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Size and helical symmetry effects on the nonlinear optical properties of chiral carbon nanotubes
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The electronic structures in chiral carbon nanotubes are obtained by using the Su-Schrieffer-Heeger model
with the Coulomb interaction included. The periodic boundary condition is applied for the direction of the
tubular axis. The third-order polarizabilities of chiral carbon nanotubes are calculated by using the electronic
structures obtained. The results indicate that the narrower tube and the tube with higher helical degree have
larger polarizability. Also, the metallic tube has larger polarizability than the semiconducting tube.
[S0163-182699)12815-1

Recently, a new form of carbon, carbon nanotube, haslso found that in the case with simillr, an armchair tube
been synthesizet? which has a structure like a cylinder has a largery value than a zigzag one. On the other hand,
made from a graphite sheet. Carbon nanotube not only posbserved carbon nanotubes have various sizes and a majority
sesses a very high strength-to-weight ratio but also has fasf them have screw axes and chirality. Therefore, it is inter-
cinating electromagnetic properti$. Theoretical studies esting to study the size and helical symmetry effects on their
and experimental results have shown that a carbon nanotulm@nlinear optical properties in view of their practical appli-
can be a good conductor, a semiconductor, or an insulatocation.
depending on its geometric parametéfs. The structure of a tube can be described by reference to

Polymeric materials are characterized by large optical pothe graphite sheet in Fig. 1. The lattice point O and the
larizabilities due to the delocalizest electrons. However, vectorsa, anda, are the origin and the unit-cell basis vec-
the quasi-one-dimensional conjugated polymers have rders of the two-dimensiond&PD) graphite sheet, respectively.
sidual infrared(IR) absorption due to overtones of C-H The real lattice vectoC,, can be expressed by a pair of
streching vibrations which limits their applications in the op-integerg n,,n,] such thatC,=n;a; + n,a,, which defines a
tical communication. Carbon nanotubes, on the other handiifferent way of rolling up the sheet into a tube, and so each
possess a large number of conjugatecelectrons but are tube can be labeled by the pair of integeng,n,].
uniquely composed of carbon atoms, which makes them The coordinates of carbon atoms in a chiral carbon nano-
promising materials applied in photonic devices. Very re-tube can be obtained by using the corresponding rotational
cently, we calculated the third-order polarizability)(spec- and helical symmetry operatots® This is done by first in-
tra of Gy-derived nanotubesWe found that they value  troducing a cylinder with a radius=|Cy|/27. The atoms 1
increases with the increase of carbon atom nunibekWe  and 2 in Fig. 1, which locate at=(a;+a,)/3 and 2, re-

FIG. 1. Carbon nanotube is made by
rolling a graphite sheet. The helical degree
is described by.
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spectively, can be mapped to the surface of this cylinder. Iitonstant. The sunij) is taken over the nearest-neighbor
the case whera; andn, have no common divisor, the other pairs. The third and fourth terms are the on-site and the
atoms of the tube can be obtained by repeating operation afearest-neighbor site Coulomb interaction, respectively. Af-
a single screw operatioB(h,«) on points I and 2 ob- ter Hartree-Fock decoupling, E@l) is transformed into
tained from the mapping of the atom 1 and 2, wh8fh, «)

is determined by a real lattice vectbr=p,a;+ p,a, in the
Y P18u7" P28 H=2> > (—t—ay;)(cl ¢ s+H.c)

honeycomb lattice. The pair of integdns;,p-] is the solu- s

tion of p,n;—pin,=1 with p;=0, which yields the

minimum value of |H|. After finding H, one getsa +52 2,0 (S = piip
—2m(H-Cp)/|Cyl2 and h=|HXC,|/|C,|. The helical de- 2 & itV | g PishisCisT PP
gree is described by=arccosH- C,,/|H||Cy|). It is easy to

see that in the case wheng andn, have no common divi- P I ,

sor, a carbon nanotube can be approximately modeled as a +V<%",s (g’ Pi.sCisCis p"Sg Pis

structure where all carbon atoms are situated along a base

helix wrapped around the surface of a cylinder with a wrap-

ping angled. In the case whera; andn, have the largest _<CiTlSCJFS>CiT’SCJv5+<CISCJ\S>2>’ @)

common divisorm, a tube @;,n,) can be approximately

modeled as a structure where atoms are situated afdrase  where pi,5=<cﬁsciys) is the electron density at thigh site

helices wrapped around the surface of a cylinder. with spins. Equation(2) is solved by the adiabatic approxi-
In this paper, we study tubes with finite atom numbers. Inmation for phonons. The Schiimger equation for ther

such a case, the tube edge effects cannot be neglected. efectron is

finite tube with one or several unit cells is open with a row of

dangling bonds at each end. So an atom at an edge site may _ + .

have fewer than three neighbors. On the other hand, for the ekzkvs('):; (—t=ay;;=V(ci Cj,s)) Zis(])

most real tubes, the tube length is long enough to neglect the

edge effects. Taking these into account, we apply periodic

boundary condition for the tube axis, and each carbon atom

at the end of finite tube can still find its three neighbors by

imagining that the two ends of the tube are connected. Bewhere ¢, and Z, s are the single-electron eigenvalue and

fore we do so, we should define a unit cell along the tubesigenfunction, respectively. The self-consistency equation

axis. In Fig. 1,C,, andL construct the basis vectors of the for the lattice is

unit cell, whereL = OB and B is the first lattice point of the

+

Upi stV pj,sf)zk,sm, 3)
i’

2D graphitic sheet through which a line through O and per- 2 , ) .

pendicular toCy, passes. The length df is 3|Cp|/m if yij:(?)kzs Zys(1)Zys())

(ny—ny) is not a multiple of 3n and it is |Cpy|/m if (ny ’

—n,) is a multiple of 3n.2° The atom number per unit cell 1 , [ 2a

of a chiral tube[n;,n,] is then equal to 4(:+n3 TN, & kES (? Zis(M)Zy (M), )

+nqn,)/m if (ny—n,) is not a multiple of 3n and 4(n§ ) _

+n2+n;n,)/3m if (n;—n,) is a multiple of 3n.1° where the prime means the sum over the occupied states, the
The Su-Schrieffer-HeegéBSH model has been success- 1ast term is due to the constrairi)y; =0, and N,

fully applied to describe conducting polymergC Cro, and = 3N/2 is the number ofr bonds. Through Eqg3) and(4),

tubest* ™23 By including the Coulomb interaction, the SSH €k @ndZy s can be obtained self-consistently.

model can well describe the optical properties g§.C In Within the sum-over-states method, the third-order polar-

this paper, we further use it to study thespectra of the izability y(—3w;w,w,0) has been expressed in Ref. 14. In

chiral carbon nanotube. The SSH model including the couthe actual calculation, we include a lifetime broadening fac-
lomb interaction can be written &% tor  in the denominator and is taken to be 8072 eV.

The spatial average of is taken asya,=(Yxxxxt Yyyyy
T Y2227t 2Vxxyy T 2Vyyzzt 2225 15-
H:Z ES (—t—ay;)(c]cjstHe) Based upgr}wl the electronic structures obtained, we calcu-
i late the third-order polarizabilities of chiral carbon nano-
5 : " tubes. In the actual calculation, the bond length of graphite
Z yi,j+UZ Ci1Ci G, Ci| sheet,a is taken as 0.142 nm, which is the experimental
{in ' value for crystalline graphite. In our numerical calculation,
the parameters in Eq(l) are taken ast=25 eV, «
P PIPILICICHRC D =631 ev/A,K=49.7 eV/IA? andU=2V=t,

W s s We take f1;,n,)=(7,3) and f,,n,) =(14,6) to study the
wherec; ¢ is an annihilation operator of a electrontis the  size effects on the spectrum. For both tubes; —n, is not
hopping integral of the ideal undimerized systemnjs the  a multiple of 3. So they are semiconducting tubes. The di-
electron-phonon couping, ang; is the change of the bond ameter of the(7,3) tube is about 0.699 nm and that of the
length between thith andjth atoms. The second term is the (14,6) tube is about 1.398 nm. The atom number per unit cell
elastic energy of the lattice and the quantyis the spring is 316 for the(7,3) tube and 632 for thé14,6 tube. We
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FIG. 2. They spectra for(a) (7,3 tube andb) (14,6 tube. The
atom numbers of the tubes are 632.

study tubes withN=632. It is equivalent to take two unit

cells for the(7,3) tube and one unit cell for th€l4,6 tube.

The energy gaps df7,3) and (14,6 tubes are about 1.0 eV

and 0.5 eV, respectively. Because the energy gaps for both

tubes saturate al~600, the large gaps remain wheh

— o0, Obviously, the energy gap decreases with the diameter

increasing, which is in agreement with the result of Ref. 9.
Figures 2a) and 2Zb) show y spectra fon7,3) and (14,6

tubes, respectively. The statie values for(7,3) and (14,6 FIG. 3. Schematic of the geometry fo@ (6,5 tube and(b)

tubes are 2.6810 % esu and 5.8510 3 esu, respec- (9,1) tube.

tively. The staticy value of the(7,3) tube is about 44 times

larger than that of th€14,6 tube. The first peak in Fig.(3) both (6,5 and (9,1) tubes is about 4.1 nm but the length of
is located at atz)é)ut 1.2 eV and the corresponding value ige pase helix of thé6,5) tube is about 77.8 nm and that of
about 3.6 10" esu. The first peak in Fig.(B) is located e (9,1) tube is about 384.0 nm. The fact that the atoms of
at atzggt 0.7 eV and the corresponding value is about 2.1#e (6,5) tube situate along a more straight line indicates that
X107 esu. The first peaks in Fig. 2 are caused by a threeme (6 5) tube has lower space dimension. So one may expect
photon resonance between two energy levels with one in thg, o the(6,5) tube possesses a largevalue. Indeed, this can
conductio_n bz?md an.d the other in the valence ban_d. The highye seen by comparing Figs(a} with 4(b). Figures 4a) and

est peak in Fig. @2;5 located at &~2.9 eV and its value 4 are they spectra of(6,5 and(9,1) tubes, respectively.

is about 6.7410"* esu. In Fig. 2b) it is located at &  Ajthough the two tubes have almost the same values for the
~2.7 eV and its value is about 3.460 °° esu. Compar- pighest peaks, thés,5) tube has larger static and main peak
ing Fig. 2a) with 2(b), it is seen that Fig. @) possesses \qjyes. The staticy values for (6,5 and (9,1) tubes are

more larger peaks. _ _ 2.31x10 % esu and 0.52 10 %0 esu, respectively.
The diameter of th€14,6 tube is two times larger than

that of the(7,3) tube. With the increase of diameter the 1D

tube will gradually become a 2D graphite sheet. On the other S
hand, the nonlinearity will decrease with the increasing of 0.8 - .
space dimension. For an example, 3k, fossesses smaller

v values than 1D conducting polymer with the same atom 04k .
number. From thg7,3) tube to the(14,6 tube, the space

dimension increases. So tk&4,6 tube possesses smaller 0.0} Yo .

values than thg7,3) tube. It is natural to expect that the
narrower the carbon tube, the larger thevalue.

The helical symmetry effects on the optical properties of
chiral tubes can be seen by comparing thepectra of the
(6,5 tube with that of theg(9,1) tube. Both of the(6,5 and
(9,1 tubes have the same diameter, which is about 0.750 nm. ool i
They also have the same atom number per unit cell, which is R A
364. Moreover, both of them are semiconducting tubes. The gor 7
difference between them is that the helical degree ofél&
tube is#~3° and that of thé€9,1) tube is#~0.6°.(6,5 and 40 1
(9,2) tubes can be approximately modeled as Figa) and
3(b), respectively. It is seen that the atoms of {Beb) tube or
situate along a more straight line. This can also be seen by T
the following facts. In the case with the sarNe (6,5 and
(9,2) tubes have the same height but the length of the base
helix of the (6,5) tube is shorter than that of thH8,1) tube. FIG. 4. They spectra for(a) (6,5) tube, (b) (9,1) tube, and(c)
For example, in the present case wWNi- 364, the height of (7,4 tube.
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For two tubes with the same diameter, atom number, herespectively. From them, it is seen that t¥%4) tube pos-
lical degree, and the largest common divisor betwmegand  sesses higher peakvalues than that of théd,1) tube. Ac-
n,, the only difference between them is that one is a semitually, the static y value of the (7,4 tube is 2.30
conducting tube and the other is a metallic one. What aboux 10 *° esu, i.e., about four times larger than that of the
the difference between thejrspectra? For a semiconducting (9,1 tube. The largesy value of the(7,4) tube is about 82
tube a large energy gap remains wheéns>e, whereas the times larger than that of th@,1) tube. _
energy gap approaches zero for a metallic tube whNen In summary, we study the diameter and helical symmetry
—.x. Therefore, we expect that if the other conditions are thef€Cts on the nonlinear optical properties of chiral carbon
same, a metallic tube should possess a laggealue than a nanot.ubes. In det:?ul, we find that the narrower thg tubg and
semiconducting one. This can be seen by comparingythe tEe hlghe'rmthe T}el'cal dﬁ_greeb, t?e Iargler the ?onllnlganty of
spectrum of th€9,1) tube with that of th€7,4) one. The two the tube. Also, the metallic tube favors largevalues. From

tubes have almost the same diameter, which is about 0.750" numerical results, it is clear that theyalue of the car-
nm. The helical degree of tH®,1) tube is about~0.6° and on nanotube can reach the corresponding value of the con-

that of the(7,4) tube is abou—0.7°. So, they have almost ducting polymer, and so the nanotube is a promising nonlin-

the same helical degree. The atom number per unit cell of th&d" optical material with no additional residual infrared

(9.1) tube is 364 and that of thé,4) tube is 374. In this absorption due to overtones of C-H streching vibrations.
paper, we studied both tubes with one unit cell. So, the atom This work was supported by the Chinese Natural Science
numbers between them are also almost the same. Howeveé¥oundation under Grant No. 19674027 and Natural Science
the (7,4) tube is metallic and th€9,1) tube is semiconduct- Foundation in Jiangsu Province of China through Grant No.
ing. They spectra for them are shown in Figgb¥tand 4c), BK97022.

1T. W. Ebbesen, Annu. Rev. Mater. S&4, 235 (1994); Phys. 5T. W. Ebbesen, H. J. Lezee, H. Hiura, J. W. Bennett, H. F.
Today49 (6), 26 (1996; M. Dresselhaus, G. Dresselhaus, and P.  Ghaemi, and T. Thio, Naturé_ondon 382 54 (1996.

C. Eklund, Science of Fullerenes and Carbon Nanotub&sa- 7J. Messier, F. Kajzar, and P. N. Pras&@tganic Molecule for
demic Press, San Diego, 199&\. Maiti, C. J. Brabec, and J. Nonlinear Optics and Photonig&luwer Academic, Dordrecht,
Berbholc, Phys. Rev. B5, R6097(1997. 1991).

ZS ||]|ma and T. IChIhaShI, Naturé_ondor» 363 603 (1993, D. BJ J|ang' J|nm|ng Dong, X. Wan' and D.Y. X|ng' J. PhysgB
S. Bethuneet al, ibid. 363 605 (1993; S. Seraphin and D. 3079 (1998.

Zhou, Appl. Phys. Lett64, 181 (1994; J. M. Lambertet al, 9C. T. White, D. H. Robertson, and J. W. Mintmire, Phys. Rev. B
Chem. Phys. Lett226, 364 (1994); Y. Saito et al,, ibid. 236, 47, 5485(1993.
419 (1999; A. Thesset al, Science273 483 (1996. 10R. A. Jishi, M. S. Dresselhaus, and G. Dresselhaus, Phys. Rev. B

3M. M. J. Treacy, T. W. Ebbesen, and J. M. Gibson, Natiluen-
don) 381, 678(1996.

4C. L. Kane and E. J. Mele, Phys. Rev. Let8, 1932(1997); S.
N. Songet al,, ibid. 72, 697 (1994.

5J. W. Mintmire, B. I. Dunlap, and C. T. White, Phys. Rev. Lett.
68, 631(1992; X. Blase, L. X. Benedict, E. L. Shirley, and S.
G. Louie,ibid. 72, 1878(1994.

47, 16 671(1993; R. A. Jishi, L. Venkataraman, M. Dressel-
haus, and G. Dresselhalikid. 51, 11 176(1995.

11K, Harigaya, J. Phys.: Condens. Matf&r8855(1991).

12K. Harigaya and S. Abe, Phys. Rev.4®, 16 746(1994.

13K. Harigaya and M. Fujita, Phys. Rev. &7, 16 563(1992.

143. Donget al, Phys. Rev. B52, 9066(1995.



