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A plethora of two-dimensional (2D) materials have been introduced in physics and engineering
in the past two decades. Their robust, membranelike sheets permit (mostly require) deposition,
giving rise to solid-solid dry interfaces whose mobility, pinning, and general tribological
properties under shear stress are currently being understood and controlled, both experimentally
and theoretically. In this Colloquium simulated case studies of twisted graphene systems are used
as a prototype workhorse tool to demonstrate and discuss the general picture of 2D material
interface sliding. First highlighted is the crucial mechanical difference, often overlooked, between
small and large incommensurabilities, which corresponds to, for example, small and large twist
angles in graphene interfaces. In both cases, focusing on flat, structurally lubric or “superlubric”
geometries, the generally separate scalings with the area of static friction in pinned states and of
kinetic friction during sliding are elucidated and reviewed, tangled as they are with the effects of
velocity, temperature, load, and defects. The roles of island boundaries and elasticity are also
discussed, and compared when possible to results in the literature for systems other than graphene.
It is proposed that the resulting picture of pinning and sliding should be applicable to interfaces in
generic 2D materials that are of importance for the physics and technology of existing and future
bilayer and multilayer systems.
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I. INTRODUCTION

A great variety of stiff, graphenelike 2D materials, quali-
tatively displayed in Figs. 1(a)-1(c) (Geim and Novoselov,
2007; Geim and Grigorieva, 2013; Novoselov et al., 2016),
increasingly pervades materials science, physics, and tech-
nology. This includes graphene bilayers and transition metal
dichalcogenides that are especially important for new phe-
nomena and applications (Rao et al., 2009; Butler et al., 2013;
Geim and Grigorieva, 2013; Liu et al., 2016; Novoselov et al.,
2016; Wang, Ma, and Sun, 2017; Yankowitz, Ma et al., 2019;
Pham et al., 2022).

Besides the electronic properties that attract most of the
attention (Cao et al., 2018; Cao, Fatemi et al., 2018; Kerelsky
et al., 2019; Yankowitz, Chen et al., 2019; Stepanov et al.,
2020; Park et al., 2021), their mechanical, tribological, and
rheological characterization must in parallel be physically
understood and controlled (Zhang er al., 2019), for many
reasons. A first, practical one is that mutual sliding of two
juxtaposed 2D material layers is known to be easy owing to
their weak interlayer van der Waals interaction. Beyond that,
mutual incommensurability of 2D material interfaces can
lead to ultralow sliding friction, a property known as “super-
lubricity” (Hirano and Shinjo, 1990; Dienwiebel et al., 2004).
That property makes it naturally attractive for energy saving,
and potentially for lifetime increase. Manipulations involving
these interfaces also occur in several microscale and nanoscale
experiments; see Fig. 1(d). Good lubricity makes them
promising for the application in microelectromechanical and
nanoelectromechanical systems such as microgenerators,
nanogenerators, and nano-oscillators (Zheng and Jiang, 2002;
Huang, Lin, and Zheng, 2020; Huang e al., 2021; Wu et al.,
2021). Another, more substantial reason is that our current
understanding of superlubricity is still too vague. On the
whole, the friction’s connection to incommensurability and
rotation is, as we later see, a source of surprises.

The general incommensurate interface of 2D materials is
composed of two monolayers that either are identical but
rotated by a “twist” angle 6 (homostructure case) or are
different, with an inherent lattice mismatch (heterostructure
case). It is characterized by the so-called moiré pattern [see
Figs. 2(a)-2(c)], an almost-periodic superlattice resulting from

FIG. 1. (a)-(c) Some relevant 2D materials. (d) Common
experimental setups involving their interfaces.
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the beating of the two 2D lattices. The lattice constant of the
moiré superlattice 4 between layers with triangular or hex-
agonal symmetry is determined by the lattice constants of the
two contacting layers a and b and the twist angle 9,

ab
¥ + b = 2ab cos(0)

A(6) (1)

For homostructures with a = b, the moiré size A(0) =

a/v/2 —2cos@ scales as 6~'. When one of the layers (the
“slider”) is sheared relative to the other, the moiré pattern
drifts at an angle f relative to the sliding direction,

b — a cos(0)
Va® + b2 =2ab cos(d)

2)

B(0) = arccos

As Eq. (2) shows, the moiré pattern generally drifts askew of
the sliding direction. The ratio of the sliding velocity of the
moiré vy to the slider’s v is A/a (Hermann, 2012; Wang, Ma,
and Tosatti, 2023). Larger than 1, this ratio diverges when
a=>b and 6 — 0°. As sketched in Figs. 2(d)-2(f), for
graphene/graphene homostructures, and thus with a =5
and twist angle 6, f=90°—6/2, i.e., the moiré direction
is nearly perpendicular to the sliding direction of the slider
at small twists. For a heterostructure bilayer such as
h-BN/graphene with mismatched lattices a/b ~ 1.018 at zero
twist angle [Figs. 2(g)-2(1)], # = 180°.

(a) (®) e

208000000 AMIBITURIN 0 OFIMI%

commensurate

(d) (e)

graphene/graphene

hBN/graphene

FIG. 2. Sketch of 2D material interfaces. (a) Commensurate and
(b) “homo” incommensurate with twist angle 6. (c) ‘“Hetero”
incommensurate with lattice mismatch a # b and zero twist.
(d)—(f) Graphene-graphene moiré cell (dashed-line rhombi),
shown for a small twist 8, obliquely translating upon horizontal
interface sliding (arrow). (g)—(i) Same approach for A-BN/
graphene when € = 0. The angle of motion of the moiré lattice
relative to the graphene lattice is f [Eq. (2)].
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A host of questions arise about the facile sliding of these
incommensurate 2D crystalline interfaces, or alternatively
about their mechanical pinning against shear. The exceptional
in-plane robustness coupled with great out-of-plane mem-
branelike flexibility are new elements. Another one is the
unusually important adhesion between the flat layers. These
elements make 2D material interfaces different than other
frictional systems (Vanossi, Bechinger, and Urbakh, 2020)
such as 3D solids (Liu, Erdemir, and Meletis, 1996; Bowden
and Tabor, 2001; Eriksson, Bergman, and Jacobson, 2002;
Zhao et al., 2021), adsorbed layers and clusters (He, Miiser,
and Robbins, 1999; Krim, 2012; Pierno et al., 2015; Varini
et al., 2015), and colloid monolayers (Bohlein, Mikhael, and
Bechinger, 2012; Vanossi and Tosatti, 2012; Mandelli et al.,
2015; Brazda et al., 2018; Cao et al., 2019). In the nanoscale
to mesoscale range, the size and temperature dependence
of static friction of 2D material contacts, as well as their
comparison to that of velocity-dependent Kinetic friction
generally differs from classic macroscopic laws in a way that
is currently addressed case by case. The widespread concept
in the sliding of crystalline interfaces is structural lubricity
between incommensurate faces (Sokoloff, Sacco, and Weisz,
1978; Aubry, 1983; Peyrard and Aubry, 1983; Miiser, 2004),
which is generally believed to imply superlubricity (Sokoloff,
1990; Shinjo and Hirano, 1993; Dienwiebel er al., 2004;
Vanossi et al., 2013; Baykara, Vazirisereshk, and Martini,
2018; Martin and Erdemir, 2018). Note that this term currently
holds different meanings in physics and engineering.

Standard superlubricity (Peyrard and Aubry, 1983), which
we adopt here as being synonymous with structural super-
lubricity (Miiser, 2004), can be defined for infinite defect-free
systems as an unpinned, free sliding state; that is, a state where
the static friction F (the smallest force needed to initiate the
sliding motion) is mathematically zero even down to 7 = 0.
This also implies the ability to slide, albeit with infinitesimal
velocity, under an infinitesimal applied force. In the real world
everything has a finite size, even without defects. The edges
destroy the slider’s perfect translational invariance, inevitably
causing static friction. However, if the slider’s bulk is
structurally superlubric and defect free, F scales as A* with
a<1. For a <1 we refer to this real-world cousin of
structural superlubricity here as structural lubricity. Finally,
engineers and practitioners who handle real materials with
systematic defects, finite temperature, etc., sometimes refer to
superlubricity for any system with low sliding friction and
friction coefficient (4 < 1072) (Martin et al., 1993; Baykara,
Vazirisereshk, and Martini, 2018; Hod et al., 2018; Martin and
Erdemir, 2018). To avoid confusion, which this superposition
of names sometimes generates, we use the term engineering
superlubricity when needed for the latter. Despite the early
detection of superlubricity (Hirano er al., 1997; Liu, Yang
et al, 2012) in structurally lubric twisted graphene flakes
and graphite interfaces (Liu, Erdemir, and Meletis, 1996;
Dienwiebel et al., 2004; Filleter et al., 2009; Lee et al., 2010;
Liu, Yang et al., 2012; Urbakh, 2013; Berman et al., 2015;
Koren et al., 2015; Kawai et al., 2016; Qu et al., 2020) and
theoretical work (Consoli, Knops, and Fasolino, 2000; de
Wijn, 2012; van den Ende, Wijn, and Fasolino, 2012; Hod,
2013; Leven et al., 2013; Mandelli et al., 2019), the
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community remains in need of a broad road map applicable
to the sliding of 2D layered materials. We now pose some of
the questions that seem currently open and/or debatable.

To what extent does a large twisted bilayer, incommensu-
rate and therefore a candidate for structural superlubricity, or
at least to structural lubricity, realize free sliding? What is the
origin of friction and how are static and kinetic friction related
at 2D material interfaces? What kind of area, temperature,
velocity, and load dependence of interface sliding friction
should one generally anticipate? Specifically, different experi-
ments report different scaling of friction with area A%, with the
exponent a ranging from 0 to 1. What is the origin of this
dispersion? What role does the extreme 3D anisotropy of these
poorly extensible, yet flexible and easily corrugated mem-
branes play? Why is it that structurally lubric 2D material
experimental sliders generally exhibit a logarithmic velocity
dependence (the earmark of stick-slip) (Gnecco et al., 2000;
Riedo et al., 2003; Miiser, 2011) instead of a linear one (the
earmark of smooth sliding)? Can temperature (or load) bring
about a change between high and low friction states (Krylov
and Frenken, 2014; Pellegrini et al., 2019)? And numerically
what are the actual friction coefficients of the 2D material
interfaces? Are the differential friction coefficients generally
used for 2D materials really adequate?

This Colloquium was inspired by questions like these.
Answers are currently scarce, despite extensive investigations
of a variety of 2D materials and models. We proceed through
an examination of successive physical properties, with refer-
ences to existing literature abundantly augmented by our own
simulations. Ultimately we aim to provide a more compre-
hensive framework for nanofriction of structurally lubric 2D
material interfaces. The workhorse helping us throughout our
discussion mostly is a graphene/graphene twisted interface.
Convenient as it is for a direct exemplification through
molecular dynamics simulations, that choice also describes
encapsulated bilayers, systems of current interest for their own
sake (Andrei and MacDonald, 2020; Mogera and Kulkarni,
2020; Nimbalkar and Kim, 2020; Pham et al., 2022; Tormai,
Peotta, and Bernevig, 2022). Beyond the specific example, the
scope of our approach is broader. Results should be applicable
for generic twisted, structurally lubric, incommensurate con-
tacts among 2D materials (Geim and Grigorieva, 2013;
Novoselov et al., 2016), which we consider our broader target.

The Colloquium proceeds as follows. Prior to actual sliding,
we first examine in Sec. II the equilibrium interface geometry.
That will highlight the existence of qualitatively different
configurations as a function of decreasing twist angle: large,
intermediate, and small. We then introduce in Sec. III the setup
of nonequilibrium molecular dynamics (NEMD) simulations
of a twisted graphene interface, modeling the structure and
sliding with a state-of-the-art force field. Simulations that, as
mentioned, are a tool to embody our questions and to propose
answers along with discussion and review. Energy barriers and
related static friction considerations, together with simulated
frictional force traces, that represent the background data for
subsequent analysis are presented in Sec. IV. Section V is
devoted to the generally distinct (yet sometimes coincident)
area dependencies of static and kinetic friction in different
regimes and geometries. Temperature dependence, where
viscous friction is characteristic of truly superlubric free
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sliding, is contrasted in Sec. VI with the so-called thermolubric
evolution, where thermal barrier crossing gradually smears out
stick-slip friction. A similar contrast between free sliding and
stick-slip regimes shows up in the velocity dependence of
kinetic friction, which correspondingly varies from linear to
logarithmic. The load dependence of 2D material friction of
Sec. VII highlights the concept and nature of the friction
coefficient, for which we provide a tentative table. Friction
coefficient data of 2D materials are rare in the literature, where
only differential friction coefficients usually appear. That point
is corrected by considering adhesion, which is unusually
important in 2D material contacts. We also clarify that the
load dependence of friction in structurally lubric 2D interfaces
arises insofar as pressure modifies the barriers created by edges
and defects. The effect of interfacial elasticity on static and
kinetic friction, which is directly related to the size of the
system and particularly important at the mesoscale, is discussed
in Sec. VIIL. The variety of defects that mix up and modify the
frictional properties of clean perfect interfaces is the subject of
Sec. IX, where we limit ourselves to the main defects. A
discussion and outlook conclude the Colloquium in Sec. X. In
the spirit of Colloquia (a Reviews of Modern Physics format
invented by Ugo Fano, who was a mentor to one of us), we
debate the questions lined up at the outset and do not attempt to
offer a scholarly review of the countless contributions to
the field.

II. STATIC STRUCTURE OF 2D TWISTED INTERFACES
A. Three regimes

Prior to directly addressing tribology, with its resulting
shear stress, pinning, and sliding, it is necessary to understand
the static structure of a generically incommensurate 2D
material crystalline interface, where the moiré patterns do
not match the crystal lattices. To begin, the two layers are not
rigid and deform statically in order to adapt to each other,
bringing the total energy to a minimum. This deformation,
which we later detail, is important in all of our discussions.
Its nature is a mere structural relaxation, rather than a
“reconstruction,” as it is sometimes called (Yoo et al., 2019).
In fact, it changes neither the moiré periodicity nor any other
symmetry. The deformation consists mostly of out-of-plane z
corrugations of the two layers, stiff in plane but easy to bend.
It is unsymmetrical in a heterostructure interface and antisym-
metrical across the bilayer’s neutral plane in a homostructure
interface at rest.

We employ here the twisted bilayer graphene (TBG),
simulated as detailed in Sec. III, as the simplest showcase
of the relaxed structure; see Fig. 3. Generally there are
different regimes to the structure of a 2D material interface.
In a TBG they are realized as a function of the twist angle 6:
large (L), intermediate (/), and small (S), as described in
Figs. 3(a) and 3(b). In the first regime L, with the twist 6
ranging from 30° down to about 10°, the moiré pattern with
small lateral size A(0) is accompanied by an out-of-plane
corrugation z(x,y). Here z is sinusoidal in shape and of a
small magnitude relative to the interlayer spacing, while it
grows moderately for decreasing 6. In the opposite small twist
regime S below 3°, the corrugation pattern differs completely
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FIG. 3. (a) Out-of-plane z distance (corrugation) of a single
TBG layer from the midinterface plane, fully relaxed at 7 = 0 K
for S, I, and L regimes. Red nodes mark large AA-like interlayer
spacing, blue areas smaller AB-like spacing. (b) Corrugation
profile along the dashed lines in (a). (c) Average (red dashed line)
and minimum and maximum (pink-shaded region) relaxed
interlayer spacing as a function of the twist angle 6. The black
dotted lines mark the analytical prediction of Eq. (3). The data
were obtained as described in Sec. III.

from the sinusoidal shape. It consists of a sequence of
narrowly peaked, well-spaced misfit dislocations, or discom-
mensurations (McMillan, 1976) of a constant z magnitude,
separating nearly AB and BA commensurate domains. The
twist regime I, roughly from 10° to about 3° in TBG, is
intermediate, the corrugation growth is less pronounced, and
the shape deviates from sinusoidal. These different regimes
and crossovers were encountered in many previous studies
and simulations (Bohlein, Mikhael, and Bechinger, 2012; Kim
et al., 2012; Alden et al., 2013; Uchida et al., 2014; Woods
et al., 2014; Berman et al., 2015; Jain, Jurici¢, and Barkema,
2016; Yoo et al., 2019; Maity et al., 2020; Weston et al., 2020;
Kazmierczak et al., 2021; Zhang et al., 2022), where some
aspects were described. These twist-dependent structural
differences also imply different frictional properties, a seldom
addressed aspect that plays an important role in our discus-
sion. As prototypes of the two extreme limits L and S, we use
6 = 30° [ignoring its special “quasi-incommensurate” geom-
etry (Stampfli, 1986; Koren and Duerig, 2016b)] and 0 = 2°
here, respectively. Smaller twist angles with moiré size
growing as @~ for a = b [Eq. (1)] are computationally more
expensive and therefore harder to explore. This problem does
not arise in heterostructures, where a # b and by Eq. (1) the
moiré size A remains finite at & = 0. That is illustrated for
h-BN/graphene in Fig. 4(a).

B. Understanding the relaxed structural regimes

A good analytical understanding of the upper and lower

envelopes of the shaded zone in Fig. 3(¢), dypper = do +4H /3
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0o 3 10 30
twist angle 6 (deg)

FIG. 4. Out-of-plane moiré corrugation for graphene/h-BN
simulated heterostructures at various twist angles: 6 = 0°,
0.45°, and 1.5°. (a) The moiré pattern and (b) the out-of-plane
corrugation magnitude along the white dashed traces in (a).
(c) Maximum, minimum, and average values of the z coordinate
of carbon atoms in the upper graphene layer over the flat 2-BN
substrate as a function of misalignment angle. Adapted from
Guerra et al., 2017.

and dyoyer = dy —2H /3, is given by the monolayer out-of-
plane corrugation magnitude

B aly2*(0)
327%a*Ddy/3v/3(1 —1?) + k,dy/2 + 144e2*(0) /dy
(3)

where A(6) is the moiré size at the twist angle 6 [Eq. (1)], U, is
the energy barrier against sliding at the interlayer equilibrium
distance d = d,), a describes the decay rate of Uy(d), ¢ is the
adhesive energy per atom in the perfect AB stacked bilayer,
and D and v are the bending stiffness and Poisson’s ratio
of monolayer graphene. Moreover, k, is an effective inter-
atomic stiffness, qualitatively representing the rigidity of
the semi-infinite bulk supporting the bilayer interface. The
Lennard-Jones parameters e and d, generically describe the
z-dependent interlayer adhesion energy, which is assumed to
be weakly (x,y) sinusoidally dependent (Wang, Ma, and
Tosatti, 2023). Its transparent contents is that the out-of-plane
corrugation originates from the in-plane energy barrier U,
hindered by both bending stiffness D and adhesion e. Because
Eq. (3) assumes a weak out-of-plane corrugation, it applies
only to L and part of the I regime, where the local interlayer
spacing is still above its minimum d,z and below its
maximum d,, of bulk graphite. When TBG is “encapsulated”
between supports (described in Sec. III), that regime is
realized for € > 5° For smaller twist angles, regime S,
min(z) approaches z,5 and max(z) approaches z44 such that
H.x = Zaa — Zap> as shown in Fig. 3(b). The range of
interlayer spacing is shown as a shaded zone in Fig. 3(c).
In the graphene bilayer, the maximum width reached by the

H(0)
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pink zone( ~0.2 A) corresponds to the excess interlayer
distance of the AA metastable stacking relative to that in
the stable AB stacking. The globally flat bilayer is symmet-
rically moiré corrugated with magnitude 2H, where H
describes the single layer corrugation. In heterobilayers the
corrugation is asymmetrical, but the overall behavior under
twist is similar. For example, in the flexible-graphene/rigid—
h-BN depiction in Figs. 4(a) and 4(b), the variable twist
angle gives rise to a similar broadening of the interlayer
distance [Fig. 4(c)].

III. TWISTED GRAPHENE INTERFACE SIMULATIONS:
A DEMONSTRATION TOOL

Here we describe the simulated systems that we use for
demonstration and discussion. They are two representative
model setups, sketched in Fig. 5, of 2D graphitic homostruc-
ture interfaces, as well as graphene/h-BN heterostructure
interfaces. For all simulations, the box size is relaxed at the
beginning to set the in-plane stresses p,, and p,, to zero. All
molecular dynamics (MD) simulations used the LAMMPS code
(Plimpton, 1995; Thompson et al., 2022). The interlayer and
intralayer interactions of graphene layers are described by the
registry-dependent interlayer potential (Leven ef al., 2016;
Ouyang et al., 2018) and the second-generation reactive
empirical bond order potential (Stuart, Tutein, and Harrison,
2000; Brenner et al., 2002), respectively. Optimized for high
pressure conditions (Ouyang et al., 2020), the former is meant
to reproduce the sliding energy barrier and the binding energy
of 2D materials, while the latter describes the mechanical
behavior of graphene well (Rowe et al., 2018). A Langevin
thermostat at temperature 7 is applied to the lowest substrate
layer in each of the configurations of Fig. 5.

Open boundary conditions: A sliding island. The first
setup [Figs. 5(a) and 5(c)] is, when idealizing some exper-
imental systems, a finite-size graphene flake in the form of a
circular island (blue), sliding over an infinite, PBC graphene
substrate (red). For simulations, the model is composed of four
layers of 2D material. The two lower layers represent the
“substrate,” whereas the two upper layers represent the the
slider. This open boundary conditions (OBC) setup allows an
arbitrary twist angle and arbitrary incommensurability of in-
plane lattice spacing for heterostructure interfaces. The island
edge breaks translational invariance. An issue is the sponta-
neous torque, which is generally nonzero and pushes the twist
angle 0 toward energetically favorable alignments such as
6 = 0. To prevent this in simulations the overall twist 6 is kept
strictly constant by setting the overall angular momentum to
zero at all times. In a homostructure interface such as a TBG,
the torque gets negative and large at smaller twist angles,
where the island tends to rotate toward @ = 0. While for a
mesoscopic or macroscopic island this negative torque may
not really succeed in producing a rotation, in microscopic
islands it surely can, and that poses an obstacle to the study of
twist angle dependence of all frictional properties. This
spontaneous rotation occurs not only in homojunctions
(Filippov et al., 2008) but also in heterojunctions (D. Wang
et al., 2016).

Periodic boundary conditions: A perfect infinite inter-
face. The second model pictured in Figs. 5(b) and 5(d) is an
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FIG. 5. Top and side views of prototypical nanofriction setups. (a) Circular island, OBC bilayer interface. (b) Boundary-free PBC
bilayer interface. Note the differing moiré patterns of the 30° and 6° twist angles, respectively. (c),(d) Side view of two configurations.
The slider and substrate layers are shown in blue (upper center) and red (lower center); the encapsulating stages (top and bottom layers)
are black, with their vertical grip mimicked by springs k.. The slider’s center of mass is pulled with velocity v, through a spring K,
representing the overall effective stiffness of the pulling system. (e)—(h) Sliding configurations for graphene/s-BN heterostructures in the
literature (Song et al., 2018; Mandelli et al., 2019; Wang, Cao et al., 2019).

infinite supported graphene/graphene interface with fully
periodic boundary conditions (PBC). A discrete series of
twist angles ranging from 0.1° to 30° are constructed by
means of artificially commensurate periodic supercells
(Trambly de Laissardiere, Mayou, and Magaud, 2010).
There are no edges or defects, making the model suitable
for the study of delicate structural superlubricity questions
at small twist angles. The residual commensurability energy
barrier is irrelevant at sufficiently large system sizes. A more
serious drawback in this case is that by necessity the cell size
depends upon the twist angle [Eq. (1)], which complicates
comparisons between different twists. At small twist angles,
the homostructure moiré and thus the simulation size
become large. Thus, in PBC we limit the number of 2D
layers, which are still supported by the k, vertical springs, to
two; there are no extra encapsulating layers.
Twist-dependent energy and torque. Structural optimiza-
tion of the aforementioned models provides qualitative
and quantitative information reflecting the different regimes.
They are shown in Fig. 6 for a graphene/graphene interface.
The main regime is the energy/atom interface relative
to that of the commensurate Bernal AB stacking AE =
[Eintertayer (7) = Eingertayer (0)] /N, where N is the total number
of atoms in the upper (or lower) layer at the interface. Another
is the torque, the z component of @ = (3>"¥r; x F;)/N, where
r; and F; are the position (relative to the slider’s center of
mass) and force of the ith slider atom. From energy, the torque
magnitude is obtained as |Q| = —dAE/d6 and is extracted,
respectively, from the island and PBC simulations (Fig. 6).
With the present force field the interface interaction energy
(adhesive and thus negative) evolves from constant and
—44.7 meV/atom in the large incommensurability regime
L to ~ —48.7 meV /atom at § = 0 in full commensurate AB
stacking, and thus with NAE/Ejyeayer(0) & 9%. The inter-
action energy and also the average interlayer spacing [the red
dashed line in Fig. 3(c)] actually appear to indicate only two
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regimes, i.e., L + I and S. Evidence of a separate intermediate
regime / between L and S is provided by the onset of a torque
pushing monotonically toward € = 0. This coincides with the
beginning of regime S, where upon decreasing twist there is a
leveling off of the corrugation magnitude H,, = Zaa — Zap-

Extracting static and kinetic friction. All layers [four in the
island case in Fig. 5(c) and two in the infinite case in Fig. 5(d)]
are mechanically flexible, with atoms in the upper layer of the
slider and the lower layer of the substrate connected to rigid
planes [the black encapsulating stage in Fig. 5(c)] through z
harmonic springs k, = 2.7 N/m, the elastic modulus of
graphite1 (Liu, Liu et al., 2012; Wang, Qu et al., 2019).
The center of mass (c.m.) of the slider’s upper layer is
connected to a virtual stage through the pulling spring with
stiffness K o> which represents the effective lateral stiffness of
the pulling system. In NEMD simulations, the stage moves
along the x direction with a constant velocity vy.

The static friction F', the smallest force required to initiate
sliding, is calculated using quasistatic protocols (Bonelli et al.,
2009; Mandelli et al., 2017). Simulations with € smaller than
1° contain one moiré, while systems with larger twist angles
afford multiple moirés [Fig. 5(b)]. The kinetic friction Fy
is the average force necessary to maintain steady-state
sliding with an average velocity v. It characterizes the average
energy dissipation during sliding. It is calculated as Fy =
(Kp(vot = Xc ), where X, is the c.m. position of the slider
and (- - -) denotes the long time average over a steady sliding
state. To address correlations between friction and contact
area A, temperature 7', sliding velocity », and normal load Fy;,
we control these variables and adjust the circular slider

'"This is an extreme value mimicking a rigid encasing. An
alternative value for a twisted graphite interface could be (Wang,
Ma, and Tosatti, 2023) ~0.1 N/m, which is much smaller. The actual
magnitude of k, has little effect on the moiré corrugation H.
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diameter D, the stage velocity v, and the thermostat 7. Load
is controlled by keeping the rigid bottom plane fixed and
positioning the top rigid plane at variable z. Compared to the
method of directly applying a uniform normal force to each
slider atom, this method is more realistic, allowing the slider
atoms to adaptively experience a nonuniform normal force.

IV. SIMULATED 2D SLIDING FRICTION

The previously described model setups provide typical
energy and friction data that can be used for the discussion
of sliding in 2D materials.

A. Static friction and energy barriers

The total potential energy, the sum of intralayer and
interlayer contributions, depends on the relative lateral coor-
dinate of the two facing layers. The potential energy and the
sliding energy barriers for MD simulations can be generated
by means of well tested empirical force fields. Force fields are
adequate as long as bond breaking and bond formation does
not occur, as we assume to be the case in the sliding of 2D
materials. First-principles calculations were also carried out
(Reguzzoni et al., 2012; Righi, 2021). However, they are
difficult to extend to large simulation cells, which are essential
for the present problems. Starting with first-principles calcu-
lations, force fields were even parametrized so as to preserve
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the same high precision but better efficiency in that respect
(Leven et al., 2014, 2016; Wen et al., 2018; Ouyang, Hod, and
Guerra, 2021).

The periodic moiré corrugation is depicted in Fig. 6(a) for
the island (OBC) case and in Fig. 6(d) for the infinite bilayer
(PBC) case. The AA regions stand out for their higher
interlayer distance and weaker interlayer attraction, while
the AB and BA regions indicate the opposite. The AB-BA
dislocation network joining the AA nodes is visible in the
small twist angle cases in Fig. 6(d). The twist concentrates to a
local rotation angle of the AA nodes in regime S [visible in
Fig. 6(d)], as noted earlier (Angeli et al., 2018; Zhang and
Tadmor, 2018). The average interlayer energy of Fig. 6(b)
evolves from constant L-regime incommensurability 6 > 10°,
dropping toward the commensurate value with the asymptotic
power law AE « 0 in the S regime 6 < 3°. For the PBC
structural superlubric case [Fig. 6(e)], the prefactor is
1.43 meV. At the same time, a torque arises in the regime
pushing toward 6 = 0; see Figs. 6(c) and 6(f). The energy
evolution upon static sliding is instructive. To begin, the total
energy in the perfectly incommensurate infinite bilayer should
be strictly constant, regardless of the relative position of the
two layers. For a finite-size slider, however, the energy
depends on the position, with barriers that depend on the
size and sliding direction. This is exemplified in the right
panel of Fig. 6(b) for a circular island, where the energy
oscillations correspond to moiré cells entering or exiting the

(d)mm ) [w }“li!" il l“'
pott 4 ?q,,, {h:. W,me” h.'

| Y 5

"0 ’” iilfw,g m”fm ﬁ y
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FIG. 6. Moiré corrugation patterns, energy, and rotational torque of the OBC (island) and PBC (infinite) graphene/graphene interfaces.
(a) z coordinates (upper panels) and per-atom interlayer interaction Ejyeriayer (lower panels) for circular islands with diameter D = 4 nm

and twist angle 0 = 2.5°, 5.0°, and 7.5°. (b) Per-atom interlayer

interaction energy difference AE relative to perfect AB stacking for

islands with different diameters as a function of twist angle (left panel), and for one moving island as a function of displacement along
the substrate armchair (vertical) and zigzag directions (horizontal), with the periodicities V3a =426 A and a =2.46 A, respectively.
(c) Per-atom rotational torque of graphene islands with different radii. The three red vertical lines in (b) and (c) correspond to the twist
angles shown in (a): the rotationally most unstable angle and the two locally stable angles (zero torque). (d) The same plots as in (a) for

PBC infinite interfaces with twist angles # = 0.4°, 1.08°, and 3.0°.

(e) The same as (b) for PBC. The three gray vertical lines in (e) and (f)

correspond to the twist angles shown in (d). By comparing the OBC island with PBC energy against the slider position, one can note the
direction-dependent energy barriers. Despite the apparent similarity, the large island barriers are real, whereas the small PBC barriers are
an artifact due to the finite cell. In addition, the OBC torque oscillations are real features of the island edge interfering with the moiré.

The torque minimum near 1° signals a change of misfit regime
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from independent to dependent on elasticity (see the text).
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FIG. 7. Evolution of an interlayer energy map during sliding by
dx along x of a circular island with a diameter of 4 nm and a twist
angle 6 = 5°. Three AA nodes near the edge in (i) are highlighted
and tracked as they move. When they cross the edges, the
interlayer energy develops a barrier.

perimeter edge. For curiosity, we also show the energy barrier
of the PBC case of Fig. 6(e), which is completely artificial and
utterly negligible.

To clarify the origin of the frictional barrier in OBC
systems, Fig. 7 shows the evolution of the moiré pattern
(via energy distribution) as an island slides. Two aspects
emerge. First, as the island slides along (1,0) with velocity v,
the moiré pattern moves along (sin(6/2),cos(6/2)) with a
velocity vy (6) = A(0)v/a. Second, the manner in which this
moving moiré hits the island edge is responsible for the sliding
energy barrier [the middle panel of Fig. 6(b)]. Every time one
or more of the AA nodes in the moiré cross inward or outward
the edge (Fig. 7), the total energy undergoes a local maximum
because local AA stacking costs about 15 meV/atom more
than AB stacking (Popov et al, 2012; Tan et al., 2012;
Wen et al., 2018).

The reluctance of the island to admit or expel AA moiré
nodes generates the barriers that cause the static friction
against the incommensurate island motion. The evolution of
this edge-induced barrier with island radius, its direct con-
nection with uncompensated moiré cells, and the approximate
description of its oscillatory and progressively decreasing
impact on friction have been repeatedly emphasized in
different contexts (Varini et al., 2015; Koren and Duerig,
2016a; Cao et al., 2022). Theoretical modeling also led to
these friction oscillations being expressed with the radius
of a circular island in terms of sinusoidal fitting for kinetic
friction (Wang, Cao et al., 2019; Wang, Qu ez al., 2019) and of
Bessel functions for the static friction of rigid colloidal flakes
(Cao et al., 2022).

B. Kinetic friction: Surfing moiré

Typical room temperature simulated force traces (whose
steady-state average yields the kinetic friction F) are shown
in Figs. 8(a)-8(c) for PBC and OBC graphene contacts. In
addition to homojunctions, force traces for PBC and OBC
graphene/h-BN heterojunctions from the existing literature
(Mandelli et al., 2019; Wang, Cao et al., 2019) are reproduced
in Figs. 8(d)-8(f).
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The PBC traces show a weak oscillation, and a sharply
increasing mean value of friction as the twist angle decreases
across from L regime at @ = 30° to  and S, eventually close to
0 = 0°. The rise of friction reflects the decrease of interface
mobility upon rise of the moiré size A [Eq. (1)]. This reduces
the density of AB-BA dislocations and changes their appear-
ance from diffuse to localized, as shown in Figs. 3(a) and 6(d).
The twist angle decrease also entails the rise of moiré velocity
([vm| = vo4/a) along a direction that is increasingly close to
orthogonal to the sliding force [Eq. (2)].

The stiffness of the dragging spring is adjusted in simu-
lations to scale as the number of slider atom N as K, = Nk;,
where k; = 0.1 N/m, which keeps their frequency roughly
constant. The transient inertial oscillation is a mere damping
and parameter-dependent artifact and is of little further
significance. The relevant information is the final param-
eter-independent steady-state friction; see Fig. 8(a).

Based on the reasonable assumption that dissipation comes
mostly from out-of-plane motion of the atoms, the kinetic
friction per atom of PBC superlubric sliding at 7 =0 K is
analytically derived as (Wang, Ma, and Tosatti, 2023)

2
F = ancan| " (@
where H is the out-of-plane corrugation, m is the mass per
atom, v, is the sliding velocity, a is the lattice spacing of the
substrate, and c is a geometrical prefactor that depends on the
twist angle and sliding direction, in our case ¢ = (32/81)x°.
The phenomenological damping ¢, a simulation parameter
mimicking phonon dissipation in the supporting layers
(Benassi et al., 2010), is empirically set here in the ps~!
range. Substituting H of Eq. (3), good agreement is obtained
between this theoretically obtained friction and the simulation
results; see Fig. 9. The linear size and velocity dependence
of kinetic friction suggested by Eq. (4) also agrees with the
simulations (Brilliantov et al., 2023; Wang, Ma, and Tosatti,
2023). This indicates that the kinetic friction is negligible once
velocity is scaled down from the m/s scale (typical of MD
simulations) to experimental scales of pm/s or nm/s.

Kinetic friction is also controlled, unlike static friction, by the
stiffness of the dragging spring K, and the effective damping
present in the system. For the OBC island with 8 = 30°, for
example, the pulling force for stiff or soft springs is sinusoidal
or sawtooth, respectively [Fig. 8(b)]. This corresponds to the
absence or presence of a mechanical instability: the latter is a
necessary condition for stick-slip friction.

Discarding all twist angles at which the contact between the
two layers is commensurate, we can ask whether there might
be a single parameter that determines whether an island whose
c.m. is pulled at low speed and small damping will slide
smoothly or through mechanical instabilities. At 7' = 0, this
amounts to a simple question of statics. When the magnitude
of the slider’s c.m. displacement R = (X,Y) is increased
adiabatically, the static evolution of the contact can occur
either smoothly or through instabilities. In the paradigmatic
1D Prandtl-Tomlinson (PT) model (Prandtl, 1928; Tomlinson,
1929), the outcome is determined by competition between
the energy barrier U, and the effective lateral stiffness K,
(Vanossi et al., 2013). When the dimensionless parameter
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FIG. 8. Kinetic friction traces from (a)—(c) our simulations and (d)—(f) published simulation studies. The underlying static friction

F is zero in PBC, signaling essentially perfect structural superlubricity, but nonzero in OBC, where pinning is due to the island
edges. The kinetic friction F is the average lateral force. The friction force of PBC systems is normalized per slider atom and can be
converted to the shear stress 7 = F//A¢ by dividing the per-atom area of a carbon atom: Ac = ﬁaér /4. (a) Frictional transient and
convergence of PBC graphene-graphene contacts evolving in time (vy = 10 m/s, T = 0 K). The effective lateral stiffness K, is
adjusted case by case in order to keep the underdamped inertial oscillation @ = |/K,/M, with M = Nm the slider mass within
reasonable range. The mean friction (the red dashed line; magnified in the insets), here proportional to velocity, increases as the twist
angle decreases, reflecting the severe mobility drop from the L to / to S regimes (the slider atom numbers N are 11 644, 6542, and
40 838 for 0 = 30°, 4°, and 0.4°, respectively). (b) Friction force of OBC graphene-graphene island of diameter D = 4 nm with a
twist angle @ = 30° as a function of the sliding distance. Upper panel: adiabatic protocol with stiff and soft pulling springs K}, = 100
and 1 N/m, respectively. Lower panels: dynamic sliding simulations (vqg = 10 m/s, T = 298 K) and the same spring stiffness: stiff
and soft, respectively. Note the evolution from smooth sliding to stick-slip upon softening. (c) OBC friction force at a small twist
angle of 2°. Blue and red represent the island diameters D = 10.6 and 14 nm, respectively. Note the evolution from stick-slip at a
small size, where edge pinning dominates, to a larger size, where the edge effect disappears. (d) Time evolution of shear stress (per-
area friction force) in aligned graphene/h-BN heterojunctions under different normal pressures. The time unit is ~25 ps. The
incommensurability of the two lattices and the absence of edges in PBC predicts smooth sliding in this case too. Adapted from
Mandelli et al., 2019. (e),(f) Friction force of graphene/A-BN island contacts (OBC) for 0° and 30° twist angles (Wang, Cao e al.,
2019). The evolution from (e) stick-slip to (f) smooth sliding is associated with a dramatic shrinking of the moiré cell size with
increasing twist.
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than 1, there is instability. Mechanical instability in turn leads
to stick-slip motion at low velocities, small damping, and low
temperatures.

This concept can be extended to 2D material sliding
interfaces. Assuming a fixed twist angle adequate for large
islands, the single c.m. coordinate’s step-by-step static evo-
lution controls all other internal coordinates. The internal
coordinates follow adiabatically owing to energy-minimizing
relaxation at each step. Thus, we can generally describe the
adiabatic sliding of a uniformly pulled island as that of a single
effective “particle” whose coordinate R is that of the c.m., and
whose potential energy is the total energy E (ﬁ)

This permits the use of a PT-like parameter 7 to be extended
heuristically to a sliding island or flake once the three
quantities involved Uy, a, and K, are properly interpreted
and replaced with the effective quantities U, degr, and K
(Wang, Vanossi, and Tosatti, 2024).
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To illustrate and assess how this works, consider an
incommensurate island of twist angle ¢ and diameter D
moving along the zigzag direction X in Fig. 6(b), middle
panel. Starting with the minimum at X = 0, the adiabatic
total energy E(X), which is close to sinusoidal for rigid layers,
will still be periodic with the same period a after full
relaxation is allowed at the increasing c.m. coordinate X.
The effective barrier maximum Uy = E(a/2) — E(0) is
determined by relaxation, essentially taking place near the
pinning center (here the edge). After relaxation, the “effective
lattice spacing” a.y; = 4X;,s, Where the c.m. coordinate X,
of the mechanical instability is the point of maximum slope
dE/dX|x_x = max. The deformability of the island, both in
plane and out of plane, causes the relaxed E(X) to decrease
compared to the rigid one at all X and to deviate from
sinusoidal. In our case, we find that the relaxed Xj, grows
slightly larger than a/4, yet still smaller than a/2. This
result is more general than the case in point. As can be seen
in Fig. 6(b) for the zigzag and armchair directions, the
maximum slope coordinates X, (i.€., derr) are not much
different. This conclusion is actually not limited to these two
directions (Wang, Vanossi, and Tosatti, 2024). Next one
finds that the energy barrier U,y also differs modestly from
the rigid one. Finally, the effective lateral stiffness K.y must
generally include that of the island’s interior k;y, for
example, in the linear form K_} = k| + K, . As detailed
in Sec. VIII, the intraisland stiffness k; is usually larger than
the external stiffness K,; thus, K. may often be approxi-
mated by K,

With these qualifications, the PT-like parameter # of Eq. (5)
can still be used to identify and understand the sliding regime
of 2D islands and flakes (Wang, Vanossi, and Tosatti, 2024).
In particular, as the size grows, a.; remains stable while U
grows with size. Therefore, unless K, is also raised, the 5 of
Eq. (5) will inevitably grow larger than 1. Thus, at a fixed
pulling spring stiffness, the mechanical instability will be the
rule above a certain island diameter, a point also subsequently
addressed in greater detail. The qualitative gist of Eq. (5) is
thus that smooth sliding remains restricted to sufficiently
small islands and sufficiently stiff pulling springs.

V. AREA DEPENDENCE

We can now discuss the friction dependence upon the
various parameters. We begin with the contact area A
dependence of static and kinetic friction in a structurally lubric
2D interface. Kinetic friction is well defined for any system or
condition; static friction is zero or undefined for a nanoscale
system at a finite temperature 7. Thermal fluctuations will
always, after a sufficient time 7, (A, T), overcome the pinning
energy barriers and allow diffusion. This condition, sometimes
called thermolubricity (Krylov and Frenken, 2014; Pellegrini
et al., 2019) and discussed later, permits smooth sliding of a
nanosystem no matter how weak the applied force is.
Considering that ¢, grows with mass, and therefore with area,
we generally assume in the present discussion of 2D interfaces
that 7, is large enough that static friction can be defined and
measured if it is present. Thermolubric conditions are more
difficult to reach for large sliders whose low-temperature
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friction is stick-slip. Force traces for different boundary con-
ditions and different systems, including our prototype
graphene-graphene simulated sliding, are presented in
Figs. 10(a)-10(c) for both the static and kinetic friction of
6 = 2° and 0 = 30° systems.

To begin, consider static friction F, which orginates from
energy barriers that impede free sliding. In principle, in a
simulated slider the energy barrier is always nonzero, both in
the island OBC case and in the defect-free PBC case. Yet, in
PBC the energy barrier is small and nonphysical, caused by
the artificial high order commensurability introduced by the
finite simulation cell. This barrier magnitude drops quickly
with size, much faster than that of an island. As exemplified in
one dimension (Theodorou and Rice, 1978), if the simulation
cell size is (in this case in the direction of sliding) p times
larger that of the moiré cell, of order A, then the PBC barrier is
qualitatively expected to drop like exp(—p). That is, in our
case like exp(—N”), with 0 < # < 1/2. This ready disappear-
ance of size effects is the standard reason why PBC are
generally chosen to approach infinite defect-free systems. In
defect-free PBC simulations of 2D incommensurate materials,
the static friction is generally undetectable for most sizes: a
circumstance that allows structural superlubric conditions to
be explored, at least theoretically.

Static friction of incommensurate interfaces is associated
with defects that break the perfect translational invariance of
potential energy [barring here the possibility of Aubry pinning
(Peyrard and Aubry, 1983)]. Let the defects occupy a fraction
f(A) = 6A/A of the total area A. Unless their number is itself
proportional to A, f will tend to zero in the large size limit,
generally as f ~ A% with 0 < a < 1. The energy barrier and
the corresponding static friction, entirely due to defects in a
structurally lubric interface, should thus be at most propor-
tional to f(A). For an island of N atoms where A = p,pN and
pop 1s the 2D atom density, the edge is the omnipresent
minimal defect. The energy barrier and the corresponding
static friction can in this case vary with increasing size at most
as Negge/N ~N*' with @ =1/2. However, not all edge
regions are equally efficient in producing barriers. The
simulated OBC static friction of # = 30° [the green squares
in Fig. 10(a)] has an area dependence F « A'/4, showing that
the circular island edge is, thanks to its smoothness, a
relatively mild pinning defect. The simulated sublinear static
scaling results are compatible with existing studies (Koren and
Duerig, 2016a; Sharp, Pastewka, and Robbins, 2016; Dietzel
et al., 2018).

The simulated area dependence of kinetic friction shown in
Figs. 10(a)-10(c) is generally different than static friction.
In the large area limit A — oo, F is proportional to A itself
for the defect-free, superlubric PBC case. Kinetic friction,
however, is small and would hardly be measurable at low
experimental velocities [Eq. (4)]. The OBC case is different.
The edges give rise to a large kinetic friction that varies
sublinearly with area. Owing to sublinearity, at sufficiently
large areas and/or large speeds and large pulling stiffnesses the
edge friction should become irrelevant, with a crossover to
linear growth with area, as exemplified during our discussion
of velocity dependence. That said, we conclude that edge and
defect friction appear to be crucial and in fact dominant in
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FIG. 10. Area dependence of nanoscale and mesoscale kinetic and static friction of 2D materials from simulations (upper panels)
and experimental kinetic friction data (lower panels) across the scale. (a) Graphene-graphene contacts with a large twist angle
60 =30° (vy =30 m/s, T =300 K). The green and red data points represent the OBC circular island static friction and kinetic
friction, and the blue data points indicate the superlubric regime kinetic friction (the static friction is zero). The green, blue, and red
dashed lines are power-law fits F ~ A% with exponents 0.25, 0.5, and 1. (b) Graphene-graphene contacts with small twist angle 2°
(vg =10 m/s, T =300 K). The green and red data points represent the static and kinetic friction of OBC islands, and the red
dotted curve is the sinusoidal fitting whose oscillations reflect successive moiré entering and exiting the island (Wang, Cao et al.,
2019). Two typical cases are labeled, with diameters of 10.6 and 14 nm, respectively, at local friction maximum and minimum.
(c) Graphene-%-BN contacts with twist angle & = 30° and 0° (v, = 10 m/s, T = 300 K). The red (¢ = 0°) and blue data points
(6 = 30°) represent the kinetic friction for the OBC graphene island [Fig. 5(e)]. Replotted with data from Wang, Cao er al. (2019).
Comparing (b) and (c) with (a), note that the lowest friction values, where the edge does not contribute to friction, scale linearly
with area, indicating structural superlubricity at all special island diameters of the sequence D,, = v/3A(n/2 + 1/8), with the integer
n > 2. The largest friction values, which are edge related, instead scale sublinearly, indicating proportionality to static friction (the
red dashed upper envelopes). The scaling exponent 1/4 is particular to the circular shape. Most other shapes, possessing straight
edge portions, scale with exponent 1/2. (d)-(k) Collection of 2D material kinetic friction data. The red circles represent data
extracted and replotted from original papers (Dietzel et al., 2013; Cihan et al., 2016; Li et al., 2017, Ozogul et al., 2017; Wang,
Cao et al., 2019; Qu et al., 2020; Liao et al., 2022). The upper green dashed lines show sublinear scaling of the highest friction
points. The lower blue dashed lines underline the linear scaling of the lowest friction points, which is analogous in experiments and
simulations.

most experimental data, where velocity is low (~pm/s) and where {, is the damping coefficient along the a direction

pulling stiffness is generally small (of the order 10 N/m). (a = x,y,2), m; is the atomic mass, and v, , is the velocity a
For the defect-free, sufficient large size system, the linear component of the interface atom i. The main source of atom
growth of kinetic friction with area is understood by consid-  velocity [a vector quantity whose most important dissipative
ering that the frictional power P;,, = (1/7) [;Fvdt must be component in 2D materials is out of plane (Song ef al., 2018;
dissipated roughly as Mandelli et al., 2019)] is the sliding-induced in-plane motion
of the moiré pattern. Moiré solitons act here as quasiparticles

xyz N moving in a viscous medium, dissipating energy proportion-

Pgiss = ZCaZm,-@%G), (6)  ally to their velocity, which is in turn proportional to the

a i=1 sliding velocity. The moiré pattern (unlike the island edges)
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occupies a fixed fraction of the total interfacial area A.
Therefore, the defect-free superlubric friction caused by moiré
motion grows proportionally to the area A.

The aforementioned conclusion, namely, that the area
dependence of structurally lubric 2D kinetic friction differs
from that of static friction, is valid for sufficiently large areas.
In island sliders of small diameter, or other realistically
defected systems where near-defect atoms are an important
fraction, pinning is strong, and both static and kinetic friction
grow sublinearly with area with the same power law, as they
are indeed related and proportional. The island’s edge-related
energy barrier, demonstrated earlier, causes the stick-slip
sliding at low velocity and for sufficiently soft pulling spring
stiffness K.

In stick-slip sliding, the single contact force trace is
sawtoothlike [Fig. 8(b)]. When the damping is sufficient,
the average kinetic friction (the force-displacement area) is
ruled by static friction (the sawtooth’s maxima) and no longer
by the moiré viscous translation, as in the superlubric case. As
a result, both static friction and the corresponding stick-slip
kinetic friction grow sublinearly with area. In Fig. 10(a), this
regime is seen in the initial part of the island kinetic friction,
where the edge-related stick-slip sliding dominates. Such low
friction 2D interfaces are commonly encountered (Miiser,
Wenning, and Robbins, 2001; Dietzel et al., 2013; Cihan
etal.,2016; Kawai et al., 2016; Mandelli et al., 2018; Ouyang
et al., 2018; Qu et al., 2020). Even if stick-slip sliding is
invisible in force traces, generally owing to cancellation
among multiple contact regions, it must be present when
the velocity dependence is less than linear. At the same time,
the sublinear dependence of friction force on the contact
area provides the signature of underlying structural super-
lubricity of the defect-free portions. In that sense it can be used
instead of the more general definition of superlubricity in
which friction coefficients are lower than 0.01 (Baykara,
Vazirisereshk, and Martini, 2018; Martin and Erdemir, 2018).

Static friction. Direct static friction experimental values
are rarely published because of poor reproducible statistics.
Operatively, one could extract them as the maxima of fric-
tional traces in cases where sliding is impeded by a single
obstacle or barrier and stick-slip sawtooths are evident. In
most cases, however, experimentally sliding interface sizes are
large, with multibarriers, or asperities acting at the same time.
Their interference, and the mesoscopic or macroscopic nature
and stiffness of the sliding equipment, lead in most cases to the
cancellation of stick-slip oscillations and sawtooths in the
traces, which therefore appear smooth, even if they are noisy.
(In principle, a Fourier transform of frictional noise could
in the future be instructive in this respect.) As clarified in
Sec. VI, the unmistakable earmark of stick-slip kinetics,
implying in turn a nonzero static friction, is signaled by
velocity dependence that is only weak or nil when friction is
stick-slip.

Kinetic friction. Figures 10(d)-10(f) show friction results
for the sliding of gold and platinum nanoparticles on highly
orientated pyrolytic graphite (HOPG). There is a scatter of
data, many with a substantially sublinear area dependence.
The current understanding is that those growing sublinearly
with @ ~ 1/2 (Dietzel et al., 2017) must do so owing to defects
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whose density does not grow with area, most likely edge
regions. Despite their apparently random spread, the log-log
plot of data reveals that they all fall between two lines, one
of slope a =1 on the lowest friction side, the other with
sublinear slopes @ < 1/2, as previously mentioned. The data
scatter between the two lines can be given a suggestive
interpretation, considering the size and shape of different
sliding islands. Theory shows [see Figs. 10(b) and 10(c)] that
circular islands of increasing radius should yield friction
oscillating regularly between two straight lines that have
different slopes, 1 and 1/4. Moreover, the shape-dependent
exponent 1/4 appears to be an extreme value for the circular
shape, above which it is easy, but below which it is seems
difficult to go. It is reasonable to expect that every new
experimental data point to correspond to a random sequence
with a different size and shape of the sliding islands, therefore
falling between the two lines. If that were the case, one should
actually expect aliasing, which is measurement of a regularly
oscillating variable at random points. Dietzel ef al. (2013) and
Wang, Cao et al. (2019) discussed this problem. More insight
could be obtained if and when friction force traces became
available for sufficiently small size interfaces.

Another point for further inquiry is the apparently erratic
value of the critical size where area scaling of the kinetic
friction crosses over from sublinear to linear. For graphene—
h-BN, experiments (Liao et al., 2022) have shown that
crossover occurs at around 10* nm?. This is consistent with
a graphite—h-BN linear scaling at 10’ nm? [Fig. 10(j)]. For
the MoS,-h-BN and MoS,-graphite cases, the size scaling
remains sublinear up to 10® nm? [Figs. 10(g) and 10(h)].
For graphite island—graphite contact, where edge friction
dominates (Qu et al., 2020), the sublinear scaling remains
even up to 10% nm? [Fig. 10(k)]. There is a single-asperity
theoretical estimate of the connection between critical velocity
and area for that crossover. It is obtained by equating
the slider’s washboard frequency v/a to the characteristic
oscillation frequency of the system inside the energy well

(1 /27:)\/ (K, 4+ 27*Uy/a*)/M. The resulting connection
between stick-slip—ballistic crossover velocity and area is
v, = (1/27:)\/[Kpa2(1+77)]/p2DA, where the total mass

M = p,pA is proportional to the area A. Here 7 is the
Prandtl-Tomlinson mechanical instability parameter [Eq. (5)],
whereby stick-slip will only occur for # > 1 (Vanossi et al.,
2013).

VI. VELOCITY AND TEMPERATURE

After area, we discuss the dependence of friction on other
parameters, starting with a closely related pair of variables:
velocity and temperature. Before specializing to 2D material
interfaces, it is useful to review the current generic under-
standing of nanoscale friction.

Stick-slip generally implies a weak logarithmic velocity
dependence, roughly F} « (In )7, with 2/3 < y < 1 (Gnecco
et al., 2000; Dudko et al., 2002; Riedo et al., 2003; Reimann
and Evstigneev, 2004; Krylov et al., 2005; Dong,
Vadakkepatt, and Martini, 2011; Miiser, 2011). The well-
known qualitative reason for this weak dependence is that
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FIG. 11. Velocity dependence of kinetic friction of structurally lubric contacts. (a) Three friction regimes of a pinned nanoslider as a

function of velocity: thermolubric, stick-slip, and ballistic. From Krylov and Frenken, 2014. (b) A direction comparison between the
experimental results (left pink region) and 6 = 30° simulation results (right blue region). Circles within the low velocity range represent
experimental kinetic friction data (Song et al., 2018; Wang and Li, 2019; Liu et al., 2020). The dashed lines are logarithmic fits. The MD
simulation data and color are the same as in (c). The blue dashed (straight) line indicates linear (superlubric, thermolubric, or ballistic)
friction scaling. Note the large velocity difference between simulations and experiments, whereby a high velocity ballistic regime is
rarely reached in experiments and no low velocity thermolubric regime is reached in simulations. (c) Simulated kinetic friction in
superlubric (blue circles, K;, = 100 N/m) and stick-slip (red circles, K, = 1 N/m) sliding for large twist angle & = 30°. For the larger
stiffness the island friction is viscous in the entire range. The purple (black) squares display kinetic friction for small (large) island sizes
at a small twist angle 6 = 2°. All lines are power-law fits. Note that the velocity scaling is size dependent, with the larger island close to

linear and the smaller one sublinear.

increasing velocity increases the frequency of stick-slips, but
basically not the average frictional force. However, perfect
structurally superlubric sliding is expected to yield a linear
dependence Fy « v on general grounds. As mentioned, the
qualitative picture in this case is that the misfit dislocations
that form the moiré pattern move during sliding as fast
dissipative “Stokes quasiparticles,” thus exciting phonons in
the medium and giving rise to smooth, viscous friction that is
proportional to the velocity.

Viscous friction is actually more general than that and
applies to pinned interfaces too, in two extreme limits.
Physical reasoning and model studies show that stick-slip
sliding, universal for pinned interfaces driven by sufficiently
weak springs, survives in only a limited (even if large) velocity
and temperature window. As sketched in Fig. 11(a), from
Krylov and Frenken (2014), stick-slip sliding turns viscous
when velocity is either high or low enough. At high velocity,
typically when the kinetic energy exceeds the largest energy
barrier energy (1/2)Mv? > U,, barriers lose their grip, and
friction turns “ballistic” (Guerra et al., 2010), a regime where
friction rises linearly with velocity. Conversely, at the low
velocity limit and nonzero temperature, a nanoslider has
ample time to thermally diffuse back and forth across barriers.
In this condition Einstein’s viscous drift regime applies, a
regime also referred to as thermolubric (Krylov and Frenken,
2014; Pellegrini et al., 2019). In the vast velocity interval
between these two limits (thermolubric and ballistic), friction
is stick-slip-like, with logarithmic velocity dependence per-
vasively seen in 2D material sliding data, as in Fig. 11(b).

Temperature dependence will also differ in these three
regimes. Medium and low speed stick-slip friction should
gently drop upon increasing temperature by terms roughly like
—InT (Sang, Dubé, and Grant, 2001; Dudko et al., 2002;
Krylov et al., 2005) as thermal fluctuations help to overcome
barriers. The negative temperature dependence shown in
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Fig. 12(a) is compatible with the logarithmic velocity depend-
ence of stick-slip sliding (Wang and Li, 2019; Liu et al.,
2020). Conversely, ultralow speed thermolubric and viscous
friction drops much faster than logarithmic friction as the
temperature rises. This is because in this regime the externally
forced drift is a weak perturbation of thermal random walk, so
the frictional damping ¢ obeys Einstein’s relation { = kgT/D.
Here the linear T growth of { is overcome by the much
stronger Arrhenius-like exponential growth of diffusion coef-
ficient D o exp (=W/kgT), with W a typical barrier energy.
However, high speed ballistic friction, which is also viscous
with velocity, is predicted to grow linearly with temperature.
In this regime, as exemplified by Guerra et al. (2010), phonon
scattering of a fast slider is enhanced by the growing dynamic
corrugation of the interface at higher temperature. After this
preamble, we can look once again to the frictional simulation
data of a prototypical 2D graphene interface.

In the OBC islands with a large twist angle and soft driving
spring, stick-slip sliding is responsible for the weak velocity
dependence [the red horizontal line in Fig. 11(c)] and the
negatively correlated temperature dependence of friction [the
red lower left curve in Fig. 12(b)]. The same slider pulled
with a harder spring switches over to a linear velocity and
temperature scaling frictional regime. In the latter case, we
still expect a crossover to stick-slip at much lower velocities,
but only for sufficiently large slider sizes. The situation
changes for islands at small twist angle, where the moiré
size becomes large, and the uncompensated moiré at the edges
contributes additional sliding barrier. Thus, the roughly
constant stick-slip friction at large twists [the red line in
Fig. 11(c)] is replaced by the size-dependent velocity scaling:
linear for the D, = v/3A(n/2 + 1/8) cases (D, ~ 14 nm) and
sublinear for the others [Fig. 11(c)].

The limited but representative 2D material velocity-
dependent results in experiments [shown in Fig. 11(b), left
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FIG. 12. Temperature dependence of graphene-graphene kinetic
friction. (a) Experimental results. The red data (lower left) are for
nanosized ultrahigh vacuum sliding (Liu et al., 2020), while the
blue data (upper right) pertain to microsized, ambient condition
sliding (Wang and Li, 2019). The dashed lines are exponential fits
reflecting an activated barrier crossing. The high-temperature
saturation of microsized data may be an artifact due to the 5 nN
sensitivity limit of the force sensor. (b) Simulated kinetic friction
of a graphene island [Fig. 5(a)] with D = 2 nm and € = 30°. Red
lines, stick-slip regime (K, = 1 N/m; Fig. 8(b)]; blue lines,
superlubric regime [K, = 100 N/m; Fig. 8(b)] mimicking the
structurally superlubric case. The red and blue dashed lines are
exponential and linear fits, respectively.

shaded area] display a clear logarithmic velocity dependence.
This confirms that stick-slip friction must be present at the
nanoscale level (Buzio et al., 2021, 2022), even when not
visible in the overall friction traces. These systems (Song
et al.,2018; Wang and Li, 2019; Li, Li, Jiang, and Luo, 2020;
Liu et al., 2020), while not structurally superlubric, may still
be structurally lubric, with their friction controlled by pinning
from defects or edges, not from the slider’s interior. For
practitioners, nevertheless, these systems are often engineered
as superlubric because of the small friction coefficient, as
detailed in Sec. VIIL

An interesting digression before closing the discussion of
area and velocity dependence of friction in structurally lubric
interfaces concerns the sliding of coaxial carbon nanotubes
(CNTs) and of graphene nanoribbons (GNRs) on metal
surfaces. In multiwalled CNTs of different chirality, friction
is weakly dependent on length (Zhang er al., 2013; Nigues
et al.,2014). This shows that the CNT friction originates from
the edge: just two ends, while the interior is structurally
superlubric and frictionless. This same observation applies to
GNRs sliding on metal surfaces (Benassi et al., 2015; Gigli
et al., 2017, 2018).

VII. LOAD
A. Ordinary and differential friction coefficients

The load dependence of sliding friction is historically
represented by the friction coefficient u = F;/Fy, where
F; and Fy are the friction force and normal load, respectively.
The empirical proportionality between friction and load,
dating back to Leonardo da Vinci and Amontons hundreds
of years ago (Amontons, 1699; Dowson, 1979), makes the
friction coefficient a widely used phenomenological param-
eter in macroscopic tribology. In the sliding of rough
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FIG. 13. Load dependence of 2D material sliding friction.
(a) Schematic diagram contrasting the friction coefficient p
and the differential friction coefficient pp. The slopes of the
dashed and dotted lines represent u and up, respectively. (b),
(c) Simulated load dependence of kinetic friction in 2°-twisted
islands of different sizes: (b) D = 14 nm, representative of the
superlubric regime, and (c) D = 10.6 nm, representative of stick-
slip regime; see Fig. 10(b). The inset triangle in the upper right
corner shows a mere 30% increase in stick-slip friction force
when v, is increased 5000% under a 0.5 GPa load. (d) Simulated
load dependence of large speed kinetic friction in infinite aligned
graphene/h-BN heterostructures (an ideal structurally superlubric
case). The blue dashed and red dotted lines represent y and up,
respectively. Adapted from Mandelli et al., 2019.

interfaces, the increase of friction with load is ordinarily
attributed to the increase of contact points (the real contact
area) and to the enhanced role of interface corrugation
(Bowden and Tabor, 2001). In nanoscale friction, the variation
with load is instead system dependent and generally not linear.

In 2D material interfaces with wide atomically smooth
terraces in flat contact (Song ef al., 2018; Peng et al., 2022),
the load dependence of friction is also not linear. To begin
with, friction is not zero even at zero external load. Physical
adhesion effects due to van der Waals attractions and/or
electrostatic interactions cancel out in rough interfaces, but
they do not in 2D material interfaces, owing to their large
terraces and limited roughness (Luan and Robbins, 2005;
Erdemir and Martin, 2007). The result may be seen as an
adhesion pressure Py, ~ —A~'dE,q,/ dz|Z:Z0, where z; is the
nominal interlayer detachment distance. That is the distance
where d?E,q,/dz> =0 at which the friction force would
vanish. At zero external load the kinetic frictional stress of
real 2D material interfaces is generally nonzero, as sketched in
Fig. 13(a), even at extremely low velocity. If the flat contact
area is structurally lubric, then its interior contribution is
negligible at such low velocities, and the zero-load friction is
entirely due to stick-slip of the edges and defects. Figure 13(a)
shows how the large adhesion in a 2D material interface
influences the friction-load curve. The early onset of edge and
defect friction at large negative load is the reason why friction
remains nearly constant upon weakly increasing positive load.
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TABLE L

Kinetic friction coefficient for structurally lubric homostructures from existing studies. The friction coefficient x at zero load

estimated from Eq. (7), with P = 0 and |P,q,| ~# 1 GPa. This quantity, not up, should be used to calculate dissipation. Py is the external

normal load per unit area. HV, high vacuum.

Homostructures Environment u HUp Py Reference
Graphene/graphene MD, OBC 4.8 x 1073 -3.5x107*-5.6 x 107 4 GPa Wang, Wang, and Ma (2022)
Graphite/graphite Ambient 4.0 x 1076 —4 x 1074-10~* 1.67 MPa Vu et al. (2016)
Graphene/ graphite Ambient 47 %1073 3x1073 ~1 GPa Liu et al. (2017)
MoS,/MoS, HV 1.3x 107 e e Li et al. (2017)
Graphite/graphite Ambient 1.4 x 107 -33x107*-1.6 x 107 7.78 MPa Deng et al. (2018)
Graphite/graphite UHV 1.3x 107 4 %107 ~40 MPa Liu et al. (2020)
MoS,/MoS, UHV e 2.5x 107 ~25 MPa Liu et al. (2020)
Graphite/graphite Ambient <3.6x 107 e 28 MPa Peng et al. (2020)

Conversely, above certain large loads, both static and
kinetic friction may again increase (van Wijk et al., 2013),
reflecting the increased grip associated with distortions at the
edge or defects.

The nonzero friction at zero load renders the naively
defined friction coefficient i = 7/P.,, where 7= F/A is
the frictional shear stress and P, = Fy/A is the external
normal pressure, divergent at zero load and therefore useless.
To avoid this problem, practitioners often adopt the differ-
ential form up = dr/dP (Gao et al., 2004; Hod et al.,
2018). Yet, the differential friction coefficient yp does not
measure the energy dissipation, which is precisely what the
friction coefficient was meant to do. A better definition of the
friction coefficient p is obtained considering adhesion
(Derjaguin, 1934) in the form

T

p=o—
Pext+|Padh|

(7)

where P,q, is the previously described adhesion pressure, a
constant for each given 2D interface. The differential friction
coefficient can be expressed as

or ou
OP oy OP oy

HD (Pext + |Padh|)' (8)

We illustrate the behavior of u and up versus load in the
schematic of Fig. 13(a). For Py = —|Pyqnl, the detachment
negative pressure, the effective total load vanishes, and yp
coincides with u. In this hypothetical limit, however, neither
is well defined, for the numerator would vanish too.
Moreover, nonuniform detachment would nucleate even
before reaching the nominal detachment distance, and flat-
ness of the interface would be lost. For all other loads
Py > —|Paan|, 4, geometrically corresponding to the slope
of the dashed line in Fig. 13(a), makes good sense, and there
are all reasons to use it.

First, u is generally larger than up. However, since | P,y | ~
1 GPais generally much larger than the experimental P, tp
and p should have similar orders of magnitude. The fact
that up is straightforward to both measure and simulate
justifies historically, if not physically, its adoption to qualify
the load behavior of structurally lubric systems (Hod er al.,
2018). Currently, in fact, all 2D material interfaces with a
small up are generically called superlubric. Experiments
and simulations in 2D-material-based homointerfaces and
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heterointerfaces (Tables I and II) report extremely low up
values (Liu ef al., 2017, 2018; Deng et al., 2018; Li, Gao, and
Luo, 2018; Liu et al., 2020) down to 10~ for structurally
lubric twisted graphite—graphite contacts and graphite-MoS,
contacts (Liu ef al., 2020), but generally do not provide u.

Second, pp does not measure frictional dissipation (it is not
even strictly positive), whereas y, which is strictly positive,
does. A case in point where that issue strikes comes just when
up < 0. A negative up [see Fig. 13(d)], generally due to load-
induced “ironing” of corrugations, has been found in simu-
lations, either of palladium-graphite systems (Sun ez al., 2018)
or of systems with grain boundaries (Gao, Ouyang, Urbakh,
and Hod, 2021) (with buckling corrugations), and twisted
graphene—graphene contacts (with moiré corrugations).
(Mandelli et al., 2019; Wang, Wang, and Ma, 2022). Early
experiments with graphite contacts (Vu et al., 2016; Deng
et al., 2018) also probably involved negative up but did not
make it emerge clearly, because the fitting of up, had a large
error. Despite its popularity, also mentioned in connection
with the bearing capacity of structural superlubricity under
load,”? negative up has not yet been systematically confirmed
in structurally lubric experiments.

Our own take on this theme is that the pursuit of a negative
up is not in itself of real significance. It will at best signal
efficient load-induced ironing of edge or defect corrugations
and barriers and suggest nonmonotonicity of frictional stress
and friction coefficient versus load, but not more than that. It
may even be dangerous since the real friction coefficient can
nonetheless be large (and unknown). Moreover, as we later
show, load can in fact play the opposite effect, increasing the
edge barrier rather than ironing it away, in which case up
simply remains positive.

How large or small is the actual friction coefficient u for 2D
structurally lubric interfaces? At present the answer is that we
do not know. To obtain a simple order of magnitude, we insert
in Eq. (7) an estimate of P,gj,, as suggested from experiment
(Li et al., 2019) and theory (Ouyang et al., 2018), of around

%A series of studies are pushing the upper limit of external load
P, to the gigapascal range (Liu ez al., 2017; Li, Gao, and Luo, 2018;
Xu, Sun et al., 2022). There is, however, a practical upper limit to the
bearing capacity. In graphite, at high normal loads (pressure on the
order of 10 GPa) (Mao et al., 2003; Martins et al., 2017), bonds
appear to begin forming between layers, causing the demise of
structural lubricity.
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TABLE IL

Kinetic friction coefficient for structurally lubric heterostructures from existing studies. P.,, is the external normal load per unit

area. The friction coefficient u at zero load was estimated from Eq. (7), with P, = 0 and |P,q,| ~ 1 GPa. This quantity, not up, should be used

to calculate dissipation. P, is the external normal load per unit area.

Heterostructures Environment " 1) P Reference
Graphene/h-BN MD, PBC 1.6 x 107* —2.5x 10745 x 107 12 GPa Mandelli et al. (2019)
Graphene/h-BN Ambient 2.7 %1073 2.5%x 1073 ~1 GPa Liu et al. (2017)
Graphite/h-BN Ambient 2.2 x 107 <14x107™ 11.1 MPa Song et al. (2018)
Graphite/h-BN UHV 1.2x 1074 4% 1073 ~40 MPa Liu et al. (2020)
Graphite/MoS, UHV 1.5x 1074 1.3x 10 ~40 MPa Liu er al. (2020)
Au/graphite Ambient 1.2 x 1073 1x1073 34.9 MPa Li, Li, Chen ef al. (2020)
MoS, / graphite Dry N, 2.6 x 107° < 1073 ~1 MPa Liao er al. (2022)
MoS,/h-BN Dry N, 2.3x107° <1073 ~1 MPa Liao et al. (2022)

1 GPa in the case of graphene. This crude evaluation of u
for various measured interfaces is given in Table I. The
magnitude of x turns out to be generally of the order of 1074,
sometimes higher, and occasionally as low as 107° for
microscale graphite-graphite (Peng er al., 2020) and
MoS,-graphite contacts (Liao et al., 2022). For comparison,
the ice surface, the most familiar slippery surface in everyday
life, has a friction coefficient of the order of 1072 (Kietzig,
Hatzikiriakos, and Englezos, 2010), which is much larger.
Summing up, to provide evidence of the low dissipative
frictional character, it seems mandatory to go back to using u
rather than up for the load dependence of friction in 2D
material structural lubricity.

B. Friction coefficient of 2D material interfaces

It is instructive at this point to illustrate the load dependence
of 2D material friction by showing actual values from existing
studies, in comparison with token simulation results. Tables I
and II summarize some existing results, most of which are
experimental. Table III shows graphene-graphene simulated
friction coefficients, for large and small twist angles typified by
30° and 2°. We restrict to OBC island friction, while the PBC
results are omitted as unrealistic because simulation velocities
are many orders of magnitude too large when compared to
standard nanofriction experiments, where v ~ 107 m/s or
lower. The friction coefficient is estimated through Eq. (7) in
all cases where it is missing from the original data.

In the experimental data the nature of kinetic friction can
generally be argued to be stick-slip on account of the weak

TABLE III.

logarithmic velocity dependence, while the interface twist
angle is generally unknown. The simulation results offer the
advantage of exploring a broader regime of parameters and the
twist angle dependence.

On the whole, experimental and simulated friction coef-
ficients appear to be comparable, even though as later
explained that need not be significant. Experimental values
confirm the well-known engineering superlubric, and struc-
turally lubric, quality of 2D interfaces. Usefully, simulated
results show the differing behavior of the friction and differ-
ential friction coefficients y and pp. The first is positive and
quite stable while the second is of variable sign, more volatile
and less physically meaningful, although often of similar
absolute magnitude, as expected because of the large value
of | P,an|- Where they differ, u is often not as low as up, might
have suggested. We stress again that, while yp < 0 merely
indicates an effective pressure “ironing out” of edge and/or
defect barriers, only u can gauge how important this effect is
in terms of frictional energy dissipation.

Large twist angles. Regarding § = 30° in Table III, several
features stand out. The first is that the static friction coefficient
is much larger than the kinetic friction. The second is that the
absolute value of the kinetic friction coefficient u is extremely
low, of the order of 1075. Both features are compatible with a
structurally lubric friction. However, friction is not completely
structurally superlubric, owing to the nonzero static friction
coefficient (of the order of 1072 in that case). The third point
is that the differential friction coefficient is negative. The
negative sign indicates that the barrier-generating defects
(here the island edges) are being effectively ironed out by

Friction coefficient from graphene-graphene interface simulations. The value of the friction coefficient y,

according to Eq. (7), is obtained with |P,q,| = 1.1 GPa (Li et al., 2019). The twist angle dependence of P,q, is negligible

(Wang et al., 2015).

Twist angle (deg) 2 30

P (GPa) —0.5-0.5 0-1.0

Fraction type Kinetic (stick-slip) Kinetic (smooth) Kinetic (smooth) Static

Temperature (K) 300 0

Diameter (nm) 10.6 14 8

Velocity (m/s) 2.5 10 10

u at zero Py, 1.68 x 1072 2.36x 1074 5.8x107° 2.9x1073

uat max Py 1.70 x 1072 1.17 x 10~ 25x%x 1077 2.0x 1073

Up at zero Py 1.79 x 1072 —1.36x 107* —5.8x 107 50x 107

Up at max Py 1.57 x 1072 —1.04 x 10~ —1.8x 1073 22x 1074
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the load. The ironing effect, effective here for kinetic friction,
is seen in this case to affect the static friction much less.

While the previous observations are instructive about
friction of strongly incommensurate interfaces epitomized
by graphene-graphene interactions at large twist angle, the
quantitative comparison with experimental friction coeffi-
cients of Tables I and II demands critical attention. On the
whole, in fact, large twist angle theoretical friction coefficients
show similar orders of magnitude as experiments, but that in
itself is not significant. The reason is that, as discussed earlier,
smooth sliding implies proportionality of the shear stress
F/A to vy, while edge-dominated friction stress demands
proportionality to A%"! with @ < 1/2. Extrapolation from the
simulation velocity of 10 m/s to realistically small velocities
and from the small island area of just 8 nm diameter to
realistically larger areas leads to theoretical friction coeffi-
cients many orders of magnitude below the experimental ones.
This disagreement indicates in our view that in most experi-
ments there must be large defect-related barriers, possibly
acting at different spatial points, that give rise to local stick-
slip sliding, thus canceling smooth sliding. A careful study of
experimental velocity, twist angle, and area dependence is
needed to clear that crucial point.

Small twist angles. The friction coefficient is complex in
the small twist S regime where, as shown in Fig. 10(b), the
frictional behavior of small islands oscillates between high
friction stick-slip maxima and low superlubriclike minima.
Table IIT exemplifies some of that complexity by comparing
the kinetic friction coefficients at velocities between 2.5 and
10 m/s of 6 =2° islands with two representative small
diameters D = 10.6 nm (maximum friction, stick-slip) and
14 nm (minimum friction, smooth sliding) that are chosen as
the first members of their families; see Fig. 10(b) (simulated at
T = 0 for additional clarity). The radius D = 10.6 nm and all
larger members of its family exhibit a large ¢ and a positive up
owing to strong stick-slip friction, caused by the edge, that
creates a barrier against entry and exit of uncompensated
moiré portions. This is also illustrated in Fig. 7 (Koren
and Duerig, 2016a). Conversely, Table III and Figs. 13(b)
and 13(c) show much smaller ;£ and a negative up, in the 14 nm
diameter where, as shown by Fig. 11(c), there is only a weak
edge effect, and friction at this large speed is viscous. This is
because no uncompensated moirés are attempting to cross
the edge.

Remember that these results strongly depend on the island
area and velocity. Based on Fig. 10(b), we anticipate that at
sufficiently large island sizes [Eq. (11)] stick-slip behavior
with larger u and positive up, becomes universal. In that limit,
the weak friction family will merge with the strong ones.
Moreover, we expect the merging to also occur at constant
island area at low enough velocity. That happens with a
crossover from viscous to stick-slip behavior similar to that
of Fig. 11(b). This simplified understanding is based on the
circular shape of the island. In real systems, polygonal tracts
of the edge are more likely to take over. This will make the
picture more complicated and generic size dependence, there-
fore, unpredictable.

To become more specific before closing the load depend-
ence, we compare the stick-slip friction coefficients of the
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small twist angle simulated graphene interface in Table III to
the data of Tables I and II. These stick-slip friction coefficients
are not dependent on velocity and elicit complementary
comments to the large twist case. First, the theoretical values
of Table III are orders of magnitude larger than the exper-
imental ones. The island sizes are small, but since friction
grows sublinearly with area the friction coefficient will
decrease at large areas down to values closer to the exper-
imental range. Second, stick-slip of Table III has a positive
differential friction coefficient, showing that, unlike sugges-
tions of PBC simulations (which might in this respect be
considered academic), load appears to increase the energy
barrier felt by the moiré rather than ironing it away, an
observation that may explain why negative yp is so difficult to
find in experiments.

VIII. ELASTICITY

Theoretical work has long discussed the structural and
tribological effect of elasticity (Hurtado and Kim, 1999;
Persson and Tosatti, 1999; Miiser, 2004; Benassi et al.,
2015; Ma, Benassi et al., 2015; Mandelli et al., 2018;
Feng and Xu, 2022). Elastic effects are dependent upon
system dimensionality (Miiser, 2004) and size: important at
large slider diameters and irrelevant for small ones, where the
slider is closer to a rigid flake. In this section we discuss what
mechanism determines a typical crossover diameter D sepa-
rating the two regimes, and in what way this might depend on
the specific properties of a 2D material interface. Different
mechanisms suggest different critical lengths.

For macroscopic interfaces, which are generally rough and
multicontact, a well-known critical size is the elastic coher-
ence length, or Larkin length, D; (Larkin and Ovchinnikov,
1979) dividing the regimes where different contact points
act collectively or separately. Its theoretical estimate is
D, /D ~exp(Yd/o,D)?*, where D is the diameter of the
contact, Y is Young’s modulus, d is the average distance
between random contacts, and oy is the yield stress (Persson
and Tosatti, 1999; Vanossi et al., 2013). Originally devised for
flux lattice creep and important all the way up to earthquakes,
this rough interface scenario is generally far from relevant in
real 2D material nanoscale and mesoscale interfaces, and we
do not concern ourselves further with it.

In mesoscopic, relatively defect-free crystalline contacts,
which is the case for pristine 2D material interfaces, the
relevant crossover size is the elastic length D,. Generally
invoked to describe the competition between intraslider
shear modulus G and the slider-substrate interaction, in turn
controlling the shear strength 7, (Miser, 2004; Sharp,
Pastewka, and Robbins, 2016), the elastic length is given as

D./a~G/Tmy- (9)

Once the slider diameter D exceeds D,, whose magnitude
varies for different systems and driving methods (Benassi
et al., 2015; Mandelli et al., 2018), a dislocation nucleates
at the edge, as exemplified in Figs. 14(a) and 14(b), thus
enhancing the static friction (Hurtado and Kim, 1999;
Varini et al., 2015; Sharp, Pastewka, and Robbins, 2016).
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rest uniform pull

FIG. 14. (a) Elastic deformation of the flexible substrate (black
lattice underneath) in incommensurate contact with a rigid
circular slider (upper blue layer). (i) Stiff substrate (G/7p =
256). (ii) Soft substrate (G/7y,,x = 1). Adapted from Sharp,
Pastewka, and Robbins, 2016. (b) Moiré evolution of the
simulated incommensurate Kr/Pb(111) contacts. Colors range
from blue (dark) when Kr atoms are maximally coincident with
Pb atoms to white (bright) when they are minimally coincident.
(i) Stationary system (dragging force F = 0). (ii) System with
F =224 nN (just above the maximum static friction). The
soliton entering from the left edge is highlighted by the red
square. (iii) System after sliding of the island center by 1.0
surface lattice spacing. (iv) System when the sliding is 1.5 lattice
spacings and a soliton exits the island on the right-hand side.
Adapted from Varini et al., 2015. (c) Strain distribution of (ii) a
uniformly driven vs (iii) an edge-pulled 2D harmonic lattice
island submitted to a slightly less dense, and therefore incom-
mensurate, 2D sinusoidal potential (‘“Frenkel-Kontorova’-type
model) compared to its static state (i). Colors range from white
(bright) for perfect local coincidence to black (dark) for maximal
local mismatch. The edge-pulling procedure favors the formation
of locally strained commensurate regions, thereby enhancing the
static friction, and the ensuing stick-slip in comparison to the
uniformly driven system (Mandelli er al., 2018; Vanossi,
Bechinger, and Urbakh, 2020). Note also the corresponding
moiré switch from 2D to striped.

In structurally lubric graphene interfaces where G ~ 300 GPa
(Liu, Metcalf et al., 2012) and 7,,,,, = 100 MPa (Wang et al.,
2022), one would estimate D, ~ 1 pm. Even after the dis-
location has nucleated, sublinear static friction controlled by
edges must generally persist (Varini et al., 2015) up to some
larger size D, where a train of dislocations enters the slider’s
interior. For D > D, the static friction will eventually grow
proportionally to area (Hurtado and Kim, 1999; Sharp,
Pastewka, and Robbins, 2016).

For stiff sliders, as 2D materials are, the sublinear size
scaling of static friction is in fact known to persist for much
larger diameters D > D, (Sharp, Pastewka, and Robbins,
2016). Model estimates of the D, where structural lubricity
fails in 2D material stacks (Ma, Benassi et al., 2015) are far
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larger than even the size of the experiments. Among examples,
graphite mesas of micrometer-size (Qu et al., 2020) and 1D
carbon nanotubes of centimeter length (Zhang et al., 2013)
support a much wider range of structural lubricity than
ordinary 3D crystalline interfaces.

In addition to static friction, elasticity influences kinetic
friction of 2D materials interfaces, deciding, in particular,
whether it will be smooth sliding or stick-slip sliding. Two
extra factors matter for kinetic friction: (i) large static friction
favors stick-slip sliding but does not actually determine it, and
(ii) the effective lateral stiffness K, becomes highly important.
With layer elasticity in mind, we therefore look for an upper
size D, above which it will cause stick-slip sliding, even
without destroying structural lubricity. A useful route is
suggested by the PT model. Consider a 2D material island
whose sliding must negotiate an energy barrier caused by the
edge. Contact elasticity and spring stiffness together deter-
mine whether the sliding can be smooth despite the barrier or
whether a mechanical instability will take place and give rise,
for sufficiently low velocities, to stick-slip (Vanossi et al.,
2013). If the effective lateral stiffness K, is soft enough,
resulting in # = 272Uy /K,a*> > 1, stick-slip sliding will
necessarily ensue for all slider diameters. This regime may
indeed be close to actual experiments, where the underlying
stick-slip regime is proven by the ubiquitous logarithmic
velocity dependence. However, if K, is hard enough, the
sliding can still be either smooth or stick-slip depending
whether the diameter of the slider is smaller or larger than a
maximal critical D,

Determined by three factors, the barrier U, the pulling
spring stiffness K, and the intraisland stiffness kiq, a more
general D, is estimated by requiring that the joint spring-
island inverse stiffness Kf = kijl (D) + K, satisfy the PT-
like inequality # > 1 [Eq. (5)]. An upper bound for the critical
circular slider diameter D, is obtained in the limit K =0
where stick-slip sliding occurs if the effective island
in-plane stiffness ki alone satisfies the inequality ky(D) <
27*Uy(D)/a?, where a is the lattice spacing of the substrate.
For an edge-pinned circular flake with uniformly distributed
in-plane dragging force along x, we obtain through fitting
simulations of a circular island with a pinned circumference
a displacement field that is extremely well represented by
the form

A +y%)

ux(x,y)=5x[1— e } uy,(x,y) =0, (10)

with the corresponding strain field under the assumption
of small deformation: &, (x,y) = —85,x/D? and &,,(x,y) =
—45,y/D*. By equating strain energy (1/2)kig6? =
(1/2) [ ,(Yapex, + 2Gopez, )dxdy, we get kig ~ z¥op, where
Y,p and G,p are the 2D Young’s modulus and shear modulus
and A = 7D? /4 is the contact area of the flake. We see that the
effective stiffness k;q of a circular 2D island is independent of
the diameter. However, owing to the emergence of the relevant
localized elastic distortions, this property will not hold if the
slider is pulled or pushed inhomogeneously, for example, by
one side. This situation, in which stick-slip friction is strongly
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enhanced, is illustrated in Fig. 14(c) and detailed in the
caption (Vanossi, Bechinger, and Urbakh, 2020).

What does depend on diameter in all cases is the effective
barrier U, that pins the circular island, growing as Uy~
U,(D/a)'?. Hence, D™ /a = (Y,pa*/2zU,)?* (obtained for
K, = o0) is the slider’s diameter upper bound above which
smooth sliding is impossible, and mechanical instability will
arise for low velocity and low temperatures. In the general
case, we thus obtain

(12Y2D 2

D‘ =
e/a 272U,(1 + nK;'Yop)

: (11)

which is a clean new result resulting from Eq. (5) for a
uniformly pulled circular slider of 2D material.

This predicted critical diameter D, for mechanical insta-
bility and consequent stick-slip friction will get arbitrarily
small for a sufficiently soft external spring K. But how large
will it get in practice for a hypothetically super hard spring
K, — o0? Approximating Y pa® ~ Ga’ and U, ~ 7,,a°, one
can rewrite Eq. (11) for K, = co as D" /a ~ (G/Tya)*.
Compared to D,/a ~ G /7., One sees that in this limit D, >
D, for structurally lubric 2D materials where G/, > 1.
Therefore, if a 2D slider can be pulled with a hard effectively
spring K, and if the edge energy barrier U,, is large enough,
there is a range of diameters between D, and D, where the
sliding remains smooth. To illustrate the opposite behavior, for
the 30° twisted graphene interface of Fig. 10(a), the barrier U,,
is only about 17 meV. With Y,5 =300 N/m (Memarian,
Fereidoon, and Darvish Ganji, 2015), the maximal critical size
DY is as large as 280 pm, which exceeds D, ~ 1 pm. The
D, with finite K, (estimated from experiments to be
~30 N/m) is 260 nm, several orders of magnitude smaller.

More generally, besides a soft pulling device, the critical
size D.. for stick-slip onset also depends on other variables,
including particularly shape, mutual lattice orientation, and
shearing direction (Wang, Cao et al., 2019). In graphene
interfaces the critical D, decreases for decreasing twist
angles from regime L to regimes / and S, where the
barrier U, is larger, resulting in the larger friction shown
in Figs. 10(a) and 10(b).

Summing up, for 2D materials where G /7, is large, the
elastic length D, of Eq. (9) identifies the size where elasticity
permits nucleation of an edge dislocation, raising static
friction. Independently, D. of Eq. (11) is the elasticity-
induced threshold of stick-slip friction. Structural lubricity
persists in both cases. The threshold size D, can also be
increased by, for example, lifting the island edges ( Huang,
et al., 2023). There must, however, be an even larger size D,
where dislocations finally uniformly invade the slider above
which the friction turns proportional to area, marking the
failure of structural lubricity.

IX. DEFECTS

Thus far we have reviewed and discussed the size, velocity,
temperature, and load dependence of friction together with
the effects from elasticity for structurally lubric 2D material
interfaces. NEMD simulations helped us understand and
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rationalize physical phenomena and frictional data. Defect-
free PBC simulations, in particular, are important for getting
the idealized physical picture. When PBC simulations were
compared to finite island OBC ones, it was invariably noted
that many key differences were made by defects, in our case
exemplified by edges that mark the boundary of the islands.

In practice, real 2D material interfaces are more complex
than that. Physical and chemical complications arising from
defects include, besides shapes of sliders (Luo ef al., 2011;
Dietzel et al., 2013; Ozogul et al., 2017), edge chemisorption
(Gongyang et al., 2020), corrugation by contaminants at the
interfaces, other imperfections such as grain boundaries
(Cervenka and Flipse, 2009; Yazyev and Louie, 2010;
Yazyev and Chen, 2014), vacancies (Hashimoto et al.,
2004; Gajurel et al., 2017), etc., all playing an important
role. Each type of defect introduces its own specific energy
barriers against sliding, influencing in turn the frictional
behavior of real 2D material interfaces, even when they are
nominally structurally lubric. While a review of these defects
is beyond our scope here, we mention some of the most
important ones before closing this Colloquium.

A. Shape of sliders

As mentioned in Sec. VIII, circular islands and flakes
discussed in our modeling are heavily idealized. Despite a few
circular-shape-based experiments (Koren et al., 2015; Li et al.,
2017; Ribeiro-Palau et al., 2018; Finney et al., 2019), most
data refer to different shapes. In particular, straight-edged
polygon shapes are common (with the straight edges reflecting
the robust 2D crystalline structure of the island or flake), as
sketched in Fig. 15(a). Several theoretical studies discussed
this point (de Wijn, 2012; Varini et al., 2015; Koren and
Duerig, 2016a; Dietzel et al., 2018; Wang, Cao et al., 2019;
Yan et al., 2024) and found differently sized scalings of static
friction for different shapes, with the exponent ranging from
0 to 1/2. This variability reflected the differing mismatch of
the edge orientation with the substrate lattice. Although the

(@) (b)

(d)

step edge contaminant
oosctaaes e -
e -
FIG. 15. Sketch of various defects. (a) Slider with different

shapes, i.e., a different number of edges and corners. (b) Grain
boundaries at the graphene interface. Color represents the out-of-
plane displacement. From Gao, Ouyang, Urbakh, and Hod, 2021.
(c) Step edge exposed to the sliding interface. Viewed from top to
bottom, blue, black, and pink are the slider, the step edge, and the
substrate, respectively. (d) Particle-contaminated graphene inter-
face. Viewed from top to bottom, blue, red, and pink are the
slider, the contaminated particle, and the substrate, respectively.
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kinetic friction size scaling should eventually tend to linear
when the contact area A — oo, the limit where the sublinear
contribution from the edge can be neglected is difficult to
reach in practice. Generally, owing also to the relatively high
dissipation at edges (Varini et al., 2015; Liao et al., 2022), the
size- and shape-dependent sublinear scaling behavior prevails.
An especially large shape contribution to friction may be
expected from sharp corners and protrusions; locations that
enhance adhesion may transform into “pivots,” causing
islands to rotate. We expect future theoretical and experi-
mental studies to verify these expectations and provide further
understanding.

B. Grain boundaries

In the real 2D materials samples where macroscale engi-
neering superlubricity is being sought and studied, extended
lattice defects such as grain boundaries are inevitable (Tison
et al., 2014; Yazyev and Chen, 2014), and understanding their
effect on friction is important. An effort was attempted in a
series of carefully designed MD simulations (Gao, Ouyang,
Hod, and Urbakh, 2021; Gao, Ouyang, Urbakh, and Hod,
2021; Gao, Urbakh, and Hod, 2022). Shear-induced buckling
and unbuckling of the grain boundary is shown to affect the
kinetic friction [Fig. 15(b)], resulting in a nonmonotonic
dependence of friction upon load and temperature.
Nevertheless, from the perspective of engineering superlu-
bricity, the differential friction coefficient of the grain-
boundary-containing systems is still below 1073 for a linear
concentration of grain boundaries of 0.0838 nm™!.

C. Step edges

Experiments and simulations find that the ultralow friction
of structural lubricity can be destroyed by the presence of
steps [Fig. 15(c)] within the sliding interface (Wang et al.,
2020). Simulations further suggest that a large part of the extra
friction is due to the violent, large out-of-plane displacement
of the step-free slider as it surmounts the step edge of the
substrate (Chen et al., 2019; Wang et al., 2020). The pinning
caused by the step can change friction from smooth to stick-
slip motion, destroying the main feature of structural lubricity.
Buried steps, on the other hand (Wang et al., 2020), and their
milder corrugation propagated at the sliding interface (Peng
et al., 2022) have not been reported to cause effects of
comparable significance. A remaining question is: At what
depth should a step lie for the influence on friction to become
irrelevant?

D. Contaminants

It is generally accepted that structural lubricity requires the
interface to be perfectly regular and, in particular, ultraclean.
In common frictional setups, however, adsorbed gases and
contaminants are rife, including measurements in fully ambi-
ent conditions (He, Miiser, and Robbins, 1999; Li et al., 2013,
2015). The presence of contaminants should intuitively lead
to an increase in friction (Ouyang, de Wijn, and Urbakh,
2018), including the loss of superlubricity (Miiser, Wenning,
and Robbins, 2001), an expectation confirmed by recent
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experiments and simulations (Deng et al., 2018; Cheng and
Ma, 2020; Wang et al., 2022). In our prototypical simulation
with 30°-twisted graphite system (7 =300 K and v, =
30 m/s), the friction stress increases from ~10 kPa to 352 +
56 kPa when one contaminate particle with number density
0.0244 nm~? is introduced [Fig. 15(d)]. The presence of the
contaminants results in stick-slip motion with a sublinear
velocity scaling: when the velocity is reduced to 10 m/s,
the friction stress becomes 345 + 39 kPa, which is almost
unchanged. However, tribological running in, showing a
friction decrease during repeated sliding of graphite contacts,
was observed (Deng ef al., 2018) and explained by self-
cleaning (Liu et al., 2011; Ma, Sokolov et al, 2015).
Contaminants may also be removed by temperature, thereby
artificially causing lower friction at higher temperatures (Wang
and Li, 2019). However, contaminants such as water molecules
(Falk et al., 2010) and graphitic nanoflakes (Li, Gao, and Luo,
2018) serve as lubricants, thereby yielding lower friction.

A recent experiment conducted by intentionally introducing
airborne contaminants into microscale superlubric graphite
contacts showed that, although the friction stress increases
(from 10 kPa to 50 kPa) as the concentration of contaminants
increases, the key features of engineering superlubricity, i.e.,
the ultralow friction and differential friction coefficient, are
well preserved (Wang et al., 2022). In the case of graphite/
h-BN heterostructures, data in ambient conditions (where
contaminants are expected) indicated that the friction force
exhibits a 60° rotational symmetry with both the twist angle
(Song et al., 2018) and the sliding angle (Song er al., 2021),
suggesting that the interface retains its bulklike structure and
symmetry. The sliding of gold nanoparticles on HOPG have
been studied in both UHV (Dietzel et al., 2013) and ambient
conditions (Cihan et al., 2016), yielding friction stresses of
the same magnitude and similar scaling effects [Figs. 10(d)
and 10(f)]. These experiments imply the robustness of
structural lubricity, possibly implying low contamination,
or else the low impact of contaminants, which could even
be swept out when the slider-substrate adhesion is strong. One
should expect future experiments and simulations to provide a
clearer understanding of these phenomena following well
designed surface science protocols, starting with clean inter-
faces and then introducing single well-defined contaminants.

X. SUMMARY

We conclude the Colloquium by recalling the main out-
comes and conclusions about friction of 2D structurally lubric
interfaces. Our understanding, based on existing studies and
illustrated by simulations of a specific graphene-graphene
example, is proposed as relevant to the broader variety of 2D
material sliding interfaces.

Area dependence. Structurally superlubric sliding causes a
linear growth of kinetic friction with area (due to swift moiré
flight) along with zero static friction. In the experimentally
more relevant case of structural lubricity, the area dependence
of static friction is generally sublinear. This also holds for
kinetic friction, for soft effective stiffness where n > 1
[Eqg. (5)], and when the contact size is below the critical size
D,. Above the critical size D,, both static and kinetic friction
are proportional to area. For defect-ridden 2D material
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interfaces that are merely engineering superlubric, the fric-
tional behavior depends on the nature and distribution of the
pinning agents. A uniform distribution will naturally cause
static and kinetic friction to grow proportionally to area. The
moiré pattern and its size and evolution are also crucial in 2D
material friction. For example, at small twist angles (S regime)
and for a circular slider shape, the kinetic friction is predicted
to oscillate with increasing size. This reflects the energy
barriers caused by the uncompensated moirés at the edges as
the moiré nodes cross the slider’s perimeter. These oscillations
with size, even if difficult to address experimentally, are both
predicted and observed in colloidal flakes (Cao er al., 2022)
and deserve specific research for 2D materials.

Velocity and temperature dependence. The linear velocity
dependence of kinetic friction is a hallmark of structural
superlubricity. With negligible static friction and weak moiré
dissipation, structurally superlubric friction falls far below
measurable magnitudes. Measurable values would require a
sliding velocity of 1 m/s or higher, which is many orders of
magnitude above current experiments, even if it is common in
simulations. In experimental structurally lubric sliders whose
static friction is nonzero, the velocity dependence is not linear
but logarithmic. This always implies stick-slip friction, even
when interference among pinning spots might have canceled
its straight sawtoothlike evidence in force traces, an expected
cancellation for large sliders (Braun et al., 2012). Crossovers
from logarithmic to linear regimes are always possible. Stick-
slip sliding can be stopped in favor of thermolubric sliding
(Krylov and Frenken, 2014) at the lowest speeds and/or
highest temperatures, and of ballistic sliding (Guerra et al.,
2010) at the highest speeds. Both regimes imply linear
velocity dependence, even if neither is experimentally
common in 2D material friction. In some simulation studies,
the high speed ballistic behavior is sometimes mistaken for
structural superlubricity.

Load dependence. In genuine structural superlubricity the
static friction is zero, regardless of load. Unlike, for example,
colloid monolayers (Brazda et al., 2018), we note that so far
there has been no evidence that a load increase could induce
an Aubry-type pinning transition in 2D material sliding.
Simulations (high velocity) suggest that load may iron out
the moiré corrugation, thereby reducing structurally super-
lubric friction (Mandelli ez al., 2019). The load dependence of
experimentally relevant structural or engineering lubric fric-
tion, however, depends on the diverse effects that load can
have on the edges and other pinning defects. The effective
load determining the true, absolute friction coefficient must
include a large adhesive pressure, as large as 1 GPa in
graphene-type interfaces. This makes the physically signifi-
cant friction coefficient of 2D material interfaces small, but
not as small as the commonly used differential friction
coefficient. Use of the latter is dubious because it does not
measure frictional dissipation. It thus seems advisable to
resume the use of an ordinary friction coefficient that is
properly defined following Derjaguin (1934).

Elasticity. The effect of elasticity in large 2D sliding islands
demands a fresh approach, owing to the extreme in-plane
stiffness of these systems. For a circular shape with edge
pinning, one can identify a novel critical diameter [Eq. (11)]
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above which structurally lubric sliding will develop a mechani-
cal instability and necessarily enter the stick-slip regime.

Defects. Finally and not surprisingly, realistic defects
introduce havoc into this picture with each type opening a
special chapter deserving its own special attention. The special
role of the omnipresent slider’s edge has been especially
emphasized.

Terminology. 1t is suggested to avoid confusing terms
sometimes found in the literature by introducing a distinction
between three types of frictional behavior. Structural super-
lubricity is reserved for the essentially academic case of zero
static friction. Although only accessible in simulations thus far,
understanding this regime is important in the physics of 2D
material interfaces (Wang, Ma, and Tosatti, 2023). Structural
lubricity designates cases where the interface is incommensu-
rate with a defect-free interior, but where static friction is
nonzero owing to pinning by, for example, the slider’s edge. We
then propose that cases where the friction coefficient is small
(typically lower than 10~2) be called engineering superlubric. In
this connection, further semantic confusion should be avoided
between ordinary and differential friction coefficients. For some
reason, this confusion is a dangerous current habit.

Many key points still remain to be addressed. Multiscale
experiments and simulations are required to verify the large-
scale friction scaling, which presently is mostly extrapolated.
Experiments, for example, those examining frictional noise,
could and should be designed to directly pinpoint the elusive but
unquestionable underlying stick-slip friction of engineering
superlubric systems. Experiments could explore the crossover
from stick-slip to superlubric friction that a sliding island may
undergo when the driver changes from soft to stiff, provided that
the shape and size permit smooth sliding, such as in Fig. 8(b).
This would enable access to superlubriclike kinetic friction in a
real-world finite-size system. The sliding behaviors for small
twist systems, where the interfacial structure is different than that
of large twists, are also interesting and lack existing studies. It
will also be desirable to extend the experimental velocity ranges
to locate the crossover from stick-slip to the high velocity
ballistic regime. Attacking these and related problems not only
will solidify theoretical bases of superlubricity but will also offer
keys to its practical application. Many other points, more
speculative but involving real or potential questions, promising
applications, and corresponding urgent problems, deserve men-
tion. Among them are the following:

* Friction of freestanding or quasifreestanding 2D materi-
als interfaces (Riedl er al., 2009; Butz et al., 2014).
Despite the strong restriction from the substrate, the out-
of-plane deformation of adsorbed 2D materials domi-
nates the friction of structurally lubric systems. For
freestanding systems, new phenomena brought about
by out-of-plane flexural deformability are worth explor-
ing (Wang et al., 2023).

 Variety of 2D materials with structurally lubric behavior.
Is graphene the ideal material for structural lubricity?
Are there many more natural or engineered functional
materials with better properties, such as larger intralayer-
to-interlayer interaction ratios? Experiments as well as
first-principles simulations can help reveal these proper-
ties for various contacts (Levita er al., 2015; Losi,
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Restuccia, and Righi, 2020; Gao, Wu et al., 2021; Xu,
Yu et al., 2022). In addition, the development of machine
learning approaches (Rowe et al., 2018; Baboukani
et al., 2020) may further encourage research on this
and related topics.

* Electronic friction in twisted bilayers, friction under
external field (thermal, electric, magnetic, etc.) (J. Wang
et al., 2016; Belviso et al., 2020; Song et al., 2022).

* Rotational friction is also interesting but has been less
explored (Koren et al., 2015; Ribeiro-Palau et al., 2018;
Finney et al., 2019; Yang and Zhang, 2021; Cao et al.,
2022).

* Potential applications: Structural lubricity is promising
in the application of nanoelectromechanical and micro-
electromechanical systems, including nanogenerators,
nano-oscillators, nanotips of hard drives, and nano-
robotics (Zheng and Jiang, 2002; Huang, Lin, and
Zheng, 2020; Huang et al., 2021; Wu et al., 2021).
The dry interfaces with ultralow friction and high current
stability (Lang et al., 2021) can play important roles in
precision instruments such as aerospace slip rings.
Beyond these, the large number of combinations of
homointerfaces and heterointerfaces composed of di-
verse 2D materials give the interface various physical
properties, and thus wider applications.

We close hoping to have shed some light on and encouraged
discussion of the questions that animate the pinning and
sliding of 2D superlubric material interfaces. Answering these
questions is important for understanding their physics, as well
as for the development of current and future technologies.
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