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Graphene nanoribbons (GNRs) physisorbed on a Au(111) surface can be picked up, lifted at one

end, and made slide by means of the tip of an atomic-force microscope. The dynamical transition
from smooth sliding to multiple stick-slip regimes, the pushing/pulling force asymmetry, the pres-
ence of pinning, and its origin are real frictional processes in a nutshell, in need of a theoretical
description. To this purpose, we conduct classical simulations of frictional manipulations of a 30
nm-long GNR, one end of which is pushed or pulled horizontally while held at different heights
above the Au surface. These simulations allow us to clarify theoretically the emergence of stick-
slip originating from the short 1D edges rather than the 2D “bulk”, the role of adhesion, of lifting,
and of graphene bending elasticity in determining the GNR sliding friction. The understanding
obtained in this simple context is of additional value for more general cases.
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1 IntrOdUCtion l backward forward l Kx
The science of nanoscale friction, a property of moving

nanometer-sized interfaces widely investigated experimentally by z
atomic force microscopy (AFM), is progressively unveiling the
detailed dissipation mechanisms in well-controlled frictional se-
tups 1710, Graphene is an important actor in this quest11-1°, be-
cause its strong resilient structure makes it possible to push and
slide flakes and planes once deposited on suitable well-defined
surfaces20-21, Graphene nanoribbons (GNRs) too can be cre-
ated and physisorbed on Au(111) surfaces, by means of clever

Fig. 1 Schematic description of the setup used to simulate the AFM

in-situ molecular-assembly techniques2%23. Once there, they can
be picked up at one extreme and forced to slide by a moving
tip2425. The dynamics of the GNR once dragged forward and
backward (calling forward the pulling, backward the pushing, as
sketched in Fig. 1) may show distinct regimes of motion depend-
ing on the lifting height, z. At small lifting heights (zp = 1-3 nm)
there is an almost symmetric behavior between forward and back-
ward scans, not unlike that observed experimentally for the low-
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tip lifting the GNR at one end and pulling it laterally. One side of a soft
spring is attached to the lifted end of the GNR, the other side is moving at
constant positive or negative velocity, thus dragging the GNR forward or
backward. The height z of the lifted end is kept fixed in the simulations
(see Method).

lifted GNR2*. At larger heights (zyp = 4-5nm), different stick-slip
patterns and periodicities emerge with a substantial asymmetry
between the two.

The present theoretical study aims at understanding the main
features of frictional dissipation in these systems.

Anticipating our final conclusions, the forward-backward sym-
metric frictional response at small lifting heights stems from the
limited extent of elastic deformations accumulated by the GNR
when pulled against an energy barrier. At increasing lifting
height, the bending energy required to deform the GNR decreases
and the mechanical response under driving becomes different for
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Fig. 2 Frictional force for GNR sliding at relatively small lifting heights zo = 1-3nm. The blue and red solid curves refer to the forward and backward
sliding, respectively. Dotted curves report the corresponding average frictional values.

the two opposite scan directions. Once the GNR reaches the min-
imum energy needed to initiate sliding (the Peierls-Nabarro bar-
rier2®), its dynamics starts to develop asymmetric features in the
emerging stick-slip regime for forward and backward pulling. The
main effects of this enhanced elastic deformation are an increased
period of the stick-slip motion and the occurrence of a possible
“peeling” effect in the backward trace for increasing lifting height.

Since thermal effects are always expected to be quite rele-
vant when dealing with nanoscale systems and depinning mech-
anisms, we recall that the very low experimental temperature
(T = 4.8 K)?4, excludes here a possible significant thermal con-
tribution in the observed phenomenology.

In addition, we show that the peaks of the time-resolved fric-
tional force traces depend critically on the effective contact length
of the GNR section still adhering to the substrate. The force peak
amplitudes exhibit an oscillation versus effective length of the
GNR, mostly due to the imperfect compensation of the moiré su-
perstructure at the two ends of the physisorbed part of the GNR.
This effect is also related to the oscillatory behavior of the static
friction force versus size reported in the past for totally adhering
GNRs?’.

2 System and method

We simulate a N = 7 armchair GNR, consisting of a stripe of alter-
nating triplets and pairs of carbon hexagons, of width ~ 0.7 nm
and length ~ 30.2nm, namly a factor ~ 5 longer than in our ref-
erence experiment?*. This length enables us at the same time to
reproduce qualitatively the behavior of the force traces at small
lifting height zy, obtained experimentally with a much shorter
GNR, and to anticipate phenomena that should come into play
when the lifting height is sufficiently large (z9 > 5nm), a regime
where GNRs will undergo important elastic deformations. All the
edge C-atoms at the periphery of the GNR are passivated with
hydrogens, in order to reproduce faithfully the experimental con-
ditions?*, and to obtain realistic peripheral C-C bond lengths,
which are sensitive to saturation effects.

The simulated GNR is deposited on an unreconstructed
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Au(111) surface along the R30 direction, i.e. the GNR long axis
lies parallel to the Au[—1,0,1] crystallographic direction?’. The
atomistic dynamics of the GNR is simulated using the LAMMPS
package28 by means of a REBO force field2° for C-C and C-H in-
teraction, plus 2-body C-Au and H-Au interactions of the (6-12)
Lennard-Jones (LJ) type, as parametrized in Ref.2’. In the fol-
lowing we refer to these energy contributions as Vgggo and Vi,
respectively.

Starting from a fully relaxed GNR configuration, we lift pro-
gressively one end row (three C atoms) of the GNR through a
fictitious ultra-hard spring (k. = 1.6- 10° N/m), producing unilat-
eral detachment up to a desired height zp = 1-13 nm, followed
by a further relaxation in the lifted geometry. We note that the
assumption of a very stiff normal spring k;, representing experi-
mentally the effective spring constant of the “series” of the can-
tilever vertical mode, of the tip apex elasticity, and of the tip-GNR
bonds, allows us to better highlight the distinct dynamical be-
haviors of the system at almost constant values of the vertical
z-coordinate. Numerical simulations with much softer k, values
(see Supplementary Information) show, anyway, equivalent tribo-
logical trends.

7o is defined relative to the unlifted GNR configuration. After
lifting, the mean coordinate of the lifted end of the GNR, while
held all the time at its fixed height z, is connected to a soft hori-
zontal pulling spring (k, = 1.5N/m) and dragged forward or back-
ward with constant velocity vg = +0.5m/s. This procedure aims
at mimicking, at least qualitatively, the lateral manipulation of a
GNR, as done in AFM experiments 24

While the real-time evolution of the underlying Au substrate is
not explicitly simulated, the GNR C and H atoms obey a dissipa-
tive Langevin dynamics, at zero temperature and damping param-
eter y=0.01ps~!, which prevents the externally-driven nanorib-
bon from heating up. We checked that the specific adopted y
value ensures a realistic relative balance of inertial and dissipa-
tive terms. The y value does not significantly affect the qualita-
tive outcome of the simulated tribological response within a quite
broad range of values.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Frictional force for GNR sliding at relatively large lifting heights
z0 =5 and 10nm. The blue and red solid curves refer to the forward and
backward sliding, respectively. Dotted curves report the corresponding
average frictional values. Arrows identify some characteristic GNR con-
figurations during the motion at zo = 10 nm: (a) the end of the stick phase,
(b) the end of the slip phase, (c) the beginning of stick, (d) half-stick. Non-
primed and primed letters are for forward and backward motion, respec-
tively. The GNR geometries for the configurations marked by arrows are
reported in Fig. 4.

The equation of motion for each of the three C atoms of the
lifted edge reads:

mc¥; = —me i — ke (zi —20)2 — ke (x; —vot )X — Vi, V(r;, {Ry }) . (1)

This journal is © The Royal Society of Chemistry [year]

r; = (x,i,z) (i =1,2,3) are the positions of the three C-atoms of
the lifted edge. % and Z the unit vectors directed along the x- and
z-axis (see Fig. 1). V(r, {R,u/}) = VreBo(Ti, {R,y}) + V(ri, {R,u/})
is the total potential energy including the interaction among all
GNR particles and between particles and substrate. The equation
of motion for all the other atoms with coordinates Ry, is

m.URH = —m#’}/Ru — VR#V(I‘,', {R”/}) . (2)

3 Results and discussion

We extract the instantaneous simulated frictional force as the
elastic force that the soft pulling spring exerts on the GNR

Fi (1) = 3ky [Vot — Xena ()] 3)

where x,,4(t) = ¥3_, x;(t)/3 is the mean x-coordinate of the lifted
end of the GNR, obtained by averaging the coordinates x;(z) of
the three lifted-edge C atoms.

For each given lifting height z, the simulated AFM force trace
is a plot of F(r) as a function of time, or equivalently of the
displacement of the fixed-speed end of the spring Ax(¢) = |vglt.
For ease of comparison, we express this displacement in units of
the lattice spacing of the gold substrate in the pulling direction,
aay = 2.8838A.

Discarding initial transients, Figures 2 and 3 show the steady-
state simulated frictional forces for lifting heights zo = 1 — 3 nm,
and 5 — 10nm, respectively. For a direct comparison highlighting
intrinsically different features between the forward (blue solid
curves) and backward (red dashed curves) traces we show the
backward forces reversed in sign and plotted as a function of pos-
itive (i.e. reversed) displacements. As a consequences, the dis-
played force traces do not highlight here the typical dissipation
frictional loop usually reported for standard AFM back-and-forth
scans. At low lifting heights, zp = 1 — 3 nm, Fig. 2, the computed
force traces for the forward and backward scans exhibit a sym-
metric response, as observed in experiment?*. Note that the ex-
perimental traces also contain a long-wavelength modulation 24
due to the Au-substrate reconstruction, here neglected. At the
small lifting of zo = 1 nm the sliding force oscillation reflecting the
atomic corrugation on Au(111) is smooth in both directions (see
Movies in Supplementary data). As a result, the average frictional
force (0.1 pN) is close to zero, confirming the superlubric charac-
teristic of the interface. We note that, due to the lattice mismatch
between the GNR structure and the underneath substrate along
the considered R30 direction, there exist two inequivalent good
matching interface configurations, shifted almost by one half Au
lattice spacing,: this condition gives rise to an approximate period
doubling in the force traces.

The frictional evolution for increasing lifting height is remark-
able. A first change in the dynamical response appears between
1 and 2 nm lifting. At zy =2 nm the smooth sliding is replaced by
atomic stick-slip with the same periodicity of the smooth oscilla-
tions at 1 nm. With the occurrence of this intermittent dynamics,
usually marking in tribological systems the demise of superlubric-
ity2, we very reasonably find that friction rises by an order of
magnitude. It can be noted that at the end of each slip the instan-
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Fig. 4 The GNR lateral profile at zo = 10 nm during the forward (left panel)
and backward (right panel) motion for the four successive states marked
by arrows in Fig.3. The two insets help in highlighting the distinct GNR
configurations near the lifted edge, during the stick-slip regime.

taneous force oscillates considerably, in both forward and back-
ward traces, due to inertial overshooting. At higher lifting height
zo = 3 a similar atomic stick slip is again observed, but without
the delicate superimposed period duplication observed at smaller
20-

A different scenario emerges for higher lifting, such as zp =5
and 10nm, Fig. 3. Forward and backward traces are not symmet-
ric anymore, and multiple jumps30 start to show up (see Movies
in Supplementary data), contrasting the basically single stick-slip
regime observed at small lifting. The slip distance depends quite
generally on the lifting height, which controls the mechanical
softness of the lifted part, and on the pulling direction. For in-
stance, at zo = Snm the forward force trace is single slip, while
that of the corresponding backward scan becomes double. Con-
versely, at zp = 10 nm the forward trace shows a stick-slip period
of three lattice spacings, as opposed to two lattice spacings in the
backward case.

Such asymmetric response, as we shall see, is determined by
the interplay of two main effects. Firstly, forward and backward
configurations imply different effective contact areas between the
GNR and the substrate. Since the static friction oscillates widely
with GNR contact length .27, small differences in the effective
contact length can lead in general to quite different static-friction
thresholds. As a result, small differences in zy may lead to quite
different dynamical friction patterns.

Secondly, as detailed in Sect. 4 below, the interplay between
bending energy and adhesion differs strongly in the two pulling
directions.

A first insight in the different forward and backward GNR dy-
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namics can be obtained by examining the characteristic shape of
the GNR at specific instants during the stick-slip motion. Figure 4
shows the lateral profile of the GNR in the forward and back-
ward motion at zp = 10 nm, at four distinct instants marked by ar-
rows in Fig. 3. The main features of the stick-slip dynamics in the
forward and backward motion are very similar. Once the spring
reaches the critical elongation to overcome the Peierls-Nabarro
barrier (a/a’), a slip event occurs: the physisorbed section sprints
forward/backwards and reaches a new pinned position (b/b’).
The GNR deformation occurring at slip leads to an increase (in
the forward motion) /decrease (in the backward motion) of the
GNR bending energy. This elastic energy is then progressively re-
leased/absorbed during the subsequent stick phase (c—d / ¢’—d’).

4 Energy considerations

It is instructive to analyse how the individual energy contribu-
tions coming from the elastic bending of the GNR and from the
adhesion to the substrate evolve during the stick-slip frictional
dynamics. Consider for instance the motion of the GNR at large
70 = 10nm. The total GNR potential energy V is the sum of an
intra-ribbon term, Vgggo from the C-C and C-H bonds, which con-
trols the planar and bending stiffness, plus a second term, Vi,
stemming from the C-Au and H-Au interactions which controls
the adhesion of the unlifted part of the GNR. The time variation
of V with respect to our reference configuration at r = 0, (a re-
laxed GNR with one lifted end), can be written as

AV(t) = AVrgpo (t) +AVLI (1) - )

For forward and backward motion, Fig. 5 compares the fric-
tional force evolution (already displayed in Fig. 3) and that of the
potential energy terms AVgrggo, AV y and AV. Note the opposite
contributions to the total GNR energy for forward and backward
sliding. In the forward scan, the intra-ribbon contribution AVgggo
is negative, with an energy gain due to the decrease of GNR cur-
vature in the detached part, as discussed in Sect. 3 above. At the
same time, the system loses adhesive energy, not just because the
external force works to overcome the static friction energy barrier
which blocks the sliding, but mainly because the physisorbed sec-
tion shortens in length as the GNR end is pulled forward, causing
an increase of AVy;. This is also made evident in the zoomed-in
GNR z-profile of Fig. 6) Exactly the opposite occurs for backward
sliding, where AVgggo is positive, owing to the curvature increase
of the detached part, whereas AV} is negative reflecting a corre-
sponding improvement of adhesion due to an increased contact
length L. (see again Fig. 6). For completeness, we note that, at
even larger zy values, the backward-driven GNR may initiate to
peel off the Au surface during the stick phase, thus starting a de-
crease in the AV} adhesive contribution.

There is a clear correspondence between the energy evolution
described above and the lifted nanoribbon geometry. Figure 6
compares the shape profile z = z(x) of the GNR near the detach-
ment point, just before the slip either forward or backward. By
comparison with the relaxed, static shape (zero force), the cur-
vature and the physisorbed section of the GNR are respectively
smaller in the forward case, and larger in the backward case.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Comparison between the frictional force and the variation of the
elastic intra-ribbon Vrepo and adhesive ribbon-substrate Vi contributions
to the GNR total energy in the stick-slip motion at zo = 10nm.

5 Role of the ribbon short edge and uncom-
pensated moiré pattern

As was observed in our previous study of the fully adhering — non-

lifted — GNRs27, the 2D “bulk” of the GNR/Au(111) interface is

incommensurate and structurally lubric (“superlubric”). Like in

other superlubric systems, the static friction — the minimal force
required to set the interface into sliding motion — does not grow

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 GNR lateral profile close to the detachment region in the forward
(cyan line) and backward motion (yellow line) just before the slip. The
configuration of the relaxed GNR at rest (black line) is included as refer-
ence.

(on average) as much as the contact area. Specifically, for a non-
lifted GNR, the static friction oscillates around a fairly constant
mean value as a function of the nanoribbon length??. This indi-
cates that the edges, here the short ones, are mostly responsible
for pinning — a feature similarly found in incommensurate rare-
gas islands deposited on metal surfaces3! and in twisted bilayer
graphene32. The strong oscillation of the static friction F; around
the constant average trend as a function of the GNR length is re-
lated to the “uncompensated” moiré pattern near the GNR ends,
i.e. the residual of L. divided by the moiré-pattern wavelength.
This friction oscillation may involve variations in Fy compara-
ble with the average32. This appears to be the case also with
lifted GNRs, where the effective contact length L., defined be-
low, varies as a function of 7y and changes dynamically in time.

By lifting the GNR at successively increasing heights, the effec-
tive contact length L.¢ will change, giving rise to minima/maxima
of the static friction force. We define the effective contact length
Legr of a lifted GNR by dividing V;; by the same quantity per unit
length of an infinite-length simulated GNR with periodic bound-
ary conditions, V{’j:

Len(zo,t) = 120, ©

L

where V| j(zo,?) is the total interaction energy between the GNR
and the substrate at the lifting height zy and at time ¢. It turns
out that for lifting heights between zp = 7.5nm and zp = 12.5nm
we cover one complete period of the static friction?”. Figure 7
shows the force traces corresponding to lifting heights z9 = 7.5,
9.9, and 12.5nm, along with the corresponding change in time
of the effective contact length Leg(zo,¢) of Eq. (5). zo =7.5 and
12.5nm correspond to expected local maxima of the oscillating
static friction versus effective size. zo = 9.9 represents an expected
local static-friction minimum, As expected, the peaks in F and the
mean friction forces are larger at lifting heights that correspond
to the expected local maxima of static friction, namely zp = 7.5 nm
and zyp = 12.5nm, than at zop = 9.9 nm.

For a grid of lifting heights zy, Fig. 8 reports the maximum
force " obtained from the peaks just before slip. These values
exclude an initial transient and are evaluated once a steady stick-
slip regime is established. We report these data, rather than as
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functions of 7y, as functions of the effective contact length L. for
that height. The best-fitting sinusoids of the form

'™ (L) = a+ Bsin (M—Lfﬁ) , (6)

A
for both the forward and backward motion, are also drawn as
reference. o, B, A, 6 are fitting parameters. The values and the
Am = 4.86 nm period oscillation of the lifting-dependent maximum
force compares reasonably well with the established static friction
trend as a function of the non-lifted GNR length 27, reported in the
lower panel of Fig. 8. Somewhat larger in magnitude, both for-
ward and backward maximum forces share the same oscillation
as the static friction of the non-lifted GNR with length equal to
the effective lifted GNR length L.g. This result further confirms
that the uncompensated, edge-related, part of the moiré pattern
determines the magnitude of the maximum kinetic-friction force
before slip.

Figure 8 compares the maximum kinetic friction F,"** with the
static friction F, obtained for fully adhering GNRs2”. For a given
system in the underdamped regime, the two quantities should
match in the limit of vanishing driving velocity vg. At finite veloc-
ity it is generally expected that Fy > F™*, with static friction al-
ways exceeding dynamic one. Here we observe the opposite. This
might look counterintuitive, as one might expect a larger friction
for fully adhering GNRs. However, as pointed out above, static
friction is dominated by the two GNR short-ends in this superlu-
bric system. The two short-edges are equivalent in the unlifted
case, and are responsible for the frictional oscillations as a func-
tion of L.27. By contrast, in the case of lifted GNR the bending
at the leading edge produces a termination which is strongly in-
equivalent to that of the trailing edge. As a result, cancellation
of the lateral forces acting on the two ends is more problematic,
yielding generally an overall larger friction.

It is also worth asking if GNRs might show any tendency to peel
off the substrate when driven backward at large lifting heights.
As seen in Figures 5 and 6, the backward stick-slip motion is ac-
companied by an increase of adhesion in the stick state, while
a decrease of adhesion is seen in the forward motion. In Figure
7, zo = 9.9nm, this fact is confirmed by the increase of Lgs in
the stick state of the backward motion. In these cases no ten-
dency to peel off is registered. In contrast, at a lifting height
of 12.5nm, we notice that in the backward motion the adhesive
length increases up to a maximum and then decreases again with
a sort of parabolic trend. This indicates that the spring initially
pushes the physisorbed atoms adjacent to the bent GNR section
down in closer contact with substrate, promoting an increased
adhesion. Once the extension of the driving spring is sufficiently
large, the GNR starts to detach from the substrate, causing a loss
of adhesion. This analysis shows that, depending on the lifting
height zo and the precise value of the static friction barrier at
that height, the GNR can indeed start to peel off from the sub-
strate. In all simulated cases, as backward pulling continued, a
slip event would release the bending stress before the peeling in-
stability would fully develop and lead the GNR to a complete peel
off. As a general rule, peeling is more pronounced for those com-
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binations of zy and GNR length leading to those L producing the
largest possible static friction threshold, and generally for larger
lifting height, because of the softer GNR elasticity and greater
mechanical advantage.

6 Conclusions

We have investigated the dynamical friction of lifted graphene
nanoribbons on a Au(111) substrate by means of non-equilibrium
molecular-dynamics simulations. Mimicking the experimental
setup of Kawai et al.%* we reproduce and interpret the observed
frictional regimes of the GNR as a function of the lifting height
70. For increasing zj, we predict a remarkable transition from
smooth sliding to atomic stick-slip, characterized initially by sin-
gle slips, and then by multiple slips at larger heights. Specifi-
cally, the periodicity of the stick-slip dynamics is dominated by the
bending elasticity of the GNR, which enables larger slip distances
at larger heights. The augmented softness, introduced by bending
of the GNR as zj increases, plays opposite roles for the two driv-
ing directions, decreasing (forward) and increasing (backward)
the GNR/substrate adhesion. The lifting-dependent amplitude of
the instantaneous friction force is not a "bulk" feature, and is en-
tirely determined by the short edges of the GNR - in the lifted
case as well as in the non-lifted case.

We find an oscillation of friction with lifting height. This in turn
is related, via identification of an effective GNR contact length of
the physisorbed GNR section, to the moiré-pattern lack of com-
pensation close to the edges, qualitatively similar but quantita-
tively different to that occurring in the static friction of unlifted
GNRs?7. Past experiments on lifted GNR sliding?4 have not yet
explored the new regime which we describe here, essentially due
to the relatively small length of the GNR used there (6.28 nm
only), whereby the GNR lifted at 5 nm was almost completely de-
tached from the Au-substrate, very nearly peeled off. Our much
longer — 30 nm - simulated GNR, only approaches peeling at lift-
ing heights larger than ~ 10nm, as shown by the time evolution
of the effective contact length. A more precise evaluation of this
critical lifting height would probably require a further refinement
of the modeling setup, taking also into account the mobility of the
underneath gold substrate.

Present predictions about the sliding should be borne out by fu-
ture experiments, hopefully on longer GNRs, as well as on more
general physisorbed flakes of graphene and other 2D materials.
In these systems, it should be possible to find, for increasing lift-
ing heigthts, a transition from smooth sliding to stick-slip, the
asymmetric forward/backward friction, and a peel-off instability.
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Fig. 7 Comparison between the friction-force traces for three large lift-
ing heights, zo = 7.5, 9.9 and 12.5nm, and the change of the effective
instantaneous contact length L. between the GNR and the substrate.
As previously, blue and red solid curves refer to forward and backward
sliding, respectively, and dotted curves report the corresponding average
values.
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Fig. 8 Comparison between the static friction force of non-lifted GNRs 2’
(lower panel), and the maximum kinetic force (upper panel), as a function
of the effective contact length L., varied by repeating the simulations
for many lifting heights zp. The dotted cyan and orange lines are the
corresponding best fitting curves of Eqg. (6) to the F;™** data.
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