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Electronic Structure and Localized States at Carbon Nanotube Tips
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Topology related changes in the local density of states near the ends of closed carbon nanotube
are investigated using spatially resolved scanning tunneling spectroscopy and tight binding calculations
Sharp resonant valence band states are observed in the experiment at the tube ends, dominating
valence band edge and filling the band gap. Calculations show that the strength and position of thes
states with respect to the Fermi level depend sensitively on the relative positions of pentagons and the
degree of confinement at the tube ends. [S0031-9007(97)02881-0]
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Carbon nanotubes constitute the link between large
bon fibers used as mechanical reinforcements in com
ites and molecular wires that could lead to ideal electri
connectors in future technology [1]. Two general ca
gories of nanotubes exist presently. Singlewalled na
tubes [2] composed of single graphene sheets wrapped
cylinders with a narrow size distribution of 1–2 nm diam
ter. Multiwalled nanotubes [3] are larger (2–30 nm d
ameter) and are coaxial assemblies of graphene cylin
separated by approximately thec plane spacing (0.34 nm
of graphite. Both are in general microns in length and
tremely stiff [4] with very high axial strength. The electr
cal properties of nanotubes are all the more interesting
have been treated extensively in many theoretical wo
[1]. Although most of the theoretical results have be
obtained for singlewalled nanotubes, recent experime
on multiwalled structures confirm some of these resu
indicating that nanotubes possess a rich variety of e
tronic structure with conductivities ranging from metall
to semiconducting [5]. The broad range in conductivit
arises from the helicity of graphite lattice [3] in the nan
tube structure and changes in the diameters of individ
cylinders in the tube.

A more interesting structural feature occurs near
ends of all tubes from the closure of the graphene cy
ders by the incorporation of topological defects such
pentagons in the hexagonal carbon lattice [6]. Comp
end structures can arise, for instance conical shaped s
tips, due to the way pentagons are distributed near the
for full closure. It is suggested by theory [7] that th
ends of the tubes should have different electronic str
ture due to the presence of topological defects thoug
has never been experimentally verified. Defect induced
electronic structure is important for several reasons.
example, the field emission properties of nanotubes, wh
have been recently demonstrated [8], could be strongly
fluenced by the presence of localized resonant states [

Electrical properties measured by two and four pro
measurements [5] and electronic structure of nanotube
0031-9007y97y78(14)y2811(4)$10.00
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differing sizes studied by scanning tunneling microsco
(STM) and spectroscopy (STS) [1,10] have sugges
a range of values for conductivities and band ga
(200 meV to 1.2 eV). However, the spatially resolve
STS determinations of electronic properties are sensi
to ambient conditions, tube helicity, as well as whe
along the tube the measurements are made. For insta
if the density of defect states increases at the tube e
it can be expected that the electronic structure of the e
would differ markedly from that elsewhere on the tub
This could be particularly well demonstrated in a conic
shaped tube end where the pentagonal defects neces
for closure are concentrated at the apex of the cone.
have focused our experiments on tube end structure
see how their local density of states is affected by t
incorporation of defects into the carbon network. Th
major question we address here is the following: How
the increasing defect concentration, at a tube tip, reflec
in the local density of states (LDOS) of a nanotube. B
coupling tight binding calculations performed on seve
tube tip morphologies and STS done on conical tube en
we correlate sharp resonant features in LDOS with
presence of defects in the structure.

Carbon nanotubes were fabricated using the elect
arc-discharge method and characterized by electron
croscopy as described elsewhere [11]. A dilute mixture
carbon nanotubes and ethanol was ultrasonically agita
to separate tubes, and deposited on freshly cleaved hig
oriented pyrolytic graphite (HOPG). The substrate w
immediately mounted in a high vacuum prechamber a
the ethanol pumped away to a pressure of1.0 3 1027 torr.
The substrate was then introduced into ultrahigh vacu
(UHV) (base pressure of5.0 3 10210 torr) and loaded into
a commercially available scanning tunneling microsco
(STM) (Park Scientific). All microscopy and spectroscop
were done using mechanically formed Pt-Ir tips.

While atomic resolution of the supporting substrate w
always easily achieved, generally, atomic structure
the tube was not observed. This is attributed to sm
© 1997 The American Physical Society 2811



VOLUME 78, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 7 APRIL 1997

h
a
h
a

v
c
h
L

e
t

o
it

ta

m

h
n
h
m

)
for
he
of
(b)
ge.
o-
ed
ear
s
er,
ior

)
nd
ir

e
mi
ed
reas
g
s.
of
s
ith

ing
tube-substrate interactions in UHV which lead to slig
instabilities during imaging. Bias voltages greater th
0.5 V and setpoint of 1.5 nA could be used to pick t
tubes up and position them anywhere on the substr
With a tunneling voltage of 30 mV and setpoint of 0.5 nA
the tubes could be imaged repeatedly with no obser
drift from image to image. Tunneling spectra were a
quired using this setpoint at different positions along t
tube, and compared to that of the HOPG substrate.
cal differential conductivitysdIydV d and local density of
states were derived by the method of Feenstra [12].

Figure 1(a) shows two isolated tubes of approximat
10 nm each and Fig. 1(b) a conical shaped closure of
end of a 20 nm tube. The tubes in Fig. 1(a) terminate
hemispherical domes or polyhedra. The apex of the c
[Fig. 1(b)] should be close to a regular hemisphere w

FIG. 1. STM images of carbon nanotubes acquired at cons
current with a setpoint of 0.03 V and 0.25 nA. (a)150 3
150 nm image of three tubes. The two larger tubes, fro
which spectra were collected, are approximately 10 nm
diameter. A much smaller third tube can be seen sandwic
between. (b)100 3 100 nm image of a cone at the end of a
approximately 20 nm diameter tube. The apex of the cone
a diameter of 2.0 nm. The white letters mark positions fro
where tunneling spectra were acquired.
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a diameter of,2 nm. Figures 2(a) and 2(b) (schematic
show two models, described in detail later in the paper,
the cone termination which could possibly represent t
structure shown in Fig. 1(b). From close examination
image cross section at the cone end, we find that Fig. 2
most closely represents the conical structure in our ima

The differential conductance and the LDOS for the is
lated tubes in Fig. 1(a) is shown in Fig. 3 and compar
to the HOPG substrate. From the conductance it is cl
the carrier mobilities are lower (or the effective mas
higher) in the tubes when compared to graphite. Furth
a band gap opens up inducing semiconducting behav

FIG. 2. Local densities ofp-pp electron states along a (24, 0
nanotube capped (a) with a conical-shape tip (model I) a
(b) with a conical joint containing a pentagon-heptagon pa
reducing the diameter from 2 to 0.8 nm (model II). Th
horizontal bars indicate the zero-density levels. The Fer
level is at zero energy. The LDOS curves are averag
over the atoms (black spheres) composing the surface a
labeled byA, B, C, and D, as indicated by the correspondin
letters in the right-hand side projection of both structure
CurveA corresponds to an LDOS averaged over a section
a cylindrical (24, 0) nanotube well below the tip region a
indicated by the broken line. A resonant state associated w
the tip apex appears for both structures (curveD), as well as an
acceptor state (shown by arrows) in a small region contain
the pentagon defect and its five adjacent hexagons.
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FIG. 3. Comparisons of electronic properties at the tube
and along its body, far from the end, for a 10 nm tube clos
with a hemispherelike end. (a) The differential conductan
is shown, as derived from tunneling spectra by numer
differentiation, for the HOPG substrate and the tube bo
(b) The LDOS derived from the tunneling spectra is compa
for the tube body (A) the tube end (B) and for the HOPG
substrate (C). The conduction band is shown to the right of t
Fermi level and theY-axis units for LDOS plots are arbitrary.

in the tubes. The LDOS [Fig. 3(b)] at the tube middle (A)
and the tube end (B) are similar in the conduction band
For both cases a broad peak is observed around 0.8
However, the valence band shows differences betw
tube middle and tube end. The shoulder which occ
at 100 meV from the Fermi level in the LDOS of the tub
end is indicative of localized acceptor states. This st
closes the apparent band gap from 100 meV at the mid
to 70 meV on the end, suggesting that it is position
within the band gap and overlaps with the band edge.

The effect of confinement on defect states is strikingly
lustrated in the LDOS of the conically shaped closed en
where defects are concentrated in a smaller volume.
ure 4 compares LDOS at four positions along the con
closure. The electronic structure in the conduction ba
from position to position along the cone shows only
slight, broad enhancement in the LDOS at the cone ap
In contrast to the conduction states, the valence band
ters considerably. The LDOS from positionB [marked
on Fig. 1(b)] exhibits a shoulder at the valence band e
[100 meV from the Fermi level, as in Fig. 3(b)]. Pos
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FIG. 4. Comparisons of the LDOS for the conical closu
structure of the 20 nm tube. LDOS derived from the tunnelin
spectra acquired at the positions marked in Fig. 1(b) a
presented. The spectra were recorded along the body of
tube (A), at the kink that begins the cone (B), half way between
the beginning of the cone and its apex (C) and at the apex (D).

tion B is related to the introduction of a single pentago
and a possible shift in the chirality of the lattice to form
the cone. The LDOS atC, which lies far from the position
of the pentagon atB, does not show this state, but shows
slight increase in the overall LDOS at 200 meV from th
Fermi level. The LDOS atD is the most striking with the
valence state greatly enhanced and increasing in the o
all electron state density at both valence and conduct
band edges. The increased confinement of defects at
cone apex has produced very sharp resonant states, in
valence band edge, which is considerably more enhan
in comparison to the states observed from the end reg
of the 10 nm tube [Fig. 3(b)]. The states disappear with
a spatial extent of 25.0 nm, which was the closest sepa
tion of tunneling spectra acquired.

At low voltages it is expected that the STM is mos
sensitive to the electronic structure of the outermost tu
layer. The relatively large diameter of the tubes furth
rules out ballistic transport to the substrate. Moreov
the fact that we find similar LDOS at different position
of a tapering cone (it is inevitable that as we go fromA
and D [Fig. 1(b)] the number of layers should decreas
suggests that the main contribution to LDOS comes on
from the outermost layer of the tube.

To understand the relation between topology and el
tronic properties at the tips of nanotubes, we perfor
simple tight-binding studies of different tube end stru
tures (Fig. 2) chosen to mimic the outermost layer of t
conical structure reported in Fig. 1(b). The model is r
stricted top-pp orbitals only, and we adopt a recursio
technique in order to account properly for the semi-infini
geometry of the capped nanotubes [13]. We constr
a (24, 0) nanotube (2 nm diameter) [14], capped in tw
different ways (models I and II in Fig. 2). In model I, a
hexagon is placed on the top of the tip apex and the co
cal shape of the tip is obtained by displacing one of the
pentagons toB, thus breaking the threefold symmetry. I
model II, a pentagon-heptagon pair is used to connect
2813
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(24, 0) nanotube to a (10, 0) nanotube capped by a he
spherical tip apex containing six pentagons in a fivefo
symmetric arrangement.

The curves on the left-hand side of Figs. 2(a) and 2
are thep-pp LDOS averaged over (A) a belt of hexagons
far from the tip, (B) a region containing the first pentago
(C) a portion of the conical region, and (D) the tip apex, to
allow for direct comparison of the experimental data pr
vided in Fig. 4. In the two models, theA, B, andC LDOS
are very similar. TheB LDOS shows the appearance of a
ceptor states (shown by arrows) located just above the
of the valence band edge. This is related to the presenc
a pentagon in regionB, in agreement with the present ex
perimental observations (Fig. 4), and previous theoret
works [13,15]. In addition, we observe strong and sha
peaks (seeD LDOS) associated with the electronic stat
localized at the tip apex, consistent with a previous th
retical paper [7]. As evidenced in Fig. 2, different tip ap
topologies can yield donor or acceptor states. The ag
ment between the LDOS of model II and that observ
experimentally (Fig. 4) is consistent with a conical-joi
geometry common to the two systems depicted in Figs. 1
and 2(b). We find, however, that a conical-shape cap
rived from the tip apex topology of model II leads to
peak in the valence region (although less sharp). This
dicates that the relative position of pentagons in the
apex is more important than the global shape of the
to determine the position of the localized states. We n
that the tip apex diameter of model II (0.8 nm) is relative
small compared to experiment (2 nm). Indeed, if we co
sider a tip made of a (20, 0) nanotube (1.6 nm of diam
ter) capped by half a C240 instead of the (10, 0) nanotub
capped by half a C60 as in model II, we find a localized
state peak at,0.4 eV below the Fermi level, improving
the agreement of Fig. 2(b) with experiment. Increasi
the diameter of the tip apex also results in a broadening
the peak, presumably due to a reduced confinement of
pentagons. This may explain why Fig. 3(b) (tip apex d
ameter,20 nm) exhibits a broad shoulder at the valen
band edge rather than a sharp peak as in Fig. 4 (tip a
diameter,2 nm).

In conclusion, STS and tight-binding calculations ha
been used to identify local variations of electronic stru
ture in carbon nanotubes and their tips. Our results p
vide the first experimental evidence for the presence
sharp resonant states near the valence band edge in
LDOS of carbon nanotubes. The energy and the stren
of these resonances can be correlated to interacting
tagonal coordinated defects and their density. Further,
introduction of isolated pentagonal defects in the nanotu
lattice is seen to result in weak acceptor states.
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