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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 regiofS0163-182@08)02031-1

[. INTRODUCTION in order to compensate for the slo@ direction drift. A
cleaved(000]) surface of graphit¢PGCCL was used as an
Friction always occurs at the sliding interface of two sol- atomically flat sample surface, because it consists of only
ids in contact. Since the friction is not only very important in carbon atoms. The lattice structure exhibits threefold sym-
technology but also a very interesting issue in science, itsnetry with a lattice constant of 0.246 nm. As the AFM can-
mechanism has been investigated by many researchers fotigver, we used a rectangular microcantiléVehat is made
long time. To understand the basic mechanism of the fricof SiN,. The radius of curvature on the sharp tip apex is
tion, atomic-scale friction with a simple system, such as am~20 nm. The tip height is 2.&%m. The length, width and
atomically flat surface and a single asperity, has been exhickness of the cantilever are 100, 40, and (8, respec-
plored in the past decade, both in numerous theoreticaively. The assumed elastic modulus and poisson ratio for the
studiest*” along with the recent development of the com- cantilever are 1.48 10'* N/m and 0.25, respectively. The
puted simulation, and in many experimental stutfig€ by  calculated spring constants of the deflection and torsion of
using a frictional force microscop&2°0n the other hand, as the cantilever ard,=0.75 andky=550 N/m, respectively.
is pointed out by theoretical studi&$,load is one of the To investigate the load dependence of frictional force, we
most important parameters for the friction, which is deeplyincreased the load step by step from 22-t827 nN, and at
related to the mechanism of the friction. Thus, the experieach load we measured the frictional force image with the
mental load dependence of atomic-scale friction should beaster scan. The raster scan size is<IL3 nm. The raster
investigated in more detail. scan rate was set at21 nm/s for the fast line scan anebl
From our recent study on an atomic-scale friction betweempm/s for the slow scan. The raster scan consists of 256 fast
the single asperity and atomically flat surface by using thdine scans. One of the lattice direction of the graphite surface
two-dimensional2D) frictional force microscop€D FFM), was set to be parallel to theé direction, i.e., fast line-scan
we found the two-dimensional discrete friction with the lat- direction. Soon after the cleavage of the graphite surface,
tice periodicity. This phenomenon is explained by the two-measurements were performed in air at room temperature.
dimensional stick-slip modéf~33 The load dependence of
this two-dimensional discrete friction has not, however, been Il. RESULTS AND DISCUSSION
adequately investigated. Therefore, in the present paper, we _ o
investigate and analyze the load dependence of the twoA. Load deper_1dence qf force bo_undary_ |n_tr_1e frictional force
dimensional discrete friction in detail. image with the lattice periodicity
Figures 1a)—1(d) show typical images offy /ky (left) and
fy/ky (right) at the loads of 22, 44, 91, and 327 nN, respec-
tively. The lattice periodicity of the graphite surface appears
By using a home-built atomic-force microscop&FM) in all of the images. Besides, by increasing the load, the
(Refs. 31 and 3% which works as a 2D FFM, we measured pattern of the unit cell with the lattice periodicity changes
the displacementsf{ /ky,fy/ky) of a single asperity tip of drastically.
AFM cantilever, by the raster scan. These displacements are In order to characterize the drastic change of the unit-cell
caused by the two-dimensional frictional force vectorpattern inthe images further, we focus on “force boundary,”
(fx fy) between the tip and an atomically flat surfakg.  where the brightness changes rather sharply. At the load of
andky are the spring constants of the AFM cantilever. Here22 nN, in thefy/ky image the vague force boundary indi-
we defineX andY directions as across and along the canti-cates a dim triangular shape pattern toward Yhgirection.
lever, respectively. ThXY plane is parallel to the atomically In the fy/ky image the vague force boundary seems to show
flat surface. TheZ direction is normal to the atomically flat a dim honeycomb pattern. By increasing the load up to 44
surface. We used a weak feedback control inZhdirection  nN, in both fy/ky and fyx/kyx images the force boundary

Il. EXPERIMENTAL SETUP
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g —x straight line in theY direction. By comparison with the pat-

3 tern at 91 nN, the trapezoid pattern is completely flattened.
E v In the fy /ky image the force boundary shows a nearly rect-
® st Tnescan angular pattern.

By comparing the force boundary of thg /ky image
with that of fy /ky, we found that all of the force boundaries
in the fy /ky image are shared with those in thg/ky image.

A typical part of this shared force boundary is roughly
pointed out by a white line in théy/ky image. The pattern

of this shared force boundary is flattened from a triangular
wave to a straight line by increasing the load. This flattering
corresponds to decreasing of the slow-scan width at this
shared force boundary, which is indicated by the small ar-
rows on the left side of thé, /ky image. Here, the slow-scan
width means the width or length for the slow-scan direction.
On the other hand, the rest of the force boundary in the
fy/ky image, which appears only in the /ky image, is a
nearly straight line along the slow-scan direction. The
straight line distributes with the lattice periodicity. By in-
creasing the load, the length, i.e., the slow-scan width of the
nearly straight lines, increases, resulting from the decrease of
slow-scan width of the shared force boundary.

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

We mention that the observed load dependence of the
lattice periodicity image agrees qualitatively with the com-
puter simulated results, which assumes single-atom friction,
performed by Sasaki and co-workéfs’3Thus, the experi-
mental result seems to be explained qualitatively by the
single-atom friction model. Also, the observed pattern
change of the unit cell with the lattice periodicity seems to
agree with the model of Kerssemakers and De Ho$3dh,
we assume that the magnitude of the frictional force in-
creases with increasing load.

With the load from 22 to 327 nN, the contact area be-
tween the tip and graphite surface would be roughly made of
more than several tens of atoms to several thousands of at-
oms, under the assumption that the strength of single cova-

FIG. 1. Typical images of atomic scale friction at loads(af  lent bond is of the order of 10 N.***' Thus, to realize a
22, (b) 44, (c) 91, and(d) 327 nN, by the raster scan. Left and right two-dimensional stick-slip motion of the tip under the con-
are thefy /ky andfy /ky images, respectively. The white line in the tact area of several thousands of atoms, we deduce that the
fx/kx image indicates the typical part of a shared force boundangraphite surface and its cleaved flake stuck to the tip generate
with the fy /ky images. two-dimensionally coherent or commensurate facial friction

with the lattice periodicity of graphite, where the tip behaves

becomes sharp and clear. In thig/ky image, the force like a single-atom tig?28:32
boundary shows a nearly triangular shape towardthob-
rection. In thefy/ky image the force boundary shows a
nearly honeycomb pattern. By increasing the load up to 91
nN, in thefy/ky image the force boundary shows a nearly
trapezoid pattern in th¥ direction. By comparing with the In order to study the mechanism of the observed load
pattern at 44 nN, the top of the triangle appears to be redependence of the force boundary in more details, we inves-
moved or flattened. In thé, /ky image the force boundary tigated all the fast line-scan data in all the experimental im-
shows a deformed hexagon. By increasing the load up to 32d@ges. As a result, we found that the force boundary is formed
nN, in the fy/ky image the force boundary shows a nearlyby the slip signals, which is caused by the two-dimensional

B. Load dependence of atomic-scale friction
with the lattice periodicity
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FIG. 2. Typical square-wave signals in ttig/ky images at FIG. 3. Typical sawtooth signals in tHe /ky image at the loads

loads of (a) 22, (b) 44, (c) 91, and(d) 327 nN. These data corre- of () 22, (b) 44, (c) 91, and(d) 327 nN. These data correspond to
spond_to Ilnes_ |nd_|cated by large arrows on the left sides of th@jnes indicated by large arrows on the right sides of fheky
fx/kyx images in Fig. 1. images in Fig. 1.

stick-slip motion of the tif833Thus, it is suggested that the slip signal by increasing the load, we expect that the extent
slip signal depends on the load. of the sticking domain should decrease by increasing the
Then, by investigating all the slip signals in all the im- load. _ _ o
ages, we found that the increase of sharpness and clarity of The sticking domain can be estimated by a spatial distri-
the force boundary in the image corresponds to an increaddtion of the tip position by the raster scan. The spatial dis-
of the sharpness and amplitude of the slip signal, which wdribution can be reconstructed from experimental data by
discuss in the next subsection. Besides, we found that thgonverting the frictional force signals to the displacement of
decrease of the slow-scan width of the shared force boundaf€ tip, based on the method introduced by Kawakatsu and
corresponds to a decrease of the appearance frequency w itd'* 516 43'1(51 _ Hdscher, ~ Schwarz and  Wiesen-
synchronized slip signal in th /ky and fy /ky images due danger:>*®**%Figures 4a)—4(d) show the spatial distribu-
to zigzag stick-slip motion of the tip, which we discuss in tions of the_tlp position at the loads of.22, 44, 91, and 327
Sec. B 2. nN, respectively. These maps are obtained from correspond-

ing images shown in Fig. 1. The tip position is indicated by
the dot, where the existence frequency of the tip is indicated
by the darkness. At a load of 22 nN, the distribution of the
Figures 2a)—2(d) show slip signals of typical fast line- tip position is rather continuous and extends to the whole
scan data in théy /ky image at loads of 22, 44, 91, and 327 surface, although it seems to be a little concentrated with the
nN, respectively. These data correspond to lines in the imlattice periodicity. This result suggests that the tip moves
ages in Fig. 1, which are indicated by large arrows on the leftather smoothly without stick-slip motion, although the tip
sides of the images. All of the data show the square-wavenotion has two-dimensionality with the lattice periodicity.
signals with the lattice periodicity. The amplitude of the slip By increasing the load up to 44 nN, the distribution of tip
signals increases by increasing the load. Furthermore at thgosition becomes rather discrete with a clear lattice period-
load of 22 nN, the slope of the slip signals is not so sharp agity, which suggests a two-dimensionally discrete friction
those at 44, 91, and 327 nN, so that the wave form seems twith the lattice periodicity. This discretely concentrated area
be rather rounded. of tip position corresponds to the sticking domain. This
Figures 3a)—3(d) show the slip signals of typical fast change of the sticking domain distribution from continuous
line-scan data in thé,/ky image at the loads of 22, 44, 91, to discontinuous by increasing the load seems to be similar
and 327 nN, respectively. These data correspond to lines ito the change fromatomistic lockingto dynamic locking
the images in Fig. 1, which is indicated by arrows on thewhich is theoretically predicted by Hirano and Shifj8y
right sides of the images. All of the data show sawtoothincreasing the load by more than 44 nN, the extent of the
signals with the lattice periodicity. The amplitude of the slip sticking domain decreases as we expected® On the
signals increases by increasing the load. Furthermore, at thather hand, even in the sticking domain the tip does not stick
load of 22 nN, the slope of the slip signals is not as sharp asompletely but moves gradually. Further, the rather smooth
those at 44, 91, and 327 nN, so that the wave form seems tootion at the load of 22 nN could be interpreted such that
be rather rounded. On the other hand, at 22 and 44 nN theme sticking domain extends to the whole area of the surface.
slope of the sticking signal is not as steep as those at 91 and By comparing the typical fast line-scan data with the ob-
327 nN. tained tip position map, we conjecture that the round-shaped
The amplitude of the slip signal corresponds to the slipwaves in both square-wave and sawtooth signals at 22 nN
distance of the tip between the stick points, according to thehown in Figs. 2a) and 3a) correspond to the smooth mo-
two-dimensional stick-slip model. So the measured slip distion of the tip. Further, the gentle slope of the sticking signal
tance should be smaller than the lattice constant of 0.246 nnin the sawtooth signal at 44 nN shown in FigbBseems to
at least at a load smaller than 91 nN. This is not consistentorrespond to the gradual motion of the tip in the sticking
with the assumption that the stick point is a point and slipdomain.
distance is just the lattice constant in the simple two- There is a possibility that a part of the observed motion of
dimensional stick-slip model. Therefore, we conjecture thathe tip is due to the lateral deformation of tip-sample contact
the assumed stick point should not be a point but a regionr lateral bending of the tif®*’ The contribution of the lat-
with a definite extent. We refer this region as a ‘“sticking eral deformation or lateral bending is smaller than the actual
domain.” Further, from the increase of the amplitude of thetip motion. This is suggested from the result in Fig. 4 that the

1. Load dependence of sticking domain with a definite extent
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FIG. 4. Tip position maps at loads () 22, (b) 44, (c) 91, and(d) 327 nN. These maps are converted from fthéky andfy /ky images
shown in Fig. 1. The frame corresponds t0>166 nm. A model of the straight and zigzag stick-slip motion of the tip is also superposed
by the small arrows irfc).

observed tip motion becomes smaller, while the lateral detional force data shown in Fig. 1, as a function of the load.
formation and bending should be larger, with the increase oThree vertical thick bars and a d@erg shows experimental
the frictional force by increasing the load. results at 44, 91, 122, and 327 nN, respectively. H&/#/,
2)X0.246 nm=0.213 nm is the periodicity of the shared
2. Transition from two-dimensional to one-dimensional frictions  force boundary toward slow-scan direction, which is the or-

By investigating all the slip signals in all the images, we thography of the lattice periodicity for slow-scan direction.
found that the shared part of the force boundary with theBy increasing the load from 44 to 122 nN, the appearance
fy/ky andfy /ky images is formed by synchronized slip sig- frequency of the zigzag stick slip decreases almost linearly,
nal appearing both in thé,/ky and fy/ky images. This which is indicated by dark area. Further, the dark area sug-
synchronized slip signal is caused by the slip motion of thegests the area of a possible two-dimensional state where the
tip, which has bothX and Y components, i.e., the zigzag zigzag motion, i.e., the two-dimensional motion of the tip,
stick-slip motion of the tip between the two rows of the may appear. On the other hand, the rest of the area suggests
sticking domain. A model of the zigzag stick-slip motion of the area of possible one-dimensional state where the straight
the tip that is indicated by the small arrows is superposed imotion, i.e., one-dimensional motion of the tip may appear.
the spatial distribution of the sticking domain shown in Fig. Therefore, a remarkable transition from two to one-
4(c). It should be noted that the rows of the sticking domaindimensional frictions on an atomic scale appears by increas-
are along theY direction. On the other hand, the rest of the ing the loadt?3738
force boundary in the/ky image is formed by the slip In order to explain the mechanism of decrease of the ap-
signal appearing only in thg, /ky image. This slip signal is pearance frequency of the zigzag stick-slip motion of the tip,
caused by the slip motion that has only theomponent, i.e., we use a model of effective adhesive regi@AR) (Refs.
the straight stick-slip motion of the tip along tiYedirection 29, 30, 32 combined with the two-dimensional stick-slip
through one row of the sticking domain. A model of the model. First, we describe the definition of the EAR. Sec-
straight stick-slip motion of the tip is also superposed in Fig.ondly, we clarify the condition for zigzag and straight stick-
4(c) by the small arrows. Thus, the decrease of slow-scaslip motions of the tip by using the model. Then, using the
width of the shared force boundary corresponds to the ddead dependence of the EAR, we explain the load depen-
crease of appearance frequency of the zigzag stick-slip malence of appearance frequency of the straight and zigzag
tion of the tip, which results from the increase of the appearstick-slips of the tip. We mention that the frictional force
ance frequency of the straight stick-slip motion of the tip. data shown in Figs. 1-3 present the data just from the be-

As shown in Fig. 5, averaged appearance frequency of thginning of the fast line-scan including the onset region, i.e.,
zigzag stick-slip motion of the tip is estimated from the fric- the absolute magnitude of frictional force, which is essential
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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 thick bars.
Shaded area indicates estimated two-dimensional state where the zigzag motion, i.e., the two-dimensional motion of the tip, appears.
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=X fast line scan. So, the slip place is the cross point of scan line
and edge of EAR. By the slow scan, the slip place moves on
Y the edge of the EAR, since the scan line moves in Xhe
P fast line-scan , direction.
scan-line A’ )2 ot We make clear the condition for zigzag and straight stick-
-

@) §

straight iy slip motions of the tip by using the EAR combined with the

motion

two-dimensional stick-slip model, as shown in Fig. 6. We
focus on one period for the slow-scan direction from scan
line Ato scan lineA’, which has a distance of/§/2)I. Here,
scan lineA is through the sticking domaimando’. Scan line
A’ goes through sticking domamandp’. The lengthl is a
lattice periodicity of 0.246 nm. At first, the slip motion of the
tip from sticking domairp, i.e., the EAR of sticking domain
-X 0, is discussed. The zigzag or straight slip motion of the tip
corresponds to a jump of the tip to the sticking domaior
% o', respectively. The condition that the tip jumps to the stick-
» Tast line-scan i ing domainp or o’ is determined by which sticking domain,
scan-line 4* " ol T p or o', is closer to the slip place, because of the attractive
\ e,  sraight force from the sticking domain to the tip during the slip
/ W motion OO motion®° So, depending on whether the scan line locates
) below scan lineB or not, the tip takes a straight or zigzag
motion, respectively. Here, scan lir® goes through the
cross point of the edge of EAR and the bisector of thp
and 0-0’ lines. The cross point is represented by a small
open circle. Then, the slip motion of the tip from sticking
domainp is discussed. The zigzag or straight slip motion of
] ] ) ] ) . the tip corresponds to jump of the tip to the sticking domain
FIG. 6. EAR combined with the two-dimensional stick-slip v oy ' respectively. The condition that the tip jumps to the
model. The sticking domain and a part of its own effective adheswesticking domaino’ or p’ is determined by which sticking
region are represented by the concentric small filled circle and omain,o’ or p', is closer to the slip place. So, depending on
part of a large dark circle, respectivel®) shows the low load case Whethe} the scén line is located above sc;andj‘trmf not. the
in which the effective adhesive radiuss small, while(b) shows . . . . . !
tip takes a straight or zigzag motion, respectively. The scan

the high load case in whichis large. By comparinga) and(b), the . .
appearance frequency of the zigzag motion of the tip, i.e., the S|OV\)—me C goes through t,he cro§s [’)o]nt of the ec!ge of EAR and
e bisector of th@-p’ andp’-0’ lines. Thus, in one period

scan width of the shared force boundary, decreases with increasiﬁB{ o A -
of (v3/2)l for the slow-scan direction, the slow-scan width

load.
of the straight stick-slip motion is the summations of the
for the EAR. as shown on Refs. 29 30. and 32. distances from scan lin& to scan lineB and from scan line

The EAR is defined by the area of the scan point when th& {0 scan lineA’, which is equal to the effective adhesive
tip sticks in its sticking domain. The scan point means thd@dius (radius of EAR r. So, the slow-scan width of the
basal position of the tip under the assumption that the disZ1922g stick-slip motion is\3/2)l —r. _ _
placements of the cantilever spring for ti@ndY directions Our previous study made clear that by increasing the
are zero. In Fig. @), for example, the sticking domamand Ioad_, ther_lncrefases. As a result, the sl_ow—scan width of
a part of its own EAR are represented by a concentric smafftraight stick-slip motion increases, while the slow-scan
filled circle and a part of a large dark circle, respectively. Width of the zigzag stick-slip motionv3/2) —r decreases,
Here, to simplify the discussion, the shape of sticking do-PY increasing the load. Figurea@ shows the low load case
main and the EAR is assumed to be a circle, whose radius i&atr is small, while Fig. o) shows high load case thais
r. The vector from the tip position in the sticking domain to large. By comparing Figs.(6) and Gb), the appearance fre-
the scan point represents the restored force of the cantilev@€NCy of the zigzag motion of the tip, i.e., the slow-scan
spring. On the other hand, the vector from the scan-point t&Vidth of the shared force boundafdistance between the
the tip position represents the sticking force due to the stickS¢@n-linesB and C) decreases with the increase of load,
ing domain, whose maximum is represented by the edge d¥hich well describes the change from Figstbj:-1(d).
EAR. So, when the scan point locates in the EAR, the twol herefore, the load dependence of the EAR explams fthe in-
forces acting to the tip balances, which suggest that the tip i§"€ase of the appearance frequency of the straight stick-slip
still sticking to the sticking domain. When the scan point,motion of the tip and resulting decrease of the appearance
however, steps out of the edge of EAR by the fast line scarfréduency of the zigzag stick-slip motion, by increasing the
the tip slips from its sticking domain to the next sticking load.
domain, since the force of the cantilever spring overcomes
the maximum sticking force. Therefore, we refer to this po-
sition of the scan point as the “slip place.” By the fast line  We qualitatively explain the load dependence of the ef-
scan, the trace of the scan point makes a line, namely, fective adhesive radius using an interaction potential be-
“scan line,” which is represented by the solid line along thetween a single-atom tip and monolayer surface correspond-
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C. Load dependence of effective adhesive radius



4914 FUJISAWA, YOKOYAMA, SUGAWARA, AND MORITA PRB 58

scanning ©)
(a) EEE—— between on the atoms
V4 W(Z) | the atoms WZ
til i l \
cantiever spring Lennard-Jones potential
tip atom XY 3
T interaction potential with

the lattice periodicity [

T S

el <

7 graphite surface
N
f i 1
| —
0 Z2 1 q-p z
high load  low load
®)
effective adhesive distance effective adhesive distance
scan
1) 5 _ 4 OH——»

cantilever spring
potential

L N

\:/\:/\/xéy,"iﬂ : with ;.tle fatticel ! \/\/\/\ZS;ZIA

| small periodicity — large

(O]

scan

/ @ total potential
scan
/ .

scan

(O]

FIG. 7. (a) A simple one-dimensional model of a frictional force microscope with a single-atom tip and atomically flat surface. Closed
circles represent the center position of the atoms. The sinelike wave shown by a dotted broken line represents the anoplitugle
interaction potential between the tip and surface. The dashed line shows the trajectory of the tip over the surface by the(scahaing.
the relation of the effective adhesive distance and amplitude of the interaction potential. The left and right figures show two cases in which
the amplitude of the interaction potentialis small and large, respectively. The bottom part shows the summation of the cantilever spring
potential(top par} and the interaction potential between the tip and the surfiaiddle par}. (1)—(4) represent the evolution of the total
potential by the scanning frofl) to (4). (c) shows two cases of Lennard-Jones potemiét) when the tip atom is above the places on and
between the surface atom, as a function of the distaraetween the tip and surface in repulsive force region, which corresponds to enlarged
figure of the shaded area of the inset graph.

ing to a simple one-dimensional model of the frictional forceterial surface and its flake stuck to the tip, where we assume
microscope, as shown in Fig(gj. Firstly, we explain that that the tip would move in similar way to the single-atom
effective adhesive radius depends on the amplitude of thgp.2832
interaction potential by using energy minimization in a total
potential model, in the next subsection. Then, the load de-
pendence of the potential amplitude is explained by the
Lennard-Jones potential between the tip and surface atoms,
in Sec. Il C 2. Figure 1b) shows the total potential model of Fig.aJ. In
Since the single-atom tip is used, the discussion regardinthis one-dimensional model, the effective adhesive radius
this model is limited to the behavior of single-atom friction corresponds to the scanning distance required to cause the tip
and practical single-atom friction such as two-dimensionallyslip from the center of the sticking domain. We refer to this
coherent or commensurate friction between the layered matlistance as the effective adhesive distance. The effective

1. Relation between the effective adhesive radius
and the amplitude of the interaction potential
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adhesive distance is estimated by considering one stick-sliface distance fronZ, to Z, due to the increase of the load, as
process of the tip with the evolution of the total potential by shown in Fig. Tc). Thus, the potential amplitude increases
the scanning. The total potential is a summation of the canby increasing the load.
tilever spring potential and the interaction potential with the We mention that in the two-dimensional stick-slip model
lattice periodicity. In the total potential model, the tip posi- a sticking force or attractive force works to the tip. The force
tion corresponds to one of the local minih#al1-16:36-384445  hetween the tip and the surface is, however, repulsive, since
which is represented by the closed circle. the tip and the surface are in contact. This contradiction is
State (1) in Fig. 7(b) represents the state that the scanexplained by the fact that the weak place in the repulsive
point locates at the center of a sticking domain. The scafforce distribution with the lattice periodicity appears to be a
point, which is represented by the vertical dashed line, indipseudoattractive place.
cates the basal position of the tip atom by the center of the
parabola representing the cantilever spring potential. By the V. CONCLUSION
scanning, the scan point moves to the right, i.e., the relative
position of the cantilever spring and the surface changes We investigated the load dependence of an atomic-scale
from (1) to (4) gradually. As the total potential evolves (@) friction between a single asperity tip and atomically flat sur-
and (3), the local minimum where the tip stuck becomesface of graphite experimentally, by using a two-dimensional
shallower. At(4), the local minimum where the tip stuck frictional force microscope. As a result, we found that the
from (1) to (3) disappears. It makes the tip jump or slip to the slip signal, which constructs the force boundary of the lattice
nearest local minimum. Thus, the effective adhesive distanceeriodicity image, changes drastically by increasing the load.
corresponds to the scanning distance fidirto (4), whichis ~ From the load dependence of the slip signal, we found that
represented by the distance between the two vertical dash&@e tip gradually moves while the tip sticks to the sticking
lines. By comparing two cases with the small and large amdomain. The extent of the sticking domain decreases by in-
plitudes of the interaction potential, as shown in the left andcreasing the load. At low load region the sticking domain
right hands in Fig. ®), the effective adhesive distance be- sSeems to cover the whole surface. Further, the appearance
comes larger as the amplitude increases. frequency of the zigzag stick-slip motion of the tip decreases
It should be noted that by the evolution frofh) to (4) by increasing the load, which is explained by the load depen-
during the stick, the local minimum of the tip position moves dence of the effective adhesive region. The origin of the load
gradually along the scanning direction. This small and slondependence of the effective adhesive region is attributed to
motion of the tip corresponds to the gentle motion of the tipthe load dependence of the surface potential amplitude.

in the sticking domain, and gives a sticking domain a definiteThese results are explained by the simple potential model
extent. between the tip and surface atoms.
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