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Optical spectra of single-wall carbon nanotube bundles
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Department of Physics, National Cheng Kung University, Tainan, Taiwan 701, The Republic of China

~Received 24 April 2000!

The low-frequency optical properties of single-wall carbon nanotube bundles are studied within the gradient
approximation. The nanotube geometry~diameter and chiral angle! and the polarization direction strongly
affect the optical absorption function, the dielectric function, the loss function, and the reflectance. The
low-frequency absorption spectra in theEi case clearly exhibit three absorption bands. The semiconducting
~metallic! nanotubes induce the first and the second absorption bands~the third absorption band!. Subpeaks,
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 inter-p-band plasmons. They are not useful in determining the distribution of
diameter and chiral angle. The inter-p-band plasmons also lead to clear plasmon edges in the reflectance
spectra. The calculated results could essentially explain the measured absorption spectra and loss spectra.
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I. INTRODUCTION

A class of quasi-one-dimensional~1D! systems, carbon
nanotubes, was discovered by Iijima1 in 1991. A single-wall
carbon nanotube is a rolled-up graphite sheet in the cylin
cal form. It is a semiconductor or a metal, which depends
both diameter and chirality.2–7 The p band formed by 2pz

orbitals is very special. A single-wall carbon nanotube h
many 1D parabolic subbands except that the subbands n
est the Fermi level (EF50) in a metallic nanotube are linea
i.e., all subbands have divergent density of states~DOS! in
1/AE form except the finite DOS of the linear subband
The 1D van Hove singularities~vHS’s! in the DOS have a
strong effect on many solid-state properties, such as
absorption spectrum, loss spectrum, and reflectance s
trum. When single-wall carbon nanotubes are closely pac
together, a 3D carbon nanotube bundle is formed.8 Single-
wall carbon nanotubes might differ in diameter and c
rality. The distribution of diameter and chiral angle is si
nificantly affected by catalysts9,10 and synthesis temp
erature.11 x-ray diffraction,8 optical absorption,9,10 Raman
spectroscopy,11,12 electron diffraction,12,13 and transmission
electron spectroscopy14 have been used to characterize t
nanotube geometry. Single-wall carbon nanotubes in
bundle are found to comprise largely nanotubes of armc
chirality. In this work, we study the low-frequency optic
properties ~,2.5 eV! of single-wall carbon nanotub
bundles, including optical absorption function, dielect
function, loss function, and reflectance. Their dependence
the distribution of diameter and chiral angle and on the
larization direction of an external electric field is inves
gated. Comparison with recent measurements
discussed.9,10,15

The optical absorption spectra of single-wall carbon na
tube bundles were measured by photothermal deflec
spectroscopy.9 Three absorption bands, which come from t
electron-hole (e-h) excitations, appear at low frequencyv
,2 eV. The first two absorption bands and the third abso
tion band are identified from the semiconducting and
metallic carbon nanotubes, respectively. More detailed
sorption spectra10 show that there are several subpeaks
PRB 620163-1829/2000/62~19!/13153~7!/$15.00
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each absorption band. The energy positions of the subp
are equidistantly separated on the diameter scale with
almost same valuedc/2.0.07 nm. This length is just one
half of the diameter difference between two neighbori
armchair carbon nanotubes~Sec. II!. Moreover, the peak po
sitions are insensitive to changes in the synthesis temp
ture. These two results imply that the diameters of sing
wall nanotubes are grouped around a preferred value, and
chiralities of single-wall carbon nanotubes are close to
armchair chirality. Electron-energy-loss spectroscop15

~EELS! was used to measure the loss function of single-w
carbon nanotube bundles. There are prominent peaks in
loss spectrum at small transferred momentum. They are id
tified as the inter-p-band collective excitations~plasmons!.
This work will investigate the relation between peaks in lo
spectra and those in absorption spectra.

We use the tight-binding model to calculate thep band of
a single-wall carbon nanotube. A detailed description of
low-energyp band is found to be very important in unde
standing the optical spectra. Thep bands are very differen
for carbon nanotubes close to armchair chirality and zig
chirality, and so do the optical spectra. As a result of the
vHS, there are many peak structures in absorption spect
dielectric function, reflectance spectrum, and loss spectr
The prominent peaks in loss spectrum contrast greatly w
the peak structures in the absorption spectrum and re
tance spectrum. In addition to peak structures, the reflecta
spectrum exhibits clear plasmon edges. The calculated
sults could explain the experimental measurements.9,10,15

This paper is organized as follows. The low-energyp
band is calculated in Sec. II. The gradient approximation16 is
used to evaluate the optical absorption function, dielec
function, loss function, and reflectance. The calculated o
cal spectra are discussed in Sec. III. Finally, Sec. IV conta
the concluding remarks.

II. LOW-FREQUENCY OPTICAL EXCITATIONS

The geometric and electronic structures of carbon na
tubes are simply reviewed. As has been discussed,17 a single-
13 153 ©2000 The American Physical Society
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13 154 PRB 62M. F. LIN
wall carbon nanotube is a rolled-up graphite sheet,
structure of which is thus fully specified by a 2D lattic
vectorRx5ma11na2 , wherea1 anda2 are primitive lattice
vectors of a graphite sheet. The diameter and the ch
angle of a ~m,n! carbon nanotube ared5uRxu/p
5bA3(m21mn1n2)/p (b51.42 Å) and u5tan21

@2)n/(2m1n)#, respectively. Carbon nanotubes close to
~9,9! armchair nanotube (230°<u<220°) or the ~15,0!
zigzag nanotube (210°<u<0°) are chosen for a mode
study.

The electronic structure of the~m,n! carbon nanotube is
calculated within the tight-binding model, which is similar
that employed for a graphite sheet.18 Thep-band structure of
a graphite sheet is caused by the overlapping carbonpz
orbitals, which belong to two sublattices. The Hamiltonian
the subspace spanned by the two tight-binding functi
U1(kx ,ky) and U2(kx ,ky) is thus described by a 232 ma-
trix

H5S 0 H12~kx ,ky!

H12* ~kx ,ky! 0 D , ~1!

whereH12(kx ,ky)52g0( i 51
3 e2 ik•r i. The Hamiltonian only

contains the interactions of each carbon atom with its th
nearest neighbors, denoted byr i . g0 is the resonance inte
gral. k is the Bloch wave vector, andkx is parallel toRx .

The Bloch states of Eq.~1!, when applied to a carbon
nanotube, must satisfy the periodical boundary condit
c(r )5c(r1Rx). The p-band energy dispersions of th
~m,n! nanotube are obtained from diagonalizing the Ham
tonian:

Ec,v~kx ,ky!56g0F114 cosS 3b~ky cosu1kx sinu!

2 D
3cosS)b~ky sinu2kx cosu!

2 D
14 cos2S)b~ky sinu2kx cosu!

2 D G1/2

,

~2a!
and the wave functions are

Cc,v~kx ,ky!5
1

&
S U1~kx ,ky!7

1
H12* ~kx ,ky!

uH12~kx ,ky!u
U2~kx ,ky! D . ~2b!

The transverse wave vectorkx52J/d, and the axial wave
vector ky is confined within the first Brillouin zone.J
51,2,...,Nu/2, whereNu is the atom number in a unit cel
The quantized angular momentumJ serves as the subban
index. The superscriptc(v) represents the antibondingp*
band ~the bondingp band!. The Fermi energy is equal t
zero, and electrons only occupy the bondingp band atT
50. From Eq. ~2a!, a carbon nanotube with 2m1n53I
~Þ3I ; I is an integer! is a gapless metal~a moderate-gap
semiconductor!. The diameter difference between two neig
boring metallic nanotubes is defined as the character
length. dc is equal to 3b/p50.14 nm (3)b/p50.23 nm)
for armchair~zigzag! carbon nanotubes.
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An analytic form is derived for the low-energyp band.
It is important in explaining the main features of th
low-frequency optical excitations. Thep-band states of a
carbon nanotube are sampled from those of a graphite sh
that is, they are derived from the states inside the he
gonal Brillouin zone~BZ!.17 The states near the corner@the
K point in Fig. 2~b! of Ref. 17# correspond to the low-energ
states of a carbon nanotube. TheK point is located at
(4p/3)b)(cosu,2sinu). By expanding the energy dispe
sions in Eq.~2a! about theK point, the low-energyp band is
described by

Ec,v~kx ,ky!56g0S 9b2

4
@kx

21ky
2#

1
9b3kx

8
@kx

223ky
2#cos 3u

1
9b3ky

8
@ky

223kx
2#sin 3u

2
27b4

64
@kx

21ky
2#2D 1/2

. ~3!

kx5(2/d)( j 2 i /3), where j 50,61,62,..., and i satisfies
2m1n53I 2 i . kx50,72/d,64/d,... for ametallic carbon
nanotube with i 50, and kx522/3d,4/3d,...(2/3d,
24/3d,...) for a semiconducting carbon nanotube withi
51(21). Theky50 edge state leads to the 1D vHS in th
DOS. Its energy depends on thekx

2 and kx
3 cos 3u terms in

Eq. ~3!. The latter is relatively important for carbon nan
tubes with smallu. Equation~3! is suitable only for the state
close to the subband edge. However, this equation is v
useful in understanding the low-energyp band. For example
it could be used to determine the energy positions of the
vHS.

How the nanotube geometry affects the low-energyp
band deserves a detailed investigation. The joint density
states~JDOS! is defined as

DJ~v!(
J
E

1st BZ

dky

2p

G

@v22Ec~J,ky!#21G2 , ~4!

whereG(50.005g0) is a phenomenological level broade
ing parameter. The JDOS atv is simply one-half of the DOS
of the p* bands atEc5v/2. It is proportional to the optica
absorption function@Eq. ~5!# for the parallel polarization
(Eii ŷ). Figure 1~a! shows the JDOS for the metallic carbo
nanotubes of approximately the same diameterd
;1.15– 1.29 nm). The linear subbands ofkx50 @Eq. ~3!#
induce a finite JDOS at low frequency (v,0.6g0). The
higher-energy subband, withkx52/d or 22/d, has a para-
bolic energy dispersion. The JDOS due to theky50 edge
state diverges in 1/Av2v3 form atG50, i.e., it exhibits 1D
vHS’s. At smallG, the divergent structure is replaced by
sharp peak. Thep* subband ofkx522/d is lower than that
of kx52/d @thekx

3 term in Eq.~3!#. These two subbands ar
not degenerate except for the~m,m! armchair nanotubes. Th
nonarmchair metallic nanotubes thus exhibit two neighb
ing peaks. Their energy positions,v3a andv3b , depend on
diameter and chiral angle.v3a and v3b could be obtained
from theka

2 andkx
3 cos 3u terms in Eq.~3!. The energy dif-
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ference between these two prominent peaks,ED5v3b
2v3a56g0b2 cos 3u/d2, decreases with chiral angle.ED is a
maximum for a (m,0) zigzag nanotubeu50°, and it is zero
for a ~m,m! armchair nanotube withu5230°. The two
neighboring peaks are expected to be relatively easily
served for metallic carbon nanotubes close to zigzag ch
ity. There is no simple rule between the energy position
the first peak and the nanotube diameter. That thekx

3 cos 3u
term in Eq. ~3! is not negligible is the main reason. Fo
example, the~9,9! nanotube is larger than the~15,0! nano-
tube, while the first peak of the former exhibits at high
energy. But for metallic carbon nanotubes with close chir
ity, the energy position of the first peak decreases with
creasing diameter, e.g., the~11,8!, ~9,9!, and ~10,7! nano-
tubes.

The JDOS of the semiconducting carbon nanotubes
shown in Fig. 1~b!. They are vanishing atv,Eg , owing to
the absence of the linear subbands atEF50. The parabolic
subband ofkx522/3d or 2/3d induces the first peak atv1
5Eg.2g0b/d. The semiconducting nanotubes do not e
hibit the neighboring two-peak structure as shown by
metallic nanotubes@Fig. 1~a!#. For the semiconducting car
bon nanotubes with230°<u<220°, the second peak du
to the subband ofkx524/3d or 4/3d occurs atv2.2v1 ,
e.g., the~10,9!, ~11,7!, and~9,8! nanotubes. A regular energ
difference between the first peak and the second peak c
be utilized to determine the preferred chirality in a nanotu
bundle.10 On the other hand, for the semiconducting nan
tubes with210°<u<0°, the energy position of the secon
peak does not decrease with the nanotube diameter, e.g
~14,1! and ~14,0! nanotubes. This special result is eas
identified from thekx

2 and kx
3 cos 3u terms in Eq.~3!. In

FIG. 1. The joint density of states is shown atG50.005g0 for
~a! the metallic nanotubes and~b! the semiconducting nanotube
The unit of frequency isg0 .
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short, there are several important differences in the lo
energy JDOS for metallic and semiconducting nanotubes
for carbon nanotubes close to zigzag chirality and armch
chirality. They include the peak structures, the peak po
tions, and the dependence of peaks on the nanotube ge
etry.

The above-mentioned features of thep-band structure
will be directly reflected in optical excitations. AtT50, elec-
trons are excited from the occupiedp subbands to the unoc
cupiedp* subbands, i.e., they only exhibit inter-p-band ex-
citations. The optical absorption function of the~m,n! carbon
nanotubes is given by19

A~v;d,u!5
8e2v2

)~d1I c!
2 (

kx ,kx8
E

1st BZ

dky

2p

3

ZK Cc~kx8 ,ky!UÊ•P

me
UCv~kx ,ky!L Z2

vvc
2 ~kx ,kx8 ,ky!

3S G

@v2vvc~kx ,kx8 ,ky!#21G2

2
G

@v1vvc~kx ,kx8 ,ky!#21G2D . ~5!

I c (53.4 Å) is the intertube distance.vvc(kx ,kx8 ,ky)
5Ec(kx8 ,ky)2Ev(kx ,ky) is the inter-p-band excitation en-
ergy. The square of the velocity matrix element in Eq.~5! is
evaluated within the gradient approximation.16 There exist
selection rules for the optical excitations, that greatly si
plify the calculations. One is thatDky50 in Eq. ~5! ~or
Dky50!, which follows from the fact that for photons in th
long-wavelength limit the initial- and final-state wave ve
tors are the same. On the other hand, the selection rule
the angular momentum depend on the polarization direct
For Ei , it satisfiesDJ50 ~or Dkx50!. This means that only
the vertical transitions from thep to thep* subbands of the
sameJ’s are allowed. But forE' , allowed excitations are
restricted to subbands that satisfyDJ561 ~or Dkx562/d!.
The reason is that the matrix elementÊ•P}(sina)Pa , where
a is the azimuthal angle. Expressing sina5(eia2e2ia)/2i ,
one readily sees that the selection rule follows. In this ca
electrons in thep subband ofJ are excited to thep* subband
of J61. The two excitation channels,DJ561, make the
same contributions to optical excitations. It only needs to
carried out for one excitation channel, e.g., forDJ51.

In general, a carbon nanotube bundle is made up
single-wall carbon nanotubes with different diameters a
chiral angles. The optical excitations of a nanotube bundl
the superposition of those of different carbon nanotubes.
ensemble average of the optical absorption function
A(v)5^A(v;di ,u i)&av . The imaginary part of the dielectric
function19 could be directly evaluated from the optical a
sorption function by the relatione2(v)52pA(v)/v2. The
real part of the dielectric function is subsequently found
means of the Kramers-Kronig relation

e1~v!2e05
21

p E
2`

`

e2~v8!PS 1

v2v8Ddv8, ~6!
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13 156 PRB 62M. F. LIN
wheree0 ~52.4 ~Ref. 20! is the background dielectric con
stant. Loss function and reflectance are, respectively, ca
lated from Im@21/e# and R(v)5u12Ae(v)u2/u1
1Ae(v)u2.

III. THE CALCULATED OPTICAL SPECTRA

Equations~5! and ~6! are used to calculate the optic
absorption function, the dielectric function, the loss fun
tion, and the reflectance. The distribution of diameter a
chiral angle in a nanotube bundle is needed for the calc
tions of the ensemble average of optical properties. I
mainly determined by synthesis temperature a
catalysts.9–11 A highly uniform carbon nanotube bundl
could be produced. However, the real distribution of t
nanotube geometry is not known up to now. Here the sing
walled carbon nanotubes are assumed to group aro
the ~m,m! armchair nanotube10,11 @or the (m,0) zigzag nano-
tube#. A (m,m)@(m,0)# carbon nanotube has the diame
d053mb/p @d05)mb/p#. The diameter and the chira
angle are, respectively, confined tod06Dd and 230°<u
<220° ~210°<u<0°; for details see Fig. 4 in Ref. 11!.
The maximum distribution widthDd does not significantly
modify the optical spectra@Fig. 2~a!#. The number of single-
wall carbon nanotubes with diameterd in a bundle is propor-
tional to the Lorentzian distributiondc /@(d2d0)21dc

2/4# or
the Gaussian distribution exp@22(d2d0)

2/dc
2#. The calculated

results are almost the same for these two kinds of distr
tions. The Lorentzian distribution is taken in the calculatio

We first study the optical absorption in theEi case for the
~9,9! nanotube bundle with230°<u<220° and Dd
50.07 nm. This bundle is close to that produced atT
51050 °C by catalyst NiCo@Fig. 3~b! in Ref. 10#. There are
nine kinds of single-wall carbon nanotubes in a nanotu
bundle.11 They include six semiconducting nanotubes@~9,8!,
~11,6!, ~10,8!, ~11,7!, ~10,9!; ~12,7!# and three metallic nano
tubes@~10,7!, ~9,9!; ~11,8!#. d;1.15 nm for the~9,8!, ~10,7!;
~11,6! nanotubes.d;1.22 nm for the~9,9!, ~10,8!; ~11,7!
nanotubes.d;1.29 nm for the~10,9!, ~11,8!; ~12,7! nano-
tubes.Ai, as shown by the light solid curve in Fig. 2~a!, is
due to the inter-p-bande-h excitations from theCv(J,ky)
state to theCc(J,ky) state. At an energyv, which corre-
sponds to vertical optical excitations near the band edge
number of such excitation channels is very large. JDOS
hibits a sharp peak~Fig. 1!, and so doesAi. A carbon nano-
tube bundle is made up of different carbon nanotubes. C
sequently, there are three main absorption bands, and se
subpeaks or shoulders exist in each absorption band.
semiconducting~metallic! nanotubes cause the first and t
second absorption bands~the third absorption band!, as indi-
cated from the comparison between Fig. 1 and Fig. 2~a!. The
velocity matrix elements of the linear subbands vanish@Eq.
~5!#; therefore, the metallic nanotubes do not exhibit fin
absorption spectrum at very low frequency. The opti
threshold excitations are related to the semiconducting na
tubes, and the threshold excitation frequencies are their
ergy gaps. The optical absorption spectrum is somew
modified with an increase of the distribution width of diam
eter, e.g.,Ai at Dd50.14 nm~the light dashed curve!. There
exist additional subpeaks, which are far away from the c
tral peaks of absorption bands~denoted by arrows!. Ai at
u-
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Dd50.14 nm is found to be almost the same as that atDd
>0.21 nm. Generally speaking, the effect ofDd on the op-
tical spectra is weak.

The subpeaks or shoulders in absorption bands have t
important features. First, the semiconducting~10,8! and
~11,7! nanotubes induce the central peaks in the first and
second absorption bands, and the metallic~9, 9! nanotube
leads to that in the third absorption band. These three pe
respectively, occur atv1.2g0b/d0 , v2.4g0b/d0 , and
v3.6g0b/d0 @Eq. ~3!#. This result suggests that we cou
infer the mean diameter of the nanotube bundle or the va
of g0 from the energy positions of the central peaks. Seco
for the first absorption band, the energy difference betw
the central peak and the neighboring peak~or shoulder! is
ED1.v1Dd/d0 . The energy difference becomes double f
the second absorption band, i.e.,ED2.v2Dd/d0 . There is a
simple corresponding relation for the subpeaks in the fi
and the second absorption bands. Finally, the first and
third absorption bands, respectively, have the narrowest
the widest distribution widths. Compared with the first a
the second absorption bands, the third absorption band
hibits more subpeaks. The main reason is that the nona
chair metallic nanotubes, the~10,7! and ~11,8! nanotubes,
exhibit the neighboring two-peak structure@Fig. 1~a!#.

The above-mentioned features ofAi could essentially ex-
plain the measured absorption spectra.9,10 They include the
three absorption bands atv,0.8g0 ,9,10 the subpeaks~or

FIG. 2. The optical absorption functions are calculated atG
50.005g0 for ~a! the ~9,9! nanotube bundle withDd50.07 nm and
~b! the ~15,0! nanotube bundle withDd50.08 nm. The light solid
curve and the heavy dashed curve are the results for the paralle
perpendicular polarizations directions, respectively. Also shown
~a! for comparison isAi at Dd50.14 nm. The arrows in~a! points
at the central peak in each absorption band. The arrows and cro
in ~b!, respectively, correspond to the subpeaks induced by
~14,0! and ~14,1! nanotubes.
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shoulders! and the central peak in each absorption ban10

the corresponding subpeak positions in the first and the
ond absorption bands,10 and the widest frequency range fo
the third absorption band.10 The consistency means that th
single-walled carbon nanotubes in a nanotube bundle sh
belong to carbon nanotubes close to armchair chirality,
not zigzag chirality. It is also useful in determining the val
of the resonance integral. Katauraet al.9 ~Jostet al.10! make
pure single-wall carbon nanotubes by using catalyst N
~NiCo! at T51200 °C (1050 °C). The mean diameter
d051.36 nm (1.22 nm) The central peaks in three abso
tion bands, respectively, occur at 0.68, 1.2, and 1.7 eV~0.77,
1.41, and 2.04 eV!. A comparison between these energy p
sitions and the theoretical predictions (v1 ,v2 ;v3) yields a
value ofg053.060.2 eV (g053.160.2 eV).

The nanotube chirality has a strong effect on the opt
absorption spectra.Ai of the ~15, 0! nanotube bundle with
Dd50.08 nm is shown in Fig. 2~b!. This bundle has eigh
kinds of single-wall carbon nanotubes. It includes11 six semi-
conducting nanotubes@~14,0!, ~13,2!, ~14,1!, ~15,1!, ~14,3!;
~16,0!# and two metallic nanotubes@~15,0!; ~14,2!#. There are
several important differences between the~15, 0! nanotube
bundle and the~9,9! nanotubes bundle@Fig. 2~a!# in Ai. The
former also exhibits three absorption bands. However, i
difficult to find the central peak in each absorption band. T
corresponding relation between the subpeaks in the first
the second absorption bands is absent. For example, the~14,
0! nanotube~arrows! is larger than the~14, 1! nanotube
~crosses!, while the energy positions of the subpeaks are
inversely proportional to diameter@see also Fig. 1~b!#. More-
over, the third absorption band corresponds to two promin
peaks@Fig. 1~a!#. That the nonlinearkx

3 cos 3u term in Eq.~3!
is very important for carbon nanotubes with smallu could
explain the above-mentioned results. Apparently, the opt
absorption spectra shown by carbon nanotubes close to z
chirality are not consistent with the experimen
measurements.10,11

The structure anisotropy of the nanotube bundle is
rectly reflected in the optical spectra.A' in theE' case quite
differs from Ai in the Ei case, as shown in Figs. 2~b! and
2~a!. The differences include the spectral intensity, the
sorption bands, and the threshold excitations.A' is weaker
thanAi, since the optical transition probability of the form
is about half of that of the latter@Eq. ~5!#. A' only exhibits
one absorption band, which comes from semiconducting
metallic carbon nanotubes. On the other hand,Ai exhibits
three absorption bands, which, respectively, correspon
semiconducting and metallic nanotubes. Whether there
peak structures in the absorption spectrum depends on
JDOS and velocity matrix element in Eq.~5!. The optical
matrix elements of the edge states in theE' case are found to
be nonvanishing only for the threshold excitations. For m
tallic ~semiconducting! nanotubes, such excitations a
caused by the linear~parabolic! subband ofkx50 @kx
52/3d or 22/3d in Eq. ~3!# and the parabolic subband o
kx52/d or 22/d ~kx524/3d or 4/3d!. Consequently, the
threshold excitation frequency is higher in theE' case.

Figure 3~a! and 3~b! present the dielectric functions fo
the ~9,9! and ~15,0! nanotube bundles, respectively. Th
imaginary part of the dielectric function is proportional to t
optical absorption function. They exhibit similar peak stru
c-
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tures at the same energies. The real@e1(v)# and the imagi-
nary @e2(v)# parts of the dielectric function satisfy th
Kramers-Kronig relation. Whene2 is divergent in 1/Av2v i

form at G50, e1 diverges in reverse 1/Av i2v form. These
divergent structures are broadened at finiteG. Each singular
structure is replaced by the peak structure and the dip st
ture for e1 ~the peak structure and the step structure fore2!.
Clearly,e1

i ~the heavy dashed curves! might have zeros or be
very small in the right-hand neighborhood of the dip stru
tures. The speciale1 will make the loss spectrum exhib
prominent peaks@Figs. 4~a! and 4~b!#. Such peaks are asso
ciated with inter-p-band collective excitations or plasmon
But on the other hand, the dip structures ine1

' ~the light
dashed curves! are less obvious. They do not lead to th
vanishinge1 and thus the pronounced peaks in the loss sp
trum.

The loss functions are important in understanding pl
mons and single-particle excitations. They are shown in F
4~a! and 4~b! for the ~9,9! and ~15,0! nanotube bundles, re
spectively. The loss functions forEi exhibit three or four
prominent peaks and several subpeaks~the solid curves!.
However, the former are absent in theE' case~the dashed
curves!. The prominent peaks and the subpeaks are, res
tively, attributed to the inter-p-band plasmons ande-h exci-
tations. The first and the second plasmon peaks~the other
plasmon peaks! are caused by the semiconducting~metallic!
nanotubes. The subpeak structures are similar to those fo
in the optical absorption function. The plasmon frequenc
are higher than the single-particle excitation energies. F
thermore, there is no simple relation between the plasm

FIG. 3. The real (e1) and the imaginary (e2) parts of the dielec-
tric functions are calculated atG50.005g0 for ~a! the ~9,9! nano-
tubes bundle withDd50.07 nm and~b! the ~15,0! nanotube bundle
with Dd50.08 nm.
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frequencies and the nanotube diameter. The plasmon p
are thus expected to be useless for the determination o
nanotube distribution in a nanotube bundle. The inter-p-band
plasmon peaks in single-wall carbon nanotube bundles h
been observed with EELS.11 The calculated results in theEi

case could account for the origin of these plasmons.
The reflectance spectra are, respectively, shown in F

5~a! and 5~b! for the ~9,9! and ~15,0! nanotube bundles
When the optical excitations come from the edge state
the p subbands, the dielectric function exhibits sharp pea
Both reflectance spectra and absorption spectra behav
that is, they have similar peak structures. For example, th
are three main peak structures inRi(v) ~Fig. 5! andAi(v)
~Fig. 2!. Each subpeak is due to thee-h excitations, and the
energy position is related to the nanotube geometry.
peak structures inRi(v), as discussed earlier forAi(v),
could be used to identify the preferred nanotube geometr
a nanotube bundle.Ri(v) are local maxima at peak position
and then rapidly drops to local minima. The clear plasm
edges occur at plasmon frequencies where the inter-p-band
plasmons are located. The reflectance spectra could dire
display the characteristics of the single-particle and coll
tive excitations.

IV. CONCLUDING REMARKS

In this work, the low-frequency optical properties
single-wall carbon nanotube bundles are studied within
gradient approximation.16 The nanotube geometry and th
polarization direction significantly affect the optical absor
tion function, the dielectric function, the loss function, a
the reflectance. The absorption spectra and the reflect

FIG. 4. ~a! The loss functions are calculated atG50.005g0 for
the ~9,9! nanotube bundle withDd50.07 nm.~b! Same plot as~a!,
but shown for the~15,0! nanotube bundle withDd50.08 nm.
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spectra are predicted to be useful in determining the na
tube geometry in a nanotube bundle, but not the loss spe
The calculated results could provide a reasonable expla
tion for the measured absorption spectra10,11 and loss
spectra.15

The optical absorption functions forEi and E' , respec-
tively, exhibit three absorption bands and one absorpt
band. ForAi, the semiconducting~metallic! carbon nano-
tubes induce the first and the second absorption bands~the
third absorption band!. However, the only absorption band i
A' comes from all carbon nanotubes. There are several
peaks in each absorption band. For carbon nanotubes clo
armchair chirality, the energy position of the central peak
inversely proportional to the nanotube diameter. Furth
more, there exists a corresponding relation for the subpe
in the first and the second absorption bands. On the o
hand, these two simple relations are absent for carbon n
tubes close to zigzag chirality. The dielectric function a
the reflectance vary as the optical absorption function. T
is to say, their peak structures are due to the single-par
excitations, and they are related to the nanotube geom
Such peaks are in great contrast with the pronounced p
in the loss function, since the latter correspond to the coll
tive excitations. The inter-p-band plasmons also lead to cle
plasmon edges in the reflectance spectra.
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FIG. 5. The reflectance spectra are shown atG50.005g0 for ~a!
the ~9,9! nanotube bundle withDd50.07 nm and~b! the ~15,0!
nanotube bundle withDd50.08 nm.
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