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ABSTRACT: Despite extensive research on the tribological properties of MoS,, the frictional
characteristics of other members of the transition metal dichalcogenide (TMD) family have
remained relatively unexplored. To understand the effect of the chalcogen on the tribological
behavior of these materials and gain broader general insights into factors controlling friction at the
nanoscale, we compared the friction force behavior for a nanoscale single asperity sliding on
MoS,, MoSe», and MoTe; in both bulk and monolayer forms through a combination of atomic
force microscopy (AFM) experiments and molecular dynamics (MD) simulations. Experiments
and simulations showed that, under otherwise identical conditions, MoS: has the highest friction
among these materials and MoTe: the lowest. Simulations complemented by theoretical analysis
based on the Prandtl-Tomlinson model revealed that the observed friction contrast between the
TMDs was attributable to their lattice constants, which differed depending on the chalcogen. While
the corrugation amplitudes of the energy landscapes are similar for all three materials, larger lattice
constants permit the tip to slide more easily across correspondingly wider saddle points in the
potential energy landscape. These results emphasize the critical role of the lattice constant, which

can be the determining factor for frictional behavior at the nanoscale.

KEYWORDS: nanoscale friction, atomic force microscope, molecular dynamics, molybdenum

disulfide, molybdenum diselenide, molybdenum ditelluride

Transition metal dichalcogenides (TMDs) are an emerging class of two-dimensional (2D) and
layered materials offering superior structural and mechanical properties, including high in-plane
stiffness combined with high bending flexibility.! In contrast to graphene, the most well-known

member of 2D materials family, TMDs have natural bandgaps and offer tunable electronic
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properties. Due to the variety of possible combinations of elements and phases, TMDs can be
semiconductors (such as MoS>, WSe»), metals (such as 1T-MoTez) or superconductors (such as
NbS,, NbSe»).%* Moreover, similar to other members of the 2D materials family, TMDs have
strong intralayer covalent bonding in combination with weak interlayer van der Waals interactions,
which enable easy lamellar shear and low interfacial friction.*> Hence, TMDs exhibit a unique
combination of atomic scale thickness with favorable/tunable mechanical and electronic properties
in addition to impressive tribological performance. This makes them promising material
candidates for a wide range of applications such as ultrathin flexible electronics, nano-photonics,
energy harvesting devices, and applications requiring ultralow friction.>>¢

A TMD consists of a monolayer of transition metal atoms sandwiched between two layers of
chalcogen atoms (X-M-X), where M is a transition metal of group IV, group V, or group VI, and
X represents a chalcogen such as S, Se, or Te.” In tribology, MoS: is the most widely investigated
of the TMDs thanks to its success as a solid lubricant (particularly for demanding aerospace
components), an additive for liquid lubricants, or a constituent of composite coatings.>® At the
nanoscale, MoS; in both bulk and monolayer forms has been shown to exhibit exceptionally low
friction and good antiwear properties under certain conditions.” '* These studies of 2D materials
have also revealed several fascinating material properties, including layer-dependent friction (i.e.,

) 15,16
3

a decrease in friction with increasing number of layers sensitivity to test environment and

17-20

conditions such as humidity, velocity, and temperature, and a dependence of friction on the

lateral sliding direction or relative crystallographic orientation between two sliding surfaces (i.e.
friction anisotropy).2!#?

Compared to MoS;, the nanoscale tribological properties of other TMDs are less well-

characterized. Further, there have been very few studies comparing the frictional behavior of
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different TMDs. Varying the TMD composition (changing either M or X in MX3) leads to
materials with the same physical structure but small differences in lattice parameter as well as very
different electronic structure, interfacial interaction energy, and mechanical stiffness.! These
mechanical and electronic characteristics are also expected to influence TMD behavior during
sliding, and a few recent studies have investigated this effect using atomic force microscopy
(AFM). For example, AFM manipulation of MoO3 nanocrystals on bulk single crystalline TMDs
showed that the interfacial shear strength between MoO3z and MoSe; was greater than that between
MoO; and MoS,. This was unexpected because the MoOs/MoSe: interface was less commensurate
(which should correspond to lower shear strength) so the observation was attributed to a larger
population of interfacial atoms being dragged along high energy pathways in the case of MoSe».!!
A recent paper compared the nanoscale friction of MoS> vs. WS, and MoSe> vs. WSe: (i.e.
analyzing the effect of changing M in MX on friction).?® Their results revealed that friction varied
dramatically between these materials and the observed trend was attributed to the vertical
interlayer force constant (i.e. elastic modulus).

The above experimental results have been complemented by theoretical investigations of the
differences between TMDs. Ab-initio modeling of commensurate bilayer sliding between MoSa,
MoSez, and MoTe: sheets showed that increasing the chalcogen size (from S to Se to Te) led to
higher energy barriers to sliding (hence higher friction) due to the increased Pauli repulsion in the
system.?*?> However, if the TMD layers were rotated relative to each other, the resultant
incommensurability greatly reduced the energy barrier to sliding.”> An increase of the energy
barrier to sliding with increasing chalcogen size was also predicted using machine learning
techniques for Mo- and W-based TMDs.?® There has been no experimental validation of these

predictions so far.
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In this study, we investigated the effect of the chalcogen identity (S vs. Se vs. Te) on the
nanotribological behavior of monolayer and bulk forms of MoS,;, MoSe;, and MoTe>
(crystallographic structure and lattice constants shown in Figures la and 1b) using AFM
experiments and classical molecular dynamics (MD) simulations. Both experiments and
simulations showed that friction decreases with increasing chalcogen size, such that friction for a
nanoscale tip sliding on bulk or monolayer TMDs follows the trend MoS, > MoSe> > MoTe». This
result contrasts with prior ab-initio based friction calculations for layer-on-layer sliding, so quasi-
static MD simulations and analytical modeling based on the Prandtl-Tomlinson theory were used
to investigate the origin of the trend. It was found that the friction contrast stems from the
interrelated effects of lattice constant and energy barrier. The results of this study demonstrate the
significant effects of TMD composition and structure on atomic friction, and open new

possibilities for the design and control of nano-mechanical systems using these materials.

RESULTS AND DISCUSSION

Figure 1c shows three representative friction loops from the AFM lateral force measurements
on bulk MoS;, MoSez, and MoTez. MoS: has the highest friction and energy dissipation (i.e.
enclosed area of the loop), followed by MoSe> and then MoTe,. While stick-slip friction behavior
can be seen clearly in the data for MoS; and MoSe:, the friction loop for MoTe> exhibits negligible
energy dissipation and the friction patterns are consistent with the smooth sliding regime known
as structural superlubricity.?’” Representative lateral force traces from the MD simulations for
MoSz, MoSe», and MoTe; monolayers shown in Figure 1d exhibit the same general friction trend
as experiment: MoS; > MoSe> > MoTe». To further confirm the generality of this trend and account

for anisotropy, friction for both monolayer and bulk samples was measured while the scanning
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angular direction was varied in steps of 15° in experiments and 10° in simulations, keeping the
relative orientation of tip and substrate constant (see Figure SIl1). In both experiment and
simulation, and consistently across all scanning directions, the MoS, > MoSe, > MoTe; friction
trend was captured on both monolayer and bulk TMDs (see Figure SI2).
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Figure 1: (a) Top and side views of a ball and stick model of single layer MoX> (X: S, Se, Te)
with hexagonal symmetry. (b) Lattice parameters for each TMD supercell.?®3° (c) Representative
AFM friction loops (scanning forward and backward) obtained from a UNCD tip sliding on bulk
MoS:; (black), MoSe: (red), and MoTe: (blue) along the fast scanning direction (i.e. perpendicular to
the long axis of the cantilever). (d) Representative friction traces obtained from MD simulations of
a model SiO tip sliding on monolayer MoS: (black), MoSe: (red), and MoTe; (blue) along the zig-

zag direction relative to the crystallographic lattice of the TMDs.
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Figure 2 shows the friction force averaged over all scanning directions for monolayer and bulk
samples from AFM and MD. In both experiment and simulation, the average friction on monolayer
and bulk MoS; is larger than that on the MoSe> and MoTe; samples. In other words, friction
decreases with increasing chalcogen size. This trend was confirmed through AFM measurements
using another tip on MoS; and MoSe> monolayers across four decades of speed ranging from 5
nm/s to 20 um/s as shown in Figure SI3. It should be noted that we cannot quantitatively compare
the friction between the bulk and monolayer samples due to the different tips used in the
experiments, which have different radii (7 £ 1 for monolayer vs. 20 + 3 nm for bulk samples) and
likely different atomic structures at the end of the tip. Similarly, we cannot perform a quantitative
comparison of the results between simulation and experiment due to differences in the tip material

and size, scanning velocity, and load, all of which affect the magnitude of nanoscale friction®'.
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Figure 2: Friction force for sliding of (a) a UNCD AFM tip on MoS; and MoSe> monolayers, (b)
a UNCD AFM tip on bulk MoS>, MoSe», and MoTe»,(c) and a SiO2 model tip on MoS, MoSe,
and MoTe; monolayers averaged over all angular scanning directions (see Figure SI2 for polar

plots of the friction measured in each direction).
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Our experiments and simulations on monolayer and bulk samples at different sliding speeds and
measured in different sliding directions relative to the crystallographic orientation of the surfaces
consistently showed that friction is highest on MoS: and lowest on MoTe;.

This trend contrasts with the predictions of DFT calculations and machine learning models for
these materials.?*2® However, those calculations were for sliding between two TMD layers, as
opposed to a tip sliding on a TMD sample as in our experiments and simulations. Therefore, the
mechanisms proposed by previous calculations for intrinsic interlayer sliding of these materials do
not necessarily apply to our case.

To understand the origin of the friction trend we observed, the possible mechanisms for energy
dissipation known to affect nanoscale friction*? were evaluated using the simulations. First, friction
at the atomic scale has been reported to increase with contact area.?'*> The contact area for each
TMD was calculated from the MD simulations (using the procedure described in SI Section S4)
and the results showed that contact area increased with chalcogen size (see Figure SI4), opposite
to the friction trend. Friction contrast between the TMDs can also arise from differences in out of
plane deformation which causes bending and stretching of the lattice and acts to enhance static
friction.!>33 An analysis of the out of plane deformation in the simulations revealed that TMD
deformation increased with chalcogen size from S to Te (see Figure SIS), in agreement with the
trends in the out of plane elastic constants reported by DFT calculations previously,*** but
opposite our friction results. Lastly, we investigated the potential effect of contact quality*® for a
subset of the MD simulations by extracting and analyzing the forces on tip atoms, but the results
were again not consistent with the observed friction trend. Therefore, none of the abovementioned

mechanisms can explain the observed friction trend.
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Atomic-scale friction can also depend on the tip—sample interaction energy.?>?”*7 Our recent
study demonstrated the importance of the tip structure in determining the potential energy surface
(PES).? Therefore, we calculated the PES using quasi-static simulations of the tip and the sample
(as opposed to using a single atom probe as is sometimes done; see the discussion in Section 6 of
SI). Figure 3a-c shows the tip-sample PES for MoS2, MoSez, and MoTe: surfaces. The maximum
energy barriers (peak-to-valley energy) on these surfaces are 262, 313, and 335 meV respectively,

so MoS> < MoSe; < MoTe,, again inconsistent with the friction trend.
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Figure 3: Tip-sample PES for (a) MoS,, (b) MoSez, and (c) MoTe: exhibiting distorted symmetry
due to the tip-sample convolution. The maximum energy barrier increases with chalcogen size, as
reflected by the larger color contrast in the MoTe, PES. The solid black lines indicate the center
of mass of the tip sliding across the surface captured in the simulations every 0.1 picoseconds. The
scanning direction is horizontal. The tip moves transverse to the scanning direction to avoid some
of the highest energy sites and frequently crosses at saddle points in the PES (depicted by stars on

each PES) during the slips. The tip trajectory is also affected by thermal vibration and the dynamics
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of the spring and elastic deformation of the sample. An animation showing the time evolution of
the tip trajectory over the PES simultaneously with lateral force development is available in the
online SI. (d) Energy profiles crossing four different saddle points (such as those identified by the

dashed lines in (a), (b), and (c)) on MoS», MoSe>, and MoTex.

To directly correlate friction with the energetics of the surfaces, we projected the rigid model tip
center of mass (COM) trajectory from the MD simulations onto the PES images in Figure 3. The
COM trajectory shows that the tip does not move directly along the direction of pulling but instead
meanders across the surface, as previously reported for previous AFM experiments.*®° This
behavior can be attributed to the spring compliance both along the axis of sliding and the axis
perpendicular to sliding, which enables the tip to follow a lower energy path. In addition, high
frequency fluctuations in response to both thermal noise and the varying tip-sample forces occur
due to the dynamic responses of these springs. Calculation of the maximum potential energy value
along the tip COM trajectory reveals that the tip must overcome an average effective energy barrier
of 238.4£3.3 meV for MoS,, 227+11 meV for MoSe», and 251+18 meV for MoTe;. Interestingly,
this analysis reveals that maximum energy barrier on MoTe; is only 6% higher than that on MoS.,
while the tip-sample PES indicated a 28% larger maximum energy barrier height for MoTe>
compared to MoS». Regardless, the trend in energy barriers, even when calculated from the tip-
substrate PES along the tip’s actual trajectory, are inconsistent with the friction trend.

The trajectories in Figure 3 suggest another explanation for the frictional behavior of these
TMDs. As expected for stick-slip friction, the tip spends most of its time in low energy basins
(inferred from higher density of trajectory datapoints in Figure 3a-c) with quick slips across higher

energy areas to reach another minimum. An animation of the time-evolution of the tip’s COM

11
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projected on the PES and the corresponding lateral force clearly shows stick-slip sliding (see online
SI). To get from one energy minimum to another, the tip crosses at or close to saddle points in the
energy profile (depicted in Figure 3a-c), as opposed to traversing the energy maxima. Since MoTe>
has a larger lattice constant, it should have gentler upward curvature at the saddle point in the
direction orthogonal to the lowest energy pathway (see Figure 3d). This gentler curvature
effectively provides increased maneuverability, such that there is a higher probability for the tip to
make it over the saddle point. For the narrower saddle point of MoSa, the tip is more likely to be
turned back and require a greater buildup of lateral force. It is clear from the tip trajectories shown
in Figure 3 that the MoTe; path is more erratic than the others, supporting the idea of greater tip
maneuverability.

The above qualitative analysis of the MD simulations suggests that the difference between the
friction on the three TMDs studied is attributable to both their lattice constants and energy barriers,
where the larger lattice spacing of MoTe, enables more lateral freedom to cross lower energy
barriers. To generalize this trend, we turn to the simpler PTT model. Calculations were performed
for a range of energies and lattice constants, with other model parameters chosen to be consistent
with those commonly used in PTT model analyses (reported in Table SI1).*!"** Taking into account
the stochastic nature of the atomic scale friction at room temperature, for each energy and lattice
constant case, 15 calculations were performed and mean of the probability distribution function
was fitted to these data to obtain the friction. Figure 4a shows the friction map obtained from the
PTT model at room temperature calculated across a range of energy barriers and lattice constants.
This figure shows that friction increases with increasing energy barrier and with decreasing lattice
constant. These trends hold for lower temperatures at which thermal effects are negligible (see

Figure SI6). Energy and force magnitudes cannot be compared directly between the PTT model

12
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and MD simulations since the PTT model captures just one atom moving over a sinusoidal
potential landscape, whereas the quasi-static MD showed that the tip-substrate PES is much more
complex. However, the quasi-static MD results also indicated that the energy barriers for the three
TMDs studied here were similar, so the PTT model prediction that friction decreases with
increasing lattice constant at a given energy is consistent with the MD and AFM friction trends.
The PTT model also enables the relative contributions of the energy barrier and lattice constant
to be evaluated. Figures 4b and 4c show the friction force as a function of AE at constant a and as
a function of a at constant AE. Interestingly, the effect of lattice constant is stronger for larger
energy barriers, while the effect of energy barrier is more significant for smaller lattice constants.
The effect of lattice constant can be understood in terms of the stiffness of the system, which is
the combination of the spring constant and the slope of the derivative of the potential energy profile
(i.e. force) at the point of slip.*** For larger lattice constants, the slope of the force profile (tangent
to the sinusoidal profile) is smaller. Therefore, the total stiffness of the system is smaller, and the
friction is lower. These results are consistent with the observation of lower friction in MoTe:

compared to MoS; and MoSe;.
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Figure 4: (a) PTT model prediction of the effect of lattice constant and energy barrier on atomic
scale friction at room temperature. Friction as a function of (b) lattice constant, for five

representative energy barriers, and (c) energy barrier, for five representative lattice constants.
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Complete list of parameters for the PTT model are provided in Table SI1. The friction data are the
mean of probability distribution function fitted to 15 PTT model calculations at each energy/lattice

constant condition.

More generally, the findings demonstrate that lattice spacing is an important parameter that
cannot be ignored in the understanding of nanoscale friction, particularly for surfaces with
relatively high energy barriers to sliding. In this context, it was recently shown in experiments that
friction for an AFM tip sliding on monolayer graphene could be decreased dramatically by
applying mechanical strain.*® This behavior was attributed to changes in the contact quality of the
sliding interface. While contact quality certainly governed the observed friction trend in that work,
our findings suggest that lattice spacing may also have contributed. Specifically, strain could
increase the effective lattice spacing which would widen the saddle points on the PES, and

therefore perhaps play a secondary role in reducing friction.

CONCLUSIONS

We studied the effect of chalcogen substitution (S vs. Se vs. Te) on the frictional behavior of
Mo-based bulk and monolayer TMDs using AFM experiments and MD simulations. Consistently,
in both experiment and simulation, and regardless of the sample thickness, the friction decreased
with increasing chalcogen size (i.e. MoS2 > MoSe; > MoTe»). This trend could not be explained
by contact size, out of plane deformation, or maximum energy barriers. However, a detailed
analysis of the tip-sample energy landscape along tip’s actual trajectory revealed that tip passed

through the saddle points rather than over the maximum energy barriers inherent to each surface.

14
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Comparing the three TMDs, the larger lattice spacing of MoTe: corresponded to wider saddle
points that then enabled easier maneuvering around the highest energy barriers which lessened the
energetic penalty for overcoming barriers. We then investigated the interplay of energy barrier and
lattice constant, a relatively unexplored factor, using a PTT model to approximate friction across
a range of energies and lattice constants. The results demonstrated the determining role of the
lattice constant in cases of similar surface energy barriers.

This improved understanding of the dependence of friction on chalcogen size provides valuable
information for utilizing the toolbox of TMD materials for various application ranging from
flexible electronics to solid lubrication. Specifically, the lower friction observed for MoSe; and
even more so for MoTe,, as compared to the widely used MoS,, is promising and encourages
further investigation of their tribological properties across a range of different environmental and

testing conditions.

METHODS

Sample preparation. Established methods were used to grow monolayer MoS>*” and MoSe,*®
samples directly on 300 nm SiO/Si wafers by chemical vapor deposition (CVD). For the growth
of monolayer MoS,, a 1% sodium cholate solution is first spin coated at 4000 rpm for 60 s onto
the SiO,/Si substrate. A droplet of a saturated solution of ammonium heptamolybdate (AHM) in
deionized (DI) water is deposited onto one end of the substrate, providing the molybdenum
precursor. The substrate is then placed in the center of a 1 in. CVD tube furnace, and 30 mg of
solid sulfur is placed 10 cm upstream from the substrate. Growth occurs at atmospheric pressure
in a flow of 400 sccm of nitrogen gas (99.999% purity). The furnace temperature is ramped to 750

°C at a rate of 70 °C min"'. While the Mo source and SiO»/Si growth substrate reach 750 °C, the

15
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maximum temperature of the sulfur pellet is ~160 °C. After a 10 min growth period, the furnace
is opened, and the sample is rapidly cooled to room temperature in 1000 sccm flowing nitrogen.

The growth of monolayer MoSe> was conducted using a similar process. For MoSe;, solid
selenium is used instead of sulfur, which was put 8 cm upstream from the substrate. The growth
temperature is set as 850 °C and the maximum temperature of selenium pellet is ~270 °C. In
addition, 25 sccm H» gas (99.999% purity) is introduced once the furnace temperature reaches 850
°C.

As reported, the high purity and quality, the monolayer thickness, and the expected hexagonal
crystal structure of such samples was verified by Raman spectroscopy, optical microscopy, AFM,
and in the case of MoS,, transmission electron microscopy (see Figure SI7 for the microscope
images and Raman Spectra).

2H Bulk MoS: (SPI Supplies, West Chester, PA), MoSe; (2D Semiconductors, Scottsdale, AZ),
and MoTe> (SPI Supplies, West Chester, PA) samples were cleaved in laboratory air using
mechanical exfoliation and placed in the vacuum chamber within approximately 5 minutes of
exfoliation. The sensitivity of TMDs to oxygen and water molecules after air exposure has been
reported to increase by chalcogen size. However, we do not expect a significant degradation of
samples’ quality within the 5 minute interval of exfoliation of the samples and locating them to
the vacuum chamber.* All samples (i.e. monolayer and bulk) were annealed to 150 °C for 2 hours
under vacuum upon introduction to the chamber.

Friction measurements. All experimental friction measurements were performed using an
RHK 750 AFM (RHK Tech, Troy, MI) at pressures <5x107'° Torr (schematic shown in Figure
SI1). Three distinct sets of measurements were taken with three tips. Ultrananocrystalline diamond

(UNCD) tips (ADT, Romeoville, IL) with radii of 7 £ 1 and 20 * 3 nm (measured by blind tip

16
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reconstruction), denoted as tips 1 and 2 herein, were used to characterize friction of monolayer and
bulk sample a speed of 16 nm/s, respectively.’®>! Tip 3 (with radius 12 + 4 nm) was used to
investigate the speed dependence of friction forces on the monolayer MoS; and MoSe,. Normal
spring constants of 0.04 N/m, 0.04 N/m and 0.02 N/m were found for tips 1, 2, and 3 respectively,
calibrated with the thermal tune method.>* The lateral spring constants were calculated using the
diamagnetic lateral force calibration method.>

Friction was calculated as half the difference in average friction between the forward and
backward scan directions for all measurements. The atomic lattice was resolved with traditional
raster scanning for each sample (see Figure SI8a and b). To account for the friction anisotropy
effect of our samples®?, orientation-dependent friction measurements were obtained by changing
the scanning direction with respect to the sample in 15° increments (in random order), with the
relative surface orientation between the tip and sample remaining constant throughout. For friction
measurements, a 5 x 5 nm’ area was scanned. Lattice resolution was obtained for each scan and
the lattice pattern appears to rotate because the fast scan direction is always plotted along the
horizontal direction of the rendered lateral force image (see Figure SI8a). The normal and lateral
components of friction calibrated through diamagnetic force calibration were vectorially combined
to give a total friction force at each orientation and checked using the methods described in Ref.>
and Ref.*® Tips 1 and 2 were scanned in different angular directions along the atomic lattice (see
polar plots in Figure SI2) and the average value of the friction force along all scanning directions
for each sample was reported as friction here. Pre- and post-friction test pull-off force
measurements confirmed no significant change in adhesion indicating negligible tip apex shape
change occurred during the experiments. For all measurements, no wear, contamination, or

oxidation were observed on the sample such as through variations in height or local friction force.
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MD simulations. An amorphous SiO2 model tip apex with 2 nm radius slid over 1H MoS,,
MoSe», and MoTe, monolayers (crystallographic structure and lattice constants shown in Figures
la and 1b) on crystalline silicon substrates (see Figure SI1 for MD setup schematic). To mimic the
lateral compliance associated with the AFM cantilever, probe, sample and probe-sample contact,
the model tip was coupled to an interaction free particle (acting as cantilever) using a spring with
3.2 N/m stiffness in the two lateral directions. The boundary conditions were periodic in the lateral
directions and fixed in the surface-normal direction. The positions of the atoms in the Si substrate
were fixed and atoms in the SiO» tip were treated as a rigid body during the simulation. The NVT
ensemble (fixed number of atoms, volume, temperature) was applied to the remaining free and
non-rigid atoms in the system using a Langevin thermostat, keeping the system temperature fixed
at 300 K. The interatomic interactions within the MoS,, MoSe», and MoTe> were described by the
Stillinger-Weber (SW) potential®® while the interactions between tip-sample and sample-substrate
were modelled using the Lennard Jones potential (parameters reported in Table SI12).

During the sliding simulations, a normal load of 6 nN was applied on the tip and the interaction
free particle, i.e. cantilever, was moved laterally with constant speed of 2 m/s. To capture the effect
of friction anisotropy in 2D materials and to mimic our experimental procedure, we dragged the
tip in different directions relative to the crystallographic structure of the TMDs in 10° increments.?
The friction force for each test was calculated as the average of the lateral force on the virtual
atom, and the friction force reported for each sample was the average over all scanning directions,
as in experiments. All simulations were conducted using the LAMMPS®’ package with a 1 fs time
step. The atomic configurations were rendered using OVITO software’®,

Numerical modeling. The Prandtl-Tomlinson with thermal activation (PTT) model enabled

investigation of atomic friction under almost all experimental conditions (some of which were
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inaccessible to MD simulations e.g. scanning velocity range of AFM experiment). The PTT model
mimics an AFM experiment as follows: the AFM tip apex is represented by a single point mass
(m) dragged by a spring at a constant speed (U) over a 2D sinusoidal potential energy landscape

(reflecting the substrate-tip interaction) with amplitude AE and periodicity a in the form of:

E(x,y) = AE[2 cos (27TX) cos (\2/73;) + cos (jﬁi) (Equation 1)

An analytical equation has been derived according to the PTT model, where the friction force

at finite temperature and speed (T, v) can be described by — (F F) 2 = n— - —ln 1-

Fi), where F is the maximum static friction force at 0 K, 8 is a parameter defining the shape of
Cc

the potential, kg is Boltzmann’s constant, and v, is a critical speed. Here, F is the force at the

moment of mechanical instability (and then slip) in the absence of thermal effects and, in the case
of a sinusoidal potential energy landscape, is given by F. = ”fTE, where AE and a are the amplitude

and periodicity of the sinusoidal energy.?’” The parameter £ is related to the curvature of potential

\/_41

energy landscape and, for a sinusoidal potential, is given by f = e

Lastly, the critical speed

is the speed above which friction will saturate and no longer increase with increasing speed and is

2foBkpT

3kesryFc’

calculated as v, = where fj is the attempt frequency and k,ff is the effective stiffness.

The above equation is valid as long as kgT < AE and 0 < v < v.. The stiffness k.rf accounts
for overall stiffness of the cantilever, tip body and apex, and contact.

Here we used the PTT model to investigate the effects of the energy barrier AE and sample
lattice constant a on friction. In the PTT model, the total interaction between a point mass (the tip)

and the substrate (V (x, y, t)) is approximated by combining a substrate corrugation potential, and

the elastic potential between the tip and support (i.e. g(vt — x) 2). This potential model has been
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used previously to model MoS; and graphite samples.>® %> The dynamics of the point mass is

described by the Langevin equations composed of deterministic dynamics and stochastic

processes:
aV(x,y,t .
mx + mux = — % +&,.(0) (Equation 2)
aV(x,y,t )
my +muy = — % + fy(t) (Equation 3)

where m is the mass of the tip, u is the viscous friction (or damping) coefficient taking into account
the deterministic dynamics of the system, and £(t) is a thermal noise term (assuming no backward
slip) satisfying the fluctuation—dissipation relation (i.e. realizing the stochastic nature of the
phenomenon). A fourth-order Runge—Kutta (RK) algorithm was then used to solve the Langevin
equations (with the procedure explained in Ref.*") and obtain the point mass trajectory and friction
force (i.e. the force on the spring due to the tip displacement) as the it moves across the energy
landscape. The 2D PTT model in this study was previously reported and solved numerically by
Dong, et al.*' PTT model calculations were performed with parameters chosen to reflect the

physical experiments and MD simulations (all parameters are listed in the Table SI1).
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