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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 imaginargrea) part of the transverse dielectric function exhibits a special gdgi at
frequency w~2vy, (yq is the nearest-neighbor overlap integraConsequently the loss function shows a
prominentm-plasmon peak ab>2vy,. The 7 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 Faret al. [Science283, 512 (1999], could be used to verify the predicted optical properties.

Carbon nanotubes have attracted a lot of interest sinceundle! The dielectric function was found to show only a
their discovery by lijima in 1991. A carbon nanotube con- special peak or dip, owing to the superposition of the contri-
sists either of a single tubule or of several coaxial tubuledutions from the coaxial nanotubé® be discussed later
with a nanoscaled radius~3.4—150A. Carbon atoms are Theoretical studies are mainly focused on the optical prop-
arranged on a cylindrical nanotube in a chiral or a chiralerties of single-walled carbon nanotube bundfed? A
fashion. A single-walled carbon nanotube is a semiconductosingle-walled carbon nanotube has cylindrical symmetry.
or a metal, which depends the radius and the chiral @ndle. Therefore, the magneto-optical absorption spectra exhibit the
When carbon nanotubes are closely packed together, a thre&haronov-Bohm quantum oscillatidh. There are a lot of
dimensional3D) carbon nanotube bundle is formed. Carbonspecial structures in the transverse dielectric functiol
nanotube bundles made up of single-walledr multiwalled  since a single-walled carbon nanotube has many 1D sub-
nanotube§® had been fabricated. The alignment of carbonpands. Moreover, ther-electronic collective excitationgr
nanotubes and their size distribution are very important fohiasmonglead to a prominent peak in the loss function and
both fundamental studies and device applications. The \yeak edge structure in the reflectance spectfum.
single-walled carbon nanotubes in a bundle might bend \ye use the tight-binding model to calculate theband

along the tubular axis” To improve the straightness, the .o ihe gradient approximation to evaluate the transverse
mgg:lgnzg m:telgﬁllsqrﬁzrzgt‘r%ﬁigt#%? R}uenﬂiftivwvglrlzgrsrdielectric function. Since carbon nanotubes are highly aniso-
nanotub):a radiusr(~5.+2 5nm) was too broad. Only re- tropic, their optical_prqpertigs are expected to strongly d_e-
e . - A pend on the polarization direction of an external electric
cently, it is possible to largely produce multiwalled Carbonfield In this work, we consider the effects of changes in both

nanotube bundles with a narrow radius distribution-8 hiral anale of carbon nanotube and the multiwalled
+1 nm)® These systems enable us to study some essentilane chiral angie of carbon nhanotube a € muftiwate

physical properties of carbon nanotube bundles, say, opticﬂar?otube radi_us. It is important to clarify Whet_her _the distri-
properties. In this work, we study the optical properties of ution of _multlwalled_ carbon nanotublesould S|gn|f|ca_ntly
well-aligned multiwalled carbon nanotube bundles, including?ffect optical properties. Our study shows that there is a spe-
the transverse dielectric functicie), the loss function, and cial dip (peak structure in the reafimaginary part of the
the reflectancéR). Their dependence on the polarization di- transverse dielectric function at~2y, (y,=2.4-3.0eV is
rection of an external electric field, the chiral angle of carborthe nearest-neighbor overlap integfal The loss function
nanotube 6), and the radius of carbon nanotulsgis inves-  exhibits a pronounced-plasmon peak ab>2vy,. Further-
tigated. We will also compare these properties between mulmore, ther plasmon induces a strong and abrupt edge in the
tiwalled carbon nanotube bundles and grapHite. reflectance spectrum. The calculated results are consistent
There have been some reports on optical properties ofith the ellipsometry experiments.
carbon nanotubes, both experimentally and theoretically. The The geometric structure of a single-walled carbon nano-
optical ellipsometry was used to directly measure the transtube is uniquely determined by the chiral vec®{=ma,
verse dielectric function of a multiwalled carbon nanotube+na,, which connects two crystallographically equivalent
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sites on a 2D graphite sheéeThe chiral angle and the radius

of a (m, n nanotube are, respectivelyg=tan 1 —v3n/(2m 35:5

+n)] and 30

2 2 25!

:|RX|:b 3(m*+mn+n?) (b=1.42 A).

2 2 20:5

The 7 band is calculated with the tight-binding model like w 155':;

that employed for a graphite shé@fThe energy dispersions 3
and the corresponding wave functions are denoted by 10

E®?(ky.ky) andW¥©?(k, k,), respectively:® The superscript

c (v) represents an unoccupied antibondirty band(occu- 5
pied bondingm band. The transverse wave vectés, is 0

equal toJ/r, whereJ is the quantized angular momentum

adopted as a subband index. The axial wave vekfors

confined to the first Brillouin zonéBZ). There are two types

of electronic structures according to geometric structures.

Type-I carbon nanotubes, which correspond mo2n+ 3i (i

an integey, are semiconductors with energy gap,

= yob/r. Others are metallic type-Il carbon nanotubes with  FIG. 1. The real ¢;) and the imaginary <) parts of the trans-

Eg: 0. verse dielectric functions are shown for a multiwalled carbon nano-
We consider a uniform carbon nanotube bundle in whicHube bundle with shell numbeN=17 at energy widthl

the same multiwalled nanotubes are arranged in a triangular 9-0330. The solid and the dashed curves correspond to the par-

lattice® with the intertube distanoce( = 3.4 A)_l At zero tem- aII(_aI and the perpgndlcular polarization directions, respectively. The

perature, the inter~band excitations from the occupied unit of frequency is .

m-band states to the unoccupied -band states are the only

[+)]

o L sl
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4
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excitation channel. Within the relaxation-time
approximatiort/ the transverse dielectric function including ner radiusr;=25.5A. The total shell numbeX is 17. A
all contributions of inters-band excitations is given by single-walled nanotube of a fixed radius may have different
chiral angles and therefore may have different electronic
16762 dk, structures. In thi; work, we randomly choos_e nine type-I
e(w)=€g— —— o nanotubes and eight type-Il nanotubes. It will be demon-
V3(2r+d)% i ki /st BZ strated that optical properties are not affected by different

. 2 chiral angles(or the detailed electronic structure of each
‘< WE(K, k) E"I’?(kx ,ky)> component nanotube
m The dielectric functionse' and -, which, respectively,
X c .
wzz;c,i(kx Ky Ky) correspond to the paralleE(lly) and the perpendiculaig( )
polarizations, are evaluated explicitly in this study. We first
( g examine the dielectric function fdE,. The selection rule is
w—wuc‘i(kx,k)’(,ky)ﬂl“ Aky=0 andAJ=L=0 [Eq. (1)]. The angular momentum
1 transferL vanishes. Consequently, only the vertical inter-
- g : ] , (1)  band transitions from the to the 7* subbands of the same
o+ wyci(Kye Ky Ky) il J's are allowed. The dielectric functiogl, as shown in Fig.

1 by the solid curves, reveals two main characteristics. Only
wherew, i (Ky, Ky ky) = EF(k} ky) — EV(ky k,) is the inter-  very weak ripples exist i’ for 0<2yy, i.e., €' is almost
m-band excitation energy. The subscripepresents theth  featureless in this frequency range. The imagir(aeg) part
nanotube among th&l-shell coaxial nanotubess, is the  of the dielectric functione) (€}) exhibits a prominent peak
background dielectric constant, aimdis the energy width (dip) structure neaw=2vy, (at a frequency slightly greater
due to various deexcitation mechanisms. The velocity matrixhan 2y,). These two characteristics could also be found in
element (WE(k, k,)|E-PImJW!(k, k) is evaluated graphite’ (to be discussed later .
within the gradient approximatiot:'> The weak intertube For the E, case, the selection rule isk,=0 and AJ
interactions are neglected in E(L). They only affect the =L==1. These rules can be easily identified framP
low-energy elecronic structure f&<0.1eV®°The inde- o«sinaP,=(d*—e )P, /2i [in Eq. (1)], wherea is the azi-
pendent nanotube approximation should be a reasonabfauthal angle. Electrons in the occupiedsubband of] are
model fore>0.1eV. excited to the unoccupied™ subband ofJ=1. The main

The calculations are principally based on the followingfeatures inet (the dashed curves in Fig) hre similar to
parameterse,=2.4 andl’=0.033y, (Refs. 12 and 18" is  those ine'. Both - and €' exhibit no special feature fap
0.1 eV for yy=3.033 eV (Ref. 4]. We construct a multi- <2y, and have similar characteristic structures at
walled carbon nanotuBevith outer radius ,=80A and in- ~2v,. However, there are two important differences be-
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1.0 structures could explain why multiwalled carbon nanotube
I 1/ bundles and graphit®exhibit similar dielectric functions.
m[: 1;?]] Three main features of the transverse dielectric functions
are consistent with the ellipsometry experimehiEhey in-
clude a featureless behavior far<2y,, a special peak or
dip atw~2vy,, and a relatively strong peak or dip in tkg
case. Also notice that' and e- had been calculated for a
single-walled carbon nanotube bundfeg. 4 in Ref. 13. A
very large energy widthI{=0.2y,) is required to explain
the experimental resultthe featureless behavior efat w
<2%q. The reason for the featureless behavior, as we have
pointed out above, should be the superposition of the coaxial
carbon nanotubes, instead of a very lafge
The transverse dielectric function is used to calculate the
. loss function Inp—1/e] at zero momentum transfer. The dip
R R N R AL structure in the real part of the dielectric function leads to a
2 3 y pronounced peak in the loss function, as shown in Fig. 2.
w (70) This peak is attributed to the collective excitationsmoélec-
trons. The 7 plasmons forE; (solid curve and for E;
(dashed curvecome from the superposition af=0 andL
=1 collective excitations of all carbon nanotubes, respec-
tively. The latter has a weaker plasmon peak and a lower
plasmon frequency, since the optical excitations are less ef-
ficient in the E; case. Thew plasmon also exists in
oL i - o ¢ graphite!® Compared with a multiwalled carbon nanotube
tween %ndé' The minimum ex0|te_1t|on energy 87 (J . bundle, graphite exhibits a stronger plasmon peak and a
tlvky)_Ei (J,ky) for E, , so there exists a special peak in pigher 7-plasmon frequency. That graphite has a higher
€; at smallw(~0.056y,). The optical transition probability  7_electron density could explain the differences for the
for E, is about half of that forE,. Consequentlye;, is plasmon.
smaller thane) at all o's and e; is smaller(largey than €} The 7 plasmons at the long-wavelength limit could be
for w<2yy (0>27v). At w~27y,, the special structure in measured by the electron-energy-loss spectros¢BRYLS).
€' is less obvious. This important difference clearly illus- There are some experimental measurements on a multiwalled
trates the strong anisotropy of optical properties. Moreovercarbon nanotul#823as well as a carbon nanotube fift?®
it would render the optical spectra for the caseEofrela-  The 7 plasmons are identified from the pronounced peak in
tively weak, e.g., a weaker-plasmon peak in the loss func- the loss spectrum. Using EELS to investigate thelasmons
tion (Fig. 2). in a multiwalled carbon nanotube bundle, one needs to
The facts that the transverse dielectric function exhibitsspecify the direction of the momentum transfer for the prob-
the special structure ai~ 2y, and the featureless behavior ing electrons. FoE,; (E, ), the momentum transfer is parallel
at w<2vy, deserve a closer investigation. Within the tight- (perpendiculagrto the nanotube axis. The momentum trans-
binding model:!® the 7-electronic states of a single-walled fer for both cases is negligible. In addition to the EELS, the
carbon nanotube are derived from those of a graphite sheaiptical spectroscopy could also be used to measurenthe
For the hexagonal Brillouin zone of a graphite shiéehe  plasmons. In an experiment, the reflectance spectrum is first
middle pointM between theKk and K’ corners is a saddle measured, then the dielectric function and the loss function
point in the energy-wave-vector space. At tkipoint, the  are determined by using the Kramers-Kronig relatiths.
inter-m-band excitation energy is4. Each carbon nano- The reflectance is calculated from the relatRfw)=|1
tube of the multiple shells must sample some of its eigen— \/e(w)|?/|1+ Je(w)|?. The spectrum, as shown in Fig. 3,
states near thil point. As a result of the flat band structure, decreases quickly as increases from zerdR is essentially
such states would lead to a special structureeimt o  featureless forw<2y,. When frequency approaches/@
~2vy,. We may understand the featureless spectrad«for reflectance begins to increaserises to a local maximum at
<2+, as follows. Each carbon nanotube has many 1D sube=2vy, and then rapidly drops to a minimum. The abrupt
bands because of the transverse periodical boundary condidge in reflectance spectrum is caused by #hplasmon.
tion. For example, the number of subbands is more than 78Iso, note that the characteristic peak near the plasmon edge
for a carbon nanotube with>20A. Because of to these 1D is absent in the spectrum of an ordinary métarhe reflec-
subbands, a single-walled carbon nanotube bdhditex-  tance spectrum is significantly affected by the polarization
hibits many peak structures fas<<2y, in addition to the directions. Compared t®", R' exhibits a relatively pro-
special structure ab~ 2y,. However, for a multiwalled car- nouncedm-plasmon edge structure. The main reason is that
bon nanotube bundle, the superposition of the coaxial nandhe optical response is stronger for thecase.
tubes would make peaks disappear except the common struc- The frequency-dependent characteristics of the reflectance
ture atw~21y,. In other words, the mixing effect of the spectrum are similar to those of graphifeThe similarities
coaxial nanotubes is the cause for the featureless behavior ofclude a rapid decrease and featureless behaviow at
€ at w<2v,. In addition, the similarity in ther-electronic  <2y,, a special peak structure at=2vy,, and an abrupt
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FIG. 2. The loss functions of a multiwalled carbon nanotube
bundle are shown for the parallel and perpendicular polarizatio
directions.
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FIG. 3. The reflectance spectra of a multiwalled carbon nano- ]
tube bundle are shown for the parallel and perpendicular polariza- ]
tion directions. 0.0 0.........].............................AL
)
m-plasmon edge at>2vy,. In summary, these are three (70)

important differences between the multiwalled and the

single-walled? carbon nanotube bundles in the reflectance FIG. 4. The reflectance spectra are shown for multiwalled car-
spectrum. The reflectance of the latter declines more quicklyon nanotube bundles with) different electronic structures ari)
at w<2y,. It has many oscillational peak structures there different shell numbers.
Moreover, itsm-plasmon edge structure is weaker. These dif-
fgrences suggest that the reflectance measurements of a mHilaiUS uniformity (r =1 nm). This system should be very
tiwalled carbon nanotube bundle are relatively easy. itable f ing the reflectan T

Figure 4a) shows the reflectance spectra for multiwalled suitab € Tor measuring the refiectance spectra. .
carbon nanotube bundles with different chiral angles In th|s work we have studied the optical properties of
electronic structurds A multiwalled carbon nanotube con- Well-aligned multiwalled carbon nanotube bundles. The
sists of 9 type-I nanotubes and 8 type-Il nanotubes, 17 type_tlransverse dielectric funct|(_)n,_ the loss fu_nctlon, and_ the_ re-
nanotubes, or 17 type-Il nanotubes. Apparently the Changé‘gectance are calculated within the grad|er_1t apprQX|mat|on.
in the chiral angles hardly affect the reflectance. This resulf "€ most notable features of the dielectric function are a
could be understood from the characteristics of the density ofeatureless region fob<2y,, a special peak or dip ab
states(DOS). The m-band structures of carbon nanotubes~27o, and a relatively strong peak or dip for tig case.
change with the chiral angles, e.g., the number of subbandSuch features are consistent with the ellipsometry
and the first Brillouin zone. But when the nanotube radius igneasurements. The loss function has a pronounced
sufficient large (>25A), DOS at a finite energy width[  7-plasmon peak fow>27y,. The 7 plasmons at the long-
=0.03y,) is almost independent of the chiral angles exceptavelength limit could be verified by EEE%? or optical
in some small ripple structures. That a single-walled carbospectroscopy® The reflectance exhibits a rapid decrease and
nanotube is only a rolled-up graphite sheet is the main regfeatureless behavior ai<2y,, a special peak structure at

son. These weak ripples would disappear due to the supef;=2y,, and an abruptr-plasmon edge fow>27y,. The
pOSition of the contributions from the coaxial nanotubes. TthatureS of the Optica' properties are similar to those of

DOS of a large carbon nanotube is insensitive to the chirayraphitel® The optical properties of well-aligned multi-
angles, as is the reflectance spectrum. Therefore, the nonuRied carbon nanotubes are insensitive to small changes in

formity of the multiwalled carbon nanotubes in a 3D bundléihe radius of carbon nanotube. Furthermore they are inde-
is not an important factor in determining the optical proper- endent of the chiral angle of carbon nanotube. However,

ties. On the other hand, the shell number of a multiwalledney are strongly affected by the polarization direction of an
nanotube(or the multiwalled nanotube radiusould affect  eyternal electric field. The well-aligned multiwalled carbon

the reflectance spectra more effectively. A more compachanotubes with high radius uniformity, which were recently

nanotube bundle exhibits stronger reflectance spectra, mai”héported by Faret al.® could be used to verify the predicted
owing to moremw electrons. The effect of the shell number on optical properties.

Ris weak forAN=3 (or Ar=1 nm), as shown in Fig. &).

This result suggests that a narrow radius distribution We thank Y. T. Lu and H. T. Su for a critical reading of
<1 nm is required to investigate the main characteristics ofhe manuscript. This work was supported in part by the Na-
the optical properties. Faet al® had successfully made the tional Science Council of Taiwan, and the Republic of China
well-aligned multiwalled carbon nanotube bundle with highunder Grant No. NSC 89-2112-M-006-011.
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