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Optical properties of well-aligned multiwalled carbon nanotube bundles
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The optical properties of well-aligned multiwalled carbon nanotube bundles are studied within the gradient
approximation. The imaginary~real! part of the transverse dielectric function exhibits a special peak~dip! at
frequencyv;2g0 ~g0 is the nearest-neighbor overlap integral!. Consequently the loss function shows a
prominentp-plasmon peak atv.2g0 . Thep plasmon also induces a strong and abrupt edge in the reflectance
spectrum. These features are similar to those of graphite. The optical properties are hardly affected by the
chiral angle of carbon nanotube; moreover, they are insensitive to small variation in the radius of carbon
nanotube. On the other hand, the optical properties strongly depend on the polarization direction of an external
electric field. The well-aligned multiwalled carbon nanotubes with high radius uniformity, which were recently
reported by Fanet al. @Science283, 512 ~1999!#, could be used to verify the predicted optical properties.
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Carbon nanotubes have attracted a lot of interest s
their discovery by Iijima1 in 1991. A carbon nanotube con
sists either of a single tubule or of several coaxial tubu
with a nanoscaled radiusr;3.4– 150 Å. Carbon atoms ar
arranged on a cylindrical nanotube in a chiral or a ch
fashion. A single-walled carbon nanotube is a semicondu
or a metal, which depends the radius and the chiral angle2–4

When carbon nanotubes are closely packed together, a th
dimensional~3D! carbon nanotube bundle is formed. Carb
nanotube bundles made up of single-walled5,6 or multiwalled
nanotubes7–9 had been fabricated. The alignment of carb
nanotubes and their size distribution are very important
both fundamental studies and device applications. T
single-walled carbon nanotubes in a bundle might be
along the tubular axis.5,6 To improve the straightness, th
well-aligned mutliwalled carbon nanotube bundles were fi
made by de Heeret al.7 The distribution of the multiwalled
nanotube radius (r;562.5 nm) was too broad. Only re
cently, it is possible to largely produce multiwalled carb
nanotube bundles with a narrow radius distribution (r;8
61 nm).9 These systems enable us to study some esse
physical properties of carbon nanotube bundles, say, op
properties. In this work, we study the optical properties
well-aligned multiwalled carbon nanotube bundles, includ
the transverse dielectric function~e!, the loss function, and
the reflectance~R!. Their dependence on the polarization d
rection of an external electric field, the chiral angle of carb
nanotube~u!, and the radius of carbon nanotube~r! is inves-
tigated. We will also compare these properties between m
tiwalled carbon nanotube bundles and graphite.10

There have been some reports on optical properties
carbon nanotubes, both experimentally and theoretically.
optical ellipsometry was used to directly measure the tra
verse dielectric function of a multiwalled carbon nanotu
PRB 610163-1829/2000/61~20!/14114~5!/$15.00
ce

s

l
or

ee-

r
e
d

t

ial
al
f
g

n

l-

of
e

s-

bundle.7 The dielectric function was found to show only
special peak or dip, owing to the superposition of the con
butions from the coaxial nanotubes~to be discussed later!.
Theoretical studies are mainly focused on the optical pr
erties of single-walled carbon nanotube bundles.11–14 A
single-walled carbon nanotube has cylindrical symme
Therefore, the magneto-optical absorption spectra exhibit
Aharonov-Bohm quantum oscillation.11 There are a lot of
special structures in the transverse dielectric function,11–14

since a single-walled carbon nanotube has many 1D s
bands. Moreover, thep-electronic collective excitations~p
plasmons! lead to a prominent peak in the loss function a
a weak edge structure in the reflectance spectrum.12

We use the tight-binding model to calculate thep band
and the gradient approximation to evaluate the transve
dielectric function. Since carbon nanotubes are highly an
tropic, their optical properties are expected to strongly
pend on the polarization direction of an external elect
field. In this work, we consider the effects of changes in b
the chiral angle of carbon nanotube and the multiwal
nanotube radius. It is important to clarify whether the dist
bution of multiwalled carbon nanotubes9 would significantly
affect optical properties. Our study shows that there is a s
cial dip ~peak! structure in the real~imaginary! part of the
transverse dielectric function atv;2g0 ~g0.2.4– 3.0 eV is
the nearest-neighbor overlap integral2,4!. The loss function
exhibits a pronouncedp-plasmon peak atv.2g0 . Further-
more, thep plasmon induces a strong and abrupt edge in
reflectance spectrum. The calculated results are consis
with the ellipsometry experiments.7

The geometric structure of a single-walled carbon na
tube is uniquely determined by the chiral vectorRx5ma1
1na2 , which connects two crystallographically equivale
14 114 ©2000 The American Physical Society
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sites on a 2D graphite sheet.4 The chiral angle and the radiu
of a ~m, n! nanotube are, respectively,u5tan21@2)n/(2m
1n)# and

r 5
uRxu
2p

5
bA3~m21mn1n2!

2p
~b51.42 Å!.

The p band is calculated with the tight-binding model lik
that employed for a graphite sheet.15 The energy dispersion
and the corresponding wave functions are denoted
Ec,v(kx ,ky) andCc,v(kx ,ky), respectively.16 The superscript
c (v) represents an unoccupied antibondingp* band~occu-
pied bondingp band!. The transverse wave vectorkx is
equal toJ/r , whereJ is the quantized angular momentu
adopted as a subband index. The axial wave vectorky is
confined to the first Brillouin zone~BZ!. There are two types
of electronic structures according to geometric structu
Type-I carbon nanotubes, which correspond to 2m1nÞ3i ~i
an integer!, are semiconductors with energy gapEg
5g0b/r . Others are metallic type-II carbon nanotubes w
Eg50.

We consider a uniform carbon nanotube bundle in wh
the same multiwalled nanotubes are arranged in a triang
lattice5 with the intertube distanced(53.4 Å).1 At zero tem-
perature, the inter-p-band excitations from the occupie
p-band states to the unoccupiedp* -band states are the onl
excitation channel. Within the relaxation-tim
approximation,17 the transverse dielectric function includin
all contributions of inter-p-band excitations is given by

e~v!5e02
16pe2

)~2r 1d!2 (
kx ,kx8 ,i

E
1st BZ

dky

2p

3

ZK C i
c~kx8 ,ky!UÊ•P

me
UC i

v~kx ,ky!L Z2
vvc,i

2 ~kx ,kx8 ,ky!

3H 1

v2vvc,i~kx ,kx8 ,ky!1 iG

2
1

v1vvc,i~kx ,kx8 ,ky!1 iGJ , ~1!

wherevvc,i(kx ,kx8 ,ky)5Ei
c(kx8 ,ky)2Ei

v(kx ,ky) is the inter-
p-band excitation energy. The subscripti represents thei th
nanotube among theN-shell coaxial nanotubes,e0 is the
background dielectric constant, andG is the energy width
due to various deexcitation mechanisms. The velocity ma
element ^C i

c(kx8 ,ky)uÊ•P/meuC i
v(kx ,ky)& is evaluated

within the gradient approximation.17,12 The weak intertube
interactions are neglected in Eq.~1!. They only affect the
low-energy elecronic structure forE,0.1 eV.18,19 The inde-
pendent nanotube approximation should be a reason
model forv.0.1 eV.

The calculations are principally based on the followi
parameters:e052.4 andG50.033g0 ~Refs. 12 and 13! @G is
0.1 eV for g053.033 eV ~Ref. 4!#. We construct a multi-
walled carbon nanotube9 with outer radiusr o580 Å and in-
y

s.

h
lar

ix

le

ner radiusr i525.5 Å. The total shell numberN is 17. A
single-walled nanotube of a fixed radius may have differ
chiral angles and therefore may have different electro
structures. In this work, we randomly choose nine typ
nanotubes and eight type-II nanotubes. It will be demo
strated that optical properties are not affected by differ
chiral angles~or the detailed electronic structure of ea
component nanotube!.

The dielectric functionse i and e', which, respectively,
correspond to the parallel (Eii ŷ) and the perpendicular (E')
polarizations, are evaluated explicitly in this study. We fi
examine the dielectric function forEi . The selection rule is
Dky50 and DJ5L50 @Eq. ~1!#. The angular momentum
transferL vanishes. Consequently, only the vertical inter-p-
band transitions from thep to thep* subbands of the sam
J’s are allowed. The dielectric functione i, as shown in Fig.
1 by the solid curves, reveals two main characteristics. O
very weak ripples exist ine i for v,2g0 , i.e., e i is almost
featureless in this frequency range. The imaginary~real! part
of the dielectric functione2

i (e1
i ) exhibits a prominent peak

~dip! structure nearv52g0 ~at a frequency slightly greate
than 2g0!. These two characteristics could also be found
graphite10 ~to be discussed later!.

For the E' case, the selection rule isDky50 and DJ

5L561. These rules can be easily identified fromÊ•P
}sinaPa5(eia2e2ia)Pa/2i @in Eq. ~1!#, wherea is the azi-
muthal angle. Electrons in the occupiedp subband ofJ are
excited to the unoccupiedp* subband ofJ61. The main
features ine' ~the dashed curves in Fig. 1! are similar to
those ine i. Both e' ande i exhibit no special feature forv
,2g0 and have similar characteristic structures atv
;2g0 . However, there are two important differences b

FIG. 1. The real (e1) and the imaginary (e2) parts of the trans-
verse dielectric functions are shown for a multiwalled carbon na
tube bundle with shell numberN517 at energy width G
50.033g0 . The solid and the dashed curves correspond to the
allel and the perpendicular polarization directions, respectively.
unit of frequency is 2g0 .
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tween e' and e i. The minimum excitation energy isEi
c(J

11,ky)2Ei
v(J,ky) for E' , so there exists a special peak

e2
' at smallv(;0.056g0). The optical transition probability

for E' is about half of that forEi . Consequently,e2
' is

smaller thane2
i at all v’s ande1

' is smaller~larger! thane1
i

for v,2g0 (v.2g0). At v;2g0 , the special structure in
e' is less obvious. This important difference clearly illu
trates the strong anisotropy of optical properties. Moreov
it would render the optical spectra for the case ofE' rela-
tively weak, e.g., a weakerp-plasmon peak in the loss func
tion ~Fig. 2!.

The facts that the transverse dielectric function exhib
the special structure atv;2g0 and the featureless behavio
at v,2g0 deserve a closer investigation. Within the tigh
binding model,4,16 the p-electronic states of a single-walle
carbon nanotube are derived from those of a graphite sh
For the hexagonal Brillouin zone of a graphite sheet,15 the
middle pointM between theK and K8 corners is a saddle
point in the energy-wave-vector space. At thisk point, the
inter-p-band excitation energy is 2g0 . Each carbon nano
tube of the multiple shells must sample some of its eig
states near theM point. As a result of the flat band structur
such states would lead to a special structure ine at v
;2g0 . We may understand the featureless spectra fov
,2g0 as follows. Each carbon nanotube has many 1D s
bands because of the transverse periodical boundary co
tion. For example, the number of subbands is more than
for a carbon nanotube withr .20 Å. Because of to these 1D
subbands, a single-walled carbon nanotube bundle11–14 ex-
hibits many peak structures forv,2g0 in addition to the
special structure atv;2g0 . However, for a multiwalled car-
bon nanotube bundle, the superposition of the coaxial na
tubes would make peaks disappear except the common s
ture at v;2g0 . In other words, the mixing effect of th
coaxial nanotubes is the cause for the featureless behavi
e at v,2g0 . In addition, the similarity in thep-electronic

FIG. 2. The loss functions of a multiwalled carbon nanotu
bundle are shown for the parallel and perpendicular polariza
directions.
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structures could explain why multiwalled carbon nanotu
bundles and graphite10 exhibit similar dielectric functions.

Three main features of the transverse dielectric functi
are consistent with the ellipsometry experiments.7 They in-
clude a featureless behavior forv,2g0 , a special peak or
dip at v;2g0 , and a relatively strong peak or dip in theEi

case. Also notice thate i and e' had been calculated for
single-walled carbon nanotube bundle~Fig. 4 in Ref. 13!. A
very large energy width (G50.2g0) is required to explain
the experimental result,7 the featureless behavior ofe at v
,2g0 . The reason for the featureless behavior, as we h
pointed out above, should be the superposition of the coa
carbon nanotubes, instead of a very largeG.

The transverse dielectric function is used to calculate
loss function Im@21/e# at zero momentum transfer. The d
structure in the real part of the dielectric function leads to
pronounced peak in the loss function, as shown in Fig
This peak is attributed to the collective excitations ofp elec-
trons. The p plasmons forEi ~solid curve! and for E'

~dashed curve! come from the superposition ofL50 andL
51 collective excitations of all carbon nanotubes, resp
tively. The latter has a weaker plasmon peak and a lo
plasmon frequency, since the optical excitations are less
ficient in the E' case. Thep plasmon also exists in
graphite.10 Compared with a multiwalled carbon nanotub
bundle, graphite exhibits a stronger plasmon peak an
higher p-plasmon frequency. That graphite has a high
p-electron density could explain the differences for thep
plasmon.

The p plasmons at the long-wavelength limit could b
measured by the electron-energy-loss spectroscopy~EELS!.
There are some experimental measurements on a multiwa
carbon nanotube20–23 as well as a carbon nanotube film.24,25

The p plasmons are identified from the pronounced peak
the loss spectrum. Using EELS to investigate thep plasmons
in a multiwalled carbon nanotube bundle, one needs
specify the direction of the momentum transfer for the pro
ing electrons. ForEi (E'), the momentum transfer is paralle
~perpendicular! to the nanotube axis. The momentum tran
fer for both cases is negligible. In addition to the EELS, t
optical spectroscopy could also be used to measure thp
plasmons. In an experiment, the reflectance spectrum is
measured, then the dielectric function and the loss func
are determined by using the Kramers-Kronig relations.10

The reflectance is calculated from the relationR(v)5u1
2Ae(v)u2/u11Ae(v)u2. The spectrum, as shown in Fig. 3
decreases quickly asv increases from zero.R is essentially
featureless forv,2g0 . When frequency approaches 2g0 ,
reflectance begins to increase.R rises to a local maximum a
v52g0 and then rapidly drops to a minimum. The abru
edge in reflectance spectrum is caused by thep plasmon.
Also, note that the characteristic peak near the plasmon e
is absent in the spectrum of an ordinary metal.26 The reflec-
tance spectrum is significantly affected by the polarizat
directions. Compared toR', Ri exhibits a relatively pro-
nouncedp-plasmon edge structure. The main reason is t
the optical response is stronger for theEi case.

The frequency-dependent characteristics of the reflecta
spectrum are similar to those of graphite.10 The similarities
include a rapid decrease and featureless behavior av
,2g0 , a special peak structure atv52g0 , and an abrupt

n
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p-plasmon edge atv.2g0 . In summary, these are thre
important differences between the multiwalled and
single-walled12 carbon nanotube bundles in the reflectan
spectrum. The reflectance of the latter declines more quic
at v,2g0 . It has many oscillational peak structures the
Moreover, itsp-plasmon edge structure is weaker. These d
ferences suggest that the reflectance measurements of a
tiwalled carbon nanotube bundle are relatively easy.

Figure 4~a! shows the reflectance spectra for multiwall
carbon nanotube bundles with different chiral angles~or
electronic structures!. A multiwalled carbon nanotube con
sists of 9 type-I nanotubes and 8 type-II nanotubes, 17 ty
nanotubes, or 17 type-II nanotubes. Apparently the chan
in the chiral angles hardly affect the reflectance. This re
could be understood from the characteristics of the densit
states~DOS!. The p-band structures of carbon nanotub
change with the chiral angles, e.g., the number of subba
and the first Brillouin zone. But when the nanotube radius
sufficient large (r .25 Å), DOS at a finite energy width (G
50.03g0) is almost independent of the chiral angles exc
in some small ripple structures. That a single-walled carb
nanotube is only a rolled-up graphite sheet is the main
son. These weak ripples would disappear due to the su
position of the contributions from the coaxial nanotubes. T
DOS of a large carbon nanotube is insensitive to the ch
angles, as is the reflectance spectrum. Therefore, the non
formity of the multiwalled carbon nanotubes in a 3D bund
is not an important factor in determining the optical prop
ties. On the other hand, the shell number of a multiwal
nanotube~or the multiwalled nanotube radius! would affect
the reflectance spectra more effectively. A more comp
nanotube bundle exhibits stronger reflectance spectra, ma
owing to morep electrons. The effect of the shell number o
R is weak forDN53 ~or Dr 51 nm!, as shown in Fig. 4~b!.
This result suggests that a narrow radius distributionDr
<1 nm is required to investigate the main characteristics
the optical properties. Fanet al.9 had successfully made th
well-aligned multiwalled carbon nanotube bundle with hi

FIG. 3. The reflectance spectra of a multiwalled carbon na
tube bundle are shown for the parallel and perpendicular polar
tion directions.
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radius uniformity (Dr 51 nm). This system should be ver
suitable for measuring the reflectance spectra.

In this work we have studied the optical properties
well-aligned multiwalled carbon nanotube bundles. T
transverse dielectric function, the loss function, and the
flectance are calculated within the gradient approximati
The most notable features of the dielectric function are
featureless region forv,2g0 , a special peak or dip atv
;2g0 , and a relatively strong peak or dip for theEi case.
Such features are consistent with the ellipsome
measurements.7 The loss function has a pronounce
p-plasmon peak forv.2g0 . The p plasmons at the long
wavelength limit could be verified by EELS20–25 or optical
spectroscopy.10 The reflectance exhibits a rapid decrease a
featureless behavior atv,2g0 , a special peak structure a
v52g0 , and an abruptp-plasmon edge forv.2g0 . The
features of the optical properties are similar to those
graphite.10 The optical properties of well-aligned multi
walled carbon nanotubes are insensitive to small change
the radius of carbon nanotube. Furthermore, they are in
pendent of the chiral angle of carbon nanotube. Howev
they are strongly affected by the polarization direction of
external electric field. The well-aligned multiwalled carbo
nanotubes with high radius uniformity, which were recen
reported by Fanet al.,9 could be used to verify the predicte
optical properties.
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FIG. 4. The reflectance spectra are shown for multiwalled c
bon nanotube bundles with~a! different electronic structures and~b!
different shell numbers.
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