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Coulomb interactions in carbon nanotubes
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The effect of electron-electron interactions on the electronic properties of nonchiral single-wall carbon
nanotubes is investigated by an extended Hubbard model resolved within the generalized unrestricted Hartree-
Fock approximation. On-site) and nearest-neighbar Coulomb interactions are considered in tubules with
different geometries at half-filling. A phase diagram is obtained in the coordibageslu . For the electron-
electron interaction strength estimated to hold for graphite, carbon nanotubes would lie close to the boundary
region between metallic and insulator density wave states. Therefore, any small external perturbation can
substantially modify their electronic properties.
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I. INTRODUCTION Screened long-range Coulomb effects on armchair tubes
with n=10 were also investigated in the framework of a
Carbon nanotube€&CNT’s) constitute an interesting class Luttinger modef Its inclusion results in significant devia-
of materials with fascinating properties. Since their discov-tions from the noninteracting behavior, thus converting the
ery in 1991, a great amount of theoretical and experimentahetallic tubes into strongly renormalized Luttinger liquids.
work has been dedicated to study different aspects of theserom the microscopic lattice model, also by taking into ac-
quasi-one-dimensional1D) materials’ Single-wall nano- count the screened long-range Coulomb interaction, the
tubes(SWNT's) are created by rolling a graphene sheet intophase Hamiltonian for armchair NT’s is derivédand, by
a cylindrical form. The tubule is usually characterized byrenormalization-group techniques, it is found that at half-
two integers ,m) specifying the circumference vector in an filling the ground state is a Mott insulator with a spin gap, in
unrolled  planar  graphene  sheet.  Band-structureigreement with Hubbard-like models. Renormalization-
calculation$™ predict that the tubule geometry, which is group methods are used to study the low-energy behavior of
given uniquely by the if,m) indices, determines its elec- the unscreened Coulomb interaction, which produces a
tronic properties: if,n) or armchair tubes are metals, while strong renormalization of the Fermi velocity Finally, an-
(n,0) or zigzag tubes are metalsrifis a multiple of 3, or  other interesting aspect theoretically explored is the interac-
semiconductors otherwise. Chiral SWNTIs, (n) have elec- tion of CNT’s in ropes: first-principles calculations predicted
tronic properties similar to zigzag tubes:rif-m is a mul-  that interactions between armchair tubes in a rope induces a
tiple of 3, the tubules are metallic; otherwise, they are semipseudogap of0.1 eV at the Fermi levelH).?
conducting. In all cases, the gap of the semiconducting tubes From an experimental point of view, some results present
depends inversely on its radius. strong evidence of the remarkable dependence of the elec-
As in other low-dimensional systems, electron-correlationtronic properties on the geometry of the tubes, predicted by
effects are expected to become important for small nanotubesarly band-structure calculatioAs’> Scanning tunneling mi-
and have been theoretically explored from different points otroscope(STM) experiments®*4 showed a direct relation
view. Short-range(Hubbard-like electron-electron interac- between the atomic structur@iameter and helicity and
tions on armchair SWNT’s at half-filling were considetéd density of states of SWNT’s. Armchair nanotubes were
within a tight-binding description of the two gapless 1D found to be metallic, with a finite density of state€ateven
bands crossing at the Fermi level and dispersing linearly. Iat temperatures in the mK range. For semiconducting tubes,
was shown that, at half-filling, the low-energy theory of thethe linear dependence of the band gap on the nanotube di-
(n,n) SWNT'’s is identical to a two-chain Hubbard model ameter was also confirmed, the coefficient of proportionality
with an effective interactiom,=U/n, which drives an insta- experimentally found been in agreement with theoretical pre-
bility to a Mott insulator with a gap in both charge and spin dictions. However, transport properties are not yet well un-
sector® Perturbative renormalization-group calculatibns derstood. Experimental measurements of the temperature de-
also show that electron-electron interactions change the m@endence of the resistivity, in ropes with mainly armchair
tallic character of ther{,n) tubules into a Mott-insulating tubes, reported a metallic behavior with an intrinsic resistiv-
character with a spin gap. An effective low-energy theory,ity which increases linearly with temperaturet® Ferromag-
also for armchair nanotubes, was developeginploying netic correlation have been invoked to explain electrical
bosonization techniques in the strong-coupling regime, itransport measurements on individual SWN¥"sOn the
was found that the Hamiltonian for an armchair SWNT isother hand, transport spectroscopy experiments on a SWNT
equivalent to that of two spin-1/2 fermion chains coupled by(Ref. 18 cannot be explained on the basis of independent-
interactions but without interchain single-particle hopping,particle models. The data indicate a nontrivial shell-filling
predicting ferromagnetic tendencies and a pseudogap behaand spin polarization in carbon nanotubes, pointing to sig-
ior at very low temperatures. nificant electron-electron correlations. This is in contrast
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with previous transport spectroscopy results on a SWNTproximation, was applied to graphite and graphite intercala-
ropel® which fit the constant interaction model and showedtion compound®?’ to analyze STM images, following Ter-
no signatures of exotic electron correlations. Moreover, resoff's ide&® of the charge asymmetry on the two graphite
cent transport measurements at very low temperatures igublattices. The truncated tetrahedrop, @nd icosahedron
SWNT’s, which gave a conductance with a power-law be-Cgo Were also studied with the same model, and a magnetic-
havior as a function of the temperature or bias voltage, weréke instability of the Fermi sea toward a spin-ordered phase
interpreted as a fingerprint of Luttinger-liquid behavior in Was founct® Nevertheless, this model has not been applied
metallic carbon nanotubé8.Such discrepancies might be t©© CNT's. Such is the purpose of the present work.
due to the fact that transport experiments in nanotubes are 1h€ low-energy properties of undoped SWNT'’s differ
difficult, and an interpretation of them is complex. Two- andfom those away frglng half-filling, well described by
four-probe contacts and bulk or end contacts give different-uttinger-like models’>*°due to umklapp scattering, which
results. The high contact resistances with leads observed m&fcomes the most relevant perturbation at ha'f-f"ﬁﬁgn
be due to the unique electronic structure of CNT's, whichour model all scattering events are included, thus being ap-
gives a weak electronic coupling at the Fermi surface; thereRroPriate for the study of both doped and undoped CNT's.
fore, conduction between the CNT and metallic leads may be
forbidden py Blpch symmetr§/1._ Diff_erent fact.ors suc_:h as Il. MODEL AND METHOD
structural distortions, thermal vibrations, and interaction with
other tubules or the substrate affect electron transmission in The Hubbard model describes itinerant electrons on a lat-
the nanotube, posing an added difficulty to the interpretatiofiice interacting through on-site Coulomb repulsiriThe
of the experimental data. In fact, recently reported resultgeneralization of a Hubbard model that also includes nearest-
have showed that the electronic properties of SWNT's aréeighbor interactions is known as the extended Hubbard
extremely sensitive to chemical environméhtindicating  model, defined by the Hamiltonian
that many supposedly intrinsic properties measured on nano-
tubes may be due to gas adsorption on the large surface area_
of these materials. Since most experimental works use H=— E tijciTchU-l—UE niyni +u 2 NigNjor
samples exposed to air, many measurements must be re- Ui : (i)oo'
evaluated, taking into account the possible effects of gas ad-
sorption on the electrical quantum conductance in CNT’s. t
In summary, in spite of the large amount of both theoret-Where the operatorg,,(c;,) creategdestroys an electron of
ical and experimental work, an understanding of the CNT'sSPin o at sitei, n;,=c{,c;, is the corresponding occupation
properties is still lacking: many aspects of the physics of théiumber operatott;; represents the hopping integrals, dnd
nanotubes have no conclusive explanation, and the impogndu stand for onsite and nearest-neighbor Coulomb inter-
tance of electronic correlations is still an open question. Iractions respectively. The symbdlj) denotes sum over
this work we examine the effects of Coulomb interactions onnearest-neighbor sites. The calculation method was described
the electronic structure of armchair and zigzag tubules agxtensively elsewher¥,so only the main features are out-
half-filling, with an extended Hubbard Hamiltonian resolved lined here. Upon linearization by standard mean-field tech-
within the unrestrictedor spin-polarizeyl Hartree-Fock ap- hiques, the corresponding single-particle Hamiltonian de-
proximation. scribes the scattering in terms of the average local charges
Although a mean-field approach, the unrestricted Hartreeand bond orders. Charge and spin degrees of freedom are
Fock (UHF) approximation has turned out to be a powerful then calculated by a self-consistent procedure. As is gener-
tool in the calculation of inhomogeneous states. Brokenally accepted, a tight-binding model, with only opgorbital
symmetry states such as charge- or spin-density waves ap@r carbon and a hopping matrix elemerietween neigh-
stable solutions of the UHF theory. Along with the Hubbardboring atoms, correctly accounts for the low-energy physics
model, it was used intensively in connection with 2D sys-of graphite and CNT's. Therefore, we restrict ourselves to
tems, especially in the study of electronic properties of cuthe 7 electron of the carbon atom, taking the tight-binding
prates and of the nickel and manganese oxide compdiinds(TB) -7 nearest-neighbor hopping parameter fgrand
Phase transitions were also widely investigated with Hartreereglecting curvature effects. The-7 hopping integral re-
Fock (HF) theory?*2® although it is well known that the ported in the literature ranges from 2.5 to 2.9 B¥32we
effect of quantum fluctuations could be important in critical use values between 2.66 and 2.70 eV, depending on the tube
behaviors, HF results yield a reasonably good qualitative picradius. Both on-siteJ and nearest-neighbar Coulomb in-
ture. The importance of quantum fluctuations was pointederactions are considered as parameters, varying between 0
out in a quantum Monte Carlo finite-size scaling calculationand & and 2, respectively, including the typical values for
for the nonmagnetic-semimetal to antiferromagnetic-graphite. First, we study the effect of the on-site interaction
insulator transition in a 2D honeycomb lattice, comparingU, settingu=0; next, we look at the effect ofi with U
with the corresponding transition in HF theory. Quantum=0; finally, we consider both on-site and intersite interac-
fluctuations raise the HF critical value for the electronic in-tions simultaneously. For conjugatedelectron systems, de-
teraction by a factor of 2, but the general behavior is cortailed calculations have shown that as long as charge accu-
rectly given within the Hartree-Fock scherfre. mulation over large distances does not occur, the on-site and
The extended Hubbard model, along with the UHF ap-nearest-neighbor Coulomb repulsions are domif&fince
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transport measurements have reported a high density of car- 3
riers in metallic CNT’s* it seems reasonable to retain only
the termsU andu.

SWNT'’s are modeled by clusters consisting funit
cells with periodic boundary conditions in order to minimize
size effects. The unit ce(UC) is the corresponding ring of g
carbon atoms with the full symmetry and geometry of each <
tubule; both (,n) and (n,0) nanotubes haverdatoms per 1
UC. In order to investigate size effects, we considered dif-
ferent cluster sizes, and calculations were performed on clus-
ters large enough as to obtain solutions with negligible size
effects. To reach a self-consistent solution, around 50 itera- 0n—t—a—am
tions are sufficient in most cases; however, the number of
iterations needed to obtain convergence increases consider- U/t
ably in the proximity of the critical values of the interactions.

As pointed out above. the around state spin confiquration FIG. 1. Energy gaps as a function of the on-site Coulomb inter-
p, - ' grot 19 SP guration ction corresponding to the self-consistent solutions obtained from
of CNT’s remains an open questiéh!®and it is essential in

. . A . the AF trial state for the armcha(b,5 NT.
the interpretation of the behavior of CNT electrons in exter- ab.9

nal electric or magnetic fields. Since Coulomb repulsion bemagnetic solution, with the two bands crossingKat The
tween electrons affects states with different spin polarizatioryne-electron densities of statd30S’s) present the expected
in different ways, we considered three trial staté$:an  spikes due to van Hove singularities, with small but finite
antiferromagnetic-liké AF) ordered state, where the averageDOS and a large separation between contiguous spikes
spin projection has opposite signs on adjacent siies;a  around the Fermi energyE¢), in agreement with STM ex-
uniform paramagnetitPM) state, where charge and spin do periments and previous calculatioffs.
not depend on the site; ariiii ) a ferromagneti¢FM) state, When the on-site Coulomb interactidhis switched on,
with the same average spin projection in all sites. the system undergoes a transition to an insulating phase be-
In the AF trial state(s,)=0 for all UC’s and conse- yond a critical value. This transition, driven by the on-site
quently the total spin is also 0. This state is assumed to bgxteraction, is characterized by the opening of a gap at the
commensurate with the original bipartite lattice, with the Fermi energy accompanied by an AF ordering of spins in
symmetry of theC; trigonal subgroup of the hexagonal which atoms of each sublattice have opposite spins. The
group of the graphite plane. We have also considered thes 5) energy gap for the AF initial state as a function of the
longitudinal AF state, where the average spin projection hagnsite Coulomb interaction is represented in Fig. 1. As is
opposite signs on adjacent UC’s, but inside each UC all siteglearly seen, there is a change in the slope arduirdl . 8t,
present the same average spin projection. This state is uand simultaneously there is an abrupt increasgsgf In the
stable, and always converges to a commensurate AF solfollowing, U,;, U.,, andU .3 denote the criticall values for
tion. In the PM state, as we are at the half-filling regime, thethe AF, PM, and FM trial states, respectively. Since we are
occupation is one per site, asg=0. For intermediate values modeling CNT'’s by finite clusters, a vanishing small gap
of the Coulomb interaction, such as the experimentally re{~0.002 eV} opens even below the critical values, due to
portedU between 6 and 10 eV for graphitéthe fully po- finite-size effects. In fact, this small energy gap decreases as
larized ferromagnetic state is not a stable solution of thehe number of cluster sites grows. Nevertheless, both the
Hubbard model at half-filling. However, considering that Change of the S|0pe and the enhancememsgfarounduci
electrical transport measurements under a magnetic fieldo not present size effects for the cluster sizes considered
have been interpreted as indicative of ferromagnetiqere. BelowU the PM state converges to a PM solution,
correlations)'” we used the FM state as a trial function in and the AF and FM trial states converge to solutions with
order to investigate the possibility of ferromagnetic tendenweak AF and FM characters, respectively. The lowest critical
cies. value U, corresponds to the AF trial state, and the AF in-
sulating solution presents the lowest energy. Abbyg the
. RESULTS three trial states converge to the same AF insulating solution.
Both gap and spin polarizations gradually grow withThis
behavior is observed for boi®,5 and (10,10 tubules. The
Armchair (n,n) SWNT's are found to be metallic in band corresponding electronic band structure of t6&) CNT is
calculations for alln, because the set of allowed wave vec- depicted in Fig. 2a) for U=2.0%, showing the gap &,
tors always contains th¢ points where the graphite bonding where the two bands crossedkain the noninteracting case.
and antibonding bands cross at the Fermi Iévidlere we Next we investigate the effect of the nearest-neighbor re-
present the results fa5,5 and (10,10 CNT’s. These tu- pulsion, setting the on-site interactidthto O and switching
bules have the same symmetry, the number of atoms per Uenhu. The behavior found for the gap and charge modulation
(40) and the radiusR=6.781 A of the (10,10 tube being versusu is similar to that found for the gap and spin ordering
twice those of thg5,5) tube. In both tubules, setting =u versusU. A change in the slope around~0.4t, with a si-
=0, the three initial states converge to the same final paranultaneous increase of the charge transfer from atoms of one

A. Armchair tubules
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FIG. 2. Band structure for thg,5 NT corresponding tda) the
SDW solution with a gap of 0.21 eV obtained for=2.48& andu
=0; and(b) self-consistent solution obtained for=2.23 andu
=0.7%. Note the small gap of 0.05 eV.

sublattice to the other, indicates a transitidhe three trial
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CDW

1 2 3 Ut
FIG. 3. Phase diagram of th®,5 NT in the coordinatedJ/t

andu/t obtained for a cluster of 30 UC’s. The regions are labeled
with the solution which presents the lowest energy.

for large enoughu a state with alternating almost double and
zero occupancies in the respective two sublattices is reached.

When both interactions are taken into account simulta-
neously, they compensate for each other in a range of values
in which one of the interactions considered alone would have
driven a transition to a gapped state. Figufb) Zhows the
band structure of thé,5 NT with U andu higher than the
critical values, illustrating this situation.

Taking into account both the on-site and intersite Cou-
lomb repulsions, we obtain a phase diagram in the coordi-
natesU andu, shown in Fig. 3. The regions are denoted with
the character of the solution which presents the lowest en-
ergy. There exists a small region whddeand u seem to
cancel each other out, and the system converges to a metallic
state. The system converges to the commensurate self-
consistent spin-density-way8DW) solutions ifU —3u>0,
or CDW solutions ifU—3u<0, as found for grapherfé.

The factor 3 is due to the coordination number of the graph-
ite lattice. As SDW and CDW solutions are very close in
energy around the linel=3u, convergence is very slow in
the boundary region. The critical valugg(settingu=0) and

u (settingU=0), as well as the corresponding gaps and
spin polarizations for the three initial states are indicated in
Table I.

B. Zigzag tubules

We next analyze the zigzag,0) tubes. Without Cou-
lomb interactions our calculations vyield, as in then) tu-
bules, the behavior predicted in earlier TB and LDF calcula-
tions: semimetallic whenn/3 is an integer and
semiconducting otherwise, with gaps depending on the tube
diameter. The electronic band structure §610), (7,0), and
(9,00 CNT’s calculated withU=u=0 show that the(7,0)
tubule is a semiconductor with an energy gap of 1.32 eV,
while the (6,00 and (9,0) tubules are semimetals, in agree-
ment with previous numerical studies.

states converge to the same insulating charge-ordered state, The three initial states converge to the same final PM

where the two carbon atoms of the graphite sublatticesd

metallic solution forU=u=0 in both (6,00 and(9,0) tubes.

B carry different charges without spin polarization; they areThe behavior with increasing is similar to that of the arm-
commensurate charge-density-wad@DW) states. Both the chair tubes: above a certadihvalue, there is a change of the

ordering of charges and the energy gap increase wyithnd

slope in the energy gap versluis curve, and in the spin
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TABLE |. Critical values of the on-sitdJ (with u=0) and the three trial states converge to an insulating CDW solution
nearest-neighbon (with U=0) Coulomb interactions, in units of at the same criticali. Although the criticalu are similar for
the hopping integrat for the three initial states considered in this hoth tubules, the associated gaps are different, being smaller
work, are given for clusters of the armchair tultes) and(10,10,  for the larger tubulgsee Table)l The electron densities in
and of the zigzag tube$,0) and(9,0). Values of the corresponding  the atoms of the two sublatticésand B also present differ-
gapA (in eV) and spin polarizatios,) are also indicated. ences from the tube radius, beifg,)—(ng)=0.124 and
0.088 for the(6,0) and the(9,0) tubes respectively. In Table

Initial st. U/t A (s uft A | critical values ofU (settingu=0) andu (settingU =0) are
5.5 AF 2048 0099 +0049 0375 0.104 shown for zigzag metallic tubules, as well as corresponding
' ' ’ e ' ' gaps and spin polarizations for the three initial states.
222 E:\\A/I ;fzg (1)'535 ig'ggg 83;2 g'igi As stated above, then(0) tubules withn nonmultiple of 3

are already insulating without Coulomb interactions; there-
fore, the inclusion ot andu does not change their proper-
ties dramatically. In any case, we have studied the correla-
tion effects on the(7,0) tubule, which has a gap oA

(10,10 AF 2.060 0.096 *=0.036 0.375 0.077
(10,10 PM 2250 0.214 *=0.087 0.375 0.074
(10,10 FM 3.195 1.604 *=0.379 0.375 0.076

(6,0 AF 2045 0130 £0.04 0371 0.137  _1 32 eV forU=u=0. Starting with the AF trial statd,)
(6,0 PM 2230 0272 *0122 0371 0.138 goes not affect the gap appreciably upte-1.4%. Beyond
(6,0 FM 2230 0272 x0.092 0371 0.139 thjs value the gap widens gradually, as expected. Consider-
(9,0 AF 2050 0.126 *+0.02 0.374 0.099 ngthe PM initial state, the gap decreasestfet)<3.94 to
(9,0 PM 2432 0307 *0.132 0374 0.099 A=0.743 eV. Above this value the gap increases abruptly.
(9,0 FM 2432 0.743 *£0.137 0.374 0.086 For the FM initial state, an oscillatory decrease of the gap is

found for 2.62=<U=<4.12; above this value the gap en-
o L larges. Conversely, withl =0, the effects ol on the three

polarization, such that the lowest energy solution is AF. For, . ) - ;
the AF spin-polarized initial state, the change in the Slopetrlal states are analogous: the gap increases graduallyuwith

and above~1.3 the system converges to a charge-ordered
takes p!ace ey, Iowgr than the one needgd fort'he PM andstate with almost double and zero occupancies. The phase
FM initial states, which converge to an insulating AF or-

dered solution at the same valtk,=Uy>U,,. The gap diagram obtained for then(0) tubules is similar to that ob-

and site spin projections increase within all cases, and, for tained for the (,n) represented in Fig. 3.
U=U., the SDW solution always has the lowest energy. In When different values of the hopping integrelare

. ) adopted for the two bond orientations in both,@) NT’s,
Fig. 4 the panq structure of t{8,0) NT corresponding to a even withU=u=0 a small gap of the 0.058 and 0.026 eV
SDW solution is depicted.

The CDW solutions appear when, settidg- 0, the inter- opens on thé6,0) and(9,0) tubes, respectively, related to the

. C o . gap induced by curvature effects. With increasihgandu
site correlation is switched on. In bot8,0) and(9,0) tubules the same general behavior is found. TieD) tube presents

the same energy gap of 1.32 eV fdr=u=0, considering
one or two different hopping integrals.

IV. DISCUSSION

In summary, we have studied the role of on-site and
nearest-neighbor Coulomb interactions on clusters with PBC

Ve ..33::...0-":"_ modeling CNTSs, at half-filling. In both metallicn(n) and
';:::n..-h::;::"' ] semi-metallic (,0) interactions withn multiples of 3, we
F et 1 have found a metal-insulator Hubbard transition driven by

Coulomb repulsion. The effects of the on-site Coulomb in-
teraction on the electronic properties of,§) and (0,0) tu-
bules at half-filling are similar. In both cases the system con-
verges to a weakly AF spin-polarized state commensurate
with the lattice, forU, close but slightly lower than the one
found for the graphene sheet. The gap opens smoothly, and

E—-E.(eV)

] UUUURURRRPPTTTLL LA ,;3.;34 gradually increases with the on-site Coulomb interactibn
.:3334 A simultaneous onset of AF order is foundldt U, which
eenaennenensttttLanstttt develops continuously as a function 0f From the opening
.......-:::::::::::-"" of the gap this symmetry-broken SDW solution presents a
o L ] lower energy than the homogeneous states. This gapped AF
19. ! 2 SX state is known as a Slater insulafd\When the effect of the

intersite interactionu is analyzed, setting) =0, we find that,
FIG. 4. Band structure for the zigz&8,0) NT corresponding to ~ for the three initial stategy drives a transition to a gapped
a SDW solution obtained fdd =1.8% andu=0. CDW state without spin polarization. The ordering of
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chargegcharge transfer from one sublattice to the offserd  signatures of the carbon nanotubes. A possible interpretation
the gap grow with increasing. Such a convergence to a of the asymmetry in the STM images of CNT’s is the ap-
CDW insulator state, with the same symmetry as the strucpearance of a CDW, as pointed out previodsf and cor-
tural arrangement, is obtained for ati,q) and (n,0) tubes roborated by our calculations. Nevertheless, as the interpre-
considered. tation of the atomic lattice configuration observed in STM
Considering both on-site and intersite Coulomb repul-images is nontrivial, it could be possible that the last atom of
sions, there exists a small region where the lowest-energthe tip has a magnetic moment, thus the SDW could be the
solution would present a metallic behavior, becausandu  origin of the broken-symmetry patterns in the STM images.
compensate for each other and the effective resulting intert was also reported recently that the electronic properties of
action does not suffice to drive the transition to the gappedNT's are extremely sensitive to the chemical
ordered phases. Two other regions exist depending on thenvironmenf? SWNTs showed a metallic behavior when
U/u ratio, where the system converges to SDW and CDWexposed to air, but their transport properties changed signifi-
insulating states, respectively. The SDW and CDW regionsantly in vacuum. Then it might be possible that small gaps
are divided by a narrow boundary region around the line produced by electron-electron interactions were masked by
=3u; for U=3u the SDW state presents the lowest energythe presence of adsorbed oxygen in the nanotubes, which
while for U<3u the CDW solution is most favorable. The could be doped due to such a contamination.
effects of the Coulomb interaction are very similar for all
armchair and metallic zigzag tubes, and close to that of the V. CONCLUSIONS
graphene sheet, reflecting the underlyi@g symmetry of
these systems. In fact, the complex nature of SWNT's, whichdn
present a large surface area, with the reduced symmetry ofge

Here we have studied the-electron bands of CNT’s by
extended Hubbard Hamiltonian at half-filing. The com-
tition between the kinetic energy of the carriers and the
oulomb repulsion drives a transition between a homoge-
neous state and a gapped periodic ordering of charge and

single layer and a hollow geometry, may be responsible fo
their observed deviation from a pure 1D behavior. Taking

into account that the critical values we have obtained in aé‘.pin' the phase diagram in thé—u plane shows a small

mean field approach would be increased when conS|der|npegion where a metallic or semimetallic phase holds, and two

quantum fluctuatlons, .the region where.the tubule behavior I?eglons where CDW and SDW insulating phases exist due to
metallic or semimetallic would be, at this energy range, non-, ~". L
. the interplay ofU andu. In the range of estimations of the
negligible. . i
. . parameters for graphite, botm,f) and (n,0) metallic tu-
In the range of parameters estimated for a graphit ' . . .
26.36 ) . ules are on the insulating region, close to the boundary with
layer;>="both (n,n) and (,0), with n/3 integer tubules, are . i >
. . . the metallic zone; therefore, small variationslbr u may
close to the boundary between the metallic and insulatin . :
roduce a transition to a metallic state or between SDW and

regions. These results are consistent with those obtained : . .
L . v DW insulating states. These symmetry-broken solutions
the renormalization-group approach for armchair NT's: at

half-filling the ground state is a Mott insulator with an expo- could be an explanation for the patterns observed in STM

nentially small gap, in which bound states of electrons ardnages of SWNT's. Small external perturbations could sub-

formed at different atomic sublatticd$® Due to the proxim- ;tant|ally modify some of the fund_amental_electromc proper-
) . L ties of the tubules, as recently claimed by in an experirffent.
ity to the boundary region, small variations of or u may

produce a crossover from one region to other. Consequently,

small external perturbationénteraction with other tubes,

substrate irregularities, external magnetic fields,) gtehich This work was partially supported by the Spanish MEC
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