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Using atomic force microscopy, we have shown that friction on graphene=h-BN superlattice structures
may exhibit unusual moiré-scale stick slip in addition to the regular ones observed at the atomic scale. Such
dual-scale slip instability will lead to unique length-scale dependent energy dissipation when the different
slip mechanisms are sequentially activated. Assisted by an improved theoretical model and comparative
experiments, we find that accumulation and unstable release of the in-plane strain of the graphene layer is
the key mechanism underlying the moiré-scale behavior. This work highlights the distinct role of the
internal state of the van der Waals interfaces in determining the rich dynamics and energy dissipation of
layer-structured materials.
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Stick slip is an interesting yet intricate friction pheno-
menon widely observed for sliding interfaces ranging from
atomic to geological scale [1–7]. Among the stick-slip
behaviors, atomic-scale stick slip, commonly examined with
atomic force microscopy (AFM), has attracted much atten-
tion due to its close relationwith the origins of friction and the
fundamental mechanisms of energy dissipation [8–18].
Historically, atomic stick-slip friction has been interpreted
by the Prandtl-Tomlinson (P-T) model [19,20], where a
particle is driven by a linear spring to slide on a periodic
energy landscape. In atomic stick-slip friction experiments,
the energy landscapes are typically constant with steady-
state slip forces [2,8,11,15]; however, there do exist a few
exceptions where the energy landscape appears to vary with
multiple periodicity. For example, when an AFM tip sliding
on surfaces with atomic reconstructions [21] or surfaces
of heterostructures [22–26], a long-period modulation on
the lateral energy landscape can be found. In this Letter,
we demonstrated that, when sliding a nanoscale tip on
graphene=h-BN heterostructure with a moiré pattern, stick
slip could occur both at the atomic scale and at the moiré
scale. Because of this unique dual-scale stick-slip behavior,
different energy dissipation channels with distinct dissipa-
tion rates could be sequentially activated by changing the
scan size. More surprisingly, we found that the magnitude of
the moiré-scale stick slip was smaller than that of the atomic
stick slip, which directly contradicted the predictions from
the classic models with a fixed energy landscape [10,27]. To
resolve this, we proposed an improved P-T model by
incorporating the elastic strain energy of graphene layer

and the graphene=h-BN interfacial interaction energy
induced by the tip pressure, both of which were coupled
with the tip position. The improvedP-Tmodel shows that the
unusual moiré-scale stick slip originates from local unstable
slip of graphene rather than the tip in contrast to the classic
P-T models.
Figure 1(a) schematically shows the experimental setup,

where an AFM was used to measure friction on surfaces of
graphene=h-BN heterostructures. In our experiments, the
single-crystal monolayer graphene islands with typical
diameters around 10 μmweregrownonbulkh-BNsubstrate
(more details of the sample are shown in Supplemental
Material, Fig. S1 [28]). According to the period of the
moiré structure obtained from scanning tunneling micro-
scopy (STM) and lattice-resolved AFM images (see
Supplemental Material, Fig. S2 [28]), the crystalline ori-
entation of the graphene layer is aligned with the h-BN
substrate. As shown in the upper panel of Fig. 1(b), the
lateral force image of this sample exhibits a clear hexagonal
pattern with a period of ∼15 nm, consistent with the
period of the moiré structure. From the lateral force traces
[lower panel of Fig. 1(b)], we can see that this hexagonal
pattern originates from a series of moiré-scale stick-slip
events, which are found to be insensitive to the sliding
velocity (Supplemental Material, Fig. S3 [28]). When the
lateral force image is further enlarged, as shown in Figs. 1(c)
and 1(d), atomic-scale stick slip with a period corresponding
to the graphene lattice can also be well recognized. As
energy dissipation is often closely associated with stick-slip
motion, the dual-scale stick-slip behavior might lead to
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length-scale dependent energy dissipation rates. To test this
idea, we conducted friction tests under two different scan
sizes. As shown in Fig. 1(e), when the scan size is relatively
small and only atomic-scale stick slip is activated, the mean
friction remains at a low level around 0.005 nN (see more
details in Supplemental Material, Fig. S4 [28]). However,
when the scan size is large enough to accommodate the
moiré-scale stick slip, mean friction increases significantly
(nearly 10 times).
Previously, a long-range modulation effect on the atomic

stick-slip friction has been reported for reconstructed
Au(111) surface [21] and graphene/Ru or graphene/Pt
heterostructures [22,24]. Such modulation effect was
believed to be caused by local topographical undulations
due to out-of-plane buckling of the top atomic layer
[22,29], or in-plane straining of graphene due to strong
pinning between graphene layer and the substrate [24].
However, because the interlayer interaction is relatively
weak for graphene=h-BN sample [30,31], its height
fluctuation is only ∼1 Å (see Supplemental Material,
Fig. S2 [28]), which is unlikely to cause the significant
moiré-scale stick slip. To capture the long-range modula-
tion effect, the classic P-T model was often adopted by
considering a dual-scale energy potential including both
atomic-scale corrugation and long-range modulations

[21,22,24,25]. Based on the model predictions [10,27],
stick-slip behavior only occurs when the normalized energy
corrugation is large enough, i.e., 2E0π

2=ka2 > 1, where E0

and a are the amplitude and the period of the energy
corrugation, k is the stiffness of the spring. Since the period
of the moiré pattern (∼15 nm) is much larger than that of
the graphene lattice (∼0.25 nm), to have atomic and moiré
scale stick slip simultaneously, the amplitude of the moiré-
scale energy corrugation should be ∼3600 times larger than
that of the atomic-scale energy corrugation. Consequently,
the fluctuation of the lateral force at the moiré scale would
also be ∼3600 larger, which directly contradicts the experi-
mental observations [see Figs. 1(b) and 1(d)].
As the moiré-scale friction exhibits unusually strong

dependence in load [Fig. 1(e)], we further examined the
variation trend of the moiré-scale friction while systemati-
cally changing the load. As shown by the representative
friction loops in Fig. 2(a), when normal load increases, the
moiré-scale stick slip becomes more pronounced with
higher peak slip forces, indicating more energy dissipation.
In addition, we found that the shape of the moiré patterns
also changes noticeably with normal load as indicated in
Fig. 2(b). For example, a regular hexagonal moiré pattern
can be observed at relatively small loads (e.g., at 1.4 or
5.7 nN). However, as the load increases to 25.7 nN, the unit
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FIG. 1. (a) A schematic of the friction measurement. The inset shows the moiré pattern with a period of ∼15 nm obtained from STM.
(b) Lateral force image (upper panel) and the corresponding line traces (lower panel) show a hexagonal pattern originating from moiré-
scale stick slip. Scale bar, 20 nm. (c) Close-up lateral force image (upper panel) and the corresponding line traces (lower panel) acquired
from the dashed rectangle region of panel (b). Scale bar, 5 nm. (d) Close-up lateral force image (upper panel) and the corresponding line
traces (lower panel) acquired from the dashed rectangle region of panel (c). Scale bar, 5 Å. (e) Friction versus normal load data acquired
from areas with 5 nm × 5 nm (atomic-scale) and 40 nm × 40 nm (moiré-scale) sizes. Error bars represent the standard deviation at each
load. As the typical size of the graphene islands was much larger than the tip contact size (∼ a couple of nm), we did not expect them to
move or rotate globally with respect to the h-BN substrate.
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cell of the moiré pattern becomes stretched along the fast
scan direction as indicated by the dashed contour curves.
Accompanied with this shape distortion, a significant phase
shift between the trace and retrace signals, i.e., a higher
degree of hysteresis, is also apparent under high loads. The
sensitive dependence of the moiré-scale stick slip on normal
load suggests that this long-range instability is associated
with certain physical process critically influenced by load-
ing of the tip. Recently, when measuring graphene=h-BN
heterostructure using STM, Yankowitz et al. found that the
upper graphene layer could be locally displaced and
deformed along the in-plane direction due to pressure-
induced commensurate stacking transition [32]. In our
experiments, friction measurements were conducted under
compressive normal loads and the AFM tip might perturb
the graphene lattice similarly, which in turn would modulate
the interaction potential between the AFM tip and graphene.
To properly understand the impact of the pressure-

induced commensurate stacking transition on friction,
the in-plane deformation of graphene has to be considered.
Recently, to explain the layer-dependent friction and the
strengthening behavior of graphene, Andersson et al.
introduced an internal variable in the classic P-T model
so that the extra degree of freedom of the graphene sheet
could be considered [33]. Motivated by their work, we
proposed an improved P-T model to incorporate the in-
plane deformation of graphene. As schematically shown in
Fig. 3(a), a particle, representing the AFM tip, is dragged
via a spring with a force constant k1 to move along a

potential energy landscape, representing the interaction
between the tip and the heterostructure. The position of
the particle and the spring based are denoted by x1 and R,
respectively. The deformability of the graphene layer is
incorporated by considering the in-plane displacement of
the graphene x2 and an associated spring with a force
constant k2. In this model, the interaction energy consists of
two parts. The first part is the interaction energy between
the tip and the upper graphene sheet UT-G. Following the
classic approach,UT-G¼U1cosðθ1Þ, whereU1 is the ampli-
tude of the energy corrugation and θ1 ¼ 2πðx1 − x2Þ=a1 is
the relative energy phase at the tip position. The second
part is the interaction energy between the graphene and
h-BN interface, UG-B. To consider the commensurability of
the graphene and h-BN lattice, UG-B is assumed to be
UG-B ¼ U2 cosðθ2Þ, where U2 is the energy prefactor and
θ2 ¼ 2πðx1=a2 − x1=a1 þ x2=a1Þ is the relative phase
difference between the graphene lattice and the h-BN
lattice at the tip position. Therefore, the total potential V
of the tip-heterostructure system can be written as

V ¼ UT-G þUG-B þ Uk1 þ Uk2 ; ð1Þ

where Uk1 ¼ 1
2
k1ðx1 − RÞ2 and Uk2 ¼ 1

2
k2x22 are the elastic

strain energy of the springs. With the modified system
potential energy, we followed the classic approach and
performed numeric simulations according to the Langevin-
type equations (more details can be found in Supplemental
Material [28]):
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of 1.4, 5.7, 14.3, and 25.7 nN, respectively. (b) The corresponding trace and retrace lateral force and friction images of (a).
Scale bar, 10 nm.
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m1

d2x1
dt2

−m1γ1
dx1
dt

þ ∂Vðx1; x2; RÞ
∂x1 ¼ ξ1ðtÞ;

m2

d2x2
dt2

−m2γ2
dx2
dt

þ ∂Vðx1; x2; RÞ
∂x2 ¼ ξ2ðtÞ: ð2Þ

Figure 3(b) shows a series of lateral force traces
calculated from the improved P-T model when the
graphene=h-BN interaction energy is varied. In all cases,
moiré-scale stick slip can be clearly seen in addition to the
regular atomic-scale stick slip (see Supplemental Material,
Fig. S5 [28]). Moreover, when U2 is enhanced gradually,
the peak force of the moiré-scale stick slip increases
accordingly and the hysteresis between the trace and retrace
curves also becomes more apparent. As increasing normal
load will lead to stronger graphene=h-BN interaction, the
calculation qualitatively reproduces the evolutional trend
shown in Fig. 2.
To clearly illustrate the physical process behind this

dual-scale stick slip, we extracted the variations of the tip
displacement and graphene displacement from a typical
numerical simulation. As shown in Fig. 3(c), when viewed
at a large length scale, the tip seems to slide “continuously”
as the base moves forward. However, the close-up view
[the inset of Fig. 3(c)] indicates that the motion of
the tip actually varies periodically corresponding to the

atomic-scale stick slip. In contrast to the “continuous”
increase of the tip position, the graphene sheet instead
oscillates periodically with a much longer period as shown
in Fig. 3(d). During each cycle, the graphene sheet is
gradually displaced in the in-plane direction and, until at
some moment, the graphene sheet suddenly snaps back, as
schematically illustrated in the upper panel of Fig. 3(d).
The mechanism can be understood as follows. When the tip
slides on the surface of graphene=h-BN, the local stacking
state tends to be commensurate under the tip pressure.
Consequently, as the tip moves forward, the graphene will
be gradually stretched in order to adapt to the lattice of
h-BN and the interlayer interaction energy will increase
(see more details in Supplemental Material, Fig. S6 [28]).
When the deformation of graphene sheet becomes large
enough, the graphene sheet will lose stability at a critical
moment and suddenly snap back. The instability is gov-
erned by the competition between the in-plane stain energy
of graphene and the graphene=h-BN interfacial energy. As
the latter term would change periodically with the position
of the tip relative to the moiré structure, the resultant in-
plane stretching and snap-back behavior was expected to
occur with a period coinciding with the moiré pattern.
Since the moiré-scale stick slip relies on local motion of
graphene with respect to the h-BN, this unique behavior is
affected by the interlayer interaction strength. According to
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FIG. 3. (a) A schematic showing a tip sliding on a composite structure containing two periodic layers with different periods. The tip
is moved by a support through a linear spring and the upper layer is fixed laterally through another linear spring. (b) Typical trace
(gray line) and retrace (blue line) lateral force curves obtained in numerical calculations with U1 ¼ 70 meV, and varying U2 of 700,
2100, and 2800 meV, respectively. (c) Variation of the tip displacement x1 with the support displacement for U2 ¼ 2800 meV. Inset
shows a magnified curve profile and the slip stages are highlighted with red segments. (d) Schematics showing the atomic configurations
corresponding to two typical moments of (i) and (ii) as marked in the lower panel (upper panel). Variation of the upper layer
displacement x2, with the support displacement obtained in numerical calculation with U1 ¼ 70 meV and U2 ¼ 2800 meV
(lower panel).
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Christian et al., the interlayer interactions between gra-
phene and substrates can be either physisorption with
weak dispersion interaction or chemisorption with strong
charge interaction [34]. If the graphene is strongly pinned
by the substrate, then in-plane deformation of graphene is
suppressed and the moiré-scale stick slip would be absent
(see Supplemental Material, Fig. S7 [28]).
Since the moiré-scale stick slip originates from the

dynamic behavior of the graphene=h-BN interface, such
a long-range friction modulation effect may persist for
multilayer graphene. To test this idea, we grew multilayer
graphene samples on h-BN substrates and we conducted
friction measurements on different layers of these hetero-
structures. For the first sample shown in Fig. 4(a), a bilayer
graphene island is grown h-BN. Based on the lattice-
resolved AFM images, the crystalline orientations of the
two graphene layers are aligned with the h-BN substrate.
As shown in Fig. 4(b), moiré-scale stick-slip patterns can be
clearly observed both on the 1L and 2L graphene. In
contrast, for another bilayer graphene sample depicted in
Fig. 4(c), where the first layer graphene is rotated by 21°
with respect to h-BN but the second layer graphene is
aligned with h-BN, no moiré-scale stick-slip pattern can be

observed either on 1L or 2L graphene as indicated in
Fig. 4(d). This directly confirms that the moiré-scale stick
slip is solely determined by the state of the graphene=h-BN
interface. Such a characteristic is further confirmed by the
frictional behavior of a trilayer graphene=h-BN sample.
As schematically shown in Fig. 4(e), the first and third
graphene layer of the trilayer sample are both aligned with
h-BN but the second graphene layer has a 27° mismatch
angle. Although both 1L=2L and 2L=3L interfaces are
incommensurate, clear moiré-scale stick-slip patterns can
be obtained on all graphene layers, as shown in Fig. 4(f).
In conclusion, friction on graphene=h-BN superlattice

structures was found to exhibit moiré-scale stick slip in
addition to the traditional atomic-scale stick slip, resulting
in unique length-scale dependent dissipation. Revealed by
an improved PT model, we attributed the moiré-scale stick
slip to the accumulation and sudden release of strain of the
graphene layer. The finding gives the very example that the
internal state of the van der Waals interfaces can have a
profound impact on dynamics and energy dissipation
mechanism of 2D heterostructures; and it also offers
another tuning knob for regulating surface friction of a
broad range of layer-structured materials.
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2nd layer rotate 27°

1st layer rotate 21°

(a)
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FIG. 4. (a) A schematic showing a bilayer graphene island on h-BN substrate. The bilayer graphene is aligned with h-BN. The inset
shows the lattice orientation of h-BN. (b) Typical lateral force images obtained on the first and second graphene layers, showing clear
moiré-scale stick-slip friction. Insets show the lattice orientation of the first and second graphene layers. Scale bar, 5 Å (inset).
(c) A schematic showing a bilayer graphene island on h-BN substrate. There is a twist angle of 21° between the first graphene layer and
h-BN, and the second graphene layer is aligned with h-BN. (d) Typical lateral force images obtained on the first and second graphene
layers. Insets show the lattice orientation of the first and second graphene layers. Scale bar, 5 Å (inset). (e) A schematic showing a
trilayer graphene island on h-BN substrate. There is a twist angle of 27° between the second graphene layer and h-BN. The first and third
graphene layer are both aligned with h-BN. (f) Typical lateral force images obtained on the first, second, and third graphene layers.
Insets show the lattice orientation of the first, second, and third graphene layers, respectively. Scale bar, 5 Å (inset).
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