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Model calculations of superlubricity of graphite
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In this paper, friction between a finite, nanometer-sized, rigid graphite flake and a rigid graphite surface is
analyzed theoretically in the framework of a modified Tomlinson model. Lateral forces are studied as a
function of orientational misfit between flake and surface lattices, pulling direction of the flake, flake size and
flake shape. The calculations show that the orientation dependence of the friction provides information on the
contact size and shape. We find good agreement between the calculations and the experimental results, dis-
cussed in a recent publication by Dienwiele¢lal. [M. Dienwiebel, G. S. Verhoeven, N. Pradeep, J. W. M.
Frenken, J. A. Heimberg, and H. W. Zandbergen, Phys. Rev. B2it126101(2004)].
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I. INTRODUCTION one- or two-dimensional Tomlinson models. Most of these

Experimental investigations of friction on the atomic M0dels have involved either pointlike ti§s'® or infinite
scale have become possible by virtue of the friction forcesurfaces’” The strengths of the springsor the normal
microscopé (FFM). In an FFM a sharp tip is scanned with load$® needed to obtain quantitative agreement with experi-
atomic precision over the surface of a sample, while the latmental friction force maps of graphite, had to be chosen two
eral forces are recorded with a resolution that can be in therders of magnitude smaller than those in the experiments.
pN range? To explain this, Moritaet al*® have suggested that in FFM

Theoretically, atomic-scale friction in the absence ofexperiments on layered materials such as MoSgraphite, a
wear, plastic deformation and impurities has been studieflake, consisting of several hundreds of atoms in commensu-
using simple ball-and-spring models such as the Tomlinsomnable contact with the substrate, was attached to the tip.
model? the Frenkel-KontorovgFK) model?® or a combi- Recent experimental results by Dienwieltlal,'® ob-
nation of these models, known as the FKFrenkel- tained by use of a novel FFRand discussed more exten-
Kontorova-Tomlinsopmodel! Recently, an extensive over- sively in Refs. 20 and 21, show that the friction force be-
view of the field of computer simulations and theoreticaltween a tungsten tip and an atomically flat graphite surface
modeling of friction, lubrication, and wear has been given by,a5 ultralow (0—50 pN for most relative orientations, ex-

Robbins and Musef. cept for narrow ranges of orientation where the friction was
high (typically 250 pN. For normal forces in the range be-

sliding top solid. The bottom solid is treated as a fixed peri—RNeen ~20 and 40 nN, the friction showed only a weak de-

. . : dence on the loading force.
odic potential energy surface. In a second version of th&€nCer : .
Tomlinson model, the single atom is replaced by an infinite We interpret th'g’ result. to be_caused by a graphite flake,
number of atoms, each connected by a separate spring to tfltached to the tip? In registry with the sub§trate, .the flake
moving, rigid support. In the FK model the atoms in the top@S & whole performs a slip-stick motion during which energy

surface are coupled to their neighbor atoms by springs, whilé® dissipate_d, which causes friction. When the flake is rotated
the coupling to other atoms in the sliding top solid is ne-out of registry, the forces felt by different atoms start to

glected. cancel each other out, causing the friction force to vanish,
The frictional behavior of such simple ball-and-spring and the contact to become superlubric.
systems has been explored extensiVéRit has been found Lateral forces in finite, nanometer-sized contacts have re-

that the friction between two crystalline surfaces that slideceived little theoretical attention. Total-energy minimization
over each other, in dry contact, but without wear, depends onalculations aff=0 K of a flat C11l) terminated asperity
their commensurability, i.e., whether their lattices share aonsisting of 25 to 361 atoms sliding over a(Cll) surface
common periodicity, on the strength of the springs, thehave been performed by Sgrenstmal 22 Atomic-scale stick-
strength of the interaction, and on the specifics of the modeklip motion was observed when the two lattices were in per-
such as the dimensionality and the geometry of the springs ifect registry. For this situation, friction increased linearly
the system. Hirano and Shinjo have used numerical calculawith the number of atoms in the contact. When the asperity
tions for a quasistatic ball-and-spring model of system rigidwas rotated 16.1° out of registry, the friction vanished for
crystals with fcc, becc, and hcp symmetry and different ori-sufficiently large contacts. For small contacts, it was found
entations, to show that it is possible for incommensurate sutthat sliding could result in finite friction, due to a local pin-
faces, in dry, wearless contact, to slide over each other withaing effect at the corners of the interface.
out phononic energy dissipation, an effect for which they Sheehan and Lieber have observed that Mo@nocrys-
have introduced the name superlubricity? tals in contact with a Mogsurface, would slide only along
So far, direct comparisons between FFM experiments andpecific directiong® For these directions, a very low shear
model calculations on dry friction have been based mostly oistress was measured. Using a computer model, they showed
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FIG. 1. lllustration of the modified Tomlinson model used in our
calculations. A rigid flake consisting dfi atoms(here N=24) is FIG. 2. 0.246 nmx 0.426 nm rectangular unit cell of the poten-
connected by arx spring and ay spring to the support of the tial energy surfacéPES that describes the interaction between a
microscope. The support is moved in thelirection. The substrate single carbon atom and the outermost layer of the graphite sub-
is modelled as an infinite single layer of rigid graphite. strate. The potential has minima of ¥@ and maxima of ivo
(here,V(=0.032 eV}. Solid and dashed contour lines in the PES

that for a misorientation of 14° between a rigid Mp@ano- ~ denote positiveV=0) and negativeV<0) potential energy val-
crystal and Mo$ substrate, the nanocrystal can slide throughues' respectively. The contour lines are separated by 0.01 eV.
channels defined by the sulfur atoms of the substrate.

Miura and Kamiya have measured the friction between anv;(x,y,z) = — Vo(2)[2 coga;x)cogayy) + cog2ayy) | + Vi(2),
MoS, flake with an area of 1 mfrand a thickness of several (1)
micrometers, and a MgSubstraté? In order to interpret the

experimental lateral force images, they used a twowith a;=2m/(0.246 nm anda,=2m/(0.426 nm determined
dimensional Tomlinson model of a pointlike atom that movespy the periodicity of the graphite surface. The height-
through an effective potential that has minima at naturaljependent corrugation amplitude is given Yy(z), while
stacking sites of MoS They assumed that the flake was v/, (z) indicates the overall, i.e., position-averagedepen-
always in commensurate contact with the substrate, and ofence of the interaction. Figure 2 shows a contour plot of the
tained qualitative agreement with the experiment. potential variations at a constant height=c, i.e.,

In the present paper, the friction between a finite,, (x v c)-V,(c). Equation(1) represents the lowest Fou-
nanometer-sized flake anql_a graph|t_e surfgce IS anal_yzed Her components of the interaction between a single atom or a
the framework of a modified two-dimensional Tomlinson intjike tip and the first layer of a graphite surface, assum-
model with finite contact size. The graphite flake is modele ng the potential to originate from pairwise Lennard-Jones
as a rigid structure ofpointlike) atoms, and the interaction iyieractions Expressions foly(2) andV;(2) can be found
between the flake and the substrate is assumed to be the SWMe ot 24
of all the individual interactions of the atoms.

A . . . . Because the relative positions of the atoms inXhatom
This paper is organized as follows: Section Il describe P

Slake (x;,y;,0) with respect to the positionx,,y;,z) of the
Center of mas$CM) of the flake are fixed, the flake-surface
interaction potential is simply obtained by the summation

Il B and 11l C, the dependence of the friction and SuDerlu'overN atomic contributions. The flake can then be treated as

bricity on flake size and shape are investigated. Finally, Seca pointlike object moving through this flake-surface poten-
IV discusses various aspects of the model and compares ﬂ?ﬁl

results with our experimental observatidfs?!

the superlubricity, calculated for a finite-size flake. In Secs

N
Il. MODEL Vint 0% Yo,2) = 25 VindX + X0 e + Vi, 2. (2)
The graphite flake is modelled as a rigid, finite lattice, =
composed of hexagonal carbon rings, as shown in Fig. 1. The In the experiments? the FFM was operated at a range of
flake is coupled to a support by springs in thandy direc-  hormal loads of up td=y=+40 nN. The system, including
tions. Via these springs, the support pulls the flake through e normal forceFy can be described by a total potential
periodic potential. V(% ¥1,2) = Vi (. ¥.2) ~Fnz.  The equilibrium height
The interaction between a single carbon atom in the flak&’ (%Yo is given by the minimum oW(x;,y;,z) with re-
and the graphite surface is approximated by the interactiospect toz. Combining these potential energy values for all
potential used in Ref. 14, positions(x;,y;), we obtain an effective flake-surface poten-
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tial energy surfac&/"3¢(x,,y,).1° The total potential energy ) Y e 9
including the elastic energy stored in the springs is given by o ] -394 g ®
§I: e | 99%% o 090%®e®%
g+ e S| ©e%®® | 9409040500
.- - > o s 0g0,0 T 040e9e®e®
V(R,Ry) = VIR(R) + 3K(R, ~ Ry, 3 e SeSete’
where ﬁt is the (x,y;) position of the center of mass of the  ¢) 9 -
flake, Ry, the (X, i) POSition of the microscope support, and :’:‘:’:’:
k=k,=k,=5.75 N/m is the spring constant in tk&nd in the g
y direction. Herek, and k, are taken equal to reflect the 2 o
symmetry of the sensor, employed in the experiméhfhe 2| 0g990e9e0e9e0e0g0e®
force at the support is given by Hooke’s law, 090909090 %® 0009999009000
0496%09¢%® 0400900094940,
A o 04049400 040094009,0®
F=-k(R-Ry. (4) < 90%0%0%¢%*
In the calculation, allx andy coordinates are discret- FIG. 3. Symmetric flakes used in the calculations, consisting of

ized in multiples of a basic length uritof 0.001 nm. This (g 6, (b) 24, (c) 54, (d) 96, and(e) 150 atoms.
introduces a finite lateral force resolution in the results of

kI=5.75 pN(the experimental error iR was estimated to be served in the simulated friction loops. In the experiments,

15 pN. The calculation procedure is as follows. The SUPPOty 56 the spring coefficient of the tip itself enters the effective

:s:fctannedhbytdisptlﬁcing ipt_in th? tp;]ulIif?gkdi_rectlilon indsttepsI Ofstiffness(see Sec. IV and Refs. 20 and)21
- Alter each step, the position ot the Tlake 1S allowed o relax — agiar every combination of one forward plus one back-

towardsdtktle bnearest I_(In_(t:)a_l ene;gy n;:m{num;c ;Lhe _systle? 'Ward line in thex direction, the support steps over a distance
assumed to be in equilibrium at eacn step ot the simulationg, (0.006 nm in they direction, perpendicular to the pulling

.e., the time scale at which the flake can respond and thSirection, and a new forward line is started. In this way, the

trIiI:; ;’v(\:lgle t?t Wﬁé%%;gecfggfes dS iﬁr}igilzisr; :tg‘a;g;uﬁg d support also covers a distance of 3 nm in yhdirection, and
y Dy P a two-dimensional lateral force image is generated. Note,

to b.e infinitely short with respect o the time sc.ale of thethat the last flake position in the friction loop is used as the
motion of the support. Although this assumption is not nec-

essarily correctthe time scales could be compardBeit starting position for the next loop, which is more realistic
ity . S paraje with respect to the experiment than resetting the flake posi-
provides a useful first approximation to the friction force

. tion and initializing it every time, as has been done in several
behavior.

- ... . previous studiege.g., Ref. 14
b '2:1 ?tae(;gti?/ce)zsItrlgge%futrre]:etrf;tprg(;:/tégﬁeeﬁgli%yolr?er?elalr?;\zﬁg' The orientation anglé of the flake lattice with respect to
yan uve p L eng ﬁwe substrate lattice is set prior to calculating the effective
| per iteration in the direction of steepest descent in the PO teraction potential for the contact. The angh under

tential energy. Instabﬂmgs in the potential energy ;urface AWhich the flake is pulled through the interaction potential is
a function of flake coordinates;,y;) can cause atomic-scale

. ) . : i . set independently. The friction force for a certain combina-
st|ck-s||p.mot|on, where the flake Q|scont|nuous!yjumps 0 &jon of misfit angled of the contact and pulling directio®
new position. Par(; ofththe pqterlltlalt ene;%g built th'n th?of the support is defined here as the average of all kinetic
springs Is removed within a single step of the support, resulty; i, \ayes for all differenty coordinates within one lat-

ing _in anonzero average force, i.e., a friction force, along th%ral force map, and also averaging over forward and back-
pulling direction. ward lines '
The CM position of the flake initially coincides with the '

support. Then the support is scanned for the first time over

3 nm in the pulling directionx directiorn). The system is . RESULTS
now considered initialized. The support is then scanned
backwards and forwards, again over 3 (iine scan size in
the experimer? was 3 nmx 3 nm). Static friction is defined Figure 3 displays symmetric flakes of various sizes that
as the force required in thedirection to cause the first slip were considered in the calculation. Each flake is a piece of
event. Kinetic friction is defined as the average force inthe graphene sheet, hereafter loosely referred to as a graphite
direction after that first event. The area in a closed frictionlayer, and has a shape with 60° rotational symmetry. The
loop equals the total energy dissipatgdmoved in the en- friction force (as defined in Sec.)lis maximal if the misfit
ergy minimization stepsduring the entire loop. Note that the angle® is zero, i.e., the lattices of flake and substrate form a
initial slope of each force loop does not equal the stiffness oEommensurate structure. For this orientation, the friction
the spring: within the framework of the model a lateral in- force increases linearly with the number of atohisn the
terface stiffnesg"e@exists that is caused by the curvature flake. In order to compare different flake sizes for a fixed
Vel gx2 at the minima of the periodic potential energy total interaction between the flake and the surface, the poten-
surface. This interface stiffness acts in series with the cantitial amplitude per atonV, was lowered with increasing flake
lever springs to produce the effective stiffness that is obsize such that alway¥,;N=0.52 eV. The total interaction

A. Superlubricity
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FIG. 4. Total potential energy surfaces and lateral force imd@ednmx 0.426 nm), calculated in the forwarck direction for a
symmetric, 96-atom flake, for misfit anglds=0° (a,b), ®=7° (c,d), and®=30° (e,f). The grey scale in the lateral force images corresponds
to the rangg-1.04,0.63 nN. For this rangeb) has maximal contrast. Solid and dashed contour lines in the PES denote pds#i% and
negative(V<0) energy values, respectively. The contour linegay (c), and(e) are separated by 0.12 eV, 0.012 eV, and>61®™* eV,
respectively. The grey areas in the potential energy contour plots denote positions that were visited by the flake. The black lines denote
pathways of the flake during single scan lines of the support ix thieection, aty,,=0.104 nmy,,=0.212 nm, an¢,,=0.284 nm[indicated
with black dashed lines ifa,0), and with white dashed lines i@®)]. In (a), the pathway that belongs to the scan ling/gt0.212 nm is
colored dark grey to distinguish it from the upper and lower pathways.

energy amplitudé/,N was set to 0.52 eV, so that the calcu- 3X 3 nm scan(of which only 1.0 nmx 0.426 nm is shown
lated friction force with the flake and substrate in registryparallel to thex axis (®=0°). In Fig. 4a), the flake is only
was the same for all flakes, namely 265 pN at 0° pullingfound in limited regions, slightly displaced to the upper right
direction, corresponding to the value measuredwith respect to the minima of the PES. Also shown are flake
experimentally-° pathways for three separate scan linesy,a0.104 nm.y,,
The effective interaction potential energy surfa@&ES  =0.212 nm, ang/,,,=0.284 nm. Friction loops for these path-
vilake for matching latticeg®=0°) is shown in Fig. 4a) for ~ ways are shown in Fig. 5. During the scanning process the
N=96. Note that in our model, for a commensurate contactflake moves continuously through the grey sticking regions,
changing the shape of the flake does not affect the calculateshile force is built up in the spring.
friction force. For®=0° only the total interaction energy = At y,=0.104 nm, the flake performs zig-zag motion
amplitudeVoN matters, which has been kept constant herethrough the PES, with the average force in thelirection
The positiongx;, ;) wherevmt(xt,yt) is maximal for a single  (F,)=0. Every time that the support is displaced over another
atom(Fig. 2), are minima oi\/lnat ¢for ®=0°, as displayed in lattice spacing, the flake jumps discontinuously to a position
Fig. 4(a) (at ®=0°, our model is similar to that of Miura and X;> X, in front of the support. This results in a positive force
Kamiya?%). These minima correspond to flake positionsF,. Only when the support is moved beyond the tip again,
where stacking between the flake and the substrate correloes the force switch back to negative. yysincreases(F,)
sponds to bulk graphite staggering of the graphite planedecomes more negative.
This stacking has the effect that only half of the flake atoms At y,,=0.212 nm, the flake jumps only through the row of
have atoms directly below. The other half fall above the cenPES minima aty=0.142 nm and no longer via those at
ters of the hexagons of the surface below. 0.071 nm, resulting in a higher average force in xhdirec-
The grey areas overlayed on the PES are the flake posiion [Fig. 5b)]. The average force in thg direction is now
tions recorded in thex-or forward scan direction, during the negative. It is not beforg,,~0.24 nm that the flake jumps to
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05 w w \1 7] cisely over the maxima of the PES, as can be seen in the scan

Y= 0'21|2 Qi , i , line aty,,=0.284 nm, the flake slips around them. However,
0.4 0.6 08 10 for the friction loop recorded at,,=0.284 nm[Fig. )], the

X,, [nm] small difference ofF,x)—(F_x)=0.6 pN between the aver-

age lateral forces in the forward and reverse pulling direction

reveals that even there almost no energy is dissipated.

If the misalignment between the 96-atom flake and the
substrate is further increased to 30°, the corrugation of the
PES becomes so low that the pathway of the flake through
the PES is identical to that of the support, within one length
unit | of the calculation. The flake-graphite contact is now
i completely superlubric.

00 0.2 0.4 0.6 0.8 1.0 In order to investigate the dependence on the pulling di-
X,, [nm] rection®, calculations have been performed for a rang® of
values for the 96-atom flake in registfp=0°), for ®=4°,

FIG._5. Calculated friction loops for a symmetric 96-atom flake 53nq for ®=30°. The results are shown in Fig. 6. The maxi-
at rotation anglesb=0°, 7°, and 30° at@) Y=0.104 nm\(b) ym  yym variation in the friction force witl® was found to be
=0.212 nm, andc) y,=0.284 nm. The solid lines show the force in 20%-30% for the commensurate flake as well as for the 4°
the fomqrdx Qirection, the dotted lines show the force in the back- incommensurate flake, while the friction was essentially zero
ward x direction. In all three panels, the forward and backwardg, o 1 lling directions ford=30°. Choosing a different
forces coincide within the resolution of the plot fér=30° (lowest- . - d .
amplitude curves and ®=7° (intermediate-amplitude curves pulling direction can _Change the trajectory of the f"'?‘ke.- But
Here, only ford=0° the forward and backward curves are visibly b.ecaus‘? the flake still jumps between the S‘f"me snckmg_re-
separated and energy is dissipated. gions via more or less the same saddlc—_z pomts, f[he friction

force depends only modestly on the pulling direction.

the next row of minima ay=0.284 nm. This may seem sur- A very similar dependence on the pulling direction was
prising at first sight, sincg,=0.213 nm is located symmetri- found by Gyaloget all” within a FKT model for two iden-
cally on the PES. However, the history of the scan is thatical infinitely extended crystal surfaces with a square geom-
previous scan lines were at lowgy, values, so that when, for etry. In contrast with the results in Ref. 18, the friction force
example,y,,=0.220 nm, the flake is still on the lowgrside  in Fig. 6 is lowest at +1.5° with respect to the symmetry
of that Symmetry line. This hiStory effect is also reflected indirections of the graphite surface and S||ght|y h|gher pre-
the sharp cuts in the lateral force mefig. 4b)] in theyy,  cisely in the symmetry directions. This is caused by a deli-
region between 0.21-0.24 nm. cate interplay between the force built up in thdirection in

Finally, aty,,=0.284 nm, the flake again performs zig-zag syccessive scan lingéhe history-effect mentioned aboye
motion. Here, the flake motion is not centered around thgnd the force recorded in the direction. For®=0° [Fig.
support scan line(Fy)>0, and two different peak heights 4(a)], the pathway of the flake during a single scan line is
appear in the friction force looffFig. 5c)]. along a single row of PES minima. Ag, increases, force is

When the 96-atom flake is misaligned by 7°, the calcu-puilt up in they direction. This results in higher forces re-
lated friction force(i.e., the average lateral forceanishes corded in thex direction, when compared to calculations in
completely(-0.78 pN, within the precision of the calcula- which at the start of each new scan line the position of the
tion (5.75 pN. Figure 4c) displays the calculated effective flake is made equal to that of the support. For angles
PES ford=7°. With respect tab=0°, the corrugation of the 0°<®<1.5° between the path of the support and the rows
PES has decreased, and the regions addressed by the flakePES minima, the force in thg direction rises along a
have merged, indicating that the flake moves continuouslgingle scan line. Still, the scan size of 3 nm is sufficiently
through most of the PES. Only when the support scans presmall that the flake jumps to the next row only when the

0.0 02
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FIG. 7. Friction as a function of the orientation angle for differ-
ent symmetric flakes ranging in size from 6 to 150 atoms. FIG. 8. Width of the friction peak$FWHM) in Fig. 7 versus
flake diameter. The dotted curve is the simple geometrical estimate

support is moved to the next scan line, i.e., wiggnis raised.  ©f Ed- (9

This will occur earlier for increasing pulling anglés Con-

sequently, the average force buildup in thalirection de-  section, the effect of these so-called asymmetric flakes on the
creases, and the increase of the force inxhdrection de-  friction is investigated. Taking a 96-atom symmetric flake as
creases. Finally, starting at pulling directi@®1.5° in Fig.  a starting geometry, we removed rows of carbon hexagons at
6, the flake jumps between rows of PES minima during scaithe top and at the bottoffirigs. 9a) and 9b)] until a single
lines, effectively erasing the history of the scan. Note that th&ow of carbon hexagons was I€ftig. 9(c)]. This yielded
pulling direction at which these jumps between neighboringhree model flakes with length-over-width ratios of 1.5, 2.4,
rows start, depends on the length of the scan line. In Fig. @nd 6.1, and consisting of 78, 56, and 30 atoms, respectively.
the experimental scan size of 3 nfi® nm is used. For in- As before, we have keptV, constant.

creasing scan sizes, the friction minimum moves towards Calculated potential energy surfaces and lateral force
®=0°, and for infinite scan sizes the dependence of the fricmaps in the forwardk direction for the 56-atom flake are
tion on the pulling direction will equal that of Ref. 18, with shown in Fig. 10. The images were calculated for misfit

the exception ofd exactly equal to zero. angles of®=12° (a,bp and®=30° (c,d), at a pulling direc-
_ tion of ®=0°. The results for an unrotated flakbé=0°) are
B. Flake size dependence again identical to those for the symmetric 96-atom flake, in

Figure 7 displays the computed friction force as a func-Figs. 48 and 4b). Due to the stretched shape of the flake,
tion of the misfit anglep (at a pulling direction o®=0°, for the effective PES becomes elongated along the long axis of
the five symmetric flakes shown in Fig. 3. Becaldd, is  the flake when®+#0. The grey areas show positions that
chosen equal for all flakes, the friction force reaches thdave been visited by the center of the flake during sliding.
same maximum value fo=0°. We find angular regions They reveal that for misfit angl®=12°, the angle around
with high friction around 0°, repeating every 60° due to theWhich the contact becomes fully superlubric, the PES is
rotational symmetry of the flakes. At intermediate anglesé&longated such, that channels of sticking areas are formed
near-zero friction is calculated, except for the six-atom flakethat run across the surface. These low energy channels in
for which the friction drops to 52 pN. which the flake slides continuously, are still separated by

The angular width of the friction maxima should depend€nergy barriers in thg direction over which the flake must
on the flake size, because the cancellation of lateral force§mp. The jump to a new channel causes a sudden shift in the
can be considered complete when the mismatch between th¢avy force pattern, vaguely visible in the lateral force image
two lattices adds up to one lattice spacing over the diametdp the x direction. These jumps, however, have a negligible
of the flake. This condition provides us with the estimate tha€ffect on the friction. Low-energy channels, such as calcu-

tan(Ad)=1/D, (5) ) b
whereA® is the full width at half-maximungFWHM) of the 0%e%e%e%e% | 1722 oy |
friction peak, and is the flake diameter, expressed in lattice 0%0% %% %% e®e%e%e%e%e%
spacings. This relation is shown in Fig. 8, where the FWHM E:':':':':':':': E{:':':':':':':':
of the friction peaks in Fig. 7 is plotted as a function of flake e e e e e e o eetetetetet
diameter, using the in-plane graphite nearest neighbor dis- MDD
tance of 0.142 nm as lattice spacing. The agreement between s 0000
the estimate of Eq5) and the peak widths calculated for the o
five flakes is excellent. g e o 6 6 6. o

C. Flake shape dependence

Calculations have also been performed for graphite flakes FIG. 9. Three asymmetric flakes consisting@f78, (b) 56, and
with shapes that do not have 60° rotational symmetry. In thigc) 30 atoms.
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FIG. 10. Total potential energy surfaces and lateral force imagy@snmx 0.426 nm), calculated in the forwardc direction for an
asymmetric, 56-atom flake, for orientation angles 12° (a,b) and®=30° (c,d). Solid and dashed contour lines in the PES denote positive
(V=0) and negativgV<0) energy values, respectively. The contour lines are separatéa) ioy2x 1073 eV and(c) 3.1x 103 eV. The
grey areas in the potential energy contour plots denote positions that were visited by the flake when scannixglire¢tioen. The grey
scale in the lateral force images corresponds to a force rarig®4,0.63 nN, equal to that of Fig. 4.

lated here for the rotated asymmetric flake, have been obFhe sticking regions in the backward scan r63.5° (not
served experimentalf? shown equal those in Fig. iB), but are mirrored in the

Depending on the flake orientation, the sticking zones araxis. Likewise, the sticking regions in the backward scan for
elongated in different directions, which creates the impresd=116.5°(not shown, mirrored in they axis, equal those in
sion that the lateral force pattern is rotatifgpmpare Figs.
4(b), 1Q(b), and 1@d)] although the pulling direction is the
same for all lateral force images sho\®@=0°). When the
flake is rotated 30° away from commensurability, the PES is
at its shallowest and the flake slides continuously over the
entire surface.

Figures 11a)-11(c) shows the dependence of the friction

ﬁgéﬁf%
AN

-80 -60 40 - 60 80 100120 14Q

on the misfit angle for®=0°, for the asymmetric flakes - b) %} Maloms |
shown in Fig. 9. As for the symmetric flakes, we find regions Z L § § .
with high friction that appear every 60°, separated by angular s r g%ﬁ i %ﬁé g% ]
regions that are superlubric. The high friction peaks now g j I T I Y

80-6040-20 0 20 40 60 80 100120140

exhibit shoulders, which become more prominent the more
asymmetric the shape of the flake is. Furthermore, these
shoulders are asymmetric, but the pattern shows mirror sym-
metry with respect to 0° and 90°. This mirror symmetry is
caused by the combination of two elements; for a mis-
aligned asymmetric flake, the shape of the PES causes the
flake to follow different pathways in the forward and back-
ward scans(2) The asymmetric flakes in Fig. 9 possess two
mirror planes. This mirror symmetry produces mirrored po-
tential energy surfaces for paired angles

- ©)

-80 -60 40-20 0 20 40 60 80 100120140

3 d) 56 atoms

b & o=1¢" ]
NATNAETY ENNAR

flake, flake 80-60-40-20 0 20 40 60 80 100120140
Vint (@, %, Yo) = Vint (= P, =X, Vo), Orientation angle ® [degrees]

-B88388.2BE888 2388388388888

V,f:f{ke(90° +®,%,Y,) = Vﬂﬁke(90° -D,-x.y). (6) FIG. 11. Friction as a function of the orientation angle for
three different asymmetric flakes witlia,d 56 atoms, V,
For example, Fig. 12 shows the positions in the PES vis=0.0093 eV; (b) 30 atoms, V,=0.017 eV; (c) 78 atoms, V,
ited by the flake during the forward scan, rotated by 90°=0.0068 eV. (a,b,9 are calculations for a pulling direction
-26.5°=63.5%a) and 90° +26.5° =116.5(b), respectively. ©=0°, (d) is calculated a®=10.

165418-7



VERHOEVEN, FRENKEN, AND DIENWIEBEL PHYSICAL REVIEW B70, 165418(2004)

- ~ s ,‘.‘ m
Z 20

8§

8
s £ 100
7\ o
400
< 300
Z 20

B

k]
£ 100
& 0

0.0 0.2 0.4 0.6 0.8 1.0
Rotation ange ©[degrees]
X, [nm]

) ) FIG. 13. The data points in both panels show the average fric-

FIG. 12. C_:alculated e_ffectn/oe PES for_an as;:mmetrlc 56-atoMon force versus the rotation angle measured in Ref. 21. The curve

flake for rotation gngle@—63.5 (a)_a_ndcb—116.5 (b). The grey _through the data points shows the calculated friction force from the
areas denote positions that were visited by the flake when scanning - iinson model for(a) a symmetric 96-atom flake ang) an

in the forwardx Qirection. Solid and qashed contour lines in the asymmetric 78-atom flake. The calculations were performed for a
PES denote positiveV=0) and negative(V<0) energy values, pulling direction®=70° (see text

respectively. The contour lines are separated bya.a? eV.
was not symmetric. The asymmetry was used to estimate the
Fig. 12b). Because the friction is defined here as the averagéxperimental pulling direction & =70°. Comparing the cal-
of all force values in the backward and forward scans, itculated friction versus flake orientation curves with the ex-
follows that for the angle pairg+®,-®) and(90° +d,90° perimental friction data, we conclude that the 30- and 56-
-®) equal friction values are calculated for high symmetryatom flakes were too asymmetric. For the 78-atom flake t_he
pulling directions®,,=0°, +60° , +120°, etc. fit to the experiment is slightly worse than for the symmetric
Finally, for pulling directions® # ©,,, the friction as flake, as is illustrated in Fig. 18). We conclude that the
function of rotation angle has lost all symmetry, except theflake is only mildly asymmetric, in between the 96- and 78-
180° rotation symmetry of the flake, as can be seen in Figdtom shapes.

11(d) for the 56-atom flake at a pulling direction &=10°. Different peak heights at 0° and 60° orienta_tion angle, as
found in the experiment, cannot be expected in our calcula-

tion, since the simple potential that is used to model the
graphite surface and the flake, has 60° rotational symmetry.
This potential only models the interaction between a single-
Here, the calculated results are compared with the experiayer flake and the first layer of the substrate. It ignores the
mental resultd® As a first step in the comparison, we use Eq.more subtle, long-range interactions that result from the stag-
(5) or Fig. 8, to obtain an estimate for the flake diameter ingered lower graphite layers, most importantly the second
the experimental observations. The experimental frictionayer. As a consequence, a real graphite surface contains two
peaks had an average width of 6.0°. This corresponds to adifferent types of sites for carbon atomstype atoms have
estimated diameter of roughly 10 atomic spacings, or apa direct neighbor in the second layer, aBdype atoms do
proximately N=100 atoms. Figure 18) shows the experi- not. This changes the 60° rotational symmetry of the sub-
mental friction dat® together with the calculations for a strate into 120° symmetry. If the flake consists of a single
symmetric 96-atom flake. Due to the elasticity of the tip ingraphite layer, the averaging over forward and backward
the experiment, the effective spring constant of the forcescan lines should restore 60° symmetry in the friction mea-
sensor had been lowered from 5.75 N/m to 1.80 Né@e surements. However, if the flake consists of two or more
Refs. 20 and 21 Slightly better fits to the experiment were graphite layers, the friction signal should only have threefold
obtained for this spring constant in the calculation/jfwas  rotational symmetry. The deviation from sixfold symmetry
lowered from 0.52 eV to 0.32 eV. Most noticeably, modestshould, however, be relatively weak, since it originates only
side peaks have developed next to the main peaks, resultifigom interactions over a distance of three graphite layers.
from incomplete cancellation of forces. Sincek,T at room temperature is on the order of several
In the experiment, the force patterns were found to rotatgpercent of the total interaction energies used in the calcula-
as a function of flake orientation. This shows that the flaketions presented here, thermal activation can have a noticeable

IV. DISCUSSION
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effect on the friction. For example, thermally activated jumpsfound for different types of CNT’s as a function of the ori-
can occur, resulting in earlier tip jumps, and introducing aentation of the tube axis with respect to the surface lattice.
velocity dependence. A Tomlinson model with a thermal en- In spite of the high rigidity of graphite layers, when the
ergy term has been used by Gnecco and co-authtwsex-  size of a graphite flake exceeds a critical value, breakdown
plain an experimentally observed velocity dependence of thef superlubricity can be expected to occur. The in-plane elas-
friction. ticity will eventually be large enough for the flake to distort

He et al. have shown in an MD simulation that third bod- t0 improve the registry within finite domains separated by
ies, such as hydrocarbon molecules, can cause locking of twgpme type of domain walls. Motion of the flake will then be
surfaces that deform elasticaf/This results in static fric- €quivalent to the displacement of these walls, which will
tion, that depends only slightly on the orientational align-introduce a new channel for energy dissipation, and thereby
ment of the two surfaces. By contrast, in our experimentsf€move the superlubricity.
the friction displayed a dramatic dependence on the relative
orientation of the two lattices. This suggests that third bodies
did not play a major role in the experiments.

Finally, we discuss the rigidity of the flake and the sub- In summary, we have set up a Tomlinson model, describ-
strate. Graphite consists of stacked sheets of carbon atonig a rigid N-atom cluster with the symmetry of a graphite
separated by a relatively large distance. The van der Waaftake that was moved through a two-dimensional sinusoidal
forces between sheets are weak when compared to the covgetential representing the graphite surface. The calculated
lent bonding between atoms within the sheet. In other worddiction force shows high friction and near-zero friction, de-
the bonding within a single layer is strong when compared tgending on thegin)commensurability between the two lat-
the interaction between layers. This causes the high Young¥ces. By changindN, we vary the width of the peak in the
modulus in the direction parallel to the sheets. Calculationdriction vs orientation plot, which has allowed us to fit the
have been performed on double-walled carbon nanotubg®easurements. The calculations revealed that the shapes of
(CNT’s), where the outer layer incommensurably slides ovethe high-friction peaks depend on the precise shape of the
the inner layer, for both rigid and relaxed lay&?svithin the ~ flake, and suggest that the flake in the experintértshas
range of sizes studied, relaxation only induced moderatbeen slightly asymmetric.
changes. This was attributed to the extreme rigidity of the
graphite layers and the weakness of the interlayer interaction. ACKNOWLEDGMENTS
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