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Abstract. We discuss a number of recent observations omand do not further incorporate carbon atoms from the gas
carbon nanotubes tips. Evidence from scanning tunneling mphase (see [7]). From these considerations, it has been con-
croscopy (STM) and spectroscopy (STS) experiments [1] ineluded that the role of clean tips at the end of SWNTSs is that
dicates that the topology of the carbon bond network at thef preventing growth.

tip, and in particular the relative location of pentagons in the It is interesting to correlate the curvature of the tip with
curved regions of the caps, is ultimately responsible for thehe chemical reactivity. Curvature builds up with the for-
space-resolved electronic properties of the tubes. The theorehation of pentagonal rings. According to Euler’s theorem,
ical analysis of the local density of (electronic) states (LDOS)}welve pentagons are sufficient to completely close a surface,
is shown to be a powerful tool to rationalize the experimentaivhile six suffice to form a closed cap at the end of a SW
data. Images of carbon nanotube tips acquired in field emigube. Polygons with less than five edges also introduce a net
sion microscopy (FEM) experiments [2] can be related to theurvature in a graphene sheet. However, their formation is

STM/STS observations. energetically unfavourable, so that they probably anneal out
as defects in well-ordered experimentally obtained structures.
PACS: 73.20.Dx; 61.16.Ch; 61.48.+c There are two reasons at least why the electronic structure

(and the related local chemical reactivity) may be profoundly

changed in the high-curvature tube regions with respect to
The properties of carbon nanotube tips are of extreme intethat of the regular hexagonal bonding network. These are (1)
est. The small radius of curvature of their tip makes carbothe pure topological disturbance introduced in the graphitic
nanotubes attractive both as tips for scanning probe micrdzond topology by “wrong” fivefold rings and (2) the occur-
scopes [1, 3] and as electron field emitters [4, 5]. Furthermoreence of hybridization between in-plane states and graphitic
the dynamical behaviour of the tip atoms, alone or in the presz-band electronic states [12]. The last mechanism has been
ence of metal catalysts, is believed to be determinant for thehown to be responsible for the occurrence of high chemical
tube growth mechanism, so that understanding the tip’s roleeactivity at the tip of multi-wall carbon nanotubes (MWNTS)
during growth may help to optimise the production yields inthrough a local increase in metallicity. These tips can close
view of technological applications. into a metastable “lip—lip interacting” structure characterized

In spite of this, the tip structure remains one of the lesdy o* — 7* hybridization at the bridging bonds between two

well known aspects of carbon nanotubes. The extreme condkdjacent graphitic sheets. The antibonding character of the
tions at which nanotube synthesis takes place, in, for examplaewly included states explains why these bonds can break and
arc-discharge or laser ablation techniques, prevent any direfiirm at synthesis temperatures, and in turn why MWNTSs can
observation of the formation of nanotube tips during growthgrow uncatalyzed [6].
experiments. However, indirect experimental evidence and When a carbon nanotube has stopped growing and is
theoretical modelling have recently shed some light on thelosed, the typical curvature at its tip is equal or inferior to
role of tube tips during nanotube synthesis [6, 7]. For inthat found, for example, in @, molecule. Hybridization ef-
stance, single-wall nanotubes (SWNTSs) are experimentallfects with in-plane electronic states are, in this case, expected
known to grow only in the presence of catalysts [8,9]. Atto be much less dramatic than at a growing MWNT tip. This
the same time, first-principles simulations have revealed thatpens the way to a study of the electronic properties of the
closed tips quickly form at the edge of SWNTSs in the experi-curved network based exclusively on the correct topological
mental range of tube diameters and synthesis temperaturespresentation of the network, which is sufficient to investi-
Calculations indicate that these tips are chemically passivgate mechanism 1 mentioned above. In other words, we as-
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sume that the experimental LDOS at the tip of a closed nandure. In particular, since the model would not connect dif-
tube depends mainly on the tip bond topology only. To checlerent graphene sheets, such as the different coaxial walls in
this assumption, the computed LDOS must be compared with MWNT, this analysis is by definition limited to the study of
the measured ones. STS is the ideal tool to probe experimetire LDOS in SWNT systems. To relate our results to obser-
tally the local LDOS in carbon nanostructures. A good apvations on MWNTS, we notice that the outer capped layer of
proximation of the LDOS can be obtained from tunneling ex-a MWNT is most likely to determine by itself the field emis-
periments as the differential conductivitgll/dV)/(1/V).  sion properties of the entire tube, given that the field penetra-
Recent observations of this kind reveal that the tip LDOS otion below the first graphene sheet in a multilayer structure is
capped nanotubes gf2 nmdiameter contains a sharp promi- very small.
nent peak located 0.1 eV below the Fermi level, associated =~ We make computations on a variety of tip geometries, in
to “acceptor” electronic states localized at the tip apex [1]. an attempt to sample the sensitivity of the LDOS to a variety
To investigate the origin of these states we have performedf tip features, such as opgriosed termination, regular ver-
computations with a simple —7* model implemented in sus defective ring topology, tube chirality, tube size, and con-
conjunction with a recursion technique [10]. Within suchfinement (relative position) of pentagons. The LDOS of a few
an implementation the problem of correctly reproducing theelevant structures, averaged on atoms located at different dis-
semi-infinite geometry of the capped tubes can be properliances from the tip, are reported in Fig. 1. For the open tip of
handled, while the computational time scales linearly with thea (10,0) tube, a set of Fermi-energy-pinning localized “dan-
system size. The hopping energy between nearest-neighbagling” bond states are found in the middle of the electronic
atoms is the only free term in the model Hamiltonian, andgap, as expected (Fig. 1a). States located at both edges of the
does not vary with interatomic distances and local curvaelectronic gap appear when a “messy” cap topology is added
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from the topological disorder introduced into the hexagonal
bonding network by the presence of pentagons. As is clear
from Fig. 1, the strength and energy position of the com-
puted resonant states depend sensitively on the the tip bond
topology. If we disregard the topologically defective tip in
Fig. 1b (where, however, all carbon atoms still bind to three
neighbours, and no unsaturated “dangling” bond is present),
the structures investigated mainly differ in the relative pos-
ition and degree of confinement of pentagonal rings at the
nanotube end.

We now provide a simple argument which can help elu-
cidate the interplay of pentagonal rings immersed in a hex-
agonal graphitic network and the LDOS of the structure. The
energy multiplet structure of the electron states of an iso-
lated pentagonal ring includes the most stable total symmetric
state and two occupied orthogonal bonding states having one
nodal surface only. This is shown in Fig. 2, where the en-
ergies are computed by using a simple tight binding model,
and where a formal hopping terfi= —1 between nearest-
neighbour atoms has been assumed and the on site energy
term has been set to zero. This structure therefore has an
“affinity” for a sixth electron in a bonding state, so that when
the pentagonal ring is immersed in a metattibonded hex-
agonal network, such state is occupied and screened by the
others electrons, becoming a resonant bonding state in the
graphiticr band. This helps us interpret as an acceptor state
the peak in the LDOS Fig. 1f, regian The peak (indicated
by an arrow in the figure) is more intense and is located at
a higher energy (by= 0.1 eV) than ther bounding peak in
the bulk tube (Fig. 1f, regiod). No such isolated peak is vis-
ible in the conical joint regioib of the structure. Repeating

E4 = E5 = 1.62
Fig. 2. Electronic states of a pentagonal ring using a simpliied 7°  the calculation on a different conical tip where the terminal

model with hopping terng = —1 and on-site energy = 0 (see text). Oc- . - . . .
cupied tip states close to the Fermi level observed by FEM show lobeb€9IONa gontalns only five pentagons instead of S',X (and' cor-
consistent with the E2, E3 multiplet of the schematic respondingly, no heptagon, as follows from Euler’s theorem),

the acceptor peak is still found at the same energy position in
the LDOS from the region of the new structure [1].

at the (10,0) tube end (Fig. 1b). (This topology was obtained It is clear from the results in Fig. 1 that whenever pen-
in [6] by annealing for~ 5psan open cap in a constant- tagons are located close to each other in a confined region
temperature first-principles molecular dynamics simulation abf the structure, the measured LDOS is the result of some
~ 3500 K). A prominent peak at- 1 eV below the Fermi en- further interaction between individual pentagonal topologi-
ergy is found if a “perfect” cap is substituted for the formercal defects. This is consistent with the interpretation of the
one (Fig. 1c). If now a pentagon is “pushed away” from theacceptor states as resonances instHeonded structure, and
other ones so as to obtain a sharper tip, localised tip statssggests that each of these states extends well outside the
are found at aboud.5 eV above the Fermi level(Fig. 1d). By pentagonal rings which determine its main structure. The
setting up a regular (10,10) tube tip with “armchair” chiral- overall electronic structure in the systems of Fig. 1 is thus
ity and a large tube diameter, the localised states peak appeding result of interacting topological defects. The relation be-
sharper and closer to the Fermi level (Fig. 1e) [13]. In the extween the position of pentagons and the main structures in the
perimental images, tube ends often disptanical shapes. LDOS seems to suggest that while localised states are always
Figure 1f shows the computed LDOS for a (24,0) nanotub@resent, more disordered unsymmetric structure (like those in
capped with a conical joint. The conical joint effectively re- Fig. 1b,d) will produce peaks of higher energy, while “tidier”
duces the tube diameter fradmm(in the bulk region labeled structures (like those in Fig. 1c,e,f) are more likely to produce
d in the figure) t00.8 nm (at the tip labeled in the figure). states in the occupied regions of the energy spectrum. How-
The convexity and concavity at the large and small ends oéver, the recursion method used does not provide information
this conical section correspond to the presence of a pentagon the localisation of individual states; to obtaindirect insight
and a heptagon in the bonding network, respectively. Besiddato the structure of localised electron states one can resort to
the peak in the region, similar to the one observed in Fig. 1c, FEM experiments and to ab initio theoretical computations.
we notice that the isolated pentagon in regéocorresponds If occupied “high-lying” states containingg bonding
to the occurrence of an “acceptor” state peak in the LDOS. lobes are located on pentagonal rings in the LDOS of nano-

These results are in good qualitative agreement with theube tips, these states should be revealed by field emission
experimental differential conductivity measures [1]. Taken agxperiments, which are performed at negative sample bias. In
a whole, they indicate that the sharp resonant peaks expethese experiments, the patterns collected by the CCD or the
mentally found in the LDOS of the tip region mainly originate video camera are, to first approximation [14], a direct image
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of the emitting electronic states. To be a good candidate fgoerposition of two two-lobed structures whenever a switching
emitting tunneling electrons in a FEM experiment, an elecevent takes place during the acquisition time of an image
tronic state should be localised in the high-field regions ofwhich is of the order of sin the low-field regime).

the structure, it should be occupied and it should be close
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