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life and technology. This dynamics has been widely studied on a macroscopic scale, where the
thermal motion can usually be neglected. However, the microscopic mechanisms behind the pe-

riodic stick-slip events are yet unclear. We employ confocal microscopy of colloidal spheres, to
study the frictional dynamics at the boundary between two quasi-two-dimensional (2D) crystalline
grains, with a single particle resolution. Such unprecedentedly-detailed observations of the mi-
croscopy of frictional solid-on-solid sliding have never been previously carried out. At this scale,
the particles undergo an intense thermal motion, which masks the avalanche-like nature of the
underlying frictional dynamics. We demonstrate that the underlying sliding dynamics involving
out-of-plane buckling events, is intermittent and periodic, like in macroscopic friction. However,
unlike in the common models of friction, the observed periodic frictional dynamics is promoted,
rather than just suppressed, by the thermal noise, which maximizes the entropy of the system.

1 Introduction

Since the invention of fire! and the construction of ancient pyra-
mids?, till modern-day nanorobotics3, frictional sliding of solid
surfaces plays a pivotal role in technology. Commonly, the fric-
tional motion is jerky, composed of (quasi-)periodic series of slip
and stick events!. Everyday examples of such intermittent mo-
tion include the squeak of hinges, earthquakes, and the music of
violins#. The stick-slip dynamics is reproduced by several clas-
sical theoretical frameworks, such as the Frenkel-Kontorova and
the Prandtl-Tomlinson models; however, the microscopic physi-
cal mechanism responsible for the intermittent sliding in experi-
mental systems is yet unknown. Most experimental2>7 and the-
oretical 1-® studies of friction completely neglect all thermal ef-
fects. Yet, thermal motion may potentially be important for nano-
scale friction®, such as in some geological systems® and in grain
boundary sliding, which is blamed for the ‘reverse Hall-Petch’ soft-
ening of nanocrystalline matter 1. The thermal noise has been
demonstrated to assist overcoming potential barriers during the
frictional sliding!!. Also, it was suggested to suppress the in-
termittence of particle sliding over a static periodic potential 12,
such as in the recent experimental realizations of the Frenkel-
Kontorova model13:14, The role of thermal noise as a promoter
of unsteady periodic motion has never been considered.
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This journal is @ The Royal Society of Chemistry [year]

We study by direct confocal microscopy, grain boundary sliding
of quasi-two-dimensional crystals of colloids, micron-size spheres
in a solvent, where the intermittent dynamics is both promoted
and masked by the thermal noise. None of the previous experi-
mental studies of friction allowed the dynamics of individual par-
ticles, of which a solid matter is composed, to be directly visu-
alized during frictional sliding. We demonstrate that the motion
occurs through series of collective avalanche-like events, accom-
panied by periodic buckling of the crystal into the third dimen-
sion. Complementing our experiments by simple computer simu-
lations, we demonstrate that the intermittent sliding dynamics is
not only suppressed, but also promoted by the particles’ thermal
motion.

Methods and Materials

Experimental system

To form the crystals, we first suspend PMMA [poly(methyl
methacrylate)] spheres in dodecane (Sigma-Aldrich, > 99%).
The diameter of our particles is 6 = 2.4 um, as measured by
scanning electron microscopy and light scattering!® and their
low polydispersity < 5% facilitates crystal formation. The par-
ticles, fluorescently-labelled for confocal imaging by Nile Red dye
and sterically-stabilized by a polyhydroxystearic acid monolayer
(PHSA) 16, settle to the bottom of the sample container, which
is a borosilicate Vitrocom™ 0.1 x 2 x 50 capillary, precoated!”
with PHSA and sealed with epoxy. Thus, a polycrystalline solid
bilayer is formed at the bottom of the capillary, with the indi-
vidual crystalline domains separated by high angle (~ 20°) grain
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boundaries. This sample preparation procedure ensures that a
small fraction (<1%) of particles within the crystalline domains,
irreversibly stick to the bottom of the sample-containing capil-
lary. These completely-immobilized particles partially obstruct
the sliding of the crystalline domains. The random spatial distri-
bution of these obstacles warrants that a non-zero sliding veloc-
ity mismatch would, in general, be present between the adjacent
crystalline domains. To induce a drift of the bilayer we slightly
tilt the capillary away from the horizontal plane, employing a tilt
stage with a resolution of 0.05°, so that the component of the
earth’s gravity force along the crystalline plane is non-zero; thus,
a controllable drift velocity v; results. With typical experimen-
tal runs lasting for ~ 30 min, allowing for the thermal vibration
of the crystalline lattice to be averaged out, drifts smaller than
1 nm/s are readily detected. The density mismatch ~ 0.3 g/cc
between PMMA and dodecane, sets the sedimentation length of
the particles to be < 0.1c; thus, the thermal motion of the parti-
cles is essentially two-dimensional!”. To image our colloids, we
employ the Nikon A1R confocal laser scanning microscope in the
resonant scanning mode, at ~ 0.17 um/pix, close to the optical
resolution. The typical field of view is 85 x 85 um? and the frame
rate is ~ 4 fps. To detect all particle centers within the bottom
layer of the crystalline bilayer, we employ the PLuTARC image-
analysis codes, based on the modified version of the algorithm of
Crocker and Grier819, The detected center positions are then
fed into an iterative algorithm2°, which minimizes the effect of
finite pixel size on the accuracy of particle localization. The accu-
racy of this algorithm in 2D has been previously estimated2 as
~ 4 nm, so that very small particle displacements are accurately
measured. To quantify the local crystallinity around a given par-
ticle, we employ the local six-fold-symmetric orientational bond
order parameter?! yg = Z~!Y; Re {exp(6iA6;)}; here the summa-
tion is carried out over the bonds to all Z nearest neighbors (NNs)
of the particle, and the angle A6; of the i-th bond is measured in
a frame oriented with one of the NN bonds, chosen at random.
A particle surrounded by Z = 6 NNs in a perfectly hexagonal ar-
rangement has ys = 1. Decreased yg values are detected at the
grain boundaries. The time trajectories of the located particles are
tracked by proximity!%: particles appearing the closest together
in the consecutive images, are linked, provided that their mutual
separation is below 0.40. The tracked trajectories, which were
typically ~ 30 min-long for > 1000 particles, were then carefully
examined, to rule out any tracking artifacts. Finally, we de-drift
the particles, by adopting the center of mass frame of the poly-
crystalline sample.

Molecular dynamics (MD) simulations

Molecular dynamics simulations have been carried out with
LAMMPS 22, running in the serial mode. A typical system included
40 x 20 particles. The Weeks-Chandler-Andersen (WCA) potential
was adopted to account for all of the pair interactions, including
the interactions between the immobilized and the free particles:

() = {4e [(8/r)2=(&/r)0+c1] r<re

, 1
0 r>re’ M
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where ¢y =1/4 and r, = 21/6&, with the parameter & used to
define convenient MD length units. Setting kg = 1, we fix the in-
teraction energy parameter € to have ¢/T = 8, warranting that
the system crystallizes when at equilibrium. The adopted purely-
repulsive WCA potential closely approximates the almost-hard
particle interactions in our experimental system!”; yet, this po-
tential is continuous, allowing for the numerical integration of
the equations of motion. The Langevin thermostat at temperature
Try [in Lennard-Jones (LJ) units] is applied throughout, with the
damping parameter and the particle mass set to 1.0 and the time
step chosen as 7 =103 (LJ units). The particles are subject to a
driving force F,, along the long dimension of the simulation cell
(x-axis); the magnitude of this force is F,,, = 3 (LJ units), unless
the value is explicitly specified in the text. In addition, a Hookean
(1/2)Kz* potential is applied, where z is the out-of-plane coor-
dinate. This potential, with K/T = 100 kept constant, limits the
particles’ out-of-plane motion to amplitudes close to the experi-
mental ones. Initially, the particles are arranged as an hexagonal
monolayer crystal, with one of its unit vectors - parallel to the
x-axis. The lattice constant is 1.13¢ and periodic boundary con-
ditions are applied. One of the particles, near the middle of the
y-axis range, is immobilized, partially obstructing the F,,-driven
flow.

Results and Discussion

With the lattice constant being ~ 1.10, and the particle interac-
tions - almost completely hard!”, the dynamics of our crystals is
totally dominated by thermal vibrations (see Movie 1). This is
the situation even in the lab-frame, where the center of mass is
(slowly) drifting. However, tracking the particles next to a grain
boundary demonstrates that the adjacent crystalline domains un-
dergo grain boundary sliding (Fig. 1). Remarkably, while recent
experimental models provide an important insight into the mi-
croscopic details of frictional sliding 313, these works include only
one sliding solid; the second solid is modeled by a periodic optical
potential®13 or an AFM tip23. Moreover, in these works, the rel-
evant energy scales typically far exceed kgT, so that the thermal
vibrations of the solids are totally insignificant. Similarly, ther-
mal motion is neglected in the classical Frenkel-Kontorova and
Prandtl-Tomlinson theoretical models!. Notably, in many real-
life situations, significant thermal vibrations2* must be present in
frictional sliding at atomic and molecular length scales, especially
near the melting point of one (or both) of the solids, where grain
boundary sliding is most common. The amplitudes of particle vi-
brations scaled by the lattice constant «a, are in fact similar in our
system and in atomic crystals near melting2%2°, Also, the ten-
dency for thermal structural relaxation in our system is similar to
that in the common frictional sliding. We quantify this tendency
by the ratio between the time for a free particle to pass lattice
constant distance a by thermal motion and a/v,, where v, is the
drift velocity (with respect to the immobilized-particle obstacles).
In our colloidal system, this ratio, known as the Péclet number 1°,
is 0.04 < Pe < 0.5. In an atomic solid, the (ballistic) thermal ve-
locity of atoms of mass m is vy =~ /3kpT /m, and the tendency for
thermal relaxation may be characterized by v,;/vr. For example,
for this ratio in sliding of iron (m ~ 9.3 x 10726 kg) at vy =~ 1 m/s
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Fig. 1 Adjacent crystalline grains exhibit a grain boundary sliding. The
particle center positions (circles) at time (a) r = 0 and (b) # ~ 30 min are
shown, with the crystals’ center of mass frame adopted, to compensate
for the drift. The color mapping shows the particles’ local crystalline
order parameter y;, with the perfect crystals appearing in blue and the
grain boundaries - in cyan and green. To clearly resolve the relative
displacement of the two grains, we mark (the same) 11 particles in (a)
and (b), by filled symbols and red lines. The full dynamics are shown in
Movie 1.

to be comparable to the Pe in our colloidal system, the temper-
ature of iron should be 1072 < T < 1 K. Notably, for higher tem-
peratures and smaller sliding velocities, the tendency for thermal
relaxation would be even higher, emphasizing the importance of
thermal lattice vibrations in everyday frictional sliding situations.

According to the second law of thermodynamics, thermal noise
tends to increase disorder. Therefore, the sequence of periodic
stick-slip events must be blurred when thermal lattice vibrations
of the sliding solids are significant. Indeed, thermal noise was
demonstrated to induce a crossover from an intermittent to a
smooth sliding, in computer simulations of colloids driven over
a periodic potential12. Remarkably, in our system, where parti-
cle interactions are closely approximated by hard repulsion po-
tentials17-18 it is the entropy which makes the individual grains
preserve their structural integrity2’. As hard particle crystals
owe their existence to the number of crystalline microstates at
high densities exceeding the number of structurally-disordered
microstates 28, the elastic moduli of such crystals are entropic in
origin?®. In our case, the experimental time scales are far too
short for the system to reach its ground state, a single crystal
with no grain boundaries. However, the structural disorder is
concentrated only at the grain boundaries (Fig. 1), indicating that
the entropy gain due to the more efficient packing in the bulk of
the grain, dominates. This entropic stabilization of grains’ crys-
tallinity sets our system apart from the classical granular mod-
els of polycrystalline matter, such as the Nye-Bragg bubble rafts,
where strong interparticle attractions dictate the physical behav-
ior3%:31, Our mechanism of entropic stabilization can only be re-
alized when the system is capable of exploring its phase space, at
least in the local manner. In our case, the phase space is explored
by the thermal motion, with the propagation of structural disor-
der from the grain boundary into the bulk of the crystalline grains
(Fig. 1) prohibited by entropy. Thus, the thermal noise plays here
a dual role, both stabilizing the sliding solids and blurring the
stick-slip events.

Strikingly, while the intense thermal vibrations of the lattice
mask the intermittent nature of the grain boundary sliding, this
intermittency reemerges in the time-averaged particle positions.

Soft Matter
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Fig. 2 The particle positions, with the time scales corresponding to
thermal vibrations averaged-out, exhibit a non-steady drift. The
intermittent nature of this drift is demonstrated by overlaying these
averaged particle positions within a time window of 250 s. Particle
positions are point-like in section (a), indicative of a ‘stick’-like event,
where particles undergo thermal vibrations, yet no net sliding takes
place (except for a few particles on the right side of the image). A ‘slip’
event is observed in (b), where particle positions are smeared. The
particles are color mapped according to their local area fraction

1 = Ao/Ay, where Ag = m6? /4 and Ay is the area corresponding to a
given particle in the Voronoi tesselation32. Note the larger fluctuations in
n at the grain boundaries, with 7 occasionally exceeding its average
bulk value due to the out-of-plane protrusion by some of the particles?';
with the present color map, these fluctuations make the grain
boundaries appear slightly more reddish, compared to the bulk of the
crystals. See the full dynamics presented in Movie 2.
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Fig. 3 The buckling of particles out of the plane exhibits a clear
periodicity, as demonstrated by the oscillations of the particles’ number
within the crystals AN(z) (solid black curves), for drift velocities: (a)

vg =4.9 nm/s; (b) v; = 2.5 nm/s; (€) v = 8.4 nm/s. During a buckling
event [a minimum of AN(z)], the grain boundary sliding is on, as
indicated by a maximum in the grain sliding velocity v,(r) (orange
dash-dotted curve in (a)). The experimental data in (b) and (c) are fitted
by a sine function (purple dashes), allowing the frequency of oscillations
to be extracted [see Fig. 4]. Note the very good match with the
experiment.
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Fig. 4 The frequency of AN(r) variations is proportional to the drift
velocity v, of the grains through the suspending medium, vanishing for
vg = 0. A linear fit is shown in red.

To demonstrate this intermittency, we first window-average the
particle positions in time to minimize the effect of thermal noise
(window size = 65 s). Then, we overlay the resulting averaged
particle positions within a time window of 250 s, so that the po-
sitions of mobile particles are slightly smeared in the direction of
their motion. The resulting video (Movie 2) clearly demonstrates
that the motion is unsteady: in some frames, all particles appear
point-like [Fig. 2(a)], indicating that no dynamic events occur
within the corresponding time period of 250 s; in other frames,
many particles are mobile, as indicated by their window-averaged
positions being smeared in a certain direction [Fig. 2(b)].

Remarkably, the intermittent sliding of the particles is accom-
panied by a similarly-intermittent buckling of the quasi-2D crys-
talline layer, with some of the particles pushed out of the confocal
imaging plane. To quantify this effect, we count the number of
particles N(¢) in the confocal image. As for the particle positions,
we average-out the high-frequency noise of N(r), employing an
adjacent averaging with a window of 26 s. The resulting particle
number variation about the mean AN(¢) is shown in Fig. 3 (solid
black curves); note the periodicity of these data. Notably, AN(z) is
anticorrelated with the sliding velocity v,(¢) of the grains [orange
dash-dotted curve in Fig. 3(a)]: during an out-of-plane buckling
event, AN(z) is the lowest and the sliding velocity v,(¢) is the high-
est (see also the inset to Movie 1). The observed anticorrelation
suggests that the slip events are enabled by the out-of-plane buck-
ling of the crystalline grains. As the stress which drives the buck-
ling is released upon a slip event, the sliding stops, waiting for the
buildup of a sufficient stress for the next buckling event to occur.
The intermittent motion of the grain boundary, changing its shape
abruptly, in-phase with the stick-slip events, is clearly observed in
Movie 3, where particles are color-mapped by their coordination
number Z. The same is shown in Movie 4, where all particles for
which Z = 6 appear transparent, to emphasize the location of the
grain boundary.

The periodic nature of AN(z) allows its frequency of oscillations
f to be extracted by fitting it by a simple sine function. Note the
very good match between the fit (purple dashes) and the exper-
iment (solid black curves) in Fig. 3(b-c). Interestingly, the fre-
quency of these oscillations increases with v,, the drift velocity
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through the suspending medium [cf. Fig. 3(a), (b) and (c)]. Re-
peating the same experiment for a wide range of v, values, we
obtain a linear f(v;) dependence, demonstrated in Fig. 4. Re-
markably, the data do not show any systematic behavior when
plotted as a function of the relative sliding velocity of the indi-
vidual grains, excluding the intra-grain interactions as a possible
cause of the intermittent slip-stick motion. The linear dependence
of f on the absolute drift velocity suggests that the buckling (and
consequently, the sliding) events are controlled by the crystals’
interaction with static obstacles, particularly the particles which
are immobilized at the capillary wall. Indeed, the average dis-
placement of the crystalline grain between two successive buck-
ling events, v;/f =~ 2.8 um, almost perfectly matches the lattice
constant of our crystals, a ~ 2.6 um. Thus, the buckling (and the
consequent sliding) events take place whenever the position of an
immobilized particle is incommensurate with the lattice, a situa-
tion occurring every ~ 2.6 um of the sliding.

Computer simulations

The identification of a relatively simple mechanism as being re-
sponsible for the intermittent motion in our system, allows a fur-
ther insight into its physics to be gained by molecular dynam-
ics simulations. Employing Langevin dynamics, we simulate a
monolayer crystal of short-range-repulsive (almost hard) colloids,
driven by a time-independent external force through a viscous
fluid (see Methods). One of these colloids is immobilized, pos-
ing an obstacle for the motion of the crystal. Exactly as in our
experiments, the interaction between the static obstacle and the
driven crystal gives rise to an intermittent motion of the crystal
(see Movie 5). While, as in the experiments, the intermittent
nature of the simulated crystal’s sliding is masked by the ther-
mal noise, averaging the center of mass (CM) positions of the
crystal over 50 time steps uncovers the periodicity of this mo-
tion [see orange squares in Fig. 5(a)]. Moreover, the slip events
are associated with the out-of-plane buckling events, as demon-
strated by the phase of AN oscillations being opposite to that of
vq [Fig. 5(a)]: the stress due to the interaction with the immobi-
lized particle, makes the crystal periodically buckle into the third
dimension, which in turn allows the slip events to take place. As
detailed above, a similar behavior takes place in our experiments
[cf. Fig. 3(a) and Fig. 5(a)], strongly supporting the validity of
our simplified simulations.

To further support our simulations, we also tune the time-
averaged sliding velocity v, by varying the external driving force.
The frequency of the slip events scales linearly with v,;. More-
over, f = v;/a, demonstrating that in these simulations, like in
the experiments, the buckling events occur when the position of
the immobilized particle is incommensurate with the crystalline
lattice (cf. Fig. 5(b) and Fig. 4). Thus, these simulations correctly
reproduce our main experimental observations.

Having established a match between the simulations and the
experiments, we now employ the simulations to explore the de-
pendence of the slip-stick motion on temperature, testing for the
role of entropy in these phenomena. Importantly, this depen-
dence cannot be studied with our experimental system, as the
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Fig. 5 (a) The simulated velocity v, of the center-of-mass (CM) of the
crystal, with the thermal noise averaged-out (see text), is intermittent
and periodic (orange scatter). The out-of-plane buckling of the particles,
quantified by AN is periodic as well. As in the experiments [Fig. 3(a)], v4
and AN exhibit opposite phases, supporting our simulations. Here AN is
the fluctuation in the number of particles located at |z| > 0.1, within the
radius of 2 LJ units from the immobilized obstacle; the thermal noise is
averaged-out, as in the experiments. The AN amplitude depends on the
number of immobilized particles within the region of interest, which is
smaller in the simulations. Both data sets are fitted by sine functions
(solid curves). F,,; = 2.7. (b) The simulated frequency of the slipping
events (circles) is equal to the average velocity of the crystal vy,
normalized by the lattice constant a. The red diagonal line (y = x)
perfectly matches the simulated data, demonstrating that these simple
simulations fully match our experiments. 7., = 70 in both (a) and (b).

colloidal crystal, driven by a constant external force and slowed-down by
its interaction with a static obstacle. The velocity of the center-of-mass
(CM) of the crystal, with the thermal noise averaged-out (see text), is
strongly oscillating at high T [connected red symbols in the inset to (b)].
At lower T, the motion is much smoother (blue line in the inset to b] and
the average velocity is faster [see (a)]. Moreover, a local melting of the
sample is induced by the static obstacle at low 7;;, as evidenced by the
reduced values of the sample-averaged two-dimensional crystalline
order parameter () [inset to (a)]. Note the onset of the intermittent
slip-stick dynamics, which is manifested by the dramatic increase of x>
at 7p; > 1, in (b); here x> measures the deviations from the
perfectly-monotonic motion of the CM (see text). Importantly, the
enhancement of the slip-stick oscillations’ amplitude with T is a strong
evidence confirming that the origin of these oscillations is entropic. All
quantities are expressed in LJ units (see Methods). See the behavior at
Ty =1 and at 7p; = 90, in Movie 6 and Movie 5, respectively.

stability of the colloidal suspension may be disrupted by signifi-
cantly changing its absolute temperature away from the ambient
T =297 K. Remarkably, the average sliding velocity of the crystal,
for a given driving force F,,, reduces with T [Fig. 6(a)]. This,
somewhat counter-intuitive, increase in crystal hardness on heat-
ing is explained by the crystal-promoting role played here by the
entropy. The role of entropy as a stabilizer of crystals is very well
known for particles interacting through an ideally-hard potential,
where the energy scale is completely missing?’. In dense sys-
tems of such particles, each particle gains an additional free vol-
ume (and consequently more entropy) when the particles form a
crystalline structure. Moreover, the stiffness of such a structure
increases with the temperature, contrasting with the behavior of
energy-stabilized crystals, such as the ionic crysals!!, which typ-
ically soften at high 7. Our particles, both the experimental and
the simulated ones, are sufficiently close to the hard particle limit,
so that the entropy’s role as a promoter of crystallinity is still re-
tained, even though the interactions are not perfectly hard.

As typical for the entropic effects, the slip-stick motion disap-
pears at a lower temperature, where the steady motion is reestab-
lished [inset to Fig. 6(b)]. With the particles’ diffusion being
slower at low 7, the particles are unable to explore their local
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phase space, so that the structure in the immediate vicinity of the
obstacle, fluidizes [see Movie 6 and inset to Fig. 6(a)]. To quan-
titatively characterize the T-controlled transition between the in-
termittent motion and the continuous sliding, we first fit the CM
position of the crystal (with the thermal noise averaged-out as
above) by a monotonic function. The residual sum of squares x2,
measures the extent of the intermittent behavior. Remarkably, 2
strongly increases with T [Fig. 6(b)], confirming the entropic ori-
gin of the observed stick-slip dynamics. Finally, we expect a sim-
ilar behavior to take place in smooth metallic monolayers, where
the interactions are similarly dominated by hard repulsions33-34,
However, the onset of the entropy-driven stick-slip dynamics is
expected to occur at an ultra-low T, where vy /vy = 1.

Conclusions

We have established an experimental colloidal model, allowing
the grain boundary sliding to be visualized by direct optical mi-
croscopy, with a single particle resolution. In this model, as in
the conventional atomic solids, significant thermal vibration of
the lattice takes place. With the particles exploring their local
phase space at rates much faster than the sliding, the crystallinity
of the grains is maintained by the entropy, so that the disorder is
localized at the grain boundaries and stick-slip frictional dynam-
ics emerges. We have demonstrated that the stick-slip dynamics
of these entropically-stabilized solids is periodic, with slip onsets
coinciding with the out-of-plane buckling events. Future stud-
ies should allow the strain and the stress fields within each of
the solids undergoing friction to be analyzed, for a wide range
of particle interaction potentials. Highly-detailed experimental
information thus achieved, should potentially allow a full under-
standing of the physical mechanisms of solid-on-solid atom-scale
frictional dynamics to be established.
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Additional information

Movie 1

The tracked particle center positions, obtained by confocal mi-
croscopy, are shown as solid dots. Note the very strong thermal
vibration of the particles, dominating their motion. Two groups
of particles, belonging to different crystalline grains, are marked
in red, allowing the relative sliding of the two grains to be visual-
ized. The deviation of the particles’ number from the average AN,
due to the out-of-plane buckling (see main text and Fig. 3(a)), is
shown in the inset, as a function of time.

Movie 2

Particle positions (with the thermal vibrations averaged-out) are
overlayed within a window of 250 s, demonstrating the inter-
mittent stick-slip dynamics. In an absence of slip, the overlayed
particle positions overlap, so that the particles appear point-like;
smeared particle positions correspond to the slip events. A few
representative particles are marked by a red circle, surrounding
them when they are immobilized, between the slip events. All
the particles are color-mapped by their local area fraction n (see
main text), strongly fluctuating at the grain boundary; with the
present choice of the color map, the 1 fluctuations make the grain
boundaries appear slightly more reddish, compared to the bulk of
the crystals. The movie corresponds to 0.5 hr of real time.

Movie 3

The same as Movie 2, but with the particles color-mapped by their
coordination number. The nearest-neighbors are detected by the

Soft Matter

View Article Online
DOI: 10.1039/C9SM00654K

Delaunay triangulation algorithm. Note the formation and the an-
nihilation of paired five- and seven-fold defects, associated with
the out-of-plane buckling of individual particles.

Movie 4

The intermittent motion of the grain boundary is emphasized by
showing (for the same data as in Movie 3) only those particles,
which have their coordination number different from 6. Note the
periodic displacements of the grain boundary, corresponding to
grain boundary slipping events.

Movie 5

Computer simulations of a crystal, which has its drift partially
obstructed by an immobilized particle. Note that the motion is in-
termittent. The build-up of the elastic stress makes one of the par-
ticles in the vicinity of the static obstacle to be pushed out of the
crystal plane. Then, a slip event takes place, relieving the stress
and allowing the particle to return back to the crystal plane. The
out-of-plane height (z) of the particles is encoded by their color.
Particles within the crystal plane (z =0) are blue. Here 7;; =90
(see Fig. 6 and Methods).

Movie 6

The same as in Movie 5, but at Ty = 1. Note that the drift is now
smooth, with the immediate vicinity of the obstacle - fluidized.
With the temperature being lower than in Movie 5, the particles
are unable to explore their local phase space, so that the effective
rigidity of the crystal is reduced and the intermittent slip-stick
motion is absent.
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