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Metallic and semiconducting narrow carbon nanotubes
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We report local-density-functional results that show that narrow nanotubes with optimized diameters be-
tween about 0.34 and 0.5 nm can be either semiconducting or metallic, but with electron structures near the
Fermi level that often cannot be understood starting from the graphene sheet model, successful in the study of
larger diameter tubes. Our total-energy calculations indicate that narrow nanotubes recently observed either as
the central shell of a multiwalled tube or encased in a porous zeolite, if isolated, should be stable against
complete unzipping along the nanotube axis.
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There has been good progress recently in producing cathat the 0.33 nm SWNT they find anchored to a larger nano-
bon nanotubes with diameters smaller than the 0.7 nm diamube is a semiconductor, consistent with the neglect of
eter of icosahedrallf) Cgq. These narrow nanotubes, with curvature'
diameters in the range of about 0.33—0.50 nm, have been We have calculated the electronic structure and equilib-
found either as the central shell of a multiwalled carbonfium geometry of all narrow SWNT's with diameters be-
nanotubé;? encased in the channels of a porous zeolitdween that of the (4,3) and (4,0) using a first-principles,
crystal® or perpendicularly anchored to the surface of larger@ll-€lectron, self-consistent local-density functionaDF)
nanotubeé. The existence of even the narrowest of theseband-strug;ture method originally developed to treat chain
nanotubes is consistent with the results of semiempirical mgPolymers an% especially tailored to take advantage of heli-
lecular dynamics calculations that indicate that isolatec@! symmetryf® This method calculates the total energy and

single-walled carbon nanotub&WNT'’s) with diameters as electronic structure using Gaussian-type orbitals within a

small as 0.33 nm are mechanically stable to at least 1100 é)ne—dimensiona[lD) band-structure approach. Our results
where vap'or phase tube growth is thought to oécur predict that these narrow SWNT's can be either semiconduc-

, X . . . tors or metals depending on their structure, but they cannot

Al S.WNT.S can be indexed by a pair of integers assocl-pq grouped by the 18 rule applicable to larger diameter
ated with rolling up a graphene sheet along one of its tWOSWNT’s.7'8'13‘16'21Although we find that the effects of cur-
dimensional lattice vectorR=n;R;+n,R, t0 form a \51re usually cause narrow SWNT's to have an electronic
(n1,nz) cylindrical nanotube with radius whereR; andR;  gtrycture near ther qualitatively different from that ex-
are defined as in Fig. 1. A simple model of the electronicpected from the simple GSM, we also find that this is not
structure of these tubes is a Slater-Koster tight-bindinggiways the case. Our calculations indicate that nanotubes
model of the graphene shegharacterized by the nearest- with diameters as small as 0.382 nm are energetically stable
neighborpp- interaction,V,), with periodic boundary con- and predict that the (4,3) has the largest band gap of all
ditions imposed over the rollup vector. This model, initially semiconducting SWNT’s.
proposed based on results of first-principles calculatfons, Every (n;,n,) SWNT can be generated by repeated ap-
and now supported by many experime$its2 has been used plications of a screw operatid®that translates and rotates a
in successfully predicting many of the key properties of
larger diameter carbon nanotubesS-'’These properties in-
clude the grouping of SWNT's as either metallic or
semiconducting;’®*>the linear dispersion relations of the
metallic tubes in the vicinity of the Fermi level. ,>112:16
the r ! dependence of the semiconducting band d&ps,
the stability of the metallic tubes against a Peierls distortion,
and robust ballistic transport through metallic tuBé%*’

Although the simple graphene sheet mo@8SM) pro-
vides a good starting point for understanding the electronic
properties of SWNT’s with diameters similar to or greater
thanly Cgo, much less is known about narrow nanotubes,
where the effects of curvature can become more impotfant. g 1. 2p graphene lattice structure. Rollup ved®rfor the
This lack of information has led to conflicting extrapolations narrow (4,2) SWNT is shown in terms of the primitive vectérs
from results for larger diameter SWNT's to the narrow car-andR, of the graphene sheet. Armchair nanotubes are defined by
bon nanotubes. Thus, Qiet al? and Wanget al® assume rollup vectors along then(n) direction; zigzag nanotubes are de-
that nanotubes with diameters less than about 0.5 nm afhed by rollup vectors along then(0) direction. A unit cell at the
generally metallic due to curvature, but Pegigal. assume origin is highlighted in gray.
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TABLE I. Equilibrium geometries and band gaps of narrow SWNT'’s obtained from the LDF calculations.
See text for meanings of the geometric parameters.

(nq, Ny) r(nm) o(rad) h’(nm) ¢(rad h(nm) GapeV)
(4,0 0.171 w42 0.073 w42 0.213 metallic
3,2 0.180 0.821 0.017 2.480 0.050 0.46
4,1 0.191 0.749 0.048 4.935 0.047 metallic
(5,0 0.206 w/52 0.073 @ 0.215 metallic
3,9 0.212 0.699 (03 @ 0.125 metallic
(4,2 0.217 0.672 0.028 5.159 0.081 0.34
(5,2 0.228 0.608 0.052 5.168 0.039 0.00
(6,0 0.245 76?2 0.073 w62 0.215 metallic
4,3 0.246 0.593 0.012 1.783 0.036 1.28

Fixed value.

primitive helical motif containing only a small number of lier optimizations for the(5,5 SWNT?Z® The geometries of
atoms'® Because the symmetry group generatedSliy iso-  the tubes were defined in terms of five scalar parameters:
morphic with the 1D translational group, Bloch's theorem 6, h’, ¢, andh. For the unrelaxed tubes, the first three of
can be generalized so that the one-electron wave functiorthese parameters ( 8, andh’) define the positions of the
will transform underS according toS™y; (k) =€'“My;(x).?°  two carbon atoms in a unit cell of graphene, such as that
The quantity x is dimensionless and conventionally re- highlighted in gray in Fig. 1, when mappéblled) to the
stricted to the central 1D Brillouin zone; m<k<w. The  surface of the tube. The first atom in this unit cell can be
one-electron wave functions are then constructed from lineathought of as mapped to an arbitrary point on the surface of
combinations of these helically adapted Bloch functionsa cylinder of radiug, with the second atom located relative
which in turn are constructed from linear combinations ofto it by rotating an angle about the cylinder axis followed
nuclear centered products of Gaussians and real solid spheliy a translatiorh’ along this axis. All SWNT's have &
cal harmonics. This approach has already been successfuligtational axis which coincides with the cylinder axis, where
used in wide ranging studies of larger diameter SWNT%. N is the largest common divisor af, andn,. Hence, the
To obtain the LDF results presented below, we adopted positions of these first two atoms can be used to locate
7s3p Gaussian basis set for carbon and assume 60 evenB(N—1) additional atoms on the cylinder surface by (
spacedk points over the central 1D Brillouin zone in solving —1) successive 2/N rotations about this axis. Altogether,
the self-consistent LDF equations. these A atoms complete the specification of a primitive
To optimize the geometries of the narrow SWNT’s, we helical motif. The SWNT can then be generated by repeated
started from the corresponding unrelaxed nanotubes corapplication of a screw operatio® ¢,h) that translates this
structed by rolling up a graphene sheet. In rolling up themotif a distanceh down the nanotube axis in conjunction
sheet, we assumed that the underlying honeycomb lattice hagith a rotation¢ about this axis.
a G—C bond distancel of 0.144 nm, chosen based on ear-  For the unrelaxed tube the five parametars{, h’, ¢,

3 P
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FIG. 2. LDF band structure and DOS for a series of similar diameter narrow SWNT's at the equilibrium geometry of Table I, including:
@ (5,0), (b) (4,2), and(c) (3,3) nanotubes. Also shown as broken lines are the corresponding band structures from the simple GSM
obtained by assuming,=—2.5 eV and aligning:¢ with the LDF values shown as horizontal dashed lines.
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and h) can be easily expressed in terms of and n,.'>  where the LDF and GSM band structures for the (4,2)
Starting from these unrelaxed values, the optimized valueSWNT are depicted. If the GSM were applicable, then the
given in Table | are then obtained by minimizing the energy(4,2) would be a direct band-gap semiconductor with a gap
of the tube with respect to their variations. By constructionapproximately 15% larger than the (4,3). However, Fidp) 2
this procedure maintains the helical and rotational symmeand Table | show that the (4,2) is an indirect band-gap
tries of these tubes but not necessarily their translationaemiconductof’ with a gap approximately 75% smaller than
symmetry. the (4,3).

First, focus on the subset of zigzag tubes in Table | and Finally, consider the (3,3) SWNT that is the only arm-
consider the (6,0), which has already been studied by Blasehair tube among the set of narrow nanotubes treated in
et al!® Within the GSM the (6,0) is predicted to be metallic. Table I. The LDF band structure and DOS for this tube at the
However, contrary to the assumptions of this model, this an@ptimized geometry of Table | are given in Fig(cR The
all other (0,0) SWNT's should have two different-€C  optimized radius of this tube is 0.21 nm, close to that re-
bond lengths: one corresponding to bonds oriented along theorted by Qinet al2 As can be seen from Fig(®, this tube
tube axis and the other corresponding to the remaining offhas a first-principles electronic structure in the immediate
axis bonds. Once this effect is taken into account, t@)(  vicinity of the e similar to that predicted from the GSM,
SWNT's, with n being a multiple of three, are found to be with two bands of different symmetry crossing approxi-
quasimetallic with small band gaji$that scale as 2.?**>  mately 2/3 across the zone ameg pinned at this crossing.
Indeed, this scaling has been confirmed experimentally starfAlso, the magnitudes of the Fermi velocities corresponding
ing with tubes as narrow as the (9,)Table | shows, how- to these two bands are similar. Of course, due to the effects
ever, that rather than being quasimetallic, the (6,0) is actuef curvature the bands do not cross exactlyat27/3 and
ally metallic. Our calculated band structure at thethe magnitude of their slopes at are not identical. In ad-
equilibrium geometry does exhibit a small gap neamwhich  dition, the positions of the peaks in the DOS nearestfo
would have separated occupied from unoccupied states, if dliffer from what would be expected based on the GBKE
were not for a partially occupied singly degenerate bandNevertheless, Fig.(2) shows that the GSM does provide a
This band is also present in the graphene sheet and aljood starting point for understanding the electronic structure
valence tight-binding (6,0) band structures, but in thoseof this narrow metallic SWNT in the immediate vicinity of
cases completely empty because of the neglect of longers. However, in comparison to larger diameter1f) tubes,
range interactions including those across the tube. These rére (3,3) should be far more susceptible to a spontaneous
sults are consistent with the original studies of Blasal'®  symmetry breaking that could convert it into a

Unlike the (6,0), the smaller diameter (5,0) and (4,0) semiconductor. Thus, if the narrow (3,3) armchair SWNT
SWNT’s are semiconductors within the GSM, with band
gaps exceeding an eV for reasonable choices of the neares* 0.08 ————— ——
neighborp p-7 interactionV,.® The results of Table I show,
however, that these zigzag SWNT's should also be metallic.
Again, this occurs because a singly degenerate band is Iow’g\
ered enough by interactions across the tube to convert thes £
SWNT'’s to metals. This band can be seen in Figy,2vhere
the LDF band structure and density of statB©9) for the
(5,0) SWNT are depicted. Such a singly degenerate banc
occurs in all ,0) SWNT's, but for quasimetallic tubes as
narrow as the (9,0) lies too high in energy to affect the state
neareg .

Based on the results for the narrow zigzag SWNT's, it
might be tempting to conclude that all narrow SWNT'’s are
metallic. However, this is not the case. Indeed, the results of
Table | when combined with those from earlier first-
principles studies of larger diameter SWN¥%22imply that
the (4,3) SWNT has the largest band gap of all possible
SWNT’s. In addition, for a reasonable choice\d, the cal-
culated band gap for this tube is close to that predicted from ol v e
the expressiorEy=|V,|d/r obtained from the simple GSM l 82 S —— 3
by ignoring the effects of trigonal warpirig:1® Radius (nm)

The (4,2) and (3,2) SWNT's also have appreciable band g 3 Normalized strairE, (circles and edgeE, (black
gaps. Like the (4,3), both of these tubes are also predicted @y ares energies of narrow SWNT's, witk, fit to C/r2 with C
be semiconductors within the GSM, but unlike the (4,3),-0.021 evnm and E, fit to b/r with b=0.110 eV nm;r=r,
their band gaps cannot be estimated from this model. Alsoyhen the curves intersect. Points ey are for the tubes of Table |
unlike the (4,3), the character of the HOMO-LUMO pair plus a relaxed (3,0). Points fd, are for the (,0) tubes withn
determining their band gaps is far different from what would=3-6. Inset shows a couple unit cells of a strip and corresponding
be predicted from the GSM. This is illustrated in FigbR  (5,0) tube segment.
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could not only be made but also isolated, it would be worth-of atoms given byNs=4(n3+n3+n;n,)/L, whereL is the
while to search for a Peierls gap and any accompanying tdargest common divisor of 2 +n, and 2,+n;.%® Hence,
pological excitations. E. was calculated only for the zigzag tubes. This simplifica-
Table | shows that SWNT's as narrow as the (4,0) ar&jon should not significantly affect the fitting shown in Fig. 3
locally stable. However, .the glot_)al stability of an i_s_olatedthat results inr,=0.191 nm. Although this . is within the
SWNT should be determined mainly by the competition be'range of predictons based on semiempirical
tween the strain introduced by rolling up a planar graphen%pproacheéﬁomPenget al.observed a SWNT with a radius

strip to form the tube and the decrease in energy resultingf 0.165 nm which they suggested was a (4,0) SVINT

from the elimination of the dangling bonds along the edgeﬁ—mwever because the radius of this tube is mearit could

of the strip. The normalized strain enerBy defined by the : .
difference between the total energy per carbon of the nanotze mechanically stable at room temperature, but energeti-
tube and that of the graphite sheet, should scale 32329 cally unstable with respect to the corresponding Sttipany

. K e event, our calculated value of indicates that the narrow
On the other hand, the normalized "edge energy'defined g\ g found encased in multiwalled tuBésand zeolite$,

by the d|fferenc_e_ betv_veen the total energy per carbon of a isolated, should be stable against complete unzipping
extended graphitic strip and that of the graphite sheet, should

_% 3031 o along the nanotube axis.
scale ag ~~.”"""*Hence, as decreasek will increase more ,
) : : . - . In summary, although many of the narrov SWNT’s are
rapidly thanE,, implying the existence of a critical radiug

such that iff =t then the nanotube is unstable with respec stable and can be either semiconductors or metals, their elec-
c’ P ttronic structure neagy often cannot be understood starting
to the planar stripE>E,).

Spin-unrestricted results fdE. from relaxed strips are from the graphene sheet model.
compared toEg in Fig. 3. Even for narrow SWNT's the This work was supported by ONR both at OSU and NRL.
translational unit cell of the strip can contain a large numbet.C. and J.W.M. also acknowledge support by OSU.
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