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Gearlike rolling motion mediated by commensurate contact: Carbon nanotubes on HOPG
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We report on experiments in which multiwall carbon nanotul@&ST’s) are manipulated with atomic force
microscopy(AFM) on a graphite highly oriented pyrolytic graphitdOPG substrate. We find certain discrete
orientations in which the lateral force of manipulation dramatically increases as we rotate the CNT in the plane
of the HOPG surface with the AFM tip. The threefold symmetry of these discrete orientations indicates
commensurate contact of the hexagonal graphene surfaces of the HOPG and CNT. As the CNT moves into
commensurate contact, we observe the motion change from sliding/rotating in-plane to stick-roll motion.

The interaction between two bodies in contact is ulti-riodicity equal to the nanotube circumference. The periodic
mately determined by the interaction between atoms. Théateral force traces indicate rolling without slipping motion.
arrangement of the atoms in two interacting surfaces ha$his along with the evidence for commensurate contact that
been shown to play a critical role in the energy loss thatve are presenting here, imply that the nanotube remains in
occurs when one body slides over a second both itommensurate contact through the entire rolling period. The
experiment;? and simulatior’° In particular, in the case of atoms of the tube and substrate are meshing as in a rack-and-
two contacting solid crystalline surfaces, the degree of compinion gear mechanism. We have manipulated CNT on mica,
mensurability has been shown to have a clear effect oMoS,, Si0,, SikN, and observed no example of commensu-
friction.6~8 Understanding the effect of these atomic interac-rate contact or rolling. In all of our observations, commen-
tions on energy 10§52 and object motion is important for surate contact is a necessary condition for rolling.
designing lubrication strategies and self-assembly processes, The CNT’s were prepared by the arc-discharge metfiod.
and will determine the forms of atomic-scale actuatingA suspension was prepared by sonicating the CNT material
devices® Current microelectromechanic8EMS) devices in ethanol and then drip dispersing and evaporating onto
have features typically in the size scale of ten microns, antHOPG. AFM (Ref. 179 manipulations, performed in ambient
gears have been fabricated with teeth measured in the samenditions, employ an advanced operator interface called the
size range. It is of great interest to understand the ultimateanomanipulatofnM).*8=%° This system provides ability to
scale of actuating devices, and in what manner atomic intepperform complex manipulations, as well as transparent
actions will play a determining ro¥. Atomic force micros-  switching between low force noncontact AFM for imaging
copy (AFM) manipulation studies provide unique opportuni- and contact AFM for manipulation. During each manipula-
ties to probe the mechanical behavior between objects in thaipn, the calibrated lateral forée??is monitored as a mea-
more motional degrees of freedom can be acce&diling,  sure of the CNT substrate friction. As the AFM tip is pushed
rolling, rotating in-plang than in tip-on-substrate friction into contact with the CNT in a trajectory perpendicular to its
studies. Whether in the context of nanometer scale mechanéxis, the CNT undergoes either a sliding in-plane rotation
cal devices, biological systems, or the basic understanding afiotion, or rolling with a constant in-plane rotational
energy loss mechanisms in frictional processes, it is of intererientatiort® (Fig. 1, lower inset The CNT’s move as rigid
est to study both sliding and rolling contacts and why a sysbodies, which is expected for CNT’s of this sigd)—50 nm
tem prefers one mode of motion over the other. diameter, 500—2000 nm lengthonsidering their high stiff-

In the present work, we describe experiments in which weness and the low friction of the graphite substrdte.
are able to controllably tune the commensurability between When a CNT lying in an incommensurate state is manipu-
the two contacting atomically smooth crystalline surfaceslated, it slides smoothly and rotates in-pldA¢lowever, this
As a model system for such studies, CNT’s and highly ori-motion is interrupted at discrete in-plane orientations in
ented pyrolytic graphit¢HOPG offer a well defined geom- which the CNT “locks” into a low-energy stat&;? indi-
etry with atomically smooth surfaces that can remain relacated by an increase in the force required to move the CNT.
tively clean in ambient laboratory conditions. We show thatFigure 1 shows a lateral force trace illustrating the pro-
the interlocking of the atomic lattices in the contact region ofnounced change in the force in going from the commensurate
two bodies increases the force required to move the CNTo incommensurate state and visa versa. The change in lateral
and can determine whether the CNT slides or rolls. In esforce is roughly an order of magnitude, which is typical of
sence, the atomic lattice can act like a gear mechanism. our measurements we have made on other CNT's. We re-

Our evidence for rolling motion has been publishedsolve no gradual change in lateral force between the two
previously®® Briefly, this evidence consists of topographical states. The change of force as a function of in-plane rotation
changes consistent with rolling, translation without in-planeangle is discontinuous within our ability to measuré+t—1
rotation, and lateral force traces during rolling showing pe-degree.
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FIG. 1. Lateral force trace as a CNT is rotated ifieft trace = ; ’q};i
and out of (right trace commensurate contact. The lower inset ¥ %%3%?3*

shows a top-view schematic, the process for the left trace. The FIG. 2. Manipulation of CNT on HOPG. The threefold locking
AFM tip is moving along in contact with the graphite subst n e .
P g g grap reit axes for the tubes are off by 11 degrees relative to each dter.

the CNT is contacte¢R) and begins rotating in-plan@), the com- : > - - A
mensurate state is reachéddicated by the dashed lin@nd the The _whlte'streak indicates the trajectory of tht_e AFM tip during the
lateral force rises dramaticallyt) before rolling motion begints). manhlng?tlon,l froml I(;twer left toward utE)perﬂrlghg. imﬂ gNT are
The right trace begins with the tip on the substrate, the tip therPYSN€d _rgm ”ower E dtObUpEer ”gl(‘ﬂl)—k(] ). After (b), bot a_;\g_s
contacts the CNT in the commensurate state, begins rolling ang'® |nd|r\]/| UE y pushe h acb across:‘ Zgame area a'@h h I-I

then pops out of commensurate contact and begins rotating in plarff@tes: the shorter CNT has eer pu? € |nt(f) contact wit the onger
with a corresponding drop in lateral force. The upper inset is a='V1 such that both tubes translate urt!(l!he ainter CNT's show
composite of three AFM images of a CNT in its three commensu-th_e original position and the bold CNT_S show the f|_nal pc_)smon
rate orientations. Note that the nanotube was not rotated about ifslgure (d) shows the lateral force during this manipulatide)

center as the composite implies. The images were translated in oMOdel of two nanptubes res“”g In commensurate contqct on a
der to emphasize the 60 degree intervals. HOPG surface. Lying on the left is(@5, 5 CNT and on the right,

a (25, 0 CNT. (f) Shows the contact zone of the commensurate

. . . i . ’ lative t
As the nanotube is rotated in-plane, several of these dlsl:clttlces The tube axes of the two CNT’s are 11 degrees relative to

t t ientati b d h each other when in commensurate contact. This model of the two
crete: commensurate orler_1 auons are .O served, eap S€RGbes is shown to stress the point that tubes of differing chiralities
rated by 60-/—1 degreegFig. 1, upper inset These orien-

. : . ; will have differing orientations of the tube axis when in commen-
tations and the associated increase in lateral force al§ rate contact.

reproducible for a given tube. We believe this registered state
corresponds to graphitic ABA stacking. Our hypothesis ismanipulated two CNT’s into a collision to observe the sub-
supported by molecular statics calculatithsf CNT on  sequent motiofiFig. 2(c)]. The lateral force tracgFig. 2(d)]
HOPG. These calculations show pronounced energy minimahows characteristic periodicity for the first tube before the
separated by 60 degree intervals as the CNT is rotated ircollision, then an increase in the lateral force after the colli-
plane, that correspond to ABA stacking. sion. Both CNT remain in their commensurate orientations

The sequence in Fig. 2 shows two CNT’s lying on theafter the collision.
same immediate area of the graphite substrate. While each The fact that these commensurability effects are robust in
CNT shows the complete set of commensurate locking beambient conditions suggests that despite environmental con-
haviors described above, the two CNT’s have lock-in orientamination and capillary condensation of water, the contact
tations that differ by 11 degrees. The sequence depicts zone remains relatively clean and dry. It is possible that the
series of manipulations in which the tubes are rolled indi-commensurate effects occur with intervening contamination
vidually across the same region in order to verify that thelayer, but we find this possibility unlikely. Any contamina-
difference in their orientations is not due to an inhomogenetion and water are most likely simply being excluded from
ity in the graphite substrate. If lock-in orientations are due tathe contact zone. Graphite is hydrophobic and should have
commensurate registry, the particular set of commensurateo appreciable water layer at the relative humidity in which
orientations is determined by the CNT chiralifthe wrap-  we performed the experimef2—-20% R.H).. We observe no
ping orientation of the outer graphene sheet of the CNT humidity dependence of the phenomena within this range. In
Large multiwall CNT’s of different diameters are expected toorder to address organic contamination from the air, we
have different chiralities and should show different com- cleaned the sample before all experiments using ultraviolet
mensurate orientatiorfs. radiation.

Another manipulation emphasizes the robust gearlike mo- We have presented results on what we believe to be the
tion of CNT’s in the atomically registered state. We havefirst demonstration of tunable commensurability in a nanom-
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eter scale contact. The contrast of the friction in the comHOPG interface, and measurements focusing on atomic scale
mensurate and incommensurate states is dranfatiter of  features in the lateral force.

magnitude and abrupt(a discrete change within our uncer-

tainty). We find that for this system, the transition from the =~ We thank Otto Zhou for providing the CNT material,
incommensurate to commensurate state is accompanied bySgan Washburn for his important insights, and the whole
transition from sliding motion in which the CNT rotates in- hanomanipulator team for their invaluable work. This work
plane, to gearlike rolling motion. Our present experimentawas supported by the National Science FoundatléRCC,
plans are to gain further insight into commensurate stat&CS, the Office of Naval ResearctMURI), and National
through electrical transport measurements across the CNTitstitutes of HealtHNCRR).
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