/m, and torsional spring constant

kT¼ 53 N/m (Nanosensors PPP-CONT). The cantilever tor-

sion is related to the (lateral) friction force experienced by

the tip by standard formulas of continuum mechanics.19 The

thermal noise power spectrum of the torsional vibrations of

the cantilever in contact with the NaCl(001) surface is shown

in Fig. 1. The resonance frequency of the system is found at

ft0¼ 180.3 kHz. Note that another resonance peak

fn1¼ 171.5 kHz is observed, corresponding to the second

flexural mode of the cantilever in contact. The relative sharp-

ness of the resonance curves (widths at half-maximum of

about 2 kHz) allows us to exclude any overlap between the

two resonance modes. To get the optimum friction reduction,

a phase-locked loop (PLL) was used to track the torsional

resonance peak and excite the cantilever at the frequency

ft0¼ 180.3 6 0.5 kHz (gray bar in Fig. 1) while scanning the

sample surface. This induced lateral vibrations of the probing

tip.

Fig. 2 shows two friction loops acquired while shaking

the cantilever at the frequency ft0 and without doing that.

Note that the lateral force is significantly smoothed out due

to sampling. In absence of vibrations, a typical sawtooth pat-

tern is observed. The tip is pinned to a certain site on the sur-

face lattice till the angle of torsion of the cantilever reaches a

critical value, and the tip suddenly slips into a nearby loca-

tion. When the lateral vibrations are excited, the sawtooth

pattern is shrunk, i.e., the trace and retrace curves become

closer till they completely overlap if the excitation amplitude
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is high enough (dark blue curves in Fig. 2). In this case, the

friction force Ffric, that is, the lateral force averaged over one

or multiple oscillation cycles, becomes negligible. Note that

the smoothing applied to Ffric is much shorter than the wash-

board frequency. The inset in Fig. 2 shows also that the com-

plete slip of the tip towards a new equilibrium position is

accompanied by a series of back-and-forth jumps induced by

the thermal vibrations occurring at the finite temperature

(T¼ 300 K) of the experiment. The excitation amplitude de-

pendence of the friction force, averaged over the stick-slip

movement across the crystal lattice (i.e., of the area enclosed

by the friction loops, divided by the distance travelled by the

clamped end of the cantilever support), is shown in Fig. 3.

This force is denoted hFfrici, to distinguish it from Ffric,

which is only averaged over a few oscillation cycles. The

force hFfrici decreases gradually, as observed when normal

oscillations are applied.5

To interpret our results, we have run analytical and

numeric calculations based on the PT model. Here, a point

mass representing the apex of the probing tip is pulled across

a periodic potential of amplitude U0, simulating the interac-

tion with the surface lattice, using a spring of stiffness k. The

clamped end of the spring moves with the time t as

RðtÞ ¼ vstþ Asinð2pftÞ, where A and f are the amplitude and

frequency of the lateral vibrations, and vs is the scan velocity.

A random noise force nðtÞ, which is related to the temperature

T by the fluctuation-dissipation relation, is also added to the

forces acting on the tip, in order to reproduce thermal effects.

A lateral force loop resulting from model values consistent

with the experimental parameters is shown in Fig. 4. Note that

the value of the effective mass was fixed to 7.7� 10�16 kg,

corresponding to a resonance frequency of 5.6 MHz and the

simulations were performed at the critical damping. The aver-

age friction signal is indeed reduced when the lateral vibra-

tions are included and the trace and retrace signals tend to

overlap, as in the AFM experiments. Back-and-forth jumps

are also present, as seen in the inset of Fig. 4.

The variation of the average friction force with the driv-

ing amplitude is plotted in Fig. 5, at both zero and room tem-

perature. We observe that the simulated points obtained at

T¼ 0 K are well-fitted by the expression

hFfriciðAÞ ’
ka
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FIG. 1. Thermal noise power spectrum of the normal (blue curve) and tor-

sional vibrations (red curve) of the AFM sensor used in the experiment in

contact with a NaCl(001) surface in UHV.

FIG. 2. Atomic-scale friction force loops measured on NaCl(001) in UHV at

room temperature with (dark blue) and without (light blue) lateral vibrations.

Rs¼ vst is the cantilever position averaged over the vibrations. The driving

amplitude of the ac voltage is Uexc¼ 100 mV and the frequency f¼ 180.3

kHz corresponds to the torsional resonance in Fig. 1. Each data point is

averaged over 180 oscillations cycles (over 36 cycles in the inset, where

only the forward signal is shown). The normal force and velocity values are

FN¼ 4.9 nN and vs¼ 10 nm/s in both cases.

FIG. 3. Measured average friction force as a function of the amplitude of the

ac voltage inducing the lateral oscillations.

FIG. 4. Simulated friction force loops with (dark blue) and without (light

blue) superimposed lateral oscillations. Parameter values: a¼ 0.564 nm,

U0¼ 0.38 eV, k¼ 0.95 N/m, A¼ 0.6a, f¼ 180.3 kHz, vs¼ 10 nm/s, and

T¼ 300 K. The inset shows the back-and-forth jumps accompanying the

transition from a lattice site to the next one. As in Fig. 2, the lateral force is

averaged over 180 (36 in the inset) oscillation cycles.
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where g ¼ 4p2U0=ðka2Þ. Equation (1) is obtained by power

series expansion, as detailed in Ref. 20. As shown in Fig. 5,

it predicts an almost linear decrease of friction with the oscil-

lation amplitude in the range of parameters that we consid-

ered. This conclusion is partially modified by the presence of

thermal vibrations. Including the thermal noise term nðtÞ in

the equations of motion, the hFfrici vs. A curve is lowered

and slightly bent, as shown by the filled circles in Fig. 5.

This is not surprising, since thermal vibrations are also quite

effective in reducing friction on the nanoscale.13,16 A com-

parison of Figs. 3 and 5 shows that an excitation of 50 mV

applied to the piezo actuator leads to lateral oscillations of

approximately half lattice constant of the cantilever support,

suggesting a simple method for a rough calibration of the

driving amplitude.

Our analysis would not be complete without considering

the instantaneous variations of the lateral force

FinstðtÞ ¼ k½RðtÞ � xðtÞ�, where R(t) and x(t) are the support

and tip position, respectively. As seen in Fig. 6, this force is

rapidly oscillating and we notice that its peak values do not

vary significantly with the excitation amplitude although the

average lateral force value hFfrici decreases. In the simula-

tions at room temperature, we even observe an increase of

the peak force when the average force hFfrici becomes negli-

gible around A ’ 0:5a (see inset of Fig. 5). Even more pro-

nounced is the variation of the energy dissipation Ediss,

which is calculated as the power Finst � dR=dt, integrated

over a lattice period. The energy loss Ediss is found to

increase with the amplitude A, as shown in Fig. 6(b). When

the ultralow average friction regime is entered (when A ’ a
at T¼ 0 K or A ’ 0:5a at T¼ 300 K), the increase of Ediss

becomes steeper.

In summary, we have performed atomic-scale friction

measurements on a NaCl(001) surface in which lateral vibra-

tions of the nanoprobe are excited while sliding on the sam-

ple surface. As a result, a continuous decrease of the average

friction force with the driving amplitude is observed. The ex-

perimental results are supported by numeric calculations

based on the Prandtl-Tomlinson model including thermal

vibrations. As a drawback, our simulations also predict that,

oppositely to the average friction force, the energy dissipa-

tion in the system may become significant when the probe is

vibrated, which may seriously limit the application of our

results to reduce friction and wear in nanodevices. A thor-

ough analysis of the lateral force signal using high band-

width, as done by Maier et al. in absence of external

excitations,21 may help to shed light on this important issue.

Applications to specific configurations such as cantilevers

oscillating in the pendulum geometry in close proximity to a

solid surface22,23 are also possible.
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