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We have carried out a first principles calculation on the electronic structure, dielectric function and
energy loss spectra of single-walled carbon nanotubes (SWCNTs). Calculations of optical spectra have
been performed under electric fields polarized both parallel and perpendicular with respect to the nano-
tube axis. Our results show that the dielectric function is strongly anisotropic and much larger for the
applied electric field parallel than perpendicular to the tube axis. We have calculated first, second, and
third optical transitions in several SWCNTs with different chiralities, diameters and lengths. It is revealed
that the absorption spectra of 4 Å single-walled carbon nanotubes depend strongly on their chiralities,
while the absorption spectra of nanotubes with large diameter hardly show any chirality dependence.

The results show that unlike the optical absorption, the energy loss function of SWCNTs does not sig-
nificantly depend on chirality and show weak anisotropy. It is also found that the energy loss function
peaks for electric fields polarized both parallel and perpendicular to the tube axis happen almost at
the same energies, but with rather difference amplitudes.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Over the last two decades there has been an attracted increasing
attention on carbon nanotubes (CNTs) and particularly single-
walled carbon nanotubes in both fundamental research and indus-
trial applications [1,2]. The electronic and optical properties of
SWCNTs are strongly dependent on tube geometry [3]. By imposing
periodic boundary conditions along the circumference direction the
energy bands of nanotubes having large diameter can be obtained.
Scanning tunneling microscopy and spectroscopy as well as the res-
onant Raman scattering are important tools which have been used to
observe one-dimensional electronic structure of CNTs directly [4,5].

Knowing the optical properties of CNTs are very useful keys to
determine their structures. Specially the optical absorption and
electron energy loss spectra of the nanotubes are very important
to be studied. Optical properties of individual single-walled carbon
nanotubes have been measured and reported by some researches
[6–8]. Theoretically, the effects of many-electron interactions on
the optical properties of single-walled carbon nanotubes have been
carried out via ab initio by Spataru et al. [9]. The electronic and
optical properties of 4 Å single-walled carbon nanotubes contained
inside the zeolite channels have been studied with the local-den-
sity approximation (LDA) approach by Weng et al. [10]. From the
ll rights reserved.

: +98 511 8796426.
osseini).
theoretical calculations it has been revealed that the optical
absorption spectra depend strongly on the nanotube geometry
and the electric field polarization [11–15].

An optical transition in SWCNTs gives information about the
structural characterization of a certain nanotube. The energy dif-
ference Eii between corresponding occupied and unoccupied Van
Hove singularities (VHSs) in the one-dimensional electronic den-
sity of states (DOS) is approximately inversely proportional to
the tube diameter.

In this work we have used the random-phase approximation
(RPA) to obtain the dielectric function and the effect of many-elec-
tron interactions such as excitonic effects have been neglected. In
the other hand, due to the presence of depolarization for light
polarization perpendicular to the tube axis, the effect of local field
effects (LFE) play an important role. However, in these calculations
the effect of LFE is neglected.

In a few interesting papers quasi-particle formalisms have been
used and predicted the optical transitions of small SWCNTs in
agreement with experimental data [16,17]. In [18,19], Marinopou-
los et al. further used time-dependent density functional theory
(TD-DFT) on small diameter SWCNTs and showed that for the elec-
tric field polarized parallel to the tube axis the local field effects
and induced exchange correlation components, beyond the ran-
dom-phase approximation (RPA) are negligible.

Despite the number of papers already published on the first
principle study of SWCNTs but the energy loss spectra of carbon
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nanotubes have rarely been studied. In this work we have car-
ried out a first principles calculation on the electronic structure,
optical absorption and energy loss function of a series of
SWCNTs with different chiralities, diameters and lengths. How-
ever, our results can be useful for the explanation of data
obtained by the recent experimental tools for nanotubes charac-
terization, such as optical and fluorescence spectroscopes, as
well as polarized resonant Raman scattering spectroscopy.
2. Computational details

The calculations have been performed using full potential lin-
earized augmented plane wave (FP-LAPW) method in the frame-
work of density functional theory (DFT) as implemented in the
WIEN2k code [20,21]. The Perdew–Burke–Ernzerhof generalized
gradient approximation (GGA) was used for the exchange corre-
lation correction [22,23]. The following parameters were chosen
for the self-consistency cycles for all computations. The conver-
gence of the basis set is controlled by a cutoff parameter
Rm � kmax = 5.81. The values of other parameters are Gmax = 12
(magnitude of largest vector in charge density Fourier expansion
or the plane wave cutoff), RMT(C) = 1.28 au (muffin-tin radius).
The iteration halted when the charge difference was less than
0.000001 e between steps as convergence criterion. The optical
spectra were calculated using 100 k-points in the first Brillouin
zone and setting the Lorentzian broadening with gamma equal
to 0.05 eV.
Fig. 1. Periodicity 2 � 2 � 2 repeated of sin
3. Results and discussion

3.1. Structure

The structure of all carbon nanotubes were studied in this work
is tetragonal unit cell with 199 � 1 � 1 k-point set mesh. The lat-
tice constants are chosen as a ¼ ‘ and b = c = d + 8 Å which ‘ and
d are the tube length and diameter. By optimization of the lattice
constants respect to the total energy we found that 8 Å vacuum
(nanotube separation) in the lateral directions would be enough
to avoid artificial tube–tube interaction. Therefore, the calculations
of all spectra were done for the tubes arranged in array as shown in
Fig. 1. This figure shows only a 2 � 2 � 2 repeated of single
nanotube.

Since we have tetragonal cell, the optical spectra and thus the
dielectric tensor would be anisotropic and dielectric tensor are
diagonal and have only two components, x-direction parallel to
tube length and z-direction, perpendicular to the tube axis.
3.2. Electronic band structure

3.2.1. Zigzag nanotubes
The calculated electronic band structure and the density of

states (DOS) of (13, 0) and (9, 0) zigzag carbon nanotubes are
shown in Fig. 2. The Fermi energy level is set to zero which is be-
tween the HOMO and LUMO. The electronic band structure and
density of states (DOS) of (13, 0) and (9, 0) nanotubes reveal that
gle nanotube with tetragonal unit cell.



Fig. 2. The density of states and the electronic band structure of zigzag (a) (13, 0)
and (b) (9, 0) carbon nanotube.
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these structures have semiconducting behavior with 0.6 eV and
0.1 eV band gap at C, respectively. The calculated energy band
gap for different SWCNTs and the results reported by others are
summarized in Table 1. The results indicate that the (15, 0) carbon
nanotube is a narrow-gap semiconductor on the contrary of finding
out to be metallic according to the tight binding method [24].

Our calculations for other (n, 0) zigzag nanotubes also show that
all the tubes with n multiple of 3 are narrow-gap semiconductors,
Table 1
The electronic energy band gaps (eV) of different SWCNTs.

Chirality (n, m) This work (GGA) GGA [25] LDA [27

(17, 0) 0.52 – –
(16, 0) 0.59 – –
(15, 0) 0.09 0.028 –
(14, 0) 0.63 0.73 –
(13, 0) 0.6 0.62 –
(12, 0) 0.009 0.078 –
(11, 0) 0.79 0.93 –
(10, 0) 0.71 0.76 –
(9, 0) 0.1 0.09 0.17
(8, 0) 0.59 0.64 0.62
(7, 0) 0.47 0.24 0.09
(6, 0) 0.0 0.0 0.0
(5, 0) 0.0 0.0 –
(4, 0) 0.0 0.0 –
(4, 2) 0.24 – –
(3, 3) 0.0 – –
which is in agreement with the previous reported results [25,26].
The zigzag (n, 0) nanotubes with n < 7, found to have metallic
behavior, due to the strong curvature in small nanotubes. However,
this result is also in contrast with the tight binding method which
predicts that (5, 0) and (4, 0) nanotubes would be semiconductors.

The DOS of (13, 0) and (9, 0) carbon nanotubes shown in Fig. 2
demonstrate a series of traits, Van Hove singularities (VHSs) near
the Fermi energy, which is due to the one-dimensional nature of
the electronic bands in SWCNTs. In Fig. 2 Ei is the energy difference
between the corresponding occupied and unoccupied Van Hove
singularities in the one-dimensional electronic density of states
(DOS). The arrows in Fig. 2a and b indicate the optically allowed
interband transitions between valence and conduction states.
These four peaks are labeled E1–E4 in the optical spectrum as
shown in Fig. 4. The (13, 0) and (9, 0) zigzag nanotubes have D2h

symmetry. Further analysis of selection rules shows that the al-
lowed dipole transitions for D2h symmetry are: a1g, a1u, b3g, b3u,
b2g, b2u, b1g and b1u. These transitions are indicated in Table 2 for
the electric field parallel to the tube axis.

3.2.2. Small diameter (4 Å)
The small diameter carbon nanotubes will show either semi-

conducting or metallic behavior, depending on the tube chirality
and diameter [30,31]. The calculated DOS and energy band struc-
ture of (5, 0), (3, 3) and (4, 2) nanotubes with 4 Å diameter are
shown in Fig. 3. The results show that both (3, 3) and (5, 0) carbon
nanotubes have metallic behavior while (4, 2) is semiconducting
with a small gap of 0.24 eV at X-point and the HOMO–LUMO gap
is about 1.2 eV. The calculated band structures results differ signif-
icantly from simple p-band tight binding model. This simple
p-band model predicts that (5, 0) nanotube has semiconductor
behavior. This difference between our calculations and tight bind-
ing model is due to the curvature effects. In fact, the hybridization
of p and r orbital causes the modification of the band structure and
hence the behavior of carbon nanotubes.

The larger curvatures give rise to the larger hybridizations.
Since the 4 Å nanotubes are the smallest nanotubes studied so
far [7] and have the largest curvature, thus having the strongest
hybridization. The energy bands and DOS calculated, in this work,
for 4 Å carbon nanotubes are very close to the data reported previ-
ously by Guo et al. [29]. Our results also show that the DOS of (3, 3)
armchair CNT is not symmetric with respect to the Fermi level.

3.3. Dielectric function

The imaginary part of the dielectric tensor can be computed
from the knowledge of the electronic band structure of a solid. In
] TB [24] TB [28] QE [26] LDA [29]

– – 0.53 –
– – 0.61 –
0.0 – 0.041 0.025
0.7 – 0.63 –
0.69 – 0.72 –
0.008 – 0.087 –
0.89 0.8 0.77 –
0.86 0.65 0.91 0.4
0.045 – 0.17 –
1.22 1.12 0.57 –
1 0.79 0.48 –
0.21 – – –
– – – 0.0
– – – –
– – – 0.26
– – – 0.0



Fig. 3. The density of states and the electronic band structure of 4 Å carbon
nanotubes.

Fig. 4. The imaginary part of the dielectric function of SWCNTs for the polarization
parallel to the tube axis.

Table 2
Allowing dipole transition for (9, 0) and (13, 0) nanotubes.

Transitions (13, 0) nanotube (9, 0) nanotubes

E1 b3g ? b1u b3g ? b1u

E2 a1g ? b2u a1u ? b2g

E3 b2u ? a1g b1u ? b3g

E4 b1g ? b3u –
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the limit of linear optics, in the case of non-spin polarized, and
within the frame work of the random-phase approximation we
can use the following well-known relations [32]:

Im efint erg
ab ðxÞ¼ �h2e2

pm2x2

X
c;v

Z
dkhckjpajvkihvkjpbcki�dðeck�evk�xÞ

ð1Þ

The absorption spectrum is proportional to the sum over inter-
band transitions from occupied valence (vk) to empty conduction
(ck) states over the Brillouin-zone k points. From the imaginary
part of the dielectric tensor component the corresponding real part
is obtained by the Kramers–Kronig transformation.

ReeabðxÞ ¼ dab þ
2
p

P
Z 1

0

x0Imeabðx0Þ
x02 �x2

dx0 ð2Þ
For the metals due to the intraband transitions contribution, we
would have [33]:

Im e½intra�
ab ðxÞ ¼

Cx2
pl;ab

xðx2 þ C2Þ
ð3Þ

Ree½intra�
ab ðxÞ ¼ 1�

x2
pl;ab

xðx2 þ C2Þ
ð4Þ

where C is a lifetime broadening and xpl is the plasma frequency.
The calculated imaginary part of the dielectric function of small

diameter (4 Å) carbon nanotubes, zigzag (5, 0), armchair (3, 3) and
chiral (4, 2) SWCNTs are shown in Fig. 4a–c respectively. The imag-
inary part of the dielectric function of larger diameter (10, 0), (13,
0) and (16, 0) carbon nanotubes, for the electric field polarized par-
allel to the tube axis, are displayed in Fig. 4d–f respectively. In the
imaginary part of the dielectric function the observed peaks, la-
beled with Ei, indicate the direct interband transitions between
the Van Hove singularities of the density of states.

Fig. 4 shows that the number of optical transitions (peaks) de-
creases with reducing the tube diameters, which is due to the lar-
ger p + r hybridization in the tubes with smaller diameters. The
smaller nanotubes have the larger curvature and so show more
hybridization between p and r orbital. The first peak position for
armchair nanotube (3, 3) is seen near energy of 3.0 eV which is
in agreement with the reported previous theoretical and experi-
mental measurements [7,18]. This peak is mainly due to the HOMO
to LUMO + 1 and HOMO � 1 to LUMO transitions. In armchair
CNTs, optical transitions between HOMO and LUMO bands are
symmetry forbidden. Due to the metallic behavior of (3, 3) carbon



Fig. 5. (a and b) The real part of the dielectric function of (13, 0) and (10, 0) carbon
nanotubes for both polarizations, parallel and perpendicular to the tube axis.

Fig. 6. (a and b) The imaginary part of the dielectric function of (13, 0) and (10, 0)
carbon nanotubes for both polarizations, parallel and perpendicular to the tube axis.

Table 3
First, second, third and fourth optical transitions (eV) in SWCNTs.

Chirality (n, m) E11 E22 E33 E44 Tube diameter (Å)

(17, 0) 0.6 1.1 2.4 3.1 13.32
(16, 0) 0.63 1.22 2 2.9 12.54
(14, 0) 0.68 1.26 2.56 3 10.97
(13, 0) 0.64 1.63 2.15 3 10.18
(11, 0) 0.9 1.5 2.8 3.3 8.62
(10, 0) 0.72 2.1 2.4 3 7.83
(8, 0) 1.07 1.86 2.87 3.9 6.27
(7, 0) 1.26 2.75 9.5 10.3 5.48
(5, 0) 2.0 7.3 8.2 9.4 3.92
(4, 2) 1.7 2.4 3.7 9.6 4.15
(3, 3) 3.0 8.4 9.45 10.2 4.07

Table 4
The optical gaps (Eg (x), Eg (z)) (eV) and electronic dielectric constants (e0 (x), e0 (z)) of
SWCNTs for the polarizations, parallel (x) and perpendicular (z) to the tube axis. These
calculation were done for an array of tubes as displayed in Fig. 1.

Chirality (n, m) Optical gap Dielectric constant

Eg (x) Eg (z) e0 (x) e0 (z)

(17, 0) 0.6 0.9 11.8 4.45
(16, 0) 0.63 1 10.25 4.1
(14, 0) 0.68 1 13.2 5.14
(13, 0) 0.64 1.15 11.1 4
(11, 0) 0.9 1.1 9.78 3.62
(10, 0) 0.72 1.5 16.2 5.55
(8, 0) 1.07 1.2 7.8 3.3
(7, 0) 1.26 1.7 6.1 2.92
(5, 0) 2.0 1.6 3.9 2.9
(4, 2) 1.7 1.4 5.4 2.6
(3, 3) 3.0 2.5 1 2.65
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nanotube and according to the Eqs. (3) and (4), the imaginary and
the real parts of the dielectric function of (3, 3) carbon nanotube
has singularity at zero frequency for the polarization parallel to
the tube axis as illustrated in Fig. 4b.

The real and imaginary parts of the dielectric function of (13, 0)
and (10, 0) carbon nanotubes for both polarizations, parallel and
perpendicular to the tube axis are displayed in Figs. 5 and 6 respec-
tively. The optical spectrum can be divided into two regions,
namely, the low-energy range from 0 to 6 eV and the high-energy
range from 6 to 20 eV. For the electric field polarized parallel to the
tube axis, the imaginary part of the dielectric function in the low-
energy region consists of a few distinct peaks (see Fig. 6). These
peaks can give information about the chirality of the grown carbon
nanotubes. In the low-energy range the absorptive part is larger
than in the high-energy range. Fig. 6 also indicates that the optical
gap of (13, 0) and (10, 0) CNTs for the electric field polarized per-
pendicular to the tube axis is larger than that for the electric field
polarized parallel to the tube axis.

The first, second, third and fourth optical transitions in different
SWCNTs are listed in Table 3. These results show that the absorp-
tion spectra of small diameter (4 Å) single-walled carbon nano-
tubes depend strongly on their chiralities, while the absorption
spectra of carbon nanotubes with large diameter are insensitive
to the tube chiralities. The calculated electronic dielectric con-
stants and optical gaps of different types of SWCNTs for both polar-
izations, parallel (x) and perpendicular (z) to the tube axis are listed
in Table 4.

The calculated results show that the optical gaps of the large
diameter carbon nanotubes for the perpendicular polarization is
larger than for the parallel polarization while for the small diame-
ter (4 Å) carbon nanotubes we have found larger optical gaps for
the parallel polarization than perpendicular polarization. The value
of optical gaps increases by decreasing tube diameters. It is also re-
vealed from Table 4 and also Figs. 5 and 6 that the dielectric func-
tion is highly anisotropic and is significantly larger for the external
field polarized along the tube axis comparing to the perpendicular
polarized field.

For the polarization perpendicular to the tube axis, the mea-
sured dielectric functions are small and flat. The comparison of first
optical transitions of (3, 3), (4, 2) and (5, 0) small diameter (4 Å)
SWCNTs with the theoretical and experimental results reported
previously are summarized in Table 5. These results show the
importance role of chirality in the optical spectra of small diameter
SWCNTs. Table 5 also indicates that the optical gap of small diam-
eter carbon nanotubes is approximately inversely proportional to
the tube length.

3.4. Electron energy loss spectroscopy (EELS)

EELS is a well known method for investigation various aspects
of materials [35]. The advantage of this method is that it covers a
vast energy range which includes the non-scattered, elastically
scattered electrons (zero loss) and valence interband transitions
(valence loss). Also the fast electrons excite the inner shell
electrons (core loss) or induce core level excitation of near edge



Table 5
First optical transitions (eV) in small diameter (4 Å) SWCNTs compared with previous results.

Chirality (n, m) GGA [this work] LDA [34] LDA [16] GW [16] BS [16] LDA [29] Experiment [7] Tube length (Å) Electric behavior

(3, 3) 3.0 2.8 2.83 3.26 3.17 2.9 3.1 2.46 Metallic
(4, 2) 1.7 1.9 � � � 2.0 2.1 11.28 Semiconducting
(5, 0) 2.0 1.2 1.13 1.30 1.33 1.2 1.37 4.26 Metallic

Fig. 7. The energy loss function of (a) armchair (3, 3), (b) chiral (4, 2), (c) and (d)
zigzag (13, 0) and (16, 0) SWCNTs, for both polarizations parallel and perpendicular
to the tube axis.
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structure (ELNES) and XANES. In the case of interband transitions,
the process is predominately plasmon excitations. The energy loss
function is another important response function which is given as
[33]:

LijðxÞ ¼ �Im
1

eijðxÞ

� �
¼

e00ijðxÞ
e02ij ðxÞ þ e002ij ðxÞ

ð5Þ

In this work the calculated energy loss function of armchair (3,
3), chiral (4, 2), and zigzag (13, 0) and (16, 0) SWCNTs, are dis-
played in Fig. 7a–d respectively, for both polarizations parallel
and perpendicular to the tube axis. The calculated energy loss
spectra of all the nanotubes illustrated in Fig. 7, are rather the same
and show a sharp p electron plasmon peak at about 5 eV and also a
broad p + r electron plasmon peak around 15–22 eV. Our results
show that unlike the optical absorption, the calculated energy loss
functions do not significantly depend on the tube’s chirality and
also show the weak anisotropy which is in agreement with the re-
sults previously reported [29]. It is also revealed that the calculated
energy loss spectra for both electric fields polarized parallel and
perpendicular to the tube axis are rather similar, except a little dif-
ference in their amplitude. The intertube interactions have also a
significant affect on the energy loss spectra, especially in the range
15–22 eV of the p + r plasmon frequency.
4. Conclusions

We have calculated the electronic structure, dielectric function
and energy loss spectra of different single-walled carbon nano-
tubes by using density functional theory. Our calculations for (n,
0) zigzag nanotubes show that all the tubes with n multiple of 3
are narrow-gap semiconductors, which is in contrast with the tight
binding method which predicts to have metallic behavior.

The calculated energy gap for zigzag nanotubes show that tubes
with n less than 7, have metallic behavior due to the strong curva-
ture in small nanotubes. It is also found that small diameter carbon
nanotubes will show metallic or semiconducting behavior, which
depends on their chiralities.

The calculated results show that the number of optical transi-
tions decreases with reducing the tube diameters due to the larger
p + r hybridization in the tubes with smaller diameters. The calcu-
lated optical gap of the large diameter carbon nanotubes is found
larger for polarization perpendicular than polarization parallel to
tube axis. While for the small diameter (4 Å) carbon nanotubes
we have found larger optical gaps for parallel than perpendicular
polarization.

Our results show that the dielectric function is anisotropic and
is much larger for the electric field applied along the tube axis than
perpendicular to the tube axis. The calculated absorption spectra of
4 Å single-walled carbon nanotubes depend strongly on their chi-
ralities, while the absorption spectra of nanotubes with large diam-
eter hardly show any chirality dependence. In 4 Å diameter
nanotubes it was found that their optical gaps are inversely pro-
portional to the tube length.

The calculated energy loss spectra, for all SWCNTs studied in
this work, have a sharp p electron plasmon peak at about 5 eV
and a broad p + r electron plasmon peak also is seen around 15–
22 eV. It is also found that the energy loss function peaks for both
electric fields polarized parallel and perpendicular to the tube axis
happen almost at the same energies, but with rather difference in
their amplitudes. Unlike the optical absorption, the energy loss
function of SWCNTs does not significantly depend on chirality
and also show weak anisotropy.
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