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The surface of a crystal made of roughly spherical molecules exposes, above its bulk rotational phase transition at T= Tr, a carpet

of freely rotating molecules, possibly functioning as “nanobearings” in sliding friction. We explored by extensive molecular

dynamics simulations the frictional and adhesion changes experienced by a sliding C60 flake on the surface of the prototype

system C60 fullerite. At fixed flake orientation both quantities exhibit only a modest frictional drop of order 20% across the

transition. However, adhesion and friction drop by a factor of ∼ 2 as the flake breaks its perfect angular alignment with the C60

surface lattice suggesting an entropy-driven aligned-misaligned switch during pull-off at Tr. The results can be of relevance for

sliding Kr islands, where very little frictional differences were observed at Tr, but also to the sliding of C60 -coated tip, where a

remarkable factor ∼ 2 drop has been reported.

Exploring novel routes to achieve friction control by exter-

nal physical means is a fundamental goal currently pursued
1 in nanoscience and nanotechnology. The traditional lubri-

cation control of frictional forces in macroscopic mechanical

contacts is impractical at the nanoscale, where contacting

surfaces are likelier to succumb to capillary forces. Novel

methods for control and manipulation of friction in nano and

intermediate mesoscale systems are thus constantly being

explored. As an example, mechanically induced oscillations

were recently shown to reduce friction and wear, an effect

that has been experimentally demonstrated2,3. Mismatch of

relative commensurability of mutually sliding lattices may

prevent interlocking and stick-slip motion of the interface

atoms, with a consequent friction drop (superlubricity)4.

The application of external fields (electric, magnetic, etc.)

to the sliding contact was also exploited to tune effectively

the frictional response in different kind of tribological

systems5–8. Another, subtler route worth exploring is the

possible change of adhesion and friction experienced by a

nanoslider when a collective property of the substrate, for

example some pre-existing ordering is altered under the

action of an external field, or of temperature. In a given state

of the substrate, its order parameter magnitude, polarization,
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critical fluctuations, etc., determines in a unique manner the

friction, affecting both the efficiency of the slider-substrate

mechanical coupling, and the rate of generation and transport

of the frictional Joule heat away from the sliding contact.

A toy-model study9 showed that the variation of stick-slip

friction, caused by a structural order parameter switching

between order and disorder, can indeed be large and observ-

able. Hard to predict on general terms, the frictional variation

occurring in a real case will depend on the system, the

mechanism, the material. In this work we study the friction

experienced by a nanosized island or tip-attached flake sliding

over the surface of a molecular crystal made up of nearly

spherical, weakly interacting molecules, as sketched in figure

1 (a). We focus on the frictional effects of the rotational

phase transition between the low temperature crystalline

state, positionally and rotationally ordered, and the so-called

plastic phase at higher temperature, where molecules are still

arranged in a lattice, but are rotationally disordered. Fullerite,

the insulating crystal made up of highly symmetrical C60

molecules, is the natural candidate to explore this possibility.

At low temperatures, the molecular centers are fcc packed

and rotationally oriented with four distinguishable molecules

per cell, their axes 109◦ degrees apart (structure Pa3̄). The

rotational order weakens upon heating, until at T=Tr ∼ 260

K C60 undergoes a first order plastic phase transition, with a

latent heat H ∼ 1.2 Kcal mole−1 corresponding to an entropy

jump ∆S ∼ 2.2 kB per molecule, mainly of rotational origin.

In the plastic fcc crystal structure Fm3̄m the molecules rotate

and are indistinguishable11,12. The bulk transition reflects

directly at the C60(111) surface, where C60 does not evaporate

and rotational disordering is neatly observed with different
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about a factor 2–3 smaller than those of the aligned flake,

owing to the much worse flake-surface interlocking caused

by misalignment (compare red and blue curves). We are

thus led to suspect a switch from aligned (commensurate)

to misaligned (incommensurate) taking place in the AFM

experiments at the plastic transition temperature Tr of the

C60 substrate, a hypothesis that could explain the different

outcome of the Kr sliding and of the AFM tip experiment.

Not nearly enough is known about the tip and the details of its

C60 coating to explain how this could happen. However we

have found that we can use our simulation forces to build a

free energy scenario that is quite suggestive.

We start by noting that adhesion and friction behave ex-

tremely similarly and literally go hand in hand, even dropping

by a very similar factor at the transition, both in our simula-

tions and in the AFM experiments. Thus we can concentrate

on adhesion, which is an equilibrium property and as such

simpler to extract. For fixed angular alignment, namely, θ

=0 or θ = 15 ◦, we obtain the flake-surface free energy in full

thermal equilibrium as a function of distance by integrating

the vertical (negative) pulling force f (z) (shown on figure 4)

F(z) =
∫ z

∞

f (z′)dz′ (1)

If z0 = z0(θ ,T ) is the equilibrium, force free vertical coordi-

nate of the flake-surface contact, where f (z0) = 0, the adhesion

free energy is just W = −F(z0). The calculated free energies

are plotted in figure 4 for aligned and misaligned flakes for the

two limiting cases of T = 0 and T = 300 K.

As expected, adhesion is stronger for the commensurate

flake, both below and above Tr. The flake-surface equilibrium

contact distance is larger by about 0.75–1 Å in the misaligned

case, due to ill fitting of the flake into the C60 surface lattice.

Owing to that, the misaligned free energies actually fall below

the aligned free energy beyond some distance, suggesting a

possible switching mechanism from aligned to misaligned

during detachment. The same switch can then occur during

stick-slip sliding, since as suggested by simulation the slip-

related relief of strain accumulated during sticking pushes the

flake outwards, similar to detachment. The close parallelism

of pull-off and frictional forces is experimentally solid.

At low temperatures the fixed angle aligned-misaligned

energies permit no switch until a very large detachment

distance, consistent with adhesion, pull-off and friction forces

that are large, in turn agreeing with experiment21,22. At

higher temperature above Tr, the situation may change and

the aligned-misaligned switching can take place at much

closer distances, possibly already close to contact, because

of entropic reasons. That conclusion is not immediately

suggested by the fixed-angle misaligned free energy results

of figure 4, where θ =0 and θ = 15◦ only cross at large

flake-surface separation. However, θ =0 is an isolated low

energy state of the flake and its free energy is well described

by fixed- θ simulations, but the same is not true for the

fixed-angle misaligned state θ = 15◦. In fact, the θ 6= 0

states are a full continuum of states of very similar energy

spanning all angles from zero to 2π , and of all (x,y) positions

as permitted by the “superlubric” nature of a misaligned flake,

a situation conceptually similar to that of a graphene flake

on graphite25,26 but with molecular rotations added on top.

The free molecular rotations add a larger amount of entropy

to the misaligned states because they further multiply the

number of configurations made accessible by the facile flake

rotations and translations. The continuum of non-aligned

states may thus become entropically favored causing the

aligned-misaligned switch precisely at the rotational phase

transition point. Although this entropy driven switch should

in principle be amenable to direct verification in our model,

extreme computational weight makes it prohibitive to carry

out the simulation effort necessary to calculate the extra

entropy and consequent free energy gain of the manifold

of misaligned and superlubric states. Thus we cannot yet

prove that they will indeed prevail above Tr relative to the

energetically preferred aligned and pinned state below Tr.

Despite this hurdle, this scenario is rendered highly probable

by our fixed-angle partial results already, suggesting as in

figure 3 that the occurrence of the switch at Tr neatly and

even quantitatively explains the jump of adhesion and friction

observed by AFM. As further indicated by the red dotted

line speculatively added in figure 4 the freedom associated

with flake rotations and translations will give rise, above

Tr, to a large extra negative entropic contribution to all

configurations except the aligned flake at close contact, which

is then effectively raised favoring a much earlier switching to

a misaligned, low adhesion, low friction state above Tr. We

reiterate here that the same difference between low and high

temperatures does not apply to the case of inertially sliding

Kr on C60, where Kr islands are of mesoscopically large size

and have very small grip on the C60 surface, and where the

data of Coffey and Krim indeed indicate free incommensurate

sliding for either rotating or frozen C60 with a small slip time

difference well compatible with our 10–20% result.

In conclusion, theory supports and explains the negative re-

sult of Coffey and Krim in their search for rolling lubricity

over rotationally disordered C60. It also leads to seriously con-

sider the physically interesting possibility that entropy could

be at the origin of the observed AFM frictional and adhe-

sion downwards jump observed over the C60 surface where

a switch is suggested from an angularly arrested, pinned and

aligned state of the contact flake below Tr, to a freely rotating

and translating manifold of misaligned states permitted by the
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with the same symmetry of the C60 molecule. For every atom,

the angles θ and φ are defined with respect to a molecular

reference frame with z-axis lying on a 5-fold symmetry

axis and y-axis lying on a 2-fold symmetry axis. The order

parameter is normalized dividing it by its zero temperature

value S6,1(θ ,φ)(T )/S6,1(θ ,φ)(0).
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