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ABSTRACT: Atomic-scale friction measured for a single asperity sliding on 2D
materials depend on the direction of scanning relative to the material’s crystal
lattice. Here, nanoscale friction anisotropy of wrinkle-free bulk and monolayer
MoS, is characterized using atomic force microscopy and molecular dynamics
simulations. Both techniques show 180° periodicity (2-fold symmetry) of atomic-
lattice stick—slip friction vs. the tip’s scanning direction with respect to the MoS,
surface. The 60° periodicity (6-fold symmetry) expected from the MoS, surface’s
symmetry is only recovered in simulations where the sample is rotated, as opposed
to the scanning direction changed. All observations are explained by the potential
energy landscape of the tip—sample contact, in contrast with nanoscale
topographic wrinkles that have been proposed previously as the source of
anisotropy. These results demonstrate the importance of the tip—sample contact
quality in determining the potential energy landscape and, in turn, friction at the

€

nanoscale.

Most physical and mechanical properties of crystalline
materials, including friction, are anisotropic to some
degree due to the inherent crystallographic symmetry of the
materials.' ~* Friction anisotropy specifically refers to the
dependence of friction on the lateral sliding direction or on the
relative crystallographic orientation between two sliding
surfaces.” One of the earliest investigations of friction
anisotropy was performed by Hirano et al’ in the early
1990s using a surface force apparatus to measure friction on
mica. The observed 6-fold symmetry of the friction force was
explained by commensurability of the interface (substrate and
slider structure match) that led to high friction, whereas
incommensurability (nonmatching) of the interface led to very
low friction, i.e., superlubricity,7 which was at least 3 times
smaller than the commensurate case. Commensurability of an
interface, however, is not a necessary condition for friction
anisotropy. In fact, studies using atomic force microscopy
(AFM)® to characterize friction at the single asperity level
using a nanoscale probe or tip have reported significant friction
anisotropy, where at least one of two sliding surfaces was
noncrystalline.”'® Friction anisotropy has also been observed
between AFM tips and surfaces with tilted molecular groups
such as lipid monolayers.”" "~

Many AFM-based studies of friction anisotropy have focused
on two-dimensional (2D) materials, including graphene, Mo$S,
and hBN. Such studies have used two different approaches to
measuring friction anisotropy: manipulating crystalline struc-
tures on a 2D material with an AFM probe in different
directions, or putting the AFM probe in direct contact with the
2D material and scanning in different directions (which may or
may not involve rotating the sample with respect to the tip).
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The first approach has been applied to nanostructures (MoO,
manipulated on MoS,,* Au islands on MoS,,"* and carbon
nanotubes on HOPG'®) or mesas of multilayer 2D materials
(graphite mesas on HOPG'® and graphite/hBN heterojunc-
tion mesas' ). Mesa manipulation of MoS, on MoS, was also
modeled using molecular dynamics (MD) simulations.'®"” In
all these studies, the measured friction force exhibited 6-fold
symmetry (i.e., the friction patterns repeat every 60°),
revealing the hexagonal nature of the underlying lattice
structure.

The second approach to measuring friction anisotropy on
2D materials is to slide an AFM probe directly on a substrate.
During the AFM measurements, the direction in which the end
of the cantilever is pulled, here referred to “scanning direction”,
can be controlled; however, the actual path of the tip apex
would slightly deviate with respect to scanning direction. In
practice, probing friction in different angular scanning
directions is difficult because most AFM setups are restricted
to measuring lateral force only parallel to the scanning
direction (i.e., perpendicular to the cantilever axis). Measuring
friction anisotropy requires the ability to either rotate the
sample with respect to the cantilever scanning direction (see
Figure Sla) via a specially designed stage as done, e.g, in ref
20, or a method to calibrate forces and pull the AFM tip along
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Figure 1. (a) Top view of monolayer MoS, in the simulations where the 30 and 60° scanning directions are identified, corresponding to the
armchair and zigzag crystallographic directions of the MoS, lattice. (b) Representative experimental friction loops (scanning forward and
backward) obtained from scanning the Si tip on bulk MoS, in the 30 and 60° directions. The long axis of the cantilever points along the 90°
direction. (c) Representative friction traces obtained from MD simulations of dragging the model tip along the 30 and 60° directions.
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Figure 2. Friction anisotropy measured using AFM on (a) monolayer MoS, with a UNCD tip and (b) bulk MoS, with a Si/SiO, tip, as well as the
(c) MD simulations of monolayer MoS, with a SiO, model tip. The data sets in (a) and (b) were rotated 30 and 15° clockwise, respectively, so that
the experimental low friction axes approximately coincide with the low friction axis in the simulation. Dashed lines are guides for the eye only.

different scanning directions (see Figure S1b) as done, e.g, in
ref 21. In cases where the sample was rotated relative to the
scanning direction, some studies reported 60° periodicity (i.e.,
6-fold symmetry), including measurements on monolayer
graphene,””™** while others” >’ observed 180° periodicity
(ie, 2-fold symmetry). The latter was attributed to out-of-
plane elastic deformation of the substrate resulting from
oriented linear wrinkles (sometimes referred to as ripples) in
the 2D material where scanning perpendicular to the wrinkles
led to higher friction. In cases where the sample was fixed and
the AFM tip pulled in different directions, a 6-fold symmetry
with low friction along the zigzag direction (the (1120)
direction) was observed on graphite.”"*’

To understand the origins of these very different
observations and interpretations, we investigated friction
anisotropy of nanoscale tips sliding on MoS, using
complementary AFM experiments and MD simulations.
MoS, was chosen as the sample because it is a frequently
studied member of the 2D material family with a variety of
applications and, more specifically, because of its potential to
provide ultralow friction as a next generation solid lubricant.”'
The AFM experiments were performed on monolayer and bulk
MoS, in ultrahigh vacuum (UHV), precluding multiple
parameters that could affect friction in ambient conditions
including contamination and capillary condensation. The
experimental setup is illustrated schematically in Figure S2a
and detailed information about the methods is available in
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Supporting Information section S1. Orientation-dependent
friction measurements were obtained by changing the scanning
direction with respect to the sample in 15° increments, with
the relative surface orientation between the tip and sample
remaining constant throughout. A 5 X 5 nm? area was scanned.
Lattice resolution was obtained for each scan, and examples of
atomic lattice-resolved stick slip are shown in Figure S3. Figure
1b shows two representative friction loops from the AFM
lateral force measurements on monolayer MoS, corresponding
to scanning in the 30° and 60° directions (see Supplementary
Information section S5 for force calibration). It should be
noted that, due to the rotational degree of freedom of the
sample approach mechanism of the AFM used here,** the
orientation of the scanning direction with respect to the
crystallographic orientation of the MoS, samples could not be
controlled. Therefore, in all cases, we used the lattice
resolution images to identify the crystal orientation and rotate
the experimental data set accordingly (by an amount indicated
in each figure caption) so that the low friction directions (the
zigzag directions) in both experiments and simulations are the
same. The energy dissipated per scan cycle (i.e., area of the
friction loop) in Figure 1b is almost 11 times higher in the 30°
scanning direction compared to the 60° direction.

MD simulations enabled friction anisotropy to be charac-
terized using both possible measurement approaches, i.e, the
tip sliding in different directions on a stationary sample or the
sample rotating as the tip slides in one direction. The MD
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model consisted of an amorphous SiO, tip apex sliding over
monolayer 1H-MoS, on a crystalline silicon substrate; see
Figure S2b and details in Supporting Information section SI.
Then, a lateral force microscopy experiment was mimicked by
applying a 6 nN normal load to the tip and displacing the tip
along the surface in different angular directions (with the
scanning direction of 0°, 60°, etc. being along the zigzag
direction as shown in Figure 1a). Representative friction traces
from the MD simulations are shown in Figure lc. In both
experiments and simulations, friction exhibits strong aniso-
tropy, where multiple frictional characteristics (e.g, friction
trace periodicity, peak or average friction force) vary with
scanning direction (additional friction traces from the
simulations are shown in Figure S4). However, the major
difference between the friction traces obtained by scanning in
different directions is the magnitude of the friction, quantified
here by the average friction force.

Figure 2 summarizes the average friction for monolayer or
bulk MoS, measured with the scanning direction changed
incrementally in steps of a few degrees (increments of 15° in
experiments and 10° in simulations) without changing the
relative orientation of the sample and cantilever. Note that we
cannot quantitatively compare the results between simulation
and experiment due to the differences in the tip material and
size, and scanning velocity and load that affect the magnitude
of the friction.”> However, friction consistently exhibits 180°
periodicity (i.e., 2-fold symmetry) in experiment and
simulation and for both monolayer and bulk MoS, samples.
The anisotropy ratio (ratio of the maximum to the minimum
friction) was calculated to be 4.1, 5.7, and 3.6 for the
experimental monolayer, the experimental bulk, and the MD
monolayer MoS,, respectively.

On the basis of the crystal symmetry of the MoS,, a
periodicity of 60° would have been expected, with low friction
axes along the zigzag directions and high friction around the
armchair axes.”?’** In the MD model, the 0°, 60° and 120°
scanning axes coincide with the zigzag crystallographic
direction of MoS, (see Figure la). However, low friction
was obtained in simulations of scanning along only one of the
zigzag directions (i.e, 60°). As briefly discussed at the
beginning of this Letter, several previous studies have reported
friction anisotropy with 60° symmetry on 2D materials
including graphene, HOPG," and MOSZ.4’14 In most of these
studies (with a few exceptions that will be discussed later), a
crystalline—crystalline interface was established by (i) using the
AFM tip to manipulate a crystalline nanostructure (e.g, CNT
on HOPG,"” MoOj; on MoS,,* and Au on MoS,"'") on a
crystalline sample, (i) using a tip or micromanipulator to shear
a mesa (e.g, graphite mesa on HOPG'® and graphite/hBN
heterojunction mesa”) at an incommensurate plane, or (iii)
transferring of sample material to the tip (e.g,, graphite transfer
to a W tip™’). Only the last case is possible in our experiments
and simulations. However, in the AFM experiments, there was
no indication of material transfer to the tip based on
observation of negligible change in adhesion measured before
and after the friction tests (see Supporting Information section
S6). In simulations, neither wear nor material transfer to the
tip was observed. As well, commensurability between the tip
and sample is unlikely. In experiments, the UNCD tips were
composed of multiple, randomly oriented 2—5 nm nanoscale
grains with amorphous grain boundaries, and likely an
enhanced degree of amorphous material compared to the
bulk,** which precludes the possibility of a commensurate,
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high symmetry interface between tip and substrate. Also, in the
case of the Si tip (see Figure 2b), the native oxide layer on the
tip established an amorphous—crystalline interface. This was
also the case in our simulations where the tip was amorphous.
Therefore, the friction anisotropy observed in our study
occurred for an incommensurate sliding contact.

In previous studies”">>~***" in which the AFM tip itself was
used to probe friction anisotropy of 2D materials, both 6-
fold*"*° and 2-fold symmetric friction anisotropy”> > have
been observed. In studies where the sample was rotated with a
fixed scanning direction, 2-fold symmetry was ob-
served.”**>?7** The 2-fold symmetry was attributed to the
existence of in-plane strain induced by topographic wrinkles
formed due to the difference in thermal contraction of the
substrate compared to the 2D material after deposition.” ™’
However, the above-mentioned studies did not provide AFM
topographic evidence of the presence of these topographic
wrinkles. Further, transmission electron microscopy
(TEM),**** MD,* and density functional theory (DFT)*'
based investigations that captured wrinkles on monolayer
MoS, reported a typical wrinkle width to be around 10

7 However, our experimental friction results were
extracted from AFM images with a scanning area of S nm X §
nm, which is much smaller than the expected size of possible
wrinkles. Unlike CVD growth on metal substrates, wrinkles are
not expected for the CVD growth used in this study, where
MoS, was deposited on Si. This was confirmed by larger area
scans that showed no evidence of wrinkles (see Figure S6a).
The lack of any wrinkle structure in the MD simulations was
confirmed via height maps from MD simulations of monolayer
MoS, (see Figure S6b). Lastly, intrinsic wrinkles induced by
the substrate are not present in bulk MoS,, for which we also
observed 2-fold symmetry (see Figure 2b). Therefore, the 2-
fold symmetry in our results is not due to the presence of
structural features such as wrinkles on the sample.

A second previously suggested explanation of 2-fold
symmetry observed on hBN is self-assembly of environmental
adsorbates.”® It was proposed that adsorbates from the
environment assemble into a highly regular superlattice of
stripes with a period 4—6 nm. However, our AFM measure-
ments were performed under UHV conditions. The sample
was annealed under a vacuum to drive off any adsorbates and
then scanned without being exposed to air, minimizing the
possibility of adsorbates on the sample. Further, the MD model
was an ideal vacuum without adsorbate molecules. Therefore,
the observed 2-fold symmetry of friction anisotropy in our
monolayer and bulk MoS, cannot be attributed to the presence
of an adsorbate superlattice on the substrate.

Another factor that can contribute to friction anisotropy is
the energy landscape at the contact established between the tip
and sample. In the classical Prandtl—Tomlinson (PT)
model,**** friction at the atomic scale depends on the height
of the surface energy barrier (affected by several parameters
such as surface roughness™ and composition®®) that the tip
has to overcome to slide. Recent theoretical and experimental
studies”””** suggested that the interaction potential at the
contact interface affects the configuration of anisotropic
frictional forces. Therefore, if the potential energy landscape
exhibits anisotropy, this could directly explain the observed
friction trends.

To obtain the energy landscape for monolayer MoS,, we
used quasi-static MD simulations. Briefly, a single atom
(oxygen in this case) was used to probe the potential energy
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Figure 3. (a) PES obtained by raster scanning a single oxygen atom over the MoS, substrate. (b) Corresponding energy profiles along the zigzag
directions, 0° (black dashed line), 60° (blue dashed line), 120° (red dashed line), and the armchair directions, 30° (magenta dashed line), from the
PES in (a). (c) PES of the tip—sample contact. (d) Corresponding energy profiles along the 0, 30, 60, and 120° directions (black, magenta, blue,

and, red dashed lines) of the tip—sample PES in (c).

of the substrate by raster scanning over the sample and
calculating the minimum potential energy at each lateral
position. The resultant potential energy surface (PES) is
shown in Figure 3a. Probing the PES with a single atom reveals
the energy landscape of the ideal MoS, crystalline surface. Line
traces along this landscape reflect the energy barriers that an
atom would have to overcome when moving along different
directions relative to the crystallographic structure of the
surface. As shown in Figure 3b, the energy barriers along the
zigzag directions (0°, 60°, and 120°) are identical, indicating
that the friction along these scanning directions should be the
same, while friction along other directions would be larger
since the energy barriers are higher (e.g,, 30° in Figure 3b).
This energy landscape therefore would lead to six “low friction
axes” and 6-fold friction anisotropy.

In contrast to the single atom that is typically used to
generate a PES, the tip—sample contact in an AFM experiment
or MD simulation consists of tens or hundreds of atoms.
Hence, the measured friction is a result of the collective
behavior of an ensemble of atoms. To investigate the effect of
this collective behavior, we replaced the single atom in the PES
calculation with the model tip used for the friction simulations.
At each lateral position of the tip, potential energy was
calculated as a function of vertical position, and the minimum
energy was extracted to create the PES. As shown in Figure 3c,
the PES obtained from the amorphous tip apex was distinctly
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different from the ideal PES probed with single atom, both
quantitively and qualitatively.

Representative energy barrier profiles extracted from the
tip—sample PES are shown in Figure 3d. Importantly, the
barrier along the 60° direction is lower than the barriers in the
0° and 120° directions, such that there is only one low friction
axis, i.e., along the 60° direction. This is consistent with the 2-
fold symmetric friction anisotropy observed in our experiments
and simulations, suggesting that the trends can be explained
directly by anisotropy of the energy landscape of the tip—
surface contact. In recent years, there has been growing
evidence that friction at the atomic scale depends on the
quality of the contact (the degree of tip—sample interaction) in
addition to the quantity of the contact (the tip—sample contact
area).”” Contact quality, which represents the strength of the
total atomic interactions between the tip and sample, is a key
factor affecting interfacial energy dissipation (and hence
friction). For a given interface, the contact quality can change
due to many factors during sliding, including relative
orientation of the contacting surfaces.””""~>* So, the presence
of any tip, regardless of its crystallinity, would distort the
inherent energy landscape of the substrate, leading to
observation of 2-fold symmetry. This is supported by
additional simulations with a crystalline Si tip and experiments
with a UNCD tip, both of which exhibit 2-fold symmetry (see
Supporting Information section S9). However, further work is
needed to determine the effects of different factors, such as
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Figure 4. (a) MD simulation results for friction between the tip and MoS, sample as a function of sample rotational angle (setup illustrated in
Figure S8), exhibiting 6-fold symmetry, where dashed lines are guides to the eye only. (b) Cross-sectional barrier profiles along scanning direction
for the cases in which the sample was rotated 0° (black dashed line in (c)), 10° (red dashed line in (d)), and 50° (orange dashed line in (h)). (c)—
(j) PES of the tip—sample calculated every 10° for the sample rotated counterclockwise from 0° to 70° counterclockwise.

possible sample defects, on the PES and friction anisotropy
pattern. An energy landscape with some degree of symmetry-
breaking distortion can be expected to arise for any tip—sample
contact. The only exceptions to this would be if the tip and
sample establish a highly commensurate interface, for instance
by transferring some of the sample material to the tip, as
mentioned explicitly in ref 30 and might have been the case in
ref 21, or by having an intrinsically commensurate structure
(e.g,, by being oriented such that the tip and sample lattice
constants match by an integer ratio). To evaluate the potential
effect of sample transfer to the tip, we simulated an MoS, flake
scanning along different angular directions on a stationary
sample composed of MoS, monolayer and Si substrate. The
simulations exhibited 6-fold friction symmetry (see Figure S7),
in contrast to the 2-fold symmetry we found for any model or
experimental tip.

As mentioned before, previous experimental studies
measured two different kinds of friction anisotropy: anisotropy
as a function of the relative rotation of the sample and tip with
fixed scanning direction, or anisotropy as a function of the
angle of scanning with respect to the sample with fixed relative
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tip/sample rotation. The simulations developed here enable
both approaches to be tested with the same material system. A
set of friction simulations was performed with the tip moving
in the 0° scanning direction (i.e., along the x-direction
illustrated in Figure S8) and then with the sample (MoS, on
Si) rotated in increments of 10° while the tip orientation
remained constant, as illustrated in Figure S8. The friction
polar plot shown in Figure 4a exhibits 6-fold symmetry, in
sharp contrast to the 2-fold symmetry observed in Figure 2c
that was obtained from simulations with a fixed sample and
varying the tip scanning direction.

To explain the observed friction anisotropy trend, we
obtained the full-tip PES for each angular position of the
sample. Figure 4b shows cross sectional energy profiles for 0°,
10°, and 50° rotations angles, and panels c—j of Figure 4 show
the full PES for angles between 0° and 70°. Interestingly, the
change in the relative orientation of tip and substrate caused
variation of the PES at each angular position of the sample.
However, the PES exhibits 60° periodicity; i.e., the 0° and 60°
energy surfaces are identical, as are those at 10° and 70°,
leading to 6-fold symmetric friction. In other words, when the
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sample is rotated, the friction anisotropy pattern is dominated
by the sample’s crystallographic symmetry. This is because the
configuration of the tip atoms at the interface is fixed and only
the substrate (which has 60° rotational crystallographic
symmetry) rotates, so there are a limited number of possible
combinations for the tip—sample interface, which is governed
by the sample crystallographic symmetry. So, as long as there
are no other parameters affecting the anisotropy config-
urations, such as structural nanowrinkles,”*® friction meas-
ured with the sample rotated will always exhibit an anisotropy
pattern in agreement with the underlying sample’s crystallo-
graphic symmetry. Additional simulations of scanning in
different angular directions on these rotated samples exhibited
2-fold symmetric friction, with low friction consistently
observed along the two directions corresponding to the zigzag
axes on each sample.

In summary, we investigated the angular dependence of
atomic friction for nanoscale tips sliding on monolayer and
bulk MoS, using AFM and MD simulations. By changing the
scanning direction, we observed a 2-fold symmetry in both
experiments and simulations. Comparing our results with other
studies that reported friction anisotropy with 2-fold symmetry,
we ruled out the possibility that the results could be explained
by parallel topographical features like wrinkles. Instead, our
quasi-static calculations for the tip—sample PES showed that
the structure of the tip breaks the symmetry of the crystal
surface, providing a distorted, low-symmetry PES that explains
the observed 2-fold symmetry in friction. Thus, we identified a
previously unexplored factor affecting friction anisotropy at the
atomic scale, the quality of the contact formed between tip and
sample, which affected the interfacial energy landscape and
consequently the friction. We used MD simulations to assess
the friction anisotropy produced by rotating the sample with
respect to the tip, as opposed to changing the scanning
direction. For this type of rotation, the friction force was
anisotropic with 6-fold symmetry. This trend, consistent with
the crystallographic symmetry of the underlying sample, was
directly determined by the tip—sample PES. These results
emphasize the important role of the tip—sample interfacial
structure in determining the PES and the degree of symmetry
of friction. This research provides a better fundamental
understanding of the nanotribology of 2D materials, thereby
opening new possibilities for the design and control of
nanomechanical systems involving these materials.
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