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A systematic study on the effect of a transverse electric field on the optical properties of carbon nanotubes
has been performed using density-functional calculations. The band gaps of the zigzag tubes decrease signifi-
cantly as the electric field is increased. In the case of armchair tubes, the metallic band energy dispersion
relation develops multivalleys at the Fermi level at high fields. The electric-field-induced changes in band
dispersions lead to changes in optical properties as manifested in the dielectric functions. Some of the changes
are not obvious. For example, a significant field-induced change in band gap can lead to small changes in
dielectric functions in some special cases. Our results show that the armchair carbon nanotubes can be a
promising material for electro-optical modulation device applications.
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I. INTRODUCTION

Carbon nanotubes �CNTs� have received an increasing
amount of interest owing to their novel properties and poten-
tial applications in nanodevices.1 It has been shown theoreti-
cally that the band gap of CNTs and boron nitride nanotubes
�BNNTs� can be reduced by applying a transverse electric
field.2 This band-gap modulation is due to the Stark effect,
which is further confirmed experimentally by bias-dependent
scanning tunneling microscopy and thin-film transistor
configuration.3 On the other hand, an armchair-type CNT is
metallic with two linear bands intersecting at the Fermi level
regardless of its diameter. Using a �-band model, Li et al.4

have shown that the applied transverse electric field polarizes
the nanotubes along the field direction, modifies band struc-
ture of armchair CNT, and results in the two lowest subbands
with flattening near the Fermi level. As the field strength
increases, the two lowest subbands show oscillatory bands
with multiple nodes at the Fermi level. This interesting field-
induced change in dispersion is verified in first-principles
calculations, which are more accurate. Our recent first-
principles studies suggested that the metallic band energy
dispersion relation of armchair CNT indeed develops multi-
valleys at the Fermi level, which can lead to conduction am-
plification under a transverse electric field.5 The optical prop-
erties of CNTs have been investigated experimentally by
optical absorption spectroscopy,6,7 by high-resolution
electron-energy-loss spectroscopy in transmission,8 by re-
flectivity measurements,9 and also by spectrofluorimetric
measurements.10 Calculations of the optical properties of
CNTs have been reported intensively by �-band model,11

modified tight-binding �TB� model,12 all-valence TB
models,13,14 and ab initio models15 showing that the absorp-
tion spectra exhibit rich characteristic peaks due to the one-
dimensional Van Hove singularities. Although the gap of
BNNTs is reduced significantly by the extended field, the

change in the optical absorption spectrum was found to be
less pronounced.16 However, to our knowledge, the effect of
the transverse electric field on the optical properties of CNTs
has not been studied yet, and this will be the focus of this
paper.

II. METHOD OF CALCULATION

The calculations are performed within the framework of
local-density approximation,17 using highly accurate full-
potential projected augmented wave �PAW� method,18 as
implemented in the VASP package.19 A supercell geometry
was adopted so that the nanotubes are arranged in a square
array with intertube distance equal to 10 Å. At such arrange-
ment, the tube-tube interactions are very small so that the
tubes can be treated as independent entities. The length of
the unit cell along the tube axis is determined by minimizing
the total energy of the system. A large plane-wave cutoff of
358.2 eV was used throughout. The k-point sampling was set
at 1�1�200. All atoms were fully relaxed without the ex-
ternal field until the maximum magnitude of the force acting
on the atoms was smaller than 0.02 eV /Å. The changes in
the geometry induced by the external field are neglected, as
they are always very small and have negligible effects on the
optical properties. The Fermi energy is determined using
standard Gaussian smearing method with the width of the
smearing set at 0.1 eV. In the calculation, the tube axis is
along the x direction and the external electric field is along
the z direction. The external electric field is imposed by put-
ting a positive charge sheet in the vacuum on one side and a
negative charge sheet on another side of the tube.

In the random-phase approximation and neglecting the
local-field corrections, the imaginary part of the dielectric
function with radiation polarized in the � direction is given
as a function of the photon energy �� expressed as
follows:20
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where � is the effective unit cell volume of the nanotubes as
proposed by Machon et al.21 and VB and CB denote the
conduction and valence bands, respectively. The matrix ele-
ments pij

��k��= ��i ,k��p̂��j ,k���2 are obtained from the self-
consistent band structures within the PAW formalism22 and
�k is the kth point weighting. Here, p̂� is the � component of
the momentum operator. The initial and final states �i ,k�� and
�j ,k�� indicate valence and conduction bands, respectively.
The real part of the dielectric function �1��� is obtained by
the Kramers-Kronig transformation.

III. RESULTS

We first considered the effect of the applied transverse
electric field on the optical properties of armchair nanotubes.
The imaginary part of the dielectric function �2

� �and �2
��,

which correspond to light polarized parallel �and perpendicu-
lar� to the nanotubes axis, are evaluated explicitly in this
study. The left panel of Fig. 1 shows the spectrum of �8,8�,
�10,10�, and �12,12� nanotubes under different strengths of
transverse electric fields. For the case at the zero-applied
electric field, the spectrum consists of a few distinct peaks
that are related to dipole-allowed transitions between states
near the Van Hove singularities that are found in the quasi-
one-dimensional density of states �DOS�. The energy posi-
tions of the peaks related to transitions between the first and
second pairs of DOS singularities �designated as E11 and E22�
are observed at 1.96 and 3.18 eV for �8,8�, 1.64 and 2.78 eV
for �10,10�, and 1.40 and 2.46 eV for �12,12� nanotubes. The
results are in good agreement with recent DFT calculations.15

Under the applied electric field, the spectra displayed appar-
ent redshifts and broadening. The intensity of the original E11
peak is strongly suppressed by the applied electric field. In
addition, a strong peak emerges at about half the value of
E11, and a small peak emerges at about half the value of
�E11+E22�. The high sensitivity of the optical spectrum to an

applied electric field makes the armchair carbon nanotubes a
plausible material for optoelectronic application.

The right panel of Fig. 1 shows the �2
� spectra of �8,8�,

�10,10�, and �12,12� nanotubes under different strengths of
transverse electric fields. The spectra look like flat platforms
with humps on both edges. The bandwidth of the spectra
extends wider as the diameter of the nanotubes becomes
larger. This is also in good agreement with the previous
calculations.15 As the external field strength increases, the
intensity of the first peak is enhanced significantly, while the
energy position of this peak is shifted toward lower energies.

To better understand the field effect on the optical transi-
tions in the armchair tube, we investigated the modification
of the band structures and the matrix elements under the
influence of externally imposed electric field. The contribu-
tion to the dielectric function is determined by two factors,
namely, the joint density of states and the matrix elements
for the corresponding valence and conduction states. When a
Van Hove singularity appears in the joint density of states
and the matrix elements between the corresponding valence
and conduction states have a nonzero value, a corresponding
peak will show up in the dielectric function spectrum. Figure
2 shows the band structures, the matrix elements, and the �2
spectrum for �10,10� carbon nanotubes without an external
electric field. The corresponding optical transitions are indi-
cated schematically in Fig. 2. We will first look at the case of
light polarized parallel to the tube axis. We see that the �2

�

spectrum consists of four peaks at 1.64, 2.78, 3.60, and 3.96
eV, which are in good agreement with previous results in the
literature.23 Figure 2�b� shows the matrix element pij

��k� for
the transition between the ten highest occupied bands �band
indices 71–80 in the calculation� and the ten lowest unoccu-
pied bands �band indices 81–90�. We note that that the matrix
elements from E
�

� →E

c �designated as E
�
� have a nonva-

nishing value only for the energy subbands 
=
�, where the
subband indices of E
�

� and E

c are taken symmetrically

around the Fermi energy is indicated in Fig. 2�a�. As a func-
tion of k, the matrix elements vanish at � point, and the value
grows and reaches a maximal value at the Van Hove singular
point as shown in Fig. 2�b�. The maximal value of the matrix
element for E
�
 transition increases as the value of subband
index 
 increases.

FIG. 1. �Color online� The imaginary part of the dielectric func-
tion of armchair nanotubes for light polarized parallel �left panel�
and perpendicular �right panel� to the nanotubes axis under external
electric fields E� of 0.0, 0.1, and 0.2 V /Å.
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FIG. 2. �Color online� The band structures, matrix elements, and
the �2 spectrum for �10,10� carbon nanotube under zero external
field.
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For the case of light polarized perpendicular to the tube
axis, the �2

� spectrum is made up of a double humplike shape
with two main peaks located at 0.98 and 4.16 eV. The matrix
elements are nonzero only for the E
,

1 transition. The e1�
peaks are contributed by the E01 and E10 transitions at �
point, and the e2� peak is contributed by the E01 and E10
transitions at the valence-band maximum �or conduction-
band minimum� k=0.66�

a . In our calculations, the static ex-
ternal applied field is screened as the calculations are done
fully self-consistently in the presence of the external field.
However, in the presence of light, the dynamic screening
effects are not included in the calculations because the local
field corrections are not incorporated, and local field effects
can reduce the dielectric response when the electric field is
perpendicular to the tube axis.24

Next, we study the effect of the external electric field.
Figure 3 shows the band structures, the matrix elements, and
the �2 spectrum for �10,10� carbon nanotubes under an ex-
ternal field of 0.1 V /Å. The external field induces splitting
of the double degenerate electronic bands away from the
Fermi energy. Because of the electronic band mixing caused
by the external field, the E
,

1 and E
,

2 transitions are
now allowed.

For the �2
� spectrum, the values of the matrix elements are

reduced by the external field. The e1, e2, e3, e4, and e5 peaks

are contributed by the �E01� ,E1�0�, �E1�1�, �E2�1�, �E3�1� and
�E24� ,E2�4 ,E33� ,E3�3 ,E42� ,E4�2� transitions near the valence-
band maximum or conduction-band minimum, respectively.
On the other hand, the values of the matrix elements for the
�2

� spectrum are only slightly reduced by the external field.
The e1� and e2� peaks are contributed by the �E1�0 ,E01�� tran-
sitions near the valence-band maximum or conduction-band
minimum and the �E01,E10� transitions near the � point.

When the external field is increased to 0.2 V /Å, the sin-
gly degenerate bands crossing the Fermi level display oscil-
latory bends, intersecting the EF=0 line at three points as
shown in Fig. 4. The matrix elements for the �2

� and �2
�

spectra are further reduced by the external field. The fine
structures in the spectra are washed out owing to the splitting
of the bands that are degenerate at zero external field.

In the following, we consider the effect of the external
field on the electronic and optical properties of zigzag carbon
nanotubes. The band structures, the matrix elements, and the
�2

� spectrum for the �10,0� carbon nanotube under external
fields E� of 0.0, 0.1, and 0.2 V /Å are shown in Figs. 5–7,
respectively. We first consider the case of light polarized par-
allel to the tube axis. Without an external field, the �2

� spec-
trum consists of a strong peak at 0.84 eV and four weaker
peaks at 2.20, 2.48, 3.10, and 4.04 eV. The e1, e2, e3, and e4
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FIG. 4. �Color online� The band structures, the matrix elements,
and the �2 spectrum for �10,10� carbon nanotube under an external
field E� of 0.2 V /Å.
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FIG. 5. �Color online� The band structures, the matrix elements,
and the �2 spectrum for �10,0� carbon nanotube under zero external
field.
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FIG. 3. �Color online� The band structures, matrix elements, and
the �2 spectrum for �10,10� carbon nanotube under an external field
E� of 0.1 V /Å.
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FIG. 6. �Color online� The band structures, the matrix elements,
and the �2 spectrum for �10,0� carbon nanotube under an external
field E� of 0.1 V /Å.

ELECTRONIC AND OPTICAL PROPERTIES OF SINGLE-… PHYSICAL REVIEW B 79, 235123 �2009�

235123-3



peaks are contributed by the E11, E25, E34, and �E52,E34�
transitions near the zone center. It is interesting to note that
the matrix elements of the above transitions have a maxi-
mum value at � points. On the other hand, the e5 peak is
contributed by the E66 transitions near the X point where the
matrix element has a maximum value. As the field strength
increases, the band gap is reduced significantly. At the same
time, the onset of the first peak of the �2

� spectrum is shifted
toward lower energies. A broken symmetry of the �10,0� tube
caused by the external field induces a gap opening at the
crossing of bands, such as E6

� and E2
� �or E5

c and E6
c� at k

=0.76�
a . The external field also induces the splitting of sev-

eral bands that are degenerate at zero electric field. Because
of the electronic band mixing caused by the external field,
transitions that are forbidden at zero external field become
allowed, which can be seen by comparing the �b� and �c�
panels in Figs. 7 and 8 with those of Fig. 6. With increasing
external fields, the fine structure of the �2

� spectrum is
washed out because of the opening of the crossing bands, the
splitting of the degenerated states, and the mixing of the
character of the bands.

With increasing external field, the e1 and e5 peaks shift to
slightly lower energy, the e2 and e4 peaks remain almost
constant, and the e3 peak is washed out. For E� =0.2 V /Å,
two extra peaks appear at 1.74 and 3.92 eV, which are caused
by the modification of the band structure. In the case of light
polarized perpendicular to the tube axis, there are two peaks
located at 1.58 and 4.02 eV, respectively, at the zero external
field. The e1� peak is contributed by the E15 transition at the �
point and the E21 transition at about 0.1 �X away from the �
point. The e2� peak is contributed by the E26 transition in the
region where the e2

� and e6
c bands are relatively parallel. As

the field strength increases, the e1� peak remains constant and
the e2� peak shifts to lower energy. An extra peak appears at
4.5 eV for E� =0.1 V /Å. The peak shifts to 4.72 eV when the
field is increased to 0.2 V /Å.

Figure 8 shows the �2
� and �2

� spectra of �8,0�, �10,0�, and
�12,0� nanotubes under different strengths of external field.
By increasing the external field, the transition peaks shift to
lower energy and the intensity of the peak is suppressed.
However, we note that the change, in particular the down-
shift of the lowest energy absorption peak, is less dramatic

than in the case of armchair tubes, which is evident when we
compare Fig. 8 with Fig. 1. The fine structure of the spec-
trum is washed out owing to the splitting of the bands that
are degenerate at zero electric field.

IV. CONCLUSIONS

In conclusion, we have systematically investigated the ef-
fect of a transverse electric field on the band structure and
optical properties of the carbon nanotubes by density-
functional calculation. The matrix elements over the whole
one-dimensional Brillouin zone of armchair and zigzag car-
bon nanotubes under different electric field strengths are pre-
sented and discussed. The band gap of zigzag tube decreases
significantly as the electric field increases. We thus observe a
rather sharp contrast in the field-induced behavior between
zigzag and armchair tubes. In the case of zigzag tubes, the
band structures are conspicuously changed by the field. In
particular, the gap is reduced significantly; however, the ef-
fect of the electric field on the dielectric function is less
pronounced. On the other hand, the armchair tube remains
metallic under external electric field, but the dielectric func-
tions are modified significantly owing to the subband mixing
caused by the external field. The high sensitivity of the op-
tical spectrum to an applied electric field makes the armchair
carbon nanotubes a plausible material for optoelectronic ap-
plications.

ACKNOWLEDGMENTS

We acknowledge the National Center for Theoretical Sci-
ences �NCTS� in Taiwan and financial support from the
National Science Council of Taiwan �NSCT� under Grant
Nos. NSC-96-2112-M194-012-MY3, NSC-97-2120-M002-
007, and NSC-97-2811-M-165-002, from the Research
Grants Council of Hong Kong through Grant No. HKUST9/
CRF/08, and HKUST through Grant No. RPC06/07.SC21.
We acknowledge a grant of computer time at the National
Center for High Performance Computing in Taiwan.

FIG. 8. �Color online� The imaginary part of the dielectric func-
tion of zigzag nanotubes for light polarized parallel �left panel� and
perpendicular �right panel� to the nanotubes axis under external
electric field E� of 0.0, 0.1, and 0.2 V /Å.
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FIG. 7. �Color online� The band structures, the matrix elements,
and the �2 spectrum for �10,0� carbon nanotube under an external
field E� of 0.2 V /Å.
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