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APPLIED PHYSICS REVIEWS—FOCUSED REVIEW

Emerging superlubricity: A review of the state of the art and perspectives
on future research

Mehmet Z. Baykara,a) Mohammad R. Vazirisereshk, and Ashlie Martini
Department of Mechanical Engineering, University of California Merced, Merced, California 95343, USA

(Received 8 August 2018; accepted 28 August 2018; published online 5 October 2018)

We present a review of superlubricity: the state of ultra-low friction between surfaces in relative

motion. Various approaches to achieving this state are considered in a broad sense, including structural

superlubricity, superlubricity via normal force control, and contact actuation, as well as thermolubric-

ity, liquid superlubricity, and quantum lubricity. An overview of the physical fundamentals associated

with each approach is presented, with particular emphasis on recent theoretical and experimental

developments that constitute milestones in our scientific understanding. The review also includes a dis-

cussion of perspectives on future research in the context of existing challenges. It is projected that

interest in superlubricity from the basic science and engineering communities will continue to acceler-

ate in the near future, accompanied by a transition from fundamental studies to technologically rele-

vant applications. VC 2018 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/
4.0/). https://doi.org/10.1063/1.5051445
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I. INTRODUCTION

Friction is undoubtedly one of the most common yet

intriguing physical phenomena encountered in our daily

lives. It would be impossible to play a stringed instrument or

write with a pencil without the presence of friction and

related effects. On the other hand, friction has a detrimental

impact on global demand for energy and consequently envi-

ronment and economy: About one fifth of the annual energy

consumption on earth is used to overcome friction in a vari-

ety of systems and processes, from automobiles to

manufacturing operations.1 As such, methods devised to mit-

igate and control friction can have important implications for

conservation of useful energy, increased lifetime of mechani-

cal devices, and decreased environmental impact.

Despite the fact that there has been significant effort

throughout history to reduce friction through improved

lubricants, engineered surfaces, and optimized mechanical

systems, the complex nature of the phenomenon has forced

most of this work to be of an empirical nature. This is pri-

marily due to the fact that friction is a complicated function

of interface structure and chemistry, as well as environmen-

tal factors including temperature and humidity. Therefore,

scientists have yet to develop a robust theoretical frame-

work that can predict the frictional behavior of arbitrary

sliding interfaces from first principles. Despite the difficul-

ties associated with the formation of such a theoretical

framework, in the past few decades, researchers have found

novel ways to significantly reduce friction under certain

conditions.

In the 1990s, Hirano2,3 (and Sokoloff4) opened up a new

avenue of thinking in friction research by carefully consider-

ing the details of the phenomenon on the atomic scale. In

particular, they theoretically predicted that there exists a

physical state where friction can nearly vanish if the sliding

interface consists of surfaces that are atomically flat, rigid,

structurally incommensurate (i.e., non-matching), molecu-

larly clean, and weakly interacting. The mechanism underly-

ing this state of ultra-low friction was that the lateral force

experienced by almost every atom at the sliding interface

would be systematically canceled out by the lateral force in

the opposite direction associated with another atom, thereby

resulting in negligible net friction force. This regime of

ultra-low friction was called superlubricity by Hirano.3

However, to avoid potentially confusing analogies with the
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underlying physical principles of phenomena such as super-

conductivity and superfluidity, M€user later proposed the

term structural lubricity (or structural superlubricity),

highlighting the fact that the state of ultra-low friction in the

case of incommensurate surfaces is mainly caused by a struc-

tural mismatch.5 As will be discussed in this review, there

are other mechanisms (i.e., other than structural) by which

ultra-low friction can be achieved between surfaces at vari-

ous length scales. As such, the term superlubricity is used

here to describe any state of ultra-low friction (where, by

widely accepted convention, the upper limit for the friction

coefficient is taken to be 0.016), whereas structural superlu-
bricity specifically refers to the scenario of structurally

incommensurate surfaces introduced above.

Immediately after the publication of Hirano’s theory,

there were several reports of experiments, suggesting super-

lubric sliding consistent with the theory of structural mis-

match.7–9 However, it took more than a decade to observe

the first clear, quantitative experimental evidence of struc-

tural superlubricity: In 2004, Dienwiebel et al. used a modi-

fied atomic force microscope (AFM) in dry nitrogen to

change the relative orientation of a graphite flake with

respect to a highly oriented pyrolytic graphite (HOPG) sub-

strate.10 They observed that friction force strongly depended

on the relative orientation angle of the flake and substrate,

with a significant increase in friction at certain angles (corre-

sponding to commensurate states) and vanishing values at all

other orientations (corresponding to incommensurate states).

A year later, Krylov et al. showed that temperature contrib-

uted to the superlubric behavior observed by Dienwiebel

et al.11 They proposed a new mechanism called thermolu-
bricity, wherein friction is expected to vanish at high temper-

atures, low sliding velocities, and/or low corrugations of the

interaction potential between the surfaces, based on the

emergence of a thermal diffusion regime.12 Taking a differ-

ent approach, Socoliuc et al. showed in a series of AFM

experiments that superlubricity can be achieved at the single

asperity contact formed by an AFM tip on atomically flat

substrates by (i) normal force control13 or (ii) mechanical/

electrostatic contact actuation.14

In general, there are two main challenges associated with

the technological implementation of approaches used to

achieve superlubricity at dry contacts: (i) the scaling-up of

these approaches to conventional engineering length scales

and (ii) the adaptation of related methods, which have been

mostly limited to ultrahigh vacuum (UHV) or dry nitrogen

atmosphere, to ambient conditions. However, these limitations

have now been overcome in certain scenarios. In 2012, by per-

forming experiments involving the detailed observation of

self-retraction of graphite flakes on HOPG substrates, Liu

et al. demonstrated that structurally superlubric sliding can

indeed be achieved at the micro-scale and under ambient con-

ditions, by implementing a novel approach to achieving flat,

molecularly clean micro-scale interfaces.15 Subsequently, a

nano-island manipulation study by Cihan et al. provided quan-

titative confirmation of structural superlubricity under ambient

conditions in an interface of dissimilar materials.16

Additionally, the combined use of carbon-based materials

such as diamond-like-carbon (DLC), nano-scale diamonds,

and graphene under dry nitrogen has led to the observation of

macroscale superlubricity, attributed by the authors to struc-

tural incommensurability effects.17 As these selected examples

illustrate, the possibility of using superlubricity to enable

transformative improvements for mechanical systems, ranging

from the potential prevention of wear over long periods of ser-

vice to significant reductions in energy consumption, is now

closer to reality than ever before.

The occurrence of superlubricity is not limited to solid

interfaces, and it has indeed been demonstrated that the utili-

zation of appropriate liquids (including ionic liquids)

between surfaces in relative motion could lead to ultra-low

friction sliding.18–20 In particular, liquid superlubricity has

been demonstrated in interfaces lubricated by low viscosity

fluids that can shear easily, while at the same time providing

sufficient load support. Also, recently, a new experimental

technique utilizing a laser-cooled, one-dimensional (1-D)

crystal of ions sliding over an optical lattice enabled the

measurement of friction at the individual atom scale.21 This

approach could, in principle, lead to the experimental obser-

vation of quantum lubricity: a new theoretical concept in

which quantum effects are expected to enable tunneling of

ions through potential energy barriers, leading to an ultra-

low friction regime.22

Considering the significant attention that the topic of

superlubricity has received from the fundamental science

and engineering communities,6,23–29 we aim with this review

article to cover developments in the field in a broad sense,

with discussion of topics ranging from the well-known idea

of structural superlubricity to more exotic proposals such as

quantum lubricity. In particular, the fundamentals and mile-

stone achievements associated with structural superlubricity

are highlighted in Sec. II, followed by Sec. III, which is dedi-

cated to superlubricity observed in AFM experiments via

normal force control and contact actuation. Thermolubricity

is described in Sec. IV, followed by a discussion of liquid

superlubricity in Sec. V. Section VI includes a brief over-

view of 1-D friction experiments with laser-cooled ions and

the possibility of quantum lubricity. Finally, Sec. VII con-

cludes the review with a discussion of the current physical

limits of the approaches used to achieve superlubricity,

potential ways to overcome them, and future breakthroughs

in applications that will be enabled once these limitations are

overcome.

II. STRUCTURAL SUPERLUBRICITY

Among the various methods proposed for achieving

ultra-low friction, structural superlubricity is considered to

be one of the most promising. The scientific excitement sur-

rounding structural superlubricity is, in part, due to the fact

that the underlying physical principle is rather straightfor-

ward: Sliding at an interface formed by atomically flat,

molecularly clean, weakly interacting, rigid surfaces with

different lattice structures and/or incommensurate orientation

should occur with vanishing friction. In other words, superlu-

bric sliding at such interfaces is a direct result of their inher-

ent geometry, which eliminates the need for exotic lubricants

and/or elaborate in-situ methods to achieve a state of ultra-
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low friction. While the mechanics underlying the expectation

of structural superlubricity at such well-defined interfaces

are explained in a number of detailed articles,2,3,5,30 the main

argument involves the fact that the lattice mismatch at struc-

turally incommensurate interfaces causes the lateral force

experienced by almost every atom in the interface to be

negated by a corresponding atom, leading to a nearly vanish-

ing net friction force. Conceptually, the effect of incommen-

surability involves the reduction of energy barriers against

sliding. Structural superlubricity is fundamentally character-

ized by friction that depends sub-linearly on the contact area

(for details on how the shape of the contact determines the

scaling of friction with contact area, please see the discus-

sion on nano-island manipulation below). The sub-linear

dependence of friction force on the contact area constitutes a

definitive sign of structural superlubricity and can be used

instead of the more general definition of superlubricity that

friction coefficients lower than 0.01.

The theoretical work by Hirano and Shinjo predicted the

occurrence of structural superlubricity as early as 1990,2 fol-

lowed by significant hints of the phenomenon being captured

in experiments performed using the surface force apparatus

(SFA) at interfaces formed by mica7,8 and molybdenum

disulfide (MoS2).9 However, the first clear, quantitative

experimental evidence of structural superlubricity came in

the mid-2000s when Dienwiebel et al. showed using a cus-

tom atomic force microscope31 operating under dry nitrogen

that the friction force between a graphite flake and an HOPG

substrate depended strongly on the relative, in-plane orienta-

tion of the flake relative to the substrate.10,32 In particular,

considerable friction was measured for relative orientations

of the surfaces at multiples of about 60�, while the friction

force measured at orientations even slightly different than

these specific angles essentially vanished (Fig. 1). The

results were explained within the framework of structural

superlubricity: The specific orientations separated by 60�

corresponded to commensurate structural configurations

between the two surfaces (based on the six-fold symmetric,

honeycomb structure of graphite), thus resulting in enhanced

corrugations in the potential energy landscape and, as such,

increased friction values. Other relative orientations resulted

in an atomic-scale structural mismatch between the two sur-

faces, thus leading to a dramatic reduction of the potential

energy corrugations and sliding with ultra-low friction. This

trend was reproduced using atomistic simulations and simple

1-D models, which proved that the concept of canceling out

of lateral forces on the atomic scale could explain the

observed behavior.33–37 It should be pointed out that later

studies determined that the structurally superlubric state in

the original set of experiments cannot be maintained over

extended periods of time due to a torque-induced rearrange-

ment of the interface to commensurate configurations.38

Additionally, the stability of structural superlubricity for this

particular material system has been theoretically studied as a

function of sliding speed, sliding direction, temperature, and

load.39 Subsequently, experimental work was performed to

investigate the robustness of structural superlubricity against

the sliding distance: Feng et al. used scanning tunneling

microscopy with high resolution at cryogenic temperatures

to observe individual graphene nano-flakes on a graphene

substrate transitioning between commensurate configurations

and determined that sliding in the incommensurate state

occurs across larger distances at lower temperatures.40

Finally, a reversible switch from superlubric sliding to a high

friction state was recorded for nanoscale graphene flakes

sliding on HOPG with increasing normal force and attributed

to out-of-plane deformation of the carbon atoms at the edge

of the flake.41

For several years following Dienwiebel et al.’s pioneer-

ing experiments detailed above, surprisingly little experi-

mental evidence of structural superlubricity was published.

The associated difficulties were two-fold: (i) the fact that the

observation of structural superlubricity requires an interface

formed by atomically flat surfaces, which severely limits the

available options for materials, and (ii) the requirement of

molecular cleanliness at the interface,37 which was, for a

long time, thought to limit experiments to ultra-high vacuum

(UHV) or at least dry nitrogen atmosphere. Experiments per-

formed by Liu et al. in 2012 demonstrated an interesting

approach to overcoming these two challenges.15 Specifically,

a micro-manipulator was used to laterally displace/shear

graphite flakes from lithographically fabricated, micrometer-

scale mesas on an HOPG substrate, whereby rapid lateral

retraction of the flake to its original position on the mesa was

observed [via scanning electron microscopy (SEM) under

high vacuum and optical microscopy under ambient condi-

tions] upon releasing the micro-manipulator from the flake’s

surface (Fig. 2). As the lateral forces associated with this

self-retraction motion42 due to a tendency to minimize free

surface energy can be estimated with well-known parame-

ters,15 these forces set an upper limit for the friction encoun-

tered by the graphite flake as it slides back to its original

position. The results (in comparison to those obtained by

Dienwiebel et al.10,32) suggest that the friction forces are

well within the superlubric regime, evidenced by measured

FIG. 1. Friction force experienced by a graphite flake on an HOPG substrate,

as a function of the relative orientation designated by rotation angles around

the axis normal to the substrate surface. Friction peaks around 0� and 60�

correspond to commensurate configurations, while ultra-low friction values

at other rotation angles correspond to structurally incommensurate orienta-

tions of the flake relative to the substrate, providing an elegant demonstra-

tion of the idea of structural superlubricity. Reprinted with permission from

Dienwiebel et al., Phys. Rev. Lett. 92, 126101 (2004). Copyright 2004

American Physical Society.
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shear stresses (0.02 to 0.04 MPa), which are about three

orders of magnitude lower than the shear strength measured

between commensurate basal planes of HOPG (0.1 GPa).

Moreover, it is observed that the self-retraction motion is

strongly suppressed (i.e., the flakes get stuck) when the

sheared graphite flake is rotated against the mesa by specific

angles at multiples of 60�, suggesting the structural nature of

the observed superlubricity, in accordance with the six-fold

symmetry of HOPG. A multi-scale model of this system that

integrated density functional theory (DFT) calculations of

the energetics driving flake retraction and molecular-

dynamics simulations capturing the dynamic response of lat-

erally offset surfaces demonstrated that nanoscale roughness

can affect self-retraction motion.43 Further studies on this

peculiar experimental system with a high speed optical setup

measured sliding speeds up to 25 m/s during self-retraction,

demonstrating the robustness of superlubricity at high

speeds.44 In the same work, a certain degree of temperature

dependence was identified in the observed superlubric slid-

ing. The fact that structural superlubricity is preserved under

ambient conditions has been attributed to a nano-eraser
effect, whereby the edge of the retracting flake experiences

out-of-plane deformation towards the underlying mesa dur-

ing sliding, thus pushing contaminant molecules out of the

way and preserving a molecularly clean interface.27,45

Studies performed by Koren et al. on a similar material sys-

tem were able to quantify friction forces between graphite

flakes and mesas and confirmed their structurally superlubric

nature.46 Further experiments revealed that superlubricity

can be observed for graphite flake junctions assembled

under ambient conditions.47 Moreover, in contrast to

results obtained on nanoscale graphene flakes sliding on

HOPG, the structural superlubricity of micrometer-scale

graphite flakes does not appear to breakdown with an

increase in normal force, up to pressures of about

1.70 MPa.48 Although these experiments were performed

on HOPG, model-based studies showed that self-retraction

behavior can be expected for other 2D materials [including

MoS2 and hexagonal boron nitride (h-BN)49], followed by

experiments quantitatively confirming superlubric behav-

ior at homogenous junctions formed by MoS2 sheets under

high vacuum.50 Additionally, following theoretical predic-

tions,51 heterogeneous junctions of graphite and h-BN

have been very recently found to exhibit micro-scale

superlubricity, under ambient conditions and at sustained

normal loads up to 100 lm.52 Overall, these studies demon-

strated that a superlubric state attributable to structural

effects can be observed under ambient conditions and at

the micrometer scale (as opposed to the typically investi-

gated nanometer scale). Furthermore, investigations per-

formed on double-walled carbon nanotubes verified that

structural superlubricity can be observed even at the mac-

roscopic scale.53 In particular, friction forces recorded dur-

ing the telescopic extension of the inner tube of a double-

walled carbon nanotube were found to be only in the range

of a few nN (under ambient conditions and over pull-out

lengths as long as a centimeter), which the authors attrib-

uted to the defect-free structure of the nanotubes and the

geometric mismatch between the atomic structures of the

inner and the outer tubes.

Noncontact atomic force microscopy (NC-AFM) ena-

bles the study of structural superlubricity with very high spa-

tial resolution due to the atomic-scale imaging and force

spectroscopy capabilities that it provides, combined with the

fact that it can be used to laterally manipulate individual

atoms and molecules on surfaces. As such, building on the

methods established for molecular manipulation and related

force measurements via NC-AFM,54,55 Kawai et al. success-

fully measured structurally superlubric sliding of graphene

nanoribbons on the crystalline Au (111) surface under UHV

conditions and at cryogenic temperatures.56 In particular,

they showed (i) that the static friction force required to initi-

ate sliding of graphene nanoribbons on Au (111) is below

100 pN for nanoribbons up to 22 nm in length (even lower

than the static friction observed for, e.g., single atoms of Co

on Cu (111)54) and (ii) that the static friction force per unit

length drops with increasing nanoribbon length, essentially

confirming that structurally superlubric sliding takes place.

To study further the atomic-scale dynamics of graphene

nanoribbons sliding on Au (111), the authors attached the tip

of their AFM probe to the end of individual nanoribbons and

then dragged them laterally on the Au (111) surface at fixed

tip-sample distances [Figs. 3(a) and 3(b)]. The resonance fre-

quency shifts experienced by the tuning fork in the NC-AFM

system as a function of the lateral sliding distance reveal a

stick-slip type motion of the nanoribbon as it slides on the

Au (111) surface. The measured frequency shift is periodi-

cally modulated in steps of 0.28 nm [(Fig. 3(c)], a character-

istic length arising from a particular configuration of the

nanoribbon with respect to the underlying metal substrate.

These experiments also indicate that local surface structure

can affect superlubric sliding; specifically, the herringbone

reconstruction of the Au (111) surface affects measured fre-

quency shifts. Simulations complementing the experiments

discussed here were performed in separate studies, sugges-

ting that the short, 1D edges of the nanoribbons and not the

2D bulk are the main contributors to the observed stick-slip

FIG. 2. (a) Schematic illustrations of a graphite mesa being sheared by the

tip of a micro-manipulator and the subsequent self-retraction motion when

the sheared flake is released. L is the side length of the mesa, while x is the

distance traveled by the sheared flake. These parameters are used to calcu-

late the force with which the sheared flake retracts back to its original posi-

tion to minimize free surface energy. (b) SEM images acquired during the

experiments, corresponding to the schematic illustrations. Reprinted with

permission from Liu et al., Phys. Rev. Lett. 108, 205503 (2012). Copyright

2012 American Physical Society.
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friction;57,58 a somewhat related idea was discussed earlier

for physisorbed islands sliding on crystalline substrates.59

While NC-AFM has been useful for the study of struc-

tural superlubricity, its manipulation capabilities are essen-

tially limited to individual atoms and molecules, and friction

forces are not measured directly, but rather extracted from

frequency shifts via analytical methods with certain assump-

tions. On the other hand, developing a comprehensive under-

standing of the main physical parameters that influence

structurally superlubric sliding requires an experimental

approach that allows the direct measurement of friction

forces at sliding interfaces with varying size, shape, and

chemistry and under varying experimental conditions,

including but not limited to temperature and the presence/

absence of vacuum. Within this context, the method of nano-

manipulation via conventional, contact-mode AFM has been

employed for more than a decade with great success to study

frictional phenomena at interfaces formed by metallic nano-

islands on atomically smooth substrates such as

HOPG.16,60–66 Specifically, Dietzel et al. demonstrated that

both crystalline gold and amorphous antimony islands slide

in a structurally superlubric fashion on HOPG under UHV,

and that the friction forces scale sub-linearly with increasing

contact area according to a power law.63 The substantial

variety in scaling power (0.33 6 0.15) experienced by indi-

vidual gold islands was attributed to differences in the shape

of the islands, where an island with perfectly straight edges

would experience either a scaling power of 0 (in cases when

it is in an incommensurate registry with the substrate) or 0.5

(in cases when it is in a pseudo-commensurate registry with

the substrate—which is expected to be a rare occurrence),

and a perfectly round island would exhibit a scaling power

of 0.25.63,67 As the sharpness of island circumferences varies

greatly in the experiments, so do the observed scaling pow-

ers, although all fall within the ultra-low friction regime

imposed by structural superlubricity (0 < c < 0.5).

Following the 2013 paper by Dietzel et al., Cihan et al.

showed in 2016 that the occurrence of structural superlubric-

ity at the gold�HOPG interface is not limited to the UHV

environment but can also be observed under ambient condi-

tions in a consistent fashion (Fig. 4).16 This was the first

quantitative confirmation of structural superlubricity under

ambient conditions at an interface that did not involve

carbon-based surfaces only15,53 and as such paved the way

toward robust, intrinsic lubrication schemes in nano- and

micro-scale electro-mechanical systems with moving com-

ponents. Based on ab-initio simulations employing DFT, the

remarkable conservation of structural superlubricity under

ambient conditions was attributed to steep energy barriers

encountered by contaminant molecules trying to penetrate

the gold�HOPG interface and the resulting preservation of

molecular cleanliness.16 The fact that gold does not oxidize

under ambient conditions is critical in this process, as the

crystalline, atomically flat and tight (separations on the order

of 3 to 3.5 Å) interface between the islands and the HOPG

substrate is kept intact over extended periods of time (at least

several months), essentially acting as a microscopic hermetic
seal. Further experiments by the same group have shown that

structural superlubricity under ambient conditions is not lim-

ited to gold islands but can be extended to other noble metals

such as platinum.66 Moreover, these studies demonstrated the

independence of the scaling factor relating friction to contact

area from the chemical identity of the atoms forming the inter-

face. While structural superlubricity at interfaces formed by

different materials is now no longer restricted to UHV condi-

tions, another limitation remains with respect to contact size

and elasticity. Specifically, a number of theoretical studies

involving elastic contacts have shown that structural superlu-

bricity is expected to break down with increasing contact size,

due to an Aubry-type transition68 associated with the nucle-

ation of local, structurally commensurate regions at the inter-

face caused by atomic-scale elastic deformations.69–71

Experimental confirmation of some of these predictions was

recently published.65,72,73

FIG. 3. (a) Illustration of an individual graphene nanoribbon being manipulated back and forth on an Au (111) substrate by the AFM tip attached at its end, at

two different tip-sample distances of Z1 and Z2. (b) Scanning tunneling microscopy images of an area on the sample surface, before and after manipulation of a

6.28 nm long nanoribbon, demonstrating that the ribbon is lifted off the surface at the end of the process. (c) Resonance frequency shifts (Df) of the AFM’s tun-

ing fork during the lateral manipulation of a nanoribbon (over a distance of �11 nm along the horizontal axis) at a tip-sample distance of 2 nm. The high fre-

quency oscillations correspond to the stick-slip motion of the nanoribbon, while the slight modulation of the signal toward the end of the forward scan is due to

the herringbone reconstruction of Au (111). Reprinted with permission from Kawai et al., Science 351, 957 (2016). Copyright 2016 AAAS.
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The studies discussed above are certainly not the only

observations of ultra-low friction in the literature that have

been attributed to structural superlubricity. In a work pub-

lished in 2015, researchers used a combination of carbon-

based materials to achieve superlubricity at macroscopic

length scales (with friction coefficients down to 0.004) and

under dry nitrogen with a diamond-like-carbon (DLC) surface

sliding against a SiO2 substrate covered with patches of few-

layer graphene and decorated with nanometer-sized diamond

particles (i.e., nanodiamonds).17 With help from electron

microscopy and molecular dynamics simulations, the mecha-

nism behind the observed superlubricity was found to be the

formation of nano-scrolls (consisting of graphene patches

wrapping around nanodiamonds), which act as miniature ball

bearings between the sliding surfaces (Fig. 5). The researchers

were subsequently able to achieve similar levels of superlu-

bricity by using MoS2 flakes instead of graphene, where sulfur

atoms in MoS2 facilitated the amorphization of nanodiamonds

and the in-situ formation of onion-like-carbon particles during

sliding, resulting in superlubric sliding.74 In a recent study, it

was shown that a composite film of amorphous carbon and

onion-like-carbon particles also exhibited macroscale

superlubricity.75 Moreover, superlubric sliding was achieved

between a graphene-coated silica (SiO2) micro-sphere of 8 lm

diameter and graphene as well as hexagonal boron nitride sur-

faces, at relatively high contact pressures of 1 GPa and up to

relative humidity levels of 51%.76 These experiments were

complemented by further work in which it was shown that

superlubricity can be obtained between an initially bare SiO2

surface and graphite by tribo-induced transfer of graphene

flakes onto the SiO2.77 It should be mentioned that, while the

authors of the studies mentioned in this paragraph all attribute

the superlubricity observed in their experiments to structural

incommensurability between the contacting surfaces, direct,

experimental confirmation of this hypothesis in accordance

with established scaling laws is not possible, in contrast with,

e.g., the nano-manipulation experiments discussed

earlier.16,63,66

III. SUPERLUBRICITY VIA NORMAL FORCE CONTROL
AND CONTACT ACTUATION

The majority of modern friction studies at the nanometer

and atomic scales are conducted via AFM. The basic ratio-

nale behind the use of the AFM in friction studies is the idea

that a complete understanding of friction—and ultimately,

its control—at macroscopic contacts with multiple asperities

FIG. 5. (a) Illustration of the material system consisting of a DLC-coated

slider on a SiO2 substrate decorated with graphene patches and nanodia-

monds. (b) Friction coefficient as a function of number of cycles in sliding

experiments performed on substrates covered with nanodiamonds only

(brown), graphene patches only (green), or both graphene patches and

nanodiamonds (blue). The inset highlights the low friction coefficient asso-

ciated with superlubric behavior observed for the latter case. Reprinted

with permission from Berman et al., Science 348, 1118 (2015). Copyright

2015 AAAS.

FIG. 4. (a) Friction forces recorded during nano-manipulation of gold

islands on HOPG under ambient conditions, as a function of contact area.

The friction is remarkably low, remaining below 1 nN for the great majority

of manipulations, even for contact areas that approach the microscopic

range. (b) Normalized friction forces plotted against number of gold atoms

at the sliding interface. The values fall within the range of scaling powers

(c) relevant for structural superlubricity (0 to 0.5) and exhibit a mean scaling

power of 0.16. The scatter is due to the variability in the circumferential

shape of the islands. Reprinted with permission from Cihan et al., Nat.

Commun. 7, 12055 (2016). Copyright 2016 Springer Nature.
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can be enabled by a fundamental understanding of friction at

structurally well-defined, single asperity contacts, such as that

represented by the tip of the AFM. Consequently, since its

invention over three decades ago, AFM has been used exten-

sively to study nanoscale friction on a variety of sample surfa-

ces. Pioneering examples of such work include measurements

of friction on lamellar solids such as HOPG78 and mica,79

ionic crystals,80 metals,81 and polymers.82

A theoretical understanding of the mechanics underlying

AFM studies of friction is provided by the pioneering works

of Prandtl83 and Tomlinson84 published about a century ago,

which together form the so-called Prandtl-Tomlinson (PT)

model. Their simple yet intuitive framework describes the

motion of a point mass (corresponding to the tip apex in

AFM experiments) over a periodic potential landscape (aris-

ing from the atomic-scale interactions of the tip apex with

the sample surface) as it is dragged laterally over the sample

surface by an elastic spring (representing the overall lateral

stiffness of the system) attached to a support (corresponding

to the base of the AFM cantilever) moving with constant

speed. Assuming a sinusoidal potential arising from a crys-

talline surface for simplicity, the total energy of the system V
(with contributions from the tip-sample interaction as well as

the elastic potential energy stored in the spring) may be writ-

ten as

V x; tð Þ ¼ �
E0

2
cos

2px

a
þ k

2
vt� xð Þ2; (1)

where E0 is the corrugation (i.e., amplitude) of the tip-

sample interaction, x is the lateral position of the tip, a is the

period of the sinusoidal potential (corresponding to the lat-

tice parameter of the crystalline surface), k is the effective
spring constant (with contributions from the stiffness of the

atomic-scale contact between the tip apex and the surface, as

well as the lateral (i.e., torsional) stiffness of the body of the

tip and the cantilever, all connected in series), v is the con-

stant speed with which the support is moving laterally, and t
is time. In the model, the tip apex moves between energy

minima (i.e., @V
@x ¼ 0) as the support pulls it over the surface,

which implies

k vt� xð Þ ¼ pE0

a
sin

2px

a
; (2)

where k vt� xð Þ represents the lateral force (FL) detected by

the AFM instrument. Under the assumption of a relatively

soft spring (i.e., low k) and strong tip-sample interactions

(i.e., high E0), multiple solutions exist to Eq. (2), which cor-

respond to the positions of potential energy minima xi popu-

lated by the tip at different times during its motion over the

surface. As the cantilever base moves laterally with increas-

ing time with the tip in a particular potential minimum

located at x1, FL grows continually until the potential energy

stored in the spring is enough to overcome the energy barrier

imposed by the tip-sample interaction, at which point the tip

apex “jumps” to the next potential minimum at x2, where it

is “stuck” again. During the jump, the energy stored in the

spring is dissipated, mainly through phononic channels.85

These perpetual sequences of being stuck at and then

jumping between potential minima—accompanied by energy

dissipation—are referred to as “stick-slip” motion. Analysis

of the mathematical model above shows that a relatively stiff

spring (i.e., high k) and weak tip-sample interactions (i.e.,

low E0) result in the disappearance of the discrete “stick-

slip” type of motion in favor of a continuous, smooth sliding

of the tip over the substrate, accompanied by vanishingly

small average lateral forces and energy dissipation, i.e.,

superlubricity.13,86 In particular, a parameter (g), describing

the ratio of the tip-sample interaction strength to the elastic

spring energy in the system, has been established to charac-

terize the stick-slip vs. continuous character of the motion

g ¼ 2p2E0

ka2
; (3)

where g > 1 (obtained via strong tip-sample interactions

and/or soft springs) is expected to result in stick-slip and

g < 1 (obtained via weak tip-sample interactions and/or stiff

springs) is expected to lead to superlubricity.

The obvious question that follows from the discussion

above is whether the parameter g can be controlled reliably

in an AFM experiment such that superlubric sliding can be

deliberately switched on and off. To answer this question,

the two components that determine g need to be considered:

the effective spring constant k and the tip-sample interaction

corrugation E0. As indicated above, the effective spring con-

stant k arises from a combination of the spring constants

associated with (i) the atomic-scale contact region between

the tip apex and the sample, (ii) the body of the tip, and (iii)

the cantilever, connected in series. Consequently, the effec-

tive spring constant k is ultimately determined by the softest

spring in the series, i.e., the contact stiffness (which is typi-

cally found to be on the order of a few N/m13). As the stiff-

ness of the contact is determined by the structural

arrangement and chemical identity of the individual atoms at

the tip apex and the surface in the vicinity of the contact, it is

not a parameter that can be easily accessed and altered in

conventional AFM experiments. Therefore, studies have

focused on manipulating the other parameter, E0, to achieve

superlubricity. Two approaches to manipulating E0 are dis-

cussed in Subsections III A and III B: normal force control

and contact actuation.

A. Superlubricity via normal force control

It is known that the interaction potential between two

surfaces in contact can be altered by the normal force (FN)

acting between them.87,88 In other words, pushing the two

crystalline surfaces (or, for the sake of this discussion, the

AFM probe and the crystalline surface over which it moves)

together with a high normal force would increase the poten-

tial energy barriers that need to be surmounted for relative

lateral motion. Realizing that the normal force is a parameter

that can be freely changed in AFM experiments, Socoliuc

et al. elegantly demonstrated in 2004 that the approach

described above can be utilized to switch from the stick-slip

to superlubric sliding regime.13 In particular, they performed

AFM experiments on ionic NaCl(001) surfaces under UHV

conditions, where the lateral force traces were recorded
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along the (100) direction in forward and backward orienta-

tions at varying normal forces (Fig. 6). The obtained results,

supported by numerical solutions of the Prandtl-Tomlinson

model introduced above, showed a clear transition from

stick-slip to continuous/superlubric sliding with decreasing

normal force, where continuous sliding was characterized by

vanishing dissipation and average lateral force. Analysis of

their results confirmed that the interaction corrugation (E0)

indeed increases with increasing normal force (more or less

linearly) while the contact stiffness remains almost constant,

with g values increasing with increasing normal force.

Further experiments carried out on HOPG by Medyanik

et al. under ambient conditions have shown that the phenom-

enon is not restricted to the UHV environment and that a

regime of “multiple slips” (whereby the tip moves distances

that are multiples of a when it slips) can be reached by

appropriate choice of normal forces.89

The experiments introduced above are important from a

fundamental point of view as they confirm an important aspect

of the Prandtl-Tomlinson model: that superlubric sliding can

be achieved by careful control of normal forces acting at a sin-

gle asperity contact. On the other hand, the application of the

results to a wide range of scenarios appears to be rather prob-

lematic as precise control of normal forces acting between

surfaces in contact is simply not feasible in the majority of rel-

evant mechanical systems. In contrast, the idea of structural

superlubricity is rather robust against variations in normal

force48 and consequently has an advantage over the method

discussed in this section in terms of applicability.

B. Superlubricity via contact actuation

Shortly after the demonstration of the use of precisely

controlled, low values of normal forces to achieve superlu-

bric sliding in AFM experiments,13 a complementary

approach based on the same theoretical framework was

introduced.14 In particular, Socoliuc et al. showed in their

seminal paper from 2006 that the potential energy corruga-

tion (E0) experienced by the AFM tip apex as it is being

slid over an atomically flat, crystalline surface can be

periodically (specifically, in a sinusoidal fashion) modu-

lated by electrostatic and/or mechanical actuation of the

contact region in the direction perpendicular to the sample

surface, leading to virtually vanishing friction (i.e., super-

lubricity) at well-defined actuation frequencies. In such

a scenario, the effective energy landscape corrugation

becomes14

E0;effðtÞ ¼ E0 1þ asin 2pftð Þð Þ; (4)

where f is the frequency with which the contact is actuated

and a is a parameter between 0 and 1 with a value of 1 at res-

onance frequencies of the cantilever, when it is in contact

with the sample surface (i.e., contact resonance frequencies).

If the frequency of actuation is significantly higher than the

frequency with which the AFM tip apex moves from one

potential minimum to the next (v
a), the tip apex experiences

the minimum effective energy corrugation (E0 1� að Þ) multi-

ple times during its travel between adjacent potential min-

ima. In this case, the key parameter that determines stick-slip

FIG. 6. (a)–(c) Traces of lateral force (solid line: forward scan, dashed line: backward scan) recorded on NaCl(001) via AFM at applied normal force values of

(a) 4.7 nN, (b) 3.3 nN, and (c) �0.47 nN. The negative applied normal force in (c) indicates attraction, i.e., the tip is being pulled from the surface rather than

pushed against it, essentially on the verge of separation (pull-off). With decreasing normal force, both the magnitude of the average lateral force and the

amount of dissipation (quantified by the area enclosed by the hysteresis loop formed by forward and backward scan traces) decrease, practically vanishing in

(c). (d)–(f) Numerically calculated lateral force traces using the Prandtl-Tomlinson model, with decreasing g values: (d) 5, (e) 3, and (f) 1. The numerical

results closely follow the experimental trends, validating the basic ideas behind the Prandtl-Tomlinson model. Reprinted with permission from Socoliuc et al.,
Phys. Rev. Lett. 92, 134301 (2004). Copyright 2004 American Physical Society.
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vs. continuous (superlubric) motion (g) takes the following

modified form:

g ¼ 2p2E0 1� að Þ
ka2

: (5)

The implication of this expression is that the establishment

of superlubric sliding (g < 1) becomes progressively easier

with increasing a, which occurs when the contact established

between the AFM tip and the sample surface is actuated at

contact resonance frequencies.

The theoretical expectation described above was exper-

imentally realized by Socoliuc et al.,14 who showed a clear

transition from stick-slip to continuous/superlubric sliding

induced by electrostatic actuation of the tip-sample contact.

Similar to their previous work involving normal force con-

trol,13 they performed AFM experiments under UHV on

ionic crystal surfaces (NaCl(001) and KBr(001)), where the

application of an ac bias voltage between the cantilever and

the conductive sample plates led to periodic electrostatic

force/interaction energy modulations at the tip-sample con-

tact. Their results demonstrated that vanishingly small aver-

age lateral forces and dissipation values can be recorded

when the frequency of modulation matches the bending res-

onance frequencies (or half of them, due to capacitive

effects) of the cantilever in contact with the sample surface

(Fig. 7), in accordance with the theoretical framework

described above.

After the pioneering work by Socoliuc et al., further

studies established the applicability of the method of contact

actuation on multiple material systems and under different

conditions. In particular, Gnecco et al. showed that superlu-

bricity via contact actuation can be achieved under ambient

conditions, and via mechanical (rather than electrostatic)

methods induced by the application of an ac voltage to the

piezo element used to excite the cantilever during dynamic

AFM imaging.90 This allowed the method to be extended

from dielectric to conductive sample surfaces, e.g., HOPG.90

The vanishing friction values obtained with contact actuation

are naturally expected to lead to decreased wear and Lantz

et al. were able to show that this is indeed the case in tip slid-

ing experiments performed on a model polymer, with

implications for extended probe lifetimes in mechanical

data storage applications.91 Further experiments performed

on polymer surfaces complemented these findings and dem-

onstrated the potential for controlled nano-patterning via

deliberate contact actuation during AFM lithography

experiments.92 Moreover, theoretical analysis93 and experi-

ments94 have shown that a state of vanishing friction and

dissipation can also be achieved by lateral (i.e., in-plane)

actuation of the tip-sample contact rather than perpendicu-

lar (i.e., out-of-plane) actuation. In the case of lateral actua-

tion, the elastic energy stored in the spring coupling the tip

apex to the AFM base is periodically modulated (rather

than the tip-sample interaction corrugation) and superlu-

bricity is achieved at room temperature when the lateral

oscillation amplitude is roughly equal to one half of the lat-

tice spacing a.94

IV. THERMOLUBRICITY

Several AFM-based experimental95–99 and theoreti-

cal11,12,100–102 studies have shown that temperature plays an

important role in atomic-scale friction. The effect of temper-

ature on friction was initially described by Prandtl in 1928,83

where he predicted that friction should monotonically

decrease as temperature increases due to thermal activation,

via the contribution of thermal energy to overcome local

energy barriers and enable slip. This behavior is captured by

the Prandtl-Tomlinson model, introduced in Sec. III: At 0 K,

in the absence of thermal activation, the point mass gets

stuck in the minima of the interaction potential, until the

energy stored in the effective spring is high enough to over-

come the underlying energy barrier. At this point, the system

is mechanically unstable, and the tip slips into the adjacent

potential minimum. In this case, the friction force exhibits

the typical saw-tooth pattern associated with stick-slip

motion [Fig. 8(a)]. Thermal effects contribute to the reduc-

tion of friction in two different ways: (i) in a modest fashion,

via thermal activation in the stick-slip regime and (ii)

strongly, in the form of thermolubricity in the thermal drift

regime.11,12 To quantify these two regimes, Krylov et al.
proposed a dimensionless parameter as follows:11

FIG. 7. (a) Traces of lateral force (solid line: forward scan, dashed line: backward scan) recorded on NaCl(001) via AFM at an applied normal force value of

2.73 nN, without contact actuation. (b) Traces of lateral force obtained during the same experiment session as in (a), with mechanical actuation of contact at a

frequency of 56.7 Hz. Note the significantly reduced value of the average friction force, as well as vanishing dissipation illustrated by the fact that the forward

and backward lateral force traces nearly overlap with each other. Reprinted with permission from Socoliuc et al., Science 313, 207 (2006). Copyright 2006

AAAS.
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b ¼ v

af0

exp
E0

kBT

� �
; (6)

where v is the support’s speed, E0 and a are the amplitude

and period of the idealized (i.e., sinusoidal) tip-sample inter-

action potential, respectively, kB is the Boltzmann constant,

T is the temperature, and f0 is the attempt rate (i.e., fre-

quency) for thermally activated jumps, which is typically

considered to correspond to the frequency of tip apex vibra-

tions.88 The attempt frequency is assumed to be constant in

most studies; however, it was also suggested that this param-

eter could vary with temperature97 and with the characteris-

tics of the potential energy landscape.102

Within the framework of the model outlined above, low

temperatures and/or high velocities (b� 1) result in the

occurrence of the conventional stick-slip regime, where the

backward energy barrier can be assumed to be much higher

than the forward energy barrier, and therefore backward slips

can be neglected.12 In this case, thermal effects facilitate the

tip’s ability to slip to the adjacent surface potential minimum

in the forward direction, prior to reaching the mechanical

instability point. Consequently, these thermally activated

jumps cause the maximum lateral force of the spring in the

Prandtl-Tomlinson model to decrease, and as a result, fric-

tion is lower [Fig. 8(b)]. As temperature increases, more

thermal energy becomes available, which increases the prob-

ability of such thermally activated jumps and further

decreases friction. It should be also mentioned that, in the

stick-slip regime, friction has been found to depend logarith-

mically on sliding velocity, based on the idea that at higher

speeds there is less time for thermally activated

jumps.99,103,104

When the temperature is sufficiently high and the veloc-

ity is low (b� 1), the system can be considered to be con-

tinuously in thermal equilibrium, and frictional behavior

evolves from stick-slip to a stochastic thermal drift regime.

Thermal excitations are now much stronger and the probabil-

ity of having backward slips cannot be neglected.12 Due to

the low velocity of the support in this case, the tip exhibits

several thermally activated back and forth jumps as the can-

tilever base moves from one lattice position to the next one

[Fig. 8(c)]. Instead of simply facilitating slip events in the

forward direction when the system is on the verge of

mechanical stability, thermal effects now allow the tip to

overcome potential energy barriers altogether and the tip

apex diffuses over the potential energy landscape (both in the

forward and backward directions), while the support moves

with constant velocity in the forward direction. This phe-

nomenon, which is characterized by vanishing friction and

the disappearance of stick-slip behavior in favor of stochastic

fluctuations in friction force, is termed thermolubricity. In

this regime, the dependence of average friction on tempera-

ture and velocity has been described as12

Ff / v
k

f0

� �
E0

kBT
exp

E0

kBT

� �
; (7)

where friction now depends linearly on sliding speed (as

opposed to the logarithmic velocity dependence expected for

the stick-slip regime), and even minute changes in tempera-

ture and potential corrugation can result in significant modu-

lation of friction, thanks to an exponential dependence on

these parameters.

The concept of thermolubricity discussed above has

been further explored by simulation studies. For example,

Steiner et al. used a two-dimensional (2-D) Prandtl-

Tomlinson model to analyze the effect of temperature on

friction between an atomically sharp tip and substrates of

NaCl and HOPG.105 They showed that, above a critical

temperature (which depends on the interaction energy cor-

rugation), the system transitions into the thermolubricity

regime, where the average friction force becomes vanish-

ingly small. Further work by Iizuka et al. numerically ana-

lyzed the role of temperature in superlubric sliding

achieved by contact actuation (see Sec. III) by performing

simulations based on the Prandtl-Tomlinson model.106

Their results revealed that the critical modulation amplitude

for reaching superlubricity at room temperature is consider-

ably smaller than the critical modulation amplitude at zero

temperature, highlighting the role that thermal effects play

in superlubricity achieved via contact actuation. Finally,

accelerated atomistic simulations coupled with numerical

solutions to a kinetic model predicted the complex friction-

temperature-sliding speed landscape over a temperature

range of several hundred degrees, and speeds across six

orders of magnitude (Fig. 9).107

FIG. 8. Representative friction traces calculated using the Prandtl-

Tomlinson model at three different temperatures of (a) 0 K, (b) 200 K, and

(c) 800 K. With increasing temperature, friction decreases, and back and

forth jumps of the tip are observed; some examples are highlighted by the

dashed blue rectangles in (c).
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As suggested by Eq. (6), thermolubricity can, in principle,

be achieved by lowering the velocity or increasing the temper-

ature, as well as by reducing the corrugation of the tip-sample

interaction potential. This idea was tested by re-analyzing12

the pioneering experimental work by Dienwiebel et al.10

(discussed in Sec. II). Figure 10(a) shows three friction traces

for fully commensurate, partially commensurate, and fully

incommensurate configurations of the flake with respect to

the substrate, corresponding to g ¼ 5:25, g ¼ 3:33; and

g ¼ 2:47, respectively (note that all g values are above the

superlubricity limit of 1). As g decreases, both the magnitude

of the friction force and the character of the friction trace

change. In particular, while the friction force decreases, the

regular stick-slip trend observed in the fully commensurate

configuration changes first to irregular stick-slip in partially

commensurate contact, and then to a stochastic drift pattern

in the fully incommensurate case. This qualitative observa-

tion suggests that, for a small contact close to the superlu-

bricity limit, thermal effects can be so strong that one can

observe ultra-low friction even when g > 1, due to the effect

of thermolubricity.12 This observation provided an improved

explanation for the results previously attributed only to struc-

tural superlubricity, by shedding light on the role of tempera-

ture in the observed superlubric behavior. Moreover, the

experimental data have been fitted by the thermolubricity

model discussed above [see Eq. (7)] for specific attempt fre-

quencies (the only free parameter in the model), and the

occurrence of thermolubricity was confirmed by noting that

experimentally recorded friction values are consistently

lower than the predictions of the conventional (i.e., tempera-

ture-independent) Prandtl-Tomlinson model, where thermal

effects are not taken into consideration [Fig. 10(b)].12

V. LIQUID SUPERLUBRICITY

So far in this review, superlubricity has been considered

only at dry contacts. However, some interfaces are necessarily

lubricated by liquids, where the liquids not only separate slid-

ing surfaces but also remove heat and/or carry contaminants

away from the interface. Generally, friction in liquid-

lubricated contacts is determined by the lubrication regime,

which depends on several different parameters, including the

viscosity of the liquid, sliding speed, contact pressure, and sur-

face roughness. Lubrication regimes are typically illustrated

by the so-called Stribeck curve, which describes the transition

from boundary lubrication (contact between dry surfaces or

surfaces with adsorbed chemicals) to mixed lubrication (load

supported by a combination of liquid and solid contacts within

the interface) to full film lubrication (load entirely supported

by the lubricant). As speed or viscosity increases, or pressure

decreases, the fluid film thickness increases until it is thicker

than the composite roughness of the surfaces and full film

lubrication is achieved. Friction is typically lowest at the onset

of full film lubrication, where the fluid is thick enough to

FIG. 9. Average friction force as a function of temperature and scanning

velocity calculated using a kinetic model (red surface) and atomistic parallel

replica dynamics simulations (blue symbols and dotted line). Reprinted with

permission from Perez et al., Phys. Rev. B 81, 245415 (2010). Copyright

2010 American Physical Society.

FIG. 10. (a) Forward (dark) and backward (light) experimental friction

traces obtained at the interface formed by a graphite flake and HOPG sub-

strate, for fully commensurate (i), partially commensurate (ii) and fully

incommensurate (iii) configurations, with calculated g values of 5.25, 3.33,

and 2.47, respectively. The gradual evolution from stick-slip behavior to sto-

chastic fluctuations in the friction trace and the accompanying decrease in

average friction are observed with decreasing g values. (b) Experimental

friction data vs. g, fitted to the thermolubricity model (solid lines) with two

different attempt frequencies (given here using the symbol � instead of f0).

The dashed line represents the temperature-independent Prandtl-Tomlinson

model, which is devoid of thermal effects and thus systematically overesti-

mates friction values. Reprinted with permission from Jinesh et al., Phys.

Rev. B 78, 155440 (2008). Copyright 2008 American Physical Society.
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completely separate the surfaces, but thin enough to provide

low viscous friction.

For more viscous fluids, like oils, a typical full film fric-

tion coefficient might be on the order of 0.1; for less viscous

fluids, like water, friction will be even lower. Therefore,

interfaces lubricated by low viscosity fluids are already quite

close to the traditionally accepted limit of superlubricity

(friction coefficients lower than 0.01) under certain condi-

tions. However, studies have demonstrated that such interfa-

ces can exhibit a lower-than-expected friction coefficient by

creating conditions that involve smooth surfaces, a thin liq-

uid film (for low viscous friction), and a high load carrying

capacity. The challenge is that the latter two are usually

mutually exclusive, i.e., films that can support a large normal

force usually have high resistance to shear, and vice versa.

Thus, studies on liquid superlubricity are focused on finding

ways to overcome this challenge, typically by using water or

another low viscosity liquid as the lubricant.

Early work on liquid superlubricity reported ultra-low

friction for water-lubricated, self-mated Si3N4.108 Based on

the observation that surfaces were very smooth after testing,

the authors hypothesized that tribo-chemical reactions

caused wear to occur molecule-by-molecule, yielding very

smooth surfaces such that full film lubrication could exist for

thin water films with low viscous friction. Although this is

likely a simplified view of the complex mechanisms that

enabled superlubricity in the study, it clearly shows that

smooth surfaces are required to achieve very low friction. In

all studies described here, very smooth surfaces were either

formed during the test or explicitly part of the experimental

design.

In addition to smoothing surfaces, chemical reactions

between the lubricant and solids in a sliding interface can

result in the formation of a so-called tribofilm. Tribofilms

form via tribo-chemical reactions in which shear accelerates

chemical reactions, sometimes by changing the reaction

pathway.109,110 These films typically have very low shear

resistance and can be removed and replenished in the inter-

face during sliding. It is difficult to directly interrogate tribo-

films because they form and function inside of a sliding

interface, so hypotheses about tribofilms are typically based

on observations of very low friction (measured using ball/

pin/cylinder-on-disk instruments at pressures of hundreds of

MPa) and post-test surface analyses (e.g., SEM). Several

studies with water-lubricated, self-mated Si3N4 reported

superlubricity111–114 and suggested that friction was reduced

(beyond what is expected from surface smoothing alone) by

a decrease in the contact pressure coupled with tribo-

chemical reactions that resulted in the formation of a tribo-

film consisting of soft colloidal silica111 or silica “gel.”114

This mechanism was further explored for Si3N4 sliding on

glass with various low viscosity lubricants, including phos-

phoric acid,115–117 glycerol/acid mixtures,19 and polyhy-

droxy alcohol/acid mixtures.118 The proposed mechanism

for the superlubricity was the formation of a hydrogen-bond

network that enabled a thin water layer at the interface, such

that sliding occurred within the water with very low friction.

This hypothesis was supported by evidence showing the

dependence of friction on the PH of the liquid.19,117 Beyond

Si3N4, ultra-low friction was also observed for self-mated

tetrahedral amorphous carbon (ta-C) with glycerol, and com-

plementary simulations suggested the decomposition of the

glycerol in the interface and the formation of a hydrogen

bond network tribofilm.119 The same authors were able to

measure superlubricity with self-mated steel as well, with a

mixture of glycerol and inositol, and proposed a similar

mechanism as that for ta-C. Finally, superlubricity was

observed for steel sliding on a nickel-titanium alloy

(60NiTi), with castor oil lubrication.120,121 The proposed

mechanism of superlubricity was a tribofilm that can support

additional load due to repulsive electrostatic forces acting

between intercalated metal oxy-hydroxide lamellar com-

pounds.121 However, a later study with the same materials

was not able to reproduce the ultra-low friction.122

Several studies described above proposed a mechanism

in which the tribofilm provides extra load support through a

hydrogen bond network that enables a very thin layer of

water to accommodate shear. However, in these studies, it

was difficult to isolate the effect of this load support mecha-

nism from the effects of surface smoothening and decreased

pressure. To address this, studies have been performed using

surface forces apparatus/balance (SFA/SFB) setups. In these

experiments, forces are measured on aqueous solutions con-

fined between atomically smooth mica surfaces and subject

to relatively low pressures, typically less than 1 MPa. The

conditions are such that there is no wear and the pressure is

constant, and measurements can be performed down to just a

monolayer of water molecules. This approach isolates the

load-carrying capacity of the liquid from other factors. Such

studies have shown that superlubricity can be achieved

through a hydration layer.123,124 Hydration layers support

large pressures without being squeezed out and also relax

very rapidly so they can exhibit a fluid response to shear, see

Fig. 11. This mechanism was reproduced by molecular

dynamics simulations as well.125 It is notable that this mech-

anism is possible with aqueous solutions because confine-

ment suppresses their tendency to solidify, in contrast to

most non-associating liquids, including lubricating oils. The

topic of hydration layers is reviewed comprehensively in

Ref. 18. A related mechanism has been observed in ionic

liquids. Ionic liquids are molten salts that are typically com-

posed of larger organic cations and smaller organic or inor-

ganic anions.126 SFA/SFB and AFM studies have shown that

superlubricity can be achieved with ionic liquids confined

between charged, atomically flat (usually mica or graphite)

surfaces.20,127,128 It is proposed that the irregular shapes of

the ions inhibit solidification and locking, which leads to a

low shear stress, while strong Coulombic interactions

between the ions and the charged confining surfaces provide

load support.127 Interestingly, friction with ionic liquids has

been shown to be tunable with electric potential (Fig. 12)20

and ion structure.129 Most of these studies have been per-

formed with atomically flat surfaces and at low pressures,

but ionic liquids have also been considered for larger scale

engineering applications as both base fluids and additives126

and studies have shown that they can yield friction in mixed

lubrication that approaches the superlubricity regime.130
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A third mechanism of superlubricity is observed with

very soft materials, specifically polymer brushes131 and

hydrogels. In general, the concept is that polymers can be

both solid-like, to provide load support, and liquid-like, to

shear easily. In the case of polymer brushes, chain molecules

are grafted onto two contacting surfaces and friction is mea-

sured at pressures typically below 10 MPa. The chain struc-

tures are ordered and can swell with water such that they can

support normal forces, but the interface (or overlap) between

the ends of the polymers on the two surfaces is fluid-like and

provides superlubricity.132–138 The performance of these

brushes has been optimized by tuning the length of the poly-

mers (longer chains yield lower friction)134 and adding poly-

mers to the buffer solution which provides self-healing

capability at higher loads.135 For charged brushes, even bet-

ter performance has been observed, due to the formation of a

hydration layer between the two polymer surfaces.132,136,139

At low or moderate compressions, the brushes interpenetrate

and the mechanism of superlubricity is configurational

entropy, as observed for neutral chains. However, at higher

pressures, it is proposed that osmotic pressure of the trapped

counter-ions provides additional load support, while a hydra-

tion layer provides low friction.18 Although many polymer

brush experiments are performed with small scale contacts

(SFA/SFB or AFM), the efficacy of this lubrication method

has been demonstrated for larger contacts as well.133,138

Similar mechanisms are proposed for hydrogels, insoluble

polymers that expand in water. Pin-on-disk measurements of

self-mated hydrogels showed that superlubricity was achiev-

able and the behavior was attributed to the ability of the bulk

material to support the normal force, while the interface

exhibits low shear resistance due polymer fluctuations on the

surfaces.140–142 However, the mechanisms of superlubricity

in hydrogels are likely to differ somewhat from those of

polymer brushes because polymer brushes are grafted onto

rigid surfaces while hydrogels are self-standing and soft,

resulting in much larger contact areas and much lower

pressures.140

In summary, liquid superlubricity is achieved with sys-

tems having the following characteristics: (i) very smooth

surfaces, (ii) low viscosity liquids, (iii) sufficient load sup-

port, and (iv) low shear resistance. Smooth surfaces can be

achieved by surface wear during sliding, the formation of a

smooth tribofilm during sliding, or design of experiments

with inherently smooth surfaces (as in SFA/SFB) or soft

materials (polymer brushes or hydrogels). Additionally, most

studies are performed with very low viscosity fluids, most

commonly aqueous solutions. The last two conditions (i.e.

sufficient load support and low shear resistance) are the main

challenges in liquid superlubricity and are the focus of most

studies. An interface that is strong in the normal direction

and weak in the shear direction has been achieved: (a) by

forming tribofilms with low shear stress that can be replen-

ished during sliding, (b) through a thin, ordered layer where

the structure of the layer provides load support while still

being fluid in the shear direction, and (c) with polymer mate-

rials that can be solid-like in the bulk or ordered regions but

are fluctuating and fluid-like at the interface. It is likely that

many observations of superlubricity at the macroscale com-

bine more than one of these mechanisms.

VI. FRICTION WITH COLD IONS AND QUANTUM
LUBRICITY

Sections III and IV discussed superlubric behavior in

terms of the Prandtl-Tomlinson (PT) model, which approxi-

mates an atomic-scale friction experiment as a point mass

being dragged over a 1-D sinusoidal potential energy profile.

This model has been extended to incorporate multiple point

masses in the contact region within the framework of the

Frenkel-Kontorova (FK)143,144 and Frenkel-Kontorova-

Tomlinson (FKT)36 models. The difference between these

models is illustrated in Fig. 13. The FK and FKT models

enable predictions of friction as a function of the lattice spac-

ing, size, and stiffness of a moving array of point masses.145

Analytical and numerical studies predicted that FK/FKT

behavior could be observed experimentally with cooled ion

chains in optical lattices (i.e., standing waves) for over a

FIG. 11. Variation of shear forces with sliding velocity from SFA/SFB

experiments illustrating the ultra-low friction that can be achieved with a

hydration layer. The inset illustrates the structured hydration layer that is

formed between the solid surfaces (which can both support a load and shear

easily), leading to liquid superlubricity. Reprinted with permission from Ma

et al., Nat. Commun. 6, 6060 (2015). Copyright 2015 Springer Nature.

FIG. 12. Superlubricity is achieved in ionic liquid-lubricated interfaces by

tuning the electric potential. Reprinted with permission from Li et al., Chem.

Commun. 50, 4368 (2014). Copyright 2014 Royal Society of Chemistry.
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decade.146–149 This approach was finally implemented in

2015 with laser-cooled 174Ybþ ions held in a linear Paul trap

moving over the sinusoidal potential of an optical standing

wave.21 A schematic of the experiment is shown in Fig. 14.

With this approach, the relative mismatch of the ion spacing

and the spacing of the optical lattice can be freely varied as

well as the speed of the Paul trap with respect to the optical

lattice.

This experimental approach opened up a unique way to

explore superlubricity and showed behavior consistent with

the simple 1-D FK/FKT models. For example, it was found

that superlubricity could be achieved when the two lattice

spacings were optimally mismatched and that both thermolu-

bricity and structural superlubricity contributed to the

observed ultra-low friction.21 This topic was further explored

with a two-ion system tested at velocities ranging over five

orders of magnitude. The results showed that structural

superlubricity enables ultra-low friction when the potential

barrier is much greater than kBT, but that thermal lubricity

dominates when the potential barrier is similar to kBT.150

Based on that study, the authors identified and explored a

regime where friction was minimally affected by tempera-

ture, so pure structural superlubricity could be observed.

These measurements were used to reproduce the theoreti-

cally predicted Aubry transition; above the transition, the

chain is flexible enough for the atoms to conform (be pinned)

to the underlying potential leading to stick-slip; below the

transition, the chain is too rigid for this to occur, leading to

smooth sliding and superlubricity.73 Such studies were also

extended beyond single slip to reproduce trends in friction

from multiple slips.151 Finally, incommensurability was

introduced via defects (as opposed to relative lattice spacing)

in a study that showed a transition from sticking to continu-

ous sliding, with behavior similar to that expected from an

Aubry transition.152

Many of the papers cited in the previous paragraph con-

clude by suggesting that this approach may be used to dem-

onstrate quantum lubricity.73,150–152 The term quantum

lubricity describes the concept that smooth sliding could

occur if ions tunnel through the energy barriers, as opposed

to hopping over them, as illustrated in Fig. 15. Although this

idea has not yet been proven experimentally, a recent theo-

retical paper showed that it should be possible with the cold

trapped ion experiments if the particles are cold enough.22 If

quantum lubricity is realized experimentally, this may open

up entirely new avenues for friction control and the field of

superlubricity.

VII. CONCLUSIONS AND PERSPECTIVES ON FUTURE
RESEARCH

The main aim of this review has been to introduce the

idea of superlubricity in its various manifestations, present

an overview of related physical mechanisms, and summarize

recent theoretical and experimental research developments.

While the present work in no way represents an exhaustive

list of achievements in the field, the discussed content never-

theless shows the immense progress in our fundamental

understanding of this exciting topic since the first theoretical

predications of superlubricity by Hirano in the early 1990s.

While a complete and unifying physical picture of superlu-

bricity relying on first principles is yet to be formed, research

in the field is slowly moving toward proof-of-concept appli-

cations, with future technological implications.

Among the superlubricity mechanisms discussed, struc-

tural superlubricity is perhaps the most straightforward to

understand, as it is, in its essence, a purely structural/geomet-

rical phenomenon. Despite its basic physical principles,

structural superlubricity was long thought to be only a scien-

tific exercise because most conventional engineering

FIG. 13. Illustrations of the 1-D PT, FK, and FKT models. Large solid

spheres represent tip atoms and rectangular slabs represent the sliding sup-

port. Inset is a schematic highlighting the relationship between an AFM tip/

cantilever and the simple mass-spring model. Reprinted with permission

from Dong et al., Tribol. Lett. 44, 367 (2011). Copyright 2011 Springer

Nature.

FIG. 14. Illustration of the experimental implementation of a cold trapped

ion chain and a sinusoidal optical lattice. The lattice spacing of the chain rel-

ative to the optical standing wave can be varied to yield differing levels of

commensurability. Reprinted with permission from Bylinskii et al., Nat.

Mater. 15, 717 (2016). Copyright 2016 Springer Nature.
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applications operate in ambient setting and without molecu-

larly clean interfaces. Remarkably, experiments performed

in the last few years have demonstrated that structural super-

lubricity may indeed be achieved under ambient conditions,

for instance, in carbon-based materials such as HOPG15 and

carbon nanotubes.53 While this discovery has already paved

the way for proposals involving, e.g., graphitic micro-scale

mechanical devices153,154 devoid of friction-induced effects

such as wear (a significant issue for small-scale devices due

to large surface-to-volume ratios155), implications for tech-

nological applications significantly expanded after the dem-

onstration of structural superlubricity between dissimilar

materials (in particular, noble metals and HOPG) under

ambient conditions.16,66

Since the presumed requirement of pristine vacuum envi-

ronments has now been overcome, the main remaining chal-

lenge for applying the concept of structural superlubricity to

engineering applications is increasing the size scale (in systems

that do not necessarily involve the inherently smooth shearing

of graphitic layers in certain carbon-based materials15,53). As

was the case for molecularly clean environments a few years

ago, the prospects look dim: With increasing contact area, elas-

tic deformation leads to isolated regions of commensurate

alignment between slider and substrate, and a resulting break-

down of superlubric behavior69–71—now confirmed by manip-

ulation experiments on nano islands,65 laser-cooled ions,73 and

colloidal monolayers.72 However, several reasonable

approaches to overcoming the elasticity-induced size limit

exist. For instance, since amorphous materials typically have

much higher stiffness and fundamentally different deformation

mechanisms than their crystalline counterparts, the use of

amorphous sliders and/or substrates is an avenue that will cer-

tainly be explored in future theoretical work and experiments.

Another approach to achieving superlubric states in

technologically relevant applications (for instance, in MEMS

devices) could involve the implementation of contact actua-

tion discussed in Sec. III. The main advantage of the contact

actuation technique over the method of normal force control

(also discussed in Sec. III) lies in the fact that procedures for

applying a periodic voltage between surfaces at or near con-

tact readily exist for many electro-mechanical systems. For

instance, electrostatic actuation has been recently used to

suppress adhesion at the high speed sliding interface formed

between the head and disk components of a hard disk

drive.156 On the other hand, the significant advantage of

inherent superlubricity associated with structurally superlu-

bric material combinations is lost in this case, as the design,

fabrication, and/or integration of additional components for

mechanical systems under consideration are needed for the

realization of contact actuation.

Temperature has been shown to have a significant effect

on friction (in the form of thermal activation at increasing

temperatures, enabling the slider to overcome the potential

energy barriers imposed by interactions with the substrate),

which suggests that it may be possible to achieve superlubric

sliding by an increase in temperature only: through thermo-
lubricity, as discussed in Sec. IV. However, the observation

of thermolubricity as a self-standing phenomenon isolated

from other mechanisms contributing to superlubricity is

experimentally very challenging. Moreover, the theoretically

predicted transition to the thermal drift regime, signified by

ultra-low friction forces that depend linearly on velocity, has

not yet been experimentally verified. Regardless, the contri-

bution of thermal effects to the observation of superlubricity

in certain milestone experiments is clear,11 which encour-

ages further work in this challenging area.

Liquid superlubricity presents intriguing opportunities,

as it does not suffer from many of the physical limitations

associated with other superlubricity mechanisms, such as the

elasticity-induced size limitation of structural superlubricity

at dry, crystalline interfaces. Superlubricity can be achieved

in liquid-lubricated interfaces with systems that exhibit sev-

eral key features: smooth surfaces, low viscosity liquids, suf-

ficient load support, and low shear resistance. Most research

efforts have addressed the first two requirements by explic-

itly measuring on ultra-smooth surfaces and with very low

viscosity fluids (most commonly, aqueous solutions), so the

focus has recently been on identifying systems that can

exhibit both appreciable load support and low shear.

However, implementation of liquid superlubricity beyond

the laboratory will require revising the first two require-

ments. First, conventional engineering components are likely

to be rough; the typical average roughness of a plain bearing

surface is 1 lm, compared to 5 nm or less in most liquid

superlubricity studies. Second, conventional engineering

components are almost always lubricated with oil, which is

much more viscous than fluids used to demonstrate superlu-

bricity; a typical engine oil viscosity is 80 mPa�s at 40 �C,

compared to, e.g., 0.65 mPa�s for water. Further, lubricating

oils contain additives that perform specific functions in the

lubricant, such as changing the rate of viscosity decrease

with temperature or keeping wear particles suspended in the

oil, that are not present in superlubricity studies. Therefore,

there is a significant gap between the conditions under which

FIG. 15. Schematic illustration of the concept of quantum lubricity. A parti-

cle dragged by a confining potential (pink, imposed by the Paul trap in the

experiments), moving over a periodic potential landscape (blue, correspond-

ing to the optical lattice in the experiments) with velocity v. The green arrow

shows quantum tunneling through the barrier as opposed to the classical

overcoming of the barrier shown by the red arrow. Reprinted with permis-

sion from Zanca et al., Proc. Natl. Acad. Sci. U. S. A. 115, 3547 (2018).

Copyright 2018 National Academy of Sciences.
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liquid superlubricity has been observed and those associated

with many practical applications. To overcome this gap,

researchers may apply the novel ideas used to resolve the

load support–low shear conflict in idealized cases to more

widely relevant application conditions. Some of the superlu-

bricity mechanisms may not be directly extensible beyond

water lubrication, such as a hydration layers,18 but others

might be adapted or modified for lubricating oils, such as tri-

bofilm formation.119 Identifying and extending liquid super-

lubricity mechanisms, such that they can be observed under

a wider range of conditions, is an important direction for

future research in this area, with the potential to have a sig-

nificant impact on engineering applications that rely on liq-

uid lubrication.

Finally, recent experimental developments (specifically

the ability to precisely control the motion of laser-cooled

ions on optical standing waves) have enabled the direct vali-

dation of the simple 1-D theories used to describe structural

and thermal superlubricity.21 Such experiments have also

demonstrated that it is possible to decouple the effects of

these two mechanisms.150 Also, at or near the end of many

of the papers reporting these findings, researchers suggest

that the same approach may be used to measure quantum

lubricity, the concept that ultra-low friction sliding (i.e.,

superlubricity) could be achieved if ions tunnel through

energy barriers as opposed to hopping over them.

Theoretical analysis suggests that quantum lubricity could be

measured using the laser-cooled ion approach.22 However, at

this point, it has not yet been experimentally observed. If

quantum lubricity is indeed measured, entirely new direc-

tions for superlubricity research would appear, with the aim

of comprehensively characterizing this exciting mechanism.

Although its effect may be small in conventional friction sys-

tems, exploring how quantum lubricity could potentially be

leveraged for friction control under specific conditions (such

as very low temperatures) is an exciting fundamental

research direction.

Considering the many different approaches to achieving

superlubricity discussed in this review together, it is possible

that they all fit within a single theoretical framework: A ther-

mally activated point mass (or a collection of point masses)

dragged over a potential energy surface by elastic tether(s)

(i.e., spring(s)), as described by the Prandtl-Tomlinson and

Frenkel-Kontorova models. In these simple models, friction

(the lateral force in the tether) increases as long as the mass

is stuck in a given potential energy well. Reducing friction is

then possible by facilitating movement of the mass from one

energy well into the next. This can be achieved by lowering

the energy barrier, increasing the thermal energy of the

mass, creating a lower (i.e., “softer”) energy barrier, or

enabling the mass to tunnel through the barrier. These four

concepts are realized practically in the different approaches

to superlubricity: the energy barrier can be lowered by slid-

ing surfaces in incommensurate configurations (structural

superlubricity), reducing the normal force, or actuating the

contact; thermal energy is increased at higher temperatures

(thermolubricity); use of a liquid interface between solid sur-

faces is consistent with the idea of softening the relevant

energy barriers such that they can be elastically lowered;

and, although only conceptual at this point, tunneling

through barriers can be achieved through quantum lubricity.

Thus, despite the widely varying materials and methods used

in studies of superlubricity, there is an underlying goal: to

reduce the effort (i.e., friction) required for relative lateral

motion of surfaces at an interface. Thinking of superlubricity

in this unified way may lead to new ideas regarding how to

achieve it, very different from those that have already been

explored. For example, while significant research has

focused on decreasing energy barriers and increasing thermal

activation, perhaps future studies could explore ways to

physically control the properties of the elastic tether, or

come up with new ways of “coupling” the tether to the

energy barriers. Entirely new avenues of achieving superlu-

bricity may be possible, built on the basic concepts and mod-

els of frictional sliding.

Overall, it is certainly an exciting time for researchers

from various fields working on superlubricity, as the rate of

research progress is accelerating rapidly, and the physical

limitations that were once thought to confine superlubric

behavior to extreme conditions (such as a pristine vacuum

environment and the nanometer scale) are now being over-

come. It is projected that further fundamental scientific dis-

covery will ultimately enable notable technological

advances, initially for mechanical systems on the nano- and

micrometer scale, and then potentially on conventional engi-

neering length scales. Within this context, the application of

superlubricity toward mechanical systems employed in space

exploration (where energy is at a premium and mechanical

failure due to friction-induced issues can be critical157)

emerges as a promising niche area. Once the promise of

superlubricity is realized for such specialty cases, it is likely

that the successes will lead to research focused on extending

the application range of technological developments, ulti-

mately enabling a sustainable state of ultra-low friction and

transformative improvements in the efficiency of mechanical

systems.
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