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Abstract

Friction control and technological advancement are intimately intertwined. In
this respect, two dimensional materials occupy a unique position as they enable the
realization of quasi-frictionless contacts from nano up to micrometers. However,

the question arises of how to tune superlubric sliding. Drawing inspiration from
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twistronics, here we propose to control superlubricity via moiré patterning. Friction
force microscopy and molecular dynamics simulations unequivocally demonstrate
transition from superlubric to dissipative sliding regimes for different twist degrees
of graphene moirés on a Pt(111) surface triggered by the normal force. This follows
from a novel mechanism at superlattice level where beyond a critical load moiré tiles
are manipulated in a highly dissipative shear process intimately connected to the twist
angle. Such dissipation mechanism not only bridges disparate sliding regimes in a

reversible manner, but also provides a subtly intrinsic control of superlubricity.

Introduction

Understanding and controlling friction is arguably one of the oldest quests of mankind.!?
From the great pyramids of Giza® to car engines* and all the way down to micro-electro-
mechanical devices, a detailed control of this ubiquitous phenomena closely followed our tech-
nological advancement. In this regard, two dimensional (2D) materials are no exception as
besides remarkable electronic and optical properties,® they possess extraordinary tribological
properties. %7 Notably, 2D materials enable the realization of near frictionless sliding contacts,
via a mechanism known as structural superlubricity.®? Its practical interest spurred a vibrant
research %13 in an attempt to tune/control structural superlubricity either extrinsically (e.g.
by strain'? and electric fields'®) or intrinsically (e.g. by graphene fluorination6). The first
approach, despite offering the advantage of controlling friction via an external knob, suffers
from various practical issues. Particularly, it often requires complex device preparation
thus hampering its technological interest. Alternatively, intrinsic methods enable to alter
friction in a variety of 2D materials, '3 but once the sample is prepared, the tribo-properties
cannot be changed. Drawing inspiration from the tuning of electronic properties achieved
by rotating stacked 2D materials'” (so-called twistronics), we propose a third route here to

control superlubricity of 2D materials based on moiré superlattice engineering.



Results and discussion

Single graphene monolayers (Gr) were grown over Pt(111) in ultra-high-vacuum conditions,
and investigated by the atomic force microscopy (AFM) as described in the Methods (see
Fig. S1). The Gr/Pt lattice mismatch (0.246 nm wvs. 0.278 nm) and the weak interaction
between the two materials allows stabilizing a variety of moiré patterns on the same substrate,
as already reported in the literature.'®*2° The atomically resolved topographies in Fig. la
reveal both the graphene lattice and the moiré patterns. By measuring the periodicity of
the moirés (Lgg), we identify four different superstructures, namely: /67 x V67 (Lgyo =
2.2 nm), v/37 x /37 (Lree = 1.5 nm), 4 x 4 (Lrige = 1.0 nm), and 2 x 2 (Lgsge = 0.5 nm).
Henceforth, these moirés are respectively referred to as R2°, R6°, R14° and R30° (i.e. the
corresponding twist angle between the Gr and Pt lattices).

At low values of the normal force, Fl, the average friction force, Fr, and the lateral

1921 gsee Fig. 1b and, respectively,

force maps are fully consistent with previous findings:
Figs. 2a and c for both the largest (R2°) and smallest (R30°) moiré considered, and Fig. S2
for other moirés. When the tip is scanned over these superstructures, the lateral force evolves
as a saw-tooth profile as a function of the scanned distance. The profile has the periodicity
of the Gr lattice and is modulated by the moiré periodicity (Fig. 2a). The modulation
perfectly matches the surface waviness of graphene. As a topographic effect, it does not
result in lateral force hysteresis when the tip is scanned backward along the same line.?! The
order of magnitude of the friction coefficient u, as defined by the slopes of the Fr vs. Fy
curves, never overcomes 1073,

This scenario breaks down as the normal force increases above well-defined thresholds
values F§ (Fig. 1b). Not only the thresholds are found to depend on the twist angle, but
also the friction coefficients. The larger the moiré, the lower is F§, (from 50 nN to 20 nN),
and the higher is y in the high-load regime (from 0.03 up to 0.3, approximately). The rather

regular saw-tooth profiles observed in Figs. 2b and d suggest that part of the friction increase

is caused by the sudden slip of the tip from one graphene lattice site to a neighbor one. This



well-known behavior is explained by the occurrence of elastic instabilities, which, on standard
crystal surfaces, is activated above a specific load threshold.?? The background modulations
also become very irregular above threshold (Fig. S2), with the noticeable exception of the
bright high-friction spots observed on the large moiré pattern in Fig. 2b, which are perfectly
arranged with the symmetry of its superstructure. Most important: The superlubric regime
is fully recovered upon unloading (Fig. S3), meaning that the surfaces are not damaged in the
dissipative regime. This behavior suggests the moiré, whilst playing only a passive geometric
role at low loads, can be switched into an active tribo-element above a critical load.

To unveil atomic details occurring at the moiré-tip interface, we have performed all atom
molecular dynamics (MD) simulations on graphene flakes of 10 x 10 nm? physisorbed over
Pt(111) at the two limiting twist angles, i.e. R30° and R2° (see Fig. 3 and Methods). A
rigid diamond tip is then driven elastically along the graphene armchair direction at different
loads whilst recording the accompanying lateral force. The results summarized in Fig. 3a
show comparable trends with the AFM measurements for what concerns the average friction
values. Specifically, both simulations and experiment exhibit a twofold dependence of the
lateral force on the normal load, i.e. a superlubric regime at low loads and a dissipative
regime at high loads with threshold values of about 20 nN and 40 nN respectively. In the
superlubric regime, both Fr (~100 pN) and u (~107%) are comparable on the two moirés.
Similarly to the experiment, the dissipative sliding response is markedly distinct at high
loads (Fig. 3a), and the friction coefficient p decreases when the moiré size increases.

At low loads (Fy < 20 nN) the simulations also show that the moiré can modulate the
lateral force (left panels of Figs. 3¢ and d) whilst its average value barely changes (Fig. 3a).
An atomic detailed picture of this process is provided in Supplementary Movies S1 and S2.
Briefly put, the lateral force modulation is associated to topography changes occurring in
the transition between two Gr/Pt stacking domains (for each given Gr/Pt moiré): (i) an
energetically favorable stacking region (EFSR), where Pt atoms occupy the graphene hollow

sites (moiré valley, see Fig. 3d inset), and (ii) an energetically unfavorable stacking region



(EUSR), where graphene carbon atoms are directly above Pt atoms (moiré peak). On both
regions, the lateral displacement of the Gr carbon atoms and the associated lateral force
modulation are negligible. Conversely, the regions between peak and valley show the largest
displacements corresponding to the largest lateral force modulation (left panel of Fig. 3d).
The connection between topography and lateral force modulation also explains why different
moirés have different lateral force modulation — e.g. in contrast with the largest moiré (R2°),
the 0.5 nm periodicity of the smallest moiré (R30°) is barely apparent in the lateral force
(Fig. 3c). This picture is consistent with previous work by Liu et al.?!

At high loads (Fy > F§), MD simulations unveil a novel dissipation mechanism, which
may be called 'moiré tile manipulation’ (Supplementary Movie S3). Provided that the load
is sufficiently high, we have indeed observed that the tip pressure can force the underlying
graphene to remain in-registry with Pt(111) at all times. An extreme example is shown
in the red-shaded area in Fig. 3d. This forced registry is accompanied by a moiré-tile
stretching (Fig. 3e). During this process, the base value of the lateral force gradually
increases (Fig. 3d right panel) until the tip reaches the energetically unfavorable stacking
region (inset of Fig. 3d right panel). At this point, the in-plane deformation of the moiré-tile
(Fig. 3e) is released in a major slip event (from Fig. 3f to g) and the moiré recovers its
initial conformation (accompanied with the retract of graphene network). The moiré tile
manipulation mechanism consistently explains: (i) why larger moirés yield at lower normal
loads (as stress is distributed over more atoms) and (ii) why dissipation is larger for larger
moirés (as the dissipative slip event relates with the reorganization of a larger amount of
atoms). The difference with the compliant 2D contact so obtained and the rigid one at
low loads is sharp. It allows us to distinguish between two friction regimes, which can be
interchanged depending on the normal load. In contrast with the load-induced transition
reported by Socoliuc et al. on bulk material surfaces,?? this mechanism is characterized by
threshold values which are one order of magnitude higher and are tunable by the orientation

of the moiré pattern. It is also interesting to compare our results with those on Gr/h-BN



1.2 The periodicity of the moiré superstructure investigated

recently reported by Zhang et a
in that work is much larger (about 15 nm), and the authors have distinguished two different
load dependencies on friction, depending on whether the AFM tip crosses more than one
tile or not. Stick-slip occurs with the periodicity of the moiré superstructure in the former
case, and with the periodicity of the Gr lattice in the latter. Similarly to our conclusions, a

combination of in-plane stretching and snap-back behavior is supposed to be the reason for

the first phenomenon, although this hypothesis is not substantiated by MD simulations.

Conclusions

In summary, the two-fold frictional response on different Gr/Pt moirés has been related to
the moiré-tile stretching beneath the probing tip. This mechanism allows switching between
superlubric and dissipative sliding regimes in a reversible manner by simply changing the
normal force. The moiré size or, equivalently, the twist angle between graphene/Pt(111), has
a key role in the mechanism as they determine the friction coefficients, and the critical load
thresholds. In spite of significant irregularities observed in the experimental friction maps,
the MD simulations presented here unveil a novel dissipation channel potentially present in
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other 2D materials. 11! Therefore, beyond remarkable electronic properties,'” moirés could

open the path to tribomechanical elements with tunable friction properties on the nanoscale.

Experimental Methods

Sample preparation.

Clean and flat Pt(111) single crystal (MaTeck GmbH, Germany) was in-situ prepared by
alternated cycles of Ar™ sputtering and annealing in ultra-high vacuum (UHV). Graphene
was synthesized by dosing 4.5 L ethylene onto the hot Pt(111) substrate at 1200 K,?%2° with

a nearly full coverage of monolayer graphene.2¢



Atomic/Friction Force Microscopy experiments.

All the experiments were carried out by a custom-built UHV AFM at room temperature. The
non-contact and the contact cantilevers (Nanosensor) were used for the topography and the
friction force measurement, respectively. Bimodal nc-AFM with PPP-NCL cantilevers (the
nominal spring constant ky = 48 N/m) was applied to combine the first flexural resonance
(f1 = 170 kHz with a quality factor Q; = 3 x 10*) and the torsional resonance (f; = 1.5 MHz
with a quality factor Q; = 1.2 x 10°) detection to obtain the high-quality atomic resolution.
For FFM measurement with PPP-CONT cantilevers (the nominal spring constant ky =
0.2 N/m and the resonance frequency f = 12 kHz), the normal forces and the lateral forces
were calibrated with the sensitivity of the photodetector (obtained from the force-distance
curve).! Then, the averaged friction force could be calculated from the area of hysteresis
loops enclosed by the forward and backward lateral scanning curves divided by the total
distance scanned. The cantilever dimensions used for force calibration above are measured
by the scanning electron microscopy (Nova NanoSEM 230, Switzerland), especially with the
tip radius of 10 ~ 15 nm. The applied load was increased from 2 nN until the suddenly
jumping friction forces (i.e. F** = F§ + 10 nN), with the scanning speed of 10 nm/s for

the whole experiments.

Molecular dynamics (MD) simulation details.

MD simulations were carried out using GROMACS-2019.4%" simulation package in
a hybrid GPU-CPU computing architecture.?® All simulations were performed in the
Canonical (NVT) ensemble where the number of atoms (IV), volume (V') and temperature
(T'" = 300 K) were held constant. The simulation parameters and algorithms used are:
periodic boundary conditions, smooth particle mesh Ewald summation® with cubic spline
interpolation of the electrostatic energy contribution and a real-space Coulombic cutoff of
1 nm. Interatomic Van der Waals interactions were also truncated at 1 nm. Previously, these

parameters allowed obtaining a quantitative agreement with experiments to describe sliding



friction of a diamond tip over a graphene surface.?® The dimension of the simulation box
(48.63574 x 48.46434 x 30.00000 nm?) largely surpassed the system size in all directions

so spurious contributions from periodic images are avoided. A Langevin thermostat?3!

was
employed to keep the mean temperature at 300 K after rapid slip events. A damping rate
of 1 ps~! ensured that any excess heat was soon dissipated between such events. Equations
of motion were integrated with an accurate and efficient leap-frog stochastic dynamics

integrator®! with a time step of 0.1 fs. Coordinates, forces and velocities of atoms were

written every 100 ps, whilst the force was written every 0.02 ps.

Atomic level models and force-fields.

We considered a 25 x 25 nm? Pt(111) slab parallel to the XY plane, i.e. perpendicular
to the Z axis. The slab is three layers thick and the bottom layer is kept fixed to mimic
the effect of the rigid supports used in our experiments. As graphene (Gr), we consider a
20 x 20 nm? square flake. After equilibrating the coordinates of both Pt(111) and Gr in a
preliminary 1 ns MD run, we placed the Gr on top of Pt(111) such that the angle between
lattices is: R2° so to reproduce largest moiré in agreement with prior works,?® and R30° so
to reproduce smallest moiré. Additionally, in order to mimic the graphene pinning to the
Pt(111) observed in experiments,3? the four Gr edges are fixed (by freezing the coordinates
of 6 atoms composing each edge) when sliding the tip over the Gr — note that different
pinning conformations tested (e.g. line/point pinning) yielded similar results. For the tip,
we used the same hard diamond tip which previously allowed us to unveil the role of water
in graphene friction.?® Namely, we considered a conically shaped diamond tip with a radius
of 1.1 nm and a contact radius of 0.45 nm (the diamond is cleaved such that the (111) plane
is parallel to the surface). The atomic interactions are described by classical force fields
(GAFF? for diamond and graphene and INTERFACE-FF34% platinum) that are known to

30,36
1,

accurately describe the mechanica and interaction energies, forces and diffusion energy

barriers for the considered atom-types. 343738



MD simulation protocol.

Initially, each of the system components (Pt slab, graphene and tip) was equilibrated in 1 ns
long gas-phase MD runs performed at 300 K, thus assuring that the starting configuration
was a relaxed one. Subsequently, the graphene is placed on top of the Pt(111) in two
different lattice angles (described in the former section) so to reproduce the smallest and
largest moiré. Then the moiré is equilibrated in a subsequent 10 ns long MD run at 300 K.
Afterwards, the diamond tip is positioned at a distance of 1.4 nm away from the surface.
Then, the surface is indented at a velocity of 1 m/s whilst recording the indentation force.
Subsequently, from the frames extracted at different normal loads, we slide the diamond tip
over the graphene at a constant velocity of 1 m/s whilst recording the lateral force required
to slide the tip using the pull algorithm available in GROMACS-2019.4.2" The tip is driven
along the slide direction with a spring of stiffness of 20 N/m, whilst motion along the other
directions is restrained. Different sliding speeds and pulling stiffnesses did not change the

overall conclusions.

Supporting Information

Figs. S1 to S5
Movies S1 to S4
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Figure 1: Topography and frictional response of graphene on Pt(111) with increasing normal
loads: (a) nc-AFM images of different moiré patterns as defined by the torsional frequency
shift Af;. The four twist configurations are shown in the upper right corners (graphene in
black and platinum in blue, respectively). Scale bars: 2 nm. (b) Average friction force as a
function of the normal force in the four configurations.
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backward) below and above the critical normal force values for: (a, b) Moiré R2° and
(c, d) Moiré R30°. Scale bars: 2 nm.
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Figure 3: Dissipation mechanisms experienced by different moirés unveiled via all-atom MD.

(a) Friction force as a function of normal load.

(b) Top view of the considered moirés

at 300 K. (c and d) Forward/backward (color/gray) lateral friction force at low (10 nN —

left) and high (50 nN — right) normal loads (for R30° (c¢) and R2° (d)).

The (c) and (d)

insets provide the tip center-of-mass trajectory for the R30° at all loads and R2° at low loads,
respectively. (e) Tip induced deformation of the R2° at high normal loads (event highlighted
in red in (d)). Maximally strained (f) and relaxed (g) R2° moiré conformation at high loads

(event highlighted in red and cyan in (d)). Scale bars: 2 nm.

17



