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Scanning tunneling spectroscopy signature of finite-size and connected nanotubes:
A tight-binding study

V. Meunier, P. Senet, and Ph. Lambin
Département de Physique, Faculte´s Universitaires Notre-Dame de la Paix, Rue de Bruxelles 61, B-5000 Namur, Belgium

~Received 5 April 1999!

We present tight-binding-based simulations of the scanning tunneling spectroscopic signal of different types
of carbon nanotubes. Capped, finite, and connected nanotubes have been investigated. We have computed
scanning tunneling spectroscopy~STS! maps of each nanotube on different parts of the systems for various
tip-sample bias potentials. STS reflects the electronic structure, which depends on the arrangement of atoms in
the systems, and can be drastically different even for similar geometries. The computations are in good
agreement with recently measured STS spectra. Furthermore, the STS spectra of pentagon and heptagon, which
are needed for connecting different carbon nanotubes, constitute characteristic marks of topological defects.
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Since Iijima’s observations in 1991,1 carbon nanotubes
have been the subject of an increasing number of experim
tal and theoretical studies. Most of them have shown t
carbon nanotubes can be considered as nearly perfect ob
for the illustration of quantum physics effects.2 On the other
hand, the prospect for industrial applications of these ‘‘u
mate fibers’’ remains one of the main concerns of a la
number of scientists and nonscientists. For a recent rev
on the physics and chemistry of carbon nanotubes, see R
3 and 4.

The scanning tunneling microscopic~STM! resolution of
carbon nanotubes’ atomic structure was accompanied by
confirmation, using scanning tunneling spectroscopy~STS!,
of the predicted one-dimensional electronic structure of c
bon nanotubes.5–9 Defects affect the physical properties
the nanotubes. In this respect, the identification of topolo
cal defects of nanotubes as well as the resolution of
atomic structure of the ending caps is not easily done w
STM. For that purpose, STS is more appropriate since it
probe the unique electronic signature of particular geome
cal features of carbon nanotubes, such as Stone-W
defects10 or ending caps.7,11

In a previous work, we accounted for a simple theoreti
framework which enabled us to explain, reproduce, and p
dict STM measurements on carbon nanotubes in a la
number of situations.12 In the present paper, our attention
focused on the STS signature of finite-size nanotubes,
structures, and topological defects.

Recently, Rubio and co-workers have addressed a the
ical study devoted to STS on finite-length carb
nanotubes.13 Due to the discretization of the allowed wav
vectors, standing-wave–like wave functions are obtained
the vicinity of the HOMO and LUMO states, in particula
the local density of states~DOS! is modulated along the
nanotube axis by sin2(2px/3a0) or cos2(2px/3a0) envelopes,
with a0 5 0.25 nm the lattice period. The resulting period
oscillation of the local DOS, 3a0 5 0.75 nm, has been ob
served experimentally by STS on a 30-nm-long single-w
nanotube.9 A part of our present study is to provide a the
retical background for the interpretation of these experim
tal data. In particular, maps of the STS differential cond
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tance directly comparable to experiment are provided. T
communication also aims at predicting the STS signature
a pentagon-heptagon pair defect whose observation stil
mains challenging to the experiment.

A general, first-order perturbation expression of the tu
neling current between the tip~t! and the substrate~s! has
been derived in a tight-binding description:12,14
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FIG. 1. STS computation on a long capped~10,10! tube~system
I!. Top: portion of tubule on which the computation was don
along a scan line visualized by the dashed line. Bottom: map
resentingdI/dV in gray scale against the tipx coordinate and the
bias potential. Middle: linecuts labeled~a! and (b), representing
dI/dV versus xfor V520.2 V andV50 V, respectively.
7792 ©1999 The American Physical Society



ite
g
is

re

iz
ut

S
n

tu
ha
ll

i

e
an
S
ta
-

les
on,

long
tip

ge.
the
rmi
the

he
d in
ta
ve

ntial
on
ly
anel,
s
of

Th
t V.

stood

gs

PRB 60 7793BRIEF REPORTS
V is the tip-sample bias potential (e.0), the EF’s are the
Fermi levels of the unperturbed systems, andv IJ are the
tip-sample coupling elements. Diagonal (I 85I ) elements of
nII 8

l (E)5(bPlc I
b* d(E2Eb)c I 8

b , wherel stands fort or s,
respectively, represent the local densities of states on sI.
When I 8ÞI , nII 8(E) describes the bonding or antibondin
nature of theI 2I 8 bond. A discussion about this quantity
given in the appendix. The elementsnII 8(E) are computed as
the imaginary part of the matrix elementII 8 of the Green
function. The tight-binding Hamiltonian matrix elements a
given by Slater-Koster parameters restricted top orbitals
and first neighbor interactions (Vppp522.75 eV!.15

Experimentally, the discrete energy levels of a finite-s
nanotube can be probed after the nanotube has been c
applying a voltage pulse to the STM tip.16 A ;30-nm-long
nanotube obtained in this way was then studied by ST9

According to topographical measurements, this carbon na
tube was identified as a~10,10! armchair one.

We have performed STS simulations on both capped
bules and connected nanotubes. Four armchair tubes
been examined: one long~10,10! nanotube and three sma
~5,5! nanotubes. Tube I has a length of 33.4 nm and
capped by two hemispherical caps~half C240). The first~5,5!
nanotube~tube II! has a length of 4.2 nm. Tube III and tub
IV have been obtained by removing, respectively, one
two circumferential rings of hexagons from tube II. ST
computation along a nanotube junction, namely the me
semiconductor~12,0!/~11,0! ~tube V! has also been consid

FIG. 2. STS gray-scale maps of tube II~a!, III ~b!, and IV ~c!.
The horizontal axis represents the tip position along the axis.
vertical axis shows the difference between the tube and the
potential.
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ered. This junction is a connection between zigzag tubu
realized with a single pair of fused pentagon and heptag
aligned parallel to the axis.17

STS spectra were computed while scanning the tube a
its axis at a constant tip-tube height of 5 Å. For each
position, the current was computed from Eq.~1! for values of
the tip-substrate potential,Vs2Vt , ranging from21.0 V to
11.0 V. The derivative of the local currentdI/dV is dis-
played on the bottom panel of Fig. 1 as a gray-scale ima
In system I, Bloch states are reflected by the cap of
nanotube and form a standing wave pattern. At the Fe
energy, the period of the standing wave compatible with
lattice period (a0) is the Fermi wavelengthlF53a0 ~7.5 Å!.
In the central panel of Fig. 1, curve~b! shows thelF period
of dI/dV superimposed on a periodic function having t
lattice period. This explains the superstructures observe
the interval lF , which reproduces the experimental da
fairly well.16 In particular, the double-peak structure of cur
~b! ~aroundx517 Å, for example! can be qualitatively com-
pared to that observed on STS spectra. The bias pote
~0.2 V! of curve~a! shows an unoccupied state localized
the cap.18 The corresponding local density of states rapid
decreases as one proceeds into the tube. In the bottom p
the states at;60.9 V correspond to Van Hove singularitie
located on both sides of the metallic plateau of the density

e
ip FIG. 3. Schematic electronic structure of tubes II, III, and I
The relative spacings between the discrete states can be under
from the electronic structure of a straight infinite~5,5! tube. The 1D
wave vectork can only take discrete values, with regular spacin
;1/L.
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FIG. 4. STS computation on system V. The atomic structure is shown in the upper part of the figure. Gray-scale map ofdI/dV as a
function of the tip position and the bias potential is given in the central left part, with line, cuts along the vertical directions~a! to ~j! ~right
panel!, and for zero bias potential@curve (k), bottom#.
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states. At a distance of 40 Å from the tip, the bulk propert
of the ~10,10! nanotube are recovered.

Figure 2 represents the first derivative of the current co
puted along the tube axis of the short-length~5,5! tubules II,
III, and IV @Figs. 2~a!, 2~b!, and 2~c!, respectively#. The zero
bias potential refers to the Fermi energy of each system
the center of the HOMO-LUMO gap. Localized cap states
about 0.6 V are present in all cases. The extended s
again present triple quasiperiod oscillations~7.5 Å! formed
by standing-wave patterns. Despite geometrical similarit
the tubes II–IV clearly have different electronic structure
In the first approximation, the electronic structure of a na
tube of lengthL can be inferred from the band structure
the nonterminated system,19 in particular from the twop and
p* bands crossing at the Fermi energy, by discretizing
Bloch wave vectork. The allowedk values are separated b
2p/L. By changing the tube length by one lattice parame
a0, the position of thek mesh moves by approximately on
third of the discretization step.19,20 The energy levels ob
tained from the sketch drawn at Figs. 3~a!, 3~b!, and 3~c!
explain the electronic structure revealed by the STS d
~Fig. 2!. For instance, the HOMO-LUMO gap of tube III i
almost closed because there is ak point close to the band
crossing in Fig. 3~b!. Adding or subtracting one circumfer
ential ring of hexagons in the nanotube moves the co
spondingk point to the left or to the right of the crossin
point and this changes the HOMO-LUMO gap. These
sults, obtained here for capped tubes, agree with the calc
tions of Ref. 13 performed on open-end tubes.

The atomic structure shown in Fig. 4 displays t
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pentagon-heptagon connection between a~12,0! nanotube
~left! and a~11,0! nanotube~right!.17 The structure has bee
scanned along the dotted line. The computeddI/dV map is
shown in gray-scale on the central panel of the figure. O
clearly sees the metallic plateau on the~12,0! side of the
junction, located between21.25 V and11.25 V. The per-
turbation induced by the 5–7 defect introduces short-per
oscillations in the densities of states.21 These oscillations are
also clearly visible on the bottom panel where the scan
dI/dV at zero bias potential has been represented. On
pentagon, the unoccupied part of the DOS is considera
reduced in favor of the occupied states which increase@curve
~e!#. On the heptagon, the unoccupied states increased@curve
~f!#. This can be explained with Hu¨ckel’s rule: cyclic
p-electron systems having 6, 10 . . . p electrons are the
most stable ones. The five- and seven-membered rings
therefore tend to form 6-p-electron systems by charge tran
fers to stabilize the defect. The band gap of the semicond
ing ~11,0! nanotube formed right after the heptagon is e
closed by two Van Hove singularities at20.6 V and
10.6 V. The curves (a) –( j ) in the right panel of Fig. 4
show thedI/dV curves computed at the location indicated
the arrows (a) –( j ) on the left-hand side. At these location
the STM tip is located just above atomic sites of the str
ture.

We have used a tight-binding theory to perform STS c
culation on carbon nanotubes, including capped and fi
nanotubes, and one junction. The simulations are in qua
tive agreement with experimental results obtained on a
~10,10! tube. On the other hand, we have demonstrated
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weak modifications of the structure of finite-size nanotub
have strong influence on STS spectra. Finally, we h
shown, using an example of a carbon nanotube junction,
odd-membered rings have a characteristic electronic sig
ture, emphasizing the use of STS for pentagon or hepta
identification.

This work has been realized under the auspices of
Interuniversity Research Program on Systems of Redu
Dimensionality~PAI-IUAP N. P4 / 10! funded by the Bel-
gian federal government. V.M. thanks the F.R.I.A and P
the F.N.R.S. for financial support.

APPENDIX: SEEING A BOND IN STM

Let us consider the tunneling currentsIbridge(JJ8) and
Itop(J) at the middle of the bondJ2J8 and at the top of the
atomJ, respectively. These currents have contributions fr
all the interatomic tip-sample interactions. However, beca
the current between two sites decreases exponentially
the distance, the atoms closest to the tip give the major c
tribution to the current. When scanning along the bondJJ8,
the current is thus dominated by the contribution due to
omsJ andJ8. It follows that top and bridge currents can b
approximately expressed by

Itop(J)'~2p!2
e

\
~v IJ

t !2IIIJJ , ~A1!

and

Ibridge(JJ8)'~2p!2
e
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b v IJ8
b IIIJJ8#1
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In the last equation, we have assumed that the coupling
rameters on the top positions and at the middle of the b
are identical before normalization of the tunneling probab
ity. This is fully justified for small tip-sample distances o
the order of 3 to 4 bond lengths. At weak and large b
potentials, the matrix elementsIIIJJ andIIIJJ8 have simple
physical meanings. AssumingueVu small and the nonloca
density of states~NLDOS! constant on the small energy in
terval ueVu around the Fermi levels, Eq.~1! gives

IIIJJ8'2eVnII
t ~EF

t !nJJ8
s

~EF
s !, ~A3!

where nII
t (EF

t )5uc I
Ft

u2 and nJJ8
s (EF

s )5cJ
Fs

* cJ8
Fs

are LDOS
and NLDOS at the Fermi level of the tip and sample, resp
tively. With V.0, nII

t (EF
t ) represents the LUMO density o

the tip at siteI, andnJJ8
s (EF

s ) is the HOMO of the sample a
sitesJ andJ8.

At large bias eV, most of the occupied states of th
sample contribute to the current. Therefore, Eq.~1! involves
the integration of the NLDOS of the sample over most of t
occupied states:

IIIJJ8'uI
tpJJ8

s , ~A4!

where the quantityuI
t represents a charge associated with

unoccupied levels of the tip andpJJ8
s

5(b
occcJ

b* cJ8
b is the

well-known bond order associated with the pairJJ8.22

From this discussion, we see that the tunneling curren
controlled by the frontiers orbitals at low bias@Eq. ~A3!# and
by the charges and bond order at high bias@Eq. ~A4!#.
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