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Electronic properties of carbon nanotubes with polygonized cross sections
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The electronic properties of carbon nanotubes having polygonized cross sections instead of purely circular
ones, such as recently observed using transmission electron microscopy, are investigated with plate-wave
initio pseudopotential local-density-functional calculations and sirtiglg-binding models. Strongs™ -7*
hybridization effects occur in zigzag nanotubes due to the high curvature located near the edges of the
polygonal cross-section prism. These effects, combined with a lowering of symmetry, dramatically affect the
electronic properties of the nanotubes. It is found that modified low-lying conduction-band states are intro-
duced either into the bandgap of insulating nanotubes, or below the degenerate states that form the top of the
valence band of metallic nanotubes, leading the corresponding nanostructures to be metals, semimetals, or at
least very-small-gap semiconductors. The degree of the polygon representing the cross section of the tube, and
the sharpness of the edge angles, are found to be major factors in the hybridization effect, and consequently
govern the electronic behavior at the Fermi ley&80163-182606)50436-4

Recently, experimental observations have shown that cageneral rule can be derived: metallic or semiconducting
bon nanotubes might not be as perfect as they were onagnotubes are obtained whether or netm is a multiple of
thought to be: pure cylindrical rolled-up graphene sh&éts. 3, neglecting the opening of a small gap due to the
In particular, electron microscope images of some carborurvature’ In this work, we investigate the perturbation of
nanotubes revealed the presence of nonsymmetric lattidhe electronic properties of carbon nanotubes brought about
fringes, suggesting that the tube cross section could be pdy a “polygonization” of their cross section. The electronic
lygonal and not always circular, as previously belie¥étb-  properties of both polygonized armchain, ) and zigzag
lographic transmission-electron-microscopy observationspanotubesrf,0) are examined in the framework ab initio
where three-dimensional information is obtained, in contrasaind tight-binding calculations. Different degrees of polygon
to that with traditional intensity images, also prove the pres{3: triangle, 4: square, 5: pentagon, 6: hexggame consid-
ence of a clear facetting in some of these nanometer carbared, and the results obtained indicate that the gap of zigzag
systemé In these polygonized nanotubes, the section imanotubes polygonized cross sections is significantly af-
composed of straight portions joined by narrow regions offected byo*-n* states hybridization effects, which occur
high curvature. Due to the ability of the carbon to rehybrid-locally at the polygonized edges. Thi$ -7* hybridization,
ize between purep? (graphit¢ and puresp® (diamond, a  which has already been shown to impose dramatic changes
graphene sheet with the assumed out-of-plane bends alomg the electronic properties of very-small-radius zigzag
the edges of the polygonal prism must loose some of ithanotubed? is only possible in theigzaggeometry where
sp? character there and gain sosg® hybridization, thereby the C-C bond is parallel to the axis of the tube. In this con-
reaching asp?*  character where is a factor dependent on nection, the electronic behavior afmchairnanotubes is not
the degree of curvature of the bend. The polygonized edgeso strongly altered by the “polygonization” as discussed
can then be considered as defected lines of rehybridization ibelow.
thesp? network, with strongs p* character in the fold. Nano- The fact that a semiconducting nanotube can be driven to
tubes mechanically deformed also appear to be rippled india metallic or semimetallic state by hybridization defects
cating the presence of ridges with analogepé characte”.  might underline that most carbon nanotubes synthesized us-
Irregularities in these localized variations of the carboning an arc discharge between two carbon rods, and where
bonding are undoubtedly responsible for significant effecthigh curvature defects are often observed, can then be con-
on the electronic properties of nanotubes which the presersidered as conducting nanowires. In addition, when optimal
study aims at exploring. conditions for bulk growth mechanism are satisfiediano-

The electronic structure of a perfect nanotube is known tdubes appear to grow most often in microbundles. Each
be either metallic or semiconducting, depending on its diamnanotube is then neatly packed and aligned with four, five or
eter and chirality’,® which can uniquely be determined by six (in a perfect hexagonal closed packing arrangeiment
the chiral vector §,m), wheren and m are integer§. A nearest neighbor€.When the diameter is large enough, the
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tubes flatten against each other under the van der Waals at- Py . ' >
traction, forming different facetted cross sections for the con- -,

stituents of the bundle. In a hypothetical carbon—nanotube’é
crystal, this flattening process would be the consequence ofg

the subtle competition between elastic deformation energy, JN
and van der Waals interactidhSimilar distortions have also '
been observed for pairs of nanotuf&siow this atomic re-

laxation modifies the electronic properties of the nanotubes:
in a solid-state packing can be appreciated by considering
single, deformed tube as a brick of the edifice.

() S w |

ty of stat

Iﬂz’n 81
ol

We have carried out bothb initio pseudopotential local- 20 15 10 -5 o 2.1 0 1 =
density-approximation(LDA) calculationd® and Slater- E-Eg (eV) E-Ep (eV)
Koster tight-binding (TB) calculationd® to investigate the
electronic properties relative to different armchal"r, r'()/ FIG. 1. Tight-bindingdensities of state&states/eV/ce)lfor the

and zigzag (I,O)/ nanotubes with polygonized cross sec- (10,0 cylindrical (a), a_nd the_(lO,O)_S_ pentagonalb) cross-section
tions, where/ is the degree of the cross-section pc)lygon_nanotubes. The Fermi level is p_osmoned at zero energy. Both nano-
These systems were selected because their electronic prop&fk-)es are also represented in inset on the right of their respective
ties are known to differ radically. No calculations were per- DOS.

formed for polygonized helical nanotube,m)” (wheren

#m), as such a topology is an intermediate case between thenotube is found to possess a gap of 0.82 eV, and this is
two ones considered here. The LDA electronic structure caleorrectly reproduced by the TB calculations. On the other
culations were performed using a plane-wave basis sdtand, thg10,0° pentagonal nanotube gap is reduced to 0.08
(%20.000 PW. The atomic potentials plus core electrons ofeV in LDA and 0.01 eV in TB. The closeness of the highest
carbon have been replaced by conventiatalnitio pseudo-  occupied molecular orbitd HOMO) and lowest unoccupied
potential for carbort! The energy cutoff for the electronic molecular orbital (LUMO) bands brought about by the
wave functions was set at 40 Ry, leading to a 0.05-eV con“polygonization” (see the band structures beloiw respon-
vergence on the band energies. The LDA calculations wersible for pinning the Fermi energy at 0.0375 eVIatThe
carried out in a supercell geometry, with a closest distanceand gaps do not show up in the DOS of Fi¢h)ldue to the
between nanotubes being 5 A. This permitted us to negleanergy broadenings used, and a metalliclike plateau develops
tube-tube interactions. Using the Hellmann-Feynngilir) instead in the TB density of statd®0S). Both nanotube
theorem:’ the calculated stresses imposed on each supercalensities of states not only present the two-dimensional van
along the axis direction were found negligible. In the cylin- Hove singularities of graphite &= +V,,, (+2.66 eV} and
drical configuration, the HF forces are very smait 0.05 atE==V,,, (+6.38 eV}, but also many sharp peaks com-
eV/A), and all the atoms remain equivalent within the uniting from the inverse square root divergence\#) of the

cell. In a pentagonal configuration by contrast, the HF forcespectra of the one-dimensiondlD) bands. These singulari-

on the carbon atoms of the edges of the polygonal prism arges are due to the quantization of the 1D energy bands in the
much larger (0.8 eV/A). When the internal coordinates of circumference direction. The LDA DOS's have not been rep-
the atoms of this configuration are relaxed using these Hkesented as an unphysical peak appears BeafThis is due
forces, the cross section necessary evolves to a circle. News the lack ofk points used in thab initio simulation, which
ertheless, as explained before, the polygonized cross sectigs also reproduced by the TB method when the same sam-
can be constrained by external forces such as those presupling set is used. Nevertheless, the presence and the location
ably taking place in a nanotube bundle. of the peaks are well described using both techniques.

The TB electronic band structure and density of states For the pentagonal conformation, the DOS'’s calculated
shown below are deduced from a Slater-Koster Hamiltoniarwith both techniques in the region close to the Fermi level
with parameters close to the set used for graphite in Ref. 18iffer radically from that of the cylinder. The discrepancy
There are four orbitals per atom, with tedevel located at between the electronic states of nanotubes with polygonized
es=— 7.3 eV below the triply-degeneratgulevel taken as and circular cross sections is consistent with the notion that,
the zero of energy«,=0). The Slater-Koster hopping pa- in a not-too-small-radius cylinder, a good description of the
rameters for nearest-neighbor pairs &fg,=—4.30 eV, nanotube electronic properties is obtained by folding the
Vspr=4.98 eV, V,,,=6.38 eV, andV,,,=—2.66 eV. graphite sheet band structure. However, this idea implicitly
Second-neighbor interactions are taken into account usingelies on the assumption that states around the gap or Fermi
Veeo=—0.18Y, Vepr=0, Vpg,,=0.35Y, and level are essentiallyr- or 7* -derived®®® This assumption
Vppr=—0.10Y, whereY =(3.335f;)“ is a scaling factor fails for nanotubes with polygonized cross sections or in
depending on the interatomic distangg (expressed in A very-small-radius cylindrical nanotub&where the curva-

The tight-binding densities of state€DOS) of the (10,0  ture is so strondi.e., near the edges of the polygonal prism
tube in both the cylindrical and pentagoriaD,0° configu-  that larges* -7* hybridization occurs.
rations are illustrated in Fig. 1. In order to check the validity =~ To study these effects on the low-lying state of {46,0
of the TB approachab-initio DOS’s have also been esti- nanotube, the TB band structures in the cylindrigiig.
mated from the electron bands calculated just atlthend 2(a)] and pentagondlFig. 2(c)] configurations were calcu-

X points of the one-dimensional first Brillouin zone of the lated. An intermediate geometfig. 2(b)] was also consid-
nanotube. From the LDA calculations, tfi0,0 cylindrical  ered, where the sharp edge angles of the pentagonal cross
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FIG. 2. Evolution of the(10,0 nanotube TB bands near the b
Fermi level under “polygonization” of its cross section. Pure cy- )

lindrical (), and pentagondt) geometries are illustrated, separated
by an intermediate configuratidiv) where the sharp angles of the
pentagon are smoothed usial initio structural optimizatioricur-
vature radius at the corner: 2.366 A, polynomial fit:
0.0x*—0.3%?=0). The Fermi level is indicated bfg. The
shapes of the different cross sections are also illustrated on the top
of the band structures.

section were smoothed using a relaxation scheme based on
the ab initio HF atomic forces. This structural optimization
process reduced the sharpness of the angles, as said above
and a smoothed cross section was extracted in the middle me
the pentagon-to-circle tran;it@on path.. The curvature; radi“ﬁanotube(a), which mixes witho™* states in thé¢10,0° configura-
present at the comner of this intermediate geometry is 52'36§on (b). The contours are drawn in a plane perpendicular to the axis
A. The energy difference between t{#0,0 and (10,0 of the tube which contains 10 carbon atoms. The numbers quoted
conformations was found to be of the order of 0.37 eV/atomgre in units of 10%/(a.u.f. The circle and the pentagon are guides
The evolution of the band structures of ttf,0 nanotube for the eyes, representing nanotube cross sections on which the
during “pentagonalization” is illustrated in Fig. 2, where the atoms lie in the(10,0 and (10,0° geometries.
shapes of the cross section are also shown.

In the zigzag orientation, the* and#* singly degener- of some of the bands is lifted. As mentioned previously, the
ate states of a planar graphene sheet mix with each other, asnificant reduction of the gap observed for tfk0,0°
not with states of higher degenerd@By curving or folding  nanotube in Fig. @) is concomitant to all of these effects.
the sheet, the* and 7* states of the same symmetry repel  Metallic zigzag nanotubeg(n,0) where n is a multiple
each other, lowering the energy of the origindl state. Itis  of 3] with different polygonized cross sections were also
the lowest unoccupied hybridized* band which gives rise investigated. The TB band structures(®®,0 3, (12,04, and
to a weakly dispersive bang 1 eV above the Fermi energy (12,0° are shown in Fig. 4 where they are compared to that
(Ef) in the TB band structure of Fig(®. Simultaneously, a of a perfect cylindrical-shaped 2,0 nanotube. All kinds of
dramatic decrease of the HOMO-LUMO gap appear$’ at electronic properties arise: the first two cases are metals, the
due to a lowering of symmetry in the pentagonal conforma{12,0 % is a 0.5-eV-gap semiconductor, whereas the cylindri-
tion, where the carbon atoms are no more identical. cal (12,0 nanotube is metallic. In the zigzag symmetry, the

The ab initio charge-density distributions relative to this “polygonization” induces both curvature and lowering sym-
low-lying state at thel’ point for the (10,0 and (10,0° metry effects which leads the—=* crossing point in the
configurations are presented in Fig. 3. For the circular crosgraphene sheet band structure to move forward fromkthe
section, the wave function is equally distributed inside andpoint, and reach a line of allowed eigenvectors imposed by
outside the tubgFig. 3@)], leading to state of mostly pure periodic boundary conditions along the circumference of the
7*, as an antibonding behavior has also been observed alom@anotube. This perturbation generates various electronic
a generator of the cylinder. By contrast, the wave function oproperties like a quasimetallic nanotube in {16,0° case
the low-lying state of theg(10,0° nanotube is anisotropic [Fig. 2(c)], and a semiconducting one in ttE2,0 ¢ topology
[Fig. 3(b)], with a main localization of the charge density on [Fig. 4(c)], in opposition with the electronic behaviors pre-
the edges and in the outside region of the tube. This resullicted for the two respective cylindrical conformatidsg.
illustrates the partlyr character of this state arising from the 2(a) and Fig. 4d)].
o*-7* hybridization. In addition to this, the “polygoniza- In the armchair configuration, not illustrated here,
tion” lowers the symmetry: all the atoms of the polygonized polygonizing the section of the nanotube has much less pro-
unit cell are no longer equivalent and the twofold degeneracyiounced effects on the band structure. In the cylindrical ge-

FIG. 3. Contour plot of the local electronic charge densities for
lowest unoccupied singly degenerate state af” of the (10,0
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(a) (12,0>3A (b) (12,0)* (c) (12,0)° O (@) (12,0 Q FIG. 4. Tight-binding band
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ometry, thes* and #* singly degenerate states are muchnels (either inside or outside the tubeare accommodated
more separated than with the zigzag arrangement, leading tith a single atomic row of intercalant atoms. As metallic
a very small hybridizating interaction between them. Noarmchair nanotubes are less affected, one can wonder about
low-lying band is perturbing the HOMO-LUMO crossing the possibility of synthesizing insulating or wide-gap semi-
point appearing at thé of the I'— X directior? and all the ~ conducting carbon tubes, with important consequences to the
nanotubes considered remained metallic upon “pOlygonizatransport properties of these mesoscopic Sysf@ms_
tion,” except for a triangular cross section of ti&6) sys- _ ) ) ] _
tem, where a small gap of 0.4 eV is lifted. The authors acknowledge informative discussion Wlth Dr.
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