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Electronic structure of short and long carbon nanotubes from first principles

R. A. Jishi
Department of Physics, California State University, Los Angeles, California 90032

J. Bragin
Department of Chemistry, California State University, Los Angeles, California 90032

L. Lou
Wavefuntion Inc., 18401 Von Karman, Irvine, California 92715
(Received 22 December 1998

First-principles calculations within the density-functional theory are carried out on carbon nanotubes with
finite as well as infinite lengths. Quantum confinement effects, different from those in silicon clusters and
carbon nanoparticles are predicted. It is shown that the electronic density of states of finite-length tubes
resembles that of infinitely long tubes for tube lengths of only a few nanometers. A plot of the square of the
wave function along the length of the tube shows periodic variation with a period of 0.4 nm, in agreement with
recent measurements of -V curves in short armchair tUls3163-18209)02515-1

Ever since their discovery in 1991 by liinfacarbon  of an atomic force microscope above a nanottfhé The
nanotubes have been the subject of intensive experimentedsulting “fullerene capsules” are molecules of carbon with
and theoretical efforts. It has been predicted that some cae number of atoms ranging from several hundreds to several
bon nanotubes are metallic while others are semiconductinghousands. STM has been used to map the electronic wave
depending on their diameter and chirafity’. Both of these functions along the length of a short armch@i®,10 carbon
factors determine the symmetry operations that describe theanotube 30-nm longf. The steplike behavior of the current-
structure of carbon nanotubes, and consequently determinltage curve, in contrast to the linear dependence displayed
their electronic and lattice propertig<® Experiments prob- in infinitely long nanotube$?~*3 demonstrates the quantum
ing the electronic structure of carbon nanotubes have beetpnfinement in this system. At a low-bias voltage the mea-
carried out over the last few yedr&' but only very recently sured current, as a function of position along the tube axis,
has it become possible to study experimentally the correlashows periodic variation with a period of about 0.37 fim.
tion between nanotube diameter and chirality on the ondight-binding calculations of the energy gap as a function of
hand, and the electronic properties on the offéf.Scan- tubule length, using nearest neighbor interactions, has been
ning tunneling microscopySTM) and spectroscopy were recently reported in the literatufé.
used to measure the electronic structure of nanotubes, in In this paper, we report first-principle calculations of the
terms of the density of states, and their physical structure, inlensity of state¢DOS) for tubes of finite as well as infinite
terms of the nanotube diameter and chiral angle. Armchaidengths and of various diameters and helicities. We consider
zigzag, and chiral tubes of various diameters were used ithe armchair tubeg5,5 and (10,10 and the chiral tube
these studies. The measured density of states shows a ser{@g,8. Tubes of finite lengths are capped by hydrogen rings
of peaks corresponding to the onset of subsequent energyn both ends in order to avoid the problem of dangling
bands. For semiconducting nanotubes a relatively small gaponds. For these “capsules” the calculation of the electronic
is observed, whereas larger gaps, which increase with denergy levels is carried out using ab initio density-
creasing tube diameter, were observed for metallic nancfunctional method based on a three-dimensional numerical
tubes. integratio* of the Kohn-Sham one-particle equations using

Understanding the dependence of the electronic structur@ local-density approximatiofLDA) potential®® A double
of nanotubes on their lengths, diameters, and helicities is ofalence plus a single polarization basis, which provides an
vital importance for their possible use in nanoelectronicsaccuracy comparable to the 6-311*GGaussian basis sét,
applications:**> where carbon nanotubes could be used a$as been used for both C and H atoms.
junctions!® bends!’ or the building blocks of transistors and ~ The electronic energy bands of the infinitely long nano-
electron emitters of nanometer dimensidhfndeed, a field- tubes are calculated within a density-functional method,
effect transistor consisting of one semiconducting singlewhich calculates the total energy and the electronic structure
walled (SW) carbon nanotube connected to two metal elecwithin a one-dimensional band-structure approddiSince
trodes has been recently fabricated and operated at roothe group generated by a helical symmetry operation is iso-
temperaturé® similar behavior was obtained earlier for me- morphic with the one-dimensional translation group, it fol-
talic SW carbon nanotubes operated at extremely lowows that a generalization of Bloch's theorem allows us to
temperaturé?® define a unit cell with N atoms such that starting with these

Most recently, it has become possible to cut nanotubedl atoms the whole lattice of nuclear coordinates can be gen-
and control their length by applying voltage pulses to the tiperated by the repeated application of the helical symmetry.
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FIG. 3. Density of states fof12,8 chiral semiconducting car-
FIG. 1. Density of state€DOS) for the (5,5 carbon nanotubes. pon nanotubes. Solid lines refer to tubes of finite length whereas
The solid lines represent the DOS for short nanotubes whereas thgtted lines refer to infinitely long tubes. The short tubédnhas
dotted lines correspond to infinitely long tubes. The short tulig)in 412 ¢ atoms and is 2.35-nm long whereas thatbinhas 460 C
has 42 C rings for a total of 420 C atoms and is 5.25-nm long whilegtoms and a length of 2.6 nm. Discrete energy levels are modeled
that in (b) has 34 C rings and is 4.25-nm long. In plotting the DOS ith a gaussian with 0.05 eV FWHM.
for the short tubes each discrete energy level is replaced by a gauss-

ian with full width at half maximum(FWHM) given by 0.05 eV.  gap separates two sharp peaks above and below the Fermi
level, which for a short tube is filled with uniformly distrib-

uted discrete states that tend to a continuum of constant
study, N is given, respectively by 10, 20, and 8. value as the tube length increases. Figure 2 sh'ow% another

The results of these calculations are shown in Figs. 1—§n6ta”'c tube, (10,10, where the energy gap with “con-
where the DOS is plotted as a function of the energy FigurStan.t” DOS is narrowed due to increased diameter. The DOS

. . : fn Fig. 2(b) is for a tube only 1.6-nm long, and shows ac-
1 shows the DOS for thés,5) metallic tubes. A wide energy cordingly more molecular character. For #ie,8 semicon-
ducting tubes, the DOS in Fig. 3 shows a finite band gap.

For both metallic and semiconducting cases, these figures
show a rather striking resemblance of the DOS for short
tubes to that for long tubes. Particularly, the position of the
sharp peaks predicted agrees well with experim@htThis
confirms that satisfactory results can be obtained within the
LDA framework, for which an all-electromab initio treat-
ment is feasible for systems containing a few hundred atoms.
Using a generalized gradient approximation to replace the
LDA exchange-correlation potentials does not result in any
significant changes in the DOS features shown in Figs. 1-3.
For simplicity, we did not consider quasiparticle gaps in this
calculation, though it provides a more accurate estimate for
the lowest excitation energy, which is relevant to transport
properties.

Also, for tubes considered here which contain up to 460 C
atoms, no significant dependence on length is observed for
the major features in the DO8he position of the sharp
peaks for the metallic case and the band gap for the semi-
conducting caseas a result of quantum confinement. This is
in contrast to the case of silicon for which recent

FIG. 2. Density of states fd10,10 carbon nanotubes. The solid calculationd® predict, using LDA formalism, that the band
lines refer to tubules of finite length whereas the dotted lines refegap Wil be about a factor of two larger as the diameter of the
to infinitely long ones. The short tube (&) has 21 C ringg420 C  silicon quantum dot decreases from infinity to near 1 nm, and
atoms and is 2.6-nm long, whereas that(i has 13 C ringg260  the case of carbon nanoparticles for which experiments show
C atoms and is 1.6-nm long. Discrete energy levels are modeleda significant dependence of the electronic properties on clus-
with a gaussian with 0.05 eV FWHM. ter size®®

For the(5,5), (10,10, and (12,8 tubules considered in this
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() (10,10) HOMO, % = 0.78 nm starting near the center of the “capsule” and moving to-
wards its edge. The evaluation [oF|? is carried out at dis-
crete values along the axis (the tube axis directionby
adding the contributions of all atoms having the same value
of z for the (5,5 nanotube, for example, the ten atoms be-
longing to each ring have the same valuezofBy fitting
these| ¥ |? values to the functiom sir[(27x/\)+ ¢]+B we
(b) (10,10) LUMO, A = 0.78 nm obtain values foin given by 0.82 and 0.78 nm for th&,5)
and (10,10 capsules, respectively. These agree fairly well
with the experimentally reported values forranging from
0.66 to 0.76 nm as deduced from measurementH fafV at
low bias for short(10,10 tubules®®
A more accurate treatment of unoccupied energy levels
and bands requires a more sophisticated formalism, like the
(c) (5,5) HOMO, A = 0.82 nm gradient weightedGW) approximatiort® a method difficult
to apply to the systems considered here because of the im-
mense computational resources that are needed. The conclu-
sions arrived at in this work, however, are expected to con-
tinue to hold. In comparing the DOS for short and long
tubes, the calculations for both systems are carried out within
LDA, and thus both systems are subject to the same kind of
(d} (5,5) LUMO, 2 = 0.82 nm approximations. Furthermore, the energy gaps of semicon-
ducting nanotubes, and the position of the sharp peaks in the
DOS for metallic and semiconducting tubes, are in very good
agreement with experimental results, as well as with theoret-
ical results derived from the graphene sheet mdted. this
. . . . latter model, unconnected with LDA, the only errors in-
o 05 4 15 o 05 volved have to do with the neglect of curvature effects,
Distance along tube axis (nm) which are important only for tubes with very small diam-
" eters. The periodic variations | |2, for states in the vicin-
FIG. 4. Square of the wavefunction for short armchair tubesity of the Fermi level, are a consequence of the charge-
plotted as a function of the distance along the tube axis startinglensity wave state in long nanotubes, and it is thus a ground
from a region near the center and moving towards the tube edgstate property, which is well described by LDA. Our results

Results for both the HOMO and LUMO are shown. The openfor short tubes imply that this property persists to very short
circles are the results of the calculations in this work; they are fittedybe lengths.

by the sine square function shown in the narrative.

Iy1? (arbitrary units)
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