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Chirality-dependent absorption and third-order polarizability spectra
in open single-wall carbon nanotubes
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and Y.-C. Zhang

Fujian Institute of Research on the Structure of Matter, the Graduate School of the Chinese Academy of Sciences, State Key La
of Structural Chemistry, Fuzhou, Fujian 350002, People’s Republic of China

~Received 24 April 2003; published 8 September 2003!

The optimized configurations and electronic structures have been obtained based on the density-functional
theory for finite open single-walled carbon nanotubes of~4,4! and ~5,5!. The calculated results show that the
bond lengths, bond angles, and charge distributions at the tube ends are significantly different from those at the
tube wall. Then, the electronic absorption spectra of the two tubes are calculated by the time-dependent
density-functional theory. The evidences show agreement between the theoretical and available experimental
results. A strong and wide absorption band occurs for the case of light polarized parallel to the tube axis; a
weak absorption and large transparent range appear as the case of light polarized perpendicular to the tube axis.
Finally, the dynamic third-order optical polarizabilities in the three optical processes are obtained in terms of
the sum-over-states method combined with the above-mentioned method. It is found that the anisotropy of the
polarizabilities is larger for the~4,4! than ~5,5! tube, and the tube with a larger axial length and smaller
diameter has a larger third-order optical polarizabilities at nonresonant frequencies. The largest third-order
polarizability is in the direction of both the polarized light and basic light along with the tube axis, and two
photon excitation states make main contributions to the polarizabilities of the~4,4! and ~5,5! tubes.
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I. INTRODUCTION

Since its discovery in 1991, carbon nanotubes have b
the focus of intense interest worldwide. This extensive att
tion to carbon nanotubes is due to their promise to exh
unique physical properties. The properties could imp
broad areas of science and technology, ranging from su
strong composites to nanoelectronics.1–3 The remarkable
electronic properties of carbon nanotubes offer the grea
intellectual challenges and potential for novel applicatio
For example, it was first predicted that single-walled carb
nanotubes~SWNT’s! could exhibit either metallic or semi
conducting behavior depending only on diameter and heli
by the theoretical calculations.4–6 This ability to display fun-
damentally distinct electronic properties without chang
the local bonding, which was experimentally demonstra
through atomically resolved scanning tunneling microsco
~STM! measurements,7,8 sets nanotubes apart from all oth
nanowire materials.9,10 In recent years, ultrasmall radiu
single-wall carbon nanotubes~SWNT’s! are successfully
grown inside inert AlPO4-5 zeolite channels, and the nan
tubes arranged in the channels have a narrow diameter
tribution about 4 Å.11 The absorption spectra of these tub
are able to be investigated by experiment and theory bec
the possible nanotube chiralities are reduced to three:~3,3!,
~5,0!, and~4,2!.12–14Moreover, the nonlinear optical prope
ties of carbon nanotubes have been of considerable inte
not only because the nonlinear spectrum gives informa
on their electronic structure, but also because the nonlin
materials can be applied to optical devices.15–20 Nonlinear
optical ~NLO! materials with large third-order nonlinear su
ceptibilities at the optical transparent region are indispe
able for all-optical switching, modulating, and computing d
0163-1829/2003/68~12!/125402~7!/$20.00 68 1254
en
-

it
t
er

st
.
n

y

d
y

is-

se

st,
n
ar

s-
-

vices. The nonlinear absorption materials with large thi
order optical susceptibility are used for optical limiters a
tunable filters that can suppress undesired radiation. The
bon nanotubes used in nonlinear optical devices have pr
ising features at frequencies greater than infrared frequen
of the lattice vibration, and the main contributions to optic
nonlinearities originate from the one-dimension motion
delocalizedp electrons at a fixed lattice ion configuration.
view of this situation one can expect that the carbon na
tubes will have fast nonlinear optical responses and la
nonresonant third-order optical susceptibilities.

In this study, we first report the optimized configuratio
of finite open SWCN’s~4,4! and~5,5! based on the density
functional theory. Then, we calculate the spectra of el
tronic absorption by the time-dependent density-functio
theory and discuss their anisotropy. Finally, we compute
dynamic third-order optical polarizabilities in terms of th
sum-over-states method combined with the time-depend
density-functional theory and understand the electronic
gins of third-order polarizabilities for the two tubes.

II. COMPUTATIONAL PROCEDURES

A. Optimizations of geometrical configurations
based on the density-functional theory

Initial geometries of the finite open SWCN’s~4,4! and
~5,5! can be constructed by cut strips and rolled up from
infinite graphite sheet, respectively. The two tubes can
specified by their chiral vectorsCh5na11ma2, where a1
and a2 are graphite primitive lattice vectors withua1u5ua2u
5a5(C-C)(31/2) and n5m54, or 5, C-C51.42 Å. The
tube diameter and chirality are uniquely characteriz
by3,21,22 d5a(n21m21nm)1/2/p and cosu5(n1m/2)/(n2
©2003 The American Physical Society02-1
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1m21nm)1/2, respectively. The geometrical optimization
of the finite open SWCN’s~4,4! and ~5,5! are carried out at
the B3LYP/3-21G level using the DFT method23 of the
GAUSSIAN 98 program.24 During the optimized processes,
convergent value of RMS~root-mean-square! density matrix
and the critical values of force and displacement are se
default of theGAUSSIAN 98program. The obtained values th
are less than these criterion are omitted during the calc
tions. Accordingly, after the convergences of the maxim
force, RMS force, maximum displacement, and RMS d
placement are reached, the zero of the first derivatives
the positive of the second derivatives are obtained o
potential-energy surface for these SWCN’s. Zero length
the all gradient vectors~first derivatives! characterizes a sta
tionary point, and a minimum corresponds to a point hav
positive second derivatives. Equivalently, all forces on
atoms in a finite open SWCN are zero, and the force cons
is positive. In classical mechanics, the first derivative of
potential energy for a particle is minus the force on the p
ticle, and the second derivative is the force constant. Hen
stationary point of minimum on energy surfaces correspo
to equilibrium geometry of these SWCN’s.

B. Calculations of absorption spectra based on time-dependen
density-functional theory

After the optimized geometries of the finite open SWCN
~4,4! and ~5,5! are obtained, we employ the time-depende
density-functional theory25–27 at the B3LYP/3-21G level
~TDB3LYP/3-21G! and run in the program ofGAUSSIAN 98in
the calculations of the transition moments and excited-s
energies of these configurations. Here, the B3LYP des
the Becke exchange function combined with three param
of Lee-Yang-Parr hybrid correlation function, which includ
both local and nonlocal terms.23,28,29The ground state and a
excited states were multiplicities of one. In the TDB3LY
calculations the core electrons were frozen and inner sh
were excluded from the correlation calculations. The ran
of molecular orbitals for correlation is from orbital 65 t
orbital 576, orbital 81 to orbital 720, individually for th
SWCN’s ~4,4! and ~5,5! in the all calculations. The wave
functions and energy eigenvalues of the excited states w
determined by solving the time-dependent Kohn-Sh
equation.26 The SCF convergence criterion of the RMS de
sity matrix and the maximum density matrix is set at 1028

and 1026, respectively, in the excited-state calculations. T
iterations of excited states are continued until the change
energies of states are no more than 1027 a.u. between the
iterations, and the convergence has been obtained in th
calculations of excited states.

C. Calculations of third-order polarizabilities
based on sum-over-states method

The tensor components of the frequency-dependent
nonresonant third-order polarizabilityg of finite open
SWCN’s are calculated by the conventional sum-over-sta
~SOS! method:30,31
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gabcd~2vp ;v1 ,v2 ,v3!

5~2p/h!3K~2vp ;v1 ,v2 ,v3!e4

3S ( PH(8 i,j,k~^our auk&^kur b* u j &^ j ur c* u i &

3^ i ur duo&!/@~v ko2 vp!~v jo2v 12v 2!

3~v io2 v1!#J 2( PH( 8
j ,k~^our au j &^ j ur buo&

3^our cuk&^kur duo&!/@~v jo2v p!~v jo2 v1!

3~v ko1v 2!#J D . ~1!

Hereafter the markg(3v), g(2v), andg(v) symbolizes
the third-order polarizability of third-harmonic generatio
~THG! of g(23v;v,v,v), electric-field-induced second
harmonic generation~EFISHG! of g(22v;v,v,0) and de-
generate four-wave mixing~DFWM! of g(2v;v,v,2v),
individually. The prefactorK(2vp ;v1 ,v2 ,v3) must be
taken as the same value for the THG, EFISHG, and DFW
at the static case of an input photon energy of zero, and
the relative magnitudes of the reference state~ground state!
nonlinear polarizabilities for each optical process at nonz
frequency~detailed descriptions in the Appendix!.31 In the
following calculations, we use the same prefactorK in order

FIG. 1. ~a! The optimized geometrical structures of finite op
SWCN’s ~4,4!. ~b! The optimized geometrical structures of fini
open SWCN’s~5,5!.
2-2



CHIRALITY-DEPENDENT ABSORPTION AND THIRD- . . . PHYSICAL REVIEW B 68, 125402 ~2003!
TABLE I. Some selected bond lengths and angles of SWCN~4,4! and SWCN~5,5!.

SWCN ~4,4! SWCN ~5,5!
Bond lengths Bond angle Bond lengths Bond angle

C~1!-C~2! 1.237 C~2!-C~1!-C~16! 126.230 C~1!-C~2! 1.236 C~2!-C~1!-C~20! 126.859
C~1!-C~16! 1.414 C~1!-C~2!-C~9! 126.266 C~1!-C~20! 1.413 C~1!-C~2!-C~11! 126.873
C~2!-C~9! 1.414 C~4!-C~3!-C~10! 126.232 C~2!-C~11! 1.413 C~4!-C~3!-C~12! 126.854
C~3!-C~4! 1.237 C~3!-C~4!-C~11! 126.263 C~3!-C~4! 1.236 C~3!-C~4!-C~13! 126.882
C~3!-C~10! 1.414 C~6!-C~5!-C~12! 126.235 C~5!-C~6! 1.237 C~8!-C~7!-C~16! 126.861
C~6!-C~13! 1.414 C~2!-C~9!-C~10! 123.749 C~5!-C~14! 1.413 C~7!-C~8!-C~17! 126.849
C~7!-C~8! 1.237 C~2!-C~9!-C~18! 109.680 C~7!-C~8! 1.237 C~9!-C~10!-C~19! 126.845
C~9!-C~10! 1.426 C~3!-C~10!-C~19! 109.689 C~8!-C~17! 1.413 C~2!-C~11!-C~22! 109.830
C~9!-C~18! 1.451 C~9!-C~10!-C~19! 118.195 C~11!-C~12! 1.417 C~11!-C~12!-C~23! 118.987
C~17!-C~18! 1.460 C~7!-C~14!-C~23! 109.690 C~11!-C~22! 1.452 C~4!-C~13!-C~14! 125.821
C~18!-C~25! 1.431 C~8!-C~15!-C~16! 123.747 C~14!-C~25! 1.452 C~5!-C~14!-C~25! 109.837
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to make the remark to justify plotting curves for the thr
types of nonlinear polarizability against common axes.

III. RESULTS AND DISCUSSIONS

A. Geometries and electronic structures at ground state

Figure 1 shows the optimized geometrical structures
finite open SWCN’s~4,4! and ~5,5!. It is found that their
configurations are armchair, and that the~4,4! and~5,5! tube
is separately consisted of 64 and 80 carbon atoms. For
~4,4! tube, the tube axial length and diameter of the op
mized geometry are about 8.451 and 5.615 Å, the rang
C-C length is from 1.414 to 1.460 Å and falls well betwe
single~1.54 Å! and double~1.34 Å! bonds of C-C except the
C-C bonds of tube ends. There are four pairs of C-C bo
being 1.237 Å at each end of open tube, and the C-C len
have triplet bond character~1.20 Å!. The range of C-C-C
bond angle is from 110o to 126o, and the tube~4,4! appears
as curvature where requires the C atom to be pyramidali
For the ~5,5! tube, the axial length and diameter are abo
8.449 and 6.971 Å, the C-C bonds in the nanotube wall
more average~ranging from 1.413 to 1.452 Å!, and there are
separately five pairs of C-C bonds in the two ends being
same lengths as those of the two ends of~4,4! tube. Table I
lists the selected bond lengths and angles for the fi
SWCN’s ~4,4! and~5,5!. The bond lengths and angles of th
relaxed structures, especially at the tube ends, are sub
tially different from those of an ideal rolling of a graphen
sheet.

The calculated electronic populations at ground st
show that there are four types of charge distributions in
SWCN’s, as listed in Table II. The atoms localized in SWC
ends donate more electrons and have larger positive cha
The atoms directly connected with end atoms accept e

TABLE II. Charge distributions~e! of SWCN.

Types C-end C-second C-third C-fourth

~4,4! 0.059 20.082 0.021 0.001
~5,5! 0.061 20.081 0.020 0.000
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trons and have negative charges. The other two typ
charge distributions show that the atoms more towards
middle wall of tube are more close to electronic neutral. T
calculated gap energy corresponding to the difference of
HOMO ~highest occupied molecular orbital! and LUMO
~lowest unoccupied molecular orbital! eigenvalues of the
TDB3LYP ground state is 1.79 and 1.61 eV for the~4,4! and
~5,5! tubes, respectively. The results indicate that the sma
the diameter the larger the HOMO-LUMO gap in ope
SWCN’s. M. Machon and H. J. Liu groups separately
ported the gap between the valence and conduction ban
the G point of the~3,3! tube to be about 2.6 eV~Fig. 3 and
Fig. 2 in Ref. 13 and 14, respectively!, which is obtained
from the energy band calculations based on the local-den
approximation density-functional theory ~LDA-DFT!
method.13,14 In spite of the obtained values based on the d
ferent method from ours, we also find a variation trend t
there is a larger gap in a smaller diameter of SWCN’s, co
paring them with our obtained results of~4,4! and ~5,5!
tubes.

B. Electronic absorption spectrum of ground state

The calculated electronic absorption spectra of the fin
open SWCN’s~4,4! and ~5,5! are shown in Fig. 2. Compar
ing the absorption spectra between the two tubes, we
that the spectrum of the~4,4! tube with the axial length of
8.451 Å and diameter of 5.615 Å gives a sharp absorpt
peak and makes a blue shift. Our calculations also predi
variety of the spectral shapes and peak positions of the
tubes. It is found from Fig. 2 that the spectra of these tu
exhibit long absorption tails, which extend deep into the
gion of the lower transition energies. The first absorpti
peak ofSa is localized at about 550 and 570 nm, and t
second peak ofSr is localized at about 400 and 437 nm fo
the finite~4,4! and~5,5! tubes, respectively. From the trans
tion moments in the axial~z! and radial (x,y) directions
listed in Table III, we can find that the absorption ofSa is
mostly originated from an axial allowed electron transiti
from the ground state to excited state 12 for the~4,4! tube
and to excited state 10 for the~5,5! tube, and the absorption
of Sr is mostly originated from a radical allowed electro
2-3
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transition from the ground state to excited state 35 for
~4,4! tube and to excited state 27 for the~5,5! tube, respec-
tively. An analysis in terms of the results calculated
the TDB3LYP method shows that the absorption peaks
the largest wavelength (Sa) are mainly contributions from
the charge transfers fromp bonding to p* antibonding
orbitals. For example, the excited stateS12 is mostly con-
structed by the configurations of 0.4150(MO191→MO193)
10.3218(MO192→MO196), and S10 is mostly construct-
ed by the configuration of 0.4697(MO239→MO241)
10.2907(MO240→MO242) for the finite open SWCN’s~4,4!
and ~5,5!, respectively. The compositions of the molecu
orbitals contributing to these configurations are mostly or
nated from thepp orbitals of the SWCN’s. Figure 3 give th
plots of the HOMO~highest occupied molecular orbital
separately orbital 192 and 240! and LUMO ~lowest unoccu-
pied molecular orbital is separately orbital 193 and 242! of
the SWCN’s~4,4! and ~5,5!, respectively. They describe th
pictures ofp2p interactions. In view of the configuratio
structures and orbital positions, the absorptions ofSr are also
assigned as the electron transition between thes2p hybrid-
ized orbitals.

FIG. 2. ~a! The calculated absorption spectrum of SWCN~4,4!
based on TDB3LYP/3-21 level.~b! The calculated absorption spe
trum of SWCN~5,5! based on TDB3LYP/3-21 level.
12540
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We noted in the reports of polarized absorption spec
4-Å diameter single-walled carbon nanotubes.11–14 It is dif-
ficult to make direct comparisons between our results
reported ones due to different diameter and length in
SWCN’s. However, the two evidences are in agreemen
strong and broad absorption band occurs at a lower en
region for the case of light polarized parallel to the tube ax
Our calculated oscillator strength in this direction is 0.0
and 0.023, and the transition energy is 2.24 and 2.17
which correspond to strong absorption for the~4,4! and~5,5!
tubes, respectively. Here, the calculated transition energ
defined as a difference between the energies of the exc
and ground states based on the TDB3LYP/3-21 level. O
calculated energies fall between the sharp peaks at 2.8 eV
tube ~3,3! and 1.9 eV for tube~4,2! calculated by Liu and
Chan.13 The other evidence is that a weak absorption a
large transparent range appear in the infrared and vis
lights for the case of light polarized perpendicular to the tu
axis. Our calculated oscillator strength in the radial direct
is 0.009 and 0.017, and the transition energy is 3.13 and 2
eV for the~4,4! and~5,5! tubes, respectively. The calculate
cutoff edge of transparency is less about 1.0 eV than tha
the measurement of 4-Å diameter single-walled carb
nanotubes.11

C. Third-order nonlinear optical properties of ground state

Before attempting to compute the variation of the thir
order polarizability vs wavelength, it is necessary to inves

FIG. 3. The HOMO and LUMO of finite open SWCN’s~4,4!
and ~5,5!.
TABLE III. The selected transition moments and energies of~4,4! and ~5,5! tubes.

~4,4! ~5,5!
Band Moment~a.u.! Energy~eV! Moment ~a.u.! Energy~eV!

x y z x y z
Sa 0.000 0.000 22.355 2.2418 20.000 20.008 2.336 2.1738
Sr 21.007 20.212 0.000 3.1318 21.264 20.821 0.000 2.8364
2-4
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gate the behavior of the convergence in the summation
excited states and to determine whether the results calcu
from the TDB3LYP method are reliable for the finite ope
SWCN’s ~4,4! and ~5,5!. Figure 4 show the plots of the ca
culated third-order polarizabilitiesga(gzzzz) for which the
polarizability is along with the axial direction of tubes vs th
number of states of the tubes~4,4! and~5,5! at the static case
It is found that the calculated value ofga including 48 states
is about 100% of thega value including 60 states, and th
27th state of the~4,4! tube and 48th state of the~5,5! tube
separately makes significant contributions to the third-or
polarizabilities ofga . This shows a reasonable approxim
tion truncating the infinite SOS expansion to a finite one o
about 60 states in our calculations ofg.

Figure 5 depicts the calculated dynamic third-order po
izabilities of ga having different optical physical process
from frequency 0.0 to 1.20 eV/\ at the ground state. For th
static case where the input photon energy is zero, thega
values of all three processes of THG, EFISHG, and DFW
have the same values of 0.86310234, and 0.66310234 esu
for the finite open SWCN’s~4,4! and ~5,5!, respectively.
These values are close to the calculated values at gro
state of C60 and C70 in magnitude order.32 Furthermore, at the
dynamic case when an input energy ofhv is 0.80 eV~1550
nm!, ga(v), ga(2v), and ga(3v) are individually 2.23
310234, 1.81310234, and216.62310234 esu for the~4,4!
tube; 2.13310234, 22.23310234, and 29.07310234 esu
for the ~5,5! tube, respectively. In order to describe the a
isotropy of nonlinear polarizabilities of the tubes~4,4! and
~5,5!, Table IV lists the calculated third-order polarizabilitie
at the radial and axial directions of the tubes in the sta
case. It is shown that the largest third-order polarizability
in the direction of the polarized and basic light along w

FIG. 4. ~a! Convergent behavior of third-order polarizabilities
finite open SWCN~4,4!. ~b! Convergent behavior of third-orde
polarizabilities of finite open SWCN~5,5!.
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the tube axis. Comparing the third-order polarizabilities
the ~4,4! tube and those of the~5,5! tube, we found that the
anisotropy of polarizabilities is larger for the~4,4! than~5,5!
tube, and there is a larger third-order polarizability in t
axial direction while there is a smaller diameter in the fin
open SWCN’s.

Now, we are going to discuss the electronic origin
third-order polarizabilities of the SWCN’s~4,4! and~5,5!. In
the SOS formula of Eq.~1!, we can see the value of third
order polarizability comes from the summations of type
and type-II terms. These two terms are the competing th
order virtual excitation processes, and the electron transit
between two states in each term are fit for the dipole se
tion rules. The type-I processes are of the formSg→Sm
→Sg→Sm→Sg , whereSg is the ground state andSm is a
one-photon allowed excited state. The intermediate stat
Sg itself, and this process makes a negative contribution tg
at a low-frequency region. For example, the calcula
@ga(0)# I is 20.941310234, and 21.163310234 esu at

FIG. 5. ~a! Dynamic behavior of third-order polarizabilities o
SWCN ~4,4! based on SOS//TDB3LYP/3-21 G level.~b! Dynamic
behavior of third-order polarizabilities of finite open SWCN~5,5!
based on SOS//TDB3LP/3-21 G level.

TABLE IV. The calculated static polarizabilities ofg
(10236 esu!.

Tube gxxxx gyyyy gzzzz ^g&a

~4,4! 5.85 5.85 85.59 30.67
~5,5! 9.89 9.76 65.79 49.37

a^g&51/5~g xxxx1gyyyy1gzzzz1gxxyy1gxxzz

1gyyxx1gyyzz1gzzxx1gzzyy).
2-5
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static case, and the calculated dynamic@ga(v)# I ,
@ga(2v)# I , and @ga(3v)# I is 21.287310234, 21.705
310234, and 23.863310234 esu for the ~4,4! tube;
21.665310234, 22.390310234, and 25.402310234 esu
for the ~5,5! tube, respectively, at an input photon energy
0.650 eV. For the type-II processes,Sg→Sm→Sn→Sm
→Sg , the intermediate stateSn is a two-photon allowed ex
cited state. The obtained results illustrate the electron den
redistribution for the virtual transitionsSg→Sm and Sm
→Sn , which are important to the type-I and type-II term
respectively. From an analysis of the summation over st
of type-I and type-II terms, respectively, we can find that
12th excited state is the important one-photon state con
uting to third-order polarizabilities and the 27th excited st
is the important two-photon state contributing to third-ord
polarizabilities in the axial direction of the~4,4! tube. The
transition of fromSg to S12, and toS27 separately yields a
transition moment of25.9862 and20.0013 debye, in con
trast, the transitionS27→S12 produces a large transition mo
ment of27.2005 Debye in axial direction, which dominat
the positive type-II contributing term inga(0). Thetype-II
process makes a larger, positive contribution toga and there-
fore determines the overall sign ofga to be positive, a resul
that is corroborated by theoretical values. For instances,
calculated@ga(0)# II is 1.796310234, and 1.821310234 esu
for the tubes~4,4! and~5,5! at static case, and the calculate
@ga(v)# II , @ga(2v)# II , @ga(3v)# II is 2.799310234, 3.724
310234, and 10.496310234 esu; 2.996310234, 4.462
310234, and 11.208310234 esu at an input photon energ
of 0.650 eV for the tubes~4,4! and~5,5!, respectively. From
the above analysis, we can infer a large value ofga from a
large value of (ga) II , that is, the two-photon excitation pro
cesses greatly win a triumph over the one-photon excita
processes.

We note that the experimental values ofx (3) is 6.460
310214 esu at fundamental wavelength 1064 nm measu
with the 30-ps-wide pulse laser for the carbon nanotub19

and is 4310213 esu at wavelength 820 nm for the SWCN
diameter 1.3 nm and length 160 nm.17 The calculated values
of x (3) ~1.3–1.5310213 esu! at input wavelength of 1907 nm
is in agreement with the experimentalx (3) value of the
SWCN in the order of magnitude, considering the molecu
density number of SWCN’s~4,4! and~5,5! in the magnitude
order of 1021 while we omit the interactions between th
nanotubes and use the relation ofx (3)5Ng5g/V. Here,N is
the nanotube density number andV is the nanotube volume

IV. CONCLUSIONS

The geometrical structures of finite open SWCN’s~4,4!
and ~5,5! have been optimized based on B3LYP/3-21
level. The optimized structures show that the bond leng
and angles of the tubes, in particular, at the tube ends,
substantial differences from those of an ideal rolling o
graphene sheet. The electronic absorption spectra have
calculated based on the TDB3LYP/3-21 G level, and the
namic third-order optical polarizabilities in the THG
EFISHG, and DFWM optical processes have been obtai
by the SOS combined with the TDB3LYP methods for t
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optimized configurations of the~4,4! and ~5,5! tubes. The
first absorption band is mostly originated from an axial
lowed electron transition betweenp andp* orbitals, and the
second absorption band is mostly originated from a rad
allowed electron transition between thes2p hybridized or-
bitals. The calculated results are in agreement with the
perimental evidences,13 that is, a strong absorption and sma
transparent range occurs for the case of light polarized
allel to the tube axis; a weak absorption and large transpa
range appear as the case of light polarized perpendicula
the tube axis. The calculated results show that the larg
third-order polarizability is in the direction of the polarize
and basic light along with the tube axis, and these pola
abilities are originated from the two photon allowed exci
tion states. The anisotropy of third-order polarizabilities
larger for the~4,4! than~5,5! tube, and there is a larger third
order polarizability at the axial direction in a smaller diam
eter of the SWCN.

APPENDIX

The expression of third-order polarizibility is obtained b
application of time-dependent perturbation theory to the
teracting electromagnetic field and microscopic syste
Straightforward application of standard quantum-mechan
time-dependent perturbation theory, however, leads to
physical secular divergences ingabcd(2vp ;v1 ,v2 ,v3)
when any subset of the frequenciesv1 , v2, andv3 sums to
zero. The secular divergences, which results from the fai
of the standard perturbation theory to properly consider
slowly varying components of the perturbed wave functio
are eliminated by employed damping factoriG, as described
in the following:

gabcd~2vp ;v1 ,v2 ,v3!

5~2p/h!3K~2vp ;v1 ,v2 ,v3!e4

3S ( PH( 8 i , j ,k~^our auk&^kur b* u j &^ j ur c* u i &

3^ i ur duo&!/@~vko2vp2 iGko!~v jo2v12v22 iG jo!

3~v io2 v12 iG io!#J 2( PH( 8 j ,k~^our au j &

3^ j ur buo&^our cuk&^kur duo&!/@~v jo2v p2 iG jo!

3~v jo2 v12 iG jo!~v ko1v 21 iGko!#J D . ~2!

Here, thê our auk& is a electronic transition moment alon
the a axis of a Cartesian system, between the reference s
,o and excited statêk; the ^kur b* u j & denotes the dipole
difference operator equal to@^kur bu j &2^our buo&dk j#; the
\vko is the energy difference between statek and reference
stateo. The \vko , transition moments and dipole momen
can be obtained from the calculated results based on
TDB3LYP or other quantum chemical method. Thev1 , v2,
and v3 are the frequencies of the perturbating radiati
fields; thevp5v11v21v3 is the polarization response fre
2-6
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CHIRALITY-DEPENDENT ABSORPTION AND THIRD- . . . PHYSICAL REVIEW B 68, 125402 ~2003!
quency. The(P indicates an average over all permutations
vp , v1 , v2, andv3 along with associated indicesa, b, c,
and d; the (8 indicates a sum over all states but referen
stateo. The factorK(2vp ;v1 ,v2 ,v3) accounts for distin-
guishable permutations of the input frequencies and ca
arising from the definition of the electric-field amplitudes30

The value ofK(2vp ;v1 ,v2 ,v3) is given by 22mD where
m is the number of nonzero input frequencies minus
number of nonzero output frequencies andD is the number
of distinguishable orderings of the setv1 ,v2 ,v3. As specific
examples, for third harmonic generation~THG!, K
(23v;v,v,v)51/4, and for degenerate four-wave mixin
~DFWM!, K(2v;v,v,2v)53/4. Accordingly, when input
and output frequencies are all zero, i.e., the static c
K(0;0,0,0)51 for the THG, EFISHG, and DFWM optica
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