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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We investigated the local density of statéPOS) 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 Physic§DOI: 10.1063/1.1598282

Single-walled carbon nanotub€SWCNT9 are consid- In order to permit STM and STS on SWCNTs, we soni-
ered promising candidates for molecular electrohitsis  cate the raw SWCNT material in dichloroethane and deposit
therefore highly desirable to understand their electroni& droplet of the solution on a freshly evaporated Au/mica
properties in detail. In particular, the effect of defects onsurface. This is a common technique for preparing SWCNTs
transport properties must be understood and is currently uren Au'® After checking the surface contamination with
der debate. Early experiments generally assumed ballist®FM, the sample was transferred into the STM.
transport in SWCNTs. Indeed, the mean free path in indi-  Although the sample preparation is done in air, very re-
vidual as well as in ropes of metallic SWCNTs appeared tdoroducible STM images revealing atomic resolution are ob-
be restricted by the contacts? Later experiments, however, t&ined. The inset of Fig. 1 shows an example. Using a tech-
found evidence for defects in semiconducting SWCNTs bytidue described in Ref. 14, we relate this SWCNT to a
using an atomic force microscop@FM) tip to locally ~ (15,8-type with a chiral angle of 13.9°. According tm (
change the transport properties of the tabEheory work ~ — M)/3=(15-6)/3=3=integer, such a tube is metallic.

explained both results by stating that all defects larger than ~Meétallic SWCNTs can be identified additionally either
by their finited1/dV magnitude close t&r or by their rela-

the lattice constant do not lead to backscattering within me= W | . b bbands of aboutPAY
tallic tubes, whereas backscattering is present in semicorl/eY 'arge separations between subbands of abou :

ducting tube$:” More recently, low-temperature transport spectrum of such a nanotube is shown in Fig. 1. As in Ref.

measurements using individual metallic SWCNTs have beer]r?r’]’_ tr:]i sugband tIe'Etl{cr?jst are ?]Ot sy;nme';rlc faroutnhd ? g/ ’
interpreted in terms of disorder-induced quantum dotsf['(vj tlﬁe Aissuke;i?r;e“ Ala iasoaah? r?é?ivorinfsu?\::t(rgrg e\/()a ube
(QDs).2° According to theory, a corresponding backscatter- ' 9 '

ing could originate from certain arrangements of vacan@es. tsh\?vncs_rrasph|te(4.5 eV), suggesting a hole-doping of the
Here, we also found disorder-induced QDs in SWCNTSs, ’
which are directly probed by low-temperature scanning tun-

neling spectroscopySTS. At the Fermi levelEg, we find a
reducedd1/dV magnitude surrounded by a number of peaks. o 35
The position of the peaks depends on the location within the 'E 3.0
tube, and maps of the local density of staePOS) reveal S o6l
that the peak intensity is sharply restricted to a certain region .e 20l
of the tube, as expected for confined states. ©,
Our scanning tunneling microscog€TM) operates in > 15t
ultrahigh vacuum <10 '° mbar) at low temperatureT( § 10}
=14 K), and is described in Ref. 11. STM images are re- T osf
corded in constant-current mode with the voltagg,eap- 0.0

: : . el 45 A0 05 00 05 _ 10 15
plied to the sample. The differential conductivigi/dV
«LDOSY is recorded by lock-in technique Vg sample voltage [V]

=2-10 mV) with tip—surface distance stabilized at voltager|g. 1. di/dV spectrum of a metallic SWCNT. Subband features as well as
Vstapand current g,p,. oscillations near the Fermi energy are visible. These oscillations are shown
in more detail in Fig. &) (Vga=1.5V, lga=300 pA). Inset: atomically
resolved STM image of a SWCNTI €1 nA, Vgmpe —50 mV, 2.3 nm
dElectronic mail: tmaltezo@physnet.uni-hamburge.de X9 nm).
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ously been found by STS after shortening individual
SWCNTs®® However, they have never been reported on
extended tubes with lengths of about 2000 nm, as in the
present case. In order to verify that the peaks are indeed
confined states, we calculate whether the peak sepataion
is consistent with the size of the confined regions. Therefore
we use the approximate formulRE=hv /2L, with v=8
X 10° m/s being the Fermi velocity. Fa&kE; =87 andAE,
=38 meV, we gel ;=19 andL,=44 nm, respectively.;
fits approximately with the measured 25-nm restriction
length of the 46-mV peak. Thus, we assign the observed
peaks close t& to confined states within the SWCNT.
Confinement in an extended tube obviously requires
scattering. We could not identify the type of scatterer. How-
ever, we can rule out a significant bending of the nanotube at
the end of the confined region from STM images. In addi-
s s , , > tion, there is no step edge in the metallic substrate below the
03 02 01 00 01 02 03 tube at this position. Moreover, we can rule out a large con-
Sample VOItage M taminant since we observe only a small elevation of 0.7 A at

24 2 the scattering point in line scans of STM images. Thus, the
E 21t Q data suggest that the scatterers are either intrinsic or single
‘_—E; 18F 2 2 adsorbates below, within, or above the tube.

. 15} 5 z R 8 E Regardless of their exact nature, our data directly show
-c% ol A0B N that localized scatterers can lead to significant backscatter-
T ool ' ing. This backscattering has a strong influence on the trans-
% ' port properties of the tube: It modifies the LDOS near the
% 08 (C) Fermi level and decreases the transmittance of individual

03F modes. The effect of two partly transmitting barriers on the
03 02 01 ool o7 o2 o3 transport properties of SWCNTs has been measured by Liang

et al,}” and was described in terms of Fabry—Perot-like elec-
tron modes in the nanotube. Pursuing this analogy, the
energy- and position-dependent LDOS measurements re-
ported here amount to spatial maps of these Fabry—Perot
modes, with defect sites playing the role of reflecting barri-
ers. A similarly pronounced modulation of the transmittance
can be expected.

This transmission is, of course, related to the LDOS at

FIG. 2. (3 STM | f a SWCNT endl =300 pA, V. 46 My Er. Since we do not find peaks Bt, the remainingdl/dV
.2 image of a en PA, Vsampie=46 mV, . . :
45 nmx 19 nm).(b) STS data on the left-hand side of the dotted linéan magn!tUde appears to be_ related to the widths of the Surl
(c) STS data on the right-hand side of the dotted lindan(zoom of the ~ rounding peaks. These widths are much larger than the esti-
STS data shown in Fig. 1 into the region closelg. All STS data in(b) mated energy resolution of the experimenE

sample voltage [V]

and (c) are taken withVg= —300 mV, | g,5= 300 pA, andV ,¢=3 mV. _ 7 7_
(d) Simultaneously recorded spatially resolved STS imagg,=46 mV _\/(3'3kT) +(2'_5Vm°d) 8.5 meV. For exa_mple, the full
[first peak in Fig. 2c)], | = 300 pA andV =10 mV. width at half-maximum of the 46-meV peak is 47 meV. The

width increases with increasing distance fr&p, suggest-

Surprisingly, there are features closeHq. Besides a ing lifetime effects guided by electron—electron interaction.
dip atEg, a number of nearly equidistant peaks is found, ad simple broadening by the escape of the elegtrons towards
shown more clearly in Figs.(8) and 4c). The features look ~the Au substrate would usually not be symmetric arolipd
like a damped oscillation starting & with a period of ~El€ctron—phonon interaction in SWCNTs is known to be
about 87 meV in Fig. @). At another position of the tube, weak!® Thus, only electron—electron interaction remains as
the energy difference between the peaks is different, for exd Possible cause. The same magnitude and energy-
ample, about 38 meV, as shown in FigbR This change in dependence of the peak widths is also observed for shortened
periodicity appears quite abruptly at the dotted line in Fig.SWCNTs® A similar lifetime broadening in SWCNTs can
2(a). To demonstrate this, the spatially resohtddd V signal also be deduced from the phase coherence of scattered elec-
at the energy of the 46-mV peak of Figcis shown in Fig.  tron waves observed by STR.In contrast, time-resolved
2(d). It clearly reveals that the 46-mV peak is restricted to anphotoemission data of SWCNT bucky papers revealed an
area of 25 nm right of the dotted line. The same restrictiorelectron lifetime close td&g which corresponds to a broad-
has been found for the other prominent peaks in Figl.2  ening of only 4 me\*! Since the SWCNTs used in all STM

Peaks in the LDOS restricted to a certain area are strongneasurements are directly deposited on a Au substrate,

indications for confined states. Confined states have previvhich is not the case within the bucky papers used for pho-
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