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Linear and nonlinear optical properties of carbon nanotubes from first-principles calculations
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A systematicab initio study of the optical as well as structural and electronic properties of the carbon
nanotubes within density-functional theory in the local-density approximation has been performed. Highly
accurate full-potential projected augmented wave method was used. Specifically, the optical dielectric function
¢ and second-order optical susceptibiligf?) as well as the band structure of a number of the armchair
[(3,3,(5,5,(10,10,(15,15,(20,20], zigzag[(5,0),(10,0,(15,0,(20,0] and chiral(4,2),(6,2),(6,4),(8,4), (10,5]
carbon nanotubes have been calculated. The underlying atomic structure of the carbon nanotubes was deter-
mined theoretically. It is found that for the electric field parallel to the nanotube Eﬂ'ﬁs(the absorptive part
¢" of the optical dielectric function for the small nanotuliee diameter being smaller than, say, 2bidthe
low-energy rang€0—8 e\) consists of a few distinct peaks. Furthermore, the energy position, the shape, and
the number of the peaks depend rather strongly on the diameter and chirality. This suggests that one could use
these distinct optical features to characterize the chirality and diameter of the grown nanotubes. In contrast, for
the electric field perpendicular to the nanotube akis E), thee” spectrum of all the nanotubes studied except
the thre 4 A nanotubes in the low-energy region is made up of a broad hump. The bandwidth of the hump
increases with the nanotube diameter and the magnitude of the hump is in general about half of that of the
for EHE. Surprisingly, given their one-dimensional character, the optical anisotropy of the nanotubes is smaller
than that of graphite. For the nanotubes with a moderate diarfseigr30 A such as thé20,20 nanotube, the
optical anisotropy is not large and tlké spectrum for both electric-field polarizations becomes rather similar
to that of graphite with electric-field parallel to the graphene layBrsq). The calculated static polarizability
«(0) for the semiconducting nanotubes is rather anisotropic &) for E|z being several times larger than
that for ELz. For both electric-field polarizationgy(0) is nearly proportional to the square of the tube
diameter. The calculated electron energy loss spectra of all the nanotubes studied here for both electric field
polarizations are similar to that &1 c of graphite, being dominated by a broad - o)-electron plasmon
peak at near 27 eV and a smaltelectron plasmon peak at 5—-7 eV. Only the chiral nanotubes would exhibit
second-order nonlinear optical behavior. Furthermore, only two tensor elemg;ﬁtand Xﬁ)x are possibly
nonzero withy(3,= — x{2. For all the chiral nanotubes studied here, both the real and imaginary parts of
XA —2w,0,0) show an oscillatory behavior. The absolute valug/d( — 2w, ®,®) of all the chiral nano-
tubes in the photon energy range of 0.1-3.0 eV is huge, being up to ten times larger than that of GaAs,
suggesting that chiral nanotubes have potential applications in nonlinear optics, e.g., second-harmonic genera-
tion and sum-frequency generation. Nevertheless, the static value oﬁ(@thnd)(ﬁ)x is zero.
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[. INTRODUCTION pending on the way of the rolling up the nanotube can be
metallic or semiconducting or insulatifgCNT’s can be chi-
Since their discovery in 1991¢arbon nanotube&CNT’s) ral or nonchiral, again depending on the way of the rolling

have attracted considerable interest worldwide because ofp. CNT's are classified into three types, namely, armchair
their unusual properties and great potentials for technologicdln,n) nanotubes, zigzagn(0) nanotubes, and chirah{m)
applications. For example, because of their one-dimensionaianotubes witm#m.> Because of one-dimensional charac-
character, metallic CNT's are quantum wires that may exter and chirality, chiral CNT’s are expected to exhibit a num-
hibit exotic Luttinger-liquid behavior rather than usual ber of unusual optical properties such as optical activity, cir-
Fermi-liquid behavior in normal-metal wiréslt was also cular dichroism, and second-harmonic generation.
predicted that nanotori formed from metallic CNT's may ex-  Experimentally, optical properties of CNT’s have been
hibit giant paramagnetic momerit8.CNT’s can be consid- studied by the optical ellipsomett{,by the electron energy
ered as a layer of graphene sheet rolled up into a cylindetpss spectroscopy, by the reflectivity measurementsand
and the structure of a CNT is completely specified by thealso by the absorption experimefts* More recently,
chiral vector which is given in term of a pair of integers Bachilo et al. reported the spectrofluorimetric measurements
(n,m).5 Simplew-band tight-binding model predicts that de- on single-walled CNT’$> By combining the fluorimetric re-
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sults with resonance Raman data, each optical transition was TABLE I. Theoretical structural parameters and curvature en-
used to identify a specificnm) nanotube structure. ergy of the nanotubes studieD. is the average diameteT, is the
Theoretically, Ajiki and Ando investigated, in the length of translational vectol is the number of atoms per unit cell,

effective-mass approximation, the low-energy optical ab-2ndEc is the curvature energisee text For comparisonD and T
sorption due to interband transitions as a probe of th&f the ideal nanotubes constructed assuming C-C bond length of
Aharonov-Bohm effect® Lin and Shung studied, in the 1415 A are also listedn brackets.

m-band model, the frequency dependence of the dielectric

functions and discussed a low-energy peak of electron en- D (&) T(R) N E; (eVIQ)
ergy loss spectrurlf. Tasakiet al. calculated, again in the (4,2 4.25(4.13 11.27(11.23 56 0.45
m-band model, the optical absorptions, optical rotatory(g o 5.70(5.62 15.36(15.30 104 0.24
power, and circular dichroism of CNT%The linear polariz- (6,4 6.86(6.80 1857(1850 152 0.17
ability and third-order nonlinear polarizability have been in- 8,4) 8.30(8.29 11.21(11.23 112 o1l
vestigated by Waret al, who used an extended Hubbard (10,5 10.36(10.32  11.21(11.23 140 0.07
model® The third-order polarizabilities have also been stud—( ') 4.04(3.90 4.25(4.24 20 0.50
ied by Jianget al,, within the Su-Schrieffer-Heeger model (1’00) 7.85(7-80) 4'24(4'% 20 0-13
with the Coulomb interaction includéed. (15'0) 11.60(1-1 70 4-24(4-24) o 0.06
In spite of these intensive theoretical studies, acclabte (201() 15.61(15.6() 4-24(4-24) o 0.03
initio calculations of the optical properties of CNT's have »_’ ' ' : : :
appeared only very recentd?! perhaps because of the © 4.11(4.09 246(245 12 0.48
heavy demand of the computing resourcesband model is >+ 6.78(6.79 2.45(2.49 20 0.17
known to describe well only the electronic excitations (1910~ 13.46(135)  2.45(245 40 0.04
around the Fermi level of the large radius CNT’s. Accurate(1519 ~ 20.25(20.26 ~ 2.45(245 60 0.02
ab initio calculations of the optical properties are thus(20.20 ~ 26.96(27.02  2.45(245 80 0.01

needed in order to quantitatively interpret the optical experi-

ments. The chief objectives of the present work are as fol- ) ) )
lows. The first objective is to reveal the optical features of aliSquare array with the closest distance between adjacent nano-

the three types of the CNT'’s and their possible dependencTé‘bes bemg at least 6 A. As a test, calculatlons with Iarge_r
on diameter and chirality through a seriesatf initio calcu- intertube distances were performed and no discernable dif-
lations. A big challenge in the current CNT research is tol€rénces were found. A large plane-wave cutoff of 450 eV
grow the CNT’s with a specific chirality in a controlled man- Was used throughout. We consider a few representative
ner and to characterize them. Hopefully, @ initio calcu- ~ CNT'S with @ small or moderate diameter from all three
lations would help experimental characterization of thelYP€S, as listed in Table I.

CNT’s. The second objective is to find out the features and
the magnitude of the second-order optical susceptibility of

the _chlral C.NTTQ’ in o_rder to see whet_her they_have any po- First, the ideal nanotubes were constructed by rolling up a
tential applications in nonlinear optical devices such as

second-harmonic generation and sum-frequenc eneratiorgraphene sheet. Their atomic positions and lattice constants
9 9 Y9 were then fully relaxed by a conjugate gradient technique.

The rest_ of this paper is organized as fOHOWS.' In Sec.. II'Theoretical equilibrium nanotube structures were obtained
the theoretical approach and computational details are b”eﬂ%hen the forces acting on all the atoms were less than 0.02

described. The theoretically determined structural parameter, /A. In these atomic structure optimizations, a uniform grid

In Seo. 1l the caleulated band Suctre, deny of Sitekl < LX) long the nanotube axiz €Xis with the number
B ! Y of the k points ranging from 12 to 50, was used. The

(DOS), optical dlelgctnc function, and electron energy IOSSspecialk—point method plus Gaussian broadening technique
spectrum of graphite, 4 A nanotubes, armchair nanotube%

! : s used for the Brillouin-zone integration. The theoretical
zigzag nanotubes, and chiral nanotubes are presented anél

analvzed in the five subsections. respectively. Only the chirat uilibrium lattice constants and averaged nanotube radii are
Y » Tesp Y- y “Wsted in Table 1. Note that for the nanotubes with a moderate
nanotubes show nonzero second-order optical susceptibilit

U ameter &10 A), the equilibrium structures are already

and thus the calculated second-order optical suscept|b|I|t|e]\sOund to be almost the same as that of the ideal nanotubes

are presented in Sec. Il E. Finally, in Sec. IV, a summary isconstructed by rolling up a graphene sheet with a C-C
given.

bondlength of 1.415 A. This is consistent with the fact that
the calculated curvature ener@y. (total energy relative to
that of graphene sheeif the nanotubes with such a diameter

o ) is already smaller than 0.1 eV/atoffable ).
Our ab initio calculations for the CNT's were performed

using highly accurate full-potential projected augmented
wave (PAW) method??> as implemented in thevasp
packagée” They are based on density-functional theory with  The self-consistent electronic band-structure calculations
the local-density approximatiofLDA). A supercell geom- were then carried out for the theoretically determined CNT
etry was adopted so that the nanotubes are aligned in structures. In these selfconsistent calculations, a denser

A. Structural optimization

II. THEORY AND COMPUTATIONAL METHOD

B. Band-structure calculation
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k-point grid was used and ranges from 40 to 80. The DOS Xad(—20,0,0)= X2 e(—20,0,0)
was evaluated from the self-consistent band structure by
Gaussian broadening method, i.e., + oD n(—20,0,0), %)
N(G)ZE E Wi (€= €xp), (1)  where the contribution due to the so-called virtual-electron
n k

(VE) process is
where the Dirac delta functiod(x) is approximated by a

Gaussian function, a/ b c
e S S | PP
1 50 Q ievB jicce X e(ei+ei)
S(x)~ ——e X", 2) )
VT Im[ p} (P} pf)]
wy the weight associated witk-point k and €., the nth X (e~ w)— m&(e“—w)
energy band. Here the Gaussian wilitis set to 0.05 eV. An 1i (£ €1 — €j
even denserk-point grid along thez axis was used r( 16Irr{p| (p Y
~40-300) for DOS calculations. (2 ’ 3 8(eji—2w) (6)
6|I |

C. Calculation of the optical properties

In this work, the optical properties were calculated basec?nd that due to the virtual-holé/H) process

on the independent-particle approximation, i.e., the excitonic

effects and the local-field corrections were neglected. As has o Im[p(plp%)]
been shown in previous calculatidhsand also below, the ng)ZC)VH k[%
dielectric function of graphite calculated within the single- 20 ilevB jeCB k Gﬁ(€j|+fji)
electron picture are in good agreement with experiments.
Therefore, it might be expected that the independent-particle X S — ) — |m[p”<pj|p|.>] _
approximation could work rather well for the CNT'’s too. (€j—w) 6_3(26_ €i) olej—w)

The imaginary part of the dielectric functier{w) due to nesE
direction interband transitions is given by Fermi golden rule 16IrT[p|J<p],p,,>] ]
(see, e.g., Ref. 25atomic units are used in the rest of this —5(6ji —2w) . (7)
papey, i.e., 11(26 €i)

, 4’ a2 Here €j;= e — e and (pjpi)=3(p}ipf + pfpj). The real
Eaal®)= Qo e co ; wi|pij | 8( ey — € — @), part of the second-order optical ]susceptibijlity is then ob-

(3)  tained fromy”3)_by a Kramer-Kronig transformation

where () is the unit-cell volume and the photon energy.
Also, VB and CB denote the conduction and valence bands, © @
respectively. The dipole transition matrix elememlﬁ X' A(-20,0,0)= —PJ do’ >

N . . m™ Jo 0'—w
=(kj|paki) were obtained from the self-consistent band ®)
structures within the PAW formalisif.Here [kn) is thenth
Bloch state wave function with crystal momentdmand a
denotes the Cartesian components. The real part of the di- In the present calculations, tl&function in Egs.(3), (6),
electric function is obtained from” () by a Kramer-Kronig ~ and(7) is again approximated by a Gaussian funci&ns.

’X"(Z)(Zw',w',w’)

transformation (2)] with I'=0.2 eV. The samé-point grid as in the DOS
calculation is used. Furthermore, to ensure thaand also
, "e"(w') x' @ calculated via Kramer-Kronig transformatifBqs. (4)
g'(w)=1+— Pf do’ Twz 4 and (9)] are reliable, at least ten energy bands per atom are

included in the present optical calculations. The unit-cell vol-

Here P denotes the principal value of the integral. Given theume () in Egs.(3), (6), and(7) is not well-defined for nano-
complex dielectric functiong’ +is"), all other linear opti- tubes. Therefore, like the previous calculatiéhsye used
cal properties such as refractive index, reflectivity, and abthe effective unit-cell volume of the nanotubes rather than
sorption spectrum can be calculated. Furthermore, the elethe volume of the supercells which is arbitrary. The effective
tron energy loss spectrum at the long-wavelength limit isunit-cell of a nanotube is given by)=x[(D/2+d/2)?
—Im[(e’+ie") 1] and the electric polarizability is given — —(D/2—d/2)?]T, whered is the thickness of the nanotube
by ¢ (w)=1+47ma(w)/). cylinder which is set to the interlayer distance of graphite

Following previous nonlinear optical calculatioffsthe  (3.35 A, see the following sectiprD andT are the diameter
imaginary part of the second-order optical susceptibility dueand length of translational vector of the nanotufable I,
to direct interband transitions is giveny respectively.
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2 e UL IR IR L The optical properties of graphite can be conveniently di-
15 E Graphite Era (ef:)): vided into two spectral regions. In the low-energy range from
e Ellc (exp) 0 to 9 eV, interband optical transitions involve mainly the

w10F — E/a(the.) bands which arise from the atomigg orbitals, extending
5E \ i\ = Elle (the.) above and below the carbon-layer planes. It is these electrons
SRIERA § \ 3 which play the principal role in the electrical conductivity. At
0 Br=ea | '.-I' SESSEEE | higher energies, a broad peak of optical absorption between
10 . (b) 3 11 and 15 eV[see Fig. 1a)] is associated with interband
i { transitions involving the threes2 2p,, 2p, orbitals, which
w SRV ) E form the coplanafs bonds joining one carbon to its three
o:—"" = ] neighors within the layer. Strong anisotropy in the optical
E ] spectra can be expected, as demonstrated in Fig. 1, because
) =T S N N R of distinct optical selection rules. In particular, for a single
0 5 10 15 20 2 graphene sheet, onty— 7* ando— o* transitions are al-
Energy (eV) ! .o . .
5 AN A W L { T lowed if the eIectnc—fleIg VectoE is polarized parallel to the
g 4" E//c(exz:) ; Graphite )] carbon-layer planesE(|a) while in contrast, onlyr— o*
5 3 — Enaghe) ] ando— m* transitions are allowed if the electric-field vector
§ gf " Bielthe) E _ E is polarized perpendicular to the carbon-layer planes
5L f }/ A (Ellc). This is why there is strong absorption fBfja [Fig.
::j ok Y N e I 1(a)]. For the graphene sheet, there is no optical absorption

o

5 10 :55 20 V25 30 35 for E| ¢ in the low-energy regiofinot shown here The very
nergy (V) weak absorption in the low-energy region ﬂiﬂ& in Fig.

FIG. 1. Theoreticalthe) and experimentalexp) (from Ref. 29  1(a) .iS Causgd by weak interaction between the graphene lay-
and references thergidielectric function and energy loss function €rs In graphite.

of graphite. For E||a, two prominant peaks are found in the energy
loss function,— Ime ™! [Fig. 1(c)]. A small one near 6.9 eV
IIl. RESULTS AND DISCUSSION has been attributed to the collective excitationmoélectrons
) partially screened by the electrons. A large broad reso-
A. Graphite and graphene sheet nance near 27.7 eV is associated with plasma oscillations

In order to access the accuracy of the presentnvolving both themr ando electrons. On the other hand, for

independent-particle approach to the optical properties of thEHé, the peaks near 6.9 and 27.7 eV are completely absent.
carbon structures and also for comparison with the CNT’sThere is instead a sharp resonance at 18.0 eV and a weaker
we first calculated the self-consistent electronic band strucone near 33.0 eYFig. 1(c)].

ture and also linear optical dielectric function for graphite Clearly, there is an overall good agreement between the
and an isolated graphene sheet. Note that both systengglculated and measured dielectric function and energy loss
would not show second-order nonlinear optical behavior befunction (Fig. 1), suggesting that the present LDA plus
cause they possess inversion symmetry. The isolatefddependent-particle approach is perhaps adequate for de-
graphene sheet is simulated by a slab-supercell approad¢'ibing the optical properties of carbon nanostructures such
with an intersheet distance of 6 A. The theoretically deter2S the nanotubes studied here. Nevertheless, minor differ-
mined lattice constantsa&2.45 A and c=6.70 A for  €nces between the calculated and me'asu(?xj do exist, as
graphite anca=2.45 A for the graphene sheatere used. also found in previousb initio calculations* For example,

Note that the theoretical lattice constants of graphite agregg.he calculations predict a rather prominant peak near 14 eV

well with the experimental valuesatE2.46 A and ¢ N the ”(w) for Eflc which, however, appears only as a
=6.72 A) weak shoulder in the corresponding experimental spectrum

[Fig. 1(@]. This discrepancy may or may not be caused by

The calculated optical dielectric functiar(») and elec- . ) !
tron energy loss function of graphite are shown in Fig. 1. Thethe inadequacy of the LDA because different experiments

H H 29
calculatedz () of the graphene sheet is similar to that of 92V fise to rather different’(w) for Efjc.* More accurate

graphite and hence is not plotted here. In the calculations, §'€asurements are perhaps needed to resolve this problem.
k-point grid of 54<54x 15 for graphite and 6860x 1 for
the graphene sheet is used. The measied Ref. 29, and
also energy loss functiéhof graphite are also plotted in Fig. The calculated energy bands and DOS of {5€), (3,3),

1. The electronic band structure and optical properties ofind(4,2) nanotubes are shown in Fig. 2. All the three nano-
graphite have been extensively studied both experimentallfubes have a diameter of about 4Fable |). The presenab
and theoretically(see, e.g., Refs. 24, 29, 30 and referencesnitio calculations show that botfb,0) and(3,3) are metals
therein, and they are well understood. Nonetheless, here wehile (4,2) is a semiconductor with a small gap of 0.26 eV.
summarize the main features in the optical spectra which arAs mentioned before, thes& initio band structures differ
relevant to the discussions below. significantly from that of simpler-band model. For ex-

B. 4 A carbon nanotubes
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] FIG. 3. Calculated dielectric function and energy loss function
=0 0 0408 of the(5,0), (3,3), and(4,2) nanotubes. “Parallel” and “perpendicu-

r Gos (states/eV/atom) lar” denote e!ectric field.s polarized parallel and perpendicular to the

nanotube axis, respectively.

FIG. 2. Energy bands and density of states of (), (3,3,

and (4,2 nanotubes. The Fermi level is at 0 eV. underestimates band gaps and electronic excitation energies
by more than 10%. Also, in this low-energy region, the op-

ample, simplew-band model would predict thé5,0) and tical anisotropy is remarkablgFigs. 3b) and 3d)]. How-

(4,2 nanotubes to be a semiconductor with a band gap oéver, the experimenisindicate a much stronger optical an-

around 2.0 eV. Thoughr-band model also predicts th@,3) isotropy. In particular, for the electric field perpendicular to

is a metal, the predicted Fermi wave vedkaris 0.6677/T  the tube axis ELZ), the measured absorption is small and

(T is the lattice constapt which is significantly different flat. This marked discrepancy between the present calcula-

from the prediction (0.577/T)] of the presentab initio  tions and the experiments is due to the well-known screening

calculations. These discrepancies betweenand model and  of the electric field perpendicular to the nanotube dgtie

ab initio calculations are caused by the so-called curvaturglepolarization effegt'®3! This depolarization effect does not

effects (see, e.g., Ref. 5 and references thereihen a  allow direct comparison of the present calculations with op-

graphene sheet is rolled up to form a nanotubeand o tical experiments foE.L 7

orbitals are no longer orthogonal to each other and they now | js noted that the present dielectric function for all the

can hybridize. This hybridization of the and o orbitals  {4ree nanotubes is very similar to that of recait initio

would modify the band structure predicted hyband model.  caiculation®?! In particular, the energy position of the

The smaller the nanotubes, the larger the curvature and thgsaks and the shape of the spectra are almost identical. The
larger the hybridization. Té14 A nanotubes studied here are

the smallest carbon nanotubes ever reported éélfmd thus TABLE II. Calculated energy positions of the distinct peaks in
have the strongest curvature effects. It is gratifying that th‘?hes” for E//% of the nanotubes studigdee text and also calcu-
present energy bands and DOS for the three nanotubes 4%ed Fermi wave vectde: of the armchair nanotubes. Note that the

almost identical to that of recemb initio calculations®?* ideal ke value from=-band model is 0.667/T) (see text
The calculateds’ and &” of the (5,0), (3,3), and (4,2

nano.tubes. are (_:iisplayec_i in Fig. 3. Strikingly, the_die_lectric Energy(eV) ke (m/T)

function (Fig. 3 is very different from that of graphitéig.

1). In particular, the absorptive pagt’ in the low-energy (4.2 2.0

range from O to 8 eV is several times larger than in the(6.2 11,27

high-energy range from 8 eV to 20 eV. For the electric field(6,4) 12,19 34

parallel to the nanotube axi€[(z), the e” spectrum in the (&4 0.9,19,27, 35

low-energy region is dominated by a single or double peakl0.9 08,13, 28,37

[Fig. 3@ and Table I|. Therefore the distinct features ob- (5.0 12,25

served in recent optical-absorption measurenféetsuld be (10,0 0.8,25,31

interpreted. Specifically, featuseat 1.4 eVB at 2.1 eV, and (15,0 16,21,37

C at 3.1 eV from the experimerifscould be assigned to the (20,0 0.6, 2.1, 2.9, 3.7

peak at 1.2 eV for5,0), at 2.0 eV(4,2), and at 2.9 eV for (3,3 2.9 0.577

(3,3 (Table 1), respectively. Clearly, the theoretical energy (5,5 2.7,3.6 0.629

positions are up to 15% smaller than the corresponding med10,10 16,238, 3.9 0.659

sured values. Nevertheless, we consider this level of agregis,15 1.1,2.1,28, 4.0 0.671

ment between the calculations and the measurements as hee 29 0.664

ing satisfactory, given the fact that LDA generally
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TABLE Ill. Calculated band gajt,, static dielectric constant
£(0), andpolarizability «(0) per unit length for the nonmetallic
nanotubes studied in this work.

Eg (6V)  £,(0) [6240)]  axx(0) (240)) [A%]

4,2 0.26 7.0(15.4 21.5(51.6

s 6,2 0.67 7.2(21.9 29.4(99.0
< (6,4 1.09 7.3(22.0 36.0(120.6
5 (8,4) 0.81 8.7(23.6 53.4(156.7
L (10,9 0.74 9.9(25.3 77.2(210.8
(10,0 0.40 8.2(26.9 47.2(169.2
(20,0 0.14 13.0(36.1) 156.9(459.0

expected, th€10,0 and(20,0 nanotubes are a semiconduc-
E S = tor with a band gap of 0.40 and 0.14 €Vable lll), respec-
70 02 04 06 tively. However, the(15,0 nanotube is predicted to be a
DOS (states/eV/atom) narrow-gap(0.025 e\j semiconductor instead of a semimetal
FIG. 4. Energy bands and density of states of the armchair nan(;-rom m-band model. Note that this band-gap value is in good
L ) . agreement with recent scanning tunneling microscopy

tubes. The Fermi level is at 0 eV.
(STM) measurement®.

The calculated energy bands and DOS of the chiral
6,2),(6,4), (8,4, and (10,5 nanotubes are displayed in Fig.
. All the chiral nanotubes studied here are a semiconductor
[Figs. 2 and B and their band gaps are listed in Table IlI.

absorption coefficienta have also been calculated and again
they are almost the same as that in Ref. 21. Thus, they ar
not shown here.

C. Band structure of nanotubes D. Dielectric constant and static polarizability

The calculated energy bands and DOS of thg a(mchair Figures 7—9 display, respectively, the calculatédand
[(5,5), (10,10, and (15,15] nanotubes are shown in Flg 4, " for the armChair[(S,S), (10110, (15,15’ and (20,20]
As can be expected from-band model, all three nanotubes \,5notubes. the 2igzd¢10,0, (15,0, and(20,0] nanotubes
are a metal. The calculated Fermi wave vectgrare listed 514 the chira[(6,2), (6,4), (8,4), and(10,5] nanotubes. The

in Table II. Thekg is 0.629r/T) for (5,5), 0.659(/T) for  gpecira can be divided into two regions, namely, the low-
(10,10, and 0.671¢/T) for (15,15, respectively. For the

(10,10 and (15,15 nanotubes, the calculatég is already
close to the ideal value of 0.66#(T). The(20,20 nanotube
has also been calculated and tqeis 0.6646/T).

The calculated energy bands and DOS of the zigzag
[(10,0, (15,0, and(20,0] nanotubes are shown in Fig. 5. As

Energy (eV)

Energy (eV)
A M O MAE N o MBEA M O NMNA P O N

Z0 0.2 04 06
DOS (states/eV/atom)

02 04 06
0S (states/eV/atom)

QoM

FIG. 5. Energy bands and density of states of the zigzag nano- FIG. 6. Energy bands and density of states of the chiral nano-
tubes. The Fermi level is at 0 eV. tubes. The Fermi level is at 0 eV.
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FIG. 7. Calculated dielectric function of the armchair nanotubes. FIG. 9. Energy bands and density of states of the chiral nano-

Parallel and perpendicular denote electric fields polarized paralletl'"'bes‘ The Fermi level is at 0 eV.

and perpendicular to the nanotube axis, respectively. ) ] o
entiree” spectrun{Fig. 7(e)] becomes very similar to that of

. El c of graphite[Fig. 1(a)]. It appears that the optical an-
energy range frorAn 0to 8 eV and the high-energy range fro”i‘sotropy becomes smaller as the diameter becomes larger. In
8 t0 20 eV. FoiE|z, thee” in the low-energy region consists particular, for the(20,20 nanotube, the optical anisotropy is

of a few distinct peaksFigs. 7-9 and Table I}l These dis-  already smallFig. 7). This perhaps can be explained as fol-
tinct features are especially pronounced for the semiconducfows. For the large diameter nanotubes such as(26e20

ing chiral nanotubegFig. 9 and can perhaps be used to nanotube, the curvature effects are negligible and the band
characterize the Chlrallty of the grown carbon nanotubes b%tructure can be regarded as that obtained by the zone fold-
optical means;*>2%%* an important issue in the current ing of the graphene sheet. As a result, the dielectric function
nanotube research. F&tl z, in contrast, the” spectrum in  for EH} should be almost identical to that BfL ¢ of graph-

the low-energy region is made up of a dull broad huiffigs.  ite. However, as mentioned before, the dielectric function for
7-9. The magnitude of the humps is considerably smallerELi is a uniform mixture of the dielectric functions of

than that of the peakd=ig. 10. raphi " ;
. . . . phite for bothEL ¢ andE|c. Now thee” of graphite for
The absorptive bandwidth gets wider as the diameter OEHC in the low-energy region is almost zero while in the

the nanotube becomes larger. For (26,20 nanotube the high-energy the optical anisotropy of graphite is not large

(Fig. 1. This results in small optical anisotropy in the large
diameter carbon nanotubes such as (86,20 nanotube

n \/|" ! ! E
10 yL)(\ 'perpendicular ' (d) 7

P "‘: /v"/\ln-n\% ]
OF v N .
0 5 10 15 20

N B BT AT A
Energy (eV) oo 50 1oo2 2150 200 250
D= (A%)

T

FIG. 8. Calculated dielectric function of the zigzag nanotubes.
Parallel and perpendicular denote electric fields polarized parallel FIG. 10. (8) ay,(0) and (b) «,/0) vs D? for the nanotubes
and perpendicular to the nanotube axis, respectively. studied. The solid line is a linear least-squares fit.
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EELS for all the nanotubes are similar to that Bf c of
graphite [Fig. 1(c)], being dominated by a broad
7+ o-electron plasmon peak at 27 eV and a small
mr-electron plasmon peak at about 5-7 eV. The energy posi-
tion of the low-energy peak is smaller than that of grapfifte
eV) except that(7.9 eV) of the (15,0 nanotube. The EELS

Energy loss function
O .AaNWPRPO LMDWS

[ " .'.~....'...4. , .'“,;.‘- hardly show any chirality dependence except that the energy
0 5 10 15 20 25 30 35 position of the low-energy peak varies slightly as one goes
Energy (eV) from one nanotube to another. Interestingly, for the armchair
c MR AR Ly PR IR IR LA RN LR .
s 4f pa_fafl?_l) 5 s (o) ] nanotubes, as the diameter of the nanotube become larger,
2 g 3 - (10,10) ] the energy position of the low-energy peak rapidly approachs
,3 1 o 1519) ] that of graphite, being 5.9 eV fgb,5), 6.6 eV for (10,10,
j: 9_-”"':bZ'rEgF]HiEJIQr::”““:““:(G')r". and 6.8 QV for(15,19 [Figs. 11c) and 1Id)].. .In contrast,
> 3F > for the zigzag nanotubes, the energy position of the low-
%21: & ] energy peak oscillates, being 6.3 eV {d0,0, 7.9 eV for
G 0 L e e L S (15,0, and 6.7 eV for(20,0 [Figs. 11e) and 11f)].

0 5 10 gferng(e\zg 30 35 Unlike the case of|/c of graphite[Fig. 1(c)], the EELS
ARIaaR L for EL z is very similar to that of|z in shape but somewhat

NURE I N AT B LN L A ]
é 3;_ b—ara!!%lm £ (e){ smaller in amplitude. A rather pronounced difference is the
§ 21; » A \ ] energy position of ther-electron plasmon pedlig. 1(c)].
- Q......: The weak anisotropy in the EELS of the nanotubes may be
33t perpendicular 3 attributed to the fact that foE L z all the 7— 7*, o— o*,
Z2F . 7—0o*, ando— 7* optical transitions are excited while in
Eg 3 . b graphite onlyr— 7* ando— o™ transitions are possible for
w p 5 10 15 20 25 30 35 Elc.

Energy (eV) The EELS of the chira[(6,2), (6,4), (8,4), and (10,5]

FIG. 11. Calculated energy loss function of the carbon nano-n.an.(l)tup[estﬂa:/e ?Itsho been %aI.CUIatSd' _However, tf:ebEELS adre
tubes studied. Parallel and perpendicular denote electric fields pc?‘-'m'afr 0 ha or the arrr?c alrhan Z_Ilgzaﬁ nanoz es, an
larized parallel and perpendicular to the nanotube axis, respectivel{{1ere ore, they are not S own here. Like the armchair ngno-
ubes, the energy position of the low-energy peak rapidly

(Fig. 6). Nevertheless, in optical experiments, one still ex_%prp(rgi;:hgz t:\?tfcc))rf(gr%pr;;% ggneglvi‘fdi(;/g)éﬁ), 6.1ev
pects to see a strong optical anisotropy because 'trepec- e n '
trum for EL z would be substantially reduced due to the de- ) o
polarization effect mentioned above. F. Second-order optical susceptibility
The static values of the dielectric constant and electric Unlike armchair and zigzag nanotubes, the chiral nano-
polarizability of the semiconducting nanotubes are listed inubes would exhibit second-order nonlinear optical behavior.
Table Ill. Clearly, both quantities are highly anisotropic. In In Fig. 12, the calculated real and imaginary parts of the
experiments, this anisotropy would be enhanced because tRgcond-order optical Susceptibilinf,)i(—Zw,w,w) for all
calculatede (0) and a(0) for ELz would be significantly the five chiral nanotubds4,2), (6,2), (6,4), (8,4), and(10,5]
reduced due to the depolarization efféttinterestingly, are displayed. The corresponding absolute values of
«a(0) per unit length for both electric-field polarizations is Xizy)z(—Zw,w,w) are displayed in Fig. 13. Because of one-
roughly proportional toD? (Fig. 10, i.e., a(0)=a, dimensional chiral symmetry, only two elements out of the
+a,D?, being independent of chirality and electronic struc-eighteen elements of the second-order susceptibility tensor
ture. FOrELz, a,=10.1 A2 anda,=0.61 and forE|z, a,  are nonzero. These two nonzero elementsyfe and x\2).
=138.0 A? anda,;=1.73. This behavior ofr(0) can be un- Furthermore, both the real and imaginary parts of these two
derstood in an empty lattice model of electrons movingelements have the same values but opposite signsxi@z.,
freely on a cylinder of infinitesimal thicknes$ Note that = — x{2,. Therefore, only >, are shown here. Furthermore,
previous calculations based on a simple tight-binding modethe static values of{2), and {2 are zero, as required by the
suggest thai(0) for E||z is proportional taD/E5.** We find ~ so-called Kleinman symmett§ which demandsy(3(0)
that the present results af,(0) do not follow this relation = x{2}(0).
at all. Figure 12 shows that for all the chiral nanotubes studied
here, both the real and imaginary partsy¢f)( — 2w, w, o)
show an oscillatory behavior. The amplitude of these oscil-
latory real and imaginary parts is very large in the photon
Shown in Fig. 11 are the calculated electron energy losgnergies of 0.1-4.0 eV. Indeed, the absolute value of
spectra(EELS) for the 4-A nanotubes, the armchair nano- X>((2y)z(_2w!w1w) for all the chiral nanotubes in this photon

tubes, and the zigzag nanotubes. Interestingly,Eﬂtff, the  energy range is hugesee Fig. 13 For example, the absolute

E. Electron energy loss spectrum
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FIG. 12. Real and imaginary parts §f2)( —2w,®,) of the ' '
chiral nanotubes. properties of graphite and the graphene sheet have also been
calculated. We find that the calculated structural and optical

properties of graphite are in good agreement with experi-

value for the (4,2 and (6,2 nanotubes is around 15 ments. Furthermore, the calculated band gap of (%0
%107 % esu at 2 and 1 eV, respectively. These values ar@anotube is in good agreement with recent STM
nearly ten times larger than that of Ga&AsFig. 13. Note measurement®. The calculated energy positions of the ab-
that GaAs is among the semiconductors which possess tH@rption peaks in the 4-A nanotubes also agree reasonable
largest second-order optical susceptibilities. This suggesiell with the corresponding measured valuesthin 15%).

that small diameter chiral carbon nanotubes would be goodhis suggests that the present theoretical approach is perhaps
nonlinear optical materials and have potential applications ifadequate for investigating the optical properties of the car-
the area of nonlinear optics, e.g., second-harmonic generQ0on nanotubes.

tion and sum-frequency generation. It is interesting to note We find that like graphite, the optical properties of the
that the absolute value qﬁé)z(_zw’w,w) becomes smaller Nanotubes can be divided into two spectral regions, namely,
as one goes from thet,2) and (6,2) nanotubes to thé6,4) f[he Iow—engrgy regioi0—8 e\) in which optlcal transmon§
and(8,4) nanotubes and to tHd0,5 nanotube. This may be [Nvolve mainly the = bands and the high-energy region
expected because the diameter of the nanotube becomE&—25 eV where interband transitions involve mainly the
larger as one goes along the serie$4®), (6,2), (6,4), (8,4), bands. Interestingly, for th(_a electric-field vector polarized
and (10,5 (see Table )l Now since when the radius of a Parallel to the nanotube axis, the absorptive pdrtof the
nanotube is very large, the properties of the nanotube wilpptical dielectric function for the small nanotubgise diam-

approach that of a graphene shéet graphit¢ which has  ©ter being smaller than, say, 29 /k the low-energy region
zero second-order optical susceptibility. consists of a few distinct peaks. Furthermore, the energy po-

sition, the shape, and the number of the peaks depend rather
strongly on the diameter and chirality. This suggests that one
could use these distinct optical features to characterize the
Summarizing, we have carried out a systematicinitio  chirality and diameter of the grown nanotubes, as has been
study of the optical as well as structural and electronic propdemonstrated recently. In contrast, for the electric-field
erties of the CNT’s within density-functional theory in the vector polarized perpendicular to the nanotube axis,sthe
local-density approximation. Highly accurate PAW methodspectrum of all the nanotubes studied except the three 4 A
was used and calculation of the optical properties was basathnotubes in the low-energy region is made up of a broad
on the independent-particle approximation. Specifically, thenump. The bandwidth of the hump increases with the nano-
properties of the armchair[(3,3),(5,9,(10,10,(15,15, tube diameter and the magnitude of the hump is in general
(20,20], zigzag [(5,0,(10,0, (15,0,(20,0], and chiral about half of that of the:” for the electric-field vector po-
[(4,2),(6,2,(6,4,(8,4,(10,5] nanotubes have been calcu- larized parallel to the nanotube axis. Surprisingly, given their
lated. For comparison, the structural, electronic, and opticabne-dimensional character, the optical anisotropy of the

IV. SUMMARY
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nanotubes is smaller than that of graphite. Moreover, théhe second-order susceptibility tensor are nonzero, and they
larger the diameter, the smaller the optical anisotropy. Fohave the same values but opposite signs. For all the chiral
the nanotubes with a moderate diametay, 30 A such as  nanotubes studied here, both the real and imaginary parts of

the (20,20 nanotube, the optical anisotropy is not large andy(®)(— 24, w, ) show an oscillatory behavior. The absolute
thee” spectrum for both electric-field polarizations becomes, 5),,e OfX(Z) —2w,w,) of all the chiral nanotubes in the

rather similar to that of graphite with electric-field polariza- o e en)((ayrzgy range of 0.1-3.0 eV is huge, being up o ten

tion parallel to the graphene layers. Nevertheless, one woulgmes larger than that of GaAs. This suggests that small di-

still see a strong anisotropy in optical experiments becausger chiral carbon nanotubes could have potential applica-
the calculated=" for ELz would be significantly reduced tions in nonlinear optics, e.g., second-harmonic generation
due to the depolarization effect. and sum-frequency generation. However, the absolute value
The calculated static polarizabiliy(0) for the semicon-  of Xg,)z(—Zw,w,w) becomes smaller as the nanotube diam-
ducting nanotubes is rather anisotropic with{0) being  eter increases. This may be attributed to the fact that when
several times larger tham,(0). Forboth electric-field po-  the diameter of a nanotube is very large, the properties of the
larizations,«(0) is nearly proportional to the square of the nanotube will approach that of a graphene sheet which has
tube diameter, being independent of chirality and electronigero second-order optical susceptibility. Furthermore, the

structure. static value of bothy{?), and x{2), is zero, satisfying the
The calculated electron energy loss spectra of all thgjeinman symmetry.

nanotubes studied here for both electric-field polarizations
are similar to that oE L ¢ of graphite, being dominated by a
broad 7+ o-electron plasmon peak at near 27 eV and a
small 7r-electron plasmon peak at-b/ eV. The energy po-
sition of the low-energy peak rapidly approaches that of The authors acknowledge financial support from National
graphite as the diameter of the nanotube increases. Thus, t&eience Council of TaiwatNSC Grant No. 92-2120-M002-
anisotropy is much smaller than that of graphite. 003, Ministry of Education of Taiwan, and Ministry of

Only the chiral nanotubes would exhibit second-orderEconomic Affairs of Taiwar(Grant No. 92-EC-17-A-08-S1-
nonlinear optical behavior. Two elementg(, and x7,,) of ~ 0008.
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