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Load dependence of two-dimensional atomic-scale friction
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We investigated the load dependence of two-dimensional atomic-scale friction between a MoS2 surface
and a Si3N4 tip. We found that the amplitude of the frictional force hysteresis is determined by the
e6'ective adhesive radius itself. Besides, we observed nearly zero kinetic frictional force at the normal
load of 2.3 X 10 ' N. The load dependence of the efFective adhesive radius suggests that the appearance
of the negative frictional force correlates clearly with the load dependence.

The load dependence of the frictional force at the mac-
roscopic scale is widely known as the Amontons-
Coulomb law, where the frictional force is roughly pro-
portional to the normal load. It is interpreted as an in-
crease of the real contact area at multicontact asperities
due to plastic deformation by the normal load. In order
to study the mechanism of the friction in more detail, the
load dependence of each contact asperity, i.e., single-
asperity friction, should be investigated rather than the
multicontact asperities. The load dependence of single-
asperity friction on an atomic scale was investigated by
Mate and co-workers, and they found that the frictional
force is also roughly proportional to the normal load un-
der a normal load of order 10 N. ' Mayer et al. also
studied the load dependence of single-asperity friction
under a normal load between 2X10 and 1.6X10 N,
and they concluded that there is no significant load
dependence below 10 nN.

Recently, we also studied single-asperity friction,
which is two-dimensional atomic-scale friction or two-
dimensionally discrete friction with lattice periodicity,
although its load dependence has not yet been investigat-
ed. In this paper, we report on the load dependence of
two-dimensional atomic-scale friction between a MoS2
surface and a Si3N4 tip of single asperity, which is mea-
sured with a two-dimensional frictional force microscope
(2D-FFM) (Refs. 6 and 8) and studied by a two-
dimensional stick-slip model with an effective adhesive ra-
dius.

In the present experiment with the 2D-FFM, we mea-
sured the two-dimensional frictional force vector (f»,fr )

between the tip apex and the atomically Sat surface with
a raster scan at various normal loads between 2.3 X 10

and 4.7 X 10 N. Here we define X, Y, and Z directions
as across, along, and normal to the cantilever, respective-
ly. We used a weak feedback control of the Z direc-
tion to the deflection signal in order to compensate for
the slow Z-direction drift. As an atomically Hat surface,
we used a cleaved (0001) surface of MoS2. Its lattice
structure shows threefold symmetry with a lattice con-
stant of 3.16 A. Soon after cleavage of the surface, mea-
surements were performed in air under ambient condi-
tions. As a cantilever, we used a rectangular microcanti-

0
lever with a -250-A-curvature radius on a sharp tip
apex which is made of Si3N4. ' Its length, width, and
thickness are 100, 40, and 0.8 pm, respectively. Its calcu-
lated nominal spring constants for Z and X directions are
kz=0. 75 N/m and k»=550 N/m, respectively. The ras-

0

ter scan rate was set at -400 A/s for the fast line scan
0

and -0.80 A/s for the slow scan. The area of the raster
scan was 25 X25 A. For simplicity, we set both scan and
X directions parallel to the [1000] direction of the MoS2
surface.

Figures 1(a), 1(b), 1(c), and 1(d) show f» data due to a
fast line scan at the normal load of 2. 3 X 10
5.3X10, 1.2X10, and 1.8X10 N, respectively.
For simplicity, data at each normal load are those with
the largest initial sticking among the 256 fast-line-scan
data for different Y positions due to the slow scan. Line
and dot data correspond to the fast-line scan from left to
right and its reverse, which we call right and left scans
for short, respectively. All fr data taken simultaneously
with these f» data of Fig. 1 show no fine structure within
the noise, while all f» data show sawtooth signals. Thus
the estimated tip apex motion is a straight discrete jump
with the lattice periodicity of MoS2 surface ' along the X
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FIG. 1. (a), (b), (c), and (d) show fast-line-
scan data of f» at the normal load of
2.3X10, 5.3X10 ', 1.2X10, and
1.8X10 N. The arrow indicates the scan
direction. The dotted broken line shows the
estimated zero level of f». Line and dot data
correspond to the right and left scans, respec-
tively.
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direction, i.e., the scan direction. The scale of the verti-
cal axis is calibrated by the lateral force curve, and is the
same for all data.

First we mention that we estimated the zero force level
of f~ experimentally. Since the scan direction is just
along the lattice structure and just across the cantilever,
we can assume that there is no anisotropic factor between
right and left scans. Thus the zero force level can be
defined as the average of the signal due to the right and
left scans, with which the observed data seem to agree.
The dotted broken lines shown in Fig. 1 indicate the de-
duced zero force level.

In Figs. 1(a), l(b), and l(c), the sawtooth signals cross
over the zero force level, which means the appearance of
the negative frictional force"' for both the right and left
scans. This negative frictional force can be explained by
a two-dimensional stick-slip model with an effective
adhesive radius, as shown in Fig. 2.

The effective adhesive radius (or distance) r is defined
as the two-dimensional displacement of the cantilever re-
quired to overcome the sticking force f„between the tip
and stick point, i.e., f„/k. When the scan point is within
the area that r makes around the stick point, which is the
effective adhesive area, the tip sticks to the stick point be-
cause the cantilever force cannot overcome f„. On the
other hand, when the scan point reaches the edge of the
area, the tip slips. Here the scan point means the point of
the tip apex with zero displacement for X or Y directions.
By the fast-line scan, the trace of the scan point makes a
line, namely, the scan line. The distance d between the
stick point and scan line creates the force component of
kd across the scan direction. This force component of kd
works against the sticking force in addition to the ordi-
nary frictional force component along the scan direction.
To simplify the discussion, both f„and the spring con-
stant of the cantilever k are assumed to be constant and
independent of directions. Thus ~ is defined as a constant
value, which makes the effective adhesive area a round
circle. Now we call r the effective adhesive radius, which

is a radius of the effective adhesive area. When the dis-
placement along the scan direction becomes (r~ —d2)'~2,
the resultant cantilever force becomes equal to f„and
the tip apex slips. We call this place the slip place.

For simplicity, we concentrate on the case of two-
dimensional stick-slip motion between only three stick
points. The stick point is represented by the small closed
circle. The effective adhesive area is represented by the
large empty circle whose center is the stick point. The
slip place is represented by the small empty circle at the
cross point of the scan line and the edge of the effective
adhesive area. The lattice periodicity of 3.16 A and the
effective adhesive radius are represented by I and r, re-
spectively. We start the scan point from the left end of
the scan line to the right. While the tip sticks to stick
point A, by the scan the scan point travels along the scan
line in the effective adhesive area A with increasing fx.
When the scan point arrives at the edge of the effective
adhesive area A, i.e., the slip place 1, the resultant cantil-

ever force at fx=kx+r da—nd fr=kid becomes
equal to the sticking force, and the tip slips out of this
effective adhesive area. Now the tip slips straightly along
the direction from stick point A to slip place 1 due to the
cantilever force and does not reach the next stick point 8
for d %0, if there exists no force that attracts the tip apex
toward the next stick point B. The experimentally ob-
served signals, however, suggest that the tip takes a
straight walk along the X direction even for dAO, which
means that the tip slips or jumps from stick points A to
B. This confirms that the tip is attracted by the next
stick point B. We assume that this attractive force affects
the tip since slip place 1 is in the effective area 8 shown
in Fig. 2, and that the effective adhesive area is the kind
of field that attracts the tip apex during the slip motion.
When the effective adhesive radius r is smaller than the
lattice constant l, as shown in Fig. 2, slip place 1 is be-
tween stick points A and B with respect to the X direc-
tion. Thus the direction of the X component of the at-
tractive force is reversed between just before and just
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FIG. 2. Two-dimensional
stick-slip model with effective
adhesive radius for one fast
line-scan shows the definition of
hysteresis of fx between the
right and left scans. The tip apex
sticks to and slips between stick
points A, B, and C. Note that
the direction, i.e., the sign of the
f», is reversed between the lined
and dotted sawtooth signals due
to the right and left scans, re-
spectively.
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at each normal load. The closed circles in Fig. 3 show
the value of d =0, i.e., the maximum value of +r —d,
where part of the data is estimated from Fig. 1. Thus the
closed circle shows the normal load dependence of r it-
self. The bars in Fig. 3 show the change of +r —d,
which is due to the change of d by the slow scan. As
shown in Fig. 3 the experimental value of the effective
adhesive radius r increases by increasing the normal load.
Above the normal load of 1.8X10 N, r increases
roughly proportionally to the normal load as indicated by
the broken line. On the other hand, below 1.2X 10 N
the data deviate from the broken line, and the load
dependence becomes weaker. In addition, the negative
frictional force appears below 1.2X10 N, as shown in
Fig. 1(c). This coincidence seems to suggest that the ap-
pearance of the negative frictional force correlates clearly
with the normal load dependence of the effective adhesive
radius.

In order to relate the atomic-scale friction described
above with static and kinetic frictions of the macroscopic
friction concept, we consider the energy transfer in the
straight stick-slip process with the periodicity l. During
one stick period the cantilever spring stores the elastic
energy, which is expressed as

f fds= f (fx,fr)(ds», dsr =0)
I If fxdsx kx f sxd»

Here the scan direction is also defined as the X direction,
so that the subscript X means the component along the
scan direction. f=(f»,fr) is the frictional force, k» is
the spring constant of the cantilever along the scan direc-
tion, and sx is the scan distance of the scan point during
the stick. This energy is released by the slip motion of
the tip. When this slip motion is treated as the macro-
scopic friction, this energy is consumed by the kinetic
frictional force fk during the slip motion. This is ex-
pressed as

f fkds»=fkl . (2)

after the slip. This conftrms to us that the f» value of
k»V r —d just before the slip is positive, and that the

fx of kxt+r d— l —I just after the slip, i.e., at the be-
ginning of the stick, is negative. On the other hand,
when r becomes larger than l, slip place 1 appears at the
right of stick point B.at least for d =0. Thus the direc-
tion of the X component of the attractive force is always
positive, i.e., k»I+r d —l I

—is positive for r ) l at least
d =0. This corresponds to the data shown in Fig. 1(d).

As shown in Fig. 2, while the tip is sticking to stick
point 8, the cantilever force also increases by the scan.
Just after the scan point reaches slip place 2, the tip slips
to stick point C. This is the same as the stick-slip process
from stick points A to B. Thus by increasing the number
of stick points in a fast-line scan, the number of the same
stick-slip process simply increases. At the right end of
the scan line the scan direction is reversed, so that the
direction of the frictional force, i.e., the sign of f» or the
vertical axis, is also reversed, as shown in Fig. 2. For the
left scan, the frictional force values are also k»+r d-
just before slip and k»I+r —d —l I just after the slip.
Thus the stick-slip process for the left scan is the same as
that for the right scan except that the sign of f» is re-
versed, as shown in Fig. 2. At the left end of the scan
line, this fast-line-scan loop is completed. Then the scan
direction is again reversed and the next fast-line scan be-
gins after the slow scan. As a result we can see the hys-
teresis formed by the right and left scans, which consists
of lateral and vertical shifts between the sawtooth signals
for the right and left scans. Both shifts are due to the
difference of the slip places between the right and left
scans, for instance the difference between slip places 1

and 4, or 2 and 3. As a result, the lateral and vertical
shifts are represented by the scan distance between these
slip places as 2+r —d —l and the resulting frictional
force difference of kx I2+r —d —I j, respectively. Thus
r determines the amplitude of the hysteresis, since I is
constant and d changes only periodically with 2.74 A by
the slow scan.

In order to investigate experimentally the dependence
of r on the normal load, we estimated the amplitude
+r dof the hys—teresis from the experimental results
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FIG. 3. Under the macroscopic definition of
the frictional force, the experimentally es-
timated displacement due to the static friction-
al force of +r d~ and the displac—ement due
to the kinetic frictional force of +r d I/2——
at each normal load are plotted by the closed
circle and the empty square with bars, respec-
tively. The closed circles and empty squares
correspond to the data for d =0. The bars are
due to a change of d by the slow scan. The
closed circles correspond to the efFective
adhesive radius r itself.
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From Eqs. (1) and (2),

fk
SXdSX

kx I 0
(3)

are obtained. By using Eq. (3), the kinetic frictional force
fk in the straight stick-slip motion with the lattice
periodicity of I, i.e., the case of Fig. 2, is expressed asfk, , I=&r —d ——.

kx 2
(4)

On the other hand, the static friction under the macro-
scopic definition is given by k~+r d, w—hich is the
frictional force just before the slip. Thus the difference
between the static and kinetic frictional forces should be

k~V'r d k—II V'—r d —l/2—I =k~l/2 .

This value is due to the discreteness of the stick-point dis-
tribution with the periodicity of I.

According to Eq. (4) the experimentally estimated
fk /k» for d =0 is deduced by subtracting half the ampli-
tude of the sawtooth signal from the experimentally es-
timated static friction at each normal load, and is plotted
as the closed empty square in Fig. 3. The bar shows the
change of fk due to the change of d by the slow scan.
From Eq. (4) one can see that, as +r dbecom—es close
to I /2, f„becomes close to zero. At that time, the hys-
teresis of 2+r —d —I disappears, which means the
disappearance of the shift of the slip places between the
right and left scans in Fig. 2. The data shown in Fig. 3
show that, at the normal load of 2.3X10 N, fk be-
comes close to zero. Thus the negative frictional force
and the change of the load dependence seem to be a fore-
boding phenomena of nearly zero kinetic frictional force,
although the change of the load dependence seems to
keep the kinetic frictional force off zero.

The treatment described above is consistent only for
straight stick-slip motion. This is because Eq. (2) of the
macroscopic treatment does not include the intrinsic Y
component across the scan direction. For example, the
static frictional force is kx+r —d under the macro-

scopic definition, where the frictional forces are assumed
to act only along the scan direction. The frictional force
component across the scan direction of kid, however,
also acts against the sticking force, i.e., the attractive
force from the stick point. Thus the static frictional force
should be the resultant force of kz+r d—and kid, i.e.,
the sticking force itself. Thus, for the atomic-scale fric-
tion, the frictional force should also be treated as a two-
dimensional vector f. Especially for the zigzag stick-slip
motion, a two-dimensional treatment of the frictional
force seems to be essential.

We found that the effective adhesive radius defined by
f„/k depends on the normal load. However, the spring
constant k does not depend on the normal load. As a re-
sult, f„should depend on the normal load. This means
that the interfacial interaction' between the MoS2 atomi-
cally Aat surface and tip depends on the normal load.

To conclude, we investigated experimentally the nor-
mal load dependence of two-dimensionally discrete fric-
tion with lattice periodicity between the MoSz surface
and Si3N4 tip, and studied the result using the two-
dimensional stick-slip model with an effective adhesive
radius. Below the normal load of 1.2X 10 N, we ob-
served negative frictional force with an experimentally es-
timated zero frictional force level. We found that the
two-dimensional stick-slip model with an effective
adhesive radius can explain the negative frictional force.
We also found that the amplitude of the frictional force
hysteresis is determined by the effective adhesive radius
itself, and that the load dependence of the effective
adhesive radius suggests that the appearance of the nega-
tive frictional force correlates clearly with the load
dependence. In addition, we observed nearly zero kinetic
frictional force at the normal load of 2.3 X 10 N.
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