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Electronic and transport properties of single-wall carbon nanotubes encapsulating
fullerene-based structures

D.-H. Kim, H.-S. Sim, and K. J. Chang
Department of Physics, Korea Advanced Institute of Science and Technology, Taejon 305-701, Korea

~Received 12 February 2001; published 24 August 2001!

We investigate the electronic and transport properties of~10,10! carbon nanotubes that contain a finite-sized
capped~5,5! tube ~capsule! and a long chain of C60 fullerenes by using the tight-binding model. We find that
the total transmissions through the outer tubes are very sensitive to the symmetry of the hybrid tubes. For the
~10,10! tube where the~5,5! capsule is aligned so as to maintain mirror symmetries, the total transmission
exhibits antiresonances with symmetric line shapes, while breaking mirror symmetries leads to asymmetric line
shapes. For encapsulated fullerenes in the~10,10! tube, we find rich structures in transmission, such as
antiresonances, resonances, and transmission gaps, which depend on mirror and rotational symmetries. This
feature is attributed to the fact that the coupling of incident channels with the bound states of the inner
structures is determined by the symmetry of the hybrid tubes.

DOI: 10.1103/PhysRevB.64.115409 PACS number~s!: 73.63.Fg, 71.20.Tx, 72.80.Rj, 73.61.Wp
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I. INTRODUCTION

Carbon nanotubes~CNT’s!, which were discovered by
Iijima,1 have attracted great attention because of their uni
electrical and mechanical properties, which are promising
nanodevices.2 Many experiments have demonstrated the b
listic and coherent transport behavior of single-wall nan
tubes~SWNT’s!, which exhibit resonant tunneling, quantu
dot behavior, and standing waves in finite-sized tubes.3–6 Be-
cause the phase relaxation length is larger than the typ
tube length of a few micrometers, quantum interference
fects are important in CNT’s. Several theoretical attem
have been made to study the bound states of finite-s
CNT’s,7–9 and nanotube-based quantum dots.10 Very re-
cently, it has been suggested that antiresonances occ
transmissions through CNT’s with polyhedral caps11 and lo-
cally deformed regions.12

Recent experiments13,14 have reported SWNT’s encapsu
lating fullerene-based structures such as carbon nano
capsules and fullerene chains. In these hybrid structu
closed carbon shells are contained within SWNT’s with
ameters of 1.3–1.4 nm. High-resolution transmission e
tron microscopy images indicated that many of these in
shells with diameter of 0.7 nm are fullerene molecules. Si
inner molecules maintain the graphitic van der Waals spac
of 0.3 nm from the outer tube walls, these molecules inte
weakly with the outer tube. Thus, interwall interactions m
drastically alter the electronic and transport properties of s
rounding SWNT’s. In particular, in the coherent and ballis
transport regime, antiresonances are likely to occur on
geometrical analogy of nanotube wires with st
resonators.15 In addition, since the electronic structure
SWNT’s is determined by the arrangement of inner m
ecules, the transport properties are also affected by the
ometry of hybrid structures. Despite many experimental
servations of hybrid nanotube structures, there have bee
comprehensive theoretical studies of the transport prope
of these structures.
0163-1829/2001/64~11!/115409~7!/$20.00 64 1154
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In this paper, we study the electronic and transport pr
erties of single-wall~10,10! carbon nanotubes that contain
finite-sized~5,5! nanotube capsule and a chain of C60 mol-
ecules by using the tight-binding model and the Gree
function approach. We investigate the effects of symmet
on the coupling of incident channels with the bound states
the inner structures and the total transmissions through
hybrid tubes. For the~5,5! capsule inside the tube, antires
nances generally occur in transmission, and are attribute
the increase of channels in the hybridized region. The l
shape of these antiresonances depends on the alignme
the capsule; when mirror symmetries are maintained, Br
Wigner-type symmetric line shapes are found, while bre
ing mirror symmetries leads to asymmetric line shap
These features can be fully understood from the depende
of the antiresonance line shape on the reflection of incid
channels and the wave vector difference between two ch
nels in the hybridized region. On the other hand, for t
~10,10! tube where C60 molecules are aligned so as to mai
tain both mirror and rotational symmetries, we find that a
tiresonance dips turn into resonancelike peaks as the num
of molecules increases. If only mirror symmetries are b
ken, a transmission gap is developed, and resonance p
occur in this transmission gap as rotational symmetries
further broken.

The paper is organized as follows. In Sec. II, we discu
the details of the hybrid tubes considered here and the
culational methods for the two-terminal conductances.
Sec. III, we derive a formula for the total transmission, a
discuss the mechanism and characteristics of antiresona
in transmission, which help us to understand the transmis
behavior in the hybrid tubes. In Sec. IV, the calculated to
transmissions through~10,10! tubes that contain a finite
sized ~5,5! tube and a chain of C60 molecules are given
Based on the band structures of the double-wall~5,5!-~10,10!
tube and the~10,10! tube where C60 molecules are aligned
periodically with various symmetries, we discuss the eff
of symmetries on the total transmission. In Sec. V, a su
mary and conclusions are given.
©2001 The American Physical Society09-1
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II. STRUCTURE AND CALCULATIONAL METHOD

To generate the hybrid nanotubes experimentally
served, we consider single-wall~10,10! tubes in which a
finite-sized~5,5! capsule and a chain of C60 molecules are
coaxially aligned, as shown in Fig. 1. We test various si
for the~5,5! capsule and investigate the effect of mirror sy
metries on transmission by rotating the capsule about
tube axis.16 For the chain of C60 molecules, we vary the
number of molecules, choosing the supercell geome
where a single molecule is contained in every four unit ce
of the ~10,10! tube. Thus, the distance between two neig
boring C60 molecules is 1.0 nm, in good agreement with t
measured value. When a fivefold rotational symmetry axis
C60 coincides with the~10,10! tube axis, we can break mirro
symmetries only by rotating the molecule about the tu
axis, while we maintain rotational symmetries. To break b
mirror and rotational symmetries, we rotate the C60 molecule
using Euler’s angles about an arbitrary axis.

To calculate two-terminal conductances, we assume
inner structures are hybridized in a finite region of t
~10,10! tube. Thus, unhybridized regions are used as in
and output leads. The two-terminal conductance at zero t
perature is obtained from the Landauer-Bu¨ttiker formula17

G5(2e2/h)T(E), whereT(E) is the transmission of chan
nels between the two leads at energyE. With use of the
Green’s function approach,18 we calculate the transmissio
as a function of energy,

T~E!5tr~ tt†!5tr~GLGrGRGr†!, ~1!

wheret is the transmission matrix andGL(R) is the coupling
matrix between the left~right! lead and the hybridized re
gion. HereGr is the retarded Green’s function in the hybri
ized region,

FIG. 1. The geometries and cross-sectional views of~10,10!
tubes containing~a! a finite-sized~5,5! capsule,~b! a chain of C60

molecules, and~c! a semi-infinite capped~5,5! tube.
11540
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E2Hd2SL
r 2SR

r
, ~2!

whereSL(R)
r is a self-energy andHd is the Hamiltonian in the

hybridized region, based on the tight-binding method.19 We
calculateG ’s andS ’s by employing the algorithm of Lo´pez
Sancho and co-workers.20 The eigenchannels21 are obtained
by diagonalizing the 232 transmission matrix, which repre
sents two channels near the Fermi level of the~10,10! tube.
In this case, we can separate the total transmissionT(E) into
T. andT, , which correspond to more and less transmiss
eigenchannels through the hybridized region, respectiv
from the relations,12

tr~T!5T.1T, , ~3!

tr~T2!5T.
2 1T,

2 . ~4!

The tight-binding method19 is used to calculate the ban
structures of the hybrid tubes, assuming an infinite size
the inner shells. Although the hybridized regions are fin
these band structures are useful to understand the effec
interactions between the outer tubes and inner structure
the transport properties of incident channels.

III. ANTIRESONANCE

In semiconductor quantum wires with stub resonators,
tiresonances are well understood using thet-stub geometry.15

Although antiresonances are also expected in our hy
nanotube systems, thet-stub geometry cannot be directl
used because this model is too simple to describe w
propagation in the hybridized regions. Because of the c
pling of inner structures with outer tubes, the number
channels in the hybridized region is not equal to that of
incident channels. If no channels exist in the hybridized
gion, incident waves are totally reflected, giving zero tra
mission. If the bound states in the hybridized region a
weakly coupled with incident channels, the system becom
the well-known double-barrier problem, and resonances
likely to occur in transmission. On the other hand, if mo
channels are generated in the hybridized region than in
leads, transmissions may exhibit antiresonances.

To understand the mechanism and characteristics of a
resonances in transmissions through our hybrid nanotu
we consider a simple transport model~see Fig. 2!, where a
single incident channel is split into two channels in the h
bridized region, and then these two channels are recomb
into one channel. In this model, we derive a formula for t
total transmissionT using a symmetric 333 S matrix with
time reversal symmetry, which describes incoming and o
going waves at junctions,

S O0

O1

O2

D 5S r 0 t1 t2

t1 r 1 r 12

t2 r 12 r 2

D S I 0

I 1

I 2

D , ~5!

wherer 0 is the reflection coefficient of an incident channe
r 1 andr 2 are the reflection coefficients of two channels in t
9-2
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ELECTRONIC AND TRANSPORT PROPERTIES OF . . . PHYSICAL REVIEW B 64 115409
hybridized region,t1 andt2 are the transmission coefficien
of an incident channel into channels 1 and 2, respectiv
and r 12 is the reflection from channel 1 to 2 and vice vers
From Eq. ~5!, the transmission matrices at the separat
( t̃ S) and recombination (t̃ R) junctions and the reflection ma
trix (R) for electrons moving in the hybridized region a
expressed as

t̃ S5S t1

t2
D , t̃ R5~ t1 t2!, R5S r 1 r 12

r 12 r 2
D .

To describe wave propagation in the hybridized region,
represent the propagation matrix (P),

P5S eik1L 0

0 eik2LD ,

wherek1 and k2 are the wave vectors of channels 1 and
respectively, in a hybridized region with lengthL. Consider-
ing multiple reflections in the hybridized region, we ca
write the transmission of an incident channel as12

T5utu25u t̃ RMP t̃ Su2, ~6!

whereM5I1PRPR1(PRPR)21•••. After some algebra
Eq. ~6! is rewritten as

T5
1

ugu2
ut1

2eik1L~12r 2
2e2ik2L2r 12

2 ei (k11k2)L!

1t2
2eik2L~12r 1

2e2ik1L2r 12
2 ei (k11k2)L!

12r 12t1t2ei (k11k2)L~r 1eik1L1r 2eik2L!u2, ~7!

where

g5@12r 1eik1L2r 2eik2L1~r 1r 22r 12
2 !ei (k11k2)L#

3@11r 1eik1L1r 2eik2L1~r 1r 22r 12
2 !ei (k11k2)L#.

The unitarity of theS matrix can be satisfied by introducin
six independent parameters defined as

FIG. 2. The schematic diagram of the channel flow in the
bridized region. An incident channel is split into two channels
one junction, and then these are recombined into one channel a
other junction. HereI i and Oi denote incoming and outgoin
waves, respectively, at each junction.
11540
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r 05rei (c1u),

t15A~12r 2!eei [ ~f11c!/21u] ,

t25A~12r 2!~12e!ei [(f21c)/21u] ,
~8!

r 152@~12e!1er #ei (f11u),

r 252@e1~12e!r #ei (f21u),

r 125~12r !Ae~12e!ei [(f11f2)/21u] .

In Eq. ~8!, only two parametersr ande are physically mean-
ingful; ur u is the reflection coefficient of an incident chann
and e represents the coupling of an incident channel w
channel 1 in the hybridized region, satisfying the conditio
ur u,1 and 0,e,1. From Eqs.~6! and ~8!, we derive a
simple formula for the total transmission,

T5
~12r 2!2

uau2ubu2

sin2~h/21u0!

sin2~h/21u01D!1G0
2

, ~9!

where u05u1d, d5arg(r 8), D5arg(b/a), a511reih,
b511reif, f5(k22k1)L1f22f1, and h5(k11k2)L
1f11f2. Here the linewidthG0 is related tor by

G05U12ur 82b/au

2r 8b/a
U , ~10!

wherer 85(12e)e2 if/21eeif/2.
For rÞ0, transmission barriers exist between the lead a

hybridized regions, and thenr is regarded as the backgroun
reflection,22 which causes the Fano resonance.23 In this case,
sinceD is generally not equal to zero, the Fano resona
has an asymmetric line shape, and the resonance pea
comes sharper asr goes to 1. On the other hand, forr 50,
the transmission has the Breit-Wigner antiresonance for24

with the linewidthG0@5(12ur 8u2)/(2ur 8u)#,

T5
sin2~h/21u0!

sin2~h/21u0!1G0
2

. ~11!

In actual hybrid nanotube systems, the parameters such aG,
a, andb depend onk1 , k2 , e, andr. Nevertheless, the line
shapes of resonances and antiresonances are mainly d
mined byr. In multichannel transport, we also expect an
resonances in transmission, if the number of channels
creases in the hybridized region, compared with the incid
channels. In this case, line shapes are also determined b
background reflections.

IV. RESULTS AND DISCUSSION

A. SWNT encapsulating a capsule

In this section, we calculate the total transmissio
through the~10,10! tubes containing finite-sized~5,5! nano-
tube capsules, with and without mirror symmetries, and
vestigate the effect of mirror symmetries on the antire
nance line shape. For the consistency of our calculations

-
t
the
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D.-H. KIM, H.-S. SIM, AND K. J. CHANG PHYSICAL REVIEW B64 115409
calculate the band structure of the double-wall~5,5!-~10,10!
nanotube~see Fig. 3!, and find good agreement with previou
theoretical calculations.25,26 In armchair nanotubes, two lin
ear bands near the Fermi level are characterized byp and
p* , which have even and odd parities, respectively, un
mirror symmetry operations. Thus, if mirror symmetries a
maintained, the double-wall nanotube keeps the charact
tics of the~5,5! and~10,10! tubes without a mixing of thep
andp* states, exhibiting linear parallel bands, as shown
Fig. 3~a!. In the double-wall tube without mirror symmetrie
the p andp* states are mixed, and pseudogaps are cre
at energies where the linear bands are crossed@see Fig. 3~b!#.

To get insight into the reflection of incident channels
the beginning of the hybridized region, we also examine
transmission through the~10,10! tube containing the semi
infinite ~5,5! tube with a cap, which is shown in Fig. 1~c!.
For energies near the Fermi level, we find that transmiss
are almost equal to 2 with retained mirror symmetries, in
cating that incident channels are negligibly reflected. If m
ror symmetries are broken, transmissions are greatly redu
near the pseudogaps@see Fig. 3~c!#, with significant reflec-
tions of incident waves.

For the~10,10! tube containing a finite-sized~5,5! capsule
that retains mirror symmetries, the total and eigenchan
transmissions are drawn in Fig. 4. In this system, since b
thep andp* channels are eigenchannels, the single-chan
model can be used for deriving the total transmission;
incidentp (p* ) channel is connected with thep (p* ) chan-
nels of the~5,5! capsule and~10,10! tube in the hybridized
region. As in the case of a semi-infinite~5,5! tube, incident
channels are negligibly reflected due to mirror symmetr
i.e., r .0. Since the linear bands of the~5,5! and ~10,10!
tubes are parallel, the difference betweenk1 andk2 is inde-
pendent of energy, wherek1 andk2 denote the wave vector
of the two channels with energyE in the hybridized region.
Then, the total transmission in Eq.~9! is reduced to the form

FIG. 3. The band structure of infinite~5,5!-~10,10! double-wall
nanotubes, where the inner tube is aligned~a! to retain mirror sym-
metries in cross section and~b! breaking mirror symmetries. In~b!,
the inner tube is rotated by 3° about the tube axis.~c! The total
transmission through the~10,10! tube containing a semi-infinite
capped~5,5! tube with broken mirror symmetries.
11540
r

is-

n

ed

t
e

ns
i-
-
ed

el
th
el
e

s,

T5
sin2~k1L1w!

sin2~k1L1w!1G0
2

, ~12!

wherew5u1f/21f1 and L is the capsule length. In Eq
~12!, antiresonances occur at energiesE5En , wheren is an
integer andk1 satisfies the resonance conditionk1L1w
5np. Then, the total transmission has a Breit-Winger-ty
symmetric line shape such as

T.
~E2En!2

~E2En!21G2
, ~13!

whereG5G0a/L. From the resonance condition, we get t
energy difference between two neighboring antiresonan
DE}Dk5p/L, indicating thatDE tends to decrease asL
increases. Moreover, the linewidthG also decreases with in
creasingL. In fact, we find that each eigenchannel exhib
periodic antiresonance dips with symmetric line shapes
shown in Fig. 4, and both the linewidth and period decre
with increasingL.

When the number of channels in the hybridized region
larger than that of the incident channels, antiresonances e
regardless of the presence of mirror symmetries. Howeve
mirror symmetries are broken, since thep andp* channels
are coupled in the hybridized region, the incident chann
are reflected near the pseudogaps, i.e., background re
tions exist. Since the coupling of thep and p* channels
depends on energy, the linewidth depends on energy, too
this case, antiresonances exhibit asymmetric line shape
shown in Fig. 5.27 We analyze the antiresonance dips near
Fermi level, where thep and p* channels are strongly
mixed due to band crossings. In the two-channel transp
model, eigenchannel transmissions can be obtained by di
nalizing the transmission matrix

FIG. 4. The total~solid! and eigenchannel~dashed and dotted!
transmissions through the~10,10! tubes where the~5,5! capsules are
aligned with mirror symmetries. The dashed and dotted lines de
the transmissions through thep andp* channels, respectively. Th
capsules contain~a! 11 and~b! 60 unit cells of the perfect~5,5!
tube.
9-4
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ELECTRONIC AND TRANSPORT PROPERTIES OF . . . PHYSICAL REVIEW B 64 115409
T̃5S T1 T12

T12 T2
D , ~14!

whereT1 andT2 denote the transmissions through chann
1 and 2, respectively, in the hybridized region, andT12 is the
transmission from channel 1 to channel 2. The eigencha
transmissions in Eqs.~3! and ~4! are expressed asT:5@T1

1T26@(T12T2)214T12
2 #1/2#/2. If T12 is not zero,T. and

T, exhibit very different behavior near the Fermi level,
illustrated in Fig. 5;T. almost equals 1, whileT, has a pair
of antiresonances.

B. SWNT encapsulating a chain of C60 molecules

For an isolated C60 molecule, the lowest unoccupied mo
lecular orbital~LUMO! states are triply degenerate and ch
acterized bym521, 0, and11, wherem denotes the an
gular momentum quantum number.28–30 The p-like state
with m50 has even parity under mirror symmetry ope
tions in cross sections perpendicular to the fivefold symm
try axis. When a C60 molecule is contained in the~10,10!
tube, the LUMO states lie just above the Fermi level of t
~10,10! tube, while the highest occupied molecular orbi
state of C60 is located at 1.4 eV below the Fermi level,
shown in Fig. 6~a!. In this case, if both mirror and rotationa
symmetries are maintained, only them50 state is coupled to
the p state of the~10,10! tube for energies near the Ferm
level, resulting in a single antiresonance, i.e.,T(E) decreases
by one unit. However, the total transmission is not affec
for other energies having two channels ofp and p* , as
shown in Figs. 7 and 8~a!. Here we focus on energies ne
the Fermi level where the LUMO states interact with in
dent channels. If two C60 molecules are aligned with the va
der Waals spacing in the~10,10! tube, two antiresonances a
expected due to two off-phase bound states31 split by inter-

FIG. 5. The total~solid! and eigenchannel~dotted! transmissions
through the~10,10! tubes where the~5,5! capsules are rotated by 3
about the outer tube axis, with broken mirror symmetries. Two d
ted lines represent more (T.) and less (T,) transmissive channels
The capsules contain~a! 11 and~b! 110 unit cells of the perfec
~5,5! tube.
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actions between the two molecules. However, since this
termolecule interaction is very weak, the energy splitting
much smaller than the linewidths. Thus, the pair-annihilat
effect32 occurs for the two antiresonances located close
each other, resulting in a reduced single antiresonance di
shown in Fig. 8~a!.

As the number of C60 molecules increases in the hybrid
ized region, we still expect antiresonances because of
coupling of incident channels with the molecular states
C60’s. To understand the transmission behavior, we calcu
the band structure@see Fig. 6~b!# for an infinite chain of C60
molecules aligned in the~10,10! tube with both mirror and
rotational symmetries. Them50 state of C60 is also found to

t-

FIG. 6. ~a! The energy levels~solid flat lines! of an isolated C60

molecule and the band structure of a~10,10! tube. The band struc-
ture of the~10,10! tubes where C60 molecules are aligned periodi
cally ~b! with both mirror and rotational symmetries,~c! with only
rotational symmetries, and~d! without symmetries. In~c!, each C60

molecule is rotated by 3° about the outer tube axis, and in~d! it is
further rotated by 5° about the one axis perpendicular to the t
axis and then by 3° about the other perpendicular axis.

FIG. 7. The total transmission~solid! and local density of states
~dotted! for the ~10,10! tube containing a single C60 molecule.
9-5
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be coupled to thep state, while them521 and11 states
are not affected. We find that two transport channels, wh
result from the coupling of them50 andp states, exist in a
narrow range of energies 2.224–2.233 eV. For the~10,10!
tube with a long chain of C60’s, in this energy range, anti
resonances may occur in thep eigenchannel because th
number of channels in the hybridized region is larger th
that in the leads. However, in this case, because the
additional channels in the hybridized region are genera
from the m50 state rather than thep state, the incidentp
channel is strongly reflected, i.e.,r;1. Thus, we find that
resonance peaks, instead of antiresonances, are accum
in the total transmission for a very long chain of 22 C60
molecules, as shown in Fig. 8~a!. Moreover, the group veloc
ity of the p band decreases very rapidly as the incident
ergy approaches the coupled region of 2.224–2.233
while it is almost constant for the perfect tube. The oscil
tory behavior of the total transmission results from the d
ference of the group velocities in the lead and hybridiz
regions.

When C60 molecules are rotated about the tube axis, o
the mirror symmetries are broken. Then, them50 state in-
teracts with both thep and p* states of the~10,10! tube,
creating a pseudogap, as shown in Fig. 6~c!. In fact, this
pseudogap results from the mixing ofp andp* and behaves
as a transmission barrier. Although them521 and 11
states are in the gap region, they do not affect the trans

FIG. 8. The total transmissions through~10,10! tubes containing
a finite number of C60 molecules,~a! with both mirror and rotational
symmetries,~b! with only rotational symmetries, and~c! without
symmetries. Dotted, dashed, and solid lines represent the total t
missions for one, two, and 22 C60 molecules, respectively, insid
the ~10,10! tube.
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sion through the outer tube. For a very few C60 molecules,
because the pseudogap is negligible, transmissions are
lar to those obtained by keeping the mirror symmetries.
the long chain of 22 C60 molecules, we find a transmissio
gap due to the pseudogap, as shown in Fig. 8~b!. In this case,
however, antiresonances do not appear clearly in the long60
chain, because the energy range where the number of c
nels is larger than that of the incident channels is extrem
narrow.

When rotational symmetries are further broken by rot
ing C60 molecules about an arbitrary axis, all the statesm
521,0,11) interact with the incidentp andp* channels of
the ~10,10! tube, as illustrated in Fig. 6~d!. For a single C60
molecule, we find three antiresonances which are cause
them521, 0, and11 states. For the long chain, resonan
peaks appear in the transmission gap due to the couplin
incident channels with them521 and11 states@see Fig.
8~c!#. In addition, we find antiresonances and transmiss
drops by one unit outside the gap region.

We examine the effect of intermolecule interactions
transmission in the C60 chain. As the separation of neighbo
ing molecules is much larger than the van der Waals spac
individual molecules can be regarded as independent res
tors, and give rise to antiresonances. In this case, the tr
port behavior can be explained by analogy with the se
stub structure.33 We find a flat region withT(E)51 and
oscillatory behavior in transmission, which are caused by
interference effect of the antiresonances generated by m
ecules, as shown in Fig. 9. Such features become cleare
the number of C60 molecules increases. Finally, if C60 mol-
ecules are randomly oriented inside the~10,10! tube, all the
symmetries will be broken. Since this hybrid system does
have periodicity, transmission gaps will not appear. Then
tiresonances are expected to be accumulated, and interac
between these antiresonances may give various structur
transmission.

V. SUMMARY

In summary, we have investigated the transport proper
of hybrid ~10,10! carbon nanotubes encapsulating a~5,5!
nanotube capsule and a chain of C60 molecules. In these
hybrid systems, we find that the alignment of the inner str
tures plays an important role in the transport behav
through the outer tubes. The coupling of transport chann

ns-

FIG. 9. The total transmissions through the~10,10! tubes where
C60 molecules are aligned with the intermolecule spacing of 2 n
retaining both mirror and rotational symmetries. Dotted, dash
and solid lines represent the total transmissions for one, five, an
C60 molecules, respectively, inside the~10,10! tube.
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with the bound states of the inner structures is very sens
to the symmetry of the hybrid tubes. Thus, we find rich str
tures in transmission, such as antiresonances, Fano
nances, and transmission gaps. To understand the mecha
for antiresonances and resonances, we have derived a t
mission formula where one incident channel is coupled
two channels in the hybridized region. From the transmiss
formula, we find that line shapes depend on the reflection
incident channels and the wave vectors of propagating ch
nels in the hybridized region. For the~10,10! tube containing
a finite-sized~5,5! capsule, when the capsule maintains m
ror symmetries, antiresonances have symmetric line sha
while asymmetric line shapes occur in the absence of mi
symmetries. On the other hand, for the~10,10! tube contain-
ing a chain of C60 molecules, transmissions are mostly a
fected for energies where the lowest unoccupied state of60
.J

le

e

.J.

n
.

a
au
t

11540
e
-
so-
ism
ns-
o
n
of
n-

-
es,
r

is located just above the Fermi level. When both mirror a
rotational symmetries are maintained, antiresonance dips
found in thep channel transmission for a few C60 molecules.
As the chain length increases, since the incidentp channel is
strongly reflected, resonance peaks appear instead of
resonances. When only mirror symmetries are broken
transmission gap occurs due to the mixing ofp andp* . If
all the symmetries are broken, all the lowest unoccup
states of C60 interact with the incident channel, resulting
resonance peaks in the transmission gap.
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