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Effect of intertube coupling on the electronic structure of carbon nanotube ropes
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We calculate the structural and electronic properties of an ordered “bundl€l010 carbon nanotubes.
Our results indicate that intertube coupling causes an additional band dispersidhfeV and opens up a
pseudogap of the same magnitudeEat. Soft librations atv~12 cm ! are predicted to occur below the
orientational melting temperature which marks the onset of tube rotations about their axis. Whereas the density
of states neaE increases by 7% due to intertube coupling and by one order of magnitude due to K doping in
KCg, these states do not couple to tube libratidi®0163-182608)52340-3

Carbon nanotubé$ are promising candidates for the next introduced by triangular packing of tubes that hav® g,
generation of nanometer-scale electronic devicéso far, symmetry and orientational dislocatiofiscal twistg along
theoretical studies of electronic and structural properties othe tube axes. Even though nanotubes, due to their large
isolatednanotube%® have by far outweighed those for nano- moment of inertia, will not spin as fast agd{Inolecules in
tube “ropes.’'%12Very little is known about the effect of the lattice, it is useful to consider the effect of orientational
intertube coupling on the electronic structure of nanotubelisorder and rotations on the electronic structure of these
ropes that form naturally under synthesis conditibhSince systems.
the graphitic bonding is very similar in solids composed of  |n the following, we present theoretical evidence that the
Ceo Molecules and nanotubes, we expect that also the effeglectronic structure of10,10 nanotubes, especially near the
of inter-molecular interactions on the electronic structure ofrermj level, changes significantly when the tubes are

these molecular crystals should be similar. . bundled to ropes. We find that the intertube interaction gives
Electronic states involved in the superconducting behavyise to an additional band dispersion 0.2 eV nearE,

ior of the alkali-doped &, solid derive from this Tolecule’s which would significantly diminish the effect of minute dis-
degenerate lowest unoccupigg molecular orbital’ that ex- o rione on states nedt., predicted for individual tube¥®.

tends to an~0.5 eV wide band due to the inte(Interac- g, though the intertube interaction is weak, it causes a
tions, which in turn depend on the molecular orientatibtr. . ) )
buckling of the Fermi surface and as0.2 eV wide

Similarly, interactions between nanotubes in pure or alkali- seudodan o open i1 undoped svstems. Occurrence of
doped ropes, which depend on the mutual orientation of ad® gap pen & P Y )

jacent tubes, are expected to affect states at the Fermi level {BiS Pseudogap in ropes ¢10,10 nanotubes has mdep_en—
an important degree. This point is especially intriguing, since?€Ntly been reported in Ref. 11. Due to the intertube inter-
recent calculations suggest that small deformations may opedftion, the density of stateN(E) is found to increase by
up a gap aEg in isolated conducting nanotubé§.Hence, ~7% near the Fermi leveloutside the pseudogap regjon
intertube interactions and orientational disorder may play aflmost independent of the tube orientation. Potassium doping
important role in the conductingand superconductingre-  to the composition Kg increasesN(Eg) by one order of
havior of these systems. magnitude, again independent of tube orientation, in close
Perfectly spherical g “buckyball” molecules’ are agreement with the observed conductivity increase by one
known to spin freely at room temperattftevhen crystallized order of magnitude in this system upon dopfidue to the
to a solid® One may wonder, whether the homogeneoussmall intertube interaction and high degree of lattice frustra-
perfectly cylindrical single-wall carbon nanotuBé$?® tion, we predict a very soft librational mode to occur:at
could also rotate relatively freely when forming well-ordered~12 cni . This mode is expected to disappear above the
bundles, the rope'. 13C nuclear magnetic resonance experi- orientational melting temperature which marks the onset of
ments on solid g, (Ref. 18 have shown that it is only below tube rotations about their axis. This rotational motion, how-
T~260 K that the free g, rotation is hindered by the as- ever, does not couple strongly to the electronic states near
phericity of the inter-molecular potential, due to the discreteEg . As in the doped g, solid1* we do not expect librational
atomic positions. In bundles of nanotubes, we expect th@honons to play an important role in Bardeen-Cooper-
barrier for rotation to be even lower due to the frustrationSchrieffer(BCS) based superconductivity of nanotube ropes.

0163-1829/98/5@0)/133144)/$15.00 PRB 58 R13 314 ©1998 The American Physical Society



RAPID COMMUNICATIONS

PRB 58 EFFECT OF INTERTUBE COUPLING ON TH. .. R13 315
(@ 7 "....; '.-'-.s EERCORIKE LN tion (“buckling”) of the tubes with an amplitude ddR
s M ¢ tod 3 ~0.03 A. As shown in Fig. (), the calculated equilibrium
S 5H Yuw’ Yo’ TR S L intertube separatiom, ,=16.50 A lies only 2.8% below
£ ; a i %:\T 3 the observed valuge eyp=16.95-0.34 A
< RS A - We f(_)u_nd thek-poin_t sampling gsed i_n the LDA calcula-
) $s ] tion sufficient to describe the details of intratube and general
ol | Yol tuLf features of intertube interactions. This relatively coakse
2 188 17 174 point grid is, however, not adequate to describe the minute
afd] effect of tube rotations on the intertube hybridization and
states near the Fermi level. Therefore, we performed a pa-
(o157 - ', N \' e rametrized calculation of this quantity using 102 408oints
<o} o by £ “(;\ 1 in the irreducible Brillouin zone for the rope lattice and 800
2 k points for the tube. The tight-binding parametrization,
go.os -/ . based on LDA electronic structure resifitshas been used
as & 7 A successfully to describe superconductivity in bully &* The
L) o AT T oS S S band structure energy functional is augmented by pairwise
e ?; 2 & & interactions describing both the closed-shell interatomic re-

pulsion and the long-range attractive Van der Waals interac-
FIG. 1. (a) Density-functional results for the relative total en- tion, to correctly reproduce the interlayer distance and the
ergy AE of a rope 0f(10,10 carbon nanotubes as a function of the C33 modulus of graphite.
intertube spacing. (b) Schematic end-on view of the equilibrium This is discussed more quantitatively in Fig. 2, where we
rope structure, depicting the tube orientation angle(c) Depen-  compare the band structure of an isolated tube to that of the
dence of the rope energyE on the orientation angle of indi- e in equilibrium. The irreducible Brillouin zone of the
vidual nanotubes. All energies are given per atom. triangular tube lattice, shown in Fig(d, collapses to the
I'—Aline at large intertube separations corresponding to iso-
To investigate the effect of intertube coupling in a bundlelated tubes. In this case, depicted in Figb)2 the Fermi
of librating nanotubes on its electronic structure, we firstmomentum occurs at the poit-. On the other hand, when
optimize the geometry of an ordered nanotube lattice, th@anotubes are bundled in the rope lattice, the Fermi pigint
rope, using the density functional formalism within the local expands to a Fermi surface that is normal toreA line in
density approximatiorfLDA). Our plane-wave codéuses the hexagonal Brillouin zone. This Fermi surface shows a
an energy cutoff of 50 Ryds, describes carbon atoms usingmall corrugation, which is induced by the intertube interac-
soft nonlocal pseudopotentidfs within a separable tion, and hence depends both on the intertube separation
approximatiort* and uses the Ceperley-Alder exchange-and the tube orientation angle defined in Fig. 1b).
correlation potentidf as parametrized by Perdew and  The effect of intertube interactions on the electronic struc-
Zunger?® This basis had been successfully used to optimizaure is easily seen by comparing the band structure of an
the lattice constant of theggsolid?” and related systenf8.  isolated tube and the equilibrium rope along Ehe A line in
Due to the large size of the basis set, that contains nearlfigs. 2b) and (c), respectively. An even more pronounced
200000 plane waves, we restrict our sampling of the irreduceffect can be observed in the band dispersion perpendicular
ible part of the Brillouin zone to & points when determining to the tube axis in Fig. (@). In the following, we will focus
the optimum intertube spacing and the equilibrium tube geeon a precise description of the changing hybridization as a
ometry. function of the tube orientatio, which describes the cou-
The interatomic distances in the tubes, optimized withinpling of electronic states to tube librations. We note that if a
the LDA, aredcc=1.397 A for bonds perpendicular to the strong electron-libration coupling were present, it should
tube axis(“double” bonds) anddcc=1.420 A for the other lead to superconducting behavior that could be described us-
(“single™ ) bonds. The weak intertube interaction in the rope,ing the Bardeen-Cooper-Schrieffer formalism.
shown in Fig. 1a), causes only a very small radial deforma-  Our parametrized results, in good agreement with the
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FIG. 2. (a) Irreducible part of the hexagonal Brillouin zone of a nanotube crystal, the rope. Band structby@ofindividual nanotube
and(c) the rope, along the tube axiql) Dispersion of the top valence and bottom conduction bands of the rope, in a plane perpendicular
to the tube axis, containing the poifit depicted in(c).
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LDA data presented in Fig.(8), indicate that nanotubes gain (a) %4
AE,~9 meV per atom when bunching up to a rope. The
calculated dependence of the binding enekdy on the tube
orientationg is comparably weak, as shown in Figcll Due

to the high degree of frustration in a system of tubes with
D, Ssymmetry that are bundled to a triangular lattice, we
find AE(¢) to be periodic ing, with the equilibrium tube
orientationg,=0°, a periodA ¢=6°, and an activation bar-
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rier for rotation of AE~0.15 meV per ator’ This is in Tube Rope
good agreement with our LDA results for the equilibrium  *°0 2z &4 g6 6 10 %0 2 E4 Be & 10
tube orientation and the rotational barrier ®E~0.3 meV Energy (V] Energy [eV]

per atom. At the relatively large equilibrium separatidy FIG. 3. Density of states ofa) an isolated nanotube artl) a

~3.4 A between the walls of neighboring nanotubes, theyanotube crystal, the rope. The structure of the pseudogap in the
repulsive part of the interactioforiginating in the kinetic  rope is displayed in the inset on an expanded energy scale. Dashed
energy increase of a compressed electron ghsws only @  and dotted lines indicate the position of the Fermi le&glfor the
small (AE~0.07 meV) dependence on the tube orientationundoped ande;. for the KG, doped systems, respectively.
angle ¢. The orientational dependence of the total energy
thus reflects both the changing intertube hybridization andion is the transition from nonmetallic to metallic character
Van der Waals interaction between adjacent tubes, also dif the nanotubes, occurring near 5¢*Kwhich in our inter-
cussed in Ref. 12. pretation arises from subtle changes of the electronic density
At very low temperatures, we expect nanotubes to perof states neaEg in presence of increasing orientational dis-
form mostly librational motion in the shallow potential wells. order. This is more closely related to the recently proposed
We should think of tube librations or rotations within the mechanism for the temperature dependence of resistivity due
rope as of a twisting motion of tube segments rather than # intertube hopping near defettshan temperature-induced
spinning motion of rigid tubes. Approximating the periodic, changes in the weak localization of electrons on individual
but strongly anharmonic potentidd E(¢) by the sinusoid tubes?®
shown in Fig. 1c), we estimate the libration frequency to be  As discussed above and in Fig. 2, intertube interactions in
v~12 cm . This soft mode lies close to the obsergdt the rope cause substantial changes in the electronic states
not identified infrared modes of the rope at~15, 22, and Wwhich are also reflected in the density of states. Our results,
40 cm L.t presented in Fig. 3, indicate that upon bunching of tubes to a
An infinitely rigid and straight nanotube, when part of an rope, the density of states close to the Fermi level increases
ordered rope, has only two degrees of freedom, namely foby ~7% from 1.4<10°? states/eV/atom in tubes to 1.5
axial and angular motion. Even though the activation barrie< 102 states/eV/atom in ropes, nearly independent of the
per atomfor any of these motions may be small, the relevanttube orientation angle. Hence we find that states at the
guantity in this case it is the infinitely high barrier for the Fermi level do not couple significantly to tube librations,
entire rigid tube that would lock it in place and inhibit any similar to the situation in the dopedsgsolid*” We do not
rotation. expect librations to play an important role in potentially su-
A more realistic estimate of the onset of orientational dis-perconducting behavior induced by electron-phonon cou-
order must consider that nanotube ropes, when synthesizepling in this marginally metallic systef#:**3*
are far from being straight over long distan¢éds sug- An intriguing effect, outlined in the inset of Fig(l8, is
gested by the potential energy surface for this mode in Figthe occurrence of a pseudogap né&x in the density of
1(c), a local twist bye>3° results in the nanotube switching states of the rope. This feature results from breakindhg
locally from one equilibrium orientation to another, like in tube symmetry by the triangular lattice, and should be less
the Frenkel-Kontorova model of dislocations in strained lat-significant in the highly symmetric ordered lattice (,6)
tices. Taking into account the actual tube rigiditywe have  nanotubes? We expect that in presence of orientational dis-
found that the energy cost for such an orientational dislocaerder, caused by the presence of different tubes, or a twisting
tion is only ~0.17 meV per atom in the<150 A long motion of individual nanotubes in the rope BTy, the
strained regiori> Due to the high tube rigidit§?> we expect  Brillouin zone should collapse to a point. We also expect an
Tom for a perfect, dislocation-free rope to be significantly increase of the intertube spacing®t Toy, in analogy to
higher than the few degrees Kelvin, suggested by thé&s, crystals. The resulting reduction of the pseudogap should
0.15 meV/atom high activation barrier for rotation in the mark the onset of metallic behavior of the ropes, as discussed
unphysical zero-rigidity limit. Presence of orientational dis-above.
locations and tubes of other chiralities, on the other hand, In a situation analogous to graphite intercalation com-
would reduce the level of commensurability and lower thepounds, the electronic structure of a system doped by potas-
activation barrier for tube rotations, thus resulting in a finitesium to the composition Kgcan be described by a rigid-
value of Toy . band modef® where each K atom transfers its dlectron to
There are two indications that onset of orientational dis-the (otherwise unmodifiedelectronic structure of the nano-
order may be significantly below room temperature. Firstiube crystal. This shifts the Fermi level froEy to Ef, as
low-frequency infrared modes of the ropeiat 15, 22, and indicated in Figs. @) and 3b). Upon doping to this degree,
40 cmi !, some of which may be librations, have been re-the density of states increases by a factordf2 with re-
ported to disappear dt~30—180 K.3! The second indica- spect to the undoped system. This has been confirmed ex-
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perimentally by a corresponding increase in conductivity byof an ordered bundle ¢fL0,10 carbon nanotubes. The inter-
one order of magnitudé. As in the undoped solid, charac- tube coupling introduces an additional band dispersion of
terized byEg, we do not observe a significant dependence of<0.2 eV and opens up a pseudogap of the same magnitude
the density of states &¢ on tube orientation. This suggests at E-. The weak intertube interaction and lattice frustration
that even in this doped system, librational modes should natesults in a very soft libration mode at=12 cm *. Due to
couple significantly to states at the Fermi level. This situathe small activation barrier for tube rotations and the pres-
tion is very similar to alkali-doped &g solid, where libra- ence of frozen-in orientational dislocations in the rope, we
tional modes were shown not to couple to stateE@atRef.  expect the “twisting” motion of finite tube segments to turn
37) and not to play any significant role in the electron- iy an orientational melting process within the rope even at
phonon coupling that causes superconductivity in thesgery jow temperatures. We do not observe any significant

4
systems. . N ._coupling of librational motion to states neBg in the un-
Our LDA results indicate a significant decrease of radlaldoped system, nor in the doped K@ystem with a one-

Tgeoojefzrz;r;attri%niii;?'::ﬁ)liir;g;;():infrci)rrpthéEfgni(r)]iréi steosb order-of-magnitude higher conductivity. As in the alkali-
' P 9 P y&{oped Go solid, we do not expect significant influence of

mere 2.8% from the theoretical equilibrium valwg o o0 . .
_ ; . . . =1 . tube libration modes on a potentially superconducting behav-
=16.50 A. Suppression of this radial deformation, which is; .

ior of an ordered lattice of carbon nanotubes.

likely to occur in rotating tubes, should effectively lead to an
increase of the equilibrium intertube spaciag. The 2.8% We acknowledge useful discussions with Richard E.
difference between the observed and calculated value, of Smalley and John E. Fischer about nanotube conductivity,
may be partly caused by the fact that we were comparing and with S.G. Louie about the origin of the pseudogap. S.S.
room-temperature valtig of 8cexpt 0 @ zero-temperature acknowledges A. Oshiyama for providing the LDA program
value ofaey,. We suggest that orientational melting of the used in this work. He also would like to acknowledge sup-
tube lattice should be accompanied by a significant, possiblport by the Ministry of Education, Science and Culture of
discontinuous increase of the equilibrium intertube spacingapan, The Nissan Science Foundation, and the Japan Soci-
ac. ety for the Promotion of Sciencéroject No. 96P00203

In summary, we usedb initio and parametrized tech- The LDA calculation was partly performed at the Computer
niques to determine the structural and electronic propertie€enter of the Institute for Molecular Science.
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