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Abstract 

Theoretical studies of the electronic and structural properties of carbon 
nanotubes and nanotubes composed of boron, carbon and nitrogen are 
presented. Structural stability, hybridization effects, static dielectric 
response, incorporation of metal atoms, and collapsed tube structures are 
calculated. Nanotubes of BN, BC3, and BC2N are predicted to form and 
have very different properties from those of the carbon systems. BN · 
nanotubes are found to be constant band gap insulators with novel free
electron tubule states at the conduction band minimum. The possibility 
of chiral currents in doped BC2N nanotubes is shown. 

1. Introduction 

It was just four years ago S. Iijima published his seminal paper reporting the discovery 
of the carbon nanotubes [1]. Over this relatively short period, nanotubes has become a 
highly active and rapidly growing field. Tremendous progress has been made in many 
fronts including means for high yield production of multi- and single-wall carbon 
nanotubes, incorporation of foreign atoms into the tubules, theoretical understanding of 
their structural, electronic and mechanical properties, prediction and synthesis of new 
classes of nanotubes involving noncarbon elements, and numerous possible applications 
of these novel materials. 

In this article, we give a short review of some selected theoretical studies on the 
structural and electronic properties of nanotubes with emphasis on the prediction and 
understanding of the properties of small radius carbon nanotubes and nanotubes 
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composed of boron, carbon, and nitrogen atoms. The other articles in this Volume will 
undoubtedly cover the many other fascinating aspects of nanotubes. 

The structure of the article is as follows. Carbon nanotubes are discussed in 
Section 2. Total energy results predict that the tubules are stable down to very small 
radii. Re-hybridization of the graphene network states is shown to be as important as 
band-folding effects in determining the metallicity of small radius tubules. Calculation 
of the static polarizability tensor of these tubules reveals a rather unique dependence on 
their electronic and geometric structures. The structure and properties of carbon tubules 
doped with alkali metals in the interior are also investigated. Although metallic K does 
not wet graphite, we show that very small diameter tubes do incorporate K atoms. 
Finally, a study of the recently observed collapsed carbon nanotubes (or nano-ribbons) is 
presented. 

The B-C-N nanotubes are discussed in Section 3. We predict the formation of BN, 
BC2N, and BC3 tubules with strain energies which are in fact slightly more favorable 
than those of the carbon nanotubes. The BN nanotubes are predicted to be constant band 
gap materials, independent of their radius and helicity; and the conduction band 
minimum is composed of a novel "free-electron-tubule" state with wavefunction 
amplitude concentrated in the interior of the tube away from the tubule wall. The 
existence of chiral currents in these nanotubes, in particular for the BC2N tubules, is 
explored. 

Section 4 provides a summary and some conclusions. 

2. Carbon Nanotubes 

2.1 , STABILITY, ELECTRONIC STRUCTURE, AND HYBRIDIZATION EFFECTS 

In additional to the multi-wall carbon nanotubes originally reported by Iijima, single
wall tubules with a narrow distribution of diameters have been synthesized using arc 
discharge with transition metal catalysts [2]. In this subsection, we focus our 
discussion on the energetics and electronic structure of the small radius single-wall 
nanotubes [3]. Questions of particular interest are: 1) How does the tubule curvature 
affect the electronic states, and 2) what is the structural stability of the very small radius 
tubes? 

Although there are still only few direct experimental data on these systems, the 
electronic structures of the carbon nanotubes have been predicted early to be highly 
unusual and sensitive to their geometric structures, varying from metals to 
semiconductors depending on size and chirality [4-6]. This prediction, verified by tight
binding calculations, results from the unique electronic structure of a single graphene 
sheet, which has a Fermi surface consisting only the six comer points of the hexagonal 
Brillouin zone, and a band-folding assumption that the tubule electronic bands near the 
Fermi energyEF may be obtained from the 1t bands of a graphene sheet by applying the 
tubes' azimuthal periodic boundary conditions. This picture is expected to be valid for 
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large tubes. However, since tubules with radius as small as 3.5A have been 
experimentally produced; hybridization between the 1t and cr states may be important. 

Calculations [3] based on the ab initio pseudopotential local density functional 
(LDA) method indeed show that sufficiently strong hybridization effects do occur in the 
small radius tubules which significantly alter their electronic structure from those 
obtained in previous tight-binding calculations. Strongly modified low-lying 
conduction band states are introduced into the band gap of insulating tubes because of 
hybridization of the cr* and 1t* states. As a result, the LDA gaps of some tubes are 
lowered by more than 50%, and the (6,0) tube (in the notation of Saito et al [5]) which 
previously predicted to be semiconducting is shown to be metallic. The calculated band 
gaps of several selected nanotubes are given in Table I. 

' 

Table 1. Band gap (in eV) of selected carbon tubes. 
For the metallic case, the overlap of the bands is 
given as a negative gap 

Tubes 113 ill A 

(6,0) 0.05 (-0.83) 
(7,0) 1.04 0.09 
(8,0) 1.19 0.62 
(9,0) 0.07 0.17 

Beside the dramatic change in the (6,0) tube, we see in Table I that within LDA the 
tubes (7,0) and (8,0) are semiconductors, consistent with tight-binding calculations, but 
with a much smaller gap. This discrepancy is due to the existence of a singly 
degenerate cr* - 1t* rehybridized state which is much lower in energy in the LDA 
calculations than in the tight-binding work. 

The LDA band structure and density of state (DOS) for the tube (6,0) are shown in 
Fig. 1. The state labeled (a) is the singly degenerate state mentioned above. At the 1 
point, this state is 0.83 e V below the doubly degenerate state that forms the top of the 
valence band in tight-binding calculations. This band overlap makes the (6,0) Lube a 
metal. In general, the discrepancy between tight-binding and LDA calculations decreases 
as the radius of the tubules increases. This is consistent with Lhe fact Lhat, in large 
tubes with small curvatures, the interaction between the cr and 1t bands become 
increasing negligible, and the nanotube band structure can be given with increasing 
accuracy by "folding" the graphite sheet band structure. 

To illustrate the hybridization effect further, we show in Fig. 2 the charge density 
distribution for the state (a) at r for the tube (6,0). The wavefunction for this state is 
mostly localized outside the tube. If this state is 1t or 1t* derived, it would have equal 
weight inside and outside the tube. Analysis of other (n,O) tubes also indicates that this 
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Fig. 1. Band structure and DOS of the carbon nanotubc (6,0). 

Fig. 2. Charge density of state (a) in Fig. 1. 
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state should be mostly outside of the tubes fork-vectors near the zone center. Thus, for 
the small radius tubes, cr* - 1t* hybridization is as important as band-folding effects in 
determining the metallicity of small radius tubes. 

In terms of stability, total energy LDA calculations[3] revealed that the carbon 
tubules are energetically stable with respect to strips down to quite small radii. Plotted 
in Fig. 3 is the calculated strained energy per atom (relative to the energy per atom of a 
graphene sheet) as a function of the diameter for several small tubules. The solid line is 
a fit, which scales as d-2 (where dis the diameter) as given by classical elasticity theory. 
Thus, for the strain energy of the tubules, the elasticity picture holds down to 
subnanometer scale. We shall use this relation later in our discussion of collapsed 
nanotubes. Also shown in Fig. 3 is the energy per atom (above that of a graphite sheet 
because of the dangling bonds on the edges) for the case of a (6,0) strip. As seen from 
the figure, strip formation is not favored since the energy/atom scales as d-1. For 
example, for a (6,0) tube with diameter of d=4.78 A. its calculated energy is lower by 
more than 0.2 eV/atom compared to that of the corresponding strip. The elastic energy 
in the tubule is still considerably lower than the dangling bond energy in forming the 
strips at d=4 A, in agreement with a previous classical force-field calculation [7]. 
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2.2 STATIC POLARIZABILITIES 

Since the electronic structures of the carbon nanotubes are highly sensitive to their 
geometric structures, an interesting and importance issue is then the geometric 
dependence of the e}ectric polarizabilities of such tubes. To explore this issue for a 
large number of carbon tubes of varying size and chirality, a tight-binding calculation 
for the static polarizabilities has been carried out for the case of a uniform applied 
electric field [8]. The unscreened polarizability a 0 is calculated within the random 
phase approximation with basically one adjustable parameter fitted to the polarizability 
of C6o [9]. Because of the cylindrical symmetry of the tubes, the polarizability tensor 
may be divided into components perpendicular to the tube axis, <lQ.l, and a component 
parallel tO the axis, ao 11 • Using arguments analogous to those used for C6Q [10,11], 
local field corrections to the screened polarizability tensor may be included classically 
via the relations (for an infinitely long tube): 

and 

<Xo.l <X.i- _ __..;:::=--
2<Xo.l 

1 + --2-
Reff 

a II - <Xoll 

where Retf- R+SR is an effective radius of the tube with SR-1.2A. 

(1) 

(2) 

The calculated results for the unscreened polarizabilities <lo.l and <lou as a 
function of the tube radius are presented in Figs. 4 and 5, respectively. The trends 
obtained are quite striking. Figure 4 is consisted of results from 17 different tubes 
with very different band gaps. The theory shows that <lo.l is totally independent of the 
band gap Eg and is linearly proportional to the radius square. The latter may be 
understood from classical arguments; but the former is rather unexpected. The non 
dependence of the <lo.l on Eg is basically a consequence of selection rules in the dipole 
matrix elements [8]. For a uniform electric field perpendicular to the tube axis, the 
symmetry of the electronic states dictates that the dipole matrix element between the 
highest occupied states and the lowest unoccupied states to be zero in the band-folding 
picture. This leads to the insensitive of the polarizability to the minimum gap of the 
electronic structure of the tubes. Figure 5, on the other hand, shows that a 0 u is 
proportional to R/Eg2, which is consistent with the static dielectric response of standard 
insulators. 

The effect of local fields, at least within the simple model given by Eqs. (1) and 
(2), is to saturate <X.i for large a 0 j_, but leave au unaffected. The basic conclusion is 
then, in general, the polarizability tensor of a carbon nanotube will be highly 
anisotropic with a 11 » a.l. 
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2.3 ALKALI METAL INCORPORATION 

Capillary action of foreign atoms or molecules into carbon nanotubes have been studied 
theoretically and experimentally [12,13]. In particular, the encapturation of metals is of 
interest for the possible fabrication of nano-scaled wires. Because of confinement, 
metals inside tubules may form new phases which do not exist under other conditions, 
including the possibility of new superconductors. The surface tension of the liquid 
metals has been proposed as a key factor in determining whether capillary action (or 
wetting) occurs [14], with a threshold of 190mN/m or less for wetting. Using this 
criterion, K atoms would not be captured inside the carbon nanotubes while Rb atoms 
would. 

Recent total energy calculations [15,16] for linearly-aligned arrangement of metal 
atoms in the nanotubes however showed that the classical wetting picture of capillary 
action may not be applicable on the subnanoscale. For example, in the case of K atom 
incorporation, it is found that exothermic cohesion does occur for tubules with 
diameters less than 1 nm. The calculated heat of formation can be greater than 1 e V per 
K atom depending on tubule diameters as shown in Table II. The most favorable 
diameter for cohesion is found to range from 5 to 6 A. (The heat of formation is 
obtained by subtracting the energy of a K-doped tubule from the sum of the energies of 
the isolated systems of bulk K metal and an undoped tubule.) 

Analysis of the electronic structure shows that the origin of the cohesion is one of 
an ionic interaction, with charge transfer of one electron from the K atom to the tubule 
conduction bands. Further, the energy barrier for sliding of K chain inside the tubules 
considered is found to be the same order of magnitude as that of K-diffusion in the 
graphite intercalation compounds [17,18]. Thus K intercalation into small radius tubes 
is expected to occur easily when vapor phase K is used as a source. Another interesting 
result is that, because the electrons of the K atoms are transferred to the tubule bands, 
the conductivities of these K-doped small tubules will be dominated by carriers on the 
tubule walls rather than on the K-chains. 

Table II. Heats of formation Eh of the (n,O) tubules _ 

having K atoms inside. 

Tubes D(A.) En ( e V /K atom) 

(6.0) 4.78 - 0 
(7 ,0) 5.56 1.12 
(8,0) 6.34 1.07 
(9,0) 7.13 0.30 

, 

. r 
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2.4 COLLAPSED TUBULES: TWIS1ED RIBBON STRUCTIJRES 

Carbon nanotubes are expected to be very strong along the axial direction because of the 
strength of the carbon-carbon bond. However, they may distort perpendicular to their 
axis. Indeed, nanotubes observed, either single- or multi-wall ones, are often far from 
perfect. Bends, folds, localized kinks, and other defects have been reported by various 
groups. An outstanding question has been whether or not a nanotube could ever suffer 
complete collapse along its length. Recent experimental observation using 
transmission electron microscopy confirmed that fully collapsed multiwall carbon 
nanotubes, i.e. nanoribbons, do occur quite naturally under appropriate conditions [19]. 

Theoretically, it is shown that for a given range of tube parameters, a completely 
collapsed tube is energetically favorable over the more familiar cylindrical nanotubes 
[19]. This behavior may be modeled using elasticity theory together with the van der 
Waals attraction between graphene sheets. The basic phy~ics may be understood as 
follows. For a single-wall inflated tube, the energy per length (relative to the flat sheet) 
is given by 

Etube = nk/R, (3) 

where R is the radius and k the curvature modulus which may be obtained from total 
energy calculations [3]. However, for a fully collapsed single-wall tube with the 
opposite tubule walls at a van der Waals distance away from each other as shown in 
Fig. 6, the energy per length will be composed of a higher curvature energy due to the 
edges which is independent of the radius Rand a negative van der Waals contribution 
from the interaction of the opposite faces of the wall, i.e., 

Eribbon = constant - Evdw x (nR -a). (4) 

Since Eribbon linearly decreases with R, at sufficiently large radius, the collapsed tube 
would have a lower energy than the inflated tube. We note that the constant 
corresponding to the edge curvature energy in Eq. (4) increases with the number of walls 
N on the tube. The critical radius Rcrit(N) over which the collapsed tube will be 
favored is an increasing function of N. 

Using an experimentally determined value of Evdw = 0.02 eV/A2 [20] and a 
curvature modulus k of 1.4 e V from LDA total energy calculations [3), we have 
performed a variational calculation for the cross-sectional shape and Rcrit(N) of the 
collapsed tubes. We found RcritO) "" 8d and Rcrit(8) "" 19d where dis the van der Waal 
distance. Fig. 6(b) depicts the predicted cross section for an N=8 collapsed tube with 
radius R = Rcrit· The outer width of this ribbon structure is 238A which is slightly 
greater than but comparable to a measured width of ""200A for the N=8 collapsed tube 
observed experimentally [19]. 

The existence and stability of these new nanotub{structures may have implication 
on their electric and mechanical properties. For example, the electronic structure of a 
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Fig. 6. (a) Schematic diagram of a single-wall collapsed tube. 
(b) Theoretically modeled 8-wall fully collapsed tube with 
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collapsed carbon or other nanotube may be significantly different from the fully inflated 
structure. Mechanically, the bending of a ribbon is expected to be much easier than that 
of a cylindrical tube. 

3. BN, BC3, and BC2N Nanotubes 

Based on the similarities among graphite, hexagonal boron nitride, and various 
boron-carbon-nitrogen compounds, it is reasonable to expect that nanotubes composed 
of boron, carbon, and nitrogen would be stable. Specific B-C-N nanotubes have been 
predicted [21-25], and their synthesis achieved recently in experiments using various 
techniques [26-30]. The properties of this new class of nanotubes are calculated to be 
quite different from those of the carbon nanotubes. 

3.1 ENERGETICS 

In addition to hexagonal BN, the lesser known compounds of BC3 and BC2N 
[31 ,32] also crystallize into graphitic-sheet-like structures. LOA total energy 
calculations have predicted that tubules of all three compounds are stable [22-24]. The 
strain energy required to roll the sheets into tubules are found to be in fact smaller than 



1\ 

11 

those of the carbon nanotubes. Figure I shows the calculated energy per atom for 
several BN tubes as a function of the tube diameter, with the zero of energy referred to 
the energy per atom of an isolated BN sheet. Also shown is the strain energy of the 
carbon nanotubes. As for the carbon tubes, the BN tube energies follow the classical 
l/R2 strain law, where R is the radius of the tubes. The results clearly show that the 
strain energy of BN nanotubes is smaller than that of the carbon nanotubes. It is 
energetically less costly to form a BN nanotube than a carbon nanotube of the same 
radius. The energy of a strip is also given in Fig. 7. Since the strip energy is higher 
and it scales as 1/R, the BN nanotubes are stable with respect to the formation of strips 
for tubes with radius larger than 4A. Calculations on BC3 and BC2N nanotubes have 
given very similar results. (See Fig. 8.) 

An interesting structural difference between the carbon and BN nanotubes is that 
there is a significant structural relaxation for the small radius BN tubes [22]. The 
system buckles with the boron atoms moving inward and the nitrogen moving outward, 
resulting in a dipolar double cylinder shell structure. The distance between the inner B
cylinder and the outer N-cylinder is mostly independent of tube helicity, and decreases 
with increasing radius. The driving mechanism for this structural relaxation is 
attributed to the fact that B atoms like to form planar sp2 bonds whereas N atoms prefer 
to be in a s2p3 environment. 

3.2 ELECTRONIC PROPERTIES 

Unlike a graphite sheet, a BN sheet is a wide-gap semiconductor with a band gap over 
5.5 eV [25] and the BC3 and BC2N sheets are semiconductors [23,24]. The electronic 
band structure of the B-C-N nanotubes is therefore expected to be different from the 
carbon nanotubes which can lead to important differences in their properties and 
applications. 
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The BN nanotubes are predicted to be wide-gap insulators with Eg = 5.5 eV, 
independently of their radius and helicity [22]. Figure 9 depicts the calculated LDA band 
structure of a (4,4) BN tube together with the band structure of a BN sheet. Results 
from calculations on a number of tubes show that except for the smallest radius tubes 
the LDA band gap is pinned at the constant value of about 4 e V. Quasiparticle 
calculations [25] show that self-energy corrections [33] to the LDA open the gap to 5.5 
eV. This large gap is a result of the large ionicity of this compound. The constancy of 
the BN tube band gap also holds for multi-wall tubes, and it may be of importance for 
technological applications because samples containing many different sizes and 
structures could be grown with predictable electronic properties. 

The constant-gap value of the BN tubes is related a novel electronic state at the 
bottom of the conduction band. Unlike other states near the gap which are 7t-like, the 
conduction band minimum (CBM) for all BN tubes with radius larger than SA is made 
up of a highly unusual state. This is a state with carriers moving freely in the center of 
the tube. Figure 10 is a contour plot of the charge density corresponding to the CBM 
for the (6,6) BN nanotube. As seen from the figure, the maximum of the wavefunction 
is at the center of the tube, away from the atomic sites. The calculated effective mass of 
this band corresponds to the free electron mass. This free-electron tubule state persists 
even for the multi-wall structures. We thus expect the BN tubes to exhibit remarkable 
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properties under n-type doping. The free-elecn.:m state is originated from a "sheet" state 
·of an isolated BN sheet. For a single BN sheet, the CBM is consisted of such a "free
electron" state, corresponding to an electron wavefunction very weakly bound to the BN 
sheet. Upon rolling the sheet into a tube, this sheet state wraps onto itself to form the 
free-electron tubule state. 

Since both BC3 and BC2N are much less ionic than BN, their band gaps are 
significantly smaller. The free-electron tubule states in these systems are much higher 
in energy than the CBM (as in the case of carbon) and do not play an important role in 
their electronic properties. Single-wall BC3 nanotubes are found to be semiconductors 
with Eg ~ 0.5 eV [23]. However, because of interaction between the walls, multi-wall 
BC3 tubes are likely to be metals. Another characteristic feature of BC3 is that, unlike 
carbon systems, the planar BC3 sheet has both 1t and 1t* bands above the Fermi level, 
and this featur~ is retained in the electronic structure of the BC3 tubules. The calculated 
density of states of a single BC3 sheet and that of the (2,2) tubule are depicted in Fig. 
11. The two sharp peaks above EF originated from the 1t and 1t* bands are seen in both 
systems. In contrast, the lower of the two peaks would be below EF in the DOS of the 
carbon nanotubes. The same double peak structure should be observed in multi-wall 
BC3 tubes, making this feature characteristic of the BC3 compounds. 

Because of the anisotropic geometric structure of the BC2N sheet [34], different 
chiral structures may be obtained by rolling the BC2N sheets into tubes. Calculations 
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[24] have shown that the BC2N tubules are generally semiconductors which can be 
doped with either acceptors or donors. Also, since the BC2N sheets have anisotropic in
plane conductivity, helical currents may be produced in the appropriately doped chiral 
tubules making them nanoscale coils. Figure 12 shows a model of a BC2N (4,4) 
tubule obtained by rolling a sheet with atomic positions determined from a total energy 
LDA calculation. Experimentally, it is known that a honeycomb structure exists for 
BC2N sheet but the exact atomic structure has not been determined. Calculations based 
on a relaxation time Boltzmann formalism show that chiral currents do occur on either a 
p-orn-type doped (2,2) BC2N nanotube [35]. 

4. Summary and Conclusions 

We have given a short review of some theoretical studies of the structural and electronic 
properties of carbon nanotubes and nanotubes composed of boron, carbon and nitrogen. 
Theory shows that nanotubes are stable down to very small radius where hybridization 
effects can become important in determining the electronic structure of these systems. 
The static dielectric responses of the carbon nanotubes are found to be highly 
anisotropic in general. Incorporation of K atoms is found favorable for appropriate 
diameter tubes. The newly observed phenomenon of collapsed nanotubes is explained in 
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terms of a competition between positive curvature energy and negative van der Waals 
interactions. BN, BC3, and BC2N nanotubes are predicted to form and have strikingly 
different properties from those of the carbon nanotubes. We find that in contrast to the 
carbon case, all BN tubes are insulators and have a nearly constant quasiparticle band 
gap of near 5.5 eV independent of diameter and helicity for tubes with ~lOA with the 
bottom of the conduction being a novel free-electron tubule state. The possibility of 
chiral currents in BC2N nanotube is investigated. Synthesis of all three types of B-C-N 
nanotubes have been achieved in recent experiments~ The rapid progress in the past four 
years demonstrates the very richness of this active field. Undoubtedly, discoveries of 
more new properties and new classes of nanotubes will occur in the future. 
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