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Transport properties of carbon nanotubes encapsulating G, and related materials
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We have investigated the transport properties of various periodic and nonperigg® (10,10 peapod
systems by varying the distribution ofgs encapsulated in th€0,10 nanotube, based on Green function
approach within the realistic tight-binding model. The transport properties of Hg@@0,10 systems
strongly depend on the distribution of the®€ encapsulated in th€0,10 nanotube. The periodic systems
exhibit the quantized transmissions reflecting their band structure. The transmission of the systemuith a C
molecule in an infinite array of §gs has dip structures around the energy levels of thg @olecule, the half
widths of which are dependent on the strength of the interaction between the nanotube and the imgyrity C
molecule.
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[. INTRODUCTION one G,y molecule, such as aggdimer, a peanut, and(&,5)
capsulé® as an impurity in an infinite array of &s. For this

Carbon nanotubésave attracted great attention becausepurpose, we employ the Green function apprdaetithin a
of their potential application to electronic hano-devices uti-realistic tight-binding model. Some transport calculations
lizing the multiplicity of transport property due to their to- have been reported for the nanotubes encapsulating a few
pological structure$:* In the silicon device technologies, Cgs1%12 Our target is the nanotubes encapsulating infinite
carrier doping by introducing impurities is one of the funda-fullerenes, instead. We especially focus on the effects of the
mental techniques to modify the transport properties offullerene distribution and of the ggrelated defect structures
silicon-based materials drastically. The possibility of the car-on the transport properties.
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 In the present work, we use a realistic tight-binding model
by nature, are predicted to be metallic when they encapsulataking account of carbonszand 2 atomic orbitals®* Trans-
alkali atoms such as potassium; there exist states related fer integrals are carefully prepared to reproduce well the
the alkali atoms at the Fermi energydnother interesting band structure of graphite obtained by the all-electron full-
example is a peapod, which is a single-wall carbon nanotubpotential linearized augmented plane wave method. In addi-
encapsulating an array of fullerene molecules in&itiEirst-  tion, this model can reproduce well the band structure of
principles calculations have shown tha{¥),10 nanotube carbon nanotubes obtained by the first-principles calculation,
encapsulating gs periodically[denoted by G,@(10,10], except the nearly free electrdNFE) state. This NFE state
which is called a periodic peapod, exhibits a metallic char-corresponds to the interlayer state in graphite. This interlayer
acter with multicarrier§. A nanotube encapsulating larger state has very small amplitude in the atomic region. For the
fullerenes, that is, @(11,11 is also reported to have a periodic Go@ (10,10 peapod, the atomic levels for the car-
metallic character with multicarriefsin this way, the carbon bon atoms which belong toggare shifted down by 0.75 eV
nanotube system encapsulating fullerene molecules is a goan the tight-binding parameter sEt,in order to reproduce
candidate for application to electronic nano-devices. well the band structure of @(10,10 obtained by the

In the present study we investigate the transport propertiefirst-principles calculatiofi, as shown in Fig. @). This
of various periodic and nonperiodicgg@(10,10 peapod atomic level shift is reasonable because the effect of hybrid-
systems by varying the distribution o§g inside thg10,10 ization between the NFE state and the states gf i€ not
nanotube. In addition, we examine the peapod system witkaken into account in the original tight-binding model includ-

Il. MODEL AND APPROACH
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ing 2s and 2 orbitals. We assume the same atomic level

shift when the structures of encapsulateg €hange. In ad- r; g‘:@ /@{
dition, we set the diameter 10,10 nanotube and £ to be o N
6.75 and 3.32 A, respectively, and geometry optimizations 0.6 , . .

are not carried out.

We study the transport properties of the systems connect-
ing with semi-infinite electrodes. For convenience we sepa- J
rate the system into three parta} semi-infinite left leadleft 05E W g 5f =l

eleV]

region, (b) central(interaction region and(c) semi-infinite
right lead (right region. Then, the Hamiltonian matrix is

given by
04 (@ | (b) | © |
H. Hec O o 1 2 0o 1 2 0 1 2
T(e) T(e) T(e)
H={HcL Hc Hecr |, (1)
0 Hrce Hgr FIG. 1. The transmissions and atomic structures of(ftg10

) ) ] nanotube with one £ in the central region. The encapsulateg, C
where we assume that there is no interaction between the Ig§ rotated by angle on the one perpendicular axis to the tube axis.

and right region. The overlap matriis written in the same (a) =0°, (b) 12° and(c) 24°. Arrows show the energy levels gf,

form as Eq.(1) state of Gq
S Sc O Ill. RESULTS AND DISCUSSIONS
S={SL S Ser |- 2 A. System encapsulating only one g
0 Se To begin with, we calculate the transmission of the
Green functiong(z) is defined by (10,10 nanotube encapsulating only onegCmolecule
[1Cso@(10,10], as shown in Fig. 1. The & molecule has
(zS-H)G(2 =1, (3) the threefold degenerateq, state at 0.490 eV, which is

o _ close to the Fermi level of th€0,10 nanotube. The degen-
wherez andZ are an arbitrarily complex number and the unit eratedt,,, state is characterized by the quantum numimer
matrix, respectively. Then, the Green function at central re=-1, 0 and +%71° How the t,, state of G, affects the

gion is calculated as transport properties of thé10,10 nanotube is of interest.
Here it is noted that th€10,10 nanotube exhibits a metallic
— -1 !
Gc(2) =[z%~He - 2.2 - 2R, (4)  character with the calculated transmissidte)=2 around

the Fermi energy. We consider three configurations gft®
changing the rotation angl¢with respect to one of the mo-
3.(2)=(2SL ~Hc)GL(2D(zSc - Hio), (5) lecular axes perpendicular to the tube axis. &t0°, the
calculated transmissiof(e) has one broad dip around thg
_ _ _ state of Gg, andT(g)=1 at the bottom of the dip. In the case
2R(2) = (2%R ~ Her Crl2) (2Se ~ Hro), ©® of #=0°, where a fivefold rotational symmetry axis o§C
whereG r(2)=(zS,r—Hyr) ! is the surface Green function coincides with thé¢10,10 nanotube axis, the system has both
for the left/right region and we calculate the matrix elementgnirror and rotational symmetries. As a result, thestate of

where

for the |ayers neighboring the central regpén_ Ceo characterized byn=0 is COUp|Ed with the state of the
The transmission is evaluated as (10,10 nanotube and acts as a scattering center, which leads
to the appearance of one dip in the transmisdite). With
T(e) =TI (e)Ge(e)Tr(e)Gi(e)], (7)  increasingg, the half width of the dip decreases and the dip
shifts closer to thd,, state of Gg. At 6+ 0°, all of thet,,
where states of G, become coupled with the nanotube state be-
o a cause of the symmetry breaking of the system and, as a re-
Ii(e) =i[2(e) —2i(e)], (8)  sult, the transmission has another dip. Namely, the calculated
transmission has two dips afi@c)=1 at the bottoms of both
Ir(e) =i[2R(e) = 2i(e)], (9)  dips; one dip at a higher energy is related toitire0 state of

thet,, state of Gy and another at a lower energy is related to
where G(e)=Gc(e+0") [GE(e)=Cc(e—-0")] and 2 r(e)  them=-1 and +1 states.
=3 r(e+0%) [E}Rr(e)=2r(e=0")] are the retardedad- The results of the transmission of §4@ (10,10 are well
vanced Green function for the central region and the re-understood by a simple one-dimensional model, which is
tarded(advancefiself-energy of the left/right region, respec- given in Appendix A. The simple model suggests that both
tively. In the present work, we calculate the energythe position and the half width of the dip in the transmission
dependence of the transmission function under zero sourceélepend on the strength of the interaction betw€En10
drain voltage. nanotube and g [see Appendix A At #=0°, the broad dip
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appears considerably away from thg state of Gg This
indicates that the interaction betwe€&t0,10 nanotube and

(a)
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; 5 : . 0,1, | IS T N,
Ceo is strong. Atd+#0°, on the other hand, the interaction ;gag ;gg; i@fq}‘ bq:q}t

between(10,10 nanotube and § seems weaker, which re-
sults in the narrower dip closer to thg, state of Gy Con-
sequently, Go merely acts as a scattering impurity center
when introduced in th€10,10 nanotube.

For the 1G,@(10,10 system, it is reported from first-
principles calculations that thg, state of G is located just
above the Fermi enerdy,while thet,, 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 G, are shifted down by 0.75 eV in the
tight-binding parameter set and the same atomic level shift is
assumed for the 1@ (10,10 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 G,, 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,

>
©

i

we think that our tight-binding parameter set reproduces the -
electronic structure of the 1@ (10,10 system fairly well, % Y
except for the precise position of thg state of G, relative Y

to the Fermi energy. This implies that the effect of the 02f — ¢ @010 F oY -
state of Gy on the transport properties, such as resonant [ [ ... (10,10) : .
scattering, may be qualitatively well described in terms of = Cq : 1
non-self-consistent calculations, except for the exact reso- 0.0 : .

nance position. 0 2 T®) 4 r z

FIG. 2. (a) Atomic structure of the periodic @(10,10. (b)

. ... The transmissior{left) and the band structur&ight) of periodic
Here, we study the transport properties of the pe”Od"beo@(lo,lo, where the distance between encapsulatggl @ the

Ceo@(10,10 peapod, as shown in Fig(d. The distance |atice constant, is 9.845 Ac) The transmission and the band struc-
between centers of neighboring encapsulategs,Cwhich  yre of the same system around Fermi energy(chn dashed and
corresponds to the lattice constant along the tube directioBashed-dotted lines show contributions to the transmission from
€y, is 9.845 A. Figure @) presents the transmissiof(e) (10,10 nanotube and &, respectively. Dotted lines show Fermi
and the band structure of the;d@ (10,10, and the magni- energies.

fications of them around the Fermi energyare also shown

in Fig. 2(c). Besides the bands coming from tli€0,10  where the bands from the nanotube and from tthestate
nanotube, there exist two narrow bands near the Fermi erwith m=0 are missing due to the band repulsion between
ergy; one is the band originated from thg state of G,  them, the transmission arises only from the twofold degen-
characterized byn=0 while the other is the twofold degen- erated band of thg,, states withm=-1 and +1. At the en-
erated band from thg,, states characterized by=-1 and ergy range of about 0.49-0.53 eV, the band from the
+1. Since a fivefold rotational symmetry axis ofg&oin-  state withm=0 also makes a contribution to the transmis-
cides with the(10,10 nanotube axis, this peapod system hassion. In this way, the transport properties reflect well the
both mirror and rotational symmetries. As a result, the bandand structure because thg,@ (10,10 is a periodic sys-
from ty, state withm=0 is coupled with the nanotube bands, tem.

whereas the twofold degenerated band from thestates We consider other periodic g@(10,10 systems with
with m=-1 and +1 is not. The Fermi level is found to crosslarger lattice constant&, of 12.306 and 14.768 A, as well. In
the degenerated band near thpoint, and then the transmis- these systems, & are located at positions commensurate
sion at the Fermi energyr has contributions both from the with the (10,10 nanotube. There is no direct interaction be-
(10,10 nanotube and from thig, states withm=-1 and +1, tween neighboring s, since the distance between them is
havingT(eg)=4. This means that the periodigd® (10,10 larger than the cutoff radius of 4.0 A in the tight-binding
exhibits transport properties with multicarriers; the electronanodel. The transmissiof(e) and the band structure of these
both in the (10,10 nanotube and in the array ofg§S are  systems are shown in Fig. 3. Since there is no state at the
transmitted. On the other hand, around 0.46 and 0.54 e¥ermi energy because of band repulsion, thg@10,10s

B. System with infinite Cggs
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FIG. 3. The transmissions and band structures of the periodic 0 1 2 0 1 2
Ceo@(10,10. The distances between the encapsulatggl & the 1(e) T(e)

lattice constants, are 12.306 A (a) and 14.768 A in(b). . o
FIG. 4. (a) Atomic structure of the nonperiodicsg@(10,10

with these large lattice constants are insulators. The transmi%‘f'th {oand(, where¢ and(, are the distance between centers of

sion arises only from contribution through tHED, 10 nano- wo Cgos at central region and lattice constant of the left and right

IO electrode, respectively. The transmission of (46,10 nanotube
tube, except that thg,, states of gy make a contribution in encapsulating Gs with €,=9.845 A and(b) ¢=12.036 A, (¢)

a Vvery narrovy range around 0.493 eV. Thus, the14.767 A and(d) 29.535 A. Dashed and dashed-dotted lines show
Ceo@(10,10s with large lattice constantg,>10.64 A) do contributions to the transmission fromggCand the(10,10 nano-

not exhibit transport properties with multicarriers. tube, respectively. Dashed line shows Fermi energy of electrode.
Next we examine the transport properties of nonperiodic
Ceo@(10,10. We introduce a nonperiodicity to the are more smoothly connected in the central region when
Ceo@(10,10 systems with€,=9.845 A, by changing the pecomes larger. Surprisingly, at the same energy range of
distancet between centers of twoggs at the central region 0.4-0.6 eV, the transmission has some contribution from
from €,, as shown in Fig. @). If we choosel >10.64 A, the  Cg,. Since there is no direct interaction between the two
matrix elements of the Hamiltonian between the two centratentral Ggs, the contribution from g, probably arises from
Ceos equal zero. Figures(#—4(d) present the transmission the connection between the states fCin the electrodes
T(e) of the Go@(10,10 systems with(,=9.845 A and¢  and those of thé10,10 nanotube in the central region. In
=12.036, 14.767, and 29.535 A. It is noteworthy that theaddition, these systems have no state of(fli¥10 nanotube
total transmission of these nonperiodic systems is indeperaround both 0.46 and 0.54 eV. This is because of the level
dent of . The total transmissions are the same as the contrkepulsion between thel0,10 nanotube and the &g, which
bution from the(10,10 nanotube in the transmission of the is independent of the distribution ofy;&
pristine Go@(10,10, which corresponds to the dashed line  We consider this type of nonperiodics§@ (10,10 sys-
in Fig. 2(c). The transmission at the Fermi energy T(eg),  tem with larger lattice constants 6§=12.306 and 14.768 A,
equals~2. as well. It is found from Fig. 5 that the transmissions of these
At the energy range of 0.4-0.6 eV, the transmissiomonperiodic systems with,>10.64 A are smaller than that
through the (10,10 nanotube of the nonperiodic of the periodic system witf=¢, The transmission of the
Ceo@(10,10 system has a dip structure because of the nonperiodic system has a contribution only froih0,10 nano-
periodic arrangement of encapsulating,<C This situation is  tube since there is no direct interaction between neighboring
similar to the (10,10 nanotube with an impurity molecule Cggs in the electrodes. These results are in contrast with the
[see Appendix A The electrons of thé10,10 nanotube are case 0f€;,=9.845 A showing that the transmission of the
scattered by the nonperiodicity of thgdarray in the central nonperiodic system is the same as the contribution from the
region. Therefore, the dip structure appears aroundtthe (10,10 nanotube in the transmission of the periodic system.
states of G, The dip depth decreases with increasifig When¢,>10.64 A, there is no contribution fromggwhich
which indicates that the states in the left and the right regionsould compensate the scattering of tfiH,10 nanotube
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FIG. 6. (a) Atomic structure of the g@(10,10 with Cgq
dimer. (b) Atomic structure of thg10,10 nanotube encapsulating

0.3

only Cgo dimer without Ggs. (c) The transmission of £@(10,10

with Cgo dimer. Dotted-dashed lines show the transmission of
Coo@(10,10 with €,=9.845 A and¢=29.535 A.(d) The transmis-
sion of Gy@(10,10 encapsulating only & dimer without Gy,
Arrows show energy levels of theggdimer. Dotted lines show the
Fermi energies of electrodes.

T(e) T(e)

FIG. 5. The transmission of the nonperiodigy@(10,10s
whose atomic structures are shown in Figa)4 with (a) ¢
=17.229 A and¢,=12.306 A, (b) £=22.151 A and¢,=12.306 A,

(c) £=19.690 A and¢,=14.768 A and(d) £=24.613 A and¢, each dip, except the dip around 0.470 eV. This is probably

=14.768 A, wherel and(, are the distance between centers of two - . .
ecause the transmission around 0.470 eV includes a contri-

Csos at the central region and lattice constant of the left and righg . h h | | | ; h
electrode, respectively. Dashed and dotted line show the transmi@ution through encapsulatedsgmolecules. Except for the

sion of the pristine G@(10,10 with ¢, and Fermi energy of elec- dip structure, the transmission is the same as that in the

trode, respectively. Ceo@(10,10 system with €,=9.845 A and¢=29.535 A
without including the G, dimer, which is shown in Fig. (dl).
states due to the nonperiodicity of thg,@rray. Furthermore, the dip features at 0.315 and 0.712 eV are the

It is known that Ggs are polymerized into f5omolecules same as those of tH&0,10 nanotube encapsulating only the
such as G, dimers, peanuts an@,5) capsules® We assume  Cg, dimer without the left/right arrays of ggs [Fig. 6(b)], as
that two Gygs in the central region of the periodic shown in Fig. &d). This result suggests that the electronic
Ceo@(10,10 with €,=9.845 A[Fig. 2a)] are transformed states of the g dimer weakly interact with th€10,10 nano-
into a G,y molecule. The obtained @(10,10 with the  tube states, as discussed in Appendix A. Thus, thgdiner
C1,0 molecule is also regarded as a system where thg C merely acts as a scattering impurity center when introduced
molecule is introduced as an impurity into the nonperiodicin the nonperiodic g,@(10,10 without the G dimer.
Coeo@(10,10 with €,=9.845 A andt =29.535 A[Fig. 4d)]. For the Go@(10,10 with the peanut, the distance be-
Here, we study the transport properties @f@(10,10 with  tween the peanut and the right-sidg,@&he left-side Gy is
a Cg dimer, a peanut, and(&,5) capsule as Gomolecule in -~ 4.461 A (3.203 A [Fig. 7(a)]. This means that the peanut
the central region. In theseggl@ (10,10 systems with the does not interact with the right side, but with the left-side
Cy0 molecule, we assume thatg are located at positions Cgo. The transmission of the g@(10,10 with the peanut
commensurate with th€10,10 nanotube and that the dis- and that of thg10,10 nanotube encapsulating only the pea-
tance between the ;& molecule and the left-sideggis the  nut without Ggs [Fig. 7(b)] are shown in Figs.(€) and 7d),
same as that between neighboring,<Cin the pristine peri- respectively, together with the energy levels of the peanut.
odic Go@(10, 10. The transmission has dips around the levels of the peanut.

For the Go@(10,10 with the G, dimer, which is shown Thus the Gy@(10, 10 with the peanut exhibits qualitatively
in Fig. 6(a), the distance between thegCdimer and the the same features as thgy@(10,10 with the G, dimer.
right-side G (the left-side Gp) is 3.629 A(3.203 A). This The transmission of the g@(10, 10 with the (5,5) cap-
indicates that the interaction between thg Gimer and the sule[Fig. 8@)] together with the energy levels of tti,5)
right-side Gg is weak. Figure &) shows the transmission capsule are shown in Fig.(@. The distance between the
T(e) of this system, together with the energy levels of the(5,5 capsule and the right-sidegg (the left-side Gp) is
Ceo dimer. The transmission has narrow dips around the er5.740 A(3.278 A). Namely, the(5,5) capsule does not inter-
ergy levels of the g, dimer andT(g) ~1 at the bottom of act with the right side, but with the left-side;& We find no
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FIG. 7. (a) Atomic structure of the the £&@(10,10 with the FIG. 8. (a) Atomic structure of the g@(10,10 with the (5,5

peanut.(b) Atomic structure of th€10,10 nanotube encapsulating capsule(b) Atomic structure of th&10,10 nanotube encapsulating
only peanut without Gs. (c) The transmission of §£@(10,10 only (5,5 capsule without . (c) The transmission of
with the peanut. Dotted-dashed lines show the transmission ofg@(10,10 with (5,5 capsule. Dotted-dashed lines show the
Ceo@(10,10 with £,=9.845 A and¢=29.535 A.(d) The transmis-  transmission of g@(10,10 with €,=9.845 A and¢=29.535 A.
sion of G@(10,10 encapsulating only peanut withoufggC Ar- (d) The transmission of E@(10,10 encapsulating only5,5) cap-
rows show energy levels of the peanut. Dotted lines show the Fernsule without Gg. Arrows show energy levels of th®,5) capsule.
energies of electrodes. Dotted lines show the Fermi energies of electrodes.

dips around some of the energy levels of 8¢5 capsule,  grises from the molecular array formed by the encapsulated
that is, 0.525 and 0.789 gv. This is because these states gfplecules in this systerfFig. 9b)]. The molecular array
the (5,5 capsule do not interact with th@0,10 nanotube et exhibits considerable transmission at the energy range
states due to symmetric reasons. Except this, thgf 043-0.57 eV, as shown in Fig(d. The transmission
Ceo@(10,10 with the (5,5 capsule exhibits qualitatively properties of the molecular array are qualitatively understood
the same features as thg,@(10, 10 with including the G, py a simple model in Appendix B. Namely, the transmission
dimer or the peanut. The dip structures are the same as thoggists at the energy range where thestate of G, exists in

of the (10,10 nanotube encapsulating only tt&5) capsule  the electrode, and has a peak around 0.525 eV which corre-
without Gges [Fig. 8(b)], which is shown in Fig. ). The dip  sponds to the energy levels of tt&5) capsule. In this way,
around 0.231 eV has a broad width an@)~1 at the bot-  the encapsulate(b,5) capsule not only scatters electrons but
tom of the dip. This indicates that the electronic state of thealso transmits electrons if it interacts with neighboring en-
(5,5 capsule at 0.231 eV strongly interacts with (40,10  capsulated gs. This situation is similar to the transport in
nanotube states, whereas the ot(i6) capsule states do the periodic Go@(10,10 with €,=9.843 A.

weakly.

In the above G,@(10,10 system with thg5,5 capsule,
the (5,5 capsule merely acts as a scattering impurity center
introduced in the nonperiodic @(10,10 without the We have studied the transport properties of various
(5,5 capsule. As a result, the transmission of the formeiCqo@(10,10 systems using the realistic tight-binding
system does not exceed 2, that is, the maximum value of theodel and the Green function approach. These peapod sys-
transmission of the latter system. Here, we consider the sysems exhibit the following transmission properti€$) The
tem where the distance between €5 capsule and the periodic systems exhibit the quantized transmission reflect-
right-side G (the left-side Go) is 3.248 A(3.278 A and all  ing their band structures. In the system with=9.843 A,

Ceos are located at positions commensurate with(fle10 both the(10,10 nanotube and the g array make contribu-
nanotube, as shown in Fig(#. In this system, th€5,5  tions to the transmission at the Fermi energy, whereas only
capsule interacts with both the left and the right<C Figure  the (10,10 nanotube makes contributions in the system with
9(c) shows the transmissiof(e) of this G;o@(10,10 sys-  a larger{q. (2) The transmissions of thegsg@ (10,10 with

tem with the(5,5) capsule and the energy levels of %5  €,=9.843 A and¢>10.64 A are independent of the inter-
capsule. It is found that the transmission is larger than 2 irmolecular spacind/, since there is the interaction between
the energy range of 0.43-0.57 eV except around 0.46 an@g in the electrodes(3) The encapsulated & molecule
0.54 eV, although the transmission at the Fermi enefggf ~ such as G dimer, peanut and5,5 capsule induces dip
0.43 eV, T(eg), equals ~2. This additional transmission structures in the transmission around its energy levels. The

IV. SUMMARY
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(@) (b) dimensional chain model with one impurity site expressed by
the following Hamiltonian:

H =2 tc/c; + (schd + s,c1d + h.c) + fd*d, (A1)
(ij)

wherec; andd* are the creation operators of thé site in
the chain and the impurity site, respectively, dnsh, ands;

1 E N are the transfer integrals arids the impurity level.

— 7 First we study the case that=0. We choose the 0Oth site

= = = | in the chain and the impurity site for the central region. For
% - convenience, we assume that surface Green funGjgp of
the left/right region is
02F 4 F - 12 -iTy2
; _l2-i
oo © | @ LR(e) = z (A2)
0 1 2 3 0 1 2

whereey andly are a function ot. Then the transmission of

T© T© this one-dimensional chain is

FIG. 9. (a) Atomic structure of the g@(10,10 with a (5,5 o2
capsule. In this g@(10,10 with a (5,5 capsule, the distance T(e) = (e-1)Tq
between the(5,5 capsule and the right-sideggis 3.248 A (b) [(e—e)(e—T)- s%]z +(e— f)ZI‘g'
Atomic structure for the molecular array which has periodigsGn
the electrode and 6,5 capsule in the central regiofiThe same A dip appears at the impurity levet=f, and thenT(f)=0.
atomic structure is shown i@ without the (10,10 nanotubel. (c) Next we study the case thgj# 0 ands; # 0. In this case
The transmission of the g@(10,10 encapsulating5,5 capsule  we choose the Oth and 1st sites in the chain and the impurity
in the central region. Solid lin@lashed lingshows the result where  site for the central region. The transmission is calculated as
the distance between thé,5 capsule and s is 3.248 A
(5.740 A). (d) The transmission of the molecular array which has [So5, +t(e — f)]ZI‘%
periodic Gys in the electrode and €,5) capsule in the central T(e) =
region. Arrows and dotted line show energy levels of th&) cap- D(e)/16
sule and Fermi energy of electrode, respectively.

(A3)

(A4)

with

strength of the interaction between;Jjg molecule and  D(e) =[{(2s — €)% - T3 - 4t?}{e — f} — 85;5,t - 2(5+ S2)
(10,20 nanotube affects the half width of the di@) Al-

though fullerenes such agg£and(5,5 capsule encapsulated X (26 - €)1+ [2(2¢ — €)Tole — f) — 2(s5+ ST,
in the nanotube basically behave as scattering impurity cen- (A5)
ters, if there are interactions between them, the encapsulated

fullerenes make contributions to the transmission. In the case ofs,#0 ands;#0, a dip appears at=f

The present results have revealed the interesting transportoS:/t and T(f —s;s,/t)=0.
properties of carbon nanotubes encapsulating fullerenes in- Whens,=s,=0, which corresponds to a one-dimensional
side and provided useful information for future applicationchain with no impurity, the transmission is 1 for t2e
of carbon nanotubes to electronic nano-devices. <2t. From Egs.(A3) and (A4), surface Green function is
calculated as
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ACT-JST. The present calculations were performed by usingtructure and the transfer integral between the impurity and
the Numerical Materials Simulator in NIMS. the site in the chain defines a half width of the dip and its

energy difference from the impurity level.
In the case o6,=0, we obtain the Green function in the
APPENDIX A: ONE-DIMENSIONAL MODEL central region for —P<e <2t as follows:
WITH ONE IMPURITY SITE
In order to understand the transmission of the peapod sys- Ge imp(e) = _'F—O, (A7)
tem with an impurity molecule, we consider a one- ' iTo(e =) -5
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e—f We choose the only impurity site for the central region.
Ge,ole) = H“(T (A8) Then the Green function of the central region is
ole =)=~
where G¢ im(e) and G¢ (&) are the Green function for the 1
impurity site and the Oth site in the chain, respectively, and Gele) = 1-st? (B2)
we choose the Oth site in the chain and the impurity site for ci&) = f Tst?
the central region. The imaginary part of the Green function €= 1 -2 +i 1 -2/t2

corresponds to the density of states on ithesite: p;j(e)=

—Im G¢(g)/ . At the impurity level,e=f, pinp(e) andpg(e) ~ where we used the relation in EGA6), e=¢. This result
has peak and dip structures, respectively, and the half widthuggests that a peak of the density of states of the impurity
of the peak and the dip is2/T,,. This result suggests that appears at=f/(1-s?/t?) and a half width of the peak is
electrons at the one-dimensional chain are scattered by tH&ys?/ 12/ (1-s2/t7).

interaction with this impurity state. As a result, the dip for From Eg.(B2), the transmission of this one-dimensional

the transmission appears at this impurity level. chain is calculated as
2t
APPENDIX B: ONE-DIMENSIONAL MODEL 0>
WITH ONE SITE AS A JUNCTION _ (1-511%)?
Te)= f\2 T2 B3
In this Appendix, we consider a one-dimensional chain (8_ ) + oS
expressed by Hamiltonian 1-$t2)  (1-$t?)?
o 5
_ tchc, + (s¢d + sdic, + h.c) + fd*d, A peak of the transmission appearssatf/1-s?/t> and then
" <ij>,i§),j¢0 EAR 1+ he) T(f/1-s2/t)=1. A half width of the peak islos%/t2/(1

-s?/t?). In this way, the impurity level defines the position of
(B1) . :
the peak structure and the transfer integral between the im-
wherec; andd*(=cp) are the creation operator of th site  purity site and the site in the chain define a half width of the
in the chain and an impurity sitghe Oth site in the chajp ~ peak and its energy difference from the impurity level. The
respectively, and ands are the transfer integrals arids the  properties of the peak of the transmission correspond with

impurity level. the properties of the density of states for the impurity.
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