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Scanning tunneling spectroscopy signature of finite-size and connected nanotubes:
A tight-binding study
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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 spectroscof$TS 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.
[S0163-18299)09935-X]

Since lijima’s observations in 1991carbon nanotubes tance directly comparable to experiment are provided. This
have been the subject of an increasing number of experimerommunication also aims at predicting the STS signature of
tal and theoretical studies. Most of them have shown thah pentagon-heptagon pair defect whose observation still re-
carbon nanotubes can be considered as nearly perfect objecatsins challenging to the experiment.
for the illustration of quantum physics effeét©n the other A general, first-order perturbation expression of the tun-
hand, the prospect for industrial applications of these ‘“ulti-neling current between the tiff) and the substratés) has
mate fibers” remains one of the main concerns of a largdeen derived in a tight-binding descriptiéh'*
number of scientists and nonscientists. For a recent review

i i e
gna;hdeﬁhysms and chemistry of carbon nanotubes, see Refs. Z=(277)2g 2 E RV

The scanning tunneling microscodi8TM) resolution of h
carbon nanotubes’ atomic structure was accompanied by the 0
confirmation, using scanning tunneling spectrosc@yS), I”rJyzf dEnf,,(EtF+eV+ E)an,(EﬁJr E). O
of the predicted one-dimensional electronic structure of car- —ev
bon nanotube¥:® Defects affect the physical properties of

the nanotubes. In this respect, the identification of topologi- > a5 &
. T
cal defects of nanotubes as well as the resolution of the :
atomic structure of the ending caps is not easily done with BSOSV SUWS
STM. For that purpose, STS is more appropriate since it can fqr@\r
probe the unique electronic signature of particular geometri- s 2

cal features of carbon nanotubes, such as Stone-Wales
defectd® or ending cap$t

In a previous work, we accounted for a simple theoretical
framework which enabled us to explain, reproduce, and pre-
dict STM measurements on carbon nanotubes in a large
number of situation$? In the present paper, our attention is
focused on the STS signature of finite-size nanotubes, cag 50
structures, and topological defects. 25

Recently, Rubio and co-workers have addressed a theoret< 0.0
ical study devoted to STS on finite-length carbon = -2
nanotubes® Due to the discretization of the allowed wave ~ -5
vectors, standing-wave—like wave functions are obtained. In -7
the vicinity of the HOMO and LUMO states, in particular, -1.
the local density of state€DOS) is modulated along the
nanotube axis by sf2mx/3a,) or cog(2mx/3a,) envelopes,
oscillation of the local DOS, &, = 0.75 nm, has been ob- |). Top: portion of tubule on which the computation was done,
served experimentally by STS on a 30-nm-long single-wallalong a scan line visualized by the dashed line. Bottom: map rep-
nanotub€. A part of our present study is to provide a theo- resentingd!/dV in gray scale against the tipcoordinate and the
retical background for the interpretation of these experimenbias potential. Middle: linecuts labele@) and (), representing
tal data. In particular, maps of the STS differential conduc-dl/dV versus Xor V=-0.2 V andV=0 V, respectively.
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FIG. 2. STS gray-scale maps of tube(@, Il (b), and IV (c). [C]
The horizontal axis represents the tip position along the axis. The
vertical axis shows the difference between the tube and the tip FIG. 3. Schematic electronic structure of tubes II, 1ll, and IV.
potential. The relative spacings between the discrete states can be understood

from the electronic structure of a straight infin{&g5) tube. The 1D
V is the tip-sample bias potentia$0), the Ec’s are the  wave vectork can only take discrete values, with regular spacings
Fermi levels of the unperturbed systems, ang are the ~1/L.
tip-sample coupling elements. Diagon&l €1) elements of

nﬁ (E)=S g, ¢f* S(E-Ep) iﬁﬁ , Where\ stands fort ors,  ered. This junction is a connection between zigzag tubules
respectively, represent the local densities of states on.site realized with a single pair of fused pentagon and heptagon,
WhenI'#1, n,.(E) describes the bonding or antibonding aligned parallel to the axis.
nature of thel —1’ bond. A discussion about this quantity is ~ STS spectra were computed while scanning the tube along
given in the appendix. The elememts (E) are computed as its axis at a constant tip-tube height of 5 A. For each tip
the imaginary part of the matrix elemeht’ of the Green position, the current was computed from Egj.for values of
function. The tight-binding Hamiltonian matrix elements arethe tip-substrate potential/s—V,, ranging from—1.0 V to
given by Slater-Koster parameters restrictedntoorbitals ~ +1.0 V. The derivative of the local currewtl/dV is dis-
and first neighbor interactions/ = —2.75 eV).*® played on the bottom panel of Fig. 1 as a gray-scale image.
Experimentally, the discrete energy levels of a finite-sizeln system |, Bloch states are reflected by the cap of the
nanotube can be probed after the nanotube has been cut bgnotube and form a standing wave pattern. At the Fermi
applying a voltage pulse to the STM A ~30-nm-long  energy, the period of the standing wave compatible with the
nanotube obtained in this way was then studied by $TSlattice period &) is the Fermi wavelengthe=3a, (7.5 A.
According to topographical measurements, this carbon nandn the central panel of Fig. 1, cury®) shows thex g period
tube was identified as @0,10 armchair one. of dI/dV superimposed on a periodic function having the
We have performed STS simulations on both capped tulattice period. This explains the superstructures observed in
bules and connected nanotubes. Four armchair tubes hatlee interval A\, which reproduces the experimental data
been examined: one lond0,10 nanotube and three small fairly well.*® In particular, the double-peak structure of curve
(5,5 nanotubes. Tube | has a length of 33.4 nm and igb) (aroundx=17 A, for exampl¢ can be qualitatively com-
capped by two hemispherical cafpslf C,,q). The first(5,5  pared to that observed on STS spectra. The bias potential
nanotubegtube 1)) has a length of 4.2 nm. Tube Ill and tube (0.2 V) of curve(a) shows an unoccupied state localized on
IV have been obtained by removing, respectively, one andhe cap'® The corresponding local density of states rapidly
two circumferential rings of hexagons from tube Il. STS decreases as one proceeds into the tube. In the bottom panel,
computation along a nanotube junction, namely the metalthe states at-+0.9 V correspond to Van Hove singularities
semiconductol12,0/(11,0 (tube V) has also been consid- located on both sides of the metallic plateau of the density of
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FIG. 4. STS computation on system V. The atomic structure is shown in the upper part of the figure. Gray-scalelhhdy af a
function of the tip position and the bias potential is given in the central left part, with line, cuts along the vertical diregttong) (right
pane), and for zero bias potentigturve (), bottom.

states. At a distance of 40 A from the tip, the bulk propertiespentagon-heptagon connection betweeri12,0 nanotube

of the (10,10 nanotube are recovered. (left) and a(11,0 nanotubgright).}” The structure has been
Figure 2 represents the first derivative of the current comscanned along the dotted line. The compudétdV map is
puted along the tube axis of the short-len¢itb) tubules 1,  shown in gray-scale on the central panel of the figure. One

[ll, and IV [Figs. 4a), 2(b), and Zc), respectively. The zero clearly sees the metallic plateau on tf2,0 side of the
bias potential refers to the Fermi energy of each system, gtinction, located betweer 1.25 V and+1.25 V. The per-
the center of the HOMO-LUMO gap. Localized cap states aturbation induced by the 5-7 defect introduces short-period
about 0.6 V are present in all cases. The extended statescillations in the densities of stat&sThese oscillations are
again present triple quasiperiod oscillatiaf7s5 A) formed  also clearly visible on the bottom panel where the scan of
by standing-wave patterns. Despite geometrical similaritiesd!/dV at zero bias potential has been represented. On the
the tubes II-1V clearly have different electronic structures.pentagon, the unoccupied part of the DOS is considerably
In the first approximation, the electronic structure of a nanoteduced in favor of the occupied states which incr¢ageve
tube of lengthL can be inferred from the band structure of (e)]. On the heptagon, the unoccupied states increfasede
the nonterminated systefijn particular from the twar and ~ (f)]. This can be explained with Hiel's rule: cyclic
7* bands crossing at the Fermi energy, by discretizing ther-electron systems having 601.. 7 electrons are the
Bloch wave vectok. The allowedk values are separated by most stable ones. The five- and seven-membered rings will
2m/L. By changing the tube length by one lattice parametetherefore tend to form Gr-electron systems by charge trans-
ag, the position of thek mesh moves by approximately one fers to stabilize the defect. The band gap of the semiconduct-
third of the discretization ste}d:?° The energy levels ob- ing (11,0 nanotube formed right after the heptagon is en-
tained from the sketch drawn at FigsiaB 3(b), and 3c) closed by two Van Hove singularities at0.6 V and
explain the electronic structure revealed by the STS data-0.6 V. The curves §)—(j) in the right panel of Fig. 4
(Fig. 2). For instance, the HOMO-LUMO gap of tube Ill is show thedl/dV curves computed at the location indicated by
almost closed because there ik @oint close to the band the arrows &)—(j) on the left-hand side. At these locations,
crossing in Fig. &). Adding or subtracting one circumfer- the STM tip is located just above atomic sites of the struc-
ential ring of hexagons in the nanotube moves the correture.
spondingk point to the left or to the right of the crossing  We have used a tight-binding theory to perform STS cal-
point and this changes the HOMO-LUMO gap. These reculation on carbon nanotubes, including capped and finite
sults, obtained here for capped tubes, agree with the calculaanotubes, and one junction. The simulations are in qualita-
tions of Ref. 13 performed on open-end tubes. tive agreement with experimental results obtained on a cut
The atomic structure shown in Fig. 4 displays the(10,10 tube. On the other hand, we have demonstrated that
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weak modifications of the structure of finite-size nanotubedn the last equation, we have assumed that the coupling pa-
have strong influence on STS spectra. Finally, we haveameters on the top positions and at the middle of the bond
shown, using an example of a carbon nanotube junction, thatre identical before normalization of the tunneling probabil-
odd-membered rings have a characteristic electronic signaty. This is fully justified for small tip-sample distances of
ture, emphasizing the use of STS for pentagon or heptagotme order of 3 to 4 bond lengths. At weak and large bias
identification. potentials, the matrix element,;; andZ,;;. have simple
This work has been realized under the auspices of thehysical meanings. Assuming@V| small and the nonlocal
Interuniversity Research Program on Systems of Reducedensity of statesNLDOS) constant on the small energy in-
Dimensionality(PAI-IUAP N. P4 / 10 funded by the Bel- terval|eV| around the Fermi levels, Eql) gives
gian federal government. V.M. thanks the F.R.I.LA and P.S.,
the F.N.R.S. for financial support. I,,JJ,~—eVr{|(Et,:)an,(E§), (A3)
APPENDIX: SEEING A BOND IN STM t S s
_ . where ni, (EL)=|4{ |2 and n3, (Ef) =y} * ¢}, are LDOS
Let us consider the tunneling ,Cu"enﬁéridge(u’) and  and NLDOS at the Fermi level of the tip and sample, respec-
Tiop(y) at the middle of the bond—J" and at the top of the el Wwith V>0, n!,(EL) represents the LUMO density of

atomJ, respectively. These currents have contributions from[he tip at sitel, andn®,, (ES) is the HOMO of the sample at
all the interatomic tip-sample interactions. However, becauseites?andJ’ ' JIA=F P

the current between two sites decreases exponentially with At | bi Vv £ th ied f th
the distance, the atoms closest to the tip give the major con- t large lasev, most of the occupie stqtes of the
tribution to the current. When scanning along the bddé, sam_ple con_trlbute to the current. Therefore, BEg.involves
the current is thus dominated by the contribution due to atthe mt_e%rattlotn O_f the NLDOS of the sample over most of the
omsJ andJ’. It follows that top and bridge currents can be occupied states:
approximately expressed by
S
o Ty =Uuip3y (A4)
Tiopy=(2m)? (Vi) *Tia3 (A1)
p0) A where the quantityl} represents a charge associated with the
and unoccupied levels of the tip anpl}, =S5 y5* 4%, is the
well-known bond order associated with the pair .22
Ziop) + Ziop@') From this discussion, we see that the tunneling current is
2 ' controlled by the frontiers orbitals at low bipEq. (A3)] and
(A2) by the charges and bond order at high Hiag. (A4)].
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