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We report ab initio calculations of electronic and the linear

optical properties of a (4,1) chiral carbon nanotube, using

the full-potential linear augmented plane-wave (FP-LAPW)

method. The dielectric tensor is derived within the random-

phase approximation (RPA). All optical spectra, such as:

dielectric function, absorption coefficient, optical conductivity,

extinction coefficient, loss function, sum rule, reflectivity, and

the refractive index have been calculated for both electric field

polarizations, parallel and perpendicular to the tube axis. It is

revealed that the optical spectra are anisotropic along these two
polarizations. For the parallel polarization, adding the intraband

transition contributions, will change the optical spectra of a

(4,1) nanotube significantly. The calculated optical gap, Eg,

electronic dielectric constant, e(1), and the refractive index, n,

in the parallel polarization are obtained as 2.6 eV, 1.98, and 1.4,

respectively. The results show that for small diameter of

SWCNTs the chirality has a strong effect on their optical

spectra. Adding the intraband transition contributions showed

that the dielectric function has singularity at zero frequency, due

to the metallic behavior of a (4,1) chiral nanotube.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Since the discovery of carbon nano-
tubes (CNTs) in 1991, the fabrication of nanometer-scaled
one-dimensional materials has attracted considerable inter-
est due to their potential use in both nanotechnology and
nanoscale engineering [1]. The stability and quasi-one-
dimensional nature of single-walled carbon nanotubes
(SWCNTs) make them unique systems from the experimen-
tal and theoretical points of view. Because of the one-
dimensional character and chirality, chiral CNTs are
expected to exhibit a number of unusual optical properties:
such as optical rotation, circular dichroism, and second-
harmonic generation [2–5].

SWCNTs, and in particular small-diameter SWCNTs,
have attracted broad interest due to their unique electronic
structure and properties. The small-diameter nanotubes
exhibit either metallic or semiconducting behavior, depend-
ing strongly on the tube diameters and chiralities [6, 7]. The
optical properties reflect the electronic energy band
structures of materials and have a close relation with their
geometrical structures, especially for the nanosized
materials. In addition, the optical responses of SWCNTs
are useful to characterize these nanotubes and can be
employed in device applications [8].
Recent advances in the measurement of the optical
properties of individual SWCNTs [8–11] have generated a
great deal of interest and provided a wealth of information.
The smallest CNT (2,2) has been studied experimentally by
Zhao et al. [12], Thang et al. [13], and theoretically by
Scipioni [14]. Deslippe et al. [15] have presented an ab initio
calculation on excitonic effects in metallic SWCNTs with
larger diameter. However, there are a lot of theoretical and
experimental works on the optical properties of zigzag
SWCNTs, but due to the low symmetry of chiral SWCNTs
these systems have only rarely been considered.

In this study we have used the random-phase approxi-
mation (RPA) to obtain the optical spectra and the effect of
many-electron interactions such as excitonic effects have
been neglected. In a few interesting papers quasiparticle
formalisms have been used and predicted the optical
transitions of small SWCNTs in agreement with experimen-
tal data [16, 17]. Further more, Marinopoulos et al. [18, 19]
used time-dependent density functional theory (TD-DFT) on
small-diameter SWCNTs and concluded that for the electric
field polarized parallel to the tube axis the local field effects
and induced exchange correlation components, beyond the
RPA, are negligible.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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We have carried out a first-principle calculations on a
small-diameter (4,1) CNT with 3.6 Å diameter. We are not
aware of any published experimental or theoretical data for
this special CNT, so our calculation can be used to cover this
lack of data.

2 Computational details All calculations presented
in this work are based on DFT [20]. The Perdew–Burke–
Ernzerhof generalized gradient approximation (GGA) was
used for the exchange correlation correction [21, 22]. The
density of states (DOS) is deduced from a self-consistent
calculation, using the full-potential linearized augmented
plane wave (FP-LAPW) method and the dielectric function
is obtained by the RPA, as embodied in the Wien2k Code
[23]. The convergence of the basis set is controlled by a cut
off parameter Rm� kmax¼ 6. The values of other parameters
areGmax¼ 12 (magnitude of largest vector in charge density
Fourier expansion or the plane wave cutoff), RMT(C)¼
1.28 au (muffin-tin radius). The iteration halted when the
difference in charge was less than 0.000001e between steps
as the convergence criterion. The optical spectra were
calculated using 80 k-points in the first Brillouin zone and
setting the Lorentzian broadening with gamma equal to
0.05 eV.

3 Results and discussions
3.1 Electronic structure The calculated electronic

band structure andDOS for a (4,1) chiral nanotube are shown
in Fig. 1. The band structure was calculated in the
x-direction, since the periodicity of the tube is in this
direction, as seen in Fig. 2. The electronic band structure and
www.pss-b.com
DOS show that a (4,1) nanotube is metallic with zero band
gap and the valence and conduction bands cross each other at
the Fermi level.

Due to the one-dimensional nature of the electronic
bands, the DOS of SWNTs exhibits a series of character-
istics. The van Hove singularities (vHs) at the onset of one-
dimensional energy bands near the Fermi energy (Ef) can be
seen in Fig. 1a. These vHs are asymmetric about Ef, due to
the strong curvature effects. The arrows in Figs. 1a and b
indicate the optically allowed interband transitions between
the valence and conduction states that give rise to the three
peaks, labeled A, B, and C in the optical spectrum shown in
Fig. 3b. For a (4,1) metallic tube, the bands forming the first
vHs below Ef and the second vHs above Ef cross each other
about the Fermi level, but optical transitions between them
are symmetry forbidden.

The peak splitting in the DOS diagram that is due to the
trigonal warping effect is dependent on the diameter of
nanotube for metallic nanotubes. [24]. In this reference the
separation width of the first DOS peaks for (10,10) armchair
is almost zero and increases with decrease in chiral angle
nanotubes.

It seems for the small nanotube that the splitting width
peaks in energy are not very clear in the DOS diagram when
calculated by first principles, as there are many peaks. This
effect has also not been reported and detected in the DOS
diagram for other chiral nanotubes with metallic
character, which has been performed by first-principles
calculations [25].

From theDOS diagram, it is obvious that the valence and
conduction bands are not symmetric (in contrast with tight
Figure 1 (online colour at: www.pss-
b.com) (a) The DOS and (b) the elec-
tronic band structure of a (4,1) nano-
tube.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (onlinecolourat:www.pss-b.com)Chiral (4,1)nanotube,
periodicity of the tube is in the x-direction.
binding calculations). It seems that the p band is shifted
down mainly due to the curvature effects.

3.2 Optical properties The optical properties of
CNTs were studied experimentally by optical ellipsometry
[26], electron energy-loss spectroscopy [27], reflectivity
measurements [28], and absorption experiments [29]. The
imaginary part of the dielectric tensor can be computed from
the knowledge of the electronic band structure of a solid.

In the limit of linear optics, in the case of nonspin
polarized, and within the frame of RPA we can use the
Figure 3 (online colour at: www.pss-b.com) (a) Real and (b)
imaginary parts of the dielectric function for polarizations parallel
and perpendicular to the tube axis.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
following well-known relations [30]
Imefintergab ðvÞ

¼ �h2e2

pm2v2

X
c;v

Z
dk ckh jpa vkj i vkh jpb ckj i

� dðeck � evk � vÞ: (1)
The absorption spectrum is proportional to the sum over
interband 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:
ReeabðvÞ ¼ dab þ
2

p
P

Z1
0

v0Imeabðv0Þ
v02 � v2

dv0: (2)
By adding the intraband contribution, in the case for
metal, we would have [31]:
Ime½intra�ab ðvÞ ¼
Gv2

pl;ab

vðv2 þ G2Þ
; (3)
v2
Ree½intra�ab ðvÞ ¼ 1� pl;ab

vðv2 þ G2Þ
; (4)
where G is the lifetime broadening and vpl is the plasma
frequency.

The real and imaginary parts of the dielectric function of
a chiral (4,1) nanotube, considering the interband transitions
for both polarizations, the electric field polarized parallel and
perpendicular to the nanotube axis, are shown in Figs. 3a and
b, respectively.

The value of electronic dielectric constant, e(1), in the
parallel polarization is 1.98. This constant describes the
effects of polarization of core states, s and p bands except
those lying near the Fermi level, and materials surrounding
the nanotube. In nanotubes, this simple constant screening is
a rough approximation because of the cylindrical formwith a
hollow vacuum inside and surrounding material outside.

The results for the imaginary part of the dielectric
function of a (4,1) nanotube indicate some peaks that are
related to the optical transitions. This can be explained from
the occurrence of direct interband transitions between the
vHs of the DOS. The calculated first, second, and third peak
positions of a small-diameter (4,1) CNT are shown in
Table 1, as indicated in Fig. 3b. The larger curvatures give
rise to the larger hybridizations. However, the 3–4 Å
nanotubes are the smallest nanotubes and have the largest
curvature, thus having the strongest hybridization. This
effect can be seen from the band structure (Fig. 1b). For the
parallel polarization, the first peak occurs at energy about
2.6 eV.

Since there is no previous measurements on a chiral
(4,1) nanotube with 3.6 Å diameter, we have to compare our
www.pss-b.com
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Table 1 First, second, and third peak positions in a (3.6 Å) small-
diameter (4,1) nanotube for the parallel polarization.

transition E1 E2 E3

energy (eV) 2.6 3.2 3.8

Figure 4 (online colour at: www.pss-b.com) The absorption coef-
ficient of a (4,1) nanotube, for both polarizations, parallel and
perpendicular to the tube axis.
results with small-diameter 4 Å SWCNTs. Table 2 shows the
theoretical and experimental measurements of first optical
transitions of 3–4 Å SWCNTs. We have also calculated the
electronic and optical properties of (3,3) and (4,2) nanotubes,
but the details of the calculations are not given in this paper.

These results show that for small diameter of SWCNTs
the chirality has a strong effect on their optical transitions
and optical spectra. Table 2 also indicates that the optical
gaps of small-diameter CNTs scale inversely with the tube
length.

Labels A, B, and C indicate the highest absorption peaks
observed in the low-energy range in Fig. 3b, at 3.8, 3, and
5 eV, respectively. A is the allowed optical transition in the
parallel polarization and show the transition from HOMO-2
to LUMOþ7. B and C indicate the transition from HOMO-4
to LUMOþ4 and HOMO-7 to LUMOþ1, respectively, in
the perpendicular polarization, which are shown by arrows in
Fig. 1.

All other optical constants that depend on the frequency
can be obtained from the complex dielectric tensor
components. Another important response function is the
energy-loss function given as:
Tab

(n,m

(3,3
(4,2
(4,1
(5,0

aThe

www
LijðvÞ ¼ �Imð 1

eijðvÞ
Þ ¼

e00ijðvÞ
e0ij2ðvÞ þ e00ij2ðvÞ

: (5)
And the reflectivity at normal incidence is:
RijðvÞ ¼
ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
; (6)
where n and k are the real and imaginary parts of the
complex refractive index, which are known as the refractive
index and the extinction coefficient, respectively, given by
the following relations:
nijðvÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eijðvÞ þ ReeijðvÞ
�� ��

2

s
; (7)
le 2 First optical transitions (optical gaps, eV) in small-diamet

) (GGA)
[this work]

LDA [32] LDA [16] GW [16] BS

)a 3.0 2.8 2.83 3.26 3.1
)a 1.8 1.9 – – –
) 2.6 – – – –
) – 1.2 1.13 1.30 1.3

details of calculations are not included in this paper.

.pss-b.com
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[16

7

3

kijðvÞ ¼
eijðvÞ � ReeijðvÞ� �

2
: (8)
Also, the absorption coefficient and the real part of the
optical conductivity are defined as:
aijðvÞ ¼
2vkijðvÞ

c
¼

ve00ijðvÞ
c nijðvÞ

: (9)
Res ðvÞ ¼ v
Ime ðvÞ; (10)
ij

4p
ij
where c is the velocity of light.
Figure 4 shows the absorption coefficient of a (4,1)

nanotube, for both polarizations, parallel and perpendicular
to the tube axis. The first peak appears when the absorption
coefficient is about 2.6 eV. The maximum of absorption
occurs at energy of 15 eV for the parallel polarization, which
is related to the optical transition from HOMO-19 to
LUMOþ26, and for perpendicular polarization at energy
5 eV, related to the optical transition from HOMO-7 to
LUMOþ1.According to Eq. (9), the absorption coefficient is
proportional to both the extinction coefficient and the
imaginary part of the dielectric function, as can be seen in
Figs. 3–5.

The reflectivity and refractive index of a (4,1) nanotube
that are calculated, according to Eqs. (6) and (7), are shown
WCNTs.

] exp. [9] tube length
(Å)

diameter
(Å)

electric behavior

3.1 2.46 4.07 metallic
2.1 11.28 4.15 semiconducting
– 6.51 3.6 metallic
1.37 4.26 3.92 metallic

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online colour at: www.pss-b.com) The extinction coef-
ficient of a (4,1) nanotube, for both polarizations, parallel and
perpendicular to the tube axis.

Figure 6 (online colour at: www.pss-b.com) The reflectivity of a
(4,1) nanotube for both polarizations, parallel and perpendicular to
the tube axis.

Figure 7 (online colour at: www.pss-b.com) The refractive index
of a (4,1) nanotube for both polarizations, parallel and perpendicular
to the tube axis.

Figure 8 (online colour at: www.pss-b.com) The real part of the
optical conductivity of a (4,1) nanotube for both polarizations,
parallel and perpendicular to the tube axis.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
in Figs. 6 and 7, respectively. Zeng et al. [33] have measured
and discussed the reflectance of the bulk highly oriented
pyrolytic graphite (HOPG) that arises from serial reflections
of many graphene layers. While, in the case of SWNTs, only
a single layer of graphene cylinder contributes to the total
reflection. This implies that SWNTs can efficiently screen
electromagneticwaves at resonant conditions. The refractive
index at energies 15 and 5 eV are minimum for parallel and
perpendicular polarization, respectively, where the absorp-
tion is maximum.

The calculated results for the real part of the optical
conductivity of a (4,1) nanotube, for both polarizations, are
shown in Fig. 8. The optical conductivity starts at the onset of
the optical gap. The real part of the optical conductivity is
proportional to the imaginary part of the dielectric function,
in accordance with Eq. (10). The maximum of optical
conductivity occurs at an energy of 5 eV for the perpendicu-
lar polarization and 15 eV for the parallel polarization.

3.2.1 Electron energy-loss spectroscopy
(EELS) EELS is a valuable tool for investigating various
aspects ofmaterials [34]. It has the advantage of covering the
complete energy range including nonscattered and elasti-
cally scattered electrons (zero loss), electrons that excite an
atom’s outer shell (valence loss), or valence interband
transitions. In addition, the fast electrons excite the inner-
shell electrons (core loss) or induce core-level excitation of
near-edge structure (ELNES) and XANES. In the case of
interband transitions, this consists mostly of plasmon
excitations. The scattering probability for volume losses is
directly connected to the energy-loss function.

In this work the loss function of a (4,1) nanotube for the
both polarizations, parallel and perpendicular to the tube
axis, have been calculated and the results are shown in Fig. 9.
According to Eq. (5), the loss function is proportional to the
imaginary part of the dielectric function, which is obvious in
Figs. 3 and 9.
www.pss-b.com
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Figure 9 (online colour at: www.pss-b.com) The electron energy-
loss function of a (4,1) nanotube for both polarizations, parallel and
perpendicular to the tube axis.

Table 3 Calculated optical constants of a (4,1) nanotube for the
polarization parallel to the tube axis.

electronic dielectric
constant, e(1)

refractive
index constant, n

plasmon
energy (eV)

1.98 1.4 3.919

Figure 11 (online colour at: www.pss-b.com) Comparison of the
energy-loss function of a (4,1) nanotube considering the intraband
transitions contribution and without the intraband one for polar-
ization parallel to the tube axis.
The calculated energy-loss function show a sharp p
electron plasmon peak at about 5 eV and a broad pþ s
electron plasmon peak around 15–22 eV.

The first highest peak value in Fig. 9 for the parallel
polarization is obtained at about 3.919 eV for the plasmon
energy. Table 3 shows the calculated optical constants of a
(4,1) nanotube for the polarization parallel to the tube axis.

Now we consider the intraband transitions contribution
in addition to interband transitions in the optical properties of
a ( 4,1) nanotube. Adding the intraband transitions
Figure 10 (online colour at: www.pss-b.com) Imaginary and real
parts of the dielectric function considering the intraband contribu-
tion, in addition to the interband one, for polarization parallel to the
tube axis.

www.pss-b.com
contribution, the optical spectra of a (4,1) nanotube will
change significantly for the parallel polarization to the tube
axis, while in the perpendicular polarization the optical
spectra do not change. Figures 10–14 show the optical
spectra of a (4,1) nanotube by considering the intraband
transitions contribution. These figures show that for the
polarization perpendicular to the tube axis, adding the
intraband transitions does not have any effect on the optical
spectra. By considering the intraband transitions contri-
bution, the imaginary and real parts of the dielectric function
have a singularity at zero frequency, as can be seen in Fig. 10.

3.2.2 Oscillator strength sum rule Another way to
consider the number of electrons involved in the valence
interband transition is to evaluate the sum rules. In principle,
the optical sum rules provide a useful guide to interpreting
Figure 12 (online colour at: www.pss-b.com) Extinction coeffi-
cient and refractive index of a (4,1) nanotube, considering the
intraband contribution, in addition to the interband one, for polar-
ization parallel to the tube axis.

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14 (online colour at: www.pss-b.com) The real part of the
optical conductivity of a (4,1) nanotube considering the intraband
contribution, in addition to the interband one, for both polarizations.

Figure 13 (online colour at: www.pss-b.com) The reflectivity of a
(4,1) nanotube considering the intraband contribution, in addition to
the interband one, for both polarizations, parallel and perpendicular
to the tube axis.

Figure 15 Sum rule of the optical conductivity, Is, and of the
energy-loss function, Ip, by carrying out the integrations given in
Eqs. (11) and (12) as a function of energy, for both polarizations.
the experimental results and could be used in order to
check the consistency of optical data. There are two kinds of
optical sum rules, which give information about the
absorption process [31]:
� 20
Is ¼
Zv0

0

ImeðvÞvdv ¼ 4p

Zv0

0

ResðvÞdv ¼ Neffðv0Þ

(11)
and
Ip ¼
Zv0

0

Imð �1

eðvÞÞvdv ¼ Neffðv0Þ: (12)
10 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
The sum rules Is and Ip calculated from Eqs. (11) and
(12) describe rather different processes and in fact differ
significantly as a function of energy. The sum rule, Is, is
related to the rate of energy absorption (photons) by
transverse fields (photons) in the system. The sum rule on
the electron loss functions, Ip, is the rate of energy absorption
by the longitudinal fields (electrons) [30]. In fact, the
intraband oscillator strength is measured by Is and Ip is
related to plasma excitations. However, the saturation value
of both Is and Ip should be the same. In the low-energy
region, the contribution to the intraband spectrum should
sum up to the number of the outermost valence electrons.

We have calculated sum rules for (4,1) nanotube
according to Eqs. (11) and (12) for both polarizations,
parallel and perpendicular to the tube axis, as shown in
Fig. 15.

The saturation values of Is, and Ip at an energy of 40 eV
are, for both parallel and perpendicular polarization, 91.4
and 85, respectively. The effective number of electrons for
the parallel polarization is more than that in the perpendicu-
lar polarization.

4 Conclusions We have calculated the electronic
structure and optical spectra of a chiral (4,1) nanotube
considering the intraband in addition to the interband
transitions contribution for both polarizations, parallel and
perpendicular to the tube axis. The calculated optical gap,
electronic dielectric constant, and the refractive index in the
parallel polarization are obtained 2.6, 1.98, and 1.4 eV,
respectively. The maximum amount of optical conductivity
occurs at energies of 5 and 15 eV for the polarizations
perpendicular and parallel to the tube axis, respectively. At
these energies the values of absorption are maximum.
Adding the intraband transition contributions showed that
the dielectric function has a singularity at zero frequency,
due to the metallic behavior of a (4,1) chiral nanotube. By
www.pss-b.com



Phys. Status Solidi B 247, No. 7 (2010) 1821

Original

Paper
considering the intraband transitions contribution, the
change of optical spectra of a (4,1) nanotube for the parallel
polarization to the tube axis is significant, while for the
polarization perpendicular to the tube axis it does not have
any effect on the optical spectra.
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