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Electronic properties of amorphous carbon nanotubes
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A microscopic model describing the electronic structure of carbon nanotubes formed from two-dimensional
disordered graphite sheets is presented. The strong electronic-lattice coupling of states near the Fermi energy
is shown to result in the formation of an energy gap. The model predicts that the energy gap in these tubes is
inversely proportional to the diameter with a larger magnitude than in crystalline tubes. Our results are shown
to be in good agreement with experimental data for carbon nanotubes containing considerable structural
defects.
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I. INTRODUCTION

The substantial interest in carbon nanotubes has been
in large part to their unique electronic properties, predic
to be either metallic or semiconducting depending on
diameter and helicity of the tubes.1 Recent advance
in the synthesis of high-quality single-wall carbo
nanotubes2 ~SWNT’s! have enabled scanning tunneling m
croscopy~STM! and spectroscopy~STS! to be performed
on individual crystalline SWNT’s confirming the
expected electronic behavior versus wrapping angle
diameter.3–5

On the other hand, the effect of defects and disorder
the electronic properties of carbon nanotubes has not bee
well developed. Understanding the role of defects is imp
tant for fundamental investigations into nanotube electro
structure as well as transport properties6 and, if modern
semiconductor technology is any indication, may also
valuable for applications. In addition, the very recent s
cesses in the large-scale fabrication of well-aligned7,8 and
highly periodic9 carbon nanotube arrays suitable for dev
applications produced tubes with disorder due to the r
tively low growth temperatures that are required for practi
purposes. In contrast, most theoretical predictions ass
pure and perfectly cylindrical defect-free carbon nanotu
which are viewed as a conformal mapping of the tw
dimensional honeycomb lattice of a single sheet~s! of graph-
ite onto the surface of a cylinder.10

In this work, we consider the opposite extreme; we exa
ine the electronic properties of carbon nanotubes form
by folding two-dimensional disordered graphite sheets
into cylinders. Using a microscopic model of electron
lattice interactions in the resulting amorphous carb
nanotubes~aCNT’s! we predict that these tubes are semico
ducting with the remarkable result that the energy g
scales linearly with inverse diameter, as in crystalli
carbon nanotubes~cCNT’s! but with a considerably
larger slope. We compare the predictions of our mo
with results of STM/STS measurements on individu
carbon nanotubes known to contain considera
defects.
PRB 610163-1829/2000/61~8!/5793~4!/$15.00
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II. MODEL

We begin by considering the wall of a carbon nanotu
In aCNT’s, because of the lack of long-range periodicity o
cannot define primitive lattice vectors and consequently
cannot speak of a definite helicity in these tubes. In parti
lar, the periodic boundary conditions along the circumf
ence of the tube used to determine the electronic prope
of cCNT’s ~Ref. 1! are absent in aCNT’s. Therefore,a priori,
it would seem difficult to predict whether aCNT’s are meta
lic or semiconducting. Nevertheless, in the absence of lo
range correlations in the plane of the tube the local cha
teristics of thep-electron states, which lie closest to th
Fermi level (EF), control the details of the electronic struc
ture. In addition, unlike cCNT’s, in aCNT’s the lattice i
‘‘softened,’’ i.e., the elastic energy per carbon atom is le
than in the crystalline case. This difference leads us to exp
that in aCNT’s electronic-lattice interactions are enhance11

and the electronic states at the Fermi energy could bec
unstable against perturbations which would open an ene
gap atEF and thereby lower the total system energy. Simi
inferences have been drawn to study the effect of out
plane distortion12 and nonadiabaticity13 on the band structure
of amorphous carbon. In the case of aCNT’s, the displa
ment of carbon atoms perpendicular to thes plane due to the
curvature of the nanotube wall~Fig. 1! creates a distortion o
chemical bonds, thereby changing the local symmetry
bonding to introducesp3-type features into thesp2 hybrid-
ization. The key point is the possibility of a strong hybri
ization of electronic states of different symmetry at the top
a valence band.14–16 The escape of an electron from on
of these states leaves a hole. Incomplete screening~due to
symmetry reasons17! of the hole results in the appearan
of an effective electron-hole dipole. The interaction of th
dipole with a transverse optical phonon can stabilize the
sociated lattice distortion resulting in the lowering of ele
tron energies and the subsequent opening of an energy g
EF .

Since we are ultimately only interested in averag
system parameters, the above model can be quant
by a Hamiltonian similar to that used in the model of Frenk
small polarons@coherent potential approximation~CPA!#
but with the electron-hole pair operatorsBl

1 ,Bl ~in the
lattice site representation! replacing the electron
operators:
5793 ©2000 The American Physical Society
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H5(
l

Bl
1BlHl ,l1(

l ,l 8
Bl 8

1BlWS l l 8 l 8 l

1 2 1 2D
1 (

a,q,l
\vqul~a,q!Bl

1Bl@ba,q1ba,2q
1 #

1(
a,q

\vq~ba,q
1 ba,q11/2!. ~1!

Here Hl ,l represents the pair one-site energy modified
taking the direct and exchange Coulomb interaction con
butions into account15 and the labels 1 and 2 refer to thep
ands states. The Coulomb interaction contribution

WS l 1 l 2 l 3 l 4

j 1 j 2 j 3 j 4
D

is given by18

E E dx dx8 f j 1
* ~x2Rl 1

0 !f j 2
* ~x82Rl 2

0 !

3
e2

e~x,x8!ux2x8u
f j 3

~x82Rl 3
0 !f j 4

~x2Rl 4
0 !,

with the electronic wave functionf j (x2Rl
0) being the Wan-

nier function centered at thel site of unperturbed lattice an
e(x,x8) being the dielectric function. The phonon field
introduced by the creation and annihilation operatorsba,q

1

andba,q , with q anda denoting the wave vector and pola
ization direction, respectively. The strength of electron-h
coupling to phonons in Eq.~1! is measured by a couplin

FIG. 1. Carbon nanotube wall schematic.~a! Front view. ~b!
Top view showing local atomic configuration and displacementd,
of carbon atoms from basals plane.
y
i-

e

constantga,q @ul}ga,qexp(iqRl
0)# which is proportional to

the scattering matrix element15

E dx f1* ~x2Rl !f2* ~x2Rl !@ea,q¹Hl ,l #

3f2~x2Rl
0!f1~x2Rl

0!,

whereea,q is the polarization vector. When deriving Eq.~1!
we omit the off-diagonal terms of the electron-phonon int
action matrix because of two reasons: first, the contribut
of terms containingBl 8

1Bl ( l 8Þ l ) is a factor

WS l l 8 l 8 l

1 2 1 2D Y Hl ,l!1

smaller than that of the diagonal terms and, second, the
tribution from excitonic states with charge transfer can
included into our consideration by choosing a modified se
electronic wave functions@see Eq.~4!#.16

The CPA is known to combine two basic ideas: one is
calculate the average of a given quantity associated wi
random medium by introducing a periodic effective mediu
the second is to determine this effective medium by a s
consistency requirement, which is satisfied in our case b
proper choice of medium-related parameters such asv̄, a,
and V @see Eqs.~2! and ~3!, and discussion below#. The
Lang-Firsov approach19 was used to approximate the depe
dence of the lattice plane distortion~Fig. 1! on the electron-
hole–phonon coupling in the above system as@q5(q,a)#

d52K (
q

ul~q!

A2MiNvq

Bl
1Bl L . f excF 2

Miv̄
2

AG 1/2

, ~2!

where

A5
1

N (
q

ugqu2vq

is the eigenenergy shift due to the electron-hole–pho
coupling,Mi is the mass of carbon,N is the total number of
atoms,v̄ is the characteristic phonon frequency (\51), and
f exc is the expectation value for the number operator
electron-hole excitations. It is possible to evaluate
eigenenergy shift asA;M2/v̄,20 whereM is the character-
istic matrix element of the corresponding dipole-dipole int
action. In accordance with the Hamiltonian of Eq.~1!, M
.(u/a)V, whereu is the atom displacement,a is the C-C
bond length and

V;U «̃11 «̃22 (
l 8Þ l

WS l 8 l l l 8

1 2 2 1DU , ~3!

is the total self-consistent potential felt by an electron-h
pair (V;Eg),13 with «̃1 and «̃2 being the renormalized ei
genvalues of electron energies in the modified set of w
functions16

f̃ j~x2Rl
0!5f j~x2Rl

0!2
1

2 (
i ,l 8Þ l

f i~x2Rl 8
0

!G
l l 8
i j

, ~4!
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with G
l l 8
i j

being the overlap integral

G l l 8
i j

5E d3x f i* ~x2Rl 8
0

!f j~x2Rl
0!.

At moderate temperatures (T!TD , whereTD is the Debye
temperature! the evaluation of the lattice deformation ener
associated with the electron-hole–phonon coupling t
yields

A;
V2

Miv̄
2a2

. ~5!

The value off exc is estimated to be approximately 1 becau
the characteristic energy of the electrons which escaped
valence states leaving a hole«c;Eg is as often more thanV
as it is less thanV which fluctuates from site to site aroun
Eg and, thus,f exc;exp$2(«c2V)/T%;1.13 Another way of
looking at this problem is according to the carbon nanotu
energy diagram~see, e.g., Ref. 21!, where the lowest excited
states are not those corresponding to electron escape fros
bonds, but rather fromp bonds. If we consider the creatio
of high valence (sp3-like! states in such a case, taking a
extra charge from thep bond can be more favorable the
taking it from s bond, resulting in ap-hole creation. This
situation somewhat resembles those in systems with a n
tive charge transfer gap where so-called ‘‘self-doping’’ tak
place.22 In this first-order approximation we finally get

d.A2
Eg

Miv̄
2a

. ~6!

On the other hand, the displacementd can also be derived
from simple geometrical considerations~Fig. 1!:

d5
D

2
F12A123S 2a

D
D 2G , ~7!

whereD is the diameter of a nanotube. We calculatedd by
assuming a local zigzag carbon atom configuration; ther
no essential difference between this result and that for
other local orientations. For nanotube diametersD@a, Eqs.
~6! and ~7! result in the following estimate for the energ
gap:

Eg.
3

A2
Miv̄

2
a3

D
. ~8!

Thus, apart from different numerical constants, our ana
sis predicts the energy gap in aCNT’s still obeys the 1D
dependence characteristic of cCNT’s.1 The result of evaluat-
ing Eq. ~8! using values inherent to carbon nanotube10

(Mi'2310223g, v̄'1600 cm21, anda51.41 Å! is shown
in Fig. 2 along with the theoretical results1 for crystalline
carbon nanotubes.

III. DISCUSSION

We see from the plots in Fig. 2 that the band gap
aCNT’s increases more rapidly with inverse diameter re
tive to cCNT’s and is therefore more sensitive to change
s

e
he

e

a-
s

is
ll

-

-
in

nanotube diameter. This is consistent with the lack of tra
lational symmetry in aCNT’s which favors electronic sta
localization and increases the band gap.

The approach we chose to describe the electron-pho
interaction is somewhat different from the regularly us
phonon modulated hopping that introduces specific electr
lattice coupling through an expansion of the electronic
rameters of the tight-binding Hamiltonian in the local atom
displacements. The explicit inclusion of phonon modula
hopping in our model would result in a modification of th
potential felt by the electron-hole pair,V. In our treatment
we include such processes where an electron leaves the
thereby destroying the pair, implicitly by choosing a mod
fied set of wave functions extended to comprise neighbor
sites@Eq. ~4!#. The system property which provides groun
for using our model is the existence of multiple choices
possible quasistable local atomic configurations, where th
is an instability of chemical bonding or electronic hybridiz
tion type with respect to the local structure distortion. This
possible forsp2-like carbon-based disordered systems~such
as aCNT’s! because of the possibility for carbon to ado
different bonding configurationssp2 andsp3, and the poten-
tial barriers between them being decreased due to a la
softening characteristic for amorphous-like systems.

To test the validity and applicability of our model a goo
starting point might be measurements on multiwall carb
nanotubes~MWNT’s!. It has been shown using Rama
spectroscopy,23,24 conductivity measurements,25,26 and elec-
tron spin resonance27 that certain fabrication methods pro
duce MWNT’s that contain significant disorder and defe
in their structure. Thus for the purposes of comparison w
our theory we turn to the detailed combined STM/STS stu
performed by Olk and Heremans28 on individual semicon-
ducting MWNT’s The technique used to produce the carb
nanotubes for this work has been shown to result in na
tubes with considerable disorder and defects.27,24 These ex-
perimental results, shown in Fig. 2, are in good agreem
with the predictions of Eq.~8!. For further verification of our

FIG. 2. The band-gap dependence on the inverse nanotub
ameter. The thick line shows the result of the present work
disordered nanotubes, and the experimental results obtaine
STM/STS study (h –Ref. 28! of carbon nanotubes known to con
tain defects are also plotted. The results of theoretical calculat
for crystalline tubes within the tight-binding approximation~Ref. 1!
~thin line! are shown for comparison.



’s
e
a

e

l
s
ho
d-
Th
el
e,
g
ie
re
e
tu
bu
ar

our
is

der
rop-
bes
ol-
or
ar-

are
ith
tal,

ince

-

5796 PRB 61A. RAKITIN, C. PAPADOPOULOS, AND J. M. XU
model, one possibility might be to damage metallic cCNT
via ion-~electron! beam exposure and then measure th
electronic properties. After a certain exposure dosage a b
gap should open up with the corresponding dependenc
inverse diameter given by Eq.~8!.

In summary, we have presented a microscopic mode
describe the effect of disorder on the electronic propertie
carbon nanotubes. We began by assuming an amorp
nanotube structure with a locally ‘‘soft’’ lattice and consi
ered the resulting enhanced lattice-electronic interaction.
mixing of states of different symmetry near the Fermi lev
namely, thep and s orbitals due to nanotube curvatur
creates an effective electronic dipole which couples stron
to the lattice distortion, thereby lowering electronic energ
below the Fermi level and forming an energy gap. Our
sults predict that these amorphous nanotubes display a s
conductor band gap that scales inversely with the nano
diameter, remarkably similar to crystalline nanotubes
with a more rapid increase with inverse diameter. Comp
son with experimental data on carbon nanotubes known
,
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contain substantial defects shows good agreement with
model. In addition to the fundamental contribution of th
work in helping determine the effect of defects and disor
on experimental measurements of nanotube electronic p
erties, the prediction of our theory that carbon nanotu
with large amounts of defects still retain unique and contr
lable electronic properties is important for applications. F
example, the large-scale, well-aligned carbon nanotube
rays being actively pursued for potential nanodevices
formed at relatively low temperatures resulting in tubes w
significant defects. Rather than being viewed as detrimen
our model predicts that the defects can be beneficial s
they can create appreciable nanotube band gaps~even for
large diameter tubes! which can be sensitively tuned by ad
justing the diameter.
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