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Imaging the interlayer interactions of multiwall carbon nanotubes using
scanning tunneling microscopy and spectroscopy
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Using atomically-resolved scanning tunneling microscopy and spectroscopy, we probe the nature of
interwall interactions within multiwall carbon nanotubes at room temperature. We find that, at low
bias voltages, the tunnel current depends strongly on the atomic position, introducing visibility
differences between adjacent lattice sites. Since all atoms are equally visible in analogous
measurements on single-wall nanotubes, we conclude that these modulations are introduced by the
interwall interactions and provide unique information about the stacking natur00 American
Institute of Physics.[DOI: 10.1063/1.1427743

Single-wall (SWCNT9 and multiwall (MWCNTS) car-  part in scanning tunneling spectroscqi®TS measurements
bon nanotubes exhibit a wealth of extraordinary propertiesindicating that the current versus bias voltage characteristics
making them ideal candidates for device applicatibfar-  depends strongly on the atomic locations. Neither effect has
ticular attention has been paid to their electronic propertiespeen observed in SWCNTs. As the measurements on
since small variations in diameter or chiral angle cause proSWCNTs and MWCNTs are performed under same condi-
found changes in their conductarfc@ This unique behavior, tions for all samples, we suggest that these visibility asym-
coupled with the small diameter, large aspect ratio, andnetries have an electronic origin in the weak inter-wall in-
atomic perfections of carbon nanotubes has made it possibferaction in MWCNTs, in analogy to a similar effect
to construct new nanoscale devices, such as field effe@bserved in pristine graphité.
transistor$ diodes, and field emittefsNevertheless, the full The SWCNT and MWCNT samples of this study were
potential of nanotubes in high performance devices remaingynthesized using the arc discharge methadmat of the
to be explored. generated soot was sonicated in ethyl alcohol for a few min-

Transport measurements in MWCNTs have been pert€S prior to being cast onto a highly oriented pyrolytic
formed to understand the nature of electronic conduction ifgraPhite(HOPG substrate for STM measurements. We have

these quasi-1D systems. Conductance quantization has beg@1€d out STM measurements using a Digital Instruments

observed in both multiwdlland single-wafl nanotubes. Still, Nanoscope llla instrument equipped with a customized vi-
little is known about the effect of interlayer interactions on bration isolation, operated at room temperature in ambient

the nature of electronic states near the Fermi level inconditions. High quality images revealing the atomic sFruc-
MWCNTS ture of MWCNTs, SWCNTSs, and of HOPG were obtained

In this letter, we present a comparative study of struc-by recording the distance between the Pt-Ir tip and the sub-

tural and electronic properties of MWCNTs and SWCNTsStrate at constant current, with the STM operated at a typical

. ) . . ) . tunnel current of 300 pA and a bias voltage of 50 mV. The
using atomic-resolution scanning tunneling mlcroscopyimages presented here have not been processed in any way
(STM) at room temperature. In order to probe the inter-wall '

) . . - . . STS measurements in the CITS mode were performed b
interactions in MWCNTSs, we utilize the current imaging tun- P y

i t TS ¢ be locallv the electroni interrupting the lateral scans, as well as the feed-back loop,
neling spectroscopyCITS) to probe locally the electronic and measuring the currefl) as a function of the tip-sample

structure at .specific atomic sites along thg nanotubg Wa"’i/oltage () at a fixed tip-sample distance. A combination of
High-resolution STM scans of MWCNTS, with a previously g1\ and STS measurements on individual nanotubes al-

unachievable atomic resolution at room temperature, reveqleq ys to investigate both their structural and electronic
visibility differences between carbon atoms of the outer Wa"properties. We first focus in the interpretation of the atomic
of the tubes. These observations find a remarkable countefasoiution STM images of SWNTs and MWNTs. Then, we

discuss the CITS results, revealing the nature of the inter-

aAuthor to whom correspondence should be addressed; electronic mawall interactions.
Abdou.Hassanien@aist.go.jp In Fig. 1 we show atomic resolution images @ a
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FIG. 2. (Color) Scanning tunneling spectra of carbon nanotubes. For
SWCNTs(a), the current—voltagel £V) curves show remarkable reproduc-
ibility, independent of the atomic site. For MWCNTB), two sets ofl =V
data can be distinguishetl-V spectra of “setb” are obtained at bright
sites, whereas spectra of “set are correlated with atomic sites that appear
darker.

surface. The distance between neighboring dark spots is 0.25
nm, which compares well with that of HOPG shown in Fig.
1(c). The hexagon centers appear elongated along the tube
circumference due to the geometrical distortion arising from
the locally changing tip-sample arrangement due to the tube
morphology* The measuring conditions i), (b), and(c)
are identical.
= Next, we examined more carefully the signal intensity at

. _ _ different atomic sites of MWNTSs in Fig.(h) and found that
FIG. 1. (Colo) Room temperature topographic STM images with true some atoms are clearly more visible than others. This effect
atomic-resolution of da) zigzag SWCNT with a diameter of 1.3 nm(la) . in th f SWNTs in Fi but i .
zigzag MWCNT with a diameter of 2.3 nm aiid) highly oriented pyrolytic IS. not seen in t.e case o ) s in Figajl but is remll'
graphite(HOPG. In all cases the darkest areas correspond to centers of th@iscent of the site asymmetry in HOP&The topographic
carbon hexagons and brighter areas mark the location of carbon atoms. BTM image of HOPG in Fig. (t) shows two triangular sub-

HOPG and MWCNTSs, the brightest spots indicate atoms with no neighbor "]attices with a markedly different visibility within the honey-
the adjacent layer below, whereas atoms with such neighbors appear darker.

This asymmetry is caused by spatial variations in the local electronic densitp@Mb atomic lattice of the graphite layer. The origin of this
of states which occur both in MWCNTs and HOPG, but are absent ineffect lies in the atomic stacking nature of hexagonal graph-
the main image, where differences in peaks height are clearly visible. in :adjacent layergA sites, solid circles whereas the remain-
ing atoms(B sites, open circlgshave no such neighbors.
zigzag SWNT with a diameter of 1.3 nm, affid) a zigzag Due to the local crystal symmetry, the only interlayer inter-
MWNT with a diameter of 2.3 nm. In both cases, the darkaction due to ther states, which are imaged by the STM due
areas correspond to the center of the carbon hexagons, whith their proximity to the Fermi level, occurs normal to the

are arranged in a triangular lattice on the cylindrical tubegraphite layers. This distinguishes the sublattices ahdB
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sites in pristine HOPG with a hexagonal or a rhombohedraht the bright sites, is markedly different from data of “sgt
stacking of graphene layers. The interlayer interactions caugeken at less visible sites on MWNTSs. The larger slope of the
an energy dispersion of almost 1 eV along the chain& of |-V curves of “setb” reflects a higher electronic density of
atoms normal to the layers, whereas the negligible interlayestates near the Fermi level at these sites. This is consistent
interaction along the analogous chainsBoitoms yields no  with our assessment that the brighter sites, callBdsites”

such dispersiofh? Consequently, one observes a sharp pealn HOPG, have no neighbors in the adjacent layer below. The
nearEg in the local density of states at th sites, which  lower slope of thd —V curves of “seta” indicates a lower
spreads into a band at tiesites. In low biased<<50 me\)  density of states, caused by the hybridization with atoms in
STM experiments, we therefore expect Besites(with no  the adjacent layer located directly below.

neighbors in the adjacent layer beloto be more visible The complementarity of the information obtained using
than theA sites. Then, the STM image will show a triangular scanning tunneling microscopy and spectroscopy indicates
rather than a honeycomb pattern. that these techniques are unique probes of the inter-wall in-

The above elucidation is consistent with the fact that allteraction in carbon nanotubes. Combining STM and STS
atoms are equally visible within the honeycomb lattice of ameasurements allows us to detect not only the atomic stack-
SWNT, as seen in Fig.(&4). The STM image of a MWNT, ing in the outermost tube walls, but also the site-dependence
shown in Fig. 1b), exhibits a more complex structure, with of the inter-wall interaction.
some sites considerably more visible than others. This differ- ) )
ence in visibility even between adjacent atomic sites on the ©One of the author¢D.T.) acknowledges financial sup-
same nanotube is a consequence of spatial variations in tRo" Py the Office of Naval Research and DARPA under
local density of states, originating in the inter-wall interac- Srant No. N00014-99-1-0252, and the hospitality of the To-
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