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Electronic Structure and Localized States at Carbon Nanotube Tips

D. L. Carroll,* P. Redlich, and P. M. Ajaydn
Max-Planck-Institut fur Metallforschung, Seestral3e 92, 70174 Stuttgart, Germany

J.C. Charlief;, X. Blase® A. De Vita, and R. Car

Institut Romand de Recherche Numerique en Physique des Materiaux IN-Ecublens, CH-1015 Lausanne, Switzerland
(Received 12 August 1996; revised manuscript received 25 Novembej 1996

Topology related changes in the local density of states near the ends of closed carbon nanotubes
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 the
valence band edge and filling the band gap. Calculations show that the strength and position of these
states with respect to the Fermi level depend sensitively on the relative positions of pentagons and their
degree of confinement at the tube ends. [S0031-9007(97)02881-0]

PACS numbers: 73.20.Dx, 61.16.Ch, 61.48.+c

Carbon nanotubes constitute the link between large cadiffering sizes studied by scanning tunneling microscopy
bon fibers used as mechanical reinforcements in compo$STM) and spectroscopy (STS) [1,10] have suggested
ites and molecular wires that could lead to ideal electricah range of values for conductivities and band gaps
connectors in future technology [1]. Two general cate{200 meV to 1.2 eV). However, the spatially resolved
gories of nanotubes exist presently. Singlewalled nanoSTS determinations of electronic properties are sensitive
tubes [2] composed of single graphene sheets wrapped into ambient conditions, tube helicity, as well as where
cylinders with a narrow size distribution of 1-2 nm diame-along the tube the measurements are made. For instance,
ter. Multiwalled nanotubes [3] are larger (2—30 nm di- if the density of defect states increases at the tube end,
ameter) and are coaxial assemblies of graphene cylindeitscan be expected that the electronic structure of the end
separated by approximately theplane spacing (0.34 nm) would differ markedly from that elsewhere on the tube.
of graphite. Both are in general microns in length and exThis could be particularly well demonstrated in a conical
tremely stiff [4] with very high axial strength. The electri- shaped tube end where the pentagonal defects necessary
cal properties of nanotubes are all the more interesting anfbr closure are concentrated at the apex of the cone. We
have been treated extensively in many theoretical workhave focused our experiments on tube end structures to
[1]. Although most of the theoretical results have beersee how their local density of states is affected by the
obtained for singlewalled nanotubes, recent experimentimcorporation of defects into the carbon network. The
on multiwalled structures confirm some of these resultsmajor question we address here is the following: How is
indicating that nanotubes possess a rich variety of eledhe increasing defect concentration, at a tube tip, reflected
tronic structure with conductivities ranging from metallic in the local density of states (LDOS) of a nanotube. By
to semiconducting [5]. The broad range in conductivitiescoupling tight binding calculations performed on several
arises from the helicity of graphite lattice [3] in the nano- tube tip morphologies and STS done on conical tube ends,
tube structure and changes in the diameters of individuale correlate sharp resonant features in LDOS with the
cylinders in the tube. presence of defects in the structure.

A more interesting structural feature occurs near the Carbon nanotubes were fabricated using the electric-
ends of all tubes from the closure of the graphene cylinarc-discharge method and characterized by electron mi-
ders by the incorporation of topological defects such agsroscopy as described elsewhere [11]. A dilute mixture of
pentagons in the hexagonal carbon lattice [6]. Complexarbon nanotubes and ethanol was ultrasonically agitated,
end structures can arise, for instance conical shaped shaseparate tubes, and deposited on freshly cleaved highly
tips, due to the way pentagons are distributed near the endsiented pyrolytic graphite (HOPG). The substrate was
for full closure. It is suggested by theory [7] that the immediately mounted in a high vacuum prechamber and
ends of the tubes should have different electronic structhe ethanol pumped away to a pressuré.6fx 1077 torr.
ture due to the presence of topological defects though iThe substrate was then introduced into ultrahigh vacuum
has never been experimentally verified. Defect induced tigUHV) (base pressure 6f0 X 10~ torr) and loaded into
electronic structure is important for several reasons. Foa commercially available scanning tunneling microscopy
example, the field emission properties of nanotubes, whic(STM) (Park Scientific). All microscopy and spectroscopy
have been recently demonstrated [8], could be strongly inwere done using mechanically formed Pt-Ir tips.
fluenced by the presence of localized resonant states [9]. While atomic resolution of the supporting substrate was

Electrical properties measured by two and four probealways easily achieved, generally, atomic structure on
measurements [5] and electronic structure of nanotubes tiie tube was not observed. This is attributed to small
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tube-substrate interactions in UHV which lead to slighta diameter of~2 nm. Figures 2(a) and 2(b) (schematic)
instabilities during imaging. Bias voltages greater tharshow two models, described in detail later in the paper, for
0.5V and setpoint of 1.5 nA could be used to pick thethe cone termination which could possibly represent the
tubes up and position them anywhere on the substratstructure shown in Fig. 1(b). From close examination of
With a tunneling voltage of 30 mV and setpoint of 0.5 nA, image cross section at the cone end, we find that Fig. 2(b)
the tubes could be imaged repeatedly with no observenhost closely represents the conical structure in our image.
drift from image to image. Tunneling spectra were ac- The differential conductance and the LDOS for the iso-
quired using this setpoint at different positions along thdated tubes in Fig. 1(a) is shown in Fig. 3 and compared
tube, and compared to that of the HOPG substrate. Lao the HOPG substrate. From the conductance it is clear
cal differential conductivity(dl/dV) and local density of the carrier mobilities are lower (or the effective mass
states were derived by the method of Feenstra [12]. higher) in the tubes when compared to graphite. Further,
Figure 1(a) shows two isolated tubes of approximatelya band gap opens up inducing semiconducting behavior
10 nm each and Fig. 1(b) a conical shaped closure of the
end of a 20 nm tube. The tubes in Fig. 1(a) terminate in
hemispherical domes or polyhedra. The apex of the cone
[Fig. 1(b)] should be close to a regular hemisphere with (a)
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FIG. 2. Local densities ofr-7* electron states along a (24, 0)
nanotube capped (a) with a conical-shape tip (model I) and
(b) with a conical joint containing a pentagon-heptagon pair
reducing the diameter from 2 to 0.8 nm (model Il). The
horizontal bars indicate the zero-density levels. The Fermi
level is at zero energy. The LDOS curves are averaged
FIG. 1. STM images of carbon nanotubes acquired at constamtver the atoms (black spheres) composing the surface areas
current with a setpoint of 0.03 V and 0.25 nA. (&0 X labeled byA, B, C, andD, as indicated by the corresponding
150 nm image of three tubes. The two larger tubes, fromletters in the right-hand side projection of both structures.
which spectra were collected, are approximately 10 nm inCurveA corresponds to an LDOS averaged over a section of
diameter. A much smaller third tube can be seen sandwiched cylindrical (24,0) nanotube well below the tip region as
between. (b)I00 X 100 nm image of a cone at the end of an indicated by the broken line. A resonant state associated with
approximately 20 nm diameter tube. The apex of the cone hathe tip apex appears for both structures (cubjeas well as an

a diameter of 2.0 nm. The white letters mark positions fromacceptor state (shown by arrows) in a small region containing
where tunneling spectra were acquired. the pentagon defect and its five adjacent hexagons.
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FIG. 4. Comparisons of the LDOS for the conical closure
structure of the 20 nm tube. LDOS derived from the tunneling
———————— spectra acquired at the positions marked in Fig. 1(b) are
IFANEIAT b ] presented. The spectra were recorded along the body of the
,N M \ 1 tube @), at the kink that begins the conB)( half way between
_ Fe A/ ‘V"\“V."'\"'; the beginning of the cone and its ape&X) @nd at the apex).
3 \ ?
E ;}’;ﬂ\m\,m ,,VN; tion B is relgted to the introdqctipn of a singl_e pentagon
=R M‘MK\ e A and a possible shift in the chirality of the lattice to form
e /‘M‘\,,,.»\ N MJ V\WA the cone. The LDOS &, which lies far from the position
e VW\ " ] of the pentagon &, does not show this state, but shows a
\\ E slight increase in the overall LDOS at 200 meV from the
e, e Fermi level. The LDOS ab is the most striking with the
-1 05 Gample Bias (v) O ! valence state greatly enhanced and increasing in the over-

) ) _ all electron state density at both valence and conduction
Zfﬂ%-;bn Cﬁg‘gggso?:rcf";o‘%efﬁreogﬁ dpr%eeé“fg g:nt?ﬁb?tc’?osgyand edges. The increased confinement of defects at the
with a hgmispher)élike end. (a) The differential conductance"©N€ aPEX has produce.d very sharp resonant states, in the
is shown, as derived from tunneling spectra by numericav@leénce band edge, which is considerably more enhanced
differentiation, for the HOPG substrate and the tube bodyin comparison to the states observed from the end region
(b) The LDOS derived from the tunneling spectra is comparechf the 10 nm tube [Fig. 3(b)]. The states disappear within
for the tube bodyA) the tube endR) and for the HOPG 5 gpatial extent of 25.0 nm, which was the closest separa-
substrate ). The conduction band is shown to the right of the tion of tunneling spectra acquired
Fermi level and thér-axis units for LDOS plots are arbitrary. e : .
At low voltages it is expected that the STM is most
sensitive to the electronic structure of the outermost tube
in the tubes. The LDOS [Fig. 3(b)] at the tube midd¢ ( layer. The relatively large diameter of the tubes further
and the tube endBj are similar in the conduction band. rules out ballistic transport to the substrate. Moreover,
For both cases a broad peak is observed around 0.8 ethe fact that we find similar LDOS at different positions
However, the valence band shows differences betweeof a tapering cone (it is inevitable that as we go frém
tube middle and tube end. The shoulder which occurandD [Fig. 1(b)] the number of layers should decrease)
at 100 meV from the Fermi level in the LDOS of the tube suggests that the main contribution to LDOS comes only
end is indicative of localized acceptor states. This statérom the outermost layer of the tube.
closes the apparent band gap from 100 meV at the middle To understand the relation between topology and elec-
to 70 meV on the end, suggesting that it is positionedronic properties at the tips of nanotubes, we perform
within the band gap and overlaps with the band edge. simple tight-binding studies of different tube end struc-
The effect of confinement on defect states is strikingly il-tures (Fig. 2) chosen to mimic the outermost layer of the
lustrated in the LDOS of the conically shaped closed ends;onical structure reported in Fig. 1(b). The model is re-
where defects are concentrated in a smaller volume. Figstricted to7-7* orbitals only, and we adopt a recursion
ure 4 compares LDOS at four positions along the conicatechnique in order to account properly for the semi-infinite
closure. The electronic structure in the conduction bandieometry of the capped nanotubes [13]. We construct
from position to position along the cone shows only aa (24,0) nanotube (2 nm diameter) [14], capped in two
slight, broad enhancement in the LDOS at the cone apexlifferent ways (models | and Il in Fig. 2). In model |, a
In contrast to the conduction states, the valence band ahexagon is placed on the top of the tip apex and the coni-
ters considerably. The LDOS from positi@h[marked cal shape of the tip is obtained by displacing one of the six
on Fig. 1(b)] exhibits a shoulder at the valence band edgpentagons td, thus breaking the threefold symmetry. In
[L00 meV from the Fermi level, as in Fig. 3(b)]. Posi- model Il, a pentagon-heptagon pair is used to connect the
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