RAPID COMMUNICATIONS

Semiconducting form of the first-row elements: G, chain encapsulated in BN nanotubes

PHYSICAL REVIEW B, VOLUME 64, 20130&R)

Susumu Okada Susumu Saitd,and Atsushi Oshiyanta
Linstitute of Physics, University of Tsukuba, Tennodai, Tsukuba 305-8571, Japan
and Center for Computational Physics, University of Tsukuba, Tennodai, Tsukuba 305-8577, Japan
Department of Physics, Tokyo Institute of Technology, 2-12-1 Oh-okayama, Meguro-ku, Tokyo 152-8551, Japan
(Received 18 July 2001; published 18 October 2001

We report first-principles total-energy electronic-structure calculations that provide energetics of encapsula-
tion of Cq in Nnanotubes consisting of boron and nitrogen atoms and electronic structures of resulting “BNC
peapods.” We find that the encapsulating process is exothermic @10 and (9,9 nanotubes. The energy
gain upon the encapsulation is larger than that for carbon peapods, so that the BN nanotube is a promising
candidate to accommodate the fullerenes inside. The material is predicted to be a new form of ternary semi-
conductor with interesting structural hierarchy.

DOI: 10.1103/PhysRevB.64.201303 PACS nuntder71.20.Tx, 73.22-f, 73.20.At

During this decade, important new forms of carbon, i.e. We here report total-energy calculations performed for
fullerene$? and carbon nanotubésjave been synthesized. one-dimensional chains ofsgwhich are encapsulated in BN
These discoveries have triggered many theoretical and exxanotubes. We také,n) BN nanotubest{=9 and 10 and
perimental studies on these materials. Novelty of carbormglarify salient characteristics of the BNC peapods. We find
nanostructure materials lies in the global atomic network andhat the incorporation of £ into both BN tubes is exother-
structural hierarchy: The fullerene has a closed network witinic: The energy gains on formation of tk®0,10 and(9,9)
zero dimension, whereas the nanotube has a one-dimensiorgapods are 1.3 eV and 0.1 eV peg CFurthermore, the
tubule network. This network topology governs electronicactivation barriers on sliding and rotating motions of thg C
properties of the materidls’ being semiconductors, metals, within the BN tube are about 40 and 20 meV, respectively.
and superconductdunder certain conditions'°In the solid ~ The electronic structure of the BNC peapods is found to be
forms?2*! the fullerenes and nanotubes are constituent unitsemiconductor in which the lowest conduction bandig
weakly bound each other. Thus they are regarded as supdyand of the G, chain and the top of valence band possesses
atoms which are assembled into infinite numbers of uniquéa, character of the g5, while the highest-occupied states of
classes of solids with structural hierarchy. Recently interestBN tube are also found to reside in the same energy region as
ing form of solid carbon has been synthesized, in which théhe Gy h, states.
fullerenes are aligned in a chain and encapsulated in carbon All calculations have been performed using the local-
nanotubes?~® The unusual structure occasionally called density approximation(LDA) in the density-functional
“carbon peapods” is another version of hierarchical solidstheory?’?® For the exchange-correlation energy among elec-
which consist of both fullerenes and carbon nanotubes aons, we use a functional foffhfitted to the Monte Carlo
constituent units. Their electronic structures near the Fermiiesults for the homogeneous electron #asNorm-
level are controlled by the inter-unit space and the distribuconserving pseudopotentials generated by using the
tion of the nearly free electron statBFE)!’ whose ampli-  Troullier—Martins scheme are adopted to describe the
tude is not near atomic sites but in the spacious region of thelectron-ion interactiod*** The valence wave functions are
hierarchical solid® expanded by the plane-wave basis set with a cutoff energy of

On the other hand, similar tubular forms of honeycomb50 Ry which gives enough convergence of relative total en-
networks consisting of boron and nitrogen atoms have beeergies of carbon-related materifisnd h-BN.>3 We adopt a
already synthesized: Multi-walled BN nanotubtsand  supercell model in which a peapod is placed with its nano-
single-walled BN-nanotub&%?*have been reported. In sharp tube wall separated from other walls of an adjacent peapods
contrast to the carbon nanotubes, the single-walled BN nandy 6.5 A. The conjugate-gradient minimization scheme is
tubes are insulating with large energy &p'in accordance utilized both for the electronic-structure calculation and for
with the fact that the honeycomb sheet of BN is insulatingthe geometry optimizatio®: In the geometry optimization,
with large energy gaf*?®> Moreover, experimental images we impose a commensurability condition between the one-
by the transmission electron microscope show selfdimensional periodicity of the atomic arrangements in the
assemblages of multi-walled BN nanotubes into buntfies. nanotube and that of the chain of. Consequently, the
The BN nanotubes are also regarded as constituent units tdttice parametec is 9.97 A along the tube direction which
hierarchical solids as in the case of carbon nanotubes. Thereerresponds to the quadruple of the periodicity of the arm-
fore, it is possible to design compounds with a unique strucehair nanotube. The lattice parameteis fixed during the
tural hierarchy consisting of different superatomic speciesstructural optimization. Furthermore, for the initial geom-
The Gy chain encapsulated in the BN nanotube is such artries, we assume that the walls of the BN tube agglate
example that is expected to exhibit interesting variation ofpartially arranged in AB-stacking structure. Integration over
the electronic structure due to the inter-unit interaction in theone-dimensional Brillouin zone is carried out using the two
hierarchical solid. points.
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(a) Co@BN(10,10) (b) Co@BN(9,9) TABLE I. Reaction energieAE (see text per Gy in the encap-
sulation reaction for th€9,9) and (10,10 BN nanotubegBN-NT)
and for the(8,8), (9,9, and(10,10 carbon nanotube&C-NT).

Ceo@(10,10 Ceo@(9,9) Ceo@(8,9)

BN-NT —1.267 —0.118 -
C-NT —0.508 0.273 15.19

energetically favorable. As shown in Table |, the energy
gains upon the encapsulation of€ into BN nanotubes are
larger than those into carbon nanotubes by about 0.7 gVv/C
for (10,10 tube and 0.4 eV/g, for (9,9 tube. Therefore, it
can be concluded that the BNC peapods are more energeti-
cally favorable than the C peapods. Further, once the &e
trapped inside thé10,10 BN tube, escaping process is un-
likely to take place even if the tubes possess open end or the
FIG. 1. Optimized geometries of thes§xchain encapsulated in  defects on their side wall, because the escaping barrier is
(@ the (10,10 and(b) the (9,9 BN nanotubes. Distances between more than at least 1.2 eV per{ On the other hand, the
Ceos are 3.44 A and 3.00 A fof10,10 and(9,9) peapods, respec- energy barriers for the diffusion of¢gcalculated for(10,10
tively. Solid, pale shaded, and dark shaded circles denote C, N, a"ﬁeapods is less than about 0.042 e)y/®hich is consider-
B atoms, respectively. ably smaller than that of the escaping barrifffgy. 2(a)].
Also the energy barrier for the rotation ofgLinside the
Figure 1 shows optimized atomic geometries @fsCen- (10,10 BN tube is about 0.020 eV perggwhich is the same
capsulated in th€9,9 and (10,10 BN nanotubes. Since the order with the diffusion barrier inside the tulpEig. 2(b)].
bond length of then-BN (1.44 A) is slightly longer than Therefore, the s encapsulated in th@0,10 or larger BN
that of the graphite (1.42 A), an inner space provided bytube may be almost freely sliding and rotating inside the tube
these BN tubes may be sufficient to accommodate the C at room temperature.
Actually, the structural deformations of both tubes ang C Electronic energy bands ofggencapsulated (9,9 and
due to the encapsulation are found to be smaller than those (10,10 BN nanotubes are shown in Figs(aBand (b), re-
the carbon peapods. On the other hand, the isolated BNpectively. In an isolated 45, there are the fivefold degen-
nanotube itself exhibits buckling on their circumfererite: erate highest occupied, state and the threefold degenerate
Each B atom forms small facet with its adjacent three Nlowest unoccupied,, state. In the fcc solid, both, andh,,
atoms due to the difference of the atomic species. Thereforetates possess the dispersion of about a half eV and become
the walls of optimized BN nanotubes are found to be slightlyvalence and conduction bands, respectively. Its energy gap is
undulating, even though theg are not incorporated. about 1 eV. In the BN nanotubes, since N sheet is
The characteristics in the geometry are reflected in totainsulator with direct energy gap of about 5 eV at tke
energy of the BNC peapods. The energy differens&)f on  point?**®the (n,n) BN tubes are also insulator with large
the reaction, which is given by BMN(n)+Cq  energy gap: The top of the valence band is at the middle of
— Cgg@BN(n,n) —AE, is listed in the Table | together with one-dimensional Brillouin zone whereas the bottom of con-
the energy differences on the same reaction for C peapodduction band is at th& point possessing the NFE character
The reaction is exothermic for both=9 andn=10: AE are  whose distribution is concentric with the nanotube. In the
—0.12 eV and—1.27 eV forn=9 and 10, respectively. BNC peapods, the,, t;4, andhy, which are the lowest,
Thus the both BN nanotube®,9) and (10,10, are capable second lowest, and third lowest conduction bands of solid
of accommodating the s inside and the encapsulation is Cq,, are found to emerge at the energy gap of the BN tubes
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g 1 :>.; 1 5 FIG. 3. Energy band structure of encapsulated
gﬁo &0 5 Ceo@ (n,n) and isolated if,n) BN nanotube for
L{:; L;é E (@ n=10 and(b) n=9. Energies are measured
-15 - from the top of the valence band.
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(Fig. 3. Furthermore, the top of the valence band also#as charge density, we can clarify an important role of the NFE
character of the g, so that the energy gap is opened be-states. In Fig. &), the difference between the charge density
tween theh, andt,, states of G,. Thus, as far as thermal of the Gy,@BN(10,10) and the sum of the self-consistent
processes involving the electron states around the gap amharge densities of the empty BN),10 nanotube and the
concerned, the BNC peapods are practically regarded as th&olated G, chain, Ap=ppeapod—(pBN(n’n)-i-pCGO), is also

one-dimensional semiconductor consisting of thg €ain.  shown. It is clear that the electrons are transferred mainly
In particular, the lower conduction band is totally originatedfrom the 7 orbitals of both the BN nanotube ang4do the
from the electron states of the;¢xhain. space between the tube anghCThe distribution of the elec-
The characteristics of the electronic structure of the peagon rich region A p~) is similar to that of the NFE states as
pods imply that the one-dimensional electron system on jn the case 010,10 carbon peapods. Similar charge redis-
the Gy, chain is expected to take place by injecting the elec+ripution is also found in the £@BN(9,9) [Fig. 4(b)]. In
trons into thety, andty states. In this case, the material may this case, the space between the BN tube agd<Onsuffi-
exhibit superconductivity with a strong anisotropy. Other-gjent to render the complete distribution of NFE states. It is
wise, the metal-insulator transition may take place associategoteworthy that the NFE states are still located at about 5 eV

to the lattice distortion(Peierls transitioff). The injected  or more above the valence band top and that the distribution
electrons are distributed on the one-dimensiong ¢hain

and induce the displacement off3nolecules. Furthermore, (@) Co@BN(10,10)
the encapsulated g may show a rich variety of their dis- total charge

placement, such as dimerization or trimerization, dependingf
on the number of electrons injected into the systems. L

In the case of C peapods,;@ (10,10), the electron
states possessing character of the g were found to shift
downward significantly, and thg,, states cross the Fermi
energy'’ In the Gy@BN(n,n), similar downward shift of
the electron states of gg might also take place due to the
hybridization between the states of Gy and the NFE states
of BN tube which are located at about 5 eV above the top of  total charge
valence band. However, since the BN tube is an insulatorg
with the large energy gap, thg, state does not cross the
Fermi level even if ther states of G, shift downward sig-
nificantly.

The hybridization is elucidated by examining the charge
density of the peapods. Figure@¥and(b) show the charge
density of the BN10,10 peapod, G@ BN(10,10), and that
of the BN(9,9) peapod, G@BN(9,9), respectively. We find FIG. 4. Contour plots of the total valence charge density of
low charge density between the BN nanotubes agg, C ¢, @BN(n,n). (@) n=10 and(b) n=9. The contour plot of more
which indicates that the constituent units are weakly boungyegatively charge¢electron rich area,Ap ™, and that of more posi-
as in the case of the solidgg; the carbon peapods, and the tively charged,Ap*, than a simple sum of two self-consistent
bundle of nanotubes. Therefore, the BNC peapods certainlgharge densities of the tubes ang),@re also shown. Each contour
have the hybrid networks of different superatomic speciesepresents the twicr half) density of the adjacent contour lines.
with mixed dimensionality. When we carefully check the The values shown in figures are in units of e/(&.u.)
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is not the NFE states itself. However, the hybridization be{10,10 and(9,9) tubes are exothermic with energy gains of
tween the NFE state and the and o orbitals of Gy sub-  1.27 eV and 0.12 eV pergg. These energy gains are larger
stantially induces the large energy gain upon the encapsuldhan those of the carbon peapods. We have also found that
tion of fullerenes in the BN nanotubes. the BNC peapods are semiconducting with moderate energy
In the carbon peapods, it has been observed that thgap. Since the lower conduction bands possessrthehar-
fullerenes encapsulated in the carbon nanotubes are reateters of G, i.e.,ty,, t;4, andh,y, electronic properties of
ranged and coalesce into longer capsules following exposuithe electron-doped peapods may exhibit strong one-
to electron bean?®!*1® Eventually, the capsules form an- dimensional character. Finally, hybridization between NFE
other continuous nanotube inside of the outer nanotubes arglates andr orbitals of G is also found as in the case of the
the peapods become double-walled carbon nanoti##é2®  carbon peapods.
Thus, the similar reaction is expected to take place for the
Ceo chain within the BN nanotube. In the case, synthetic Computations were done at Institute for Solid State Phys-
substances are double-walled nanotubes consisting of thes, University of Tokyo, and at Research Center of the Com-
outer BN nanotube and the inner carbon nanotube, and thgutational Science, Okazaki National Institute. This work
might be a nanoscale coaxial cable or a conducting wiravas supported in part by JSPS under Contract No.
coated by the insulating film of the BN honeycomb sheet. RFTF96P00203 and by Grants-in-Aid for Scientific Re-
In summary, we have found that the BNC peapods aresearch No. 11740219 and No. 11165207 from Ministry of
stable and that the reactions of the encapsulationggfifC = Education, Science, and Culture of Japan.
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