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Optical spectra of single-wall carbon nanotube bundles
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The low-frequency optical properties of single-wall carbon nanotube bundles are studied within the gradient
approximation. The nanotube geometdiameter and chiral angleand the polarization direction strongly
affect the optical absorption function, the dielectric function, the loss function, and the reflectance. The
low-frequency absorption spectra in thg case clearly exhibit three absorption bands. The semiconducting
(metallig nanotubes induce the first and the second absorption lémelshird absorption bandSubpeaks,
which come from the single-particle excitations of the band-edge states, exist in each absorption band. They
could be used to determine the preferred nanotube geometry in a single-walled nanotube bundle. Similar results
are obtained for the dielectric function and the reflectance spectra. However, the loss spectra could exhibit the
prominent peaks due to the interband plasmons. They are not useful in determining the distribution of
diameter and chiral angle. The interband plasmons also lead to clear plasmon edges in the reflectance
spectra. The calculated results could essentially explain the measured absorption spectra and loss spectra.

[. INTRODUCTION each absorption band. The energy positions of the subpeaks
are equidistantly separated on the diameter scale with the
A class of quasi-one-dimensionélD) systems, carbon almost same valu€el./2=0.07 nm. This length is just one-
nanotubes, was discovered by lijifia 1991. A single-wall  half of the diameter difference between two neighboring
carbon nanotube is a rolled-up graphite sheet in the cylindriarmchair carbon nanotubéSec. I). Moreover, the peak po-
cal form. It is a semiconductor or a metal, which depends orsitions are insensitive to changes in the synthesis tempera-
both diameter and chiralit§.” The 7 band formed by B,  ture. These two results imply that the diameters of single-
orbitals is very special. A single-wall carbon nanotube hasvall nanotubes are grouped around a preferred value, and the
many 1D parabolic subbands except that the subbands neairalities of single-wall carbon nanotubes are close to the
est the Fermi levelE-=0) in a metallic nanotube are linear, armchair chirality. Electron-energy-loss spectroscopy
i.e., all subbands have divergent density of sta#®9) in (EELS) was used to measure the loss function of single-wall
1/\E form except the finite DOS of the linear subbands.carbon nanotube bundles. There are prominent peaks in the
The 1D van Hove singularitiee/HS’s) in the DOS have a loss spectrum at small transferred momentum. They are iden-
strong effect on many solid-state properties, such as thtfied as the inters-band collective excitationgplasmons
absorption spectrum, loss spectrum, and reflectance spe€his work will investigate the relation between peaks in loss
trum. When single-wall carbon nanotubes are closely packesipectra and those in absorption spectra.
together, a 3D carbon nanotube bundle is forth&ingle- We use the tight-binding model to calculate tiaidand of
wall carbon nanotubes might differ in diameter and chi-a single-wall carbon nanotube. A detailed description of the
rality. The distribution of diameter and chiral angle is sig- low-energy s band is found to be very important in under-
nificantly affected by catalysts® and synthesis temp- standing the optical spectra. Thebands are very different
eraturet! x-ray diffraction® optical absorptio;}*° Raman for carbon nanotubes close to armchair chirality and zigzag
spectroscopy*? electron diffractiont>® and transmission chirality, and so do the optical spectra. As a result of the 1D
electron spectroscopy have been used to characterize thevHS, there are many peak structures in absorption spectrum,
nanotube geometry. Single-wall carbon nanotubes in daielectric function, reflectance spectrum, and loss spectrum.
bundle are found to comprise largely nanotubes of armchaifhe prominent peaks in loss spectrum contrast greatly with
chirality. In this work, we study the low-frequency optical the peak structures in the absorption spectrum and reflec-
properties (<2.5 eV) of single-wall carbon nanotube tance spectrum. In addition to peak structures, the reflectance
bundles, including optical absorption function, dielectric spectrum exhibits clear plasmon edges. The calculated re-
function, loss function, and reflectance. Their dependence O8ults could explain the experimental measuremgtid®
the distribution of diameter and chiral angle and on the po- This paper is organized as follows. The low-energy
larization direction of an external electric field is investi- hand is calculated in Sec. Il. The gradient approximafia
gated. Comparison with recent measurements igsed to evaluate the optical absorption function, dielectric
discussed:**® function, loss function, and reflectance. The calculated opti-

The optical absorption spectra of single-wall carbon nanoga| spectra are discussed in Sec. lil. Finally, Sec. IV contains
tube bundles were measured by photothermal deflectioghe concluding remarks.

spectroscopy.Three absorption bands, which come from the

electron-hole é-h) excitations, appear at low frequenay

<2eV. The fir;t two _absorption bands :_:md the 'ghird absorp- | LOW-FREQUENCY OPTICAL EXCITATIONS

tion band are identified from the semiconducting and the

metallic carbon nanotubes, respectively. More detailed ab- The geometric and electronic structures of carbon nano-
sorption spectrd show that there are several subpeaks intubes are simply reviewed. As has been discuséadsingle-
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wall carbon nanotube is a rolled-up graphite sheet, the An analytic form is derived for the low-energy band.
structure of which is thus fully specified by a 2D lattice It is important in explaining the main features of the
vectorR,=ma; +na,, wherea, anda, are primitive lattice  low-frequency optical excitations. The-band states of a
vectors of a graphite sheet. The diameter and the chiratarbon nanotube are sampled from those of a graphite sheet;
angle of a (m,p carbon nanotube ared=|R,|/w that is, they are derived from the states inside the hexa-
=by3(m?+mn+nd)/m (b=1.42A) and 6=tan® gonal Brillouin zone(BZ).!” The states near the cornghe
[—v3n/(2m+n)], respectively. Carbon nanotubes close to theK point in Fig. 2b) of Ref. 17] correspond to the low-energy
(9,9 armchair nanotube «30°< #<—20°) or the (15,0 states of a carbon nanotube. Tie point is located at
zigzag nanotube 10°<¢<0°) are chosen for a model (47/3v3b)(cosé,—siné). By expanding the energy disper-
study. sions in Eq(2a) about theK point, the low-energyr band is

The electronic structure of then,n carbon nanotube is described by
calculated within the tight-binding model, which is similar to

2

that employed for a graphite shééfThe 7-band structure of ESY(Ky, ky) == Vo(ﬂ[Ker k2]
a graphite sheet is caused by the overlapping carbjpn 2 4 Y
orbitals, which belong to two sublattices. The Hamiltonian in 3,
the subspace spanned by the two tight-binding functions X[K§—3K§]cosa9
Ui (ky,ky) andU;(ky,ky) is thus described by a>X22 ma- 8
trix 9b3Ky ) .

H 0 H1o(ky ,Kky) . +—5 [, —3r5]sin 30

HIZ(kX'ky) 0 1 @ 274 12
whereH5(k, k) = — 7022 ;e ", The Hamiltoni Ryl LR vl o I &)
12Ky s Ky Yo2i-1€ . The Hamiltonian only 64 xRy

contains the interactions of each carbon atom with its three _ o . . -
nearest neighbors, denoted hy v, is the resonance inte- KX_(ZIE)(J _|/3),_wh_ere j=021,%2,., andi , satisfies
) . 2m+n=3l—-i. k,=0,%2/d,=4/d,... for ametallic carbon
gral. k is the Bloch wave vector, ankl, is parallel toR,. Lt -
; nanotube with i=0, and «,=—2/3d,4/3d,...(2/3,

The Bloch states of Eq1), when applied to a carbon —4/3d,...) for a semiconductin ' carbon nanotube with
nanotube, must satisfy the periodical boundary condition_1 _1 Thex.—0 edge tateglJead 1o the 1D VHS in the
Y(r)=y(r+R,). The mband energy dispersions of the [_)O(S It). Ky_d % S tid Z 3 39tv "
(m,n nanotube are obtained from diagonalizing the Hamil- - 1S €nergy depends on T and «, €os &7 terms in
tonian: Eqg. (3). The latter is relatively important for carbon nano-

_ tubes with smalb. Equation(3) is suitable only for the states
3b(ky coso+k, sin 9)) close to the subband edge. However, this equation is very

C,v —
EZ (ke ky) =% 70 2 useful in understanding the low-energyband. For example,

. it could be used to determine the energy positions of the 1D
V3b(k, sin#—k, cosd) vHS.
xco 2 How the nanotube geometry affects the low-energy

1+4 cos{

band deserves a detailed investigation. The joint density of

va Cog(‘@b(ky sin 6—k C050)> vz states(JDOS is defined as
2 1
dk r
(28 DJ(‘U)E - C 2 2 (4)
and the wave functions are T Jistez2m [0= 2B k) AT

whereI'(=0.005y,) is a phenomenological level broaden-
Uy(ky ky)F ing parameter. The JDOS atis simply one-half of the DOS

of the 7* bands aE®= w/2. It is proportional to the optical
N absorption functionEq. (5)] for the parallel polarization
n 12Ky ky) U,(K, K )) (2b) (Ey9). Figure 1a) shows the JDOS for the metallic carbon

[Haa(ky ky)] ~ 2 ) nanotubes of approximately the same diametat (

The transverse wave vecté=2J/d, and the axial wave ~1.15-1.29nm). The linear subbands @f=0 [Eq. (3)]
vector k, is confined within the first Brillouin zoneJ  induce a finite JDOS at low frequency»0.6yo). The
=1,2,..N,/2, whereN, is the atom number in a unit cell. higher-energy subband, witk,=2/d or —2/d, has a para-
The quantized angular momentulnserves as the subband bolic energy dispersion. The JDOS due to the=0 edge
index. The superscript(v) represents the antibonding*  state diverges in 1o — w3 form atI'=0, i.e., it exhibits 1D
band (the bondingz band. The Fermi energy is equal to VHS’s. At smallT’, the divergent structure is replaced by a
zero, and electrons only occupy the bondingoand atT ~ sharp peak. Ther* subband ofic,= —2/d is lower than that
=0. From Eg.(2a), a carbon nanotube withn2+n= 3| of x,=2/d [the Ki term in Eq.(3)]. These two subbands are
(#3l; | is an integer is a gapless metala moderate-gap not degenerate except for tm,m armchair nanotubes. The
semiconductdr The diameter difference between two neigh-nonarmchair metallic nanotubes thus exhibit two neighbor-
boring metallic nanotubes is defined as the characteristithg peaks. Their energy positionsg, and ws,, depend on
length. d. is equal to ®/7=0.14nm (3/3b/7=0.23nm) diameter and chiral anglevs, and wz, could be obtained
for armchair(zigzag carbon nanotubes. from the Kg and Ki cos ¥ terms in Eq.(3). The energy dif-

1
Per(ky k) =—
(ky y) 3
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] short, there are several important differences in the low-
5] energy JDOS for metallic and semiconducting nanotubes, or
N for carbon nanotubes close to zigzag chirality and armchair
Q ] chirality. They include the peak structures, the peak posi-
2 3 tions, and the dependence of peaks on the nanotube geom-
- 4
g etry.
H 17 The above-mentioned features of theband structure
~ will be directly reflected in optical excitations. At=0, elec-
S ] trons are excited from the occupiedsubbands to the unoc-
] cupied7* subbands, i.e., they only exhibit interband ex-
o+—————v—t—-T——1—T1—— citations. The optical absorption function of ttra,n carbon
0.5 0.6 0.7 0.8 nanotubes is given BY
] 8e’w? dk
~ ] Alw:d, )= — > f -
> 1 V3(d+1)2, ¢ JistBz27
} ] - 2
o ] o E-P )
£ WKy ,Ky) o W (ky,ky)
?/}J ] e
2 ] w5e(Ky kg Ky)
(=) J X( 1"
0 ~=r=—r=—r=s | LI B B S N S I B S IS DS BN M S B i M |:('U_('l)l)C(kX’k),(’ky)]z—’_l—‘2
0.1 0.2 0.3 0.4 0.5 0.6
w (70) _ I . (5)
FIG. 1. The joint density of states is shownlat 0.005y, for [w+ o,c(Ky Ky aky)]z"' 2

(a) the metallic nanotubes an@) the semiconducting nanotubes. I (=3.4A) is the intertube distancewuc(kx,k; ,ky)

The unit of frequency isyo. =E°(K} ;) — E"(Ky.k,) is the inters-band excitation en-
ergy. The square of the velocity matrix element in E5).is
evaluated within the gradient approximatitfnThere exist
selection rules for the optical excitations, that greatly sim-
plify the calculations. One is thahk,=0 in Eq. (5 (or

ference between these two prominent peaks,= wsjy,

— w3,=6v,b? cos Fd?, decreases with chiral anglEp, is a
maximum for a (n,0) zigzag nanotubé=0°, and it is zero
for a (m,m armchair nanotube withd=—30°. The two B . )
neighboring peaks are expected to be relatively easily obp*y=0), which follows from the fact that for photons in the

served for metallic carbon nanotubes close to zigzag Chirallpng-wavelength limit the initial- and final-state wave vec-
” 1Iors are the same. On the other hand, the selection rules of

the angular momentum depend on the polarization direction.
ForE,, it satisfiesAJ=0 (or Ak,=0). This means that only
the vertical transitions from the to the 7 subbands of the

the first peak and the nanotube diameter. That«theos ¥
term in Eq.(3) is not negligible is the main reason. For

example, theg9,9) nanotube is larger than th&5,0 nano- . o
: , o ; sameJ's are allowed. But forE, , allowed excitations are
tube, while the first peak of the former exhibits at hlgherrestricted to subbands that satigfj= + 1 (or Ak, = = 2/d).

energy. But for metallic carbon nanotubes with close chiral- } ; - )
ity, the energy position of the first peak decreases with in-The reason is that the matrix eleméntPo(sina)P,, where

tubes. one readily sees that the selection rule follows. In this case,
The JDOS of the semiconducting carbon nanotubes arglectrons in ther subband of] are excited to ther* subband
shown in Fig. 1b). They are vanishing ab<E,, owing to ~ Of J*1. The two excitation channeldJ=x1, make the
the absence of the linear subband€at=0. The parabolic Sa@me contributions to optical excitations. It only needs to be
subband ofi,= — 2/3d or 2/ induces the first peak ai, carried out for one excitation channel, e.g., M= 1.
=E4=2yob/d. The semiconducting nanotubes do not ex- _ In general, a carbon nanotube bundle is made up of
hibit the neighboring two-peak structure as shown by theSingle-wall carbon nanotubes with different diameters and
metallic nanotube$Fig. 1(a)]. For the semiconducting car- chiral angles. The optical excitations of a nanotube bundle is
bon nanotubes with- 30°< < — 20°, the second peak due the superposition of those of different carbon nanotubes. The
to the subband ok,= —4/3d or 4/31’ occurs atw,=2w; ensemble average of the optical absorption function is
e.g., the(10,9, (11,7, and(9,8) nanotubes. A regular energy A(@)= 'g(‘”;di +01))a, - The imaginary part of the dielectric
difference between the first peak and the second peak coufynction™ could be directly evaluated from the ogtlcal ab-
be utilized to determine the preferred chirality in a nanotubeS0rPtion function by the relatiom;(w) =2mA(w)/w®. The
bundle® On the other hand, for the semiconducting nano-réal part of the dielectric fupctlon IS subsequently found by
tubes with— 10°< #<0°, the energy position of the second Means of the Kramers-Kronig relation
peak does not decrease with the nanotube diameter, e.g., the 1
(14,) and (14,0 nanotubes. This special result is easily fl(w)—foz?ﬁ ez(w’)P(

2

identified from thex? and x3cos ¥ terms in Eq.(3). In -’

)dw’, (6)
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where ey (=2.4 (Ref. 20 is the background dielectric con- T(a)
stant. Loss function and reflectance are, respectively, calcu- 1 T=0.005 7; (9,9)
lated from Ini—1/e] and R(w)=|1—e(w)|%|1 054 __ A'l:A;’:0.0’7 om 4
+Ve(w) |2 { o A&
&: b A;Ad¢=0.14 nm
Ill. THE CALCULATED OPTICAL SPECTRA N>
<

Equations(5) and (6) are used to calculate the optical
absorption function, the dielectric function, the loss func-
tion, and the reflectance. The distribution of diameter and

chiral angle in a nanotube bundle is needed for the calcula- 0-00 PR -0%2 T o6 o8
tions of the ensemble average of optical properties. It is ) ) ) ) )
mainly determined by synthesis temperature and {(b)

catalysts™** A highly uniform carbon nanotube bundle ]

could be produced. However, the real distribution of the 0.5 4T=0.005 75; (15,0)

i . Al pAd= X
nanotube geometry is not known up to now. Here the single- ﬁr 4d=0.08 nm |

walled carbon nanotubes are assumed to group around %g
the (m,m armchair nanotutd! [or the (m,0) zigzag nano- x>
tubel. A (m,m)[(m,0)] carbon nanotube has the diameter <
do=3mb/7 [dy=v3mb/7]. The diameter and the chiral
angle are, respectively, confined dg=Ad and —30°<46
<-20° (—10°=#=<0°; for details see Fig. 4 in Ref. 11

)

x|

The maximum distribution widtiAd does not significantly 0.00'0. Y * o4 06 | o8
modify the optical spectrfFig. 2@]. The number of single- @ (7o)
wall carbon nanotubes with diametém a bundle is propor- FIG. 2. The optical absorption functions are calculated”at

tional to the Lorentzian distributiod, /[ (d—do)?+ dZ/4] or =0.005y, for (a) the (9,9 nanotube bundle withd=0.07 nm and
the Gaussian distribution e§<p2(d—d0)2/d§]. The calculated (b) the (15,0 nanotube bundle witthd=0.08 nm. The light solid
results are almost the same for these two kinds of distribueurve and the heavy dashed curve are the results for the parallel and
tions. The Lorentzian distribution is taken in the calculations.perpendicular polarizations directions, respectively. Also shown in
We first study the optical absorption in tEe case for the (@) for comparison isA' at Ad=0.14 nm. The arrows ife) points
(9,9 nanotube bundle with—30°<#<-—20° and Ad at the central peak in each absorption band. The arrows and crosses
=0.07nm. This bundle is close to that produced Tat in (b), respectively, correspond to the subpeaks induced by the
=1050 °C by catalyst NiCfFig. 3b) in Ref. 10. There are (14,0 and(14,1) nanotubes.
nine kinds of single-wall carbon nanotubes in a nanotube
bundle They include six semiconducting nanotuljé®,8,  Ad=0.14nm is found to be almost the same as thah et
(11,6, (10,8, (11,7, (10,9; (12,7] and three metallic nano- =0.21 nm. Generally speaking, the effect&d on the op-
tubes[(10,7), (9,9); (11,8]. d~1.15 nm for thg9,8), (10,7); tical spectra is weak.
(11,6 nanotubesd~1.22 nm for the(9,9), (10,8; (11,7 The subpeaks or shoulders in absorption bands have three
nanotubesd~1.29 nm for the(10,9, (11,8; (12,9 nano- important features. First, the semiconductift0,8 and
tubes.A, as shown by the light solid curve in Fig(a?, is (11,7 nanotubes induce the central peaks in the first and the
due to the inters-bande-h excitations from the¥*(J,k,) second absorption bands, and the metdlic 9 nanotube
state to theWw°(J,k,) state. At an energy, which corre- leads to that in the third absorption band. These three peaks,
sponds to vertical optical excitations near the band edge, thespectively, occur atw;=2vyb/dy, w,=47y,b/dy, and
number of such excitation channels is very large. JDOS exw;=6vy,b/dy [Eq. (3)]. This result suggests that we could
hibits a sharp peakFig. 1), and so doed\". A carbon nano- infer the mean diameter of the nanotube bundle or the value
tube bundle is made up of different carbon nanotubes. Corsf vy, from the energy positions of the central peaks. Second,
sequently, there are three main absorption bands, and sevefat the first absorption band, the energy difference between
subpeaks or shoulders exist in each absorption band. ThHee central peak and the neighboring péak shouldey is
semiconductingmetallic nanotubes cause the first and the Ep;=w,Ad/dy. The energy difference becomes double for
second absorption banéke third absorption bandas indi-  the second absorption band, i.Ep,=w,Ad/d,. There is a
cated from the comparison between Fig. 1 and Fig..Zhe  simple corresponding relation for the subpeaks in the first
velocity matrix elements of the linear subbands vaiiish.  and the second absorption bands. Finally, the first and the
(5)]; therefore, the metallic nanotubes do not exhibit finitethird absorption bands, respectively, have the narrowest and
absorption spectrum at very low frequency. The opticalthe widest distribution widths. Compared with the first and
threshold excitations are related to the semiconducting nandhe second absorption bands, the third absorption band ex-
tubes, and the threshold excitation frequencies are their emibits more subpeaks. The main reason is that the nonarm-
ergy gaps. The optical absorption spectrum is somewhathair metallic nanotubes, th@ 0,7 and (11,8 nanotubes,
modified with an increase of the distribution width of diam- exhibit the neighboring two-peak structuigig. 1(a)].
eter, e.g.A! at Ad=0.14 nm(the light dashed curyeThere The above-mentioned featuresAf could essentially ex-
exist additional subpeaks, which are far away from the cenplain the measured absorption speétfaThey include the
tral peaks of absorption banddenoted by arrows A' at  three absorption bands ai<0.8y,,%° the subpeakgor
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shouldery and the central peak in each absorption bdhd, 35] K (a)
the corresponding subpeak positions in the first and the sec- ] i T'=0.005 7o
ond absorption band§,and the widest frequency range for ] / (9.9); A?-0.07 nm

the third absorption banf. The consistency means that the 257 / T &y
single-walled carbon nanotubes in a nanotube bundle should ]
belong to carbon nanotubes close to armchair chirality, but w 15-:

not zigzag chirality. It is also useful in determining the value I
of the resonance integral. Kataweaal® (Jostet all® make ]
pure single-wall carbon nanotubes by using catalyst NiY
(NiCo) at T=1200°C (1050°C). The mean diameter is

do=1.36 nm (1.22nm) The central peaks in three absorp- -5 T

tion bands, respectively, occur at 0.68, 1.2, and 1.71®Y7, 0.0 0.2 0.4 0.6 0.8

1.41, and 2.04 e} A comparison between these energy po- 35] (b)

sitions and the theoretical predictions4(,w,;w3) yields a ] J I'=0.005 zo

value of yo=3.0£0.2eV (y,=3.1+0.2eV). / (15,0); Ad=0.08 nm
The nanotube chirality has a strong effect on the optical =5 il’ .

absorption spectrad' of the (15, 0 nanotube bundle with
Ad=0.08 nm is shown in Fig. ®). This bundle has eight
kinds of single-wall carbon nanotubes. It inclutfesix semi-

conducting nanotubel14,0, (13,2, (14,1, (15,1, (14,3;

(16,0] and two metallic nanotub¢§15,0; (14,2]. There are
several important differences between ti&, 0 nanotube
bundle and th&9,9) nanotubes bundlgFig. 2@)]in A'. The -

5 T 7T T
former also exhibits three absorption bands. However, it is 0.0 0.2 0.4 0.6 0.8
difficult to find the central peak in each absorption band. The @ (7o)

corresponding relation between the subpeaks in the first and
the second absorption bands is absent. For exampléle tric functions are calculated dt=0.005y, for (a) the (9,9) nano-

0) nanotube_(arrows) IS Iarger.t_han the(14, 1) nanotube tubes bundle witthd=0.07 nm andb) the (15,0 nanotube bundle
(crossep while the energy positions of the subpeaks are no.n A 4=0 08 nm.

inversely proportional to diametgsee also Fig. (b)]. More-
over, the third absorption band corresponds to two prominent ) _ _
peakgFig. 1(a)]. That the nonlineak’ cos ¥ term in Eq.(3)  tures at the same energies. The ffeg(w)] and the imagi-
is very important for carbon nanotubes with smaltould ~ hary [ex(w)] parts of the dielectric function satisfy the
explain the above-mentioned results. Apparently, the opticakramers-Kronig relation. Whee; is divergent in 1fw — w;
absorption spectra shown by carbon nanotubes close to ziz&grm atI'=0, €, diverges in reverse {k;— » form. These
chirality are not consistent with the experimental divergent structures are broadened at fihitéeach singular
measurement®:11 structure is replaced by the peak structure and the dip struc-
The structure anisotropy of the nanotube bundle is diture for €, (the peak structure and the step structureefor
rectly reflected in the optical spectéa’ in theE, case quite  Clearly, €; (the heavy dashed curyemight have zeros or be
differs from A" in the E, case, as shown in Figs( and very small in the right-hand neighborhood of the dip struc-
2(a). The differences include the spectral intensity, the abtures. The speciak; will make the loss spectrum exhibit
sorption bands, and the threshold excitatiohs.is weaker —prominent peak$Figs. 4a) and 4b)]. Such peaks are asso-
thanA!, since the optical transition probability of the former ciated with inters-band collective excitations or plasmons.
is about half of that of the lattdiEq. (5)]. A* only exhibits ~ But on the other hand, the dip structureséh (the light
one absorption band, which comes from semiconducting andashed curvgsare less obvious. They do not lead to the
metallic carbon nanotubes. On the other haftlexhibits  vanishinge; and thus the pronounced peaks in the loss spec-
three absorption bands, which, respectively, correspond tyum.
semiconducting and metallic nanotubes. Whether there are The loss functions are important in understanding plas-
peak structures in the absorption spectrum depends on theons and single-particle excitations. They are shown in Figs.
JDOS and velocity matrix element in E(). The optical 4(a) and 4b) for the (9,9 and (15,0 nanotube bundles, re-
matrix elements of the edge states in Ehecase are found to  spectively. The loss functions fd' exhibit three or four
be nonvanishing only for the threshold excitations. For meprominent peaks and several subpeétke solid curves
tallic (semiconducting nanotubes, such excitations are However, the former are absent in the case(the dashed
caused by the lineafparaboli¢ subband ofx,=0 [k,  curves. The prominent peaks and the subpeaks are, respec-
=2/3d or —2/3d in Eg. (3)] and the parabolic subband of tively, attributed to the interr-band plasmons areth exci-
Kky=2/d or —2/d (k,=—4/3d or 4/3d). Consequently, the tations. The first and the second plasmon pehs other
threshold excitation frequency is higher in the case. plasmon peaksare caused by the semiconductimgetallic)
Figure 3a) and 3b) present the dielectric functions for nanotubes. The subpeak structures are similar to those found
the (9,9 and (15,0 nanotube bundles, respectively. The in the optical absorption function. The plasmon frequencies
imaginary part of the dielectric function is proportional to the are higher than the single-particle excitation energies. Fur-
optical absorption function. They exhibit similar peak struc-thermore, there is no simple relation between the plasmon

FIG. 3. The real €;) and the imaginaryd,) parts of the dielec-
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.0
{(2) 1.0 7 I'=0,005 v, (a)
1r=0.005 7, 4 (9,9); Ad=0.07 nm
0.2 4(9.9); 4d=0.07 nm R A 1 — R}
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FIG. 4. (a) The loss functions are calculatedIat 0.005y, for FIG. 5. The reflectance spectra are showh at0.005y, for (a)
the (9,9 nanotube bundle withd=0.07 nm.(b) Same plot asa), the (9,9 nanotube bundle witlAd=0.07 nm and(b) the (15,0
but shown for thg15,0 nanotube bundle witthd=0.08 nm. nanotube bundle witkhd=0.08 nm.

frequencies and the nanotube diameter. The plasmon peag

are thus expected to be useless for the determination of tq be geometry in a nanotube bundle, but not the loss spectra.

nanotube distribution in a nanotube bundle. The intdyand 1o caiculated results could provide a reasonable explana-
plasmon peaks in single-wall carbon nanotube bundles hav

ffon for the measured absorption spetira and loss
been observed with EELS.The calculated results in tHg, spectra P P
case could account for the origin of thege lplasrr?ons.. . The optical absorption functions f&, andE, , respec-

The reflectance spectra are, respectively, shown in Fig§ye|y -~ exhibit three absorption bands and one absorption

S(@) and 3b) for the (9,9 and (15,0 nanotube bundles. o5 Foral the semiconductingmetalli carbon nano-
When the optical excitations come from the edge states bes inducé the first and the second absorption béhes
the 7 subbands, the dielectric function exhibits sharp peaksthird absorption band However, the only absorption band in
Both reflectance spectra and absorption spectra behave sp;

: e AL comes from all carbon nanotubes. There are several sub-
that is, they have similar peak structures. For example, ther,

: : I feaks in each absorption band. For carbon nanotubes close to
?Ii(iagthzr)eeEgc]:%lZfssgaitzgcc}ld;efom:(hg% éigia?oigd Qn(dwt)he armchair chirality, the energy position of the central peak is

L inversely proportional to the nanotube diameter. Further-
energy position IS ”related to .the nanotubg georr;etry. Th ore, there exists a corresponding relation for the subpeaks
peak structures irR'(w), as discussed earlier ok (w), iy the first and the second absorption bands. On the other
could be used to identify the preferred nanotube geometry i, these two simple relations are absent for carbon nano-

a nanotube bundI®'(w) are local maxima at peak positions yhes close to zigzag chirality. The dielectric function and

and then rapidly drops to local minima. The clear plasmony,e refiectance vary as the optical absorption function. That
edges occur at plasmon frequencies where the imBand g 5 say their peak structures are due to the single-particle
plasmons are located. The reflectance spectra could direct citations, and they are related to the nanotube geometry.

display the characteristics of the single-particle and collecs,ch peaks are in great contrast with the pronounced peaks
tive excitations. in the loss function, since the latter correspond to the collec-
tive excitations. The intet~band plasmons also lead to clear
IV. CONCLUDING REMARKS plasmon edges in the reflectance spectra.

In this work, the low-frequency optical properties of
single-wall carbon nanotube bundles are studied within the
gradient approximatiol® The nanotube geometry and the
polarization direction significantly affect the optical absorp-  This work was supported in part by the National Science
tion function, the dielectric function, the loss function, and Council of Taiwan, the Republic of China, under the Grant
the reflectance. The absorption spectra and the reflectanté. NSC 89-2112-M-006-011.

ectra are predicted to be useful in determining the nano-
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