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Structures and electronic properties of small carbon nanotube tori
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Fullerenes and nanotubes are promising candidates in the development of nanodevices. Recently, a form of
carbon nanotube torus structures has been observed. In this regard, we have investigated the geometries,
electronic structures, and energetics of small carbon nanotube tori, using both the tight-binding and semiempir-
ical quantum chemical approaches. It is shown thgt nanotube tori behave like semiconductors, willlg,
nanotube tori exhibit metalor metal-like characteristics similar to bent nanotubes. We show thaDthe
nanotube tori, which are as stable as the corresponding fullerenes, are energetically more favored than the
corresponding nanotubes. In particular, the pentagons dd theanotube tori are less deformed than those of
bent nanotubes anidg,, nanotube tori. This indicates that such small nanotube tori could be observed under
optimal kinetic-driven conditions and eventually utilized as nanodevices.

Fullerene$ and carbon nanotubé€ tube$ (Ref. 2 have  tubes are connectd@;,, and Gy, (type 1) and Ggg, Cs7g.
attracted a lot of interest because these fascinating carbaihd G (type 1V)]. New types(typen’) of C tori can have
clusters have shown great promise in the development ofarious types of symmetryQs,, Dgn, and D) wherein
futuristic nanodevices and nanomaterfal®ecently, the segments ofif,n) armchair and (8+ 1,0) zigzag tubes are
groups of Smalleland Avouri$ have reported rings of C connected. We have noted that Dunlap’s typean also be
tubes(carbon nanotube tori with radius ef300 nm), using  extended to have other symmetri€s(,, D;;,), but its struc-
scanning force and transmission electron microscopy. ture and property are not very different from those of the

The structures of these carbon nanot@ritori) were theo- typen’ C tori, so we do not include it in the subsequent
retically suggested by Dunldpfollowed by ltohet al.” Us-  discussion. Instead, Fuls & Cigy, Coa0, and Gyg), arm-
ing a tight-binding(TB) model® Dunlap introduced C tori of ~chair (n,n), and zigzag 1§,0) C tubes as well as the carbon
Dgn symmetry made up of armchair and Zigzag C tube seggraphite sheet were investigated for Comparison. All these
ments. On the other hand, Ita al. investigated C-tori of Structures were completely optimized using both theoretical
D5y Symmetry with large ratios of width to diameter, basedapproaches. The structural paramet@eerage radius ,,,
on a Goldberg transformatidaising an empirical potentidf. ~ cylindrical cross section radius.;), average value of the
While theDgy, C tori contain 12 pairs of pentagons and hep-€nergies per carbon ator(), and energy band gapg ;)
tagons, the correspondifdsy C tori contain ten pairs. The Of Fuls, C tori, C tubes, and graphite are listed in Table I.
heptagons reflect surfaces with negative curvatbitnother ~ Figure 2 shows the dependenceifon the number of car-
structural model for C tori can be constructed by bendingoon atoms(N) for various types of carbon clusters of Fuls
and connecting both ends without introducing pentagons andnd C tori, which are compared with C tubes and graphite
heptagons. In such cases the tube lengths are extremely lofeet. Since the reference energies of TB and PM3 methods
and hence can be simply to be a special case of a very lor@gfe different, theE.'s of TB are compared with those of
C tube. PM3 with an offset value.

Previous studies of C tori by Dunlap and Itehal. were In the case of Fuls, aN increasesE, gets lowered, and
based on different calculational schemes, so a direct conEgap decreases toward the values of graphig = —8.07
parison of the properties of different types of C tori cannoteV, Eg,;=0 €V). The dependence d&; on N (for N>1)
be made. Furthermore, the electronic structur®gf C tori  follows the classical theory of elasticit}, AE.=(—11.92
have yet not been reported because the structures were if-8.28 InN)/N, where AE is the difference irE. between
vestigated with simple empirical potentials. Therefore, theFul and graphite.
focus of the paper is to compare the properties of these dif- The Dgyq C tori show a trend in energy similar to that of
ferent C tori using theoretical approaches employing TBFuls; i.e., with increasingN, E. gets lowered, an&,, de-
method with parameters of Xet al? and the semiempirical creases toward the values of graphite. The dependerig of
quantum chemical parametrized metho@813).23 The sta- on N also follows the classical theory of elasticixE .=
bilities of various C tori are compared with those of icosa-(—9.27+ 14.14 InN)/N.
hedral fullerenegFuls) and single wall C tubes. Both the TB On the other handg.'s of Dg;, C tori mainly depend on
and PM3 methods show consistent results. the types of C-tube segments connected together, but only

We have investigated various types of carbon clusterslightly on the length of C-tube segmentspfand Gyg are
Cu, Viz., C tori of D54 symmetry of Itohet al. (Cy59, Csgo, made up of (3,3) and (6,0) C-tube segmetype Ill), while
and Ggg), Dunlap’s C tori ofDg, symmetry, and other types C,gp, Cs76, and Ggg are made up (4,4) and (8,0) C-tube
of C tori (Fig. 1). Dunlap’s C tori can be classified as types segmentstype 1V). In these cases, the valuesEf andEy,,

n wherein segments ofn(n) armchair and (8,0) zigzag highly depend on the type, whereas for a given typ&, is
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FIG. 1. Optimized structures
of various types of carbon nano-
tube tori.

almost constant regardless Mf andEg,, changes little with  C torus has a broad peak, while tbgy, torus have a few
respect toN. This indicates that the properties Bf, C tori  sharp peaks. In both cases, 1.42 A péahich is present in
are inherited from the composing C tube components. Thegraphite is dominant. From these peaks, we expect that the
results indicate that thE. of Dgy, C tori is around(or only  Dsy torus shows gradual deformation from graphite, while
slightly higher thap the weight average value of the two the D¢, torus shows abrupt deformation at the joint regions.
different C-tube component@rmchair and zigzag tubgs In ADFs [Fig. 3(b)], the Dgq4 torus shows a broad peak
since the energy increase due to adjoined parts is only aear~120° and small peaks near108° and~128° corre-
small fraction of the total energy contribution. SinEg's of  sponding to pentagons and heptagons, respectivelyDEhe
(6,0) and (3,3) C tubes are, respectively,7.71 and torus shows sharp peaks near 120° and small broadly split
—7.61 eV, theE.’s of type-lll Eg, C tori (Cgp4, Csgo, ...)  peaks near~108° in the joint regions between different
are —7.66 eV (the average value of two C-tube segmentsC-tube segments, indicating highly deformed pentagons. Ex-
which have almost the same weigh®imilarly, theE.'s of  cluding the joint regions, the electronic structureldf, C
type-IV Dgy, C tori (Cygg, Cs76, Cres, - - - ) [which are com-  torus retains some characteristics of C tubes. On the other
posed of (8,0) and (4,4) C-tube segments whigs are  hand, the small and gradual deformation in g, C torus
—7.84 and—7.81 eV, respectivelyare around—7.8 eV.  results in a largeiEy,, than the abrupt deformation in the
Thus, one can expect that tlg’s of type V of Dg,, C tori D¢y C torus.
[which are composed of (10,0) and (5,5) C-tube segments The local energy distributiofFig. 3(c)] shows that the
whoseE_'s are —7.96 and—7.89 e\] are around—7.9 eV.  pentagons of théDg, torus are highly deformed and less
Of course, slightly different C tori can be made up certainstable than those of thBsq4 torus. In theDg, C torus, the
short C-tube segments and another long C-tube segments. local energies of carbon atoms are nearly same as those of
this case, thé&, could be around the weight average value ofthe corresponding C tube except for carbon atoms near the
two C-tube segments. Regardless of symmedigys of type  interface between the C-tube segments. Inhkg C torus,
n’ C tori are similar to that those of type(Dg;,). However, the local energies are much less spread out than those in the
in type n’, the pentagonal shap®§,) tends to be slightly Dgy torus. Thus, in the case @fs4 C tori, the local energy
more favored energetically. distribution(for carbon atorpis rather uniform, while in the
Figure 3 shows the radial distribution functiofRDFS9, case ofDgy, C tori, the carbon atoms in the junction regions
the bond angle distribution functiorf®\DFs), and the local between two different C-tube segments have very different
energy distribution of selected carbon cluste@gs(Dgp; electronic properties from many other carbon atoms. The
V), Cs50(Dsq), and Gq (Ful)]. In RDFs[Fig. 3@)], theDsgq uniform distribution of local energy per carbon atomDgy
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FIG. 2. Dependence of the energy per carbon atom on the number oé
carbon atoms for icosahedral fullerenes and carbon nanotube @gyaind
Dgn symmetries. The energies of carbon nanotubes and graphite are also
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TABLE I. Average radiugr,,(rg) in A), total energy per carbon atori{ in eV), and HOMO-LUMO
gaps Egapin eV) of Fuls, C tori, and C tubes.

number of carbon atoms (N)

PM3
Type N Mav ( r cyl) Ec Egap lav ( r cyl) Ec
Fullerene
60 3.595 —7.70 1.56 3.546 0.59
180 6.156 —7.89 1.18 6.121 0.32
240 7.133 —7.93 1.02 7.055 0.29
540 10.636 —7.98 0.72 — —
Nanotube torus
Dsq 120 4.744(2.017) —7.58 0.93 4.716(2.004) 0.68
360 8.096(3.447) —7.86 0.32 8.048(3.422) 0.35
480 9.310(4.025) —-7.91 0.32 9.254(4.000) 0.30
Dgp, (111 324 10.265(2.245)  —7.66 0.04 10.249(2.224) 0.60
540 16.950(2.263)  —7.66 0.00 16.814(2.254) 0.63
Dgp (IV) 480 11.608(2.911)  —7.80 0.27 11.564(2.890) 0.43
576 14.878(2.615) —-7.81 0.15 — —
768 17.777(2.991)  —7.82 0.04 — —
Dsp (IV') 590 14.662(2.806)  —7.81 0.25 — —
Degn (IV') 612 15.083(2.816)  —7.80 0.01 — —
Do, (IV') 630 15.559(2.788)  —7.76 0.32 — —
Nanotube
(10,10) 0 6.780 —8.01 0.00 — —
(5,5) o 3.390 —~7.89 0.00 — —
(4,9) w 2.712 -7.81 0.00 — —
(3,3) w 2.034 —-7.61 0.00 — —
(10,0) ® 3.914 ~7.90 0.59 — —
(9,0) w 3.523 ~7.86 0.09 — —
(8,0) w 3.132 ~-7.84 0.99 — —
(6,0) o 2.347 -7.71 0.20 — —
Graphite o — —8.07 0.00 — —
C tori would make the pentagons and heptagons frontier or-
bitals describing the large band gap. Thus these C tori be-
E(TB) have like a semiconductor.
I nanotc;ri (0, Hanotubes . 3verlaying tWOE g,ps of two C tubes comprisipa C _tori
nanotori Il (D,,) nds to make th&,, of a torus smaller than the minimum
L 4-76 — (33 of two Eg,ps (often much smaller in the case of mismatched
o overlaying band gapsThe D5y C tori behave like a semi-
nanotori IV’ ----(s,o()4 Y conduc;or, whcile theE%?,;s dﬁcreas;a \r/]vith increasirg. Eheb
A g EyapS Of Dgy, C tori reflect those of their composing C-tube
i e 78 j?‘sm cgnﬁponents. Since thE%ap’s of (k,k) and (%,0) C tubes
i 90 (k: integed are ~0 eV>® the Dg, C tori of types % and
'\(f’s) (3k+1)" are expected to be metallic. Indeed, the type-ll
= / _ - -8.0 _(10’(1;’0) and -1IV' Dg, C tori are predicted to be metallicE(,~0
| fullerenes nanotori IV (D) | —— Graphite gV). The type-IVDg, C tori are semiconductor and metal-
like (EgapS Of Cygo, Cs76, and Gegare 0.27, 0.15, and 0.04
, , , 82 ev, r_especti_vely Dgn C tori tend to show smaller band gaps
0 200 400 600 800 with increasing size due to the structural approach toward the

graphitelike structure. For type IV Csq9(Dsp), Ce12(Den),

and Gzo(D7,) C tori showEy,gs of 0.25, 0.01, and 0.32
V, respectively.

Figure 4 shows the density of states and local density of

given for comparison. The PM3 and TB values are represented by solid angtates of pentagon and heptagon rings @fo(Dsq), Cres
open symbols, respectively.

(IV; Dgn), and Ggo(IV'; Dsp), and Ggo(IV'; Dyy). In the
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FIG. 3. (Color (a) Radial distribution functions for the nearest neigh- 1
bors; (b) bond angle distribution functions of;£5(Dgn; 1V), Cago(Dsp), o & B )
and G, (Fuls), which are represented in blue, red, and black lines, respec- -05 -0.25 0 0.25 0.5
tively; (c) local atomic energy distributions of,g and Cg,, Wherein the energy (eV)

most stable and unstable atoms are indicated as violet and red colors, re-

spectively, while other atomic energies are represented in the order of the £ 4. Density of states near frontier orbit&SOMO and LUMO) for
rainbow colors(units in eV Cago(Dsq), Cres (IV; Den), Coso(IV'; Dsy), and G (IV'; Doy). Dotted
and dashed lines represent local densities of states of pentagon and heptagon

Cuso(Dsg) torus, the highest occupied molecular orbit rings, respectively, while solid lines represent the total density of states.

(HOMO) is almost fully described by atomic orbitaldOs)  characteristics. However, a clearer understanding of these in-
of heptagon rings, while the lowest unoccupied moleculakeresting phenomena would be needed with further study.
orbit (LUMO) by pentagon rings and some of their neighbor  Since bent C tubes have often been seen in many experi-
atoms. The Go(IV'; Dyy) torus shows that the HOMO ments, Dunlap’s C tori oDg, symmetry are found to be
comprises mostly AOs of pentagon rings, while the LUMO particularly interesting, and his work would be useful since
comprises mostly AOs of heptagon rings. Thus, in cases dhe Ey,gs of Dg, C tori can be predicted from the C tubes
Dsy and D+, tori, the frontier orbitals of the HOMO and bent by 60°. On the other hanDgy C tori are energetically
LUMO are described mostly by the AOs of pentagons andmore stable than other C tofjoined by C tube segments
hexagons, so that the distinction between HOMO andand C-tubes, and almost as stable as Fuls. This indicates that
LUMO densities is very clear. This results in an opening ofsmallDgy C tori could be made under optimal kinetic-driven
Egap for Dsg (andDsp,) andD+y, . On the other hand, in the conditions, as various Fuls and bent C tubes have been ob-
C.es (IV; Dgp) torus, the frontier orbitals of the HOMO and served. The small C tori could eventually be utilized as use-
LUMO are mostly described by the AOs of hexagons, so thaful nanodevices such as nanosolenoids and nanotrans-
the distribution between the HOMO and LUMO densities isformers.

not noticeable, and thEy,, is negligible, resulting in metal This work was supported by MOST/KISTEERI).

*Corresponding author. M. Goldberg, Tohoku Math. J43, 104 (1937; P. W. Fowler,
1H. W. Kroto et al, Nature(London 318, 162 (1985. Chem. Phys. Lett131, 444(1986.

>S. lijima, Nature(Londor) 354, 56 (1991). 10F, H. stillinger and T. A. Weber, Phys. Rev.®, 5262(1985;
3Sander J. Tanst al, Nature(London 386 474(1997); Walt A. 33, 1451F) (1986.

de Heeret al, Science270, 1179(1995; A. G. Rinzleret al,
ibid. 269 1550 (1995; A. C. Dillon et al, Nature (London
386, 377(1997.

4Jie Liu et al, Nature(London 385 780(1997).

SRichard Martelet al., Nature(London) 398 299 (1999.

5B. I. Dunlap, Phys. Rev. B6, 1933(1992.

"Satoshi Itoket al, Phys. Rev. B17, 1703(1993; ibid. 47, 12 908
(1993.

8D. H. Robertsoret al,, Phys. Rev. B45, 12 592(1992.

A, L. Mackay and H. Terrones, Natufeondor) 352, 762 (1991);
T. Lenoskyet al, ibid. 355 333(1992; D. Vanderbilt and J.
Tersoff, Phys. Rev. Let68, 511(1992.

12C. H. Xuet al, J. Phys.: Condens. Mattdr 6047 (1992.

133.J. P. Stewart, J. Comput. Chehd, 209(1998; 10, 220(1998.

143, Tersoff, Phys. Rev. B6, 15 546(1992; Satoshi Itoh, Pablo
Ordejm et al, ibid. 53, 2132(1996.

15N, Hamadaet al, Phys. Rev. Lett68, 1579(1992.



