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Abstract: The transition from atomic stick-slip to continuous sliding has been observed in a number of ways. If 

extended contacts are moved in different directions, so-called structural lubricity is observed when the two 

surface lattices are non-matching. Alternatively, a “superlubric” state of motion can be achieved if the normal 

force is reduced below a certain threshold, the temperature is increased, or the contact is actuated mechanically. 

These processes have been partially demonstrated using atomic force microscopy, and they can be theoretically 

understood by proper modifications of the Prandtl−Tomlinson model. 
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1  Introduction 

Controlling light sources or home appliances by 

electrical switches is everyday’s experience. However, 

we are not used to control friction in an analogous 

way. Recent friction experiments on the nanometer 

scale have shown that the transition from a high 

friction state to a low friction state is possible by 

changing some easily accessible parameters, such as 

the reciprocal orientation of contacts or the application 

of electrostatic forces. Therefore, we might have the 

possibility to switch friction on and off in the near 

future, at least on the nanometer scale.  

2 Structural superlubricity 

If two crystal surfaces are non-matching, a reduction 

of friction is expected when the surfaces slide past 

each other. In the one-dimensional case, the Frenkel− 

Kontorova (FK) model [1] predicts that an infinite 

molecular chain, incommensurable with the substrate, 

would experience zero friction. The same is expected 

for the two-dimensional contact between two non- 

matching surface lattices. A robust confirmation of 

these predictions came from the experiments per-

formed in the groups of Israelachvili and Hirano using 

the surface force apparatus [2, 3], i.e., an instrument 

in which the forces between two curved molecularly 

smooth mica surfaces pressed into contact can be 

accurately measured by optical interferometry. 

Hirano et al. also observed what they called 

`superlubricity’ in scanning tunneling microscope 

(STM) measurements with a monocrystalline tungsten 

tip sliding on a Si(001) surface. However, questionable 

analogies to superconductivity and superfluidity 

may arise, and the term `structural lubricity’, int-

roduced by Müser [4] is also used to define the 

experimental situation in which a state of ultralow 

friction is achieved when the contacting surfaces are 

incommensurate. The most convincing demonstration 

of this effect so far came probably from the mea-

surements by Dienwiebel et al. [5], who moved a 

small graphite flake with different orientations with 

respect to a graphite surface using a dedicated atomic 

force microscopy (AFM) setup. As shown in Fig. 1,  

an increase of friction is observed when the main cry-

stallographic directions of flake and substrate coincide  
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Fig. 1 Friction of graphite flake vs. orientation relative to the 
graphite surface. For 0 and 60° an increase is observed. Inbetween 
friction is reduced because of the incommensurability of the 
contacts [5]. 

(at 0 or 60°), whereas the friction is reduced for 

intermediate angles. This corresponds well to the 

expectation that a commensurate contact with inter-

locking atoms gives maximum friction, whereas an 

incommensurate character of the contact leads to a 

reduction of friction. Note that the width of the friction 

peaks, , is theoretically related to the diameter of the 

flake, D, by the formula tan = a/D, where a is the unit 

cell length [6]. A comparison with the measurements 

by Dienwiebel et al. suggests that the graphite flake 

had a diameter of few nanometers. 

More recent investigations have focused on the 

stability of incommensurate sliding contacts [7]. The 

mechanical torque appearing in such case was found 

to result in sudden rotations, which limits the lifetime 

of the superlubric state. Numeric simulations also 

suggested that the superlubric state is preserved in 

large flakes sliding at low temperatures and high 

velocities (some m/s) [8]. An experimental realization 

is shown in Fig. 2(a), which shows how the flakes of 

graphite are displaced by the action of a probing tip 

as suggested by electron microscopy observations 

[7−9]. When the tip releases the upper layers of the 

flake, these layers self-retract to the original position, 

also called self-retracting motion (SRM). With the help 

of an optical setup, the motion of the microflake  

was time-resolved. The observed maximum speeds of 

25 m/s are already close to the theoretical maximum 

speed, vmax, reached under the assumption of negligible  

 
Fig. 2 (a) Displacement and self-retracting motion of a graphite 
microflake. The motion has been observed by an electron 
microscope or other optical setups. (b) Schematic diagram of the 
telescopic extension of a multiwalled carbon nanotube.  

friction and constant acceleration across the distance 

x compared to the full width L,  




max
2

x
v

L m
, 

where  is the surface energy gained by self-retraction 

and m is the mass of the microflake. Therefore, 

superlubricity seems to be retained up to these high 

speeds. However, SRM also shows cases of sliding at 

a constant velocity, which depends on temperature and 

is most probably related to some defects. A logarithmic 

increase of the saturation velocity with temperature 

indicates thermal activation effects with activation 

energies of the order of 0.1 to 0.7 eV, possibly related 

to defects at the boundary of the flakes. 

Other experimental observations of structural super-

lubricity have been also reported on MoS2 [10] and 

Ti3SiC2 [11]. Indications of superlubricity were also 

observed in the telescopic extension and retraction of 

multiwalled carbon nanotubes, which showed no signs 

of wear after many repetitions [12, 13]. These telescopic 

extensions and retractions can also be applied for high 

frequency mechanical oscillators [14, 15]. 

Very recently, a remarkable observation of structural 

lubricity has been reported by Kawai et al., who 

pulled up polymer chains from a gold surface using 

AFM in a dynamic mode [16]. Kawai’s experiment 

was performed in ultra-high vacuum at very low 

temperature (4K). Under those conditions, it was 
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possible to measure the force gradients accompanying 

the detachment of individual polymer chains with 

extremely high accuracy (Fig. 3). The primary obser-

vation is the modulation of the force during detachment 

of fluorene groups, which could be precisely related 

to the adhesion energy of these submolecular groups 

by a theoretical analysis based on an extended FK 

model and realistic interaction potentials. A small 

modulation of the force gradient due to the sliding 

on the gold surface was also observed, which demon-

strates that the sliding of the polymer chain is in the  

 

Fig. 3 (a) Sketch (side view) of a polymer chain consisting of 
fluorene initially lying on a Au(111) surface and pulled up by an 
AFM tip. (b) The force gradient variations show periodic variations 
due to the detachment of the fluorene units. (c) The zoom on the 
lower right shows a small variation due to the sliding of the 
molecular chain on the substrate, which demonstrates practically 
frictionless motion because of the incommensurability of the 
substrate periodicity and the molecular spacing. The measurements 
also demonstrated that the intramolecular stiffness is relatively large 
(around 200 N/m) which makes elastic deformation to accommodate 
the molecule on the substrate unfavourable [16]. 

superlubric state due to the incommensurability bet-

ween the atomic spacing of the gold substrate and the 

equilibrium distance between consecutive fluorene 

units. 

3  Static and dynamic superlubricity 

The most direct way to achieve superlubricity when a 

sharp nanotip is sliding on an atomically flat surface 

is reducing the normal force. According to the Prandtl− 

Tomlinson (PT) model the transition from atomic stick 

slip to smooth sliding occurs when a characteristic para-

meter  reaches the critical value c = 1. The parameter 

 is defined by the ratio of the amplitude of the 

periodic surface potential U0 and the strain energy 

stored in the elastic support driving the nanotip [17]: 

 
2

0

2

4π U

ka
, 

where k is an effective (lateral) stiffness of the system. 

Typical values in force microscopy experiments are  

k = 1 N/m and a = 0.5 nm, which would mean that for 

E0 < 0.08 eV superlubricity is expected. Socoliuc et al. 

have observed this transition experimentally for an 

AFM tip sliding on a NaCl(001) surface in ultra-high 

vacuum (Fig. 4). When the normal force is below 1 nN 

the corresponding values of  cross the critical value 

and smooth sliding is observed. For larger forces a 

typical atomic-scale stick-slip is observed. In this  

case the probing tip periodically ends up in elastic 

instabilities, and suddenly slips, every time the lateral 

force gradient equals the spring constant k. From a 

technical point of view, it is interesting to observe that 

the values of k are in the order of N/m, which clearly 

shows that the effective stiffness is essentially deter-

mined by the contact region and not by the elastic 

support of the tip (i. e., a microfabricated cantilever, 

the lateral spring constant of which is typically two 

orders of magnitude larger than the measured values 

of k). It is also interesting to compare the dependence 

of the average lateral force <F> with the parameter , 

as expected from the PT model (Fig. 5(a)), with the 

measurements on NaCl (Fig. 5(b)). The values of  can 

be indeed estimated from the friction loops, as detailed 

in Ref. [17], and in the experiment by Socoliuc et al., 

 turned out to be proportional to the normal force.  
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An alternative way to enter the regime of smooth 

sliding is to apply force modulations. In this case, the 

amplitude of the tip-surface interaction potential is 

modulated in time as  
0
(1 sin( ))U t . Either mech-

anical or electrostatic force modulation can be used. 

In the latter case, the electrostatic force modulation is 

simply done by a bias voltage modulation, as in Fig. 6. 

Socoliuc et al. have observed that the application of a 

few volts across the piezoelement shaking the probing 

tip is sufficient to enter the dynamic superlubricity 

regime [19]. However, the applied frequency  has to 

match the contact resonance frequency, which amplifies 

this effect strongly. It is found that the application of 

force modulations extends the regime of static lubricity 

and the analysis done in the “static” case can be 

retained introducing the parameter 







2

0
eff 2

4π (1 )U

ka
. 

In analogy to the static case, superlubricity is reached 

Fig. 4 (a)−(c) Measurements of the lateral force acting on the tip sliding forward and backward in (100) direction over a NaCl (001)
surface. The externally applied load was (a) FN = 4.7 nN, (b) FN = 3.3 nN, and (c) FN = 0.47 nN. (d)−(f) Corresponding numerical results 
from the PT model for (d)  = 5, (e)  = 3, and (f )  = 1. The stiffness was chosen as k = 1 N/m and the lattice constant as a = 0.5 nm. 
Note that for values of  ≤ 1 the hysteresis loop enclosed between the forward and the backward scan vanishes, i.e., there is no more 
dissipation within this model [17]. 

 

Fig. 5 (a) Analytical estimation of the mean lateral force <F> as a function of the parameter  in the one-dimensional PT model. The dashed 
curves correspond to the quadratic dependence and the linear dependence expected when   1 and    respectively [18]. (b) Experimental
dependence of <F>() as observed in the AFM measurements on NaCl (001) presented in Fig. 4. Each data point corresponds to an average
over a two-dimensional scan of 33 nm2 [17]. 
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when 
eff

 is equal or smaller than 1. The stronger is 

the modulation the higher is the energy barrier which 

can be overcome. In this case, a map of the lateral force 

averaged over the oscillation cycles and acquired on 

a sample region precisely reproduces the tip-surface 

interaction potential in the same area, as seen in other 

AFM experiments on ionic crystals and graphite [20].  

However, one has to take into account that the 

force modulation not only reduces the normal force 

but also increases the normal force during part of  

the cycle where the sinus function changes sign. This 

increase of normal force can become problematic 

leading to wear of the contact. Therefore, the range of 

-values has to be chosen carefully. For appropriate 

values the reduction of friction can also be accom-

panied by a reduction of wear, as has been observed 

by Lantz et al. [21]. In this case, a sharp silicon tip 

was dragged over large distances of several hundreds 

of meters on a polymer surface. If a static normal 

force was applied, the probing tip became blunter, as 

confirmed by SEM images, and the resolution was 

deteriorating. If a force modulation was applied at 

one of the contact resonances, the tip wear was found 

to be negligible across those large distances. 

A significant reduction of the average lateral force 

is also observed if a nanotip is shaken laterally instead 

of normally [22]. In this case, an accurate analytical 

relation between the shaking amplitude and the 

parameters of the PT model can be derived [23]. 

4 Thermolubricity 

Thermal vibrations lead also to a reduction of friction 

on the nanoscale. This has been clearly demonstrated 

by a series of atomic stick-slip measurements on 

graphite performed by Jansen et al. using AFM [25]. 

In Fig. 7 we show the effect of thermal vibrations 

on stick-slip as expected from numeric simulations. 

According to the PT model, if the parameter    1 

the maximum lateral force (which can be identified 

with the “static” friction in this case) at 0 K is given 

by Ref. [18]: 

 0
s

2πU
F

a
 

and the average lateral force is 


 

  
 

0
2π π

1
U

F
a

             (1) 

 

Fig. 6 The application of a force modulation at one of the contact resonance frequencies leads to a reduction of the average friction
force <F>. The dynamic lubricity can help to extend the static lubricity to larger normal forces and to switch atomic friction on and off
rapidly [24]. 
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Fig. 7 Thermal excitation leads to reduction of friction. At 300 K 
(blue curves) the frictional forces are reduced to 75% compared 
to the values at 0 K. Their average values are 0.716 nN at 0 K (red 
curves), 0.586 nN at 100 K (green curves) and 0.429 nN at 300 K. 

In Fig. 7 we have chosen the parameter values U0 = 

0.3 eV and a = 0.3 nm, which result in Fmax = 1 nN 

(and  = 14). Introducing the Ermak-algorithm [26] to 

reproduce the effect of thermal vibrations, we observe 

a reduction of the frictional forces. The average force 

at 0 K is <F> = 0.716 nN, in agreement with Eq. (1), 

whereas at 100 K <F> = 0.586 nN and at 300 K <F> = 

0.429 nN. Therefore, a reduction of friction of 75% is 

observed at 300 K compared to 0 K. 

Explicit formulas to calculate the temperature and 

velocity dependence of the friction force can be derived 

[27, 28]. The most probable value of the peak force can  

be written as (for a derivation see Ref. [29]): 

   
           

2/3

B
s s

00

( , ) 1 ln
2 2

k T v
F v T F

vU
, 

where 

 0 B
0

π 2

2

f k T
v

ka
               (2) 

T is the temperature and kB = 1.38  10–23 m2kgs–2K–1 is 

the Boltzmann’s constant. The parameter f0 in Eq. (2) is 

the “attempt rate” of the thermally activated jumps. 

According to the Kramers’ theory for thermally 

activated processes [30], if  is the damping coefficient 

of the tip oscillations, the attempt rate is approximately 

given by   2

0 0
/ (2π )f , where  

0
/k m  and m is 

the effective mass of the sliding system (in the order 

of the cantilever mass). 

The curves in Fig. 7 were determined assuming 

that k = 1.5 N/m, m = 10 –12 kg and  = 7.35  106 s–1, i.e., 

slightly above the resonance (angular) frequency .  

Accordingly, we expect an attempt rate f = 0.456 MHz, 

an average peak force of 0.57 nN, and an average 

force of 0.45 nN at v = 1 nm/s and T = 300 K, which is 

in good agreement with the results in the figure. 

If the temperature is further increased or if the 

velocity is decreased, one enters the regime of ther-

molubricity, which was first described by Krylov et al. 

[31]. In this case, stick slip disappears and continuous 

sliding with minimum friction losses is observed. In 

this regime, friction becomes proportional to velocity, 

as it is the case for Brownian motion: 


 

   
 

0 0
s

0 B B

2 2
( , ) ( ) exp

2π

U Uk
F T v T v v

f k T k T
. 

Krylov and Frenken [32] also argued that the oscilla-

tions in the contact zone should be treated separately 

introducing an additional spring with very high 

resonance frequency. This would lead to corrections of 

the friction force at low values of the parameter . On 

the experimental side, the linear velocity regime has 

not yet been explored so far. However, thermolubricity 

most probably has an effect on the transition from stick 

slip, where the superlubricity regime might be enlarged. 
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