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Layered materials are the most important class of solid lubricants. Friction on their surfaces has complex
origins. Most experimental methods so far only give total friction force and cannot separate contributions from
different origins. Here, we report a method to separate anisotropic and isotropic friction forces on atomically flat
surfaces such as MoS,, graphite, h-BN, and mica by combining a two-dimensional friction force microscope
technology and a two-dimensional friction model. We found that the friction force of most atomically flat
surfaces is anisotropic, the total force on the tip misaligns with the scan direction, and the friction anisotropy
vanishes under low sliding velocity. Our two-dimensional friction model explains experimental observations.

It reveals the existence of elemental hopping combinations and the isotropic component in total friction. The
misalignment angle can be used to calculate the ratio of anisotropic and isotropic friction components and the
ratio of resistance forces from different lattice directions. The separation of anisotropic and isotropic friction
forces will offer an avenue for studying the properties of individual friction components, which can boost the
study of friction mechanisms in the future and benefit the application of solid lubricants.
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I. INTRODUCTION

Understanding the mechanism of friction processes is es-
sential for reducing energy consumption. Before being known
as “two-dimensional (2D) materials,” layered materials like
graphite, hexagonal boron nitride (h-BN), and molybdenum
disulfide (MoS;) had widely been used as solid lubricants.
Layered materials have extraordinary lubricating properties
because of their atomically flat surfaces and weak van der
Waals (vdW) interlayer interactions, making them ideal plat-
forms for studying the nano- to microfriction mechanism. In
the past thirty years, many exciting friction phenomena like
atomic “stick slip” [1], thermal effects [2—-5], and superlubric-
ity [6-9] were discovered. These phenomena are critical for
bridging nano- and microfriction mechanisms.

Inherent to the nature of the crystal, layered materials
show significant anisotropies in their electrical, optical, and
mechanical properties [10,11]. Simulations also predicted a
remarkable friction anisotropy on the surface of crystalline
layered materials [12,13], but experiments poorly supported
these findings [14-21]. On the one hand, the gap between
simulations and experiments comes from the intrinsic limi-
tation of the standard lateral-force atomic force microscope
(LF-AFM): samples need to be rotated to measure friction
forces of different crystal orientations, making it impossible
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to keep the same scan area and contact in each measurement.
On the other hand, friction mechanisms other than stick slip
(like edge effects [9,19,22,23], chemical bonds [22,24], and
adsorbates [25,26]) also play an essential role in total friction
but were barely discussed. Thus, in situ measurements of
any crystal orientation friction forces and the separation of
contributions from different friction mechanisms are essential.

Here, we report a method to separate the anisotropic
and isotropic friction components by combining a
two-dimensional friction-force atomic force microscope
(2DFF-AFM) method and a 2D friction model. In the
2DFF-AFM method, we collected the lateral force of the
tip as LF-AFM and used the Z-piezo feedback signal to
calculate the tip force parallel to the long direction of the
cantilever [16,27]. Then, the total force at any scan angle
can be calculated. We applied 2DFF-AFM measurement on
several layered materials. We found that, first, the friction
is anisotropic; second, the total forces misalign with scan
directions; third, the friction anisotropy disappears as the
scan velocity decreases. We introduced a 2D friction model
to explain phenomena observed in experiments, in which we
made two additional assumptions: the existence of elemental
hopping combinations (EHCs) and the isotropic component
in the total friction force. Our model points out that the
misalignment angle provides critical information, such as
the ratio of resistance forces from different EHC directions
and the ratio of anisotropic and isotropic friction components
in the total friction force. The separation of anisotropic and
isotropic friction forces will open the door to studying the
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FIG. 1. Friction anisotropy of the MoS, surface. (a) Diagram of the 2DFF-AFM friction measurement. (b),(c) Diagrams depicting the
measurement of the signals in the Y and X directions. (d) Image of an exfoliated MoS, flake on a Si substrate with 300-nm SiO,. (e)—(i)
Y -direction force (e), X -direction force (f), total force (g), misalignment angle (h), and friction force (i) as a function of the scan and sample

angles.

property of individual components, which is critical for
further revealing the friction mechanisms in solid lubricants.

II. EXPERIMENTAL RESULTS OF FRICTION
ANISOTROPY ON MULTIPLE ATOMICALLY
FLAT SURFACES

A. 2DFF-AFM method

As shown in Fig. 1(a), the sample is fixed in our
2DFF-AFM method, and we change scan directions to mea-
sure the friction properties of different lattice orientations.
Here we define the force perpendicular to the long direc-
tion of the cantilever as F; and the force along the long
direction of the cantilever as F,. As shown in Fig. 1(b), F,
can be calculated in the same way as the standard LF-AFM
method: 2Fy = ky (V(io%a)rd(mn) V(%f]é‘;/ar(dmn)) = kyAVr_p,
where V(A+B)_(c+D) is the lateral torsion signal of the can-
tilever and ky is the lateral sensitivity parameter. For Fy, when
the force on the AFM tip is parallel to the long direction
of the cantilever, as shown in Fig. 1(c), there is an extra
vertical bending. The function of Z feedback control is to
keep the vertical bending signal V(aB)—(c+p) constant (which
is the set point). Thus, the Z piezo will move for a distance

AZp_p = Zporward — ZBackward 10 cancel the extra bending sig-
nal caused by F,, so that 2F, = k,AZp_g, where k, is the
X-direction sensitivity parameter. With known F; and F), we
can then calculate the value and angle of the total force F;,
and the misalignment angle A6 between the total force and
the scan direction. The friction force is calculated as F, =
F; cos A6. In Fig. S4 of the Supplemental Material [28], we
used the 2DFF-AFM method to measure an amorphous SiO,
surface with a silicon tip, which demonstrates the validity of
the 2DFF-AFM method. For more details on the 2DFF-AFM
method, please refer to Supplemental Material Note 1 [28].

B. Friction properties of atomically flat surfaces

We used the 2DFF-AFM method to measure the friction
anisotropy properties of different exfoliated layered materials,
including MoS,, graphite, h-BN, and mica. Figure 1(d) shows
the microscope image of the exfoliated MoS, flake on the
silicon substrate with a 300-nm SiO, oxidation layer. The tip
position and coordinate axes are marked in the image. The
thickness of the MoS, flake in Fig. 1(d) is about 47.66 nm
(Fig. S7 [28]). We used the sharp edges of the MoS, flakes
to determine the zigzag direction [29] and defined one of
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FIG. 2. Friction anisotropy of other 2D surfaces: graphite, h-BN and mica. (a) Top and side view of the graphite structure. (b)—(d) Friction
anisotropy results between the silicon tip and the graphite surface: x, y directions and total force (b), misalignment angle (c), and friction force
(d) as a function of the scan angle. (e) Top and side views of the h-BN structure. (f)—(h) Friction anisotropy results between the silicon tip and
the h-BN surface: x, y directions and total force (f), misalignment angle (g), and friction force (h) as a function of the scan angle. (i) Top and
side views of the mica structure. (j)—(1) Friction anisotropy results between the silicon tip and the mica surface: x, y directions and total force
(), misalignment angle (k), and friction force (/) as a function of the scan angle.

the zigzag directions as the zero degree of the sample angle.
For more details on the sample preparation, please refer to
Supplemental Material Note 2.

Figures 1(e)-1(i) show typical friction properties of the
MoS; surface. We used a standard contact mode silicon tip
ARROW-CONTR(NANO WORLD) to perform the measure-
ment with a normal load of 216.83 nN and a scan velocity
of 60 um/s under ambient conditions. Unlike the isotropic
amorphous SiO, surface, Figs. 1(e) and 1(f) show that F,
and F, change discontinuously with the scan angle. Sudden
jumps happen in zigzag directions. Figure 1(g) shows that the
total force F; has a periodic structure combining 60° and 180°
period signals. In Fig. 1(h), the direction of F; misaligns with
the scan direction, and the misalignment angle A6 presents
a sawtooth shape with sudden jumps in zigzag directions.
The period of A6 is 60°, and its amplitude is about 20°. The
friction force F, in Fig. 1(i) shows that the zigzag and arm-
chair directions have the lowest and highest friction forces,
respectively. We also notice that F, has two components with
60° and 180° periodicities. In Fig. S9, we repeated the same
measurement after rotating the MoS, sample through by about
33°. After the rotation, Fy, Fy,, A6, and the 60° period signals

in F; and F, shift with the rotating angle, but the 180° period
signals in F; and F, remain the same.

We also used a stiffer silicon tip 240AC-NA (OPUS), a
150-nm diamondlike carbon tip NT B150 (Nanotools), and
a 2-um SiO; ball tip CP-CONT-SiO (NANOSENSORS) to
perform the 2DFF-AFM measurements on the MoS, surface
(see Figs. S10-S12). Results from these tips are similar to the
standard silicon tip (Fig. 1), which means that the tip material,
the cantilever stiffness, and the contact area will not play a de-
cisive role in the friction anisotropy of atomically flat surfaces.
However, there are still some differences: first, in Fig. S10, the
180° period signals in F; and F, vanish when measured by the
stiffer silicon tip 240AC-NA (OPUS); second, the amplitudes
of A6 in each measurement are different. For more details,
please refer to Supplemental Material Note 3.

We also performed 2DFF-AFM measurements on other
layered materials: graphite, h-BN, and mica with the same
silicon tip and scan parameters as in Fig. 1. In Fig. 2,
we show only scan angles as the sharp edges cannot be
used to determine the crystal orientation [29] for these
layered materials. As shown in Figs. 2(a)-2(d), results
from graphite show distinct friction anisotropy properties.
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FIG. 3. The evolution of the friction anisotropy on the bulk MoS, surface with different sliding velocities. (a)—(e) Y -direction force
(a), X-direction force (b), total force (c), misalignment angle (d), and friction force (e) as a function of the scan and sample angles with

different sliding velocities. The normal load is set to 216.83 nN.

In Fig. 2(c), the period and amplitude of A6 are about
60° and 30°, respectively. Figures 2(e)-2(h) show that the
friction anisotropy of the h-BN surface is much weaker
than the MoS, and graphite surfaces. From Fig. 2(f), we
can see that the jumps in F, and F, are not so obvi-
ous. In Fig. 2(g), the period of A@ is still 60°, but the
amplitude is just 10°. In Fig. 2(h), the 60° period sig-
nal in F, of the h-BN surface is unobvious. As shown in
Figs. 2(i)-2(1), the mica surface shows a nearly isotropic
friction behavior consistent with the previous report [30].
There are still small jumps in Fig. 2(j), however, F; and
F,. [Fig. 2(1)] are without any visible periodic pattern. Al-
though friction anisotropy has vanished on the mica surface,
we can still observe a distinct pattern in A9 with a 60°
period and about 3° amplitude [Fig. 2(k)]. Unlike the other
layered materials presented earlier, mica has small jumps
(of about 0.4°) in A@ at the middle of each 60° period.
In Figs. 2(b), 2(d), 2(f), 2(h), 2(j), and 2(1), the measured
forces are monotonously drifting mainly due to the thermal
effect. For more detailed discussions about the monotonous
drifts of forces, please refer to Supplemental Material
Note 1.

C. Effect of the scan velocity and the load

We performed 2DFF-AFM measurements on the MoS;
surface with different normal loads and scan velocities. As
shown in Fig. S13, most friction properties do not change
significantly even when the normal load ranges from positive
to negative. Only the 180° period signals in F; and F, are
different. Our results indicate that the normal load (pressure)
does not strongly influence friction anisotropy properties.
However, as shown in Fig. 3, when we fix the normal load
at 216.83 nN, the level of friction anisotropy of the MoS,
surface monotonously decreases as the scan velocity reduces.
The friction of the MoS, surface becomes near isotropic when
the scan velocity is 1.4 um/s.

III. THEORETICAL EXPLANATION AND DISCUSSION

A. A two-dimensional friction model

Here we introduce a 2D friction model with thermal effects
to explain the friction anisotropy phenomena on atomically
flat surfaces. Our model has two basic assumptions: the
existence of elemental hopping combinations (EHCs) and
isotropic components in the total friction force.

Following the approach exploited in the 2D
Prandtl-Tomlinson model [13,31], we assume that the
interaction between tip and substrate can be described by an
effective potential energy surface (PES) and an elemental
hopping mode (EHM) is represented by a path that connects
two neighboring minima in the PES. For the example
reported in Fig. 4(a), there is one global (marked with
“1”) and one local (marked with “2”) minimum in the unit
cell (highlighted with the gray dashed line). Consequently,
there are two possible independent EHMs: 1 — 2 and
2 — 1. Considering the hexagonal symmetry of the example
in Fig. 4(a), two possible combinations can be chosen:
(i) the path 1 — 2 — 1! ->— 21 — 1" which we call
nonidentical combinations (in white); and (ii) the path
1 > 2— 1T 2 5 1V termed identical combinations
(in red). The directions identified by these two paths are
referred to as elemental hopping combinations (EHCs),
and any sliding motion between global minima can then
be decomposed into a sequence of EHCs. Moreover, the
direction of an EHC always aligns with a crystal orientation
and has a particular barrier. Thus, sliding along different
EHC directions can offer different sliding resistances, and the
total resistance force for an arbitrary sliding direction can be
considered as the resultant resistance forces from all EHC
directions.

The isotropic component in total friction force can orig-
inate from mechanisms that the Prandtl-Tomlinson model
cannot describe, such as the edge pinning effect, chemical
bonds [9,24], contamination [25], etc. We assume these kinds
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FIG. 4. Diagrams of EHCs. (a) Potential energy surface of an amorphous SiO, slab interacting with a MoS, layer. (b) Diagram illustrating
the 2D sliding model with two EHCs. (c)—(e) The trajectory of the PT particle with T =0 K, k¥ =1 N/m, v = 2000 nm/s, and in the
critical damping regime. Trajectories followed by the PT particle when sliding along (c) 0° (zigzag direction), (d) 15°, and (e) 30° (armchair
direction). (f)—(h) The trajectory of the PT particle with 7 =300 K, ¥ =1 N/m, v = 2000 nm/s, and in the critical damping regime.
Trajectories followed by the PT particle when sliding along (f) 0° (zigzag direction), (g) 15°, and (h) 30° (armchair direction).

of friction will not change with the sliding direction. For
a more detailed discussion of the origins of isotropic and
anisotropic friction components, please refer to Supplemental
Material Note 8.

Figure 4(b) shows a simple diagram of the 2D surface with
two EHCs: O; and O,, with an angle of o between them.
Consider a tip sliding with velocity v; the velocity components
along the O; and O, directions (v, and v,) are then

sin(a — 6,) sin 6,

Vp=Uv———— L=V, (1)
sin & sina

where 6, is the angle between the sliding direction and O;.
The total force F; can be decomposed into an isotropic compo-
nent F, (aligned along the sliding direction) and an anisotropic
one F, (which originates from the EHCs). The F, can be pro-
jected onto the O; and O, directions, identifying the vectors
F., and F,, then

sinf,. _ F
sinf@ — 6,)  Faq
where 0. is the angle between F, and O;, where

0, = tan~! ﬂ 3)
1+ Gceosa

=G, (@)

Let us define
ch = 00 - 61} (4)

then

sin Af F,.

L 5)
sin(0.,, — A8) F,

with A6 being the misalignment angle between the scan di-
rection and the total force. So

) Psin0,,
A =tan | ——— ). (6)
14+ Pcosf,,
The friction force F; is
F, = F, cos A6. @)

Notice that the direction of EHC is periodical because of
the lattice symmetry. Thus, O; and O, will switch directions
for each period, leading to jumps in F; and F, at no (n is an
integer) sliding angles.

With thermal effects taking place during sliding, previous
works [4,5] provided an expression of the mean friction force
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F,; along an elemental hopping direction O; as follows:

) 1 F.
Fr—Fp? =2 —“m(1-24), ¥
BiksT v 2

where kg is the Boltzmann constant, 7 is the temperature, and
F* is the mean friction force along the O; direction at 0 K.
Equation (8) has been derived following a master equation
approach for the sliding in the one-dimensional case. Here
we make the implicit assumption that this relation holds for
elemental hopping combinations as well, and even if the el-
emental hopping modes are not strictly 1D. The vy, 8;, and
critical frequency fj, are related via

y 2 fo, BiksT
0, = ~; =
3kseriesi\/ E*

with keries, being the effective stiffness of the contact along
the EHC direction. From these equations, one can see that the
friction anisotropy phenomenon naturally originates from the
existence of EHCs.

We used two-dimensional Prandtl-Tomlinson (2D PT) sim-
ulations to support our assumptions of EHCs. Figures 4(c)—
4(e) show the trajectory followed by the PT particle at T =
0 K, superimposed onto the PES map. Figures 4(c) and 4(e)
show that when sliding along the zigzag (0°) and armchair
directions (30°), the sliding motion of the particle consists
solely of identical and nonidentical hoppings, respectively.
For the 15° sliding direction, the route is a 1:1 combination
of identical and nonidentical hoppings [Fig. 4(d)], supporting
our assumption. For the temperature > 0 K, the hopping will
not be limited from one minimum to another due to thermal
effects. As shown in Fig. S19, the hopping of the point contact
becomes random at 300 K for low sliding velocities, which
implies the vanishing of the anisotropic friction. However,
when increasing the sliding velocity, the level of the random
hopping monotonously decreases. As shown in Figs. 4(f)—
4(h), the motion fully follows minimum-to-minimum paths
when the sliding velocity is > 2000 nm/s. The 2D PT
simulation results support our assumptions about the role
played by elemental hopping combinations. Please refer to
Supplemental Material Note 7 for more details and discussion
about the model.

©)

B. Discussion of the 0-K condition

For the 0-K condition, F.; and F,, are constant for all
velocities as the thermal effects vanish:

P Fr9, # 2n+ Do F F;0, # 2na
T V06,=2n+ D~ 206, =200

with n being an integer number. In the simplest case, F, =0
and F; = F.. A6 and F, only change with the ratio F,"/F}.
In Fig. 5(a;), the period of the misalignment angle is 2«,
and there is a “jump” at 0, = «. When the ratio Fy'/F*
grows, the amplitude of A6 monotonically increases from
o to 2«, and the scale of the jump at 6, = @ monotoni-
cally decreases from « to 0. In Fig. 5(a,), the amplitude of
the friction force (6, # na) increases with the F)*/F}* ratio.
When fixing F;*/F* to 10 and increasing F,, the isotropic
friction force F, can eliminate friction anisotropy. As shown in

Figs. 5(b;)-5(b3), the total force changes with F,, the ampli-
tude and the scale of jump at 6, = « of the misalignment angle
monotonically decreases as F, increases, and the friction force
variation vanishes as F, increases.

C. Discussion of the T > 0 K condition

Thermal effects need to be considered for finite tempera-
tures. According to Eq. (11),

\-1/2
v; = vy, (1 _ Q) 87(5*7ﬂ’1)3/2/ﬂik8T. (10)

Two critical velocities vy; and vry; can be identified. For
vrri, when v; < vrp, I = 0. So

32
vrr = voe” /T (11)
vry; is the critical velocity at which friction saturates F; &
F*. Then we can set

Vo, e—[F,*(l—m)]m/ﬂkaT7 (12)

v i =
T T=m

where m = £ and in the following, we choose m = 0.99.

T
The relation between the scan velocity v and vry;, vrp; de-
termines the friction properties of each direction of the EHC.
In Fig. 5(c), we set F;* = 10F, and F., > F.;. We divide
it into five regions: region I: v; < vrpp, Fry = F» = 0; region
II: vrp < v; < vrp, Fop =0, Fy increases logarithmically
with the velocity; region III: vy < v; < vy, Fep and Fpp
both increase logarithmically with the velocity; region IV:
vrm1 < v < vrme, Fo1 & F, F increases logarithmically
with the velocity; and region V: v; > vry, For = Ff, Fo &
F;*. We first discuss the simplest case with the isotropic force
F, = 0. For v < vy, v; and v, are in region I for all sliding
angles, the sliding is frictionless. For vy, < v < vrp, only
F., provides a friction force for all sliding angles, similar to
the identical O; and O, conditions (see Fig. S15). When v >
vrr1, both EHC directions contribute to friction. As shown
in Figs. 5(d;))-5(d3), we use v = vrp1, vrama, 10vrym, and
400v7 12, where vy and v, are primarily in regions III, IV, V,
and V (ultrahigh velocity), respectively, as examples to show
the influences of the sliding velocity. In Fig. 5(d;), the am-
plitude of total force increases monotonously with the sliding
velocity. In Fig. 5(d,), velocity does not change the amplitude
of the misalignment angle significantly, but the jump at8, = «
increases with velocity. In Fig. 5(ds), the amplitude of friction
force increases monotonously with the sliding velocity.
Generally, the friction anisotropy properties evolve towards
the 0 K condition as the velocity increases. However, the
level of friction anisotropy does not increase monotonically
with the velocity. When v < vry,, the amplitudes of total and
friction forces increase with sliding velocity, intensifying the
friction anisotropy. When v > vy, both F,; and F, reach
plateaus, and further increasing the velocity will sharper the
variations of total and friction force near the O; or O, direc-
tions. When transition regions near the O; or O, directions
become small enough, friction variation cannot be experi-
mentally detected by the device due to the limited resolution,
which explains why superlubric directions are predicted in
previous simulations but not yet found in experiment [31,32].
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FIG. 5. Theoretical calculations of friction on an atomically flat surface with two EHCs. (a;),(a;) Misalignment angle (a,) and normalized

friction force (a,) as a function of the sliding angle at T = 0 K with F, = 0 and different F,"/F* ratios, F" = F;*

sin o
sin O,

(0, # na). (b)—(b3)

Normalized total force (b;), misalignment angle (b,), and normalized friction force (b3) as a function of the sliding angle at 7 = 0 K with

FE/F¥ =10 and different F,, F, max

2 sinf.

= Fp3ne (c) An example of F, and F,, as functions of In(v;) for T > 0 K; parameters come from

Ref. [4]. (d))—(d3) Normalized total force (d;), misalignment angle (d,), and normalized friction force (d;) as functions of sliding angles at
different sliding velocities with F,, = 0; F,; and F,, are from (c). (e;)—(e;) Normalized total force (e;), misalignment angle (e,), and normalized
friction force (e3) as functions of sliding angles at different sliding velocities, with F, = F*; F;; and F,, are from (c).

Now we consider the condition with isotropic friction
force F, = F*. When v < vypp, then Fy = F, =0 and F
F. = F,, the friction is isotropic. When vy» < v < vrpy, then
only F,; provides friction force, and it can be considered the
same as identical O; and O, with F, = F* (see Fig. S15).
As shown in Figs. 5(e;)-5(e3), compared with the condition
with F, = 0, when v > vy, first, the amplitudes of F; and F,
are the same, but the ratio between maxima and minima de-
creases. Second, the amplitude of A6 is smaller and decreases
as velocity reduces. Therefore, friction anisotropy will vanish
with a nonzero isotropic friction force as the sliding velocity
decreases, which perfectly fits our observations in Fig. 3.

IV. CALCULATION OF THE ISOTROPIC
AND ANISOTROPIC FRICTION FORCE COMPONENTS

Figure 5 shows that thermal effects are negligible for a high
enough scan velocity. Considering two EHCs with F, > F|,

according to Egs. (2)-(6), the amplitude of A is

. Psin 6,
ABpmax =tan™ | ————— (13)
1+ Pcosé,
and the scale of the jump at 6, = « is
_1 Psin(a — 6,)
Abjump = 2tan . (14)
1+ Pcos(a —6.)

Thus, we can get the ratio between isotropic and
anisotropic friction force P and the ratio of the maximum
friction forces along the EHCs G by measuring the ampli-
tude and the scale of jumps in A6. In Fig. 1(h), no jump is
observed, and the amplitude is about 20°. We can conclude
that on the MoS, surface, the friction force along the zigzag
direction is negligible compared to the armchair direction,
which agrees with the simulation results [31], and the ratio
between isotropic and anisotropic friction force P is about
0.5. In Fig. 2, the graphite and h-BN surfaces both have
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no jumps in A@, which means one EHC direction (most
likely zigzag direction) has much higher sliding resistance
than the other. For graphite, the 30° amplitude of A6 shows
that the isotropic friction is negligible. For h-BN, the am-
plitude is about 10°, and therefore P is about 2, indicating
that the friction on the h-BN surface is contributed mainly
by isotropic components. The results from the mica surface
are complex: the profile of A has around 3° amplitude and
a 0.4° jump. Then, G and P are about 13.0 and 8.1 for
mica, respectively, which means both EHCs on mica con-
tribute to friction, and isotropic friction dominates the friction
process.

V. CONCLUSION

Our work continues and extends the previous experimental
and theoretical efforts [13,16,27,30,33,34] by introducing a
2DFF-AFM method and a two-dimensional friction model
critical for characterizing the friction properties of atomically
flat surfaces over a range of contact conditions. Overall, our
results indicate that the friction anisotropy phenomenon is
complex and influenced by environmental and scan param-
eters. We observed distinctive effects on the profiles of the
friction force and the total force acting on the AFM tip.
The experimental results motivated us to introduce a sepa-
ration between anisotropic and isotropic components of the
friction force, which depend differently on the sliding speed
and direction. Based on these definitions, we developed a
minimalistic model by introducing a few more assumptions,
e.g., the presence of a limited set of elemental hopping
combinations—EHCs, which successfully explains the exper-
imental findings. In addition, the misalignment angle between
total and friction forces turned out to be a robust quantity
to characterize anisotropy, allowing us to calculate the ratio
of friction forces at different EHCs, and the contributions
from anisotropic and isotropic friction forces. The gradual
reduction of the anisotropy degree at increasing velocities
suggests that the friction mechanism dominating the friction
process could be different at high and low velocities due to
the existing isotropic friction force and thermal effects. The
separation into anisotropic and isotropic friction forces makes
it possible to study further the origin of isotropic friction,

which is critical for deepening our knowledge of the friction
mechanisms in solid lubricants under environmental control.
Sliding along the EHCs directions with low sliding resistance
and eliminating the isotropic friction with surface treatments
could be an efficient way to significantly reduce the friction
of layered materials, potentially enhancing the performance
of solid lubricants.

VI. METHODS

Sample preparation. In this experiment, the MoS,,
graphite, and h-BN samples were produced by me-
chanically exfoliating Synthetic Molybdenum Disulfide
(2Dsemiconductors), Graphenium graphite (Manchester
Nanomaterials), and h-BN crystals (2Dsemiconductors),
respectively. The substrate is silicon with 300-nm SiOs.

Sample characterizations. AFM measurements were per-
formed on a WITec alpha300 RAS. We used theoretical
calculation to calibrate the cantilever in the vertical direction
(please refer to Supplemental Material Note 1 for more de-
tails). PL and Raman characterizations were performed on
a Horiba XploRA™ PLUS Raman system. The laser wave-
length was 532 nm.
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