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Nearly free electron states in carbon nanotube bundles
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On the basis of density-functional theory, we study electronic structures of thin carbon nanotube bundles.
We find that nearly-free-electrdNFE) states, which are distributed in intra- and intertube regions, are present
at 3~4 eV above the Fermi level. In the intertube region the NFE state of the nanotube bundles are strongly
modified from that of the isolated nanotube. We also find that mixing of the NFE statespftbrbitals at
atomic sites is decisive in a peculiar behavior of their charge distribution. Importance of the NFE state in
transport properties is discussed.

Bundles of single-wall carbon-nanotubes were recently All calculations have been performed in the local-density
synthesized using laser ablation techni§uend manifest approximation in the density-functional thedf*! To ex-
themselves as an example of hierarchical solids. The hierapress the exchange-correlation potential of electrons, we use
chical solid here is characterized by its hierarchy in structure functional form fitted to the Ceperley-Alder restfit>
where atoms constitute intermediate unitstubé in this  Norm-conserving pseudopotentials generated by using the
casé and then the units constitute a solid. Solig,C is  Troullier-Martins scheme are adopted to describe the
another example of the hierarchical solid. The two-dimen-€lectron-ion interaction**In constructing the pseudopoten-
sional solid such as graphite may be regarded as a hierarcHials, core radii adopted for C2and 2o states are both 1.5
cal solid since atoms constitute a layer and the layers constRohrs. The valence wave functions are expanded by the
tute a solid there. Each urii tube, a fullerene, or a layesf ~ Plane-wave basis set with a cutoff energy of 50 Ry, which
the hierarchical solids has its peculiar properties and thé& known to give enough convergence of total energy to dis-
properties are modified in general by unit-unit interactionsCUSS the relative stability of various carbon phalewve

To clarify uniqueness of the hierarchical solids, it is thus2dOPt the conjugate-gradient minimization scheme both for
imperative to assess effects of the unit-unit interactions. the self-consistent electronic-structure calculation and for the

One of the characteristic features of the hierarchical solidgeo.metr'c opt!mlza'uoﬁ. Integrat|oq over Brillouin zone is
cgmed out using 54-k-point sampling.

is 'its unusual space contained insjde. The space 'induce The tubes that we explore are metallig,6) (Refs. 17 and
unique electron states: The space is large enough in sonles) or narrow-gap semiconductingg,0) a'nd(12 0 (Refs
direction for an electron to behave as it does in vacuumj -’ ’ ' '

di | h h her hand 17 and 19, in their single-tube forms. We place the tubes in
surrounding atoms are close enough, on the other hand, {0, g in a two-dimensional hexagonal lattice in which a

induce negative potential for the electron. Consequentlyynit cell contains a single tube. The lattice constants in the
nearly free electron(NFE) states may existelow the  girection perpendicular to the tubes, which are identical to
vacuum level. In fact, interlayer states of graphftend in- gistances between centers of adjacent nanotubes, are deter-
tercluster states of solidgg have been found to exist and mined by the total-energy minimization: They are 7.9A,
play important roles in doping or intercalation of foreign 11.4 A, and 12.6 A for th&6.0), (6,6), and (12,0 bundles,
atoms and molecules into the materials. Also in a single carrespectively. Internal coordinates of carbon atoms in a cell
bon nanotub¥and in a boron nitride nanotuBehe calcula-  are also fully optimized. Under the optimized structures, di-
tions show the existence of a NFE state whose amplitude iameters of each tube are 4.73 A, 8.10A, and 9.28 A for the
inside the tube. We focus on the NFE states in the nanotub@,0), (6,6), and (12,0 tubes, respectively. They are almost
bundles here and explore how the NFE state keeps its chaidentical to the diameters of an isolated tube, i.e., 4.73 A for
acteristics in the bundles. the isolated(6,0) tube. Electronic band structures of the
In this paper, we report first-principles calculations that(6,0)-nanotube bundle, th€12,0 bundle, and the(6,6)
clarify characteristics of NFE states in carbon nanotubéundle are shown in Fig. 1. All of these systems are found to
bundles. We choos€,0), (12,0, and (6,6) tubes as proto- be metallic. The isolated6,6) tube is metallic so that the
types and optimize geometries of tube bundles. We find thdbundle is also metallic. On the other hand, the intertube in-
the NFE state for each bundle is located below the vacuurteraction is essential to render the semimetal)) and
level (at about 3-4 eV above the Fermi leveland that its (12,0 tubes metallic in their bundle forms.
amplitude is mainly in the intertube region and inside the Overall features of the band structures of the nanotube
tubes. Owing to the tube-tube interaction in the bundle, thdéundles are qualitatively the same as those of corresponding
intertube distribution of the NFE state is modulated from thatisolated nanotubes that are obtained by the generalized tight-
of the isolated nanotube. In addition, we find that the NFEbinding modef” A new state that is absent in the tight-
state has an amplitude also on the tubes where it has a chdiinding model, however, appears in each nanotube bundle. It
acter ofs andp orbitals of carbon atoms. Importance of the is labeled ‘“a” in Fig. 1. This statea has NFE character:
NFE states in electronic-transport properties is discussed. The calculated effective mass along the tube direction is
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1.12my and 1.0, for the (6,0) and(6,6) nanotube bundles, Contour maps of the charge density of the state labeled
respectively. The energy levels of the stateare located at at thel” point unequivocally reveal its NFE charac{éigs.
3.46 eV, 3.00 eV, and 2.67 eV above the Fermi level for the2(a) and Zb)]. The eigenfunction ofr is dominantly distrib-
(6,0, (12,0, and(6,6) nanotube bundles, respectively. From uted within tubes. It is also distributed in regions between
the work function of graphite, the vacuum level is estimatedtubes: The peak value of the eigenfunction in the intertube
to be about 5 eV above the Fermi levefience the states region is a half of that in the intratube region. It is notewor-

(the NFE statesare likely to bebelowthe vacuum level. thy that the highest density is at the center of each tube for
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FIG. 2. Contour maps of the charge distribution of the NFE stdgab®leda in Fig. 1) and the related dt point. Each contour represents
twice (or half) the density of the adjacent contour lines. The values shown in figures are in uef{af.) 2 (a) The NFE stater of the (6,0)
nanotube bundle represented on a cross section including tubéefkgmne) and on the other cross-section vertical to the tube éxgist
pane). A pair of dot-dashed lines denote positions of walls of a nanotube, whereas dashed lines denote positions of walls of adjacent
nanotubes(b) The NFE stater of the (12,0 bundle(left pane) and that of thg6,6) bundle(right panel. (c) The partner state, labeleggl
in Fig. 1(a), (left pane) and the sum of the two states near féright panel of the (6,0) bundle, represented on a cross section including
the tube axis.
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around carbon atoms. Analyses of the eigenfunction reveal
that there are nodes between the atomic circumference and
the outer circumference of nanotube where the density has a
peak. Hence the NFE state we focus on has the antibonding
character. This leads to a natural expectation that there is a
bonding state below the Fermi level that has $ip* ° char-
acter around carbon atoms and the NFE character off the
atom sheets. We explore valence bands and indeed find that
the lowest-valence state, labelgdin Fig. 1(a), has such
character. Figure (2) shows the calculated charge density-
of-stateB atI" point. The highest value of the charge density
is on thesp?* ¢ orbitals of carbon atoms but the density has
another peak in the intertube region. For comparison we also
plot the charge density of the nearby valence states in Fig.
2(c). Itis clear that these states have amplitude neither within
the tube nor in the intertube region. We also expect another
monolayer:(a) a side view andb) a top view. Each contour repre- NFE state .Iocated in higher energy, which has a character.of
sents twice(or half the density of the adjacent contour lines. The the P. orbital around the carbon atoms. The NFE state is
values shown in figures are in units@f(a.u.)® Dot-dashed linesin  {hus an ambivalent eigenstate: It is indeed NFE-like in the
(a) denote the position of the graphite layer. inter- and intratube regions and at the same time keeps car-
bon heritage on circumference of nanotubes.

the (6,0) tube bundle, whereas it is not at the center but along As is stated above, the amplitude of the NFE state of the
the inner circumference with the radius smaller than that ofanotube bundle is higher within the tubes than in the inter-
the nanotube circumference by about 2.2 A for th2,0 and tube region. This higher distribution inside is also observed
(6,6) tube bundle$Fig. 2(b)]. In any case, the state is unique for an isolated tubeFig. 4). This behavior of the charge

in a sense that the Charge density is Substantia"y unifornq|str|but|0n IS a I‘esult Of the amb|Va|ence Of the NFE state
along the tubes and distributed a little on carbon atoms. Thi§ombined with the curvature of the tubes. " ° orbitals
behavior is similar to NFE State$inter|ayer statk of are bent along the circumference of the tube and thus has
graphiteE_’ve’ As is shown in F|g 3' the h|ghest amp"tude of h|gher amplitudes within the tube Compared with the outside.
the eigenfunction of the NFE states of a graphite monolayef herefore, to increase the mixing witp’* orbitals and

is located off the sheet by about 2.4 A. Irrespective of thehereby gain energies, the NFE state has higher amplitudes
shape of carbon atom arrays, the state that has the NFE chaside. This picture is confirmed by variation of the energy
acter has the highest amplitude at the region about 2 A offevel of the NFE state. The values at thigoint of the(6,0)

the atom arrays. In the case of tt60) nanotube bundle, the and the(12,0 nanotube bundles are 3.46 eV and 3.00 eV,
radius of the tube is 2.3 A so that the density is highest at théespectively, above the Fermi level. This is consistent with
center of the tube. For comparison, we calculate the charge

density of the NFE state of an isolaté®,0) nanotube(Fig.

4). As is expected, the charge density distribution is concen-
tric. Again the highest density is at the center of the tube.
Outside the tube, the density is highest on the outer circum
ference with the radius larger than that of the atomic circum-
ference of nanotube by about 2.2 A. The distribution of the > > — la
c_harge density_of the NFE state is moo_lified in a_reg?on Utk o _ o (B.75E4g crvon o]
side the tubes in the bundle forms. As is shown in Fig),2
the distribution is no longer concentric in the intertube region inside
and has a peak along the lines located at the centers of theeee———
three adjacent nanotubes. The distribution of the eigenfuncp = - === - @<=- o
tion at this point is four times larger than that at the middle 5 s —/°F43
between two adjacent nanotubes. This is due to the hexagq —— 550 4|
nal arrangement of nanotubes and the resulting intertube in
teractions. This opens a possibility of controlling the distri-
bution of the charge density of the NFE state by certain
arrangements of nanotubes.

It is noteworthy that the NFE state in Fig. 2 has its am-
pIItudp also at carbon atoms. The, peak value O,f the eigen- FIG. 4. Contour map of the charge distribution of the NFE state
function around the carbon atoms is 1/8 of the highest valugs e isolated,0) nanotube at thE point. A cross section includ-
within the tubes. The orbitals that constitute the NFE statgng tube axegleft pane) and on the other cross section vertical to
around the carbon atoms are maisly’ orbitals on the car-  the tube axesright panel. Each contour represents twiéer half
bon sheet. The orbital perpendicular to the carbon sheetthe density of the adjacent contour lines. The values shown in fig-
(p.) is also mixed due to the curvature of the tubes. We thusires are in units of/(a.u.)® A pair of dot-dashed lines denote
state that the NFE state has a characteswf ° (Ref. 20 positions of walls of a nanotube.
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FIG. 3. Contour map of the NFE state at thepoint of graphite
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the picture that thinner tubes induce more bending and thus 12 ¢
more mixing, leading to an upward shift of the NFE state - (6,0)
with the antibonding character. The mixing of the NFE and 10 -

the sp?*? characters is already observed in in-plane distri- 1
bution of the interlayer or the surface state of graplifig.

3).

The NFE state is expected to have long transport relax-
ation timer along the direction parallel to the tube axis since
the amplitude of the eigenfunction is large in the region free
from scatterers. The relaxation time of the state is, in general,
evaluated by
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Assuming U from short range scatterers located on the cir-
cumference of the tubes and using the calculated eigenfunc
tions, we evaluate a ratio of the relaxation time of the NFE
state to that of the state near the Fermi level. The ratio is
about 30.5 and 17.4 for th@,0) and the(6,6) bundles, re-
spectively. Therefore a peak InV characteristics or in pho-
toconductivity along the tube axis is expected when the NFE
state becomes a channel of the conduction.

Doping or intercalation of foreign atoms are another way )
to fill the NFE state with electrons and generate highly con- } br Rl ;
ducting materials. When we adopt a rigid-band model, the G Cis st oeu cvuaiog e
number of required electrons in order to fill the NFE state 10 8 6 4 2 0 2 4
can be calculated from the density-of-stat€0S) of the Energy (eV)
nanotube bundles. In Fig. 5, we show the DOS of (®€)
and the(6,6) nanotube bundles, along with the Fermi-level  F|G. 5. Density-of-states for th@) (6,0) and(b) (6,6) nanotube
positions expected upon electron doping. The Fermi level igundles. Energy is measured from the Fermi endgyof pristine
shifted up to the NFE state upon doping of 12 and 10 elecnanotube bundles. Fermi-level positions expected upon doping
trons per unit cell for(6,0) and (6,6) bundles, respectively. electrons per unit cell are shown by the dashed lines with the num-
The hybridization between the NFE state of the tube bundldern. The NFE state at thE point is denoted by the &.”

and the state of foreign atoms could shift the NFE statel2 based the local-densit imation in th
downward, as in the case of alkali- or alkaline-earth-metaf 0, based on the local-density approximation in the

atom doping- Furthermore, as we discussed above, the NFédensity-functionaI theory. We have found the nearly free
ping. electron states below the vacuum level. The NFE states have

state is shifted downwards in energy by increasing the diam; plitudes in the intratube and the intertube regions where

eter of nanotubes. Hence it is expected that an actual numbgtn .

; : : atoms are absent. We also find that the NFE state has a
f lectrons required for the highl nducting nano- . . o . .
of doped electrons required for the highly conducting nano haracter osp?* ? orbitals. It is clarified that owing to this

Luubnedlté:ndles may be smaller than 12 for thicker nanotub(%nixing the largest amplitude of the NFE state is located in

Intercalation of atoms and molecules into nanotubes ha?e mtratube_ region. The NFE states are found to be of high
been studied experimentafty-23The saturation composition importance in discussing the transport properties of doped

is reported to bé\Cg for K and Cs?%??In these compounds, carbon nanotube bundles.
intercalants may be mostly doped in the intertube regions Numerical calculations were performed on the Fujitsu
owing to closed ends of nanotubes as well as the small sizé&sPP500 computer at Institute for Solid State Physics, Uni-
of pentagons and hexagons in the carbon network. Howeveversity of Tokyo and the NEC SX3/34R computer at Institute
intercalants should be stabilized more in the intratube refor Molecular Science, Okazaki National Institute. This work
gions than in the intertube regions due to the stronger hybridwas supported in part by JSPS under contract No.
ization expected. The spatial distribution of the NFE state iRFTF96P00203, The Nissan Science Foundation, and The
larger in the intratube regions than in the intertube regions.Grant-in-Aid for Scientific Research No. 11740219 and the
In summary, we have studied the electronic band strucPriority Area “Fullerenes and Nanotubes” by the Ministry
tures of thin carbon nanotube bundlg$,0), (6,6, and of Education, Science, and Culture of Japan.

1
o
-
~
o
(@)}
~
L.Ww
-- N
-~ \O
—
B\

DOS (states/eV)
A o

o
4'-’1
L

1A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, C. Xu, 2S. lijima, Nature(London 354, 56 (1991.
Y.H. Lee, S.G. Kinm, A.G. Rinzler, D.T. Colbert, G.E. Scuseria, 3W. Kratschmer, L.D. Lamb, K. Fostiropoulous, and D.R. Hoff-
D. Tomanek, J.E. Fisher, and R.E. Smalley, Scie@d8, 483 man, NaturgLondon 347, 354 (1990.
(1996. 4S. Saito and A. Oshiyama, Phys. Rev. Lé, 2637 (1991).



7638 SUSUMU OKADA, ATSUSHI OSHIYAMA, AND SUSUMU SAITO PRB 62

5M. Posternak, A. Baldereschi, A.J. Freeman, E. Wimmer, and M}’N. Hamada, S. Sawada, and A. Oshiyama, Phys. Rev. G&tt.

Weinert, Phys. Rev. Letb0, 761 (1983. 1579(1992.

®M. Posternak, A. Baldereschi, A.J. Freeman, and E. Wimmer8R. Saito, M. Fujita, M.S. Dresselhaus, and G. Dresselhaus, Appl.
Phys. Rev. Lett52, 863(1984). Phys. Lett.60, 2204 (1992.

;S- Saito and A. Oshiyama, Phys. Rev. L@t 121 (1993. ~ '®When we neglect the curvature of the nanotubes, the narrow-gap

Y. Miyamoto, A. Rubio, X. Blase, M.L. Cohen, and S.G. Louie,  semiconducting tubes become metalRef. 18. The tube index
Phys. Rev. Lett74, 2993(1995. (m,n) used in this paper is transformed from that used in our

9X. Blase, A. Rubio, S.G. Louie, and M.L. Cohen, Europhys. Lett.
28, 335(19949.
10p, Hohenberg and W. Kohn, Phys. R&&6, B864 (1964).
11w, Kohn and L.J. Sham, Phys. Rel40, A1133(1965.
12D .M. Ceperley and B.J. Alder, Phys. Rev. Letb, 566 (1980.
133.p. Perdew and A. Zunger, Phys. Rev2® 5048(1981).
Y¥N. Troullier and J.L. Martins, Phys. Rev. &3, 1993(1991). .
L. Kleinman and D.M. Bylander, Phys. Rev. Led8, 1425 . Mater. Sci. Progesﬁ?, 47(1998.
(1982. C. Bower, A. Kleinhammes, Y. Wu, and O. Zhou, Chem. Phys.

160. Sugino and A. Oshiyama, Phys. Rev. L8, 1858(1992. Lett. 288 481(1998.

previous work @1,n,) (Ref. 17 by the following relation;n;
=m+n,n,=n.

20\, Saito and A. Oshiyama, Phys. Rev.4B, 11 804(1993.

2IR.S. Lee, H.J. Kim, J.E. Fisher, A. Thess, and R.E. Smalley,
Nature(London 388 255(1997.

22C. Bower, S. Suzuki, K. Tanigaki, and O. Zhou, Appl. Phys. A:



