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We report total-energy electronic-structure calculations that provide energetics and electronic structures of
fullerenes encapsulated in zigzag carbon nanot(dsalled peapodlslt is found that the space between the
nanotube and the encapsulated fullerenes is a decisive factor to determine the energetics for the encapsulation
process of the fullerenes in the nanotubes and the stability of resultant structures. The reaction energies for the
encapsulation processes exhibit common characteristics depending on the space inside the tube, irrespective of
their metallic and semiconducting properties. It is also found that the electronic structures of peapods depend
on the space and that they reflect electron states of the encapsulated fullerenes. A relative energy position of the
lowest unoccupied states of the encapsulated fullerenes modulates the energy gap of the semiconducting
nanotubes. Further, the interwall spacing results in a significant shift of the electron states that have originated
from the fullerenes. Our results indicate that the energy gap of the semiconducting peapods exhibits interesting
variation depending on both the space and the fullerenes and suggest the possibility of band-gap engineering of
the all carbon materials.
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l. INTRODUCTION works!®®we have indeed demonstrated that the NFE states
and the space affect the energetics and the electronic struc-
Carbon nanotubésare fascinating materials that exhibit tures of the peapods consisting of thg &d armchairig, n)
interesting interplay between atomic structures and elecranotubes: It has been also shown that electronic structures
tronic properties: For instance, the nanotube becomes insmear the Fermi level of the peapods exhibit interesting varia-
lating in some cases and metallic in another depending on ions depending on the tube radius. In particular, the
tiny difference in its atomic arrangement: this is a conse- Cg,@(10,10) was found to be a metal with multicarriers,
guence of an anisotropy of energy bands of a graphene sheedich of which is distributed either on the nanotube or on the
and of gquantum-mechanical boundary conditions for elecCy, due to the significant hybridization betweenorbital of
tronic wave functions in tubular structures. Another aspecthe G, and the NFE states. Furthermore, we have also found
peculiar to the tubular structure is the space inside. This feahat the(10,10 nanotube gives the largest energy gain upon
ture opens a possibility of accommodating foreign species ithe encapsulation reaction of thg 8 among the other arm-
the space inside the tube. In fact, it has been shown at aghair nanotubes, and that optimized values of the interwall
earlier stage that lead atoms indeed fill nanotdddew itis  spacing between theggand the nanotubes is 3.3 A.
found that fullerenes, e.9..66 Cyo, Crg, Cgo, and Gg,o ™1 Recent spectroscopic and transport experiments have
and metallofullerenes, e.g., Gd@Cand Se@ G4 (Refs.  shown that the electronic structures of the peapods are modu-
11,12 are encapsulated in the nanotubes. These are nolated from those of the nanotub®s??In particular, the elec-
commonly called carbon peapods. The carbon peapod is cefron states around the energy gap are found to depend
tainly unique in its morphology; the space inside the tube castrongly on the species of the encapsulated fulleréhés.
be regarded as a nanometer-scale container. Yet the space spite of those experimental efforts, however, theoretical cal-
only works as a container, but is also capable of controllingculations are restricted to a limited class of peapods. It is of
electron states of those exotic materials, which we discuss imterest to clarify effects of tube radii, metallic or semicon-
this paper. ducting characteristics of constituent nanotubes, and differ-
In materials containing space inside, there are unusuance in fullerene species in energetics and electronic struc-
electron states whose wave functions distribute not neaures of various peapods. In this paper, we therefore study
atomic sites but in the space. In graphite, it is found that theCsy, C;o, and Gg one-dimensional chains encapsulated in
electron states distributed between graphene lagiater-  zigzag (,0) nanotubes (15n<21) and reveal salient fea-
layer statesare located above the Fermi level and play im-tures of energetical and electronic properties of these exotic
portant roles in excitation spectrulfi.® Also in the nano- carbon peapods. We find that the lowest unoccupied states of
tubes, electron states distributed in the space inside arfdllerenes shift downward depending on the radii of the
outside are found to exist and are located at a few eV aboveanotubes and take the lowest value at the optimum radius of
Fermi level’®'” Those states in the nanotubes are calledhe nanotube. This finding offers an interpretation of the
nearly free electronNFE) states. Hence in the peapods, band-gap modulation experimentally observed. We also find
atomic orbitals of foreign species stuffed in the tubes arehat the reaction energy on the encapsulation of thede-
expected to interact with the NFE states. In our previougpends not on the metallic or the semiconducting characters of
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the nanotubes but on the interwall spacing between the C
and the nanotube. The electronic structures of the large-
fullerene peapods also depend on the space inside the nano-
tube and reflect the electron states of the encapsulated
fullerenes.

II. METHODS () Coo@(17,0)

Calculations have been performed using the local-density
approximation(LDA) in the density-functional theorR}:?*
For the exchange-correlation energy among electrons, we use
a functional fornd® fitted to the Monte Carlo results for the
homogeneous electron g&sNorm-conserving pseudopoten-
tials generated by using the Troullier-Martins schéhtem-
bined with the separable treatm&hare adopted to describe (c) Coo@(19,0)
the electron-ion interaction. In constructing the pseudopoten- &
tials, core radii adopted for Cs2and 2o states are both 1.5
bohrs. The valence wave functions are expanded by the
plane-wave basis set with a cutoff energy of 50 Ry which is
known to give enough convergence in discussing the relative
stability of various carbon phasts'®2°We impose com-
mensurability conditions between the one-dimensional peri-
odicity of the nanotube and that of the chain of fullerenes. F|G. 1. Geometric structures of total-energy minimized
Consequently, a lattice parametealong the tube direction c,,@(15,0), G,@(17,0), and §@ (19,0).
is 12.76 A for all the zigzag peapods studied Hermtegra-
tion over one-dimensional Brillouin zone is carried out using

the twok points. We carry out the calculation oRd@ (n.0)  5-h atomic s o
- position of theg@ (17,0) between the initial

for 15<n=21 and 90@(n’0) f(_)r n—_1_7, _an(_j 19, and _and the optimized geometries is less than 0.02 A.

C,g@(19,0). The conjugate-gradient minimization scheme is On the other hand, for the thim(0) nanotubesn< 16,

utilized both for the electronic-structure calculation and forenergyAE rapidly increase with decreasing the radius of the
th? geometry optimiza}tip?ilzThe remainir]g forces in_the ob- nanotubes. For these nanotubes, the space betweegdbe C
tained total-energy ”."”'”."ZETO' geometries are 'typlce.\IIy' Iessand the nanotubes is smaller than the interlayer spacing of
th_an_ 5 mRy/A. By th|s criterion, the geometry is optlmlze_d the graphite, and we find that the significant structural defor-
within 0.004 A, leading to an error of 0.1 meV per atom in mation both for the g and the nanotube takes plaig.
the total energy. 1(a)]. For instance, the calculated interwall spacing of the
Ceo@(15,0) is found to be 2.76 A. This elastic energy cost
IIl. ENERGETICS results in an endothermic reaction. For the thick nanotubes,

The space inside the nanotube possesses potentiality 8f"Ce the &o's are located at the center of the nanotube, the

containing foreign atoms and molecules. However, the ener-
getics of the encapsulation reaction have been elucidated 4
only for the Gy in the metallic armchair nanotubes at
present. Thus, we here perform the geometry optimization on
one-dimensional fullerene chains encapsulated in semicon-
ducting zigzag nanotubes to clarify the energetics of the en-
capsulation for the g, the Gq, and the Gg fullerenes. Fig-
ure 1 shows total-energy minimized geometries of 210)
CGO@(15,O), Cg_o@(17,0), and G@(19,0). Flrs_t, we 0_ - (19.0)
clarify a correlation between the space and a reaction energy Al (16,0)\\‘W
AE. The reaction energy is defined by the following: | a10 g

2+ Ta X

(n,0)tubet Coo— Ceo@(N,0) — AE. 55 610 ' 615 ' 710 ' 715 ' 810 85

Tube radius [ A ]

19y

&

distance of the graphite. It is found that the difference of

(15,0)
3L

2+

1+

AE [eV/cell ]

In the calculation, we assume that thg/€are located at the
center of the nanotube although the favorable position of the £ 5. Reaction energiesE (see text in the encapsulation
Ceo in thicker nanotubes have been found to be dislodgegeaction of the fullerene forn(0) zigzag nanotubes. The line is a
from the centet? As shown in Fig. 2, we find that th@.7,0 guide for eyes. Solid circles, triangles, squares, and an inverted
nanotube is the most favorable nanotube for thgsCand  triangle denote the\E for Cgy, Cyo (lying), Cyo (standing, and
gives the largesfAE| of about 1.39 eV. In this case, the C,g, respectively. The calculated energi@& for Ce,@ (n,n) (9
interwall spacing is 3.11 A which is close to the interlayer <n<12) obtained in Refs. 18,19 are also shown by crosses.
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space monotonically increases and the enér§ygradually () C20@(17,0) lying
approaches zero with increasing the tube raditig. 2).
When the Gg's are dislodged from the center of the nano-
tube, howeverlAE| approaches not zero but finite values of
about 0.4 e\¥°

Comparing the energX E of the zigzag nanotube and that
of the armchair nanotube, we find that th& of the zigzag
nanotube clearly exhibits the quantitatively same character-
istics as that of the armchair nanotufigg. 2). The results
indicate that the space in the nanotube, rather than the me-
tallic or semiconducting characteristics or atomic arrange-
ments of constituent nanotubes, is a decisive factor in the
energetics of the peapods. Based on these findings, we may
deduce energetic stability of various carbon peapods solely
from the viewpoint of the space. The calculated energy gain
|AE|=1.39 eV for Gy@ (17,0) corresponds to 5.3 meV per
atom. This value is smaller than the binding energy of graph-
ite layers, 23 meV per atom. This difference obviously
comes from the difference in number of atom pairs between
the layers or between the tube angyCThe layer-layer in-
teraction in graphite and the wall-wall interaction in peapods
are considered to have the character of van der Waals inter- 8
action. Sufficiently accurate description of such interactionis £/ 3 Geometric structures of total-energy minimized ly-
unavailable at present: Our calculation with generalized 9'%hg, and(b) standing G,@ (17,0) (see text, and(c) C,@ (19,0).
dient approximation fails to reproduce the layer-layer bind-
ing of graphite, whereas the LDA is successful in providing
reasonable binding energy. Hence the calculated reaction e

ergiesAE in this paper are of qualitative nature to some Figure 3c) shows the full timized metry of
extent. Yet the universal profile shown in Fig. 2 indicates that gure xc) shows tne 1ufly op ed geometry o i
eapod. Hence, we consider the major isomer of thg C

AE is determined mainly by the tube radius, irrespective o f e ! | Th ! |
the atomic and electronic structures of the constituent tubetau elre_ne, 1€, hZU |somerr]. he Ga(C2,) possesses a re a(—j
or the species of the encapsulated fullerefses below. tively isotropic shape so that the energetics is not expected to

We further study energetics of large-fullerene peapodsc_axhibit large orientational erendence. We find that the en-
Here we focus on the gand Gy fullerenes encapsulated in €r9Y AE of the G@(19,0) is aimost the same as that of the
the zigzag nanotubes. Optimized geometries of these pe&so@ (10,10)(Fig 2). In the former, the interwall spacing is
pods are shown in Fig. 3. The structures studied here ar@Pout 3.30 A, which is close to that in the;f@(10,10).
found to be energetically stable. For the,@eapods, it is These findings also corroborate that the space _between the
expected that the energetics depends on the orientation of tfig//érenes and nanotubes, rather than the atomic and elec-
C,o due to an ellipsoidal shape of thenolecule of which tronic structures of the constituent nanotu.be.s or the species
a long axis Cs axi9) is longer than a short axi€, axis) by of the e;ncapsulated fullerenes, play a principal role in the
about 0.7 A: In one case, the@nolecules are aligned in the €N€rgetics of the peapods.
nanotube with theCs axis being parallel to the tube axis
(lying arrangement whereas in another those are aligned IV. ELECTRONIC STRUCTURES
with the Cg axis being perpendicular to the tube atgtand-
ing arrangement We indeed find that the lying arrangement
is more energetically favorable than the standing arrange- The space also controls electron states near the Fermi
ment for the(17,0 nanotube whereas the standing is morelevel. Figure 4 shows calculated energy bands of thg C
favorable than the lying for th€19,0 nanotube. For the peapods. In an isolatedgg; there are fivefold degenerate
(17,0 nanotube, the energ&E of the lying is lower than highest occupiedh, states and threefold degenerate lowest
that of the standing by about 1.37 eV. In the standing arunoccupiedt,, states with the energy gap of about 2 V.
rangement the distance between thg &hd the nanotube is Thus, it is expected that the electron states of the peapods
2.78 A which is close to that in thesg® (16,0). The small near the gap mainly originate from thg, andh, states of
values of|AE| is due to the small interwall spacing. On the Cgy and thes and =* states of the nanotubes. Their elec-
other hand, since the interwall spacing of the lying arrangetronic structures may be a simple sum of those of thg C
ment is the same as that of thg,@ (17,0), the energhE chain and the nanotubes since there is no substantial rebond-
of the lying is close to that of the g@(17,0). The result ing in the peapods.
indicates that the &'s encapsulated in the thin nanotubes Yet Fig. 4 clearly shows a different feature. Thg-like
prefer the lying arrangement. For tti&9,0 nanotube, the stated®shift sensitively to the radius of the tube: Thg-like
standing arrangement is found to be lower in energy than thetates are located above the energy gap of the empty tube in

h/{ing arrangement. Thus, it is expected that thg'Cin the
ick nanotube prefer the standing arrangement.

A. Cgo peapods
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FIG. 4. Energy-band structures of zigzag peapoghgd16,0) (a), C5;@ (17,0) (b), Ceo@ (18,0)(c), Ceo@ (19,0) (d), Cs@ (20,0) (e),
and Gy@ (21,0) (f). Arrows indicate the,-like electron states. Energies are measured from the midgap energy of each empty nanotube.

the G,,@(16,0); the states shift downwards with increasingclearly shows a similar energy shift depending on the tube
the radius and take the lowest value in thg@(19,0) and radius. Furthermore, we have also found a similar radius de-
Cee@(20,0); then it slightly shifts upwards for the pendence of the;-like states in the armchair peapdds?
Ceo@(21,0). Thus, in the £@ (19,0) and @ (20,0), the These are indicative of importance of the space in the pea-
t1,-like states are located at the midgap energy of eaclpods rather than the electronic structures of the nanotubes.
empty nanotube so that the energy gap of the peapods de- The shift of thet,,-like states is understandable in two
creases by half from the empty nanotubes. The energy of théifferent regimes. For the thin nanotube, the interwall spac-
ty,-like states as a function of the tube radius is summarizeghg is insufficient to allow the,,, states of the g, to distrib-

in Fig. 5. Thety,-like states are found to shift by half eV yte in the space so that the states shift upwards and are lo-
with the 1 A change of the tube radius. The peapods studiegated above the energy gap of the nanotubes. On the other
here are energetically stable and are expected to be synthgangd, the downward shift around tht9,0 and (20,0 nano-
sized in certain experimental conditions except theypes from thé21,0 nanotube is originated from the hybrid-

Ceo@(15,0). Indeed, it has been found that the recent trangz ation between ther states of the  and the NFE states of
port experiments on theggpeapods in the field-effect tran- o anotubes. The energy levels of the NFE states are gen-

sistor (FET) clearly exhibit the band-gap modulation which erally located at a couple of eV above the Fermi level in

depends on radius and chirality of nanotubesience the empty nanotube¥. These states are still above the Fermi

present finding opens a possibility Of. controlling eIeCt.ron'Clevel in all the peapods considered here. However, the hy-
properties of the peapods by changing the tube radius, qr

vice versa to identify the radius of the tube of the peapod b r|d|;at|on betW(_een the NFE states and bhestate.s of the
measuring spectroscopic properties. Ceo is supstantlally induced upon gncapsulatlon of the
The downward shift of the,-like states is also found in fullerenes in the tupe_. As a result of this, most of the el_ectron
the peapods consisting of the metallic tubes. ThS,0), states that have originated from thestat.es of the.ggshlft .
(18,0, and(21,0 nanotubes are actually metallic, and Fig. 5 downward upon encapsulation. There is an optimum radius
of the tube in which the space enhances the hybridization
05 most effectively: The optimum tube radius is about 7.5 A in
asgm which the interwall distance between the tube and thgi

04 slightly larger than the interlayer distance of the graphite.
The space is essential to control the electron states near the
B 03 Fermi level of the peapods.
B
E B. C;, peapods

01r .
The results presented above clearly show that there is an

optimum radius of the nanotube where the unoccupied states

s s s of the encapsulated (g exhibit the downward energy shift

60 63 oIS 80 85 most effectively. In the g peapods, thet,,-like states

Tube radius [ A] emerge at the midgap energy of the nanotube under the op-
FIG. 5. The Kohn-Sham energy level of thg-like states as a  timum interwall spacing. This situation raises a question

function of the tube radius in zigzag peapodg@(n,0). The ref-  Whether the electron-state tuning is possible by encapsulating

erence of the energy for each peapod is taken at the Fermi levédrge fullerenes which possess different electron states from

which corresponds to the midgap energy of the each empty nandhe Gy, molecule. Here we study the electronic structures of

tube. the G peapods, i.e., L@ (17,0) and ¢@ (19,0), and the

0.0
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FIG. 6. Energy-band structures of zigzag peapddslying and (b) standing Gy@ (17,0), (c) lying and (d) standing G,@ (19,0) (see
text), and(e) C;s@ (19,0). Arrows indicate the LU states. Energies are measured from the midgap energy of each empty nanotube.

Cr(C),) peapod, i.e., G@(19,0). As demonstrated in the ~ For the Go@(19,0), the LU states are located in the gap
previous section, these peapods are found to be energeticafj the nanotube in both standing and lying arrangements
stable. [Figs. 6¢c) and Gd)]. Furthermore, the LU states for the
Figures @a—d show electronic energy bands of the standing and the lying arrangements_ shift downward com-
C,@(17,0) and the G@(19,0). Since the & molecule pared with those for the{;@(l?,O) as in the case of thgcp
has the ellipsoidal shape, we consider two different orientapeapOdS.' In the sta.ndllng arrangement, the .Sh'ft IS mainly due
tions of the moleculgthe standing and the lying arrange- to the wider space inside t{29,0 na.notube |n'wh.|ch ther
ments in each nanotube. In an isolated,@nolecule, there states of the &, are allowed to be distributed inside. On the

are the triply bunched highest occupiédO) states and the other hand, the small shift for the lying arrangement is origi-

triply bunched lowest unoccupigdU) state< These states nated from the hybridization between thestates of the &,

become valence and conduction bands, respectively, with th%nd the NFE states of the nanotube.

energy gap of 1.7 eV in Fig. 6. The energy dispersion, on the
other hand, is quite small. This is due to a large separation of
12.76 A between fullerenes imposed from computational re-
quirements. When the wall-wall distance between adjacent We have demonstrated that the electronic structures of the
fullerenes is close to the layer-layer distance in graphite, th@eapods reflect the electron states of the encapsulated
band dispersion becomes about 0.6'For the Go@ (17,0) fullerenes as well as the fullerene-nanotube spacing. We
with the lying arrangement, it is found that the LU states aretherefore explore a possibility of the metallization of semi-
located above the midgap point of the nanotube by 0.2 e\¢onducting nanotubes by encapsulating the large fullerenes
[Fig. 6@]. The energy of the LU states is higher than that ofpossessing the deeper LU state. Earlier calculatiofisiave
thet, -like states of the @ (17,0) by about 0.1 eV. In the shown that aC;, isomer of the Gg has the relatively deep
isolated G, molecule, our LDA calculations show that the lowest unoccupied state. We thus calculate a peapod consist-
LU states are higher in energy by 0.25 eV thantthestates ing of Cg (C5, isome). Figure e) shows energy bands of
of the G, molecule. The higher LU states of theq@esultin  the Gg@ (19,0). The most astonishing feature is found in the
the difference in the electronic structures of the peapods. Thenergy bands near the Fermi level: The originally unoccu-
electronic structures of the peapods reflect the electron statgsed states of the £ [depicted by the arrow in Fig.(6)]
of the encapsulated fullerenes. shift downwards and are located near the top of the valence
In addition, the electronic structure of the,{@(17,0) bands of the corresponding semiconductihg,0 nanotube.
with standing arrangement is different from that with the Consequently, there are three states almost degenerate near
lying arrangement: The LU states are located above the bothe valence-band top at tfiepoint. The squared Kohn-Sham
tom of the conduction™ bands of the nanotube by 0.2 eV orbital of the valence-band top at thepoint is shown in Fig.
[Fig. 6(b)]. This orientational dependence is due to the inter-7. We find that the wave function has an amplitude not only
wall spacing between the,gand the nanotube. In the stand- on the tube but also on the,§; indicative of the hybridiza-
ing arrangement, the interwall spacing is 2.78 A which istion between ther states of the tube and the LU states of the
close to that in the @ (16,0). Therefore, the LU states C;g. The remaining two states near the valence-band top also
shift upward by 0.4 eV compared with the lying arrange-distribute both on the tube and theg@o some extent. At the
ment, and are located above the energy gap of the nanotub¥.point, on the other hand, the flat bands near the valence-
The results indicate that the electron states of the peapods avand top preserve the character of thg Sateqg Fig. 7(b)].
tunable by not only choosing the encapsulated fullerenes bie find that the band gap between the valence-band top at
also controlling the orientation of the fullerenes. theI" point and the conduction-band bottom at tKeoint

C. C,g peapods
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FIG. 8. The total energies of the,gchains. Open squares and

@ @ ) ) &) ) open triangles indicate the total energies of the standing and

? © _ @g_ _ the lying G chains(see tex), respectively. Inset: The total energies
calculated by the sum of thAE of the Gy@(17,0) and the
total energy of the isolated 4 chain. The lines are a guide for

(b) eyes. The energies are measured from that of the isolatgd C

molecule.

Since our calculations show that theg(peapod is the
zero-gap semiconductor, it is beneficial to estimate effective
mass (n*) of the electrons at the bottom of the conduction

P - \©Q 7 s \©Q band. Yet, flat dispersion bands that have originated frogn C
/ ! is an artifact due to an imposed commensurability condition
which causes the large intermolecular spacing. Therefore, we
o|© %? 0 b) @ here calculate the effective mass ofg€hains in which the
\ @/ \ ©I intermolecular spacing is 9.83 A. The calculated values of
@@ 70 @@ 70 the m* is 2.0m, (m, is the bare electron maswhich is
- &~ close to that of the fcc & (1.5 m,).

V. ELECTRON-STATE CONTROL BY MOLECULAR
FILLING

FIG. 7. The squared Kohn-Sham orbitals 0@ (19,0) for(a) In the present work, we have demonstrated that the
the valence-band top &t point and for(b) the valence-band top at electron-state control is possible in the peapods by tuning the
X point. Each contour represents twi@ half) the density of the  (adjus of the nanotube and by selecting the encapsulated
gdjacent contour lines. The lowest value represented by the contoy|lerenes. Furthermore, in the case of the fullerenes with the
is 7.9<10°° e/(a.u f. large anisotropy, we find that the orientation of the fullerenes

modulates the electron states of the peapods. Among them,
possessing the LU state character of thg, @& closed. the orientation control is a promising way to control the elec-
Namely, the peapod is a zero-gap semiconductor in th&ron states of the peapods because the former two are only
present calculation. When the separation between tig C practicable under the synthesis processes. We discuss a pos-
becomes a realistic value which is much smaller than that isibility of the orientation control of the £ in the (17,0
the present geometry, the dispersion of thg-@igin energy  nanotube. Figure 8 shows the total energies of isolatgd C
bands would be half eV. In this cased@®(19,0) becomes a chains with the standing and the lying arrangements as a
semimetal in which electrons are at tiend holes are at the function of the intermolecular spacing. Optimum intermo-
I' points. It should be remarked that the LDA underestimatedecular spacing for the lying and the standing arrangements
the fundamental gap of the semiconducting matefials, are found to be 11.0 A and 9.8 A, respectively. Experimen-
and the calculated values presented here are of qualitativtally, the intermolecular distances for the lying and the stand-
nature. The result demonstrates that the electronic structurésy C;o chains in the nanotubes are found to be 11.0 A and
of the peapods are indeed tunable by not only controlling thd0.1 A, respectively* The calculated intermolecular spacing
space within the tube but also choosing encapsulatetbr the isolated &, chains shows good agreement with those
fullerenes. Furthermore, the result also implies the possibilitypbserved for the & chains in the nanotubes experimentally.
of the metallization of the semiconducting nanotubes byThus it is expected that the total energies of thg fi2apods
filling the fullerenes whose LU states are deeper than that ofis a function of the intermolecular distance exhibit similar
the G. features to those obtained for the isolateg,, Chains. To
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simulate the energetics of the,{peapods, we add the en- It has been also found that the space in the nanotube
ergy AE to the total energies of the isolated @hains(inset ~modulates the electron states of the peapods: In he@€a-
of Fig. 8). It is clear from the inset of Fig. 8 that the lying pods, the lowest unoccupied states qf Ghift downward
arrangement undergoes structural transformation to theignificantly by increasing the tube radius, and the energy
standing arrangement under the uniaxial stress along the tulgap of the peapods sensitively depends on the interwall spac-
axis. Using the relatio® = — 9E/9V = — JE/Sdz whereSis  ing. In addition to the space, the electron structure of the
the cross section of the tube and the common tangent of thencapsulated fullerenes is another important factor to deter-
two total-energy curvatures in the inset of Fig. 8, the criticalmine the electronic structure of the peapods. Our calculations
pressure is found to be 1.4 GPa. Therefore, it is plausible thdtave elucidated that the electron states near the Fermi level
the orientation of the & in the (17,0 nanotube is control- of the peapods reflect those of the encapsulated fullerenes. It
lable by changing the filling of the molecules inside thehas indeed been found that theg(eapod is a zero-gap
nanotube. Owing to these characteristics, it is expected thaemiconductor due to the relatively deep lowest unoccupied
the border between different configurations of fullerenes maygtates of the isolated g molecule. Furthermore, in the case
be applicable for a diode in the nanometer-scale electroniof the fullerenes with the large anisotropy, we have also
circuit. demonstrated that the orientation of the fullerenes is also
capable of modulating the electron states of the peapods near
VI. SUMMARY the energy gap. Hence our results open a possibility of the
band-gap tuning of the peapods by controlling the space in-
The reaction energies for fullerenes encapsulated in variside the nanotube and orientation of the molecules and by

ous nanotubes have indicated that the space between thglecting the species of the encapsulated materials.
walls of the nanotube and the fullerene is the decisive factor

to determine the energetics of the resultant peapod, irrespec-
tive of metallic or semiconducting characters of the nano-
tubes, electronic states of the fullerenes, and atomic arrange-
ments of each constituent unit. For thg,Cit has been found We thank H. Kataura, K. Hirahara, and K. Shiraishi for
that the(17,0 nanotube is the most favorable zigzag nano-useful discussions. This work was partly supported by ACT-
tube which results in the optimum interwall spacing of aboutJST (Japan Science and Technology Corporati@®YNAF

3.11 A. On the other hand, we have found that the anisoproject by NEDO, Special Research Project on Nanoscience
tropic shape of the encapsulated fullerenes induces the orin University of Tsukuba, NEDO under the Nanotechnology
entation dependence on the energetics of peapods: Materials Program, and Grant-in-Aid for Scientific Research
has been demonstrated that the lying arrangement of $hie Cfrom Ministry of Education, Science, and Culture of Japan.
is more energetically stable that the standing in th&,0 @ Computations were done at Institute for Solid State Physics,
nanotube whereas the standing is more stable than the lyifgniversity of Tokyo, at Science Information Processing Cen-
in the (19,0 nanotube due to the ellipsoidal shape of theter, University of Tsukuba, and at Research Center of the
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