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We have investigated the transport properties of various periodic and nonperiodic C60@s10,10d peapod
systems by varying the distribution of C60s encapsulated in thes10,10d nanotube, based on Green function
approach within the realistic tight-binding model. The transport properties of the C60@s10,10d systems
strongly depend on the distribution of the C60s encapsulated in thes10,10d nanotube. The periodic systems
exhibit the quantized transmissions reflecting their band structure. The transmission of the system with a C120

molecule in an infinite array of C60s has dip structures around the energy levels of the C120 molecule, the half
widths of which are dependent on the strength of the interaction between the nanotube and the impurity C120

molecule.
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I. INTRODUCTION

Carbon nanotubes1 have attracted great attention because
of their potential application to electronic nano-devices uti-
lizing the multiplicity of transport property due to their to-
pological structures.2–4 In the silicon device technologies,
carrier doping by introducing impurities is one of the funda-
mental techniques to modify the transport properties of
silicon-based materials drastically. The possibility of the car-
rier doping into carbon nanotubes has been investigated re-
cently, and it is reported that their electronic and transport
properties are significantly altered by materials encapsulated
in them. For example, zigzag nanotubes, which are insulating
by nature, are predicted to be metallic when they encapsulate
alkali atoms such as potassium; there exist states related to
the alkali atoms at the Fermi energy.5 Another interesting
example is a peapod, which is a single-wall carbon nanotube
encapsulating an array of fullerene molecules inside.6,7 First-
principles calculations have shown that as10,10d nanotube
encapsulating C60s periodicallyfdenoted by C60@s10,10dg,
which is called a periodic peapod, exhibits a metallic char-
acter with multicarriers.8 A nanotube encapsulating larger
fullerenes, that is, C78@s11,11d is also reported to have a
metallic character with multicarriers.9 In this way, the carbon
nanotube system encapsulating fullerene molecules is a good
candidate for application to electronic nano-devices.

In the present study we investigate the transport properties
of various periodic and nonperiodic C60@s10,10d peapod
systems by varying the distribution of C60s inside thes10,10d
nanotube. In addition, we examine the peapod system with

one C120 molecule, such as a C60 dimer, a peanut, and as5,5d
capsule10 as an impurity in an infinite array of C60s. For this
purpose, we employ the Green function approach11 within a
realistic tight-binding model. Some transport calculations
have been reported for the nanotubes encapsulating a few
C60s.12,13 Our target is the nanotubes encapsulating infinite
fullerenes, instead. We especially focus on the effects of the
fullerene distribution and of the C60-related defect structures
on the transport properties.

II. MODEL AND APPROACH

In the present work, we use a realistic tight-binding model
taking account of carbon 2s and 2p atomic orbitals.3,14Trans-
fer integrals are carefully prepared to reproduce well the
band structure of graphite obtained by the all-electron full-
potential linearized augmented plane wave method. In addi-
tion, this model can reproduce well the band structure of
carbon nanotubes obtained by the first-principles calculation,
except the nearly free electronsNFEd state. This NFE state
corresponds to the interlayer state in graphite. This interlayer
state has very small amplitude in the atomic region. For the
periodic C60@s10,10d peapod, the atomic levels for the car-
bon atoms which belong to C60 are shifted down by 0.75 eV
in the tight-binding parameter set,15 in order to reproduce
well the band structure of C60@s10,10d obtained by the
first-principles calculation,8 as shown in Fig. 2sad. This
atomic level shift is reasonable because the effect of hybrid-
ization between the NFE state and the states of C60 is not
taken into account in the original tight-binding model includ-
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ing 2s and 2p orbitals. We assume the same atomic level
shift when the structures of encapsulated C60 change. In ad-
dition, we set the diameter ofs10,10d nanotube and C60 to be
6.75 and 3.32 Å, respectively, and geometry optimizations
are not carried out.

We study the transport properties of the systems connect-
ing with semi-infinite electrodes. For convenience we sepa-
rate the system into three parts:sad semi-infinite left leadsleft
regiond, sbd centralsinteractiond region andscd semi-infinite
right lead sright regiond. Then, the Hamiltonian matrix is
given by

H = 1HL HLC 0

HCL HC HCR

0 HRC HR
2 , s1d

where we assume that there is no interaction between the left
and right region. The overlap matrixS is written in the same
form as Eq.s1d

S = 1 SL SLC 0

SCL SC SCR

0 SRC SR
2 . s2d

Green functionGszd is defined by

szS − HdGszd = I, s3d

wherez andI are an arbitrarily complex number and the unit
matrix, respectively. Then, the Green function at central re-
gion is calculated as

GCszd = fzSC − HC − SLszd − SRszdg−1, s4d

where

SLszd = szSCL − HCLdGLszdszSLC − HLCd, s5d

SRszd = szSCR − HCRdGRszdszSRC − HRCd, s6d

whereGL/Rszd=szSL/R−HL/Rd−1 is the surface Green function
for the left/right region and we calculate the matrix elements
for the layers neighboring the central region.16

The transmission is evaluated as

Ts«d = TrfGLs«dGC
r s«dGRs«dGC

as«dg, s7d

where

GLs«d = ifSL
r s«d − SL

as«dg, s8d

GRs«d = ifSR
r s«d − SR

as«dg, s9d

where GC
r s«d=GCs«+0+d fGC

as«d=GCs«−0+dg and SL/R
r s«d

=SL/Rs«+0+d fSL/R
a s«d=SL/Rs«−0+dg are the retardedsad-

vancedd Green function for the central region and the re-
tardedsadvancedd self-energy of the left/right region, respec-
tively. In the present work, we calculate the energy
dependence of the transmission function under zero source-
drain voltage.

III. RESULTS AND DISCUSSIONS

A. System encapsulating only one C60

To begin with, we calculate the transmission of the
s10,10d nanotube encapsulating only one C60 molecule
f1C60@s10,10dg, as shown in Fig. 1. The C60 molecule has
the threefold degeneratedt1u state at 0.490 eV, which is
close to the Fermi level of thes10,10d nanotube. The degen-
eratedt1u state is characterized by the quantum numberm
=−1, 0 and +1.17–19 How the t1u state of C60 affects the
transport properties of thes10,10d nanotube is of interest.
Here it is noted that thes10,10d nanotube exhibits a metallic
character with the calculated transmissionTs«d=2 around
the Fermi energy. We consider three configurations of C60 by
changing the rotation angleu with respect to one of the mo-
lecular axes perpendicular to the tube axis. Atu=0°, the
calculated transmissionTs«d has one broad dip around thet1u

state of C60, andTs«d=1 at the bottom of the dip. In the case
of u=0°, where a fivefold rotational symmetry axis of C60
coincides with thes10,10d nanotube axis, the system has both
mirror and rotational symmetries. As a result, thet1u state of
C60 characterized bym=0 is coupled with the state of the
s10,10d nanotube and acts as a scattering center, which leads
to the appearance of one dip in the transmissionTs«d. With
increasingu, the half width of the dip decreases and the dip
shifts closer to thet1u state of C60. At uÞ0°, all of the t1u
states of C60 become coupled with the nanotube state be-
cause of the symmetry breaking of the system and, as a re-
sult, the transmission has another dip. Namely, the calculated
transmission has two dips andTs«d=1 at the bottoms of both
dips; one dip at a higher energy is related to them=0 state of
the t1u state of C60 and another at a lower energy is related to
the m=−1 and +1 states.

The results of the transmission of 1C60@s10,10d are well
understood by a simple one-dimensional model, which is
given in Appendix A. The simple model suggests that both
the position and the half width of the dip in the transmission
depend on the strength of the interaction betweens10,10d
nanotube and C60 fsee Appendix Ag. At u=0°, the broad dip

FIG. 1. The transmissions and atomic structures of thes10,10d
nanotube with one C60 in the central region. The encapsulated C60

is rotated by angleu on the one perpendicular axis to the tube axis.
sad u=0°, sbd 12° andscd 24°. Arrows show the energy levels oft1u

state of C60.
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appears considerably away from thet1u state of C60. This
indicates that the interaction betweens10,10d nanotube and
C60 is strong. AtuÞ0°, on the other hand, the interaction
betweens10,10d nanotube and C60 seems weaker, which re-
sults in the narrower dip closer to thet1u state of C60. Con-
sequently, C60 merely acts as a scattering impurity center
when introduced in thes10,10d nanotube.

For the 1C60@s10,10d system, it is reported from first-
principles calculations that thet1u state of C60 is located just
above the Fermi energy,20 while the t1u state is located just
below the Fermi energy in our tight-binding calculations. In
the present study, the atomic levels for the carbon atoms
which belong to C60 are shifted down by 0.75 eV in the
tight-binding parameter set and the same atomic level shift is
assumed for the 1C60@s10,10d system. If we calculated the
electronic structure in a self-consistent manner, a large
amount of charge transfer would occur between the nanotube
and the C60, which would induce significant long-range Cou-
lomb interactions between them. Our non-self-consistent
tight-binding calculations do not take into account such
charge transfer and long-range interactions. The first-
principles result showing the negligible charge transfer also
indicates that there are no such long-range interactions. Thus,
we think that our tight-binding parameter set reproduces the
electronic structure of the 1C60@s10,10d system fairly well,
except for the precise position of thet1u state of C60 relative
to the Fermi energy. This implies that the effect of thet1u
state of C60 on the transport properties, such as resonant
scattering, may be qualitatively well described in terms of
non-self-consistent calculations, except for the exact reso-
nance position.

B. System with infinite C60s

Here, we study the transport properties of the periodic
C60@s10,10d peapod, as shown in Fig. 2sad. The distance
between centers of neighboring encapsulated C60s, which
corresponds to the lattice constant along the tube direction
,0, is 9.845 Å. Figure 2sbd presents the transmissionTs«d
and the band structure of the C60@s10,10d, and the magni-
fications of them around the Fermi energy«F are also shown
in Fig. 2scd. Besides the bands coming from thes10,10d
nanotube, there exist two narrow bands near the Fermi en-
ergy; one is the band originated from thet1u state of C60
characterized bym=0 while the other is the twofold degen-
erated band from thet1u states characterized bym=−1 and
+1. Since a fivefold rotational symmetry axis of C60 coin-
cides with thes10,10d nanotube axis, this peapod system has
both mirror and rotational symmetries. As a result, the band
from t1u state withm=0 is coupled with the nanotube bands,
whereas the twofold degenerated band from thet1u states
with m=−1 and +1 is not. The Fermi level is found to cross
the degenerated band near theG point, and then the transmis-
sion at the Fermi energy«F has contributions both from the
s10,10d nanotube and from thet1u states withm=−1 and +1,
havingTs«Fd=4. This means that the periodic C60@s10,10d
exhibits transport properties with multicarriers; the electrons
both in the s10,10d nanotube and in the array of C60s are
transmitted. On the other hand, around 0.46 and 0.54 eV

where the bands from the nanotube and from thet1u state
with m=0 are missing due to the band repulsion between
them, the transmission arises only from the twofold degen-
erated band of thet1u states withm=−1 and +1. At the en-
ergy range of about 0.49–0.53 eV, the band from thet1u
state withm=0 also makes a contribution to the transmis-
sion. In this way, the transport properties reflect well the
band structure because the C60@s10,10d is a periodic sys-
tem.

We consider other periodic C60@s10,10d systems with
larger lattice constants,0 of 12.306 and 14.768 Å, as well. In
these systems, C60s are located at positions commensurate
with the s10,10d nanotube. There is no direct interaction be-
tween neighboring C60s, since the distance between them is
larger than the cutoff radius of 4.0 Å in the tight-binding
model. The transmissionTs«d and the band structure of these
systems are shown in Fig. 3. Since there is no state at the
Fermi energy because of band repulsion, the C60@s10,10ds

FIG. 2. sad Atomic structure of the periodic C60@s10,10d. sbd
The transmissionsleftd and the band structuresrightd of periodic
C60@s10,10d, where the distance between encapsulated C60, or the
lattice constant, is 9.845 Å.scd The transmission and the band struc-
ture of the same system around Fermi energy. Inscd, dashed and
dashed-dotted lines show contributions to the transmission from
s10,10d nanotube and C60, respectively. Dotted lines show Fermi
energies.
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with these large lattice constants are insulators. The transmis-
sion arises only from contribution through thes10,10d nano-
tube, except that thet1u states of C60 make a contribution in
a very narrow range around 0.493 eV. Thus, the
C60@s10,10ds with large lattice constantss,0.10.64 Åd do
not exhibit transport properties with multicarriers.

Next we examine the transport properties of nonperiodic
C60@s10,10d. We introduce a nonperiodicity to the
C60@s10,10d systems with,0=9.845 Å, by changing the
distance, between centers of two C60s at the central region
from ,0, as shown in Fig. 4sad. If we choose,.10.64 Å, the
matrix elements of the Hamiltonian between the two central
C60s equal zero. Figures 4sbd–4sdd present the transmission
Ts«d of the C60@s10,10d systems with,0=9.845 Å and,
=12.036, 14.767, and 29.535 Å. It is noteworthy that the
total transmission of these nonperiodic systems is indepen-
dent of,. The total transmissions are the same as the contri-
bution from thes10,10d nanotube in the transmission of the
pristine C60@s10,10d, which corresponds to the dashed line
in Fig. 2scd. The transmission at the Fermi energy«F, Ts«Fd,
equals,2.

At the energy range of 0.4–0.6 eV, the transmission
through the s10,10d nanotube of the nonperiodic
C60@s10,10d system has a dip structure because of the non-
periodic arrangement of encapsulating C60s. This situation is
similar to thes10,10d nanotube with an impurity molecule
fsee Appendix Ag. The electrons of thes10,10d nanotube are
scattered by the nonperiodicity of the C60 array in the central
region. Therefore, the dip structure appears around thet1u
states of C60. The dip depth decreases with increasing,,
which indicates that the states in the left and the right regions

are more smoothly connected in the central region when,
becomes larger. Surprisingly, at the same energy range of
0.4–0.6 eV, the transmission has some contribution from
C60. Since there is no direct interaction between the two
central C60s, the contribution from C60 probably arises from
the connection between the states of C60s in the electrodes
and those of thes10,10d nanotube in the central region. In
addition, these systems have no state of thes10,10d nanotube
around both 0.46 and 0.54 eV. This is because of the level
repulsion between thes10,10d nanotube and the C60s, which
is independent of the distribution of C60.

We consider this type of nonperiodic C60@s10,10d sys-
tem with larger lattice constants of,0=12.306 and 14.768 Å,
as well. It is found from Fig. 5 that the transmissions of these
nonperiodic systems with,0.10.64 Å are smaller than that
of the periodic system with,=,0. The transmission of the
periodic system has a contribution only froms10,10d nano-
tube since there is no direct interaction between neighboring
C60s in the electrodes. These results are in contrast with the
case of,0=9.845 Å showing that the transmission of the
nonperiodic system is the same as the contribution from the
s10,10d nanotube in the transmission of the periodic system.
When,0.10.64 Å, there is no contribution from C60 which
could compensate the scattering of thes10,10d nanotube

FIG. 3. The transmissions and band structures of the periodic
C60@s10,10d. The distances between the encapsulated C60, or the
lattice constants, are 12.306 Å insad and 14.768 Å insbd.

FIG. 4. sad Atomic structure of the nonperiodic C60@s10,10d
with ,0 and,, where, and,0 are the distance between centers of
two C60s at central region and lattice constant of the left and right
electrode, respectively. The transmission of thes10,10d nanotube
encapsulating C60s with ,0=9.845 Å and sbd ,=12.036 Å, scd
14.767 Å andsdd 29.535 Å. Dashed and dashed-dotted lines show
contributions to the transmission from C60 and thes10,10d nano-
tube, respectively. Dashed line shows Fermi energy of electrode.
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states due to the nonperiodicity of the C60 array.
It is known that C60s are polymerized into C120 molecules

such as C60 dimers, peanuts ands5,5d capsules.10 We assume
that two C60s in the central region of the periodic
C60@s10,10d with ,0=9.845 Å fFig. 2sadg are transformed
into a C120 molecule. The obtained C60@s10,10d with the
C120 molecule is also regarded as a system where the C120
molecule is introduced as an impurity into the nonperiodic
C60@s10,10d with ,0=9.845 Å and,=29.535 ÅfFig. 4sddg.
Here, we study the transport properties of C60@s10,10d with
a C60 dimer, a peanut, and as5,5d capsule as C120 molecule in
the central region. In these C60@s10,10d systems with the
C120 molecule, we assume that C60s are located at positions
commensurate with thes10,10d nanotube and that the dis-
tance between the C120 molecule and the left-side C60 is the
same as that between neighboring C60s in the pristine peri-
odic C60@s10,10d.

For the C60@s10,10d with the C60 dimer, which is shown
in Fig. 6sad, the distance between the C60 dimer and the
right-side C60 sthe left-side C60d is 3.629 Å s3.203 Åd. This
indicates that the interaction between the C60 dimer and the
right-side C60 is weak. Figure 6scd shows the transmission
Ts«d of this system, together with the energy levels of the
C60 dimer. The transmission has narrow dips around the en-
ergy levels of the C60 dimer andTs«d,1 at the bottom of

each dip, except the dip around 0.470 eV. This is probably
because the transmission around 0.470 eV includes a contri-
bution through encapsulated C60 molecules. Except for the
dip structure, the transmission is the same as that in the
C60@s10,10d system with ,0=9.845 Å and ,=29.535 Å
without including the C60 dimer, which is shown in Fig. 4sdd.
Furthermore, the dip features at 0.315 and 0.712 eV are the
same as those of thes10,10d nanotube encapsulating only the
C60 dimer without the left/right arrays of C60s fFig. 6sbdg, as
shown in Fig. 6sdd. This result suggests that the electronic
states of the C60 dimer weakly interact with thes10,10d nano-
tube states, as discussed in Appendix A. Thus, the C60 dimer
merely acts as a scattering impurity center when introduced
in the nonperiodic C60@s10,10d without the C60 dimer.

For the C60@s10,10d with the peanut, the distance be-
tween the peanut and the right-side C60 sthe left-side C60d is
4.461 Å s3.203 Åd fFig. 7sadg. This means that the peanut
does not interact with the right side, but with the left-side
C60. The transmission of the C60@s10,10d with the peanut
and that of thes10,10d nanotube encapsulating only the pea-
nut without C60s fFig. 7sbdg are shown in Figs. 7scd and 7sdd,
respectively, together with the energy levels of the peanut.
The transmission has dips around the levels of the peanut.
Thus the C60@s10,10d with the peanut exhibits qualitatively
the same features as the C60@s10,10d with the C60 dimer.

The transmission of the C60@s10,10d with the s5,5d cap-
sule fFig. 8sadg together with the energy levels of thes5,5d
capsule are shown in Fig. 8scd. The distance between the
s5,5d capsule and the right-side C60 sthe left-side C60d is
5.740 Å s3.278 Åd. Namely, thes5,5d capsule does not inter-
act with the right side, but with the left-side C60. We find no

FIG. 5. The transmission of the nonperiodic C60@s10,10ds
whose atomic structures are shown in Fig. 4sad, with sad ,
=17.229 Å and,0=12.306 Å,sbd ,=22.151 Å and,0=12.306 Å,
scd ,=19.690 Å and,0=14.768 Å andsdd ,=24.613 Å and,0

=14.768 Å, where, and,0 are the distance between centers of two
C60s at the central region and lattice constant of the left and right
electrode, respectively. Dashed and dotted line show the transmis-
sion of the pristine C60@s10,10d with ,0 and Fermi energy of elec-
trode, respectively.

FIG. 6. sad Atomic structure of the C60@s10,10d with C60

dimer. sbd Atomic structure of thes10,10d nanotube encapsulating
only C60 dimer without C60s. scd The transmission of C60@s10,10d
with C60 dimer. Dotted-dashed lines show the transmission of
C60@s10,10d with ,0=9.845 Å and,=29.535 Å.sdd The transmis-
sion of C60@s10,10d encapsulating only C60 dimer without C60.
Arrows show energy levels of the C60 dimer. Dotted lines show the
Fermi energies of electrodes.
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dips around some of the energy levels of thes5,5d capsule,
that is, 0.525 and 0.789 eV. This is because these states of
the s5,5d capsule do not interact with thes10,10d nanotube
states due to symmetric reasons. Except this, the
C60@s10,10d with the s5,5d capsule exhibits qualitatively
the same features as the C60@s10,10d with including the C60

dimer or the peanut. The dip structures are the same as those
of the s10,10d nanotube encapsulating only thes5,5d capsule
without C60s fFig. 8sbdg, which is shown in Fig. 8sdd. The dip
around 0.231 eV has a broad width andTs«d,1 at the bot-
tom of the dip. This indicates that the electronic state of the
s5,5d capsule at 0.231 eV strongly interacts with thes10,10d
nanotube states, whereas the others5,5d capsule states do
weakly.

In the above C60@s10,10d system with thes5,5d capsule,
the s5,5d capsule merely acts as a scattering impurity center
introduced in the nonperiodic C60@s10,10d without the
s5,5d capsule. As a result, the transmission of the former
system does not exceed 2, that is, the maximum value of the
transmission of the latter system. Here, we consider the sys-
tem where the distance between thes5,5d capsule and the
right-side C60 sthe left-side C60d is 3.248 Ås3.278 Åd and all
C60s are located at positions commensurate with thes10,10d
nanotube, as shown in Fig. 9sad. In this system, thes5,5d
capsule interacts with both the left and the right C60s. Figure
9scd shows the transmissionTs«d of this C60@s10,10d sys-
tem with thes5,5d capsule and the energy levels of thes5,5d
capsule. It is found that the transmission is larger than 2 in
the energy range of 0.43–0.57 eV except around 0.46 and
0.54 eV, although the transmission at the Fermi energy«F of
0.43 eV, Ts«Fd, equals ,2. This additional transmission

arises from the molecular array formed by the encapsulated
molecules in this systemfFig. 9sbdg. The molecular array
itself exhibits considerable transmission at the energy range
of 0.43–0.57 eV, as shown in Fig. 9sdd. The transmission
properties of the molecular array are qualitatively understood
by a simple model in Appendix B. Namely, the transmission
exists at the energy range where thet1u state of C60 exists in
the electrode, and has a peak around 0.525 eV which corre-
sponds to the energy levels of thes5,5d capsule. In this way,
the encapsulateds5,5d capsule not only scatters electrons but
also transmits electrons if it interacts with neighboring en-
capsulated C60s. This situation is similar to the transport in
the periodic C60@s10,10d with ,0=9.843 Å.

IV. SUMMARY

We have studied the transport properties of various
C60@s10,10d systems using the realistic tight-binding
model and the Green function approach. These peapod sys-
tems exhibit the following transmission properties:s1d The
periodic systems exhibit the quantized transmission reflect-
ing their band structures. In the system with,0=9.843 Å,
both thes10,10d nanotube and the C60 array make contribu-
tions to the transmission at the Fermi energy, whereas only
the s10,10d nanotube makes contributions in the system with
a larger,0. s2d The transmissions of the C60@s10,10d with
,0=9.843 Å and,.10.64 Å are independent of the inter-
molecular spacing,, since there is the interaction between
C60 in the electrodes.s3d The encapsulated C120 molecule
such as C60 dimer, peanut ands5,5d capsule induces dip
structures in the transmission around its energy levels. The

FIG. 8. sad Atomic structure of the C60@s10,10d with the s5,5d
capsule.sbd Atomic structure of thes10,10d nanotube encapsulating
only s5,5d capsule without C60s. scd The transmission of
C60@s10,10d with s5,5d capsule. Dotted-dashed lines show the
transmission of C60@s10,10d with ,0=9.845 Å and,=29.535 Å.
sdd The transmission of C60@s10,10d encapsulating onlys5,5d cap-
sule without C60. Arrows show energy levels of thes5,5d capsule.
Dotted lines show the Fermi energies of electrodes.

FIG. 7. sad Atomic structure of the the C60@s10,10d with the
peanut.sbd Atomic structure of thes10,10d nanotube encapsulating
only peanut without C60s. scd The transmission of C60@s10,10d
with the peanut. Dotted-dashed lines show the transmission of
C60@s10,10d with ,0=9.845 Å and,=29.535 Å.sdd The transmis-
sion of C60@s10,10d encapsulating only peanut without C60. Ar-
rows show energy levels of the peanut. Dotted lines show the Fermi
energies of electrodes.
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strength of the interaction between C120 molecule and
s10,10d nanotube affects the half width of the dip.s4d Al-
though fullerenes such as C60 ands5,5d capsule encapsulated
in the nanotube basically behave as scattering impurity cen-
ters, if there are interactions between them, the encapsulated
fullerenes make contributions to the transmission.

The present results have revealed the interesting transport
properties of carbon nanotubes encapsulating fullerenes in-
side and provided useful information for future application
of carbon nanotubes to electronic nano-devices.
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APPENDIX A: ONE-DIMENSIONAL MODEL
WITH ONE IMPURITY SITE

In order to understand the transmission of the peapod sys-
tem with an impurity molecule, we consider a one-

dimensional chain model with one impurity site expressed by
the following Hamiltonian:

H = o
ki j l

tci
+cj + ss0c0

+d + s1c1
+d + h.c.d + fd+d, sA1d

whereci
+ andd+ are the creation operators of theith site in

the chain and the impurity site, respectively, andt, s0, ands1
are the transfer integrals andf is the impurity level.

First we study the case thats1=0. We choose the 0th site
in the chain and the impurity site for the central region. For
convenience, we assume that surface Green functionGL/R

r of
the left/right region is

GL/R
r s«d =

e0/2 − iG0/2

t2
, sA2d

wheree0 andG0 are a function of«. Then the transmission of
this one-dimensional chain is

Ts«d =
s« − fd2G0

2

fs« − e0ds« − fd − s0
2g2 + s« − fd2G0

2 . sA3d

A dip appears at the impurity level,«= f, and thenTsfd=0.
Next we study the case thats0Þ0 ands1Þ0. In this case

we choose the 0th and 1st sites in the chain and the impurity
site for the central region. The transmission is calculated as

Ts«d =
fs0s1 + ts« − fdg2G0

2

Ds«d/16
sA4d

with

Ds«d = fhs2« − e0d2 − G0
2 − 4t2jh« − fj − 8s0s1t − 2ss0

2 + s1
2d

3s2« − e0dg2 + f2s2« − e0dG0s« − fd − 2ss0
2 + s1

2dG0g2.

sA5d

In the case ofs0Þ0 and s1Þ0, a dip appears at«= f
−s0s1/ t andTsf −s0s1/ td=0.

Whens0=s1=0, which corresponds to a one-dimensional
chain with no impurity, the transmission is 1 for −2t,«
,2t. From Eqs.sA3d and sA4d, surface Green function is
calculated as

t2GR/L
r s«d =

«

2
− i

Î4t2 − «2

2
. sA6d

So we find that a half width of the dip in the case ofs1=0 is
s0

2/G0 for −2t,«,2t from Eq. sA3d.
In this way the impurity level defines a position of the dip

structure and the transfer integral between the impurity and
the site in the chain defines a half width of the dip and its
energy difference from the impurity level.

In the case ofs1=0, we obtain the Green function in the
central region for −2t,«,2t as follows:

GC,imps«d =
iG0

iG0s« − fd − s0
2 , sA7d

FIG. 9. sad Atomic structure of the C60@s10,10d with a s5,5d
capsule. In this C60@s10,10d with a s5,5d capsule, the distance
between thes5,5d capsule and the right-side C60 is 3.248 Å sbd
Atomic structure for the molecular array which has periodic C60s in
the electrode and as5,5d capsule in the central region.fThe same
atomic structure is shown insad without thes10,10d nanotube.g scd
The transmission of the C60@s10,10d encapsulatings5,5d capsule
in the central region. Solid linesdashed lined shows the result where
the distance between thes5,5d capsule and C60s is 3.248 Å
s5.740 Åd. sdd The transmission of the molecular array which has
periodic C60s in the electrode and as5,5d capsule in the central
region. Arrows and dotted line show energy levels of thes5,5d cap-
sule and Fermi energy of electrode, respectively.
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GC,0s«d =
« − f

iG0s« − fd − s0
2 , sA8d

whereGC,imps«d and GC,0s«d are the Green function for the
impurity site and the 0th site in the chain, respectively, and
we choose the 0th site in the chain and the impurity site for
the central region. The imaginary part of the Green function
corresponds to the density of states on theith site: ris«d=
−Im GC,is«d /p. At the impurity level,«= f, rimps«d andr0s«d
has peak and dip structures, respectively, and the half width
of the peak and the dip iss0

2/G0. This result suggests that
electrons at the one-dimensional chain are scattered by the
interaction with this impurity state. As a result, the dip for
the transmission appears at this impurity level.

APPENDIX B: ONE-DIMENSIONAL MODEL
WITH ONE SITE AS A JUNCTION

In this Appendix, we consider a one-dimensional chain
expressed by Hamiltonian

H = o
ki j l,iÞ0,jÞ0

tci
+cj + ssc−1

+ d + sd+c1 + h.c.d + fd+d,

sB1d

whereci
+ andd+s=c0

+d are the creation operator of theith site
in the chain and an impurity sitesthe 0th site in the chaind,
respectively, andt ands are the transfer integrals andf is the
impurity level.

We choose the only impurity site for the central region.
Then the Green function of the central region is

GCs«d =

1

1 − s2/t2

« −
f

1 − s2/t2
+ i

G0s
2/t2

1 − s2/t2

, sB2d

where we used the relation in Eq.sA6d, e0=«. This result
suggests that a peak of the density of states of the impurity
appears at«= f / s1−s2/ t2d and a half width of the peak is
G0s

2/ t2/ s1−s2/ t2d.
From Eq.sB2d, the transmission of this one-dimensional

chain is calculated as

Ts«d =

G0
2s4/t4

s1 − s2/t2d2

S« −
f

1 − s2/t2
D2

+
G0

2s4/t4

s1 − s2/t2d2

. sB3d

A peak of the transmission appears at«= f /1−s2/ t2 and then
Tsf /1−s2/ t2d=1. A half width of the peak isG0s

2/ t2/ s1
−s2/ t2d. In this way, the impurity level defines the position of
the peak structure and the transfer integral between the im-
purity site and the site in the chain define a half width of the
peak and its energy difference from the impurity level. The
properties of the peak of the transmission correspond with
the properties of the density of states for the impurity.
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