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Analysis of experimental load dependence of two-dimensional atomic-scale friction
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By using a two-dimensional frictional force microscope, we experimentally investigated and analyzed load
dependence of atomic-scale friction between a single asperity tip and an atomically flat surface of graphite.
While the tip shows the two-dimensional discrete jump between the sticking domains with the lattice period-
icity in the higher load region, in the lower load region the tip shows rather smooth motion. The extent of the
sticking domain decreases by increasing the load. Further, the appearance frequency of the zigzag motion of
the discrete jump decreases by increasing the load. These results are explained by the load dependence of the
effective adhesive region.@S0163-1829~98!02031-1#
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I. INTRODUCTION

Friction always occurs at the sliding interface of two s
ids in contact. Since the friction is not only very important
technology but also a very interesting issue in science
mechanism has been investigated by many researchers
long time. To understand the basic mechanism of the f
tion, atomic-scale friction with a simple system, such as
atomically flat surface and a single asperity, has been
plored in the past decade, both in numerous theoret
studies,1–17 along with the recent development of the com
puted simulation, and in many experimental studies18–27 by
using a frictional force microscope.18,20On the other hand, a
is pointed out by theoretical studies,1,2 load is one of the
most important parameters for the friction, which is dee
related to the mechanism of the friction. Thus, the exp
mental load dependence of atomic-scale friction should
investigated in more detail.

From our recent study on an atomic-scale friction betwe
the single asperity and atomically flat surface by using
two-dimensional~2D! frictional force microscope~2D FFM!,
we found the two-dimensional discrete friction with the la
tice periodicity. This phenomenon is explained by the tw
dimensional stick-slip model.28–33 The load dependence o
this two-dimensional discrete friction has not, however, be
adequately investigated. Therefore, in the present paper
investigate and analyze the load dependence of the
dimensional discrete friction in detail.

II. EXPERIMENTAL SETUP

By using a home-built atomic-force microscope~AFM!
~Refs. 31 and 34!, which works as a 2D FFM, we measure
the displacements (f X /kX , f Y /kY) of a single asperity tip of
AFM cantilever, by the raster scan. These displacements
caused by the two-dimensional frictional force vec
( f X8 f Y) between the tip and an atomically flat surface.kX
andkY are the spring constants of the AFM cantilever. He
we defineX andY directions as across and along the can
lever, respectively. TheXY plane is parallel to the atomicall
flat surface. TheZ direction is normal to the atomically fla
surface. We used a weak feedback control in theZ direction
PRB 580163-1829/98/58~8!/4909~8!/$15.00
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in order to compensate for the slowZ direction drift. A
cleaved~0001! surface of graphite~PGCCL! was used as an
atomically flat sample surface, because it consists of o
carbon atoms. The lattice structure exhibits threefold sy
metry with a lattice constant of 0.246 nm. As the AFM ca
tilever, we used a rectangular microcantilever35 that is made
of Si3N4. The radius of curvature on the sharp tip apex
;20 nm. The tip height is 2.9mm. The length, width and
thickness of the cantilever are 100, 40, and 0.8mm, respec-
tively. The assumed elastic modulus and poisson ratio for
cantilever are 1.4631011 N/m and 0.25, respectively. Th
calculated spring constants of the deflection and torsion
the cantilever arekZ50.75 andkX5550 N/m, respectively.

To investigate the load dependence of frictional force,
increased the load step by step from 22 to;327 nN, and at
each load we measured the frictional force image with
raster scan. The raster scan size is 1.331.3 nm. The raster
scan rate was set at;21 nm/s for the fast line scan and;51
pm/s for the slow scan. The raster scan consists of 256
line scans. One of the lattice direction of the graphite surf
was set to be parallel to theY direction, i.e., fast line-scan
direction. Soon after the cleavage of the graphite surfa
measurements were performed in air at room temperatu

III. RESULTS AND DISCUSSION

A. Load dependence of force boundary in the frictional force
image with the lattice periodicity

Figures 1~a!–1~d! show typical images off X /kX ~left! and
f Y /kY ~right! at the loads of 22, 44, 91, and 327 nN, respe
tively. The lattice periodicity of the graphite surface appe
in all of the images. Besides, by increasing the load,
pattern of the unit cell with the lattice periodicity chang
drastically.

In order to characterize the drastic change of the unit-
pattern in the images further, we focus on ‘‘force boundary
where the brightness changes rather sharply. At the loa
22 nN, in thef X /kX image the vague force boundary ind
cates a dim triangular shape pattern toward theY direction.
In the f Y /kY image the vague force boundary seems to sh
a dim honeycomb pattern. By increasing the load up to
nN, in both f Y /kY and f X /kX images the force boundar
4909 © 1998 The American Physical Society
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becomes sharp and clear. In thef X /kX image, the force
boundary shows a nearly triangular shape toward theY di-
rection. In the f Y /kY image the force boundary shows
nearly honeycomb pattern. By increasing the load up to
nN, in the f X /kX image the force boundary shows a nea
trapezoid pattern in theY direction. By comparing with the
pattern at 44 nN, the top of the triangle appears to be
moved or flattened. In thef Y /kY image the force boundar
shows a deformed hexagon. By increasing the load up to
nN, in the f X /kX image the force boundary shows a nea

FIG. 1. Typical images of atomic scale friction at loads of~a!
22, ~b! 44, ~c! 91, and~d! 327 nN, by the raster scan. Left and rig
are thef X /kX and f Y /kY images, respectively. The white line in th
f X /kX image indicates the typical part of a shared force bound
with the f Y /kY images.
1

e-

27

straight line in theY direction. By comparison with the pat
tern at 91 nN, the trapezoid pattern is completely flatten
In the f Y /kY image the force boundary shows a nearly re
angular pattern.

By comparing the force boundary of thef X /kX image
with that of f Y /kY , we found that all of the force boundarie
in the f X /kX image are shared with those in thef Y /kY image.
A typical part of this shared force boundary is rough
pointed out by a white line in thef X /kX image. The pattern
of this shared force boundary is flattened from a triangu
wave to a straight line by increasing the load. This flatter
corresponds to decreasing of the slow-scan width at
shared force boundary, which is indicated by the small
rows on the left side of thef X /kX image. Here, the slow-sca
width means the width or length for the slow-scan directio
On the other hand, the rest of the force boundary in
f Y /kY image, which appears only in thef Y /kY image, is a
nearly straight line along the slow-scan direction. T
straight line distributes with the lattice periodicity. By in
creasing the load, the length, i.e., the slow-scan width of
nearly straight lines, increases, resulting from the decreas
slow-scan width of the shared force boundary.

Consequently, by increasing the load from 22 to 44 n
the force boundary becomes clear and sharp. Besides
increasing the load from 44 to 327 nN, the pattern of t
shared force boundary flattened by the change from a tr
gular shape to a straight line. Thus, a drastic change of
shared force boundary pattern by increasing the load from
to 327 nN is represented by increasing the clarity and sh
ness of the force boundary and by decreasing the slow-s
width of the shared force boundary.

We mention that the observed load dependence of
lattice periodicity image agrees qualitatively with the com
puter simulated results, which assumes single-atom frict
performed by Sasaki and co-workers.12,37,38Thus, the experi-
mental result seems to be explained qualitatively by
single-atom friction model. Also, the observed patte
change of the unit cell with the lattice periodicity seems
agree with the model of Kerssemakers and De Hosson,13 if
we assume that the magnitude of the frictional force
creases with increasing load.

With the load from 22 to 327 nN, the contact area b
tween the tip and graphite surface would be roughly made
more than several tens of atoms to several thousands o
oms, under the assumption that the strength of single co
lent bond is of the order of 1029 N.39–41 Thus, to realize a
two-dimensional stick-slip motion of the tip under the co
tact area of several thousands of atoms, we deduce tha
graphite surface and its cleaved flake stuck to the tip gene
two-dimensionally coherent or commensurate facial fricti
with the lattice periodicity of graphite, where the tip behav
like a single-atom tip.18,28,32

B. Load dependence of atomic-scale friction
with the lattice periodicity

In order to study the mechanism of the observed lo
dependence of the force boundary in more details, we inv
tigated all the fast line-scan data in all the experimental
ages. As a result, we found that the force boundary is form
by the slip signals, which is caused by the two-dimensio
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stick-slip motion of the tip.28–33Thus, it is suggested that th
slip signal depends on the load.

Then, by investigating all the slip signals in all the im
ages, we found that the increase of sharpness and clari
the force boundary in the image corresponds to an incre
of the sharpness and amplitude of the slip signal, which
discuss in the next subsection. Besides, we found that
decrease of the slow-scan width of the shared force boun
corresponds to a decrease of the appearance frequency
synchronized slip signal in thef X /kX and f Y /kY images due
to zigzag stick-slip motion of the tip, which we discuss
Sec. III B 2.

1. Load dependence of sticking domain with a definite extent

Figures 2~a!–2~d! show slip signals of typical fast line
scan data in thef X /kX image at loads of 22, 44, 91, and 32
nN, respectively. These data correspond to lines in the
ages in Fig. 1, which are indicated by large arrows on the
sides of the images. All of the data show the square-w
signals with the lattice periodicity. The amplitude of the s
signals increases by increasing the load. Furthermore a
load of 22 nN, the slope of the slip signals is not so sharp
those at 44, 91, and 327 nN, so that the wave form seem
be rather rounded.

Figures 3~a!–3~d! show the slip signals of typical fas
line-scan data in thef Y /kY image at the loads of 22, 44, 91
and 327 nN, respectively. These data correspond to line
the images in Fig. 1, which is indicated by arrows on t
right sides of the images. All of the data show sawtoo
signals with the lattice periodicity. The amplitude of the s
signals increases by increasing the load. Furthermore, a
load of 22 nN, the slope of the slip signals is not as sharp
those at 44, 91, and 327 nN, so that the wave form seem
be rather rounded. On the other hand, at 22 and 44 nN
slope of the sticking signal is not as steep as those at 91
327 nN.

The amplitude of the slip signal corresponds to the s
distance of the tip between the stick points, according to
two-dimensional stick-slip model. So the measured slip d
tance should be smaller than the lattice constant of 0.246
at least at a load smaller than 91 nN. This is not consis
with the assumption that the stick point is a point and s
distance is just the lattice constant in the simple tw
dimensional stick-slip model. Therefore, we conjecture t
the assumed stick point should not be a point but a reg
with a definite extent. We refer this region as a ‘‘stickin
domain.’’ Further, from the increase of the amplitude of t

FIG. 2. Typical square-wave signals in thef X /kX images at
loads of~a! 22, ~b! 44, ~c! 91, and~d! 327 nN. These data corre
spond to lines indicated by large arrows on the left sides of
f X /kX images in Fig. 1.
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slip signal by increasing the load, we expect that the ext
of the sticking domain should decrease by increasing
load.

The sticking domain can be estimated by a spatial dis
bution of the tip position by the raster scan. The spatial d
tribution can be reconstructed from experimental data
converting the frictional force signals to the displacement
the tip, based on the method introduced by Kawakatsu
Saito42,43 and Hölscher, Schwarz and Wiesen
danger.15,16,44,45Figures 4~a!–4~d! show the spatial distribu-
tions of the tip position at the loads of 22, 44, 91, and 3
nN, respectively. These maps are obtained from correspo
ing images shown in Fig. 1. The tip position is indicated
the dot, where the existence frequency of the tip is indica
by the darkness. At a load of 22 nN, the distribution of t
tip position is rather continuous and extends to the wh
surface, although it seems to be a little concentrated with
lattice periodicity. This result suggests that the tip mov
rather smoothly without stick-slip motion, although the t
motion has two-dimensionality with the lattice periodicit
By increasing the load up to 44 nN, the distribution of t
position becomes rather discrete with a clear lattice peri
icity, which suggests a two-dimensionally discrete frictio
with the lattice periodicity. This discretely concentrated ar
of tip position corresponds to the sticking domain. Th
change of the sticking domain distribution from continuo
to discontinuous by increasing the load seems to be sim
to the change fromatomistic lockingto dynamic locking,
which is theoretically predicted by Hirano and Shinjo.2 By
increasing the load by more than 44 nN, the extent of
sticking domain decreases as we expected.12,37,38 On the
other hand, even in the sticking domain the tip does not s
completely but moves gradually. Further, the rather smo
motion at the load of 22 nN could be interpreted such t
the sticking domain extends to the whole area of the surfa

By comparing the typical fast line-scan data with the o
tained tip position map, we conjecture that the round-sha
waves in both square-wave and sawtooth signals at 22
shown in Figs. 2~a! and 3~a! correspond to the smooth mo
tion of the tip. Further, the gentle slope of the sticking sign
in the sawtooth signal at 44 nN shown in Fig. 3~b! seems to
correspond to the gradual motion of the tip in the sticki
domain.

There is a possibility that a part of the observed motion
the tip is due to the lateral deformation of tip-sample cont
or lateral bending of the tip.46,47 The contribution of the lat-
eral deformation or lateral bending is smaller than the ac
tip motion. This is suggested from the result in Fig. 4 that

e

FIG. 3. Typical sawtooth signals in thef Y /kY image at the loads
of ~a! 22, ~b! 44, ~c! 91, and~d! 327 nN. These data correspond
lines indicated by large arrows on the right sides of thef Y /kY

images in Fig. 1.
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FIG. 4. Tip position maps at loads of~a! 22, ~b! 44, ~c! 91, and~d! 327 nN. These maps are converted from thef X /kX and f Y /kY images
shown in Fig. 1. The frame corresponds to 1.631.6 nm. A model of the straight and zigzag stick-slip motion of the tip is also superp
by the small arrows in~c!.
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observed tip motion becomes smaller, while the lateral
formation and bending should be larger, with the increase
the frictional force by increasing the load.

2. Transition from two-dimensional to one-dimensional frictions

By investigating all the slip signals in all the images, w
found that the shared part of the force boundary with
f Y /kY and f X /kX images is formed by synchronized slip si
nal appearing both in thef Y /kY and f X /kX images. This
synchronized slip signal is caused by the slip motion of
tip, which has bothX and Y components, i.e., the zigza
stick-slip motion of the tip between the two rows of th
sticking domain. A model of the zigzag stick-slip motion
the tip that is indicated by the small arrows is superpose
the spatial distribution of the sticking domain shown in F
4~c!. It should be noted that the rows of the sticking doma
are along theY direction. On the other hand, the rest of t
force boundary in thef Y /kY image is formed by the slip
signal appearing only in thef Y /kY image. This slip signal is
caused by the slip motion that has only theY component, i.e.,
the straight stick-slip motion of the tip along theY direction
through one row of the sticking domain. A model of th
straight stick-slip motion of the tip is also superposed in F
4~c! by the small arrows. Thus, the decrease of slow-s
width of the shared force boundary corresponds to the
crease of appearance frequency of the zigzag stick-slip
tion of the tip, which results from the increase of the appe
ance frequency of the straight stick-slip motion of the tip

As shown in Fig. 5, averaged appearance frequency of
zigzag stick-slip motion of the tip is estimated from the fri
-
of
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tional force data shown in Fig. 1, as a function of the loa
Three vertical thick bars and a dot~zero! shows experimenta
results at 44, 91, 122, and 327 nN, respectively. Here,~)/
2!30.246 nm60.213 nm is the periodicity of the share
force boundary toward slow-scan direction, which is the
thography of the lattice periodicity for slow-scan directio
By increasing the load from 44 to 122 nN, the appeara
frequency of the zigzag stick slip decreases almost linea
which is indicated by dark area. Further, the dark area s
gests the area of a possible two-dimensional state where
zigzag motion, i.e., the two-dimensional motion of the t
may appear. On the other hand, the rest of the area sug
the area of possible one-dimensional state where the stra
motion, i.e., one-dimensional motion of the tip may appe
Therefore, a remarkable transition from two to on
dimensional frictions on an atomic scale appears by incre
ing the load.12,37,38

In order to explain the mechanism of decrease of the
pearance frequency of the zigzag stick-slip motion of the
we use a model of effective adhesive region~EAR! ~Refs.
29, 30, 32! combined with the two-dimensional stick-sli
model. First, we describe the definition of the EAR. Se
ondly, we clarify the condition for zigzag and straight stic
slip motions of the tip by using the model. Then, using t
load dependence of the EAR, we explain the load dep
dence of appearance frequency of the straight and zig
stick-slips of the tip. We mention that the frictional forc
data shown in Figs. 1–3 present the data just from the
ginning of the fast line-scan including the onset region, i
the absolute magnitude of frictional force, which is essen
k bars.
ears.
FIG. 5. Averaged width of slow scan with the zigzag stick-slip motion of the tip is plotted as a function of load, using vertical thic
Shaded area indicates estimated two-dimensional state where the zigzag motion, i.e., the two-dimensional motion of the tip, app
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for the EAR, as shown on Refs. 29, 30, and 32.
The EAR is defined by the area of the scan point when

tip sticks in its sticking domain. The scan point means
basal position of the tip under the assumption that the
placements of the cantilever spring for theX andY directions
are zero. In Fig. 6~a!, for example, the sticking domaino and
a part of its own EAR are represented by a concentric sm
filled circle and a part of a large dark circle, respective
Here, to simplify the discussion, the shape of sticking d
main and the EAR is assumed to be a circle, whose radiu
r. The vector from the tip position in the sticking domain
the scan point represents the restored force of the cantil
spring. On the other hand, the vector from the scan-poin
the tip position represents the sticking force due to the st
ing domain, whose maximum is represented by the edg
EAR. So, when the scan point locates in the EAR, the t
forces acting to the tip balances, which suggest that the t
still sticking to the sticking domain. When the scan poi
however, steps out of the edge of EAR by the fast line sc
the tip slips from its sticking domain to the next stickin
domain, since the force of the cantilever spring overcom
the maximum sticking force. Therefore, we refer to this p
sition of the scan point as the ‘‘slip place.’’ By the fast lin
scan, the trace of the scan point makes a line, namel
‘‘scan line,’’ which is represented by the solid line along t

FIG. 6. EAR combined with the two-dimensional stick-sl
model. The sticking domain and a part of its own effective adhes
region are represented by the concentric small filled circle an
part of a large dark circle, respectively.~a! shows the low load case
in which the effective adhesive radiusr is small, while~b! shows
the high load case in whichr is large. By comparing~a! and~b!, the
appearance frequency of the zigzag motion of the tip, i.e., the s
scan width of the shared force boundary, decreases with increa
load.
e
e
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of
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a

fast line scan. So, the slip place is the cross point of scan
and edge of EAR. By the slow scan, the slip place moves
the edge of the EAR, since the scan line moves in theX
direction.

We make clear the condition for zigzag and straight sti
slip motions of the tip by using the EAR combined with th
two-dimensional stick-slip model, as shown in Fig. 6. W
focus on one period for the slow-scan direction from sc
line A to scan lineA8, which has a distance of ()/2)l . Here,
scan lineA is through the sticking domaino ando8. Scan line
A8 goes through sticking domainp andp8. The lengthl is a
lattice periodicity of 0.246 nm. At first, the slip motion of th
tip from sticking domaino, i.e., the EAR of sticking domain
o, is discussed. The zigzag or straight slip motion of the
corresponds to a jump of the tip to the sticking domainp or
o8, respectively. The condition that the tip jumps to the stic
ing domainp or o8 is determined by which sticking domain
p or o8, is closer to the slip place, because of the attract
force from the sticking domain to the tip during the sl
motion.30 So, depending on whether the scan line loca
below scan lineB or not, the tip takes a straight or zigza
motion, respectively. Here, scan lineB goes through the
cross point of the edge of EAR and the bisector of theo-p
and o-o8 lines. The cross point is represented by a sm
open circle. Then, the slip motion of the tip from stickin
domainp is discussed. The zigzag or straight slip motion
the tip corresponds to jump of the tip to the sticking doma
o8 or p8, respectively. The condition that the tip jumps to t
sticking domaino8 or p8 is determined by which sticking
domain,o8 or p8, is closer to the slip place. So, depending
whether the scan line is located above scan lineC or not, the
tip takes a straight or zigzag motion, respectively. The s
line C goes through the cross point of the edge of EAR a
the bisector of thep-p8 andp8-o8 lines. Thus, in one period
of ()/2)l for the slow-scan direction, the slow-scan wid
of the straight stick-slip motion is the summations of t
distances from scan lineA to scan lineB and from scan line
C to scan lineA8, which is equal to the effective adhesiv
radius ~radius of EAR! r. So, the slow-scan width of the
zigzag stick-slip motion is ()/2)l 2r .

Our previous study30 made clear that by increasing th
load, the r increases. As a result, the slow-scan width
straight stick-slip motion increases, while the slow-sc
width of the zigzag stick-slip motion ()/2)l 2r decreases,
by increasing the load. Figure 6~a! shows the low load case
that r is small, while Fig. 6~b! shows high load case thatr is
large. By comparing Figs. 6~a! and 6~b!, the appearance fre
quency of the zigzag motion of the tip, i.e., the slow-sc
width of the shared force boundary~distance between the
scan-linesB and C! decreases with the increase of loa
which well describes the change from Figs. 1~b!–1~d!.
Therefore, the load dependence of the EAR explains the
crease of the appearance frequency of the straight stick
motion of the tip and resulting decrease of the appeara
frequency of the zigzag stick-slip motion, by increasing t
load.

C. Load dependence of effective adhesive radius

We qualitatively explain the load dependence of the
fective adhesive radius using an interaction potential
tween a single-atom tip and monolayer surface correspo

e
a

-
ing



Closed

in which
spring
l
nd
arged

4914 PRB 58FUJISAWA, YOKOYAMA, SUGAWARA, AND MORITA
FIG. 7. ~a! A simple one-dimensional model of a frictional force microscope with a single-atom tip and atomically flat surface.
circles represent the center position of the atoms. The sinelike wave shown by a dotted broken line represents the amplitudeD of the
interaction potential between the tip and surface. The dashed line shows the trajectory of the tip over the surface by the scanning.~b! shows
the relation of the effective adhesive distance and amplitude of the interaction potential. The left and right figures show two cases
the amplitude of the interaction potentialD is small and large, respectively. The bottom part shows the summation of the cantilever
potential~top part! and the interaction potential between the tip and the surface~middle part!. ~1!–~4! represent the evolution of the tota
potential by the scanning from~1! to ~4!. ~c! shows two cases of Lennard-Jones potentialW(z) when the tip atom is above the places on a
between the surface atom, as a function of the distanceZ between the tip and surface in repulsive force region, which corresponds to enl
figure of the shaded area of the inset graph.
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ing to a simple one-dimensional model of the frictional for
microscope, as shown in Fig. 7~a!. Firstly, we explain that
effective adhesive radius depends on the amplitude of
interaction potential by using energy minimization in a to
potential model, in the next subsection. Then, the load
pendence of the potential amplitude is explained by
Lennard-Jones potential between the tip and surface at
in Sec. III C 2.

Since the single-atom tip is used, the discussion regar
this model is limited to the behavior of single-atom frictio
and practical single-atom friction such as two-dimension
coherent or commensurate friction between the layered
e
l
e-
e
s,

g

y
a-

terial surface and its flake stuck to the tip, where we assu
that the tip would move in similar way to the single-ato
tip.28,32

1. Relation between the effective adhesive radius
and the amplitude of the interaction potential

Figure 7~b! shows the total potential model of Fig. 7~a!. In
this one-dimensional model, the effective adhesive rad
corresponds to the scanning distance required to cause th
slip from the center of the sticking domain. We refer to th
distance as the effective adhesive distance. The effec



-s
by
a
he
i-

an
ca
d
th
th
tiv
ge

es
k
he
n

sh
m
n
e-

es
ow
tip
it

al

io
d

an

i
e
n
m

fa

-

s
es

el
ce
ince

is
ive
a

cale
ur-
nal
he
ice
ad.
hat
g
in-
in

ance
ses
en-
ad

d to
de.
del

-
M
of

nd
of
of
by
f

his
ora-

PRB 58 4915ANALYSIS OF EXPERIMENTAL LOAD DEPENDENCE . . .
adhesive distance is estimated by considering one stick
process of the tip with the evolution of the total potential
the scanning. The total potential is a summation of the c
tilever spring potential and the interaction potential with t
lattice periodicity. In the total potential model, the tip pos
tion corresponds to one of the local minima,1,2,11–16,36–38,44,45

which is represented by the closed circle.
State ~1! in Fig. 7~b! represents the state that the sc

point locates at the center of a sticking domain. The s
point, which is represented by the vertical dashed line, in
cates the basal position of the tip atom by the center of
parabola representing the cantilever spring potential. By
scanning, the scan point moves to the right, i.e., the rela
position of the cantilever spring and the surface chan
from ~1! to ~4! gradually. As the total potential evolves to~2!
and ~3!, the local minimum where the tip stuck becom
shallower. At ~4!, the local minimum where the tip stuc
from ~1! to ~3! disappears. It makes the tip jump or slip to t
nearest local minimum. Thus, the effective adhesive dista
corresponds to the scanning distance from~1! to ~4!, which is
represented by the distance between the two vertical da
lines. By comparing two cases with the small and large a
plitudes of the interaction potential, as shown in the left a
right hands in Fig. 7~b!, the effective adhesive distance b
comes larger as the amplitude increases.

It should be noted that by the evolution from~1! to ~4!
during the stick, the local minimum of the tip position mov
gradually along the scanning direction. This small and sl
motion of the tip corresponds to the gentle motion of the
in the sticking domain, and gives a sticking domain a defin
extent.

2. Load dependence of the amplitude of the interaction potenti

The amplitude, i.e., the periodic change of the interact
potential with the lattice periodicity is qualitatively explaine
by the difference of the distance between the tip atom
surface atom. As shown in Fig. 7~a!, the tip surface distance
of p (5z), where the tip atom is above the surface atom
shorter thanq, where the tip atom is above the place betwe
the surface atoms. So, based on the Lennard-Jones pote
the potential value between the tip and surface ato
changes depending on the tip position relative to the sur
atoms, as shown in Fig. 7~c!. This difference ofD makes the
potential amplitude with the lattice periodicity.1,2,12,37The D
increases fromD(Z1) to D(Z2), by decreasing the tip sur
ci

er

J

.

lip

n-

n
i-
e
e
e
s

ce

ed
-

d

e

n

d

s
n
tial,
s

ce

face distance fromZ1 to Z2 due to the increase of the load, a
shown in Fig. 7~c!. Thus, the potential amplitude increas
by increasing the load.

We mention that in the two-dimensional stick-slip mod
a sticking force or attractive force works to the tip. The for
between the tip and the surface is, however, repulsive, s
the tip and the surface are in contact. This contradiction
explained by the fact that the weak place in the repuls
force distribution with the lattice periodicity appears to be
pseudoattractive place.

IV. CONCLUSION

We investigated the load dependence of an atomic-s
friction between a single asperity tip and atomically flat s
face of graphite experimentally, by using a two-dimensio
frictional force microscope. As a result, we found that t
slip signal, which constructs the force boundary of the latt
periodicity image, changes drastically by increasing the lo
From the load dependence of the slip signal, we found t
the tip gradually moves while the tip sticks to the stickin
domain. The extent of the sticking domain decreases by
creasing the load. At low load region the sticking doma
seems to cover the whole surface. Further, the appear
frequency of the zigzag stick-slip motion of the tip decrea
by increasing the load, which is explained by the load dep
dence of the effective adhesive region. The origin of the lo
dependence of the effective adhesive region is attribute
the load dependence of the surface potential amplitu
These results are explained by the simple potential mo
between the tip and surface atoms.
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