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Friction mechanisms of graphite from a single-atomic tip to a large-area flake tip
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The frictional mechanisms of graphite derived from a single-atom tip and a graphite flake tip are system-
atically studied. The frictional forces in both cases are approximately proportional to the loading force because
of significant deformation of the graphite surface. For “atomic frictisimgle-atom tip,” the effect of water
on the loading force is discussed. The deformation and effective lateral stiffness of the graphite surface under
ambient conditions are evaluated using the “extended Hertz model.” A single-atom tip attached to the macro-
scopic tip gives interpretations of atomic resolution of frictional force maps even under high loading condi-
tions. For “flake friction (flake tip),” the graphite flake moves on graphite such that the stacking of graphite
layers is maintained. In this case, the frictional coefficient anng[nmgO] direction of the graphi{@®001)
surface is estimated to be approximately 0.001. The anisotropy of the frictional force as a function of the
pulling direction is also shown.
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I. INTRODUCTION Il. EXPERIMENT AND SIMULATION

Since Mateet al? discovered the nanoscale periodic fric- enéé:]rapmetiiubf;ra;ﬁewa: ([:)Ireeai)vaergd ?g ﬂﬁgv;gig'g\mz c;rr;—
tional force map of a graphite surface using a tungsten tip in pyrolytic graphite. grap

- . . area of 1 mm square and a thickness of several micrometers
1987, many studies on atomic-scale friction have been con- q

ducted experimentally and theoretically. However, until now,\rl]vs(fulélseOLIJ'nﬁg;rgalrglg?i\llzter:jrl]:gigeSo}lvf)reelzomegégegtSr'(r)nour:;[a'
the periodic frictional-force map presented by Matel. has y Y )

. . _.femperature using a commercially available instrument
not been reproduced. In contrast, atomic-scale perlod|{: ;
frictional-force maps different from that presented by Mate Seiko Instruments Inc., SPI-3700’he scan speed was 0.13

e al have been) expermentaly reporid and anabeef, KeCUar slcon cantiyers i el s or
by other group$~® Experimentally, these frictional-force : :

as the position at which the cantilever is not bent. The fric-

-9 . .
”?ap§ were almost the same but_thelr !nterpr_etatlon_s Wel%ional forces were calibrated by using the method of Meyer
different. At present, theoretical simulation using a tip, on

. ; . o t al.
top of which a single atom is attached, is in good agreemen?

. . oo The simulation for atomic friction was performed by
V.V'th experimental dat".’" indicating that the top of the prObescanning the single-atom tip connected with the cantilever
tip stays for a long time on the hollow sit@enter of a

! b ina in the first surf I f hit spring on a graphite monolayer surface. The model of the
six-carbon ring in the first surtace qyem a graphite sur- graphite monolayer surface consists of 600 carbon atoms and
face. However, the simulated loading force=1 nN) is

i 271 hexagons. The lattice constant of graphite is assumed to
about two or three orders of magnitude smaller than the eXz . 1 4151 & The details of the model have already been de-
perimental one 100 nN)#~® Thus, the origin of the peri- ' ,

; ; : i 14-6
odic frictional-force maps obtained on graphite has IackedScrIbGd in the previous works by Sasakial:
coherence and has remained unclear for more than a decade.
Therefore, in this paper, the following three points are
mainly discussed. First, for atomic friction, the load depen-
dence of frictional-force maps and frictional force is pre- A. Frictional-force maps

sented. Then the effect of water on the loading force, surface _. . . -
. ) . . o Figure 1 shows the experimental and simulated frictional-
deformation, and effective lateral stiffness is clarified. The,

) . M v
importance of surface deformation is discussed in order tcf)orce maps for two different loading forces. andF arex

explain atomic resolution. Effective lateral stiffness is evalu-andy components of lateral forces, obtained by scanning the

ated. Second, for flake friction, general features of the:“p along thex direction, as shown in Fig. 1. As illustrated in

: . 7 ;
atomic-scale movement of a graphite flake are discussed ef€ right part of F'gz' 1, the loall , comprised 2f the short-
perimentally and systematically. Third, the transition fromange componenks, and the long-range onk;, can be
atomic friction (derived from the single-atom tipto flake  9/Ven as

friction (derived from the flake tipis clarified. The anisot-

ropy of the frictional force as a function of the pulling direc-

tion is also shown. Fi=F&+Fi. (1)

I1l. ATOMIC FRICTION
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stick-slip motion do not always exist for the lower loading
force (F{ =—4 nN), as shown in scan ling in Fig. 2.

This feature corresponds to the results of no energy dissi-
pation obtained theoretically by Tomargt al! However,
this does not necessarily mean that the frictional force during
the scan is zero, even though the mean frictional force be-
comes zero. Here, let us consider the possibility of zero fric-
tional force. When a paired tip is assumed to be scanned, one
tip climbs and the other tip descends the mountain of an
interaction potential, which produces an extremely small
load without energy dissipation. It can be expected that such
a system will exhibit zero kinetic frictional force during qua-

Ti . . . o .
2 sistatic sliding. It is interesting to note that further develop-
F;@Flz ment of this discussion leads to friction between surfaces, as

(a) Experiment Simulation (b) Tip
Fi=-40N  FZ=04nN

direction
Z z
FL or F;r

-n

<
n

<
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Load increases Graphite
F{=00120N  F7=1.20N

——eee e
——
Fy T ———
. — discussed for the Frenkel-Kontorova-Tomlinson systém.
' [ Graphite |
Fx Fx Fi=Fi+ I B. Effect of water on the loading force
0.1nm

Here, it should be noted that, experimental loading forces
in our experiment are much smaller than those reported by
FIG. 1. () The experimental and simulated frictional maps of Fujisawa et al.”® The reason for this is ascribed to the
graphite acting on a tip along the and y directions under the amount of water covering the graphite surface, which makes

constant-force  mode at two different loading forceEf FZ larger than that of Fujisawet al”® FZ | the long-range

. z . . Ir»
= —4 nN(experiment_corresponds toF,=0.4 nNsimulation, oo honent of 2 | strongly depends on the environment, par-
and Ff =0.012 nNexperimenk corresponds td=%,=1.2 nNsimu-

. o ) . ., ticularly the amount of water on the sample surface. There-
lation). (b) Schematic illustration of the tip and surface system Wlthf the effect of wat &2 is di d bel Und
a definition ofF,, Fy,, andF{ comprised ofF{, andFz, . ore the efiect of water of;, IS discussed below. Lnder an

ultrahigh-vacuum condition, when there is no water on the
surface F{. is mainly described by the van der Waals inter-
action force obtained by Goodman and Gartitor the

0.1nm

{ is obtained by calculating the equilibrium position of the

ftlp conS|d_er|ng th? surface stlffness_. TherefE{emp_Ilcnly atomic force microscopéAFM) tip with radius of curvature
includes information on surface stiffness. FirBt, is ob- R in the case of<R. as

tained by theoretical simulation, where the long-range force
is not considered-® Next, F%. , the long-range component of
¢, is comprised of van der Waals and capillary forces.
First, it can be clearly seen that the experimental image pat-
terns are in very good agreement with the simulated onesvhere K=1.41 eV is a universal constant determined by
and change significantly depending on the load. At a loweHoinkes* from experimental He surface scattering data, and
loading force £{ = —4 nN), the zigzag pattern correspond- 8s=0.592 and3;=0.118 are constants related to the dielec-
ing to the C-C bond of the graphite lattice appears. Howeverric constants of the graphite sample and the,Sif respec-
as the load increase${=0.012 nN), this zigzag pattern tively, calculated using the Clausius-Mossotti formula.
vanishes and only the straight pattern parallel to the scan Under ambient conditions, when the sample surface is
direction appears. Subsequently, frictional-force patterns recovered with waterf={. is mainly described by the capillary
main almost constant when the loading fofég becomes force. In this case, the water meniscus is formed between the
larger than 0.012 nN. The reason for this will be discussedip and graphite surface, which produces an attractive capil-

3 R
Fi(UHV)=— ZKBS:BT;l (2

later. lary force,
Figure 2 shows the tip positiofX) as a function of the
y . . . 47yR cosé
lever support positionX) for scan linesA andB. Scan lines Fi (air)=— , (3)
A and B correspond to lines along the hollow sites and the 1+2/R(1—cos¢)

carbon atoms, respectively. The results of experiment arg
clearly in very good agreement with those of the simulation.
At a lower loading force F{=—4 nN in the experiment

. > . . . :
corresponding tcF5,=0.4 NN in the simulatiopy for scan Under liquid conditions, when the amount of water on the
line A, the tip movement is discrete with the periodicity of ¢\, face increases considerakperation of AFM in wate

2.46 A. However, for scan line, the tip movement is  he capillary force mentioned above is greatly reduced. Gar-
smoothly continuous. This is due to the fact that the effective,i; and Bin® have shown that. in the case DER

spring constant within the-y plane for scan lin® becomes

larger than that for scan lind, because, when the tip is 3 R

scanned on scan lirg, the cantilever spring constant has an FZ (wateh=— —K(Bs— B)) Br—= (4)
" 2 Ir 4 sTPIPT S

additional y component. Thus energy dissipations due to z

here 6 and ¢ are the contact and meniscus angles,
respectively® and y=0.07 N/m is the surface tension of wa-
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FIG. 2. The tip position(X) as a function of the lever support positioXg] for scan linesA andB. The tip movement is also shown. For
each line, experimental and simulated results are shown. As the load increases, a considerable change appears in the caseBof scan line

where 8,=0.975 is a constant related to the dielectric con-relative humidity is around 50%, it is sufficient to consider

stant of water. Fi (air) as a long-range interaction force. It should be noted
Figure 3 shows the effect of water &f. for the case of that calculatedF;(air) for z=0.2 nm is about—11 nN,

R=20 nm, the estimated value for the AFM tip used in ourwhich corresponds well to pull-off forceB} . o=—8 nN

experiment. The parametets=0° and ¢=10° are substi- measured in our present experiment.

tuted into Eq.(3) to calculate capillary forcé=,(air). As

shown in Fig. 3F% (air) clearly exhibits the largest attractive C. Deformation of graphite

force. In waterF{, (water) becomes repulsive. Since our ex-  Deformation of graphite under ambient conditions is con-

periment is performed under ambient conditions, where thaidered. In order to discuss the tip-surface contact during the
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FIG. 3. The long-range force as a function of the tip height
under UHV conditionF, (UHV), ambient condition~}, (air), and
liquid condition F{. (water).

scanning process, the microscopic tip attached to the macro

scopic tip is considered, as shown in FigRacro@NdRpmicro
are denoted as the radii of curvature of the macroscopic an
microscopic tips, respectively, hereafter. For the macroscopi
tip, the contact radiug,,¢o DetWeen the tip and the surface
and the deformation of graphitk, ..o under ambient condi-
tions are described using the “extended Hertz model” pro-
posed by Fogden and Whité,

PHYSICAL REVIEW B 69, 075420 (2004

{a) Low Load
F/<0.012nN

(b) High Load
FZ=100nN

(¢) Effective Tip-Surface Distance
Zett

(2) ®)
C

Fz
C L

Load
FIG. 4. The microscopic tip attached to the macroscopic(ép.
For low loading forceF{ , microscopic deformatiod e, is com-
parable to the macroscopic deformatih,.,.. (b) For high loading
force F} , although macroscopic deformatidg,,.., becomes domi-
nant in the macroscopic scale, the effect of microscopic deforma-

1- v3[ (3Fpe™2 B |8 tion dere CONtributes to the atomic resolution of frictional force
Amacro= Es 4 Rmacro image. (c) The effective tip-surface distan@&y as a function of
load F} .
1/3
3Rmacr fye”
_ 13
Qmacro— AE* ! (5) 3RmicroF§r
Amicro—= | =™, —, ) (8
h 4E*
where
pzeff _pz_pz 6 e used. The microscopic tip represents a single-atom tip
L L7 pulloff» with Rpiero=0.2 nm, which is comparable to the bond length
and of carbon or silicon.
Table | shows the deformations and contact radii of the
1_,/% l—y% -1 graphite for both macroscopic and microscopic tips. As
= , shown in Table |, for the low loading condition & = —
E* E E 7 h Table I, for the low load dition 6% =—4
T s

are used® Here Ryqqe= 20 nm. F2¢'" is an effective load-
ing force, including the pull-off forceF,Zm”_oﬁz—S nN,
which is measured in our experiment. Furthermoks,
=1.5x10" N/m? and Eg=2.0x10'"'N/m? are Young
moduli of the SiN, tip and the graphite surface,
respectively® vr=rs=0.3 are typical values of the Poisson
ratio 1

Similarly, for the microscopic tip, the relations

o

1-v3 E*

Es

3F§r
4

Amicro= R
micro

and 0.012 nN, corresponding #;,~0.4 and 1.2 nN, re-
spectively, both the macroscopic and microscopic tips con-
tribute to the deformation of the tip-surface contact. The mi-
croscopic deformatiod,,,;.,, iS approximately as large as the
macroscopic onel.cro- HOwever, macroscopic contact ra-
dii amacro @re ten times as large as microscopic 0888y,
[Fig. 4(@)]. Considering that the microscopic contacts with a
radius ofac,=0.086 and 0.12 nm correspond well to the
atomic bond length, this microscopic contact provides
atomic-scale information. On the other hand, macroscopic
contact with a radius oizc;,c=1 nm does not yield atomic-
scale information but summation of it. It should be noted that
the above microscopic deformatidp,., has the same order

TABLE I. The deformations and contact radii of graphite for both macro- and microscopidtips,and

dmicro @re graphite deformations for macroscopic a

nd microscopic tips, respectygly, and anico are

contact radii for macro- and microscopic tips, respectively.

Macrotip (Rmacro: 20 nm) dmacro Qmacro Microtip (Rmicrozo-znm) dmicro Qmicro
Fi=-4nN 0.016 nm  0.86 nm F=0.4nN 0.016 nm  0.086 nm
F{=0.012 nN 0.025nm 1.1 nm FZ=12nN 0.033nm  0.12 nm

075420
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of magnitude of that evaluated by Sokral,? which is less
than 0.1 nm for the tip height &f=0.25 nm.

For the high loading condition df?=100 nN, the mac-
roscopic tip plays a major role in the deformation of the
tip-surface contact. The deformation by the microscopic tip, g 0
dmicro» does not increase any longer. The reason for that car%_2 dF
be explained as follows: As the tip approaches the surfacet 20 o
further, the graphite surface continues to deform so that the 100 200 100 g N200
effective distance between the microscopic tip and surface Load (nN) Load (oN)

Z.t1, is kept nearly constant, as shown in Fig&)4and 4c). () . Contact Tip Cantilever

This behavior ofz.;; as a function of the initial tip heigtz, Séﬁever

has already been discussed for the atomic force microscop —> W’W
system comprised of a diamond tip and graphite surface. Contact contact up lever

Z.;; decreases negligibly below 2 A even if the actual tip o . .

heightz decreases below 2 A, because the effective spring F'C- - (@ Frictional force as a function of loading force. The
constant corresponding to the interaction force between thB's and black circles indicate the stick-slip amplitudes and the
microscopic tip and the surface becomes sufficiently large. rk'lezr; ;”f:'r?crli,'nfzﬁizai:qu?ecwe@ E.ﬁecwfe lateral St'ﬁnesz

Thus, for both the low and high loading conditions, the “eff g forcéc) The tip-surface system can be

microscopic tip contributes to the true atomic resolution ofdfscr'bedxby the spring model with the spring constanti ;.
' H H H kti ’andkcontact'
frictional-force maps, because the microscopic tip cannot ap-*
proagh the surface be'Iow.the certain tip he@htflzz A, as . SecondK,nact Under ambient conditions is obtained us-
mentioned above. This gives us one explanation why peri- . : .
e . - ing the extended Hertz modéimentioned in the preceding
odic frictional features appear even for a higher Ioadlngsection such as
force. (It should be noted that frictional-force maps having '
the same pattern as in Fig. 1 for the low loading force of KX o (E2eM 18 (pZ _ 2 1/3 10)
F{=0.012 nN are obtained for the high loading force of ffCO“taCt (FC™) (FL=Fhuior) ™ (
FZ=100 nN) Another explanation for the periodic features whereF{*"" is effective loading force considering the pull-
of frictional force maps will be given later in Sec. V A. The off force F,Z)u”_oﬁz —8 nN measured in our experiment.
friction derived from the single-atom tip is called “atomic ~ Thus, substitution of Eq(10) into Eq. (9), explains the
friction,” hereafter. behavior ofk;; in Fig. 5b) in the following two points(1)
Lastly, the following point should be noted: The fact thatk},; monotonically increases as the lo&q increases(2)
frictional-force patterns do not change f6f >0.012 nN, as  When F? finally becomes large enough, the effect of

mentioned in Sec. Il A, can be explained by the unchangei/k§Ontact can be neglected, arid;; can be expected to ap-
able situation of the microscopic contact for the high loadingproach an asymptotic value

conditions, that is to sayg.s=2 A.

'

~
)

g

138 N/m

Force (nN)
[\9)

=X
=Ker

Kat— (15, + 1Ko, o) ~t—37 N/m, (11
D. Effective lateral stiffness where the values ofj;,.,= 650 N/m (torsional stiffness of

Figures %a) and §b) present frictional forcé~, and ef- cant?lever used in our experime)rgtnd kiip=39 N/m (value
fective lateral stiffnes&’; as functions of load? , respec- ©Of SisNa calculxated by Lantzt al: ) are used. This evalu-
tively. As loading forceF? increases, the maximum frictional 2ted value ofke=37 N/m is in good agreement with our

force (solid line increases and approaches the asymptoti€xPerimental value ok5r=38 N/m. Thus the torsional de-
value of=4.2 nN, as shown in Fig.(8). However, the mean formation of the tip and cantilever significantly influence the

frictional force (black circles is quite small, nearly constant. lateral stiffness for a large loaf{ . In particular, the effect
Similarly, as loading forcem? increases, the slope of the Of the tip stiffness is dominant.
sticking partk’;; increases monotonically and approaches

the asymptotic valuek’;;=38 N/m, for F2=150 nN, as IV. FLAKE FRICTION

shown in Fig. §b). This behavior okg; can be explained as  Figure 6 shows two frictional-force maps obtained by

follows. _ _ _ scanning the graphite flake along thelirection on different

~ First, the effective lateral stiffneds;;; of the cantilever-  areas of the graphite surface. First, frictional image patterns
tip-surface system can be described as gradually change during scanning the tip from top to bottom.

The size of the unit cell at the bottom is larger than that at the
top. Next, three different types of image patterAsB, and

C, are obtained. Furthermore, it is shown that scalelike fric-
tional maps in Fig. 6, are clearly different from those for
wherekgoniace Kiip» andkje, e, are, lateral sample stiffness, “single-atom friction.” For the case where the flake is
lateral tip stiffness, and lateral cantilever stiffness,scanned by the tip, there are two different kinds of frictional
respectively'~?3as shown in Fig. &). mechanisms. One is the friction acting between a tip and a

KE 1= (1K ontactt 1KE o+ 1K or) 1 (9)

tip lever
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lpraphite ke Load 100 nN (a) EffectlvevPotentlal
-ﬁﬁ- —

graphite substrate graphite
£
scanning Q
direction - ,
Y| — 's(
= “{3A6A
-—p
Inm
(b) Type A[Fig.6] 284403844

Experiment Simulation

| scanning direction
Y| —
X
X

Type A 2.84A/1200:%.84A

B 2‘84}\/1%,2.461&

— —
0.25nm 0.25nm

FIG. 7. (a) Effective potential of a graphite flake on the graphite
surface(b) Experimental and simulated images for tybe Fig. 6.

The result of this simple preliminary simulation reproduces

R 246A the experimental frictional-force image of typequite well,
=+ Y % as shown in Fig. (b). Here, the spacing 0&4=0.284 nm
indicates the distance from the present to the next stable
position whereAB stacking of graphite is maintained. Simi-
by scanning the graphite flake along tRedirection, where the !arly, the oth.er patterng} andC, re\{eal_that flake mqvement
arrows indicate the scanning direction. The three types() of 1S alsp carried OUt_SO .as o maintain tﬂ_eB StaCk'”g ,Of
movement of the graphite flake are shown in the lower part ofd"@pPhite, as shown in Fig. 6. As a comparison, the frictional-

1 . . . .
figure. As a comparison, typ obtained by Matet al. (Ref. D is ~ force map by Matet al.”is shown as typ® in Fig. 6, which
also shown. can be explained by another movement of the graphite flake.

Here, the number of carbon atoms contributing to inter-

graphite flake, and the other is that acting between a graphitayer slidingN. is evaluated. Since the frictional foré€g, .
flake and the graphite surface. Here the feature in thés of the order of nanonewtons, the energetic barrier for the
frictional-force map for the single-atom tijFrig. 1) does not interlayer sliding in this experiment;q:a, IS evaluated as
appear in Fig. 6. Therefore it is reasonable to conclude thabllows: Aiota= FriakeX a(spacing=nNx0.1 nm=eV.
Fig. 6 shows only the frictional feature of the flake scanned~urthermore, it has been reported that the energetic barrier
on the graphite surface. This also indicates that the frictiorithe energy difference betwe@ stacking andAB stacking
between a tip and a graphite flake is larger than that betweewf graphite for interlayer sliding ,A,iom. IS approximately
a graphite flake and a graphite surface. Thus, when the tip i$2 meV per carbon atoif. Therefore, the number of carbon
scanned, the graphite flake moves together with the tipatoms contributing to interlayer sliding ;= A ga1/Aatom
Hereafter a tip with a graphite flake is called a “flake tip.” =eV/12 meV=100, which corresponds to a circle with a

The frictional-force maps obtained using a flake tip areradius=0.856 nm of a cluster including 96 carbon atoms, as
classified into three typesA-C), according to the move- shown in Fig. 8. Thus the actual contact area between the
ment of the graphite flakeA—C) as shown in the lower part graphite flake and graphite surface becomes very small, com-
of Fig. 6. Here, we explain the typk frictional-force map, pared to the total area of the flake, 1 mm square.
which is the standard pattern in this experiment. The move- Figure 9 shows the flake position as a function of the
ment of the flake on the graphite surface is converted to théever support position. Unlike the case in Fig. 2 for atomic
movement of a center of the flake mass with a constanfriction, Fig. 9 for flake friction exhibits sharp peaks for the
velocity in the effective potential as follows:V  slip process. As discussed in Sec. lll A, this feature is also
=Vy{2 co$(27r/a)x]co$(2w/a\/§)y]+cos{(4w/a\/§)y]}, identical to that given theoretically by Tomanet al,*
wherea=0.142 nmx2=0.284 nm. This effective potential which indicates no jumor no energy dissipatiorwhen the
is determined such that it takes the minimum value at thdélake moves on the graphite substrate. This suggests that
natural stacking position of graphite, as shown in Fi@).7 driving force (a static frictional forcgarises when the flake

05nm 5844 oq

Type D 2844 2462

FIG. 6. Two kinds of frictional-force maps of graphite obtained
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CFlake Friction)

Tip _.
raphite flake
graphite substrate

(c)Flake_parallel

(Atomic Friction)

Tip
graphite substrate
(a)Atom_parallel

2| p,=0.001 s 2l p,=0.001
§2 '3. )%l §2
0.25nm S 0.250m <
= =
g 246A £
== = S (pe——s—t— "] g
Vo -2 =
:1-; . 100 . 0 100,
2.46A Load (uN) Load (nN)

(b)Atom_zigzag (d) Flake_zigzag

— — ;a"f 2 =0.

FIG. 8. The contact area with a radia8.856 nm of a carbon : Ej« #,,70.001 ;35“' § #0001
cluster including 96 atoms, which is negligible compared to the 5 22 '*(;25:‘3 EZ_'___'___.__,
total area of the flake, 1 mm square. ¢ "‘T; h 84 A E

o i go,_._,’_.——— .%0
moves on the graphite surface but dynamical frictional force :_i E s -
disappears. We believe that this gives an explanation of why 2.134 Load (aN) Load (nN)

the friction of a system that includes various flakes is gener-

ally small, e.g., friction force acting on many flakes with £ 10. The mean frictional forces as a function of loading

different movements may be close to zero. force for atomic friction[(a) atom-parallel andb) atom-zigzag on
More detailed numerical simulation of flake dynamics arethe left-hand sidpand for flake friction[(c) flake-parallel andd)

being performed by Matsushita, Matsukawa, and S&Sdki.  flake-zigzag on the right-hand sidéhe frictional-force maps and

is shown that the stick-slip motion of a flake is due to thethe tip movement corresponding to each case are also presented.

binding of a flake close to th&B stacking configurations of

the graphite substrate, which will be reported elsewhere. gefficient [ep is estimated to be approximately 0.001,

which corresponds to the friction coefficiept;s3. How-
ever, for “flake-zigzag”[Fig. 10d)], corresponding to type
A in Fig. 6, the graphite flake motion is zigzag, not parallel
to the scan direction. The frictional forde, satisfies the
relationship Fy=a+ up,F{, where a=1.3 nN and g,
Figure 10 presents frictional force as a function of loading=0.001.
force for atomic[Figs. 1@a) and 1Qb)] and flake friction Here it should be noted that the case of flake-pargifi.
[Figs. 1@c) and 1Qd)]. For atomic friction, friction coeffi- 10(c)] is energetically more favorable than the case of flake-
cients uap, and ua, corresponding to “atom-parallellFig.  zigzag[Fig. 10(d)], because, for flake-parallehA stacking
10@)] and “atom-zigzag'[Fig. 10b)], respectively, are es- never appears within the shortest path along[t230] di-
timated to be approximately 0.001. rection. This simply means the graphite flake easily shears

Next, for “flake-parallel”[Fig. 10c)], the graphitg0001) S .
flake moves parallel to the scan direction, which is along th%ﬁntﬁ et Z?ﬁtfiozjnglrfoﬁtlﬁgkg_nzi;h;aeggaggéi?gg ];IVSVL;I;g.C;F;-
[1230] crystallographic axis. The frictional force is very pears within the shortest path of flake movement. Thus the
weakly proportional to the loading force. The proportional energetic barrier during the shear along [[hlé§0] direction

is smaller than in the case of flake-zigzag.

The transition from atom-paralldlFig. 10@@)] to flake-
parallel [Fig. 1Q(c)] corresponds to the change in the fric-

V. SIMILARITIES AND DIFFERENCES BETWEEN
ATOMIC FRICTION AND FLAKE FRICTION

A. Similarities and differences

peak

0 1 2
Lever Position (nm)

0 1 2
Lever Position (nm)

£ P ’g ¥ tional mechanism from atomic friction to flake friction. The
= # = WV transition from atom-zigzagFig. 10b)] to flake-zigzad Fig.
&1 Vol £l W 10(d)] also corresponds to the same change as above.

§ H § o Comparisons between Figs. (D and 1@c), and Figs.
s re ~ ol 10(b) and 1Qd), provide important information for the inter-
(3 . [+ . . . . .
= ”J @' A Pad @' pretation of frictional-force maps. For the parallel motion, it
= [ = should be noted that the frictional-force pattern in Fig(alO

is identical to that in Fig. 1@). Thus, we found that the
same frictional-force patterns are obtained with the single-

FIG. 9. The flake position as a function of the lever supportatom tip and the flake tip. This indicates that it is difficult to

position for different scan lines in the scalelike patterns.

check whether the periodic frictional-force pattern exhibits
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T T T T T T VI. CONCLUSION

This study clarifies the change in the frictional mechanism
from atomic friction to flake friction. For atomic friction,
frictional-force maps changed significantly at extremely
small loads, whereas they remained constant at large load.
Atomic friction under ambient conditions was discussed. In
this case, the effect of water was significant, and capillary
° force gave the same order of magnitude of pull-off force as

1 observed experimentally. The deformation of the graphite
surface and effective lateral stiffness under ambient condi-
tions were evaluated using the extended Hertz model. The
calculated microscopic deformation was in good agreement
with that reported by Soleet al?® The calculated effective
lateral stiffness could explain our experimental results. Fur-
thermore, the small friction coefficient of 0.001 and atomic
0 20 resolution were ascribed to the surface deformations, where

: q: the space between the tip and surface was kept constant.
Shdlng Angle 6 (deg) Thus E':\ single-atom tip atta?:hed toa macroscopicr':ip enabled
reasonable representations of the atomic resolution of fric-
tional force maps even under high loading conditions.

Next flake friction was discussed. In this case, the graph-
) ) ite flake moved on the graphite surface such that the stacking
true atomic resolution or not. On the other hand, for theyt graphite layers was maintained. For the case where the
zigzag motion, Fig. 1®) is clearly different from Fig. 1@)).  flake movement was parallel to the pulling direction, the

frictional-force was the smallest. Thus, the friction coeffi-
B. Anisotropy of frictional force cient for flake friction along the pulling directidi230] of

Figure 11 shows the anisotropy of the frictional force as a'€_9raphit€0003) surface was estimated to be approxi-
function of the pulling direction. The sliding angteis de- ~Mately 0.001. For the case where the direction of flake
noted as the angle between the direction of flake movemerﬁ]ovement was not parallel to the pulling direction, the flake

) e . . id not begin to move toward the next stable point until the
and the pulling direction. The frictional forces increase as th roiection of the pulling force became coincident with the
sliding angle increases, which, interestingly, is similar to th ) puiing

g - . force which caused the flake to begin moving.
behavior of the frictional force between flat surfaces dis- The insensitivity of the frictional force to loading force
cussed by Gyalog and Thom%s.

) o revealed that surface deformations play an important role in
These results lead to the following two poin(s: in the  fjake friction, similarly to the case of atomic friction. Fur-
case where the flake moves parallel to the pulling directionshermore, the zigzag movement of the flake should induce a
the frictional force is the smallestii) in the case where the rotation of the flake around a pivot point, in addition to
flake does not move parallel to the pulling direction, the flakesimple translation. In order to confirm the rotation of a flake
does not move toward the next stable point until the projecand self-lubrication by lowering of the energy barrier, de-
tion of the pulling force coincides with the force which tailed analysis of elastic materials including atomic displace-
causes the flake to begin moving. Thus, as the sliding anglment are needed. Numerical simulation of flake dynamics are
becomes larger, the pulling force becomes larger. Here, ieing performed by Matsushita, Matsukawa, and S&S&Ki,
should be noted that preferred sliding directions have beewhich shows that the stick-slip motion of a flake is due to the
observed in Mo@ nanocrystals on MoSsurface$’ and  binding of a flake close to th&B stacking configurations of
MoS, flakes on Mo$ surfaces® Recently we found that the the grap_hite substrate and the mechanism of low friction,
graphite/Gy/graphite system exhibits zero dynamic friction, considering the effect of temperatiffe®®
which has opened a new research area of molecular

(nN)

)
T

Frictional Force

0

FIG. 11. The mean frictional force as a function of sliding angle
0 for a loading force of 100 nN.

bearings?® Thus, it is very interesting to note that these find- ACKNOWLEDGMENT
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