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Abstract
The electronic structure of the (9, 0)–(18, 0) double-walled zigzag carbon nanotubes in the presence of a uniform transverse electric
ﬁeld is studied by the tight-binding model. The electric ﬁeld could induce the semiconductor–metal transition, change the direct gap into
the indirect gap, alter the subband curvatures, destroy the double degeneracy, produce the new band-edge states, make more subbands
group around the Fermi level, and widen the p-band width. Such eﬀects are directly reﬂected in density of states and optical excitation
spectra. The absorption spectra exhibit a lot of prominent peaks, mainly owing to the rich one-dimensional energy subbands. The intensity, the number, and the frequency of absorption peaks are strongly modulated by the electric ﬁeld. The modulation of electronic and
optical properties is ampliﬁed by the parallel magnetic ﬁeld. The predicted electronic and optical properties can be, respectively, veriﬁed
by the conductance measurements and the optical spectroscopy.
 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Carbon nanotubes (CNTs) were ﬁrst discovered by Iijima in 1991 [1]. Owing to their extraordinary electronic
properties, CNTs have attracted much interest and are
believed to be of great potential for the next generation
nanoscale electronic devices [2–6]. A hollow cylinder made
up of a single rolled-up graphite sheet is a single-walled carbon nanotube (SWCNT), and multi-walled carbon nanotubes (MWCNTs) are composed of several concentric
hollow cylinders. Double-walled carbon nanotubes
(DWCNTs) are the simplest MWCNTs, and they provide
a good platform for studying the intertube interactions in
MWCNTs. Besides, CNTs could be packed together to
form a nanotube bundle as a result of Van der Waals inter*
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actions. Recently, it is feasible to synthesize highly puriﬁed
SWCNTs [7] and DWCNTs [8] eﬃciently. Well-aligned
SWCNTs and DWCNTs, respectively, can also be
obtained to meet speciﬁc experimental needs [9,10].
The geometric structure of a SWCNT, which uniquely
determines the band structure, can be characterized by
the chiral indices (m, n) [11]. For example, (m, 0) represents
a zigzag SWCNT, in which there are m zigzag cusps along
the azimuthal direction. Carbon nanotubes can be classiﬁed as (I) metals for m = n, (II) narrow-gap semiconductors for 2m + n = 3I,m 5 n (I is an integer), and (III)
moderate-gap semiconductors for 2m + n53I [12,13]. The
important diﬀerence between type-I and type-II SWCNTs
mainly comes from the curvature eﬀect (the misorientations
of 2pz orbitals on the cylindrical surface). Such energy gaps
have been veriﬁed by the scanning tunneling microscopy
(STM) [14–16]. The transverse electric ﬁeld E? perpendicular to the nanotube axis ðk^zÞ will drastically change the
band structure and may lead to the semiconductor–metal
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transition [17–19]. Moreover, energy bands are also
strongly modulated by the magnetic ﬁeld. The main eﬀects
of the magnetic ﬁeld including Aharonov–Bohm eﬀect and
the destruction of state degeneracy are predicted and
observed in carbon nanotubes [20,21]. Because external
ﬁelds alter the band structure, they provide good tools to
modulate the behavior of the nanotube and deserve a thorough study.
Apart from SWCNTs, DWCNTs also attracted much
attention, and a lot of researches were done in last few years,
e.g., growth [22–25], geometric structures [26–29], electronic
structures [30–32], transport properties [33,34], phonon
spectra [35,36], and optical excitations [30]. DWCNTs are
mainly synthesized via the arc discharge method [22,23]
and the chemical vapor deposition method [24,25]. Fullerene
peapods can be transformed to DWCNTs by heating or
UV irradiation [37,38]. Recently, highly puriﬁed DWCNTs
(over 95%) are obtained by the chemical vapor deposition
method [8]. Raman scattering [26], TEM observation
[27], and X-ray diﬀraction [28] are often used to identify
DWCNTs. They all indicate that the radius diﬀerence
between inner and outer nanotubes is in the range from
3.4 Å to 4.0 Å. Theoretical studies showed that band structure and stability of DWCNTs are mainly determined by the
symmetric conﬁgurations [29–31]. The optimized intertube
spacing from theoretical calculations is in good agreement
with experiments. Besides the methods mentioned before,
it is suggested that the optical spectroscopy would be
another powerful tool in identifying DWCNTs, because
band structures of diﬀerent combined nanotubes will reﬂect
on their optical absorption spectra.
Here, we are interested in the response of DWCNTs to
the external electric and magnetic ﬁelds. We focus on the
(9, 0)–(18, 0) zigzag DWCNTs and use the tight-binding
model to investigate band structure, density of states, and
optical absorption spectra. The eﬀects due to curvature
and intertube interactions are also included in the calculations. This study shows that energy gap is enlarged by the
intertube interactions. Electronic properties are drastically
modulated by the transverse electric ﬁeld E?, e.g., the
changes in energy gap, subband spacings, energy width,
band-edge states, subband curvatures, state degeneracy,
and Fermi level. The ﬁeld-induced eﬀects are directly
reﬂected in the optical absorption spectra, such as the
intensity, the number, and the frequency of absorption
peaks. The electric ﬁeld splits energy subbands and thus
enriches absorption peaks. The modulations of electronic
and optical properties are enhanced by the parallel magnetic ﬁeld. The predicted energy gap and density of states
could be tested by the conductance measurements. The
optical spectroscopy [39–42] could be utilized to verify
the calculated absorption spectrum.

Fig. 1. The geometric structure of the coaxial (9, 0)–(18, 0) zigzag carbon
nanotubes. The dashed rectangle encloses an enlarged unit cell.

inner nanotube is enlarged (the heavy curves), and then is
projected onto the outer nanotube (the light curves). Carbon atoms in both inner and outer nanotubes exist in the
perfect hexagonal bond network without topological
defects. This system has both translation and rotation symmetries, with periods rz = 1.5b and 10. b = 1.42 Å is the
C–C bond length. The chosen intertube distance
a = 3.52 Å is close to the experimental data [22–28].
The primitive cell of a SWCNT contains two carbon
atoms, and the tight-binding Hamiltonian is a 2 · 2 Hermitian matrix. The DWCNTs have an enlarged primitive cell
of 12 atoms, in which eight atoms and four atoms locate
on the outer and inner nanotubes, respectively. The tightbinding Hamiltonian is a 12 · 12 Hermitian matrix. When
DWCNTs exist in a uniform transverse electric ﬁeld
E?, a dipole-form perturbation potential V = eE?y =
eE?rcosh should be added to each onsite energy. The
electric ﬁeld is chosen to be along the y-axis. h is the azimuthal angle, and r is the nanotube radius. Also noted that
charges on the nanotube surface would screen the transverse electric ﬁeld [43]. That the static electric ﬁeld used
in the following calculations corresponds to the eﬀective
electric ﬁeld might be relatively suitable. In order to
describe this position-dependent perturbation, it is necessary to expand the unit cell to include all the atoms along
the circumference (the dashed rectangle shown in Fig. 1).
The tight-binding Hamiltonian becomes a 108 · 108 Hermitian matrix. The Hamiltonian of the DWCNTs can be
divided into three parts [30]. The matrix element of
(H)36·36 associated with the inner nanotube is expressed as
0

hwðRI ÞjH jwðR0I Þi ¼ hrr ðRI ; R0I ÞeikI ðRI RI Þ .

ð1aÞ

The matrix element of (H)72·72 related to the outer nanotube is
0

hwðRO ÞjH jwðR0O Þi ¼ hrr ðRO ; R0O ÞeikO ðRO RO Þ .

ð1bÞ

The matrix element of (H)36·72 from the intertube interactions is given by
hwðRI ÞjH jwðR0O Þi

2. The tight-binding model and the optical spectral function
The (9, 0)–(18, 0) zigzag DWCNTs, as shown in Fig. 1,
are chosen for a model study. The conﬁguration of the

0

¼ W  hrr ðRI ; R0O ÞeiðkI RI kO RO Þ  eðadÞ=d .

ð1cÞ

RI and RO are, respectively, atomic positions on the
inner and the outer nanotubes. The wave vector is
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k ¼ k x^x þ k z^z (kx = 1/r). The intratube hopping integral is
hrr ðRI ; R0I Þ ¼ V ppp cos h þ 4ðV ppp  V ppr Þ sin4 ðh=2Þr2 =b2 ,
where Vppp = c0 = 2.66 eV and Vppr = 6.38 eV [30]. Similar results can be obtained for other intratube and intertube hopping integrals. As a result of the misorientations
of 2pz orbitals, the hopping integrals of 2pz orbitals contain
the p bonding Vppp and the r bonding Vppr. For the intratube interactions, only the nearest neighbors are taken into
account. The intertube atomic overlaps are neglected if the
interatom distance on the projection plane is larger than
b = 1.42 Å. The intertube interactions are assumed to
decay exponentially with the interatom distance d, as
shown in Eq. (1c). d=0.45 Å and the parameter W in the
intertube interactions is chosen to be 1/8 [44,45]. By diagonalizing the Hamiltonian matrix, state energy Eh(J,kz) and
wave function wh(J,kz) can be obtained. h = v(c) corresponds to valence (conduction) subband. The longitudinal
wave vector is conﬁned within the ﬁrst Brillouin zone
jkzj 6 p/rz. Here J is only used to represent each subband,
and it does not serve as a good quantum number. However, J in the absence of E? means the angular momentum,
as discussed in Ref. [30].
Density of states (DOS) directly reﬂects the main characteristics of energy subbands. It is associated with the
number of optical excitation channels and useful in
explaining the absorption spectra. DOS per unit length is
deﬁned as
XZ
dk z
C
Dðx; E? Þ ¼
. ð2Þ
2
2
2
h
h;J ;r 1stBZ ð2pÞ ½x  E ðJ ; k z ; E ? Þ þ C
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Eh ðJ ; k z ; E? Þ  Eh ðJ ; k z ; E? Þ is the interband excitation
energy. The optical transition rate is proportional to the
square of the dipole matrix element, which is evaluated
within the gradient approximation [46].
3. Electronic properties and optical spectra
Energy bands of the (9, 0)–(18, 0) zigzag DWCNTs are
shown in Fig. 2(a)–(d). When the intertube interactions
are neglected, occupied valence subbands (p) and unoccupied conduction subbands (p*), as shown in Fig. 2(a), are
symmetric about the Fermi level EF = 0. All energy subbands have parabolic dispersions near the band edge, and
they are doubly degenerated (neglect the spin degeneracy).
The band-edge state for each subband is just located at
k ed
z ¼ 0. There exists a small energy gap between the lowest
conduction subband and the highest valence subband
(denoted by J‘), mainly owing to the curvature eﬀect. Its
magnitude is approximately given by Eg = (3b2/16r2)c0,
e.g., Eg = 22 meV and 86.2 meV for the (18, 0) and (9, 0)
CNTs, respectively.
The low-energy band structure is signiﬁcantly aﬀected
by the intertube interactions (Fig. 2(b)). The band symmetry is destroyed and the Fermi level is shifted from zero to
a ﬁnite value. That the strong hybridization of the 2pz
orbitals from the inner and the outer nanotubes is the main
reason. The intertube interactions strongly modify the subband curvatures or the inverse eﬀective masses of parabolic

C ¼ 103 c0 is the broadening parameter.
The optical absorption spectrum is determined by DOS
and dipole matrix element and could be a simple but
powerful tool in identifying CNTs. DWCNTs are assumed
to exist in an electromagnetic ﬁeld with electric polarization
ðEk Þ parallel to the nanotube axis. When absorbing photons, electrons are excited from occupied states into
unoccupied states. Since photons do not carry momentum,
the initial and ﬁnal states have the same longitudinal wave
vector. That is to say, the optical selection rule is Dkz = 0.
For the vertical transitions, the optical spectral function
calculated from the Fermi golden rule is
XXZ
dk z
Aðx; E? Þ ¼
1stBZ 2p
h;h0 J ;J 0



2
E

 0

 ^ k  P h
 h 0

 hw ðJ ; k z ; E? Þ
w ðJ ; k z ; E? Þi
 me 


h
i
0
 f ðEh ðJ ; k z ; E? ÞÞ  f ðEh ðJ 0 ; k z ; E? ÞÞ
"
#
C

.
ð3Þ
2
½x  xhh0 ðJ ; k z ; E? Þ þ C2
f(Eh(J, kz; E?)) is the Fermi–Dirac distribution function.
At T = 0, f equals to one (zero) for Eh(J, kz; E?) smaller
(larger) than the Fermi energy EF. xhh0 ðJ ; k z ; E? Þ ¼

Fig. 2. The low-energy bands for (a) the independent case and E? = 0, (b)
E? = 0, (c) E? = 0.1 V/Å; (d) E? = 0.2 V/Å.
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energy subbands. They produce the new band-edge states
of k ed
z 6¼ 0 in the highest valence subband (the lowest conduction subband). Moreover, the intertube interactions
drastically change the energy spacing between two bandedge states, and widen the energy gap. On the other hand,
energy gap keeps a direct gap, and state degeneracy
remains unchanged.
The electric ﬁeld has a strong eﬀect on electronic states,
as shown in Fig. 2(c) and (d). There are more conduction
subbands and valence subbands at low-energy or highenergy (not shown). The energy dispersions or the subband
curvatures are drastically modulated by the electric ﬁeld.
Furthermore, there are more new band-edge states at
k ed
z 6¼ 0 in the J 5 J‘ subbands, or the band-edge states
of the J‘ subbands exhibit large shifts. The electric ﬁeld
could destroy the double degeneracy and cause the subband crossing. When E? is absent, there exist doubly
degenerated subbands with angular momenta ±J. The
transverse electric ﬁeld would make electrons on the cylindrical surfaces of DWCNTs encounter a dipole-form electric
potential
V = eEr(eih + eih)/2.
From
the
perturbation point of view, the new eigenstates could be
obtained from the superposition of jJi, jJ  1i, and
jJ + 1i. The coupling amplitudes are diﬀerent for jJ  1i
and jJ + 1i. The diﬀerent eﬀects of E? on j±Ji account
for the destruction of the double degeneracy. The mixing
eﬀect among jJi, jJ + 1i, and jJ  1i also leads to the
energy lowering (enhancement) of the p* (p) states, the produce of the new band-edge states, and the change of subband spacing. More energy bands approach to the Fermi
level. Energy gap is gradually reduced by the increasing
electric ﬁeld, and it becomes a indirect gap at suﬃciently
large electric ﬁeld (e.g., E? = 0.1 V/Åin Fig. 2(c)). The
semiconductor–metal transition occurs at the critical electric ﬁeld Ec? ¼ 0:2 V/Å (Fig. 2(d)). When the electric ﬁeld
is higher than the critical ﬁeld, energy gap is vanishing.
In addition, the state degeneracy could also be destroyed
by the magnetic ﬁeld parallel to the nanotube axis [46].
Bk does not destroy the quantum number for each subband, but only causes the shift from J to J þ Bk pr2 =/0
(/0 = hc/e). The diﬀerent shifts of ±J lead to the destruction of state degeneracy, and the shift of J causes the semiconductor–metal transition.
The dependence of low-energy states, energy gap, and
energy width (Ew) on E? deserves a closer investigation.
The state energies of the kz = 0 band-edge state, as shown
in Fig. 3(a), strongly depend on the electric ﬁeld. Subband
spacings are clearly reduced or widened in the increasing of
E?. There exists a minimum energy spacing (Es0) between
occupied valence-band states and unoccupied conductionband states. Es0 does not change from a ﬁnite value to zero
during the variation of E?. This subband spacing is not
equal to energy gap, since the highest occupied state and
the lowest unoccupied state do not correspond to the same
kz. The indirect energy gap, as shown in Fig. 3(b) by the
dashed curve, would become vanishing at the critical electric ﬁeld. Conduction subbands and valence subbands

Fig. 3. The electric ﬁeld-dependent (a) state energies of kz = 0; (b) energy
gap and energy width.

begin to overlap one another, when the electric ﬁeld is larger than Ec? . That is to say, DWCNTs are a gapless metal
for E? P Ec? . In addition, energy subbands near the Fermi
level keep parabolic even for the metallic case. The electric
ﬁeld also makes certain energy subbands extend into the
low- (Fig. 3(a)) and high-energy regions simultaneously.
Consequently, energy width grows with the increasing electric ﬁeld, as shown in Fig. 3(b) by the solid curve.
The main characteristics of energy subbands, curvature,
energy spacing, and state degeneracy, are directly reﬂected
in density of states. DOS exhibits a lot of prominent peaks,
as shown in Fig. 4(a)–(d). As a result of the 1D parabolic
energy dispersions (Fig. 2(a)–(d)), such peaks are divergent
in the asymmetric square-root form. Their positions are
associated with the band-edge state energies, and their
heights are proportional to the inverse square root of the
subband curvature (or the square root of the eﬀective
mass). DOS is zero within the energy gap between two
divergent peaks nearest to the Fermi level. Apparently,
the number, the height, and the position of the divergent
peaks are strongly aﬀected by the intertube interactions
(Fig. 4(b)) and the electric ﬁeld (Fig. 4(c) and (d)). There
are more pronounced peaks in the increasing of E?, since
the electric ﬁeld could produce the new band-edge states
and destroy the state degeneracy. The nonvanishing DOS
at the critical ﬁeld further illustrates that DWCNTs are
metallic (Fig. 4(d)). The conductance measurements could
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Fig. 4. The low-energy density of states for (a) the independent case and
E? = 0, (b) E? = 0, (c) E? = 0.1 V/Å; (d) E? = 0.2 V/Å.

be used to examine the eﬀects due to the electric ﬁeld and
the intertube interactions.
An electromagnetic ﬁeld, with the longitudinal electric
polarization, would make the occupied states exhibit the
vertical transitions. DOS and dipole matrix element, respectively, determine the channel number and the strength of
optical excitations. The low-frequency optical spectrum in
the absence of the intertube interactions, as shown in
Fig. 5(a), only exhibits two prominent absorption peaks.
Such peaks have the asymmetric form of the inverse square
root, as seen in DOS. They, respectively, come from the
highest valence subbands of the inner and the outer nanotubes (Fig. 2(a)). The intertube interactions result in the
shift of absorption frequency (xa), the change of spectrum
intensity, and the increase of absorption peaks (Fig. 5(b)).
At x < 0.25 c0, there are three prominent absorption peaks.
The two formers (the last one) come (results) from the two
ed
band-edge states of k ed
z ¼ 0 and k z 6¼ 0 in the highest
valence subband (the band-edge state of k ed
z ¼ 0 in the
next-highest valence subband) to those (that) of the lowest
conduction subband (the next-lowest conduction subband)
(Fig. 2(b)). The absorption frequency of the ﬁrst peak is the
threshold frequency. xth is equal to energy gap for a directgap system. But on the other hand, at x > 0.25c0, the pronounced absorption peaks are absent. The vertical optical
excitations from the band-edge states in the highest and
next-highest valence subbands (the lower valence subbands) to those of the higher conduction subbands (the
lowest and next-lowest conduction subbands) do not exist.
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Fig. 5. The optical absorption spectra, with the electric polarization
parallel to the nanotube axis, for (a) the independent case and E? = 0, (b)
E? = 0, (c) E? = 0.1 V/Å; (d) E? = 0.2 V/Å. Also shown in (b)–(d) are
those at / = 0.1 /0.

The vanishing dipole matrix elements only reﬂects the fact
that the good quantum number, the angular momentum, in
the absence of E? needs to be conserved (DJ = 0) [30]. Also
noticed that such optical excitations survive at E? 5 0
(below), since the new eigenstates can be regarded as the
superposition of the original jJ> and jJ ± 1> states, as discussed earlier.
The number of absorption peaks is greatly enhanced by
the increasing electric ﬁeld, as shown in Fig. 5(c) and (d).
The main reasons for this result are the destruction of state
degeneracy, the new band-edge states, and the new optical
excitations from lower valence subbands or higher conduction subbands (Fig. 2(c) and (d)). Each prominent peak
corresponds to the vertical transition from the band-edge
state of the valence subband to that of the conduction subband. However, it might also exist weak absorption peaks
only due to a certain band-edge state in the valence subband or the conduction subband. For example, the ﬁrst
absorption peak at Ec? , as shown in Fig. 5(d), is only associated with the highest band-edge state of the highest
valence subband. At the suﬃciently high electric ﬁeld, the
threshold frequency is independent of energy gap because
of the indirect-gap characteristic, e.g., xth = 0.032 c0 at Ec? .
The modulation of absorption spectrum by the electric
ﬁeld is strengthened by the parallel magnetic ﬁeld, as
shown in Fig. 5(b)–(d) by the solid curves. Under the suitable gauge A ¼ Bk  r=2 ¼ Br^h=2, electronic and optical
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properties
are obtained by adding the Peierls phase
R
~  d~
G¼ A
r in the Hamiltonian matrix elements. The parallel magnetic ﬁeld can induce the diﬀerent subband spacings, change the subband curvatures, and amplify the
destruction of state degeneracy. However, Bk does not produce the new band-edge states and alter the direct- or indirect-gap characteristic. The magneto-optical spectrum thus
exhibits clearer absorption peaks, e.g., the larger frequency
diﬀerence between two neighboring absorption peaks.
The strong dependence of the absorption frequencies on
the electric ﬁeld is shown in Fig. 6. Three absorption peaks
exist at E? = 0 and then the number of absorption peaks
grows quickly in the increasing of E?. There are a lot of
absorption peaks even for small E?. Most of absorption
peaks survive at a certain electric ﬁeld range. The absorption frequencies are reduced or enhanced by the increasing
E?. The threshold frequency, which is related to the highest
band-edge state in the highest valence subband, decreases
rapidly. It is close to energy gap for small E?, while there
is a clear diﬀerence between them for large E?. The
above-mentioned results clearly illustrate that electronic
properties are dramatically changed by the electric ﬁeld.
The predicted absorption frequencies can be test by the
optical spectroscopy [39–42].

level strongly depend on the electric ﬁeld. E? could lead to
the semiconductor–metal transition, change the direct gap
into the indirect gap, alter the subband curvatures, destroy
the double degeneracy, produce the new band-edge states,
make more subbands group around the Fermi level, and
widen the p-band width. The predicted electronic properties
could be examined by the conductance measurements. The
eﬀects due to the electric ﬁeld are also reﬂected in optical
excitation spectra. There are a lot of prominent absorption
peaks, mainly owing to the rich one-dimensional energy subbands. The intensity, the number, and the frequency of abosorption peaks are strongly modulated by the electric ﬁeld.
As a result of the indirect-gap characteristic, the threshold
absorption frequency does not correspond to the energy
gap at suﬃciently large electric ﬁeld. The optical spetroscopy
could be utilized to veirfy the calculated results. The modulations of electronic and optical properties are ampliﬁed by
the parallel magnetic ﬁeld.
Finally, we make comments on the eﬀects due to the curvature eﬀects. In general, the curvature eﬀects include the
misorientations of pp orbitals and the hybridization of pp
orbitals and sp2r orbitals. The former is included in the
intratube and the intertube hopping integrals (Eq. (1)).
The intratube hopping integrals, with the misorientation of pp orbitals, are important for type-II SWCNTs.
For example, (3m, 0) zigzag CNTs are narrow-gap semiconductors. The calculated energy gaps are well ﬁtted by
(3b2/16r2)c0, which are almost identical to those obtained
by the pp-electronic tight-binding model [13]. The predicted
narrow-gaps have been veriﬁed by the STM measurements
on (3m, 0) zigzag SWCNTs ((9,0),(12,0);(15,0) CNs) [16].
The consistence between theory and experiment suggests
that the p – r hybridization is not strong for CNTs with
radii larger than that of the (9, 0) CNT. On the other hand,
the hybridization of pp orbitals and sp2r orbitals makes
SWCNTs with radii smaller than that of the (6, 0) CNT
exhibit the metallic behavior [47]. Moreover, it dominates
over the metallization of the (7, 0)–(m, 0) DWCNTs
(m = 16,17,19;20) [31]. These results show that the hybridization of pp orbitals and sp2r orbitals is strong for
DWCNTs with inner nanotubes smaller than that of the
(7, 0) CNT. The p–r hybridization quickly declines in the
increasing of the nanotube radius. It exists in (9, 0)–(18, 0)
DWCNTs. However, whether it plays an important role
on the low-energy electronic properties needs to make a
further study.

4. Concluding remarks
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