
APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 5 4 AUGUST 2003
Direct observation of confined states in metallic single-walled
carbon nanotubes
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and Roland Wiesendanger
Institute of Applied Physics, University of Hamburg, Jungiusstr. 11, D-20355 Hamburg, Germany

Serge G. Lemay and Cees Dekker
Department of Nanoscience and DIMES, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft,
The Netherlands

~Received 3 April 2003; accepted 4 June 2003!

We investigated the local density of states~LDOS! of extended individual metallic single-walled
carbon nanotubes using low-temperature scanning tunneling spectroscopy. We observed that the
LDOS oscillates with energy close to the Fermi level. The oscillation period of about 50 meV varies
with position on the nanotube. Maps of the LDOS reveal that the peaks in the oscillation are related
to confined states. The widths of the peaks increase with increasing distance from the Fermi
level. © 2003 American Institute of Physics.@DOI: 10.1063/1.1598282#
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Single-walled carbon nanotubes~SWCNTs! are consid-
ered promising candidates for molecular electronics.1 It is
therefore highly desirable to understand their electro
properties in detail. In particular, the effect of defects
transport properties must be understood and is currently
der debate. Early experiments generally assumed ball
transport in SWCNTs. Indeed, the mean free path in in
vidual as well as in ropes of metallic SWCNTs appeared
be restricted by the contacts.2–4 Later experiments, howeve
found evidence for defects in semiconducting SWCNTs
using an atomic force microscope~AFM! tip to locally
change the transport properties of the tube.5 Theory work
explained both results by stating that all defects larger t
the lattice constant do not lead to backscattering within m
tallic tubes, whereas backscattering is present in semic
ducting tubes.6,7 More recently, low-temperature transpo
measurements using individual metallic SWCNTs have b
interpreted in terms of disorder-induced quantum d
~QDs!.8,9 According to theory, a corresponding backscatt
ing could originate from certain arrangements of vacancie10

Here, we also found disorder-induced QDs in SWCN
which are directly probed by low-temperature scanning t
neling spectroscopy~STS!. At the Fermi levelEF , we find a
reduceddI/dV magnitude surrounded by a number of pea
The position of the peaks depends on the location within
tube, and maps of the local density of states~LDOS! reveal
that the peak intensity is sharply restricted to a certain reg
of the tube, as expected for confined states.

Our scanning tunneling microscope~STM! operates in
ultrahigh vacuum (p,10210 mbar) at low temperature (T
514 K), and is described in Ref. 11. STM images are
corded in constant-current mode with the voltageVsampleap-
plied to the sample. The differential conductivitydI/dV
}LDOS12 is recorded by lock-in technique (Vmod

52 – 10 mV) with tip–surface distance stabilized at volta
Vstab and currentI stab.

a!Electronic mail: tmaltezo@physnet.uni-hamburge.de
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In order to permit STM and STS on SWCNTs, we son
cate the raw SWCNT material in dichloroethane and dep
a droplet of the solution on a freshly evaporated Au/m
surface. This is a common technique for preparing SWCN
on Au.13 After checking the surface contamination wi
AFM, the sample was transferred into the STM.

Although the sample preparation is done in air, very
producible STM images revealing atomic resolution are
tained. The inset of Fig. 1 shows an example. Using a te
nique described in Ref. 14, we relate this SWCNT to
~15,6!-type with a chiral angle of 13.9°. According to (n
2m)/35(1526)/3535 integer, such a tube is metallic.

Metallic SWCNTs can be identified additionally eithe
by their finitedI/dV magnitude close toEF or by their rela-
tively large separations between subbands of about 2 V.13 A
spectrum of such a nanotube is shown in Fig. 1. As in R
13, the subband features are not symmetric around 0
which has been attributed to a charge transfer from the t
to the Au substrate. Au has a higher work function~5.3 eV!
than graphite~4.5 eV!, suggesting a hole-doping of th
SWCNTs.

FIG. 1. dI/dV spectrum of a metallic SWCNT. Subband features as wel
oscillations near the Fermi energy are visible. These oscillations are sh
in more detail in Fig. 2~c! (Vstab51.5 V, I stab5300 pA). Inset: atomically
resolved STM image of a SWCNT (I 51 nA, Vsample5250 mV, 2.3 nm
39 nm).
1 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Surprisingly, there are features close toEF . Besides a
dip at EF , a number of nearly equidistant peaks is found,
shown more clearly in Figs. 2~b! and 2~c!. The features look
like a damped oscillation starting atEF with a period of
about 87 meV in Fig. 2~c!. At another position of the tube
the energy difference between the peaks is different, for
ample, about 38 meV, as shown in Fig. 2~b!. This change in
periodicity appears quite abruptly at the dotted line in F
2~a!. To demonstrate this, the spatially resolveddI/dV signal
at the energy of the 46-mV peak of Fig. 2~c! is shown in Fig.
2~d!. It clearly reveals that the 46-mV peak is restricted to
area of 25 nm right of the dotted line. The same restrict
has been found for the other prominent peaks in Fig. 2~c!.

Peaks in the LDOS restricted to a certain area are str
indications for confined states. Confined states have pr

FIG. 2. ~a! STM image of a SWCNT end (I 5300 pA, Vsample546 mV,
45 nm319 nm).~b! STS data on the left-hand side of the dotted line in~a!.
~c! STS data on the right-hand side of the dotted line in~a! ~zoom of the
STS data shown in Fig. 1 into the region close toEF). All STS data in~b!
and ~c! are taken withVstab52300 mV, I stab5300 pA, andVmod53 mV.
~d! Simultaneously recorded spatially resolved STS image,Vstab546 mV
@first peak in Fig. 2~c!#, I stab5300 pA andVmod510 mV.
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ously been found by STS after shortening individu
SWCNTs.15,16 However, they have never been reported
extended tubes with lengths of about 2000 nm, as in
present case. In order to verify that the peaks are ind
confined states, we calculate whether the peak separationDE
is consistent with the size of the confined regions. Theref
we use the approximate formulaDE5hvF/2L, with vF58
3105 m/s being the Fermi velocity. ForDE1587 andDE2

538 meV, we getL1519 andL2544 nm, respectively.L1

fits approximately with the measured 25-nm restricti
length of the 46-mV peak. Thus, we assign the obser
peaks close toEF to confined states within the SWCNT.

Confinement in an extended tube obviously requi
scattering. We could not identify the type of scatterer. Ho
ever, we can rule out a significant bending of the nanotub
the end of the confined region from STM images. In ad
tion, there is no step edge in the metallic substrate below
tube at this position. Moreover, we can rule out a large c
taminant since we observe only a small elevation of 0.7 Å
the scattering point in line scans of STM images. Thus,
data suggest that the scatterers are either intrinsic or si
adsorbates below, within, or above the tube.

Regardless of their exact nature, our data directly sh
that localized scatterers can lead to significant backsca
ing. This backscattering has a strong influence on the tra
port properties of the tube: It modifies the LDOS near t
Fermi level and decreases the transmittance of individ
modes. The effect of two partly transmitting barriers on t
transport properties of SWCNTs has been measured by L
et al.,17 and was described in terms of Fabry–Perot-like el
tron modes in the nanotube. Pursuing this analogy,
energy- and position-dependent LDOS measurements
ported here amount to spatial maps of these Fabry–P
modes, with defect sites playing the role of reflecting ba
ers. A similarly pronounced modulation of the transmittan
can be expected.

This transmission is, of course, related to the LDOS
EF . Since we do not find peaks atEF , the remainingdI/dV
magnitude appears to be related to the widths of the
rounding peaks. These widths are much larger than the
mated energy resolution of the experimentdE
5A(3.3kT)21(2.5Vmod)

258.5 meV. For example, the ful
width at half-maximum of the 46-meV peak is 47 meV. Th
width increases with increasing distance fromEF , suggest-
ing lifetime effects guided by electron–electron interactio
A simple broadening by the escape of the electrons towa
the Au substrate would usually not be symmetric aroundEF .
Electron–phonon interaction in SWCNTs is known to
weak.18 Thus, only electron–electron interaction remains
a possible cause. The same magnitude and ene
dependence of the peak widths is also observed for shorte
SWCNTs.19 A similar lifetime broadening in SWCNTs ca
also be deduced from the phase coherence of scattered
tron waves observed by STM.20 In contrast, time-resolved
photoemission data of SWCNT bucky papers revealed
electron lifetime close toEF which corresponds to a broad
ening of only 4 meV.21 Since the SWCNTs used in all STM
measurements are directly deposited on a Au substr
which is not the case within the bucky papers used for p
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toemission, it might be that lifetime effects in SWCNTs d
pend significantly on the substrate.

In summary, we find quantized states within extend
individual metallic SWCNTs confined by defects. They a
pear as peaks in thedI/dV curves close toEF which are
restricted to certain areas. Our work, thus, shows that def
can lead to significant backscattering within individual m
tallic SWCNTs, resulting in confined states. Moreover,
found an increase of the peak-widths with increasing volta

The authors would like to thank the group of Richard
Smalley for supplying the nanotube material and Kirsten v
Bergmann, Haiko Rolff, and Norbert Dix for technical su
port. Financial support by the Deutsche Forschungsgem
schaft through SFB 508, Graduate School ‘‘Design and Ch
acterization of Functional Materials,’’ EC project SATUR
and NWO Pionier program is gratefully acknowledged.

1C. Dekker, Phys. Today52, 22 ~1999!.
2S. J. Tans, M. H. Devoret, H. Dai, A. Thess, R. E. Smalley, L. J. Geerl
and C. Dekker, Nature~London! 386, 474 ~1997!.

3M. Bockrath, D. H. Cobden, P. L. McEuen, N. G. Chopra, A. Zettl,
Thess, and R. E. Smalley, Science275, 1922~1997!.

4M. Bockrath, D. H. Cobden, J. Lu, A. G. Rinzler, R. E. Smalley,
Balents, and P. L. McEuen, Nature~London! 397, 598 ~1999!.
Downloaded 14 Dec 2006 to 130.161.61.95. Redistribution subject to AIP
-

d
-

ts
-

e.

.
n

in-
r-

,

5S. J. Tans and C. Dekker, Nature~London! 404, 834 ~2000!.
6T. Ando, T. Nakanishi, and R. Saito, J. Phys. Soc. Jpn.67, 2857~1998!.
7P. L. McEuen, M. Bockrath, D. H. Cobden, Y. -G. Yoon, and S. G. Lou
Phys. Rev. Lett.83, 5098~1999!.

8M. Bockrath, W. Liang, D. Bozovic, J. H. Hafner, C. M. Lieber, M
Tinkham, and H. Park, Science291, 283 ~2001!.

9M. T. Woodside and P. L. McEuen, Science296, 1098~2002!.
10T. Ando, Semicond. Sci. Technol.15, R13 ~2000!.
11O. Pietzsch, A. Kubetzka, D. Haude, M. Bode, and R. Wiesendanger,

Sci. Instrum.71, 424 ~2000!.
12Chr. Wittneven, R. Dombrowski, M. Morgenstern, and R. Wiesendan

Phys. Rev. Lett.81, 5616~1998!.
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