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The optimized configurations and electronic structures have been obtained based on the density-functional
theory for finite open single-walled carbon nanotube$4of) 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 thé4,4) 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 d#tdeand (5,5) tubes.

DOI: 10.1103/PhysRevB.68.1254XX PACS num(ger 61.48:+c, 42.65.An, 71.15.Mb

[. INTRODUCTION vices. The nonlinear absorption materials with large third-
order optical susceptibility are used for optical limiters and
Since its discovery in 1991, carbon nanotubes have beefunable filters that can suppress undesired radiation. The car-
the focus of intense interest worldwide. This extensive attenbon nanotubes used in nonlinear optical devices have prom-
tion to carbon nanotubes is due to their promise to exhibitsing features at frequencies greater than infrared frequencies
unique physica' properties_ The properties could |mpacpf the lattice Vibration, and the main contributions to Optical
strong composites to nanoelectronics. The remarkable delocalizedr electrons at a fixed lattice ion configuration. In

electronic properties of carbon nanotubes offer the greated€W Of this situation one can expect that the carbon nano-

intellectual challenges and potential for novel applicationstuPes Will have fast nonlinear optical responses and large
onresonant third-order optical susceptibilities.

For example, it was first predicted that single-walled carborl! : ) - , .

nanotubegSWNT’s) could exhibit either metallic or semi- In _th|s study, we f',rSt report the optimized conflgura'glons
: ) : . .. of finite open SWCN'94,4) and (5,5 based on the density-

conducting behavior depending only on diameter and hel'c't¥unctional theorv. Th leulate th i f elec-
by the theoretical calculatiods® This ability to display fun- : Ory. (hen, we cacuiate e spectra of elec

y I . ity 1o dispiay ._tronic absorption by the time-dependent density-functional
damentally dIS.tInCt elgctronlc prope'rtles without changing heory and discuss their anisotropy. Finally, we compute the
the local bonding, which was experimentally demonstrateqyynamic third-order optical polarizabilities in terms of the
through atomically re%olved scanning tunneling microscopys;m-over-states method combined with the time-dependent
(STM) measurements? sets nanotubes apart from all other gensity-functional theory and understand the electronic ori-
nanowire material$2® In recent years, ultrasmall radius gins of third-order polarizabilities for the two tubes.
single-wall carbon nanotube6SWNT's) are successfully
grown inside inert AIP@-5 zeolite channels, and the nano-
tubes arranged in the channels have a narrow diameter dis- Il. COMPUTATIONAL PROCEDURES
tribution about 4 A'* The absorption spectra of these tubes
are able to be investigated by experiment and theory because
the possible nanotube chiralities are reduced to thi®8),
(5,0), and(4,2).*>"*Moreover, the nonlinear optical proper- Initial geometries of the finite open SWCN{g,4) and
ties of carbon nanotubes have been of considerable intere$g,5 can be constructed by cut strips and rolled up from an
not only because the nonlinear spectrum gives informatioinfinite graphite sheet, respectively. The two tubes can be
on their electronic structure, but also because the nonlineapecified by their chiral vector€,=na;+ma,, wherea,
materials can be applied to optical devi¢es’ Nonlinear anda, are graphite primitive lattice vectors witla,|=|ay|
optical (NLO) materials with large third-order nonlinear sus- =a=(C-C)(3¥9) andn=m=4, or 5, C-G=1.42 A. The
ceptibilities at the optical transparent region are indispenstube diameter and chirality are uniquely characterized
able for all-optical switching, modulating, and computing de-by>?1?2d=a(n?+m?+nm)Y%z and co®=(n+m/2)/(n?

A. Optimizations of geometrical configurations
based on the density-functional theory
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+m?+nm)*?, respectively. The geometrical optimizations Yabed — @p; 01,05, ®3)
of the finite open SWCN'¢4,4) and(5,5) are carried out at

the B3LYP/3-21G level using the DFT metHddof the = (2m/)°K(— wp 01,0, 03)e*

GAUSSIAN 98 program?* During the optimized processes, a

convergent value of RM&oot-mean-squayedensity matrix x| D P[ > ol ral KK E DGl

and the critical values of force and displacement are set by

default of theGAUSSIAN 98program. The obtained values that X(i[r gloN/[(@ ko~ wp)(@jo— w1~ @)

are less than these criterion are omitted during the calcula-

tions. Accordingly, after the convergences of the maximum o _ " (i
force, RMS force, maximum displacement, and RMS dis- X (@io wl)]] E P[E (oIrali)Irslo)

placement are reached, the zero of the first derivatives and o o
the positive of the second derivatives are obtained on a x{olrclk)(KIr alo)/[(@jo—wp)(@jo= w1)
potential-energy surface for these SWCN’s. Zero length of
the all gradient vector§irst derivative$ characterizes a sta- X(wgot “’2)]] : @
tionary point, and a minimum corresponds to a point having
positive second derivatives. Equivalently, all forces on the Hereafter the marky(3w), y(2w), andy(w) symbolizes
atoms in a finite open SWCN are zero, and the force constafe third-order polarizability of third-harmonic generation
is positive. In classical mechanics, the first derivative of the THG) of (- 3w;w,w,w), electric-field-induced second-
potential energy for a particle is minus the force on the parharmonic generatiotEFISHG of y(—2w;®,»,0) and de-
ticle, and the second derivative is the force constant. Hence generate four-wave mixingDFWM) of y(— w;w, o, — o),
stationary point of minimum on energy surfaces correspondigividually. The prefactork(— wp;w1,0;,03) Must be
to equilibrium geometry of these SWCN’s. taken as the same value for the THG, EFISHG, and DFWM
at the static case of an input photon energy of zero, and it is
the relative magnitudes of the reference sfgt®und state
nonlinear polarizabilities for each optical process at nonzero
frequency(detailed descriptions in the Appengi¥ In the
After the optimized geometries of the finite open SWCN’sfollowing calculations, we use the same prefad{an order
(4,4) and (5,5 are obtained, we employ the time-dependent
density-functional theod~2" at the B3LYP/3-21G level
(TDB3LYP/3-21G and run in the program @AUSSIAN 98in
the calculations of the transition moments and excited-state
energies of these configurations. Here, the B3LYP designs
the Becke exchange function combined with three parameter
of Lee-Yang-Parr hybrid correlation function, which includes
both local and nonlocal terntd:22°The ground state and all
excited states were multiplicities of one. In the TDB3LYP
calculations the core electrons were frozen and inner shells
were excluded from the correlation calculations. The range
of molecular orbitals for correlation is from orbital 65 to
orbital 576, orbital 81 to orbital 720, individually for the
SWCN's (4,4 and (5,5 in the all calculations. The wave
functions and energy eigenvalues of the excited states were
determined by solving the time-dependent Kohn-Sham
equatior?® The SCF convergence criterion of the RMS den-
sity matrix and the maximum density matrix is set at 0
and 10 8, respectively, in the excited-state calculations. The
iterations of excited states are continued until the changes on
energies of states are no more than 1@.u. between the
iterations, and the convergence has been obtained in the all
calculations of excited states.

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

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

The tensor components of the frequency-dependent and

nonresonant third-order polarizabilityy of finite open FIG. 1. (8 The optimized geometrical structures of finite open
SWCN's are calculated by the conventional sum-over-stateSWCN's (4,4). (b) The optimized geometrical structures of finite
(SOS method®%-3? open SWCN's(5,5).
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TABLE |. Some selected bond lengths and angles of SWZM) and SWCN(5,5).

SWCN (4,4) SWCN (5,5
Bond lengths Bond angle Bond lengths Bond angle
C(1)-C(2) 1.237 G2)-C(1)-C(16) 126.230 @1)-C(2) 1.236 G2)-C(1)-C(20) 126.859
C(1)-C(16) 1414 G1)-C(2)-C(9) 126.266 @1)-C(20) 1.413 G1)-C(2)-C(11) 126.873
C(2)-C(9) 1414 G4)-C(3)-C(10 126.232 @2)-C(11) 1.413 G4)-C(3)-C(12 126.854
C(3)-C(4) 1.237 G3)-C(4)-C(11) 126.263 @3)-C(4) 1.236 G3)-C(4)-C(13) 126.882
C(3)-C(10 1414 G6)-C(5)-C(12 126.235 @5)-C(6) 1.237 G8)-C(7)-C(16) 126.861
C(6)-C(13) 1.414 G2)-C(9)-C(10) 123.749 @5)-C(149) 1.413 G7)-C(8)-C(17) 126.849
C(7)-C(8) 1.237 G2)-C(9)-C(18) 109.680 Q7)-C(8) 1.237 Q9)-C(10)-C(19) 126.845
C(9)-C(10 1.426 G3)-C(10)-C(19) 109.689 @8)-C(17) 1.413 G2)-C(11)-C(22) 109.830
C(9)-C(18) 1.451 G9)-C(10)-C(19) 118.195 T11)-C(12) 1.417 G11)-C(12)-C(23 118.987
C(17)-C(18) 1.460 G7)-C(14)-C(23) 109.690 T11)-C(22) 1.452 Q4)-C(13)-C(149) 125.821
C(18)-C(25) 1.431 @8)-C(15)-C(16) 123.747 @14)-C(25) 1.452 G5)-C(14)-C(25) 109.837

to make the remark to justify plotting curves for the threetrons and have negative charges. The other two typical

types of nonlinear polarizability against common axes. charge distributions show that the atoms more towards the
middle wall of tube are more close to electronic neutral. The
lIl. RESULTS AND DISCUSSIONS calculated gap energy corresponding to the difference of the
HOMO (highest occupied molecular orbitaand LUMO
A. Geometries and electronic structures at ground state (|Owest unoccupied molecular Orbilaéigenva'ues of the

Figure 1 shows the optimized geometrical structures ofl DB3LYP ground state is 1.79 and 1.61 eV for i{de4) and
finite open SWCN's(4,4) and (5,5). It is found that their (5,5 tubes, respectively. The results indicate that the smaller
configurations are armchair, and that tde4) and (5,5 tube  the diameter the larger the HOMO-LUMO gap in open
is separately consisted of 64 and 80 carbon atoms. For theWCN’s. M. Machon and H. J. Liu groups separately re-
(4,4 tube, the tube axial length and diameter of the opti_ported the gap between the valence and conduction bands at
mized geometry are about 8.451 and 5.615 A, the range dhe I’ point of the(3,3) tube to be about 2.6 eWFig. 3 and
C-C length is from 1.414 to 1.460 A and falls well betweenFig. 2 in Ref. 13 and 14, respectivglywhich is obtained
single(1.54 A) and doublg1.34 A) bonds of C-C except the from the energy band calculations based on the local-density
C-C bonds of tube ends. There are four pairs of C-C bond3@pproximation  density-functional  theory (LDA-DFT)
being 1.237 A at each end of open tube, and the C-C length®ethod:>**In spite of the obtained values based on the dif-
have triplet bond charactd..20 A). The range of C-C-C ferent method from ours, we also find a variation trend that
bond angle is from 110to 126, and the tub&4,4) appears there is a Iarge( gapina smaller diameter of SWCN's, com-
as curvature where requires the C atom to be pyramidalized@ring them with our obtained results ¢4,4) and (5,5
For the (5,5 tube, the axial length and diameter are abouttubes.

8.449 and 6.971 A, the C-C bonds in the nanotube wall are

more averagéranging from 1.413 to 1.452)Aand there are B. Electronic absorption spectrum of ground state
separately five pairs of C-C bonds in the two ends being the g caiculated electronic absorption spectra of the finite
same lengths as those of the two end$%4) tube. Table I_ _open SWCN's(4,4) and (5,5 are shown in Fig. 2. Compar-
lists th,e selected bond lengths and angles for the f|n|tc?ng the absorption spectra between the two tubes, we find
SWCN's (4,4 and(5,5. The bond lengths and angles of the ot the spectrum of théd,4) tube with the axial length of
relaxed structures, especially at the tube ends, are substafizsy A and diameter of 5.615 A gives a sharp absorption
tially different from those of an ideal rolling of a graphene peay and makes a blue shift. Our calculations also predict a
sheet. ) , variety of the spectral shapes and peak positions of the two

The calculated electronic populations at ground stat§pes’ |t is found from Fig. 2 that the spectra of these tubes

show that there are four types of charge distributions in the,pipit |ong absorption tails, which extend deep into the re-
SWCNss, as listed in Table II. The atoms localized in SWCN i of the lower transition energies. The first absorption

ends donate more electrons and have larger positive charges,-. ofs is localized at about 550 and 570 nm. and the
The atoms directly connected with end atoms accept eletgoong péak 08, is localized at about 400 and 43’7 nm for
the finite (4,4) and(5,5) tubes, respectively. From the transi-
tion moments in the axialz) and radial &,y) directions
listed in Table Ill, we can find that the absorption $f is

TABLE Il. Charge distributionge) of SWCN.

Types C-end C-second C-third C-fourth . - "
mostly originated from an axial allowed electron transition

(4,9 0.059 —0.082 0.021 0.001 from the ground state to excited state 12 for {hed) tube

(5,5 0.061 —-0.081 0.020 0.000 and to excited state 10 for th8,5) tube, and the absorption

of S, is mostly originated from a radical allowed electron
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We noted in the reports of polarized absorption spectra
FIG. 2. (a) The calculated absorption spectrum of SWeNg  4-A diameter single-walled carbon nanotuBes It is dif-
based on TDB3LYP/3-21 levelb) The calculated absorption spec- ficult to make direct comparisons between our results and
trum of SWCN(5,5) based on TDB3LYP/3-21 level. reported ones due to different diameter and length in the
SWCN's. However, the two evidences are in agreement. A
" _ strong and broad absorption band occurs at a lower energy
transition from the ground state to excited state 35 for thgegion for the case of light polarized parallel to the tube axis.

(4,4) tube and to excited state 27 for th&5) tube, respec- Qur calculated oscillator strength in this direction is 0.025
tively. An analysis in terms of the results calculated byand 0.023, and the transition energy is 2.24 and 2.17 eV,
the TDB3LYP method shows that the absorption peaks ofyhich correspond to strong absorption for tded) and(5,5)

the largest wavelengthS() are mainly contributions from tubes, respectively. Here, the calculated transition energy is
the charge transfers fromr bonding to #* antibonding defined as a difference between the energies of the excited
orbitals. For example, the excited steg, is mostly con- and ground states based on the TDB3LYP/3-21 level. Our
structed by the configurations of 0.4150(M@-MO,49  calculated energies fall between the sharp peaks at 2.8 eV for
+0.3218(MQg,—~MO;49, and S;q is mostly construct- tube (3,3) and 1.9 eV for tubg4,2) calculated by Liu and

ed by the configuration of 0.4697(M@— MO,,) Chan®® The other evidence is that a weak absorption and
+0.2907(MQ40—MO,,,) for the finite open SWCN’'¢4,4) large transparent range appear in the infrared and visible
and (5,5), respectively. The compositions of the molecularlights for the case of light polarized perpendicular to the tube
orbitals contributing to these configurations are mostly origi_aXiS. Our calculated oscillator strength in the radial direction
nated from thep,, orbitals of the SWCN's. Figure 3 give the is0.009 and 0.017, and the transition energy is 3.13 and 2.84
plots of the HOMO(highest occupied molecular orbital is €V for the(4,4) and (5,5 tubes, respectively. The calculated
separately orbital 192 and 248nd LUMO (lowest unoccu- cutoff edge of transparency is less about 1.0 eV than that of
pied molecular orbital is separately orbital 193 and)2dp  the measurement of 4-A diameter single-walled carbon
the SWCN’s(4,4) and(5,5), respectively. They describe the nanotubes’

pictures of7— 7 interactions. In view of the configuration
structures and orbital positions, the absorptionS,cdre also
assigned as the electron transition betweervther hybrid- Before attempting to compute the variation of the third-
ized orbitals. order polarizability vs wavelength, it is necessary to investi-

C. Third-order nonlinear optical properties of ground state

TABLE Ill. The selected transition moments and energie$4od) and (5,5 tubes.

(4.9 (5.5
Band Moment(a.u) Energy(eV) Moment(a.u) Energy(eV)
X y z X y z
S, 0.000 0.000 —2.355 2.2418 —-0.000 -0.008 2.336 2.1738
S -1.007 -0.212 0.000 3.1318 —-1.264 -0.821 0.000 2.8364
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FIG. 4. (a) Convergent behavior of third-order polarizabilities of i . —_— .
finite open SWCN(4,4). (b) Convergent behavior of third-order N oo 02 04 th:r"z o o8 1o 2
polarizabilities of finite open SWCNE,5). i

FIG. 5. (a) Dynamic behavior of third-order polarizabilities of

gate the behavior of the convergence in the summation opWEN (4,4 based on SOS//TDB3LYP/3-21 G levéh) Dynamic
excited states and to determine whether the results calculat@§havior of third-order polarizabilities of finite open SWGQSL5)
from the TDB3LYP method are reliable for the finite open 2ased on SOS/TDB3LP/3-21 G level.
SWCN’s (4,4) and(5,5). Figure 4 show the plots of the cal- _ _ _ o
culated third-order polarizabilities/4(,,,) for which the the tube axis. Comparing the third-order polarizabilities of
polarizability is along with the axial direction of tubes vs the the (4,4) tube and those of thé,5) tube, we found that the
number of states of the tub&4) and(5,5) at the static case. a@nisotropy of polarizabilities is larger for thid,4) than(5,5
It is found that the calculated value gf including 48 states tube, and there is a larger third-order polarizability in the
is about 100% of they, value including 60 states, and the axial direction while there is a smaller diameter in the finite
27th state of the4,4) tube and 48th state of th@,5) tube ~ OPeN SWCN's. _ S
separately makes significant contributions to the third-order NOw, we are going to discuss the electronic origin of
polarizabilities ofy,. This shows a reasonable approxima-third-order polarizabilities of the SWCNig,4) and(5,5). In
tion truncating the infinite SOS expansion to a finite one ovethe SOS formula of Eq(1), we can see the value of third-
about 60 states in our calculations pf order polarizability comes from the summations of type-|
Figure 5 depicts the calculated dynamic third-order polar&nd type-Il terms. These two terms are the competing third-
izabilities of y, having different optical physical processes order virtual excitation processes, and t.he eIectror_‘l transitions
from frequency 0.0 to 1.20 e¥/at the ground state. For the t_)etween two states in each term are fit for the dipole selec-
static case where the input photon energy is zero,jthe UON rules. The type-l processes are of the fo8g-S;,
values of all three processes of THG, EFISHG, and DFWM— Sy~ Sm— Sy, whereS, is the ground state anfl, isa
have the same values of 0860 34 and 0.66<10 % esu one-photon allowed excited state. The intermediate state is
for the finite open SWCN's(4,4) and (5,5), respectively. S, itself, and this process makes a negative contributiop to
These values are close to the calculated values at grourff & low-frequency region. For example, ﬂf calculated
state of Gy and Gy in magnitude orde® Furthermore, atthe [7a(0)]i is —0.941xX107", and —1.163<10 ™" esu at
dynamic case when an input energyhab is 0.80 eV(1550
nm), ya(®), va(2w), and y,(3w) are individually 2.23 TABLE IV. The calculated static polarizabilities ofy
X107%4 1.81x 10" and—16.62< 10" * esu for the(4,4) (10" esu.
tube; 2.1% 103 —2.23x10** and —9.07x10 ** esu

for the (5,5 tube, respectively. In order to describe the an-T4Pe Yxoxxx Yyyyy Yazzz ®
isotropy of non_linear polarizabilities_ of the tub(a$,_4) ar_1_d_ (4,4) 5.85 5.85 85.59 30.67
(5,5), Table IV lists the calculated third-order polarizabilities (5,5 9.89 9.76 65.79 49.37

at the radial and axial directions of the tubes in the static_
case. It is shown that the largest third-order polarizability iSXy)=1/5(yyxxxt Yyyyy™ Y2223 Yaxyyt Yaxzz
in the direction of the polarized and basic light along With +yyy .+ ¥yy 27t Y2oxit Y22y9 -
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static case, and the calculated dynamjcy,(w)];, optimized configurations of thé4,4) and (5,5 tubes. The
[va(2w)];, and [ya(3w)], is —1.287x10 34 —1.705 first absorption band is mostly originated from an axial al-
X102, and —3.863<10 %* esu for the (4,4 tube; lowed electron transition betweenand* orbitals, and the
—1.665x<10 34 —2.390<10 3 and —5.402x10 * esu  second absorption band is mostly originated from a radical
for the (5,5 tube, respectively, at an input photon energy ofallowed electron transition between the- 7 hybridized or-
0.650 eV. For the type-ll processe§;,—S,—S,—S,  bitals. The calculated results are in agreement with the ex-
— Sy, the intermediate stat, is a two-photon allowed ex- perimental evidencés that is, a strong absorption and small
cited state. The obtained results illustrate the electron densityansparent range occurs for the case of light polarized par-
redistribution for the virtual transition$§,—S;, and S,  allel to the tube axis; a weak absorption and large transparent
—S,, which are important to the type-l and type-Il terms, range appear as the case of light polarized perpendicular to
respectively. From an analysis of the summation over statehe tube axis. The calculated results show that the largest
of type-l and type-Il terms, respectively, we can find that thethird-order polarizability is in the direction of the polarized
12th excited state is the important one-photon state contricand basic light along with the tube axis, and these polariz-
uting to third-order polarizabilities and the 27th excited stateabilities are originated from the two photon allowed excita-
is the important two-photon state contributing to third-ordertion states. The anisotropy of third-order polarizabilities is
polarizabilities in the axial direction of thet,4) tube. The larger for the(4,4) than(5,5) tube, and there is a larger third-
transition of fromS; to Sy,, and toS,; separately yields a order polarizability at the axial direction in a smaller diam-
transition moment of-5.9862 and—0.0013 debye, in con- eter of the SWCN.

trast, the transitiors,7— S;, produces a large transition mo-

ment of —7.2005 Debye in axial direction, which dominates APPENDIX

the positive type-Il contributing term iry,(0). Thetype-l
process makes a larger, positive contributiorytaand there- L : ) ;
fore determines the overall sign ¢f to be positive, a result application of time-dependent perturbation theory to the in-

that is corroborated by theoretical values. For instances, th raptlng eIectroma_gne'tic field and microscopic systgm.
calculated y,(0)],, is 1.796< 10 %, and 1.82K 10 * esu .tralghtforward appllcatlon of standard quantum-mechanical
for the tubes4,4) and (5,5) at static case, and the calculated time-dependent perturbation theory, however, leads to un-

, 5 , 3 is 2.799< 10~ 3.724 physical secular divergences i_Wabcu(—prwlawz,wa)
&yig‘—ugg” a[n}éia( 1‘8)25& [133—(34(023]5'['1.' 2006 10-34  4.462 when any subset of the frequencies, w,, andw; sums to

x10-% and 11.20& 10 3 esu at an input photon energy zero. The secular divergences, which results from the failure
of 0.656 eV for the tubes,4) and (5,5), respectively. From of the standard perturbation theory to properly consider_ the
the above analysis, we can infer a large valueygfrom a sIowa_ varying components of the_perturbed wave fu_nctlon,
large value of §,),, , that is, the two-photon excitation pro- are eliminated by employed damping factbr, as described

cesses greatly win a triumph over the one-photon excitatiofl! the following:

The expression of third-order polarizibility is obtained by

processes. Yabod — o1 @1, w,03)
We note that the experimental values pf) is 6.460  ’2°° prL. 23
X 10" esu at fundamental wavelength 1064 nm measured = (27/h)*K(—w,;w;,w;,w3)e?

with the 30-ps-wide pulse laser for the carbon nanotdbe,
and is 4< 10~ '3 esu at wavelength 820 nm for the SWCN of
diameter 1.3 nm and length 160 rAiThe calculated values
of x(® (1.3-1.5< 10" ¥ esy at input wavelength of 1907 nm
is in agreement with the experimentgl® value of the

X

» p[z' 0l K £ 3T

X<i |rd|0>)/[(wko_wp_irko)(wjo_wl_w2_irjo)

SWCN in the order of magnitude, considering the molecular

density number of SWCN'&4,4) and(5,5) in the magnitude X (wjo— wl—irio)]] - p[ > kolr i)y
order of 1G* while we omit the interactions between the

nanotubes and use the relationy8?’=Nv=y/V. Here,Nis X(j|r plo)(olr ¢[K)(K|r 4loN/[(wjo—wp—iTo)

the nanotube density number axds the nanotube volume.

X(wjo_(l)l_irjo)(a)k0+w2+irko)]])_ (2)
IV. CONCLUSIONS

The geometrical structures of finite open SWCIs4) Here, the(o|r 4|k} is a electronic transition moment along
and (5,5 have been optimized based on B3LYP/3-21 Gtheaaxis of a Cartesian system, between the reference state
level. The optimized structures show that the bond lengths<o and excited staték; the (k|rj;|j) denotes the dipole
and angles of the tubes, in particular, at the tube ends, adifference operator equal tf(k|ry|j)—(o|ry|0)d;]; the
substantial differences from those of an ideal rolling of a%w, is the energy difference between statand reference
graphene sheet. The electronic absorption spectra have begateo. TheZ w,,, transition moments and dipole moments
calculated based on the TDB3LYP/3-21 G level, and the dycan be obtained from the calculated results based on the
namic third-order optical polarizabilities in the THG, TDB3LYP or other quantum chemical method. Tae, w,
EFISHG, and DFWM optical processes have been obtainednd w; are the frequencies of the perturbating radiation
by the SOS combined with the TDB3LYP methods for thefields; thew,= w;+ w,+ w3 is the polarization response fre-
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guency. The; indicates an average over all permutations ofprocesses. In practical calculations,df, w,, and w; (as

wp, w1, wy, andwz along with associated indices b, ¢,  well as their arbitrary linear combinationsan be chosen to
andd; the =’ indicates a sum over all states but referencebe away from a resonant frequency, all the damping factors
stateo. The factorK(— wp;®;,w;,03) accounts for distin- iI" can be neglected, and formui@) will be reduced as
guishable permutations of the input frequencies and casdermula (1). In this way, although the damping factors are
arising from the definition of the electric-field amplitud®s. not included in this equation, the resonant divergences will
The value ofK(— w,;w;,w,,w3) is given by 2 ™D where  be able to be avoided in the calculations.

m is the number of nonzero input frequencies minus the
number of nonzero output frequencies dnds the number

of distinguishable orderings of the sef,w,,w3. As specific
examples, for third harmonic generatiofTHG), K We are grateful to the National Science Foundation of
(—3w;w,w,w)=1/4, and for degenerate four-wave mixing China(Grant No. 90201015 the Science Foundation of the
(DFWM), K(— w; w,w,— w)=3/4. Accordingly, when input Fujian Province(Grant Nos. E0210028 and 2002F@1and
and output frequencies are all zero, i.e., the static caséhe Foundation of State Key Laboratory of Structural Chem-
K(0;0,0,0=1 for the THG, EFISHG, and DFWM optical istry (Grant No. 03006pfor financial support.
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