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Electron-state control of carbon nanotubes by space and encapsulated fullerenes
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We report total-energy electronic structure calculations that provide energetics of encapsulation of various
fullerenes in carbon nanotubes and electronic structures of resulting carbon peapods. We find that the electron
states of the peapods depend on the space in the nanotubes and that they reflect electron states of the encap-
sulated fullerenes. The deep energy position of the lowest unoccupied state of fullerenes as well as hybridiza-
tion betweenr states of the fullerenes and the nearly free-electron states of the nanotubes causes a multicarrier
character in the peapods.
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Tubular structures of hexagonally bonded carbon atoms We here report total-energy calculations performed for
(carbon nanotubgsliscovered in 1991Ref. 1) are known to  one-dimensional chains ofgg which are encapsulated in
exhibit a rich variety in their electronic structuredfor in-  armchair nanotubes. We take, ) nanotubesr{=9, 10, 11,
stance, the nanotube with chiral index i) is a metal when 12, and 13and clarify energetics and electronic structures of
In—m| is a multiple of three, whereas they are semiconductthe Gy-peapods. Based on the results, we give the quantita-
ing otherwise. The peculiar electronic property is due to anjve analysis for the energy shift of electron states of the
additional boundary condition imposed on electron states of, = encapsulated in then(n) armchair nanotubes, and
a graphite sheet, which is rolled into each nanotube. On the|yrify the correlation between the energy shift and the inter-

. X . C.g), since the Gy peapod and & peapod are indeed syn-
lated with alkaline or hydrogen atoms have been syntheS|zet esized recentl{? We have found that the electron states

and are now attracting much attention not only in their inter- E of th ds depend crucially on the interwall
esting physical properties but also in industrial applicationshear, F cb) ; € pefaﬁo N eped ¢ uctaby 0 deth teih all
Recently high resolution transmission electron microscop&Pac!ngd between fullerenes and nanotubes, and that the size

(TEM) images clearly showed the encapsulation ggsdn qnd shapes of the gncapsulated fullerenes add important va-
nanotube€ 2 In addition to G, larger fullerened® e.g.,  Met to the electronic structures of the peapods.
Cro, Crgy Cso, and Gu, and metallofullerene¥ e.g., AII_ calculauo_ns have been _performed using the_ local-
Gd@ G, and SgCyq,, Were also found to be encapsulated mdensny2 2:glpproxmatlon(LDA) in th_e density-functional
nanotubes. These unusual nanometer-scale carbon netwoikgory>>**For the exchange-correlation energy among elec-
are now called “carbon peapods” of which structures aretrons, we use a functional fofthfitted to the Monte Carlo
characterized by an interesting combination of one- and zerdesults for the homogeneous electron gasNorm-
dimensional constituent units, i.e., carbon nanotubes angonserving pseudopotentials generated by using the
fullerenes. The peapods are thus regarded as hierarchical sdlFoullier-Martins scheme are adopted to describe the
ids with mixed dimensionality. electron-ion interactiof®?’ In constructing the pseudopoten-
The spaces inside the nanotubes or between them atils, core radii adopted for C2and 2o states are both 1.5
known to be utilized for a container of atoms and moleculesBohrs. The valence wave functions are expanded by the
Yet the space not only works as a container but also controlplane-wave basis set with a cutoff energy of 50 Ry, which is
electron states in those materials. The space induces the pgaiown to give enough convergence of total energy to discuss
culiar delocalized electron states, which is located below ahe relative stability of various carbon phagsve carry out
vacuum level and distributed not near atomic sites but in thehe calculation for 1,n) nanotubes (18n=13) in this pa-
space, and is of nearly free electrfFE) charactet>'®The  per. We adopt a supercell model in which a peapod is placed
NFE states play crucial roles for the intercalation of atomswith its nanotube wall being separated by 6.5 A from another
and control the electron states near the Fermi lefzl) (of  wall of an adjacent peapod. The conjugate-gradient minimi-
nanotubes>!’In graphite there is a counterpart named as areation scheme is utilized both for the electronic-structure cal-
interlayer state, and it is important to consider excitationculation and for the geometry optimizatiéhin the geom-
spectrum®=2° |n the peapods, owing to hybridization be- etry optimization, we impose a commensurability condition
tween states of Gy and the NFE states of the nanotube, abetween the one-dimensional periodicity of the nanotube and
Ceo@ (10,10) peapod was found to be a metal with multicarthat of the chain of gs. Consequently, the lattice parameter
riers each of which distributes either along the nanotube oc becomes 9.824 A along the tube direction which corre-
on the G, chain?! The results have indicated that the encap-sponds to the quadruple of the periodicity of the armchair
sulation of fullerenes within the nanotubes controls the elechanotube. Integration over one-dimensional Brillouin zone is
tron states nedEg of resultant materials. carried out using the twk points.
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Tube radius [A] FIG. 3. Thet,, energy levelKohn-Sham levelas a function of

FIG. 1. Reaction energieSE (see text per G in the encapsu-  the tube radius in @ (n,n) in which Gss are located at the center
lation reaction for the9,9), (10,10, (11,13, (12,12, and (13,13 of the nanotube. In the optimum position, thg state is slightly
armchair nanotubeg(solid squares Ref. 29. The value for shifted upward compared to the case in which i§ at the center.
Ceo@(9,9) is from Ref. 21. The reaction energy fo@(13,13) is  The energy levels are measured fréfp of the empty ,n) tubes.

computed with the 40-Ry cutoff energy for the basis set. Reactio . .
energyAE per G in the encapsulation for th@.0,10 and (11,10 r}& and the reaction energiE is —0.91 eV per (. The

nanotubegsolid circles. results indicate that £ encapsulated in thick nanotubes are
located at about 6.5 A off from the wall of nanotube to keep
We begin with stability of the § peapods with various the preferable interwall distance of about 3 A. Furthermore,

tube radii. The stability is evaluated by calculating the en-h€ energyAE approaches not zero but a finite value of

ergy difference in the following reaction: about — 0.4 eV. Recent TEM images indeed showed that
Cecos are located near the wall of nanotubes rather than at the
(n,n)tube+ Cgo— Ceo@(n,N) — AE. center of the nanotub®.

) Ceo@(10,10) has been reportédo possess an interesting
Figure 1 shows the energyE of the Gy-peapods as a func-  ejectronic structure around the Fermi level as explained be-
tion of the tube radius. It is found that the reaction is exo-jgw. |n an isolated . there are the fivefold degenerate
thermic for all tubes calculated here excéf9). The reac-  pighest occupieti, state and the threefold degenerate lowest
tion for the (10,10 tub(_a is found to be the most favorable unoccupied;, state. In the g chain, bothh, andt,, show
among the tubes studied here; the eneldyis —1.73 €V {ne dispersion of-0.6 eV and become valence and conduc-
per Gso. The optimized value of interwall spacing between tjon hands, respectively. The energy gap remains finite and is
the Gy and the(10,10 nanotubes is 3.31 A, which is close to gpout 1 eV. As for therf,n) nanotube, there are two energy
the interlayer spacing of the graphite. On the other hand, th§snds near Fermi energy, which crass at k=27/3c of
energyAE gradually approaches zero by increasing the tubggyijiouin zone?2 Therefore, it may be expected ing® (n,n)
radius. This is due to thatg are located at the center of the {hat the two bands originated from the nanotube cegsand
nanotubes. However, it is expected thatOmay be located gre |ocated in the gap of¢g. However, in Gu@ (10,10),

near the wall of the nanotube with an appropriate wa§-C four bands cross the Fermi level ang,@ (10,10) is a metal
distance of abau3 A for the thick nanotubes. Indeed, the \yith multicarriers each of which is distributed on either

total-energy calculations clearly show that the optimum popanotubes or the gg chain.

sition of Cgo in the (12,12 nanotube is dislodged from the  Here we give quantitative studies on that unusual feature
penter of 'ghe nanotube by 1.6 &ig. 2. In thls.case, the of Ceo@ (n,n). Figure 3 shows the relative energy of the
interwall distance betweenggand the nanotube is about 3.1 pottom of thet,,-like state of Gy@ (n,n) with respect to the

Fermi level energy of the emptyi(n) nanotubes. It is found

% 021 ibe chner that the energy shift of thg -like state of peapods depends
= : on the tube radius. For th®,9) tube, the interwall spacing is

5 0f insufficient to allow thet,,, state of G, to distribute in the

5 02 space so thatq,-like state shifts upwards andg§® (9,9)

n does not exhibit the multicarrier character. On the other
52_().4 L hand, thet,,-like state of Gy@ (n,n) for which the encap-

H : sulation reaction is exothermic emerges belgw of the

§ ‘O~6_3 _'2 _'1 O 1 > 3 (n,n) nanotubes so that the peapods exhibit the multicarrier

character. The shift fof11,1]) is larger than those for other
tubes. The shift gradually approaches zero with increasing

FIG. 2. Total energies of @ (12,12) per unit cell for the vari- the tube radius. The result is a strong evidence that the hy-
ous radial positions of & in the (12,12 nanotube. The energies are bridization between the NFE states and thestates indeed
measured from that of @ (12,12) in which G are located atthe plays an important role to determine the electron states near
center of the nanotube. Er of the peapods.

Ceo position [A]
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The multicarrier characters of the¢peapods imply elec- the G,, peapod and the 4 peapod are shown in Fig. 4. For
tron transfer from the nanotube to,¢C Our previous work  the G, peapods, we calculate the reaction eneX@per G
clearly shows an interesting charge redistribution on the enm the formation of encapsulated structures for 48,10
capsulation process ofsginside the(10,10 nanotub€' The  and (11,11 nanotubesFig. 1). In both cases, the reactions
distribution of accumulated electrons corresponds to that of;e found to be exothermic and the calculataé& are
fche.NFI.E state of the nanotubfas_ and implies t_hat the hybﬂd—_ 1.36 eV and—1.71 eV for the(10,10 and (11,17 nano-
Itizvaetlg\r;allrlljiii%?] t}%':?ﬁep:;(;ég ';falrrg?:rr?:i;g g;/\/s?e?nqw:?;%mbes’ respectively. Figure 5 shows the electronic structures
calculate the core level shifi() of the Is state of a carbon fol(;?g?ﬂliél)écjg@t(hle:tgjgr,e ?22 tfié@?(tl’r}lr? : dlrr:iarr]l )
atom in the nanotubes. The shift corresponds to the totar . Go ' . Py bunche gnhes
energy difference between the neutral and the charged syg:CCUP'ed(HO) states and the tl’.lp|y bunched lowest unoccu-
tems: pied (LU) states. In the & chain, both HO and LU states

show the dispersion of about 0.6 eV and become valence and
A =Ej1e( Coo@tubg — E(Cso@tubg conduction bands, respectively, with the band gap of about
1.6 eV. For Go@(11,11), it is found that only two linear
~[Enore(tubg —E(tube ], dispersion bands originated from theand =* states of the
where E; q1e(Ceo@tube), E(Cgo@tube), Epqo(tube), and nanotube emerge & and the LU band of ¢ is located
E(tube) are total energies of the peapod with arhdle, the  aboveEg by 0.04 meV. Thus, transport characteristics of the
neutral peapod, the tube with ars hole, and the neutral system are different from that of thesgCpeapods, and the
tube, respectively. In the total energy calculations with te 1 carriers are distributed only on the nanotube. In an isolated
hole, we first generate pseudopotentials with tleehble,  C;omolecule, our LDA calculations show that the LU state is
place them at an atomic site in either peapods or nanotubekigher in energy by 0.25 eV than thg, state of a G, mol-
and perform the total-energy calculations. The calculate@cule. The higher LU state of the,gdoes not cause a mul-
values ofA are 7 meV and 14 meV for g@(10,10) and ticarrier character even though there is a sufficient downward
Ceo@(11,11), respectively. shift of the 7 states due to ther-NFE hybridization. This

As indicated above, the electron states of the peapods neardicates that the electronic structure of the peapods depends
Er are tunable by controlling the radius of the nanotubes. Omn the electron states of the encapsulated fullerenes. Further,
the other hand, it is also of interest how the electronic structhe peapods consisting of fullerenes whose LU state is lower
ture of the peapods depends on the encapsulated fullerenglsan thet,, state of Gy are expected to exhibit the multicar-
Here, we calculate the electronic structures of ¢h#&,11) rier character.
nanotube containing fgand Gg (C5,) fullerenes for which We thus consider a major isomer of thes@ullerene, i.e.,
geometries have been already identifié@he geometries of C), isomer:* of which the LU state is lower by 0.1 eV than

() Crs@(11,11)

FIG. 4. Geometric structures of(a)
Ceo@(11,11), (b) Cp@(11,11), and (¢
Ce@(11,11).
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FIG. 5. Energy band structures and density of statgg)o€s@ (11,11),(b) C;;@(11,11), andc) C,g@(11,11). For comparison, the

energy bands ofd) empty(11,11 nanotube(e) a G;; chain, andf) a G;g chain are also shown. Energies are measured from the Fermi level
energyEg .
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thet,, state of the g molecule. Indeed, the electronic struc- minor role in determining the center-of-mass position of the

ture of the Gg peapod exhibits the multicarrier character: elecrtron states considered. Positional disorder of fullerenes
Three energy bands cro&s . One of the three states pos- May cause localization of electron states, although the rela-
sessing relatively small dispersion corresponds to the lowedtve position of electron states is determined by the electron
conduction band of the & chain and the other two have states of an individual fullerene and by the space in the

linear dispersion originated from the nanotulfég. 5(c)].  Vvicinity.

Furthermore, the bottom of the conduction band ¢f i@ the In summary, we have found that the electronic structure of
(11,19 nanotube is obviously lower than that off3n the  the peapods near the- depends on the space between en-
nanotubg Figs. %a) and Fc)]. capsulated fullerenes and the nanotube. The hybridization

Since the density of statéPOS) elucidates the multicar- between the NFE states of the nanotubes andrtiedectron
rier character of the systems, we calculate the DOS oétates of the fullerenes causes the downward shift of not only
Ceo@(11,11), Gy@(11,11), and &@(11,11) nearEr. LU state but also HO state of the fullerenes. Furthermore, we
For integration over the one-dimensional Brillouin zone, wehave also demonstrated that the electron states of peapods
use 20k points in the first Brillouin zone. The calculated reflect those of the encapsulated fullerenes. Thus, the results
DOS of Gg@(11,11) and @ (11,11) clearly indicate the give the possibility of the Fermi level engineering of the

multicarrier character in which we find considerably 'argepeapods by controlling the space in the tube and the species
DOS atEg [N(Ef)]. The estimated values df(Er) are 8.1 ¢ e encapsulated fullerenes.

states/eV/unit and 2.8 states/eV/unit fors@ (11,11) and
the Go@ (11,11), respectively, which are considerably larger We benefitted from fruitful conversations with H. Kataura
than that in the empty carbon nanotubes. and K. Hirahara. This work was partly supported by ACT-
In TEM images, fullerenes are occasionally dimerized inJST (Japan Science and Technology Corporatidspecial
nanotubes. In Fig. 5, the filling of energy bands nEaris  Research Project on Nanoscience in University of Tsukuba,
fractional and irrational. Hence, a simple Peierls-type metalNEDO under the Nanotechnology Materials Program, and
insulator transition is unlikely. We thus expect that the mul-Grant-in-Aid for Scientific Research from Ministry of Edu-
ticarrier character may remain even in dimerized peapodsation, Science, and Culture of Japan. Computations were
Orientational disorder of fullerenes is also expected. Yet walone at Institute for Solid State Physics, University of Tokyo,
expect that the electron states of peapods may exhibit similaat Science Information Processing Center, University of
characteristics to those reported here. This is because tAsukuba, and at Research Center of the Computational Sci-
relative orientation, which may cause level splitting, plays aence, Okazaki National Institute.
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