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Atomic-scale friction image of graphite in atomic-force microscopy
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We theoretically investigated the image of atomic-scale friction of graphite in atomic-force microscopy
(AFM), based on numerical simulation for a static model. We performed systematic calculations of lateral
force images of AFM aiming to clarify the effects of cantilever stiffness, scan direction, anisotropy of the
cantilever, and surface deformation. The simulation is performed for a simple atomistic model with a single-
atom tip connected with the cantilever spring scanned on a monolayer graphite surface. The process in which
the conservative lateral force becomes a nonconservative frictional force is clarified. “Stick regions” of the tip
atom are also discussed in relation to the cantilever stiffness. Calculated frictional-force image patterns are in
good agreement with experimental ones. We also find the supercell frictional-force images and discuss their
mechanisms.S0163-18206)01727-4

[. INTRODUCTION available experimental results—force images. Therefore, in
the present work, we focus on the lateral force images and
Friction between two solids is an indispensable phenominvestigate several influences on them based on numerical
enon for our daily life, and its mechanism has long beersimulation on a static model. We performed overall studies
investigated by researchers ranging from fundamental to agabout the lateral force images of AFM systematically in re-
plied sciences. Recent development of atomic-forcdation to cantilever stiffness, scan direction, anisotropy of the
microscopy (AFM) has enabled us to observe the atomic-cantilever, and surface deformation. Some of the general fea-
scale friction, and has opened a new research area @hﬁres of the two-dimensional atomic-scale friction in AFM
friction—nanotribology? Therefore AFM, which, in the are also clarified. The simulation is performed by the simple
measurement of friction, is usually called frictional-force mi- atomistic model with a single-atom tip connected with the
croscopy, is a powerful tool for understanding the basic fric-cantilever spring scanned on a graphite monolayer surface.
tion mechanism between a single asperity and an atomicallipp this work, it is assumed that the term “lateral force”
flat surface. Atomic-scale frictional forces have been obineans the lateral component of the fofegor Fy acting on
served so far by AFM for the surfaces of grapHité, the tip atom, irrespective of whether it is frictional or not. On
mica®*°and transition-metal dichalcogenid&s:2 Theoreti- the other hand, “vertical force” is assumed to mean the
cal studies of friction in relation to AFM have been also Vertical component of the forcg,, vertical to the surface

performed by using simple physical mod&smolecular dy-  Plane. .
namics simulation&3~*° first-principles calculations/~*° In Sec. II, our model and the method of the calculation are

and an analytical methdd. presented with the parameters of potential. In Sec. lll, the

Recently the two-dimensional nature of the atomic-scaldesults obtained by the model calculation are discussed. First,
friction has attracted our attention, because it might revea® vertical force curve is calculated, in order to clarify the
some important behaviors of the tip apex on the surface¢ondition of the normal reaction forde, for the scanning
which are essentia”y related to the Origin of the friction. the t|p N the |atel’a| dII‘eCtlon. Then, we reproduce the |atel’a|
Fujisawaet al.”*'*measured frictional forces both along and force images for various values of the cantilever stiffness.
across the scan direction, and explained the experimental inJ-h€ process in which the conservative lateral force image
ages by the “two-dimensional stick-slip model.” Kersse- becomes nonconservative frictional force image is clearly
makers and De Hossthalso observed the frictional-force Presented. The relation between the image pattern and the
images of transition-metal dichalcogenides, and describe@fangement of the graphite atom is discussed. The appear-
them based on two physical models: stdtjeometricaland ~ ance of the supercell frictional-force images and their mecha-
dynamical ones. It was shown that the observed image papisms are also discussed. Then the mechanism of stick-slip is
terns are strongly dependent on a two-dimensional stick sliggxplained by the feature of the potential energy surfedce
Gyalog et al?° analytically investigated the mechanism of Further, we investigate influences on lateral force images by
atomic-scale friction in terms of a two-dimensional model,various parameters as scan direction, anisotropy of the can-
and calculated the two-dimensional regions where frictiorfilever and surface deformation. The simulated frictional-
occurs, in relation to cantilever stiffness and anisotropic couforce images are compared to the observed ones.
pling between a tip and a support.

However, from a theoretical viewpoint, the fundamental
problem—how the macroscopic mechanical condition such
as the cantilever stiffness has influence on lateral force In our calculation, a single-atom tip connected with a can-
images—has not been fully discussed yet. It is very importilever is scanned on a monolayer graphite surface as shown
tant to know what kind of information is included in the most in Fig. 1. The total potential energy is assumed to consist

Il. MODEL AND METHOD OF CALCULATION
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FIG. 1. Schematic illustration of the system used in our calcu-
lation. The single-atom tip connected with the cantilever spring is
scanned on a monolayer graphite surface.

of the elastic energy of the cantilewéf and surfacé/g, and
the microscopic tip-surface interactidig. This relation can
be written asV=V;+Vgs+V;g. Both Vi and Vg are as-
sumed to be harmonic. In particular, the cantilever is repro-
duced by an equivalent three-dimensional virtual spring.

In the simulation, the following conditions are assumed:
First, it is supposed that the tip-surface system is under the
condition of absolute zero poifit=0 K. In this case, thermal ~ FIG. 2. Schematic illustration of the total energyobtained by
activated processes can be perfectly neglected. Further, tifé¢ sum of the elastic energy of the cantilever spiifigand the
scanning speed of the tip in the AFM experiment is muchtlp-syrface interactior/t5. Two cases for zi.a) stiff anq (b) soft
smaller than the characteristic velocity of the lattice vibra-c"’mt”e_ver are prgsentedl)—(4) deno_te the Flme evolutions Of. the
tion. Therefore, we can assume that the tip scanning velocit otential by the tip scan. For the stiff cantilever, total enevgis

v is almost in the limit of zero. The potential energy surface/ c21Y Parabolic, and the tip atofthe shaded circleis always
located at the minimum. However, for the soft cantilever, several

of the tip-surface system for a given cantilever basal positioqn : . . X
) L . etastable points corresponding to local minima appear, and the t
is very slowly changed in time with the scan of the basal Pol ponding n op P

o . . ) . fatom jumps to the deeper minimum at these points, when the barrier
position. Note that the adiabatic potential surface itselfyoryeen two minima disappears.
evolves in time by the external force, driving the cantilever.
The system is always located at an equilibrium position of

. g .~ atom slips from a local potential minimum to another. This
the potential surface as shown in Fig. 2 for each scan POINt. - “hanism of enerav dissipation is onlv an assumption we
Therefore, it is implicitly assumed that the energy of the gy b y b

make and it is not necessarily correct from the standpoint of

system i_s supplie_d or removed_ by the external force dr_iving(he dynamics. Nevertheless, in this work, we discuss various
the cantilever. This is schematically understood by a simpl o S A ;
eatures of atomic-scale friction based on this mechanism.

one-dimensional model shown in Fig. 2. It is assumed tha . . . L
the surface is rigid and that(x)=V(x) + V1&(x). X is a Here, the details of. the potential are described. Fifgtis
expressed as follows:

direction in which the tip is moved one dimensionally on the

surface. By changing the stiffness of the cantilever, two

types of potential energy surfaces appear as shown in Figs. V1= 3[Ka(X—Xg)?+ky(y—ys)?+k(z—29)?], (1)

2(a) and 2b). For the stiff cantilever, the total enerdy is

nearly parabolic and only a single minimum appears. Howwhere k;(i=X,y,z) is an elastic constant of the cantilever

ever, for the soft cantilever, several metastable points correspring parallel to the (i=x,y,z) direction. This spring is

sponding to local minima appear. Thus the appearance of thelso assumed to include the effect of the microscopic inter-

case of Fig. £a) or Fig. 2b) is determined by the ratio be- atomic bonds of the tip.Xy,z) denotes the actual tip atom

tween the magnitude of the spatial variation\gf andVyg.  position, and X,Ys,2s) denotes the equilibrium position of
Therefore, for the stiff cantilever, the representative pointhe tip atom for the system without the interaction with the

of the system(the tip atom in this cageis always moving surface. We call X;,ys,25), “the lever basal position,”

trapped in a minimum of the potential energy surface andereafter.

shifts continuouslyFig. 2(a)]. On the other hand, for the soft Here thex andy directions parallel to the surface are

cantilever, discontinuity of the motion of the tip atom occursdefined as shown in Fig. 3 and theaxis is perpendicular to

as shown in Fig. @). In this case, for some period of the the surfacex-y plane. The origin of the axis is defined as

cantilever scan, the tip atom is moving continuously. But itthe position of the graphite surface before deformation. The

makes a sudden jump from one minimum to another deeperertical componenk, is assumed to be 0.25 N/m, which is of

minimum, when the barrier between two minima disappearsthe same order as realized in experimental wokksandk,,

The system energy is dissipated instantaneously when the tgre assumed to be parameters.
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Here,rq; is the distance between the tip atom and ttre
atom in the graphite surface, and the parameters are assumed
to be e=0.87381x10 2 eV, 0=2.4945 A. This interaction
potential with these parameters can be excellently reproduce
the corrugation amplitude of AFM images of the
graphite??-24

The simulation has been performed under the constant-
height mode. Thereforex{,y,) is varied withz, fixed, and
the total energy is minimized for each Xs,y.), based on
FIG. 3. The schematic view of the lattice structure of the graphthe Polak-Ribiere—type conjugate gradient metffo@hen
ite. co is the length of a unit translational vector of graphltg.is  the optimized position of the tip atonxy,z), and the lateral
the C-C bond length of graphite,=2.46 A, andby=1.42 A. The  force F (i =x,y) acting on the lever basal position are ob-
X orY axis is obtained by rotating theor y axis 15° counterclock- tained. The lateral forcé; acting in the—i direction, as
wise around the origithollow site). defined in Fig. 1, is given by

Graphite Surface

()

Vis=2, 4e
1

Similarly, Vg is assumed to consist of three types of har- Y _
monic terms as follows: Fimo (i=xy). 4
1 —
(X,Y,2) = (Xg,Yg12Z5)
1 1 H i ilibrium tip-at iti d
VeeZ R 2080 — 0)2 ere, zs is an equilibrium tip-atom position measure
ST2 ; #e(ij=To) 2 HZK #ol o Oijc = o) from the surface for the system without the tip-surface inter-

action as mentioned before. The deflection of the cantilever
Az is defined asAz=z,—z. It should be remarked that the

distancezy between the actual lever basal position and the
surface is defined according to the natural length of the can-

This potential was used by Yoshimori and Kit&hin order  tleVer spring. If the natural spring length in thalirection is
to study the lattice vibration and specific heat of graphite!o: Za IS represented as+1,, for the rigid surface. Then, in
The indices of the summatian-j, i —j—k, andi—(j,k,1) a constant—helght_mode, thg tip is scan_n_ed in the condition of
represent the nearest-neighbor bonds, bond pairs, and bofe—CONSt, or equivalently in the condition af=const. In-
triples, respectively. The first and the second term correPUr calculation, the tip is scanned at the constant-height
spond to the bond stretching, and the bond bending energ{}°d€ Withzq=1,—6 A, that is to sayz;=—6 A. Under this
respectivelyr;; is the nearest-neighbor bond length betweer-ondition, the average normal reaction foxde,) is repul-
the bond-j. ¢, denotes the angle between the boridand ~ S'V€ and it is about 0.21 nN.
the bondj-k within the same honeycomb net plane. The
third term is the bending energy of the local planar structure Ill. RESULTS OF CALCULATIONS
due to the normal displacement of thdh atom from the
coplanar position with respect to the three neighboring atoms
i» k, andl; 6z; denotes the normal displacement of ilie First, the vertical force=, curve is calculated. Then the
atom from the initial position. As monolayer graphite is mechanism of hysteresis in the vertical direction is de-
treated, the interlayer bond stretching energy is neglectedcribed. Figure 4 is a,-F,(z;) relation on the hollow site. A
The parameters ofVs are assumed as,=1.4210 A, horizontal axis represents the lever basal positignSolid
u,=41.881 eVIR, 6,=2m/3 rad, u,~2.9959 eV/R, and and dotted curves correspond to the force curve for ap-
Hp=18.225 eVI/R, respectively. proaching or retracting the lever basal position, respectively.
The model of the graphite monolayer surface consists oHysteresis appears in this force curve. The lever basal posi-
600 carbon atoms and 271 hexagons, and the lattice constditn is moved in the order di—c—d—e—c’'—b—a, on
of the graphite is assumed to be 1.421 A. The center of théhe force curve, as shown in Figs(a-(e) correspond to
hexagon is called the hollow site hereafter. First, this graphz,=7.5 A (a), 7.0 A (b), 6.0 A(c) or (¢'), 5.2 A(d), and 4.5
ite surface is assumed to be rigid aviglis neglected in Secs. A (e), respectively. In our simulation, when the cantilever
Il A—I11 D, in order to examine the tip-induced dry friction. deflectionAz=z,—z< (>) 0, the tip atom receives repulsive
Then in Sec. Il E, the surface is allowed to deform by the(attractive force F,> (<) 0. Adsorption force with which
potential modeNg, in order to examine the effect of surface the tip atom is stuck onto the surface is abet.066 nN,
deformation. In this case, the range of the tip scan will beand the adhesive force with which the tip atom is retracted
limited near the center of the surface model, to avoid thérom the surface is about 0.11 nN. These forces are one or
artificial boundary effect. two orders smaller than those observed in UHV or air, re-
Tip-surface interactioW ;g can be obtained as the sum of spectively. This discrepancy arises because our model in-
all the pair interactions between the single-atom tip and theludes neither the contamination layer such as water and
substrate surface atoms. The Lennard-Jones potential is emther gas molecules, nor long-range attractive forces reflect-
ployed as each interatomic interaction as follows: ing the macroscopic tip shape.

1 8z, + 6z + 67\ ?
+= Sz — ——————| . 2
2 i*%,:k,” Iu’p 1 3 ( )

A. Vertical force curve
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— — ent from that for the tip approach. This is the mechanism of
r — < Approach 7 the .hysteresis from the viewpoint of the gdiaba_tic total_ po-
> Retract te_ntlaIV: As W|[I be seen later, the two-dimensional s_t|c_k—

slip motion during the tip scan takes place by the similar
mechanism.

B. Cantilever stiffness and mechanism of stick-slip

In this section, the influence of the cantilever stiffness on
7 lateral force images are systematically investigated. Here, we
will find that the effect on the friction image of changing the
cantilever stiffness is almost equivalent to that by changing
the tip-surface interaction. For example, a soft cantilever cor-
responds to a strong tip-surface interaction or a large load
F,.

-0

Zs[A]

FIG. 4. Force curve of thes-F, relation on the hollow site with _
k,=0.25 N/m. The solid line denotds, when the tip approaches 1. Lateral force images

the surface. The dotted line denotés when the tip is retracted Two-dimensional lateral force images are calculated for

from the surface. The lever basal position is moved in the order of,5rious values of cantilever stiffness. The width of each

a;C_)g_)i_)%\_)b_)a' z;=(@ 7.5,(b) 7.0, (c) or (¢)) 6.0,(d)  mesh of the scan point &/40=0.0614 A in thex direction.

5.2, and(e) 4.5 A. Here,c, is the length of a unit translational vector of graphite

. . as shown in Fig. 3. If thix scan is repeated in thedirec-

o ﬁgi}ggr}?ggrtﬁg ttr:)?arllfri:es'f 32 the)fcz)rrc]:ethc:rr\]/g”cc)an b'?ion, the two-dimensional lateral force image is constructed.
xplai g‘(._ ZiZs W The width of each mesh of the scan point in yheirection is

site. When the lever basal position approaches the surfacB,/lo:o 142 A. by is the C-C bond length of graphite as

the tip atom is at first located at the local minimuFigs. 5 s?\own in Fig. 3. 'I(')he scanning region of the lever basal po-

curvesa—e) andF, varies continuously witlz;. The curves i ic'o g Acg 5 A, The tip is scanned under the constant
labeleda—e in Fig. 5 correspond to the; positions marked height mode ofz.=—6 A, with (F,)=0.21 nN
S ) z/ 7 :

in Fig. 4, respectively. As=5.2 A [the case ofl], the tip Here it should be noted that the initial condition for the

atom suddenly jumps from one minimum to another deepegtart of the scan is assumedasx.=0 andy=y, in our
minimum, because the barrier between the two minima dis- S S

: . calculations. Therefore at the start point of each scan line
appearsFig. 5, curved). Here, the jump of the force curve before relaxation, the tip atom is located at the same

?hpep(:‘.arztg;S.Qogégo%ézeoi?g({h%ursverfgig'%‘ it ;?t;?'fhgsaz(%)_osition as the lever basal position. Then the tip atom is
P : " - I : otally relaxed after optimization. Although this start condi-

zoregzgh;hseiﬁés g&t:g?évihsﬁ;?as gz(zolfnvssr ?233:5?\?:”;” tion is different from that usually employed in experiments,
PP . . z > fep we use the start condition in calculating lateral force images
z,=2.3 A. Our simulations for lateral force images are PeT-in) this work

fs?cgqigrgenge;;h;;&?;ﬁgtizeégetg_H_G A with the repul- This procedure is repeated for several kinds of cantilever
z S stiffness. The isotropic cantilever spring &f=k,=k is

On the other hf”‘.”d’ when the tip atom is retracted from thGﬁsed. For eack, bothx andy components of Iate)r/al forces
§urface, the position wherg the tip atom makes a sqddegre obtained. Figures(®—6(f). are calculated lateral force
jump appears at,=7.0 A (Fig. 5, curveb). Thus the posi- images fork=2.5 (a), 1.5 (b), 1.0(c), 0.75(d), 0.50(e), and
tion where the tip atom jumps for the tip retraction is differ- 0.25 N/m (), réspec;tivély. "Fhé rigr;tn”;ost fiéur.es fdl’)—(f)
represent the shapes of the boundary where the brightness
rapidly changes from maximum to minimum i, . Cantile-
ver spring constantk, andk, mentioned above are two or
three orders of magnitude smaller than those in experiments.
One reason for this problem, weak spring, is that our model
adopts a single-atom tip model, which detects much smaller
force than the experimental one. Therefore we must use
weak spring. However, Abraham and Bfrpointed out that
the flake tip actually detects force on the graphite surface in
contact-AFM experiments. If the calculation is performed by
the flake tip including a large number of carbon atoms, we

P 22 o ] must use a spring that is as strong as that in experiments. The
e Zg= 45 : other reason is that the effective spring constant becomes
I e S sm_a!l during t_he sca_nning by the flex?n_g_ of the tip apex.
Zs[A] Griffith and Grigd’ pointed out the possibility of the flexing
of the tip apex by the lateral force.
FIG. 5. One-dimensional adiabatic potentéz; z;) in the case Solid curves in Fig. 7 show the cross sectionsFfin

of Fig. 4.z,=(a) 7.5, (b) 7.0, (c) or (¢') 6.0, (d) 5.2, and(e) 4.5 A. Fig. 6 at the line indicated by the thick arrows along the
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(a) k=2.5 [N/m] (a) k=1.5 [N/m] : Fig.6(b)
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(f) k=0.25 . A N
BN E FIG. 7. The cross sections Bf, in Fig. 6 at the line indicated by
P 2 straight the thick arrows along the direction. They mean lateral force
' l curves of thexs-F, relation. Spring constants,=k,=k=(a) 1.5,
_ (b) 0.75, (c) 0.50, and(d) 0.25, N/m. The left-hand vertical axis
5 | .  —— meansF,(x,), and the right-hand one means the cantilever deflec-

tion in the x direction, F,(Xxs)/k. The solid and dotted line corre-
spond to the force curve with the tip scanned in th@nd —x
FIG. 6. Lateral force images &, andF,, with the tip scanned  direction, respectively. The average lateral fofEg) for thex scan
in the x direction of Fig. 3. The rightmost figures represent theis represented by dot-dashed lineg.is the length of a unit trans-
shape of the boundary where the brightness rapidly changes fromational vector of graphite, as shown in Fig. 3, ang=2.46 A.
maximum to minimum irF, . Spring constantk,=k,=k=(a) 2.5,
(b) 1.5, (c) 1.0, (d) 0.75, (e) 0.50 and(f) 0.25 N/m. The scanning to the slip motion of the tip atom, as shown in Figsb)#
region is 9.8 A<8.5 A. 7(d). In these cases, hysteresis is clearly observed, and it
becomes more remarkable as the cantilever becomes softer.
direction. Figures &), 7(b), 7(c), and 7d) correspond to Therefore, F, becomes nonconservative, that is to say,
Figs. 6b), 6(d), 6(e), and &f), respectively. These cross sec- (F,)+#0, indicating the appearance of the dynamic frictional
tions mearx;— F,(X,) relations with the lever basal position force. Fork=1.5, 0.75, 0.50, and 0.25 N/rjF,)=0, 0.018,
scanned along the direction on the broken line in Fig. 3. In  0.034, and 0.052 nN, as shown in dot-dashed lines of Figs.
Fig. 7, the left-hand vertical axis meafs(xs), and the 7(a)—7(d), respectively. The value dfF,) as a function ok
right-hand one means the cantilever deflection intliirec-  is presented in Fig. 8 for 0.5 NAFk=<1.5 N/m. As seen in
tion, F,(xs)/k. Dotted curves in Figs.(@)—7(d) are obtained this figure,k.=1.3 N/m is a critical value of the cantilever
by the —x scan. In Fig. 7a), hysteresis is not observed in the stiffness for the appearance of a finite value(&f). F,
force curve. In this casé;, is frictionless and conservative, equals O on the broken line in Fig. 3 because of the symme-
and it is defined only by the lever basal positian Further-  try of the graphite lattice.
more, it can be shown that Thus it can be said that Figs(a and &b) for k>k., are
conservative forcéfrictionlesg images and Figs. (6)—6(f)
1 (< _ for k<k., are nonconservative forogrictional force) im-
(Fx)= Co jo Fi(Xs)dxs=0, ages. It should be remarked, however, that the critical value
of k. varies by they coordinate where th& scan is per-
directly indicating the absence of dynamic friction. However,formed. The feature of the image pattern of Fi¢g)6espe-
when the cantilever becomes soft, the force curves showially the periodicity, is very similar to that of the experi-
sawtooth behavior with a discontinuous jump correspondingnental image observed by Fujisawtal.” [see Fig. 1b) in
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— T (a) k=1.5 [N/m)] : Fig.6(b)
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FIG. 8. The relation between the cantilever stiffnksand av-

erage lateral forcéF,), for the scan on the broken line in Fig. 3. : VR i
k.=1.3 N/m is a critical value of the cantilever stiffness for the ; _ﬂ_ﬂ“ﬂ EE i
appearance of a finite value OF,). AXi 5
WL 0.0528 eV
Ref. 7 under the constant height mode. For example, the o ICy 5200
calculated sawtooth periodicity of the cross section indicated O ® O ®
H ¢C H CC H X

by a thick arrow in Fig. &) along thex direction[the lateral

force curve Fig. )], is c,=2.46 A, which agrees well with
. 7 . . .

the ex'perlmental _on,e’ 2.3 A’ Thus it is confirmed .that tomic sites, in relation to the total energyF,’s are cross sections

Ow_ simple atqmlstlc model can reproduce experiment f Fig. 6 at the line indicated by the thick arrows along the

frictional-force images. However, we cannot reproduce th&jiection. White and black circles mean hollow sites and C-C bond

cantilever spring constart and thg Ioad:Z.quantitativer. sites, respectivelyc, is 2.46 A. Spring constants,=k,=k=(a)
Therefore the calculated corrugation amplitude 1.83 A of the| 5 and(b) 0.50 N/m.Ax in (b) is c,/20 A, indicating the width of

images is different from the experimental one2G3 A In two meshes of the scan point.
this point it can be concluded that the agreement between our

calculation and experiments is qualitative. zigzag patterns consist of zigzag lines with periodicitycgf
along thex direction as shown in the rightmost figure of Fig.

6(b).

With further decrease of the value kf we get into the

In the following, features of image patterns of Figéa6:  nonconservative force image regime, then two kinds of dras-
6(f) are described in more detail. F&=2.5 N/m corre- tic changes of the image occur: one is the disappearance of
sponding to Fig. @), the cantilever spring is so stiff that the the zigzag pattern, and the other is the shift of the position of
effect of it hardly appears, thus Fig(ed almost reflects the the maximum or the minimum d¥, . First, the rapid change
tip-surface interactiorVg itself. However, fork=1.5 N/m  of the zigzag pattern is described. At first, zigzag patterns
corresponding to Fig. (B), the effect of the cantilever be- comprised of zigzag lines with the periodicity af, are
comes enhanced, and the image of Figp)6&onsiderably clearly observed in the rightmost figure of Figch How-
deforms compared to Fig.(®. The honeycomb lattice in ever, these patterns decrease as the cantilever spring be-
Fig. 6(b) corresponds perfectly to the network of the graphitecomes soft, as shown in the rightmost figure of Fi¢d)6
bonds. The relation between the image pattern in Fig. 6 anfventually, zigzag patterns vanish perfectly in the rightmost
the arrangement of the graphite atom is discussed belowigure of Fig. &e). Figures e) and &f) have only straight
Figures @) and 9b) represent the relation between the shaped images parallel to theaxis. The reason for these
graphite atom site and the cross sectiorFofin Figs. &b) changes will be gxplalne_d based on the two-dimensional dis-
and Ge) at the line indicated by a thick arrow. The lateral t”b_ll_th]'on Or]: theht_lfp a]tcorrr: in Sec. Il Bf4'h : h
force F, and the total energy are shown in relation to the minimeunmto?Fs ilstrr?er:tignggsﬂ(s)nseoentiﬁFTa(lgmtlrJ]rg tgtralt €
graphite atom sites—hollow sitegvhite circles and C-C energyV varies discontinuomljsly and the d?scréte jump be-
bond sitegblack circles. As seen in Fig. @), the total en- y

. X . tweenF ., andF.,;, occurs. Because of the stick of the tip
ergyV varies continuously. TheW takes a maximum at the atom,FnTaixandFmr::nshift in thex direction. Therefore in Fig.

C-C bond site, and a minimum at the hollow site, that is tog(b), F e andF . do not appear symmetrically with respect
say,F, equals 0 at both the hollow sites and C-C bond sitesy, the C-C bond, although the image pattern itself has the
Further, it can be clearly shown thBt.., and Fp, are lo- periodicity of the C-C bond length of the graphite. The fea-
cated symmetrically around the C-C bond site. Therefore th@ure and mechanism of the stick-slip are mentioned in Sec.
sharp boundary between the positijeight) and the nega- ||| B 5.

tive (dark F, regions appears as the network line of the

honeycomb lattice corresponding to the graphite bonds. In 3. Supercell feature of images

both F, andF, in Fig. 6b), the C-C bonds of the graphite Further, we find a strange supercell feature as seen in Fig.
that are not parallel to the axis make zigzag patterns. These 6(f). When we pay attention to the variation of the image

FIG. 9. The relation between the lateral forleg and graphite

2. Features of image patterns
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(a) k=2.5:

Start Line O X (4] | ° XELIBAJ

of the Sc(all;) (¢) k=1.0: Fig.6(c) () k=0.25 : Fig.6(f)
ES
>

; 5
o- B ] xih)
1 . € s

0

10 FIG. 11. Two-dimensional distribution of the tip atom. Each dot
is the position of the tip atom after each minimization\6f and

o . . . solid lines represent C-C bonds of the graphite surface. Spring con-
_ FIIG. 10._ Schematic |Ilust_rat|on of two kinds of supercell fric- stantsk,=k,=k=(a) 2.5, (b) 1.5, (c) 1.0, and(d) 0.25 N/m. The
t'?”"’} _force _|mage§ ofF , for ka_).25 N_/m. The start line of the _scan scanning region is 9.8 8.5 A. Stick regions appear i) and(d).
A’B’ in (b) is obtained by shiftingAB in (a) by 1.23(=cy/2) A, in

the x direction. The masked area has the width of =42, A in . .
they direction. The frame made by a thick straight line means therepresent C-C bonds of the graphite lattices. ko, the

scan region, corresponding to Figf)6 The rhomboids represented P atom is distributed continuously over the entry plane

by the solid lines show X2 supercell structures with respect to the [Figs_. 11a) and ,]-It_))]' However’ With the decrease kfthe
unit cell of the graphite lattice. density of the distribution of the tip atom around the hollow

site becomes large. Finally, fde<k., the tip atom exists
only around the hollow sitgFigs. 11c) and 11d)], indicat-

ing the appearance of the stick-slip motion. The stick regions
become smaller as the cantilever becomes softer, as shown in
Figs. 11c) and 11d). Therefore it is clearly demonstrated

5
X[A]

pattern in they direction, it can be noticed that the same
pattern appears in the cycle bf and 2o,. Therefore the
frictional force image has a2 supercell symmetry with
respect to the unit cell of the graphite lattice. The periodicity . PN
in the y direction and the supercell are presented by scheg;r?e;hseioﬁﬁrgt'ﬁ:fﬁls rggtr;g;m(; I;:gtlt?r? alforﬂue to the two-
matic illustrations in Fig. 1@). The frame made by the thick el : . o

; : : . . In the z direction, stick regions are distributed over onl
SE;?Ight I'r?e means them)sc?]n reglog, corrt:osponéjlg)g to I:'gabout 0.20 A around=2.2 A gTherefore it can be concludedy
6(f). As shown in Fig. 1(8), the periodicity ofby and 2 in . ! L
the y direction corresponds to the graphite atom spacing OrI‘hat the stick regions are distributed over a pancake-shaped

the start lineAB of thex scan. When we shift the start line of region parallel to the surface, because of the flatness of the
the scanAB of Fig. 10a) to tr;e positionA’B’ of Fig. 1Qb) graphite surface. The stick regions make triangular lattices as

an image different from Fig. 18) is obtained. The appear- a whole, and each of them is located above the hollow site of
ance of the two alternative iong period imaées is a remarkgraph'te' These results are in good agreement with the pic-

able feature for the soft tip cases and it is caused by th ure of the two-dimensional stick-slip model inferred by

.. 7‘9’11 . _ . . . _
two-dimensional stick-slip hysteresis motion of the tip atom. .UJlsawaet al. Th|§ concept of th? two dlmen5|onal fric
tion from the standpoint of the cantilever stiffness was also

discussed theoretically by Gyalag al?°

Here the variation of the image pattern mentioned in Sec.

Since the feature of the image patterns mentioned in Sedll B 2 is simply explained using the two-dimensional tip-
[11 B 2 can be explained by the motion of the tip atom, the atom distribution. We focus on the scan that intersects the
behavior of the tip atom during the scan is investigated beC-C bonds tilted by 30° or 150° from the axis. Then the
low. In order to know clearly where the tip atom sticks, andtip-atom position X,y) for this scan line is presented as
between which site it slips, we also calculate the optimizedshown in Fig. 12. The position of the scan lifi@oken line
positions of the tip atomx,y). The scanning region of the in Fig. 12 is x,:=0 andy,=3.7c,, corresponding to the po-
lever basal position is 9.8 A8.5 A. Figures 1(a)—11(d) are  sition indicated by the thin arrows along thedirection in
obtained by plotting X,y), corresponding to the cases of Figs. 6a), 6(b), 6(c), and &f). Each dot connected by the
ky=k,=k=2.5(a), 1.5 (b), 1.0 (c), and 0.25 N/m(d), re-  line represents the continuous tip-atom motionkKer2.5 (a)
spectively. In these figures, each dot represents the positicand 1.5 N/m(b), and the stick motion fok=1.0(a) and 0.25
of the tip atom after each minimization ®f, and solid lines N/m (b), respectively.

4. Two-dimensional distribution of the stick region



k= (a)2.5, (b)L.5, (¢)1.0, and (d)0.25 [N/m]

@ carbon atom  —-—— scan line
O hollow site ——— slip motion
@@ CChbond:L;,L,, L3
(a),(b)— continuous motion
(),(d)— stick motion

FIG. 12. The part of Fig. 11, corresponding to the tip-atom
position ,y) for the scan line which intersects the C-C bomids
or L, tilted by 30° or 150° from thex axis. The region of the scan
line (broken ling is xs=0 andys=3.7c,,. Each dot is the tip-atom

position, the solid circle is a carbon atom, the open circle is a
hollow site, and solid lines represent C-C graphite bonds. Spring

constantsk,=k,=k=(a) 2.5, (b) 1.5, (c) 1.0, and(d) 0.25 N/m.
“Stick regions” appear in(c) and (d).

For the case ok=2.5 N/m[Fig. 12a)], the tip-atom dis-
tribution deviates only a little from the scan line within the
x-y plane toward the hollow sitel;, H,, andH3. Therefore

the amplitude of the locus of the tip-atom position along the

y direction is small. As the cantilever becomes softer 1.5
N/m [Fig. 12b)]), the tip-atom position shifts closer td,,
H,, and H;. Therefore the amplitude of the locus of the
tip-atom position along thg direction becomes large. This

continuous tip-atom motion, which goes beyond the C-C

bondsL (L,) towardH, (H3), produces the zigzag patterns
mentioned in Sec. Il B 2. Fok=1.0 N/m[Fig. 12c)], the

gap of the tip-atom distribution appears and the tip atom

exists in the regions arourtd,, H,, andH5. This stick-slip
motion of H;—H,—H3 produces the zigzag patterns.
However, for the very soft cantilevék=0.25 N/m[Fig.
12(d)]), the tip atom is located very close to the hollow site,
and the tip-atom motiotd;—H,—Hj turns intoH;—Hj.

In this case, the position where the tip atom sticks just before

it slips toH 5 is approximately closer tbl ; thanH,, that is to
say, the potential barrier of the C-C bohgd becomes lower
than that ofL,. In this case the zigzag pattern vanishes.
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FIG. 13. Two-dimensional adiabatic potential surf&te,z;xs)

Thus the variation of the image pattern is explained by th@or a contour plot expression. The black circle corresponds to the

two-dimensional tip-atom behavior.

5. The mechanism of the stick-slip

tip-atom position.x is (a) 0, (b) 1.23=cy/2), (c) 2.09, and(d)
2.46=cy) A.

The mechanism of stick-slip motion in our system is ana-tip-atom position. First, foxs=0 A, the tip atom is caught
lyzed quantitatively in this section, based on the spatiaby the minimum ofV at the hollow sitdFig. 13a)]. Then,

variation of the total energy. The concept of this mecha-
nism is based on Tomlinson’s pictuf®and is also similar to
that proposed by McClellad@l or Tomanek, Zhong, and
Thomas'®® As an example, the total potentidfor k=0.5
N/m is calculated as a function of and z, for each lever
basal positionxs, on the broken line of Fig. 3y can be
regarded a¥(x,z;Xxs) by the symmetry. Figures 8-13d)
represent the case fo,=0 (a), 1.23(b) (=cy/2), 2.09(c),
and 2.46 A(d) (=cy). The black circle corresponds to the

for xs=co/2 A, V has two minima, which are located sym-
metrically with respect tax=c,/2 A [Fig. 13b)]. The tip
atom cannot jump the energy barriexat c,/2 A. Therefore

the tip atom is still stuck to the region around the hollow site,
and moves only minutely. However, fag=2.09 A, the bar-

rier trapping the tip atom disappears and the tip atom moves
along the dotted curve toward the deeper minim{fig.
13(c)]. This dotted path neglects the variation of the potential
surface by the motion of the tip atom. Thus the tip atom slips
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FIG. 15. The cross sections of Fig.(b#at the line indicated by

the arrow along thg direction.F, andF, mean lateral force curves

of ys-Fy(ys) andys-F,(ys) relations, respectively. Spring con-

stantsk,=k,=k=0.75 N/m. The left-hand vertical axis meaRg
FIG. 14. Lateral force images &, andF, with the tip scanned  or Fy, and the right-hand one means the cantilever deflection,

in the y direction of Fig. 3. Cantilever spring constants Fy(Yys)/k or Fy(ys)/k. The tip is scanned in thg direction.c, and

ky=ke=k=(a 1.5 and(b) 0.75 N/m. The scanning region is 9.9 bo are the same as those in Fig.c3=2.46 A, andby=1.42 A.

Ax9.8 A. indicate the two-dimensional zigzag stick-slip of the tip atom

between the stick region. Similarly to the case for th&can

discontinuously between the nearest-neighboring hollown Fig. 6(e), the lateral force image in Fig. {4 and the
sites towards the scanning direction, and a sudden energyrce curve in Fig. 15 agree very well with experimental
dissipation occurs. This mechanism of energy dissipation igesults by Fujisawat al”’ [see Fig. {3) and Fig. 2a) in Ref.
only an assumption we made, mentioned in Sec. Il. For, respectively. F, has an image pattern of honeycomb type,
Xs=Co A, it is clearly shown that the tip atom is caught by and F, is a wavelike stripe image parallel to theaxis. This
the hO”OW site next to the |n|t|a.| hO||OW site In thed”ec- agreement is a|so qua"tative' Sim”ar'y to the case Of F|g
tion [Fig. 13d)]. This stick-slip process is repeated with the 6(e).
period ofcy. On the other hand, for thex scan in Fig. 3, Next, the tip atom is scanned in thedirection as shown
the tip atom takes a similar stick-slip motion symmetrically j Fig. 3. TheX axis is obtained by rotating the axis 15°
with respect tox=co/2 A. In this case, the position where counterclockwise around the origihollow site. The image
the atom starts to jump appearsxat=0.368 A. for ky=ky=0.75 N/m is presented in Fig. 16. This noncon-
servative force image depends remarkably on the scan direc-
tion. Thus, it is a general feature that the nonconservative
force images significantly vary with the scan direction.

Lateral force images for other scan directions are calcu- This scan directional dependence together with the aniso-
lated, and the dependence of the image by the scan directiqfopic cantilever was also discussed in relation to the canti-
is investigated. First, the scan direction is rotated 90° fromever stiffness by Gyalogt al?® We will also discuss the
the one mentioned before: the tip is scanned inyttdirec-  influence of the anisotropy of the cantilever in the next sec-
tion as shown in Fig. 3. Calculated images ke£1.50 and tjon.
0.75 N/m are shown in Figs. (& and 14b), respectively.
Figure 14a) is an image of the conservative force, and it is ky=ky=0.75[N/m]
just the same as Fig(l6). Please note the direction of tixe Fx T Fy
andy axes. However, the nonconservative force image is -
clearly different from the corresponding one of before, as
exemplified by the difference between Fig.(4and Fig.
6(d).

Then,F, andF, in Fig. 15 are the cross sections of Fig.
14(b) over the scan line indicated by the arrok, and F,
mean the lateral force curves gf-F,(ys) andys-F,(Ys) YT'

relations, respectively. The left-hand vertical axis meps

C. Scan directional dependence

or F,, and the right-hand one means the cantilever deflec- X
tion, Fy(ys)/k or F,(ys)/k. F, exhibits the sawtooth be-
havior with the periodicity 8,/2, while F, takes the square- FIG. 16. Lateral force images & andFy with the tip scanned

wave behavior, whose rise and fall are synchronized with thén the X direction of Fig. 3. Cantilever spring constants
sharp slip in the sawtooth behavior Bf,. These behaviors ky=ky=0.75 N/m. The scanning region is 10440 A.
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y

FIG. 18. The comparison of lateral forég image for the elas-
tic surface, with those for the rigid surface. The tip is scanned in the
y direction on &) rigid surface fokk=0.50 N/m,(b) elastic surface
for k=0.50 N/m, and(c) rigid surface fork=0.75 N/m. The scan-
ning region is 9.9 A49.8 A.

an anisotropic cantilever is considerably different from that
by an isotropic one. It can be thought that most of the ex-
perimental images might be influenced by an anisotropic
spring, which is the sum of the elasticity of the macroscopic
cantilever and the microscopic interatomic bonds of the tip.

E. Surface deformation

Finally, we allow the graphite surface to deform, using
the surface potentid¥g, formula(3) in Sec. Il. The lateral

FIG. 17. (a) Lateral forceF, images, with the tip scanned in the force images with thg scan are presented as shown in Figs.
x direction of Fig. 3, andb) F, images with they scan. Spring  18(a)-18(c). Figure 18b) is an image of an elastic surface
constants K, .ky) =(a-1 (0.50, 5.0, (@2 (0.25, 2.5, (b-1) (10.0,  for k,=k,=k=0.50 N/m. Figures 1@ and 1&c) are im-

0.50, and(b-2) (2.5, 0.25. ages of rigid surfaces fdr=0.50 and 0.75 N/m, respectively.
As seen in these force images, Fig(l)8is more similar to
D. Anisotropy of the cantilever Fig. 18(c) than to Fig. 183). This feature is quantitatively

xamined in the cross sections of Figs(#)818c) at the
. ! ne indicated by the thick arrow along the direction. In
k>_<9e ky, to see the effect of the anisotropy Qf the cantl|E_3Ver-|:ig. 19, the lateral force curve witk=0.50 N/m for an elas-
First, the tip atom of the cantilever witg <k, is scanned in ¢ surface takes a behavior similar to that wkti0.75 N/m
the x direction of Fig. 3. The images df, are presented in  for 3 rigid surface. Therefore, the surface deformation makes
Figs. 17a-1) and 17a-2). Figure 17a-1), for (k,,k,)=(0.50,  the cantilever effectively stiff. This feature can be explained
5.0), has a sharper shape in thedirection than the corre- pased on the behavior of the total enekgys follows. The
spondingF, image in Fig. &e) for (k,,k,)=(0.50, 0.50.  elastic energy of the cantilevev; does not depend on
Similarly, Fig. 17a-2, for (k,k,)=(0.25, 2.5, has a whether the surface is rigid or elastic. On the other hand, the
sharper shape in the direction than the correspondirigy,  spatial variations of the tip-surface interaction potertal
image in Fig. &), for (k,,k,)=(0.25, 0.23. The reason why become reduced when the surface deformation is introduced.
the sharp image in th& direction appears can be qualita- This is because when the tip atom approaches the potential
tively explained as follows: Suppose that the lever basal pobarrier of V1g, the nearby surface atoms will be relaxed to
sition is scanned in the direction, on the line that a distance lower the value oVrs. The degree of the stick-slip is deter-
d from the stick region. In this case, the cantilever deflectionmined by the ratio between the magnitudes of spatial varia-
Ay in they direction can be approximately regardeddas
Therefore, agl increases for the same, the lateral force 0.1
Fy(=kyd) increases rapidly becaudg<k,, and the tip
atom can slip more easily in thedirection. Thus the image
as shown in Fig. 1(&-1) and 17a-2) are obtained. %
Next, we consider thg scan for the tips withk, >k, : =
(ky ,k,)=(10.0, 0.50 and (2.5, 0.25. The images of, are w
presented in Figs. 1B-1) and 17b-2). In these cases, the
images sharp in thg direction appear as shown in Fig.
17(b-1) and 17b-2), by the similar reason mentioned above.
In particular, the wavelike pattern of Fig. (b71) is qualita-
tively in good agreement with that of the experimental image  FiG. 19. The cross sections of Fig. 18 at the line indicated by
obtained by Ruan and Bhushafsee Fig. ) in Ref. 5. the arrow along thg direction. The dotted, solid, and broken lines
Thus, by considering the anisotropic cantilever, the directiortorrespond tda) rigid surface fork=0.50 N/m, (b) elastic surface
where the tip atom can easily move appears, and the imager k=0.50 N/m, and(c) rigid surface fork=0.75 N/m, respec-
becomes sharp toward that direction. Therefore the image yvely.

it
fd
o

------- k=0.50 N/m (rigid)  _
k=0.50 N/m (elastic)
-0.1 ~——— k=0.75 N/m (rigid)

Ys[A]

' ()
T T T T T [ T T T 71

(]

19 0
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tion of V1 andV+g, as mentioned in Sec. Il. Therefore, in the effect of elasticity of the surface is included in the can-
this particular case of Fig. 18), the ratioV{/Vg for the tilever stiffness. Therefore surface deformation makes the
elastic surface becomes larger than that for the rigid surfaceantilever effectively stiff.
for the same cantilever or the sade. The enhanced ratio There are many problems to be solved. First, only the
can be realized for the stiffer spring for the rigid surface.static feature of friction is discussed in this work. However,
Thus, it can be said that the effect of elasticity of the surfacelynamics of atoms in the cantilever and the surface under the
in thex andy direction is included in the cantilever stiffness finite temperaturel #0 K must be included in order to ex-
ky andk,, in the weak loading conditioF,)=0.21 nN of  amine the rate of the energy dissipation and its effects on the
our calculations. frictional force. Next, cantilever spring constarits andKk,
used in our calculation are by two or three orders of magni-
IV. CONCLUSION tude smaller than those in experiments. Two speculations
about this problem were presented in Sec. Il B 1. One rea-
In this work, we calculated the lateral force images of theggp js that we use a single-atom tip model. Therefore the tip
graphite in AFM, and investigated systematically generaletects much smaller force than the experimental one, which
features of two-dimensional images of atomic-scale fric-yjj0ws us to use a weak spring. The other reason is that the
tional force, based on the static calculations. Some of thetfective spring constant can become small during the scan-
calculated frictional-force images qualitatively agree wellmng process by the flexing of the tip apex pointed out by
with the observed images. However, the cantilever springsyiffith and Grigg?’ This problem must be considered with
constank and the load~, are not reproduced quantitatively. the yse of more realistic AFM and lateral force models. The
The process in which the weakness of the cantilever springcan directional dependence of critical stiffnésswill give
makes lateral conservative force nonconservative is alsgs fyrther understanding of the two-dimensional atomic-
clarified from the transition of the lateral force image pat-gcale friction. The difference between the constant-height
terns. On the specific scan line, the critical value of cantiley,ode and constant-force mode is also an important issue for
ver stiffnessk; is about 1.3 N/m. It is made clear that, for 5 guantitative study. Further, the influences of the multiple-
k<k, the discrete “stick regions” appear around the hol- atom tip and flake tip on the atomic-scale friction are very

low sites. The relation between the image pattern and thgyteresting. These problems should be further clarified in our
arrangement of the graphite atom is discussed. We find thag,i,re works.

in the case of the soft cantilever, super structure images ap-
pear, and their phase is determined by the initial condition,
i.e., the start line of the scan. It is also shown that the scan
direction has a significant influence on the nonconservative
lateral force image. Further, in the case of the anisotropic This work was partially supported by a Grant-in-Aid from
cantilever, the direction where the tip atom hardly movesthe Ministry of Education, Science and Culture of Japan. The
appears, and the image becomes rather different from that farumerical calculations were performed by HITAC S-820 and
the isotropic lever. Under the comparatively small ldad S-3800 at the Computer Center of the University of Tokyo.
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