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Abstract: The electric polarizability and the spread of the total position tensors are used
to characterize the metallic vs insulator nature of large (finite) systems. Finite clusters
are usually treated within the open boundary condition formalism. This introduces border
effects, which prevents a fast convergence to the thermodynamic limit and which can be
eliminated within the formalism of periodic boundary conditions. Recently, we have in-
troduced an original approach to periodic boundary conditions, named Clifford Boundary
Conditions. It considers a finite fragment extracted from a periodic system and the modifi-
cation of its topology into that of a Clifford Torus. The quantity representing the position
is modified in order to fulfill the system periodicity. In this work, we apply the formalism of
Clifford Boundary Conditions to the case of Carbon Nanotubes, whose treatment results to
be particularly simple for the Zigzag geometry. Indeed, we demonstrate that at the Hiickel
level these nanotubes, either finite or periodic, are formally equivalent to a collection of
non-interacting dimerized linear chains, thus simplifying their treatment. This equivalence
is used to describe some nanotube properties as the sum of the contributions of the inde-
pendent chains and to identify the origin of peculiar behaviors (such as the conductivity).
Indeed, if the number of hexagons along the circumference is a multiple of three a metallic
behavior is found, namely a divergence of both the (per electron) polarizability and total
position spread of at least one linear chain. These results are in agreement with those in

the literature from Tight-Binding calculations.
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I. INTRODUCTION

Carbon Nanotubes were discovered in 1991 by Iijima,! about fifteen years after the serendipitous
discovery of Fullerenes, and have since then attracted much interest, both form the experimental
and theoretical sides. In particular, Single-Wall (SW) Nanotubes can be described as a rectangular
(in principle, of infinite length) sheet of graphene, folded in order to form a cylinder. There are
different types of nanotubes that we can derive from this description, changing length, width, and
the angle between the sides of the graphene hexagons and of the sides of the rectangle. Ideal infinite
nanotubes are characterized by two integer numbers, (n,m), that correspond to the number of
n and m unit vectors of the graphene lattice that are contained in the so-called “chiral vector”.
Nanotubes are generally classified into three different types. When the hexagons are oriented in
such a way that a couple of opposite sides are parallel to the axis of the cylinder (of the nanotube),
one has a zigzag nanotube (n,0). If a couple of opposite sides are orthogonal to the cylinder axis
the nanotube is called an armchair nanotube (n,n). Any other possible orientation in between is
a nanotube with helicity (or a chiral nanotube). A schematic representation of the folding axes of
a graphene sheet to obtain a zigzag and an armchair nanotube is reported in Fig. 1.

Each carbon atom in a nanotube has four valence electrons, three of which are used for the
o-bonds, while the other electron is used to form 7-bonds (in these systems the o /7 separation
is not exact, see the discussion in Sec. IV). The 7 electrons can be much more delocalized than
their o counterpart and they are therefore responsible of the conductivity when the nanotube is
a conductor. For this reason, we will focus hereafter on the 7 part of the electronic structure
making use of the Hiickel method to describe the system. From now on, we will focus only on
zigzag nanotubes of varying length and width. Because we intend to work with periodic boundary
conditions we will model our nanotube as a flat rectangle of graphene with periodic boundaries.
It is worth noticing that this approach opens the way to describe the properties of an infinite
graphene sheet by considering the limit of our results to the thermodynamic limit. However, to
correctly be periodic the sheet of graphene that we choose must follow some simple rules. It needs
to have an integer number of hexagons on the folded dimension (the “belt” of the nanotube) and
an even number of rings in the direction of the nanotube axes.

It turns out that the conductivity of a Carbon Nano-Tube (CNT) is closely related to the
associated integer n. If n is a multiple of three the energy spectrum of the nanotube is gapless,
1.e., the nanotube is a metal. In the other cases, the nanotube is a semiconductor or an insulator.

In this article, we will focus our attention on zigzag nanotubes in the tight-binding, or Hiickel,
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FIG. 1. Schematic representation of a graphene sheet and of the folding axes used to obtain a zigzag and
an armchair nanotube.

approximation. In this case, it will be shown that, through a partial (i.e., that mixes only atoms
having a given longitudinal position along the tube) symmetry adaptation of the atomic orbitals
of the system, a nanotube can be treated as a collection of non interacting polyene chains. This
is true regardless of the type of system, i.e., both for finite CNTs in Open Boundary Conditions
(OBC), and nanotubes treated within Periodic Boundary Conditions (PBC). In order to investigate

the conductivity properties of the nanotubes, we use the formalism of the Total-Position Spread

3



(TPS), which is the second moment cumulant of the Total-Position operator. In a series of works,
Resta and coworkers? S have shown that this quantity per electron (named also the Localization
Tensor) diverges in the thermodynamic limit in the case of metallic systems, while it remains finite
for insulators. However, in the case of PBC, particular care must be used to deal with the position
operator, since its usual definition is not compatible with the periodicity of the system. For this
reason, we recently proposed a modified definition of the position operator,”® which can be used
in the case of periodic systems and this modified version of the TPS has been used in the present
study. In a similar way, we computed the per-electron electric polarizability of the system, that
shows a behavior similar to TPS under the same metallic/insulator conditions.

This article is organized as follows: In Section II we present the Position-Spread and Polar-
izability formalism, in the two different contexts, OBC and PBC. In particular, for the PBC
formalism we briefly recall the approach of Resta and coworkers,? % and we present our alternative
formulation.”® It has been shown elsewhere that our approach is identical to compute the two-
dimensional trace of the TPS of a ring lying on a plane.® In Section III the formalism is applied
to the particular case of zigzag nanotubes treated at the tight-binding (Hiickel) level. In Section
IV it is shown how a zigzag nanotube can be formally seen as a set of non-interacting dimerized
polyenes in the case of OBC or of non-interacting annulenes in the case of PBC. Such a modeling
is independent of the type of boundary conditions, although, for the sake of simplicity, only PBC
nanotubes will be considered here. This result opens the possibility of the treatment of very large
nanotubes and to describe the behaviour of the nanotube as the sum of the behavior of the indi-
vidual one-dimensional chains, for which the analysis is much easier. In particular when PBC are
used, the Hiickel model gives analytic solutions for the dimerized chains and the analysis of their

properties is particularly simple. Finally, in Section V, some conclusions are drawn.

II. FORMALISM
A. Open and Periodic Boundary Conditions

We remind here briefly the formalism that we recently developed!®'? for the treatment of
infinite periodic systems, i.e., systems composed of an infinite number of repeated unit cells. This
formalism has shown to be effective in a few application.??"?2 Qur approach is based on three main
ideas: 1) the extraction of a finite fragment out of the infinite system; 2) the modification of the

topology of the fragment to that of a Clifford torus;'* % and 3) the definition of a modified position
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(or position operator, in the case of quantum systems) on the Clifford torus. To this purpose, we
first define a supercell, which is a parallelepiped subset of unit cells of the entire system. Then,
in order to avoid border effects, the topology of the supercell is modified into the topology of a
Clifford torus. A Clifford torus is a flat borderless d-dimensional manifold, obtained by joining the
opposite faces of a d-dimensional parallelepiped without deformation (see for instance Ref. |? ).
It can be embedded, without distortion, in an ordinary 2d space (either R?? or, equivalently, C%).
If d = 1, it is isomorphic to a circle (in R? or C!), while for d > 1 it cannot be represented without

distortions in our usual 3D space.

In order to treat periodicity, a crucial element is the definition of the distance between two points
on the torus. In this work, we deal with nanotubes, which are quasi-one-dimensional systems and
only the periodicity in the direction of the tube axis has to be taken into account. Therefore, only
the longitudinal position must be defined, in such a way to be able to compute the longitudinal
position spread and polarizability. In our formalism, the periodic complex position ¢(z) of a point

having longitudinal coordinate z is defined as

o) = 2% {exp (%772) - 1} | (1)

where L is the length of the supercell. Notice that ¢(z) is a complex periodic function of z,
having a period equal to L. In the formalism of quantum mechanics, a position operator must be
introduced. It is given by the multiplication by the position reported in Eq. (1), in a completely

analogous way to what is done with the ordinary position operator.

The distance between two points 2z; and 25 can also be defined and it is given by the modulus

of the difference between the periodic positions of the two points:

d(z1,22) = lq(z1) — q(22)] (2)

which is a real quantity, as it should. We note that this distance does not correspond to the geodesic
Riemannian distance (on the torus) between two points. It is rather the Euclidean distance
between the two point, taken in the space in which the torus is embedded.!' This definition has
the advantage that the distance becomes a continuous differentiable function of the coordinates of
the points, a property not shared by the geodesic distance. This property is particularly important
for the treatment of the Coulomb interaction between charged particles, although this interaction

is not taken into account in the Hiickel Hamiltonian, the operator here considered. However, it



plays also an important role in the definition of the total position spread and polarizability, two

quantities studied in the present work.

Finally, we want to stress the fact that the symmetry treatment here proposed for zigzag carbon
nanotubes (see Sec. IV) is completely general and not associated to the periodicity of the tubes.

Indeed, it can be applied both to infinite periodic and finite systems.

B. The Position Spread

The Total-Position Spread (TPS), introduced by Resta some time ago,>® plays a very important
role in the Electronic Structure Theory. It measures the mobility of the electrons in molecular
or extended systems, and is therefore capable of distinguishing conductors from insulators. In
particular, we have applied in the past this formalism to describe the bond structure in molecular
systems.?*3° However, this formalism is most interesting in the case of the treatment of extended

systems.”8:31744

In a system subjected to OBC, the total position operator, from which the total position spread
(TPS) is constructed, is the one-body operator defined as the sum over the individual position

operators of the various electrons,
X = Z a (3)
“w

where 2, is the position operator of electron p. The total position spread A is a real quantity,

defined as the second cumulant moment of the complex total position operator as
A = (U|X7) — (B|X|0). (4)

The TPS is translationally invariant and its trace is a constant. In a complete analogy with the
OBC definition, in a PBC context we replace in Eq. 3 the position of a particle, Z,, by its complex
position, ¢,. Indeed, the problem with PBC is that the standard definition of the position is not
compatible with the periodicity of the system.?® In such a way, the complex total position operator

is still a one-body operator, defined as



where ¢, is the complex position operator of electron p, which, following Eq. 1, is given by

. L 21
=5 {exp (Zf%) - 1] : (6)

The TPS A within PBC is still a real quantity, defined as the second cumulant moment of the

complex total position operator,
A= (‘I’0|QTQ|‘I’0> - <‘I’0|QT"I’0><‘I’0’Q|‘I’0> (7)

in a complete analogy with the OBC definition. We use here the notation ¥, for the wave function
of the state under consideration (usually, the ground state) to make more clear the following
derivation. In order to compute A, it is convenient to make use of the resolution of the identity
operator 1, which is given by 1 = 37, |¥;)(¥;|, where {|¥;)} is an orthonormal basis set of the
Hilbert space, containing |W,) as an element. The resolution of the identity is inserted between

the operators QT and (), obtaining

A= 3T (WlQT [ | Q). ®)
I#0

If the |¥;) are the exact eigenvectors of Hamiltonian (supposed to be known) this equation is
particularly suitable to perform numerical calculations. If only approximate eigenvectors are

available, Eq. 8 is still suitable for computation.

C. The Polarizability
The electric polarizability, II, in the OBC formalism, is given by
T = (Uo| R (H — Eo) " R|Wy) (9)

where the operator (Hy — FEy), is the restriction of (Hy — Fy) to the orthogonal complement of
the ground state |Wy). In a similar way, we can define the polarizability IT within PBC as the real
quantity

= (Wo|Q" (H — En) 1" Q[W0). (10)
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In analogy with the TPS case, we insert now two resolutions of the identity in the previous

equation, and we get

L= > (WolQ [Wr)(Us| (H — Eo) " [W)(¥s| Qo). (11)

T£0 J#0

Supposing also in this case that the |U;) are the eigenvectors of the Hamiltonian, this equation

can be conveniently rewritten as

. (12)

. (Wol Q' |W7) (W] Q| Wo)

s Er— Eq

Again, as for the TPS case, this is a form particularly adapted to perform numerical calculations,
provided the eigenvectors |¥;) of the Hamiltonian are known. In the next section, these equations

will be applied to the particular case of the Hiickel Hamiltonian.

ITI. POLARIZABILITY AND TOTAL POSITION SPREAD FOR
ONE-ELECTRON HAMILTONIANS

In this section, we apply to a nanotube described with the Hiickel Hamiltonian the formalism
obtained in Sec. II for the polarizability and the TPS in the case of periodic systems. The calcu-
lation is much simplified by the fact that, for a one-electron Hamiltonian, the Slater determinants,
such as for instance the singly-excited determinants from |¥,), are the exact eigenvectors of the
Hamiltonian. Because of the one-electron nature of the position operator, both in OBC and PBC,
these single excitations are the only determinants in the resolution of the identity giving a non

vanishing contribution. In the following we use the notation |®) to indicate Slater determinants.

A. Periodic Boundary Conditions: Total Position Spread

We consider a system described by N spinorbitals. For the TPS, we get

A= 303 (@l QF |0k (@Ol ), (13)

j€O lev

where O and V represent the sets of occupied and virtual spinorbitals, respectively, and |<I>§)

are singly excited determinants with respect to |®g) (in |®g), spinorbital j has been replaced by
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spinorbital [). By using the Slater Rules, this equation becomes

A= 3" (ld o) (dls)- (14)

J€O leV

By taking into account the expression of the ¢; MOs in terms of the y, AOs,

N
¢j = Z Cp.jXps (15)
p=1

we obtain for the TPS the expression in the AO basis

A=Y e ol (16)

Jje0 levV  p,o=1
B. Periodic Boundary Conditions: Polarizability

For the Polarizability II, one has

N 1 a

M= (®|QF|®)) p— (®4]Q|D0). (17)
j€o lev P 5

By using a procedure similar to that applied for the total position spread, we obtain the final

expression

N R 2
’ Zpﬂzl Cp,j Ca,l <XP|Q|XU>

o=> Y — . (18)

J€O leV

IV. ZIGZAG CARBON NANOTUBES: FORMAL TREATMENT

In order to define the formalism used to describe a nanotube, we consider the case of a fragment
of a zigzag nanotube subjected to PBC. As commonly done, the nanotube axis is chosen to be
the z axis. A zigzag nanotube can be seen as a collection of m interacting all-trans annulenes,
each one consisting of 2n Carbon atoms that follow the zigzag path going around the tube. The
number of carbon atoms in each annulene must be even, in order to form the n hexagons that lie
on the tube (in gray in Fig. 2 the sets of n hexagons). In order to apply PBC, and to be able to
match the two extremities of the tube without the need of a twist, the number m must be even.

Notice that the analysis that follows can be easily generalized to treat also the case of open-ended

9



nanotubes. In this case, however, no constraint has to be imposed on the parity of m. Because of
the all-trans geometry of the annulenes, two types of carbon atoms are present in every cycle, each
type being characterized by a common value of the z coordinate. In a nanotube, the Hydrogen
atoms on each annulene are obviously absent, and replaced by bonds with neighbour annulenes,

except for the two edges at the nanotube extremities in the OBC case.

With this notation, a nanotube contains a total of N = 2mn Carbon atoms. For the formalism
developed in this work, it is crucial to note that the Carbon atoms can be grouped in 2m sets of n
atoms, two sets in each ring, and each set containing those atoms that share the same z coordinate.
The atoms belonging to the same set are equivalent by symmetry and can be transformed into each
other by one of the symmetry operations of the C),, symmetry point group (the group containing
all rotations around the z axis of a multiple of a 27 /n angle). Each annulene is composed of two
of these sets (there are therefore a total of 2m sets in the whole tube) and moving along each
annulene the Carbon atoms belong to one or to the other set, alternately. The index p is used
hereafter to enumerate the different Carbon-atom sets, (1 < p < 2m). For the sake of clarity, a
schematic representation of a zigzag nanotube is reported in Fig. 2, with a representation of one
annulene and of the two sets of Carbon atoms belonging to it. Four different types of Carbon
atom sets can be identified depending on the value mod (i, 4). Note that in periodic nanotubes,
since m must be even, 2m is necessarily a multiple of four. The Carbon atoms belonging to a

given set are identified by using the index v, with (0 <v <n —1).

In planar conjugated organic hydrocarbons, one can rigorously divide the molecular orbitals
into two groups: the o MOs (even with respect to the reflection in the molecular plane), and the
7 MOs (odd). Such a division is not strictly valid for nanotubes; since they are not flat structures,
but the conceptual separation between o and 7 orbitals can still be kept, at least at an approximate
level. In this case, the nanotube surface plays the role of the molecular plane. In this work, the
focus is on the (pseudo) m MOs, which are linear combinations of the radial p AOs (those that
are orthogonal to the nanotube surface, which actually have a small component on the 2s Carbon
AOs.), one per Carbon atom. These atomic orbital are labelled as p,,,, where the atomic indices

1 and v have been defined above.

A zigzag nanotube belongs to the C),, symmetry point group, whose irreducible representations
(irreps) can be labeled by an index j (0 < j < n — 1) and the character in the j-th irrep of the
C! element of the group (a rotation of an angle of 27l/n around the z axis, 0 <1 < n —1) is

exp (zﬂ%)
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FIG. 2. Schematic representation of a zigzag nanotube. The atomic system lying on the line shared by

\

w+1

two hexagon belts (in gray and white, respectively) is used in the text as an “annulene” and contains two
sets of carbon atoms (indicated with empty and full circles, respectively). The atoms belonging the same
set have the same coordinate on the z axis, while the two sets refer to different z coordinates. The two
sets are indicated in figure with g and @+ 1.

The p,,, AOs sharing the same index p can be linearly combined to obtain symmetry-adapted

basis functions ¢, ; (carrying the j irrep), by applying the projector on the j-th irrep, 15]

~ 1 ji2T g
by = 7 e, (19)
to any given p, ., €.g. Puo :

A 1 jiv2m
Puj = Lj Do = n Ee " Ppy - (20)

These Symmetry-Adapted Linear Combinations (SALC) of AOs are the basis set used to compute
the MOs. Within this approach, ¢, ; can be seen as the j-th function lying on the p-th “site” of
the system (we use this term for the sake of simplicity, but, actually, one should use the more
appropriate term “pseudo-site”). In this frame, the p—th site has a well defined z coordinate, while

the x and y coordinates are not defined. Notwithstanding the ambiguity concerning its position
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the three-dimensional space, the concept of “site” is used hereafter, given that for nanotubes the

main focus is on the z-dependent properties (nanotubes are often considered as quasi-1D systems.

Within the Hiickel approximation, the use of the {¢, ;} basis set for all x makes, in general, the
matrix elements of the one electron Hamiltonian A complex. We recall that in this approximation
the matrix elements of & on the p atomic orbitals are different from zero only between AOs lying
on atoms directly connected. The off-diagonal non-zero interactions are all equal, and are usually
indicated in quantum chemistry with the symbol 8 (and called resonance integral), while in solid-
state physics this parameter is known as hopping integral and denoted by the symbol ¢ (t = —f).
Notice that in most physical systems t is positive, and hence [ is negative. Our application of
the Hiickel approach to CNTs introduces additional approximation with respect to the standard
Hiickel method. Indeed, the fact that the Carbon atoms are not on a plane makes in principle the
energy of the p,, AOs dependent on the curvature of the CNT surface (and thus on n). Moreover,
the axis of the p,, AOs are not all parallel. The dihedral angle between nearest neighbor p,,,
AOs (when it is different from zero) depends on the curvature and also affects in principle the
value of the 5 parameter between them (thus different 5 values are present in the same nanotube
and different nanotubes are described with different § values). The dependence of the Hiickel
parameters on n allows to study the energy of bending deformations of graphene.” ¥ To keep the
treatment simple, in the present work this dependence is ignored. The full inclusion of these subtle

effects will be explored in future works.

Even if the appearance of complex matrix elements is not a strong complication, we prefer here
to introduce a simple modification of the definition of the symmetry adapted functions in Eq. 20
which ensures that all matrix elements of h are real. In this approach, Eq. 20 is kept when
mod (u,4) = 0 or 1 (sites of type 0 or 1), while for mod (u,4) =2 or 3 (sites of type 2 or 3) the

basis functions are multiplied by the j-dependent phase factor exp (z%)

n

1 n—1 1 n—1 (v41/2)2

g . jv2m (v ™

Guj =€ Tn Y e, = Tn > e P (21)
v=0 v=0

It is worth noticing that with this choice we have taken benefit of a degree of freedom in the
definition of any function in quantum mechanics and that this choice does not change the final
results, both for the energies and for the wave functions and therefore for any property derived

from the wave functions (as the TPS or the polarizability).

Concerning the matrix elements of h on the so defined symmetry adapted basis, we first notice
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that the elements between functions sharing the same p (among which one has the diagonal
elements) are vanishing since the p,, AOs sharing the same p value lies on Carbon atoms which
are not connected. The same is true for two basis functions with p differing by more than one,

again because the corresponding Carbon atoms are not connected. One has therefore

<¢u,j

Focusing on the case ' = p+ 1, one has to consider two possibilities:

ﬁ‘ ¢u’7j’> =0 V5,5 ifpu=por|p—pu]>1 (22)

1. mod (p,4) =0or 2

<¢u,j ﬁ}¢u+l,j/> = ;4 ; (23)

2. mod (p,4) =1or3

<¢u,j fz‘ ¢u+17j’> =0, s 20 cos (%) . (24)

In the case of a periodic nanotube an additional case must be added:

(61,

The results reported in Eqgs. 22-25 show that in the symmetry adapted basis set {¢, ;} (conve-

l}‘ ¢2m,j’> = 055 [- (25)

niently organized) the h matrix is zero on its diagonal. Furthermore, it is block diagonal with
each of the n square blocks being a tridiagonal matrix (in case of open-ended nanotubes, two
more non zero elements in each block for periodic nanotube) with dimension 2m x 2m, each block
corresponding to a given j value.

As a result of such a Hamiltonian-matrix structure, we can state that an open zigzag nanotube
is equivalent to a set of n independent, linear, and possibly dimerized, chains containing 2m sites
(a site for each p value carrying a single function ¢, ;), one chain for each value of j. Within
PBC, the linear (dimerized) chains are folded, in order to form a (dimerized) annulene. To avoid
confusion we stress again that the independent linear chains (each one defined by the index j) are
not formed by real sites (Carbon atoms), but rather by fictitious sites (with a well defined position
on the z coordinate depending on ) bearing the ¢, ; functions, which are linear combination of
Puv AOs.

The energy of these site functions is vanishing, while the interactions are restricted to next

neighbour sites (as in the 1D Carbon atom chains) and assumes values which alternates between
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an effective value depending on j, 5.(j) = 25 cos (jm/n), and the standard interaction defined in
the Hiickel approximation, /.

A few simple observations can be inferred from these considerations:

e when n is even, in the chain corresponding to j = n/2 the interaction (3.(j) is vanishing.
Therefore, with PBC this chain contains m isolated couples of sites with a [ interaction
among themselves (behaving as m isolated ethylene molecules) and one has therefore m
MOs at an energy [ and m MOs at —(5. On the other hand with OBC the first and last
sites of the chain are isolated (giving rise to two edge states at zero energy, where the two
isolated sites are singly occupied), while the rest of the chain is composed of m — 1 isolated
couples of sites with a § interaction among themselves (the degeneracy of the 8 and —f

orbital energy is therefore m — 1).

e when mod (n,3) =0, in the chains corresponding to j = n/3 and j = 2n/3 the interaction
Be(j) assumes the value 8 and — [, respectively. These chains are therefore non-dimerized
chains. It is well known (see, for instance, Ref. [32]) that a non-dimerized chain is a
conductor, and therefore also the whole nanotube is a conductor (see also the comment after

Eq. 29).
Focusing now on a nanotube with PBCs, we notice that the chains are composed of m unit cells,
having two sites per unit cell. As discussed in Ref. [8] (see also Appendix A), only the 2x 2 building
blocks on the main diagonal and the block immediately adjacent to them are non vanishing. In
particular, the diagonal blocks of the Hamiltonian for each chain are constant, and are given by

m— |07 (26)

B0

while the only non vanishing off-diagonal block is H;, which depends on the chain index,

0 0
H,(j) = j=0,...,n—1. (27)

Be(j) 0

Therefore, the Effective Hamiltonian depends in this case on k£ and j and it can be written as

H(k, j) = 0 BHpe™ j=0,...n-1 )
7 B+ Be(j) e™ 0 k=0,....m—1
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It is worth noticing that using PBC, it is also possible to use the symmetry of the Hamiltonian
in order to obtain analytical solutions for each j. The eigenvalues form two symmetric bands,

given by

el (k) = £/B2 + B2(j) + 2BB.(j) cos kb (29)

where £ = 0,1,...,m — 1, and 6 = 27/m. If, for some value of j, the effective interaction [, is

equal to 3, the previous equation (29) becomes

el (k) = £8/2 (1 + cos kf) = +20 cos kf/2, (30)

which are the energy bands of an undimerized chain. In this case, for cos(kf) = —1, the argument
of the square root is zero, and we have £ (k) = 0. This happens for kf = 7 (that is, k = m/2):
in this case the two bands 51 have zero gap at the Fermi level, and the two corresponding chains

are metallic.

This means that the whole nanotube is also a conductor. On the other hand, if 8.(j) # £, the
argument of the square root in Eq. (29) is always positive, a gap is developed around the Fermi
level and the chain is an insulator. The only possibility for a chain to have a zero gap requires that
the following conditions are both satisfied: 5.(j) = 8 and cos(kf) = —1. The second condition is
satisfied for k# = 7. Concerning the first condition, by looking at Eq. 24 we see that f.(j) =
implies cos(mj/n) = 1/2, which is possible only if n is a multiple of 3 (for j = n/3), leading to the
important conclusion that zigzag nanotubes are conductors if and only if n is an integer

multiple of 3. This is a well know property of zigzag nanotubes.*>:46

The matrix elements of the Hamiltonian between symmetry-adapted orbitals are zero if the val-
ues of the transverse pseudo-momentum j are different. This means that each j value is decoupled
from the other ones, and corresponds formally to a 1-D system (either PBC or OBC, depending
on the type of the boundary conditions of the nanotube). In the following, it is important to
consider the behaviour of the eigenvalues under the symmetry operation 5, — —f.. In fact, by
looking at Eq. 29, it appears that the energy band is left unchanged if both . and cos kf change

their sign. This means that an energy band is mapped onto itself under the operation g, — —f,.

Notice that the 1-D subsystems that compose the nanotube are not physical sub-chains in the
nanotube itself. Rather, each of them is composed of sites carrying a single function which are
linear combinations, with different coefficients, of the radial p AOs on the C atoms of a given set

i (all sharing the same z coordinate). Since all atoms involved in each linear combination have
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the same value of z, we can associate to each site this value of z. In this way, we can compute the
TPS of each longitudinal chain as if it is a real dimerized chain with alternating bond lengths, d
and d: d (the usual Carbon-Carbon bond length in the tubes) for bonds having hopping integral
B; and d, = d/2 for bonds having hopping .. However, it is important to stress the fact that the
value of the effective hopping integral . is not related to the value of the z coordinates of the
effective sites of the chains. In fact, all Carbon-Carbon bonds in the nanotube are assumed to
have the same length, and no dimerization is present in the real system. The value of 5. depends
on the difference in phases of connected atoms having their p indices different by one in modulus.
The value d. = d/2, on the other hand, is a geometrical effect in the definition of the z value of

the sites.

The derivation here reported allows to strongly simplify the study of a zigzag nanotube within
the Hiickel approximation, treating n linear 1D systems with 2m sites instead of a 2D system
(folded along one dimension) with 2mn sites. Moreover, the full decoupling of the 1D systems
makes simpler also the calculation of the TPS and of the polarizability (in addition to the other
one electron properties), which are computed as the sum of the values of these properties computed
for the n 1D systems. Concerning the conductivity properties described at this level of theory and
using an evocative image, within an electric circuit a nanotube can be replaced with n 1D “cables”
(conveniently defined) working in parallel. In this scheme, the nanotube is a conductor if at least

one “cable” is a conductor.

It is worth highlighting that the analysis reported in this section is performed within the Hiickel
approach. A short comment concerning the comparison of the results here obtained with those
expected with the use of the exact Hamiltonian is in order at this point. This comparison is
complex: from one side one must consider that for all conjugated hydrocarbons the 7 block of the
Fock matrix shows in general non-zero elements beyond the nearest neighbor Carbon atoms and
this leads to an interaction scheme in the symmetry adapted basis defined in Eq. 21 which is more
complex than the one here reported. On the other side, and perhaps more important, one must
also consider that the Hiickel approach is based on a key assumption, the hypothesis that the full
MO manifold can be grouped in two subsets, those of the m and the ¢ MOs. This partition is based
on a symmetry criterion, the behavior of the MOs with respect to a plane reflection (symmetric
for o MOs, antisymmetric for 7 MOs), which implies that the Fock matrix is block diagonal, with
one block for the ¢ manifold and one for the 7 manifold. In the canonical applications of Hiickel

theory (as, for instance, linear polyenes and cyclic conjugated hydrocarbons), the molecules are

16



planar, this partition is exact and the block diagonal structure of the Fock matrix is preserved also
with the exact treatment. In the case of the CNTs, the Carbon atoms are not on a plane and the
partition of the MOs in the here considered Hiickel approach is based on a local pseudo symmetry
related to the plane tangent to the nanotube surface, as discussed in Sec. IV. The absence of a
real symmetry plane couples the ¢ and m manifolds, the matrix of the exact Fock operator is no
longer block diagonal and this make very difficult the comparison of the Hiickel approach with the

exact treatment.

V. COMPUTATIONAL RESULTS

In the present work, the computational study will be restricted to the case of periodic nanotubes.
However, we stress the fact that within the scheme developed in Secs. II-IV, both periodic and
open systems can be described. In the preceding section, we have shown that the periodic zigzag
nanotubes exhibit different types of electronic structures, depending on the number of hexagons
around the tube. In particular, the tubes have a vanishing energy gap at the Fermi level, and
are therefore metallic, if the number of hexagons is a multiple of three, while they are insulators
otherwise. In any case, the energy gap is going to zero if the number of hexagons around the tube
is going to oco. Moreover, if the number of hexagons is even, one among the 1D chain in which the
tube can be formally decomposed is totally dimerized, that is, the value of 3, for this 1D system is
vanishing. This implies that the orbital energies of this 1D chain can have only two values, § and
— 0, independent of the length of the chain. These different behaviours have a direct impact not
only on the structure of the energy bands, but also on the position spreads and polarizabilities,

both total and corresponding to the single chains.

For these reasons, we will present here numerical results for the four cases n==6, 7, 8, 9. In
this way, the four different types of nanotubes will be presented, that is the combination of the
metallic/insulating behavior (whether n is or not a multiple of 3) with the presence/absence in the
chain of non-interacting dimers (whether n is or not a multiple of 2). We recall here that a chain
composed by non-interacting dimers gives a constant/variable energy band, with constant /variable

TPS and polarizability (depending on the fact that n is even or odd).
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A. Orbital Energies

The one particle energies obtained by the strategy described above (see Eq. 29), have been
reported in Figs. 3-6 for a zigzag nanotube with n = 6-9, respectively. The energies have been
computed with m = 1000 and are reported as a function of the discrete variable x = k/m — 0.5.
The chosen value of m can be considered as the limit m — oo and within the scale of the figures,
both the variable x and the energies look continuous. Only the positive part of the spectrum of
the one-electron Hamiltonian operator is reported and only in the [m/4;3m/4] interval of k (that
is in the interval [—0.25;0.25] for x).

For even values of n, the energy spectra contains two non-degenerate bands (those corresponding
to j = 0 and j = n/2), while all the other bands are doubly degenerate. For odd values of n, on
the other hand, all energy bands but the j = 0 one are doubly degenerate. For this reason, we can
concentrate our discussion on the j < n/2 bands only. All the bands characterized by a “large”
value of the effective interaction (., i.e. those having f < (., < 2/, do not cross each other and
are comprised between the . = § and the . = 25 bands (see Figure 7). The energies have been
computed for a large value of n (n = 48), which is both even and a multiple of 3. In this way,
the system is a metal and the constant band is present. On the other hand, for “small” values of
Be, i.e. when 0 < . < 3, each band crosses all other bands, as shown in Figure 8. In Fig. 9 we
report the positive energy bands (positive in 8 units) as a function of the value of 3, for different
values of x. This figure graphically shows the considerations previously reported. For instance
one sees that for f. = 0 (the linear chain is composed of independent ethylene units) the only
possible energy in this part of the spectrum is 5. Moreover, one promptly notes the equivalence
of the spectrum for the transformation . — — (.. Finally, the metallic behavior of the chain with

B. = B and of that with 8. = —f( is clear from the energy band gap closure at the Fermi level.

B. Total-Position Spread

For the cases n = 6 — 9, we show in Figures 10-13, respectively, the TPS per electron, A/N (N
being the total number of electrons, which in the Hiickel approximation corresponds to the number
of Carbon atoms, 2mn, see Sec. IV), of the isolated virtual 1D chains and the corresponding total
sum of these values over all the chains, that gives the TPS per electron of the entire system. As
described in the Introduction Section, the asymptotic behaviour of the TPS per electron gives

information about the conductivity of the system. The chains that correspond to either 5, = 2/
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or B, = 0 (if present) are not degenerate, while all the other ones are doubly degenerate and have
the same TPS. However, we represent only one of the degenerate pair in the figures.

The metallic nanotubes (Figs. 10 and 13, corresponding to the n = 6 and n = 9 cases,
respectively) have two chains whose TPS per electron diverges linearly, as it is the case for metallic
Annulenes.® These two 1D linear chains have both 3. = £3. All the other chains show values of
A/N that saturate for large N. For the n = 6 and n = 9 nanotubes the behavior of the total
TPS per electron, therefore, is dominated by the contributions of the two metallic chains (metallic
chains, if are there, are always doubly degenerate), and diverges linearly. On the other hand, for
the nanotubes with n = 7 and = 8 (Figs. 11 and 12, respectively) all 1D chains have a TSP per
electrons that saturates for large N and the total TPS is therefore finite at the thermodynamics

limit.

C. Polarizability

In Figures 14-17 (for n = 6 — 9, respectively) we show the Polarizability per electron, II/N,
of the isolated virtual chains and the corresponding total sum of these values over all the chains,
that gives the Polarizability per electron of the entire system. The insulating-chain values of
II/N have a behavior that is very much similar to the corresponding values of A/N. This can
be seen, in particular, in Figs. 15 and 16, with the single-chain values and the total sum that
saturate to constant values. The metallic chains (Figs. 14 and 17), on the other hand, have a
quadratic divergence for large values of N, and therefore the metallic contributions to IT/N become
overwhelmingly dominant for large values of N. We notice again, as for the TPS case, that this

behavior is consistent with that of Annulenes, described in Ref. [8].

VI. CONCLUSION

We studied the electronic structure of zigzag Carbon Nanotubes in the Hiickel approximation.
By using a suitable symmetry adaptation of the Atomic Orbitals, it is possible to decompose the
system into a formal set of non-interacting chains (akin to linear polyenes, where the concept of
the atoms bearing a p AO in the polyene is replaced with those of the “sites” bearing a SALC in the
virtual chains), whose treatment is particularly simple. The energy spectrum of these nanotubes
has been investigated, by studying the individual behaviour of the 1D chains and thus taking

advantage of this decomposition, recovering the results known in the literature: systems having
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a number of hexagons around the tube that is a multiple of three are gapless systems (metals),
while they have a non-zero gap at the Fermi level for the other cases (insulators). However, for
conductivity our approach based on the TPS goes well beyond the simple analysis on the energy
gap, which is inherently a one-electron description. In fact, the divergence of the per-electron
TPS can be used for one-electron and many-electron Hamiltonians. Moreover, we notice that the
symmetry adaptation presented here is possible for both finite open nanotubes and topologically
closed nanotubes, most suited to the treatment of an infinite system. Although in this work we
limited our investigation to closed structures, the possibility of treating open systems is interesting
for investigating short open nanotubes.

These results have been confirmed by computing the per-electron longitudinal position spread
and the polarizability of the systems. It has been shown that the position spread diverges linearly
in the case of metallic systems as a function of the nanotube length, while the divergence of
the polarizability is quadratic in the same case. Both quantities, on the other hand, saturate
to constant values in the case of insulators. Most importantly, we have shown that the periodic
position operator that we recently introduced in Refs. [7-9], is suitable to compute the position
spread and the polarizability, quantities which cannot be obtained in periodic systems using the
“ill defined” standard position operator. In future works, we plan to generalize our investigation
to armchair nanotubes, as well as tubes having a non-zero helicity around their axe. Moreover, by
considering the limit of very long and wide nanotubes, a surface of Graphene is obtained, so our
approach will be able to compute position spreads and polarizabilities of this much studied and

interesting system.
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APPENDIX A: AN ALTERNATIVE FORM OF BLOCH THEOREM

Let us consider a one-electron Hamiltonian in a 1-D periodic system, and let us assume that

the system is composed of n identical blocks. The matrix representing the Hamiltonian will be of
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the form

H H H, .H,,H_
Hf H, H, ..H,;H,_,
H —

We seek an eigenvector of the form

(8
ez’k@ w

ei(n—l)k@ ¢

where 0 = 2 /n. It is straightforward to verify that ) = 1, must be an eigensolution of the of

the Effective Hamiltonian
n—1
H(k) = Y "H, k=0,....n—1
1=0
in such a way that the eigenequations for H(k) will be written as

ﬁ(k) |¢k‘u> = €k7u|¢k,u> k=0,....n—1
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-0.2 -0.1 0 01 0.2

FIG. 3. Positive energy bands (m — oo) as a function of x = k/m — 0.5 (see text for further details) of
of the chains with 7 = 0,1, 2,3 of a zigzag nanotube with n = 6 with PBC.
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FIG. 4. Positive energy bands (m — oo) as a function of x = k/m — 0.5 (see text for further details) of
the chains with j = 0,1, 2,3 of a zigzag nanotube with n = 7 with PBC.
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Energy (87

FIG. 5. Positive energy bands (m — oo) as a function of x = k/m — 0.5 (see text for further details) of
the chains with j = 0,1, 2, 3,4 of a zigzag nanotube with n = 8 with PBC.
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Energy (87

FIG. 6. Positive energy bands (m — oo) as a function of x = k/m — 0.5 (see text for further details) of
the chains with j = 0,1, 2, 3,4 of a zigzag nanotube with n = 9 with PBC.
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FIG. 7. Energy bands (m — o0) as a function of z = k/m — 0.5 (see text for further details) of the chains
with 7 =0, ..., 16 of a zigzag nanotube with n = 48 with PBC.
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FIG. 8. Energy bands (m — 00) as a function of z = k/m — 0.5 (see text for further details) of the chains
with j = 16, ..., 25 of a zigzag nanotube with n = 48 with PBC.
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FIG. 9. Positive energy bands as a function of 3, for different values of z = k/m —0.5 (see text for further
details) with PBC.
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FIG. 10. TPS per electron of a zigzag nanotube with n = 6 as a function of the length of the system (we
use here the variable m/2 to stress than m must be even).
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FIG. 11. TPS per electron of a zigzag nanotube with n = 7 as a function of the length of the system (we
use here the variable m/2 to stress than m must be even).
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FIG. 12. TPS per electron of a zigzag nanotube with n = 8 as a function of the length of the system (we
use here the variable m/2 to stress than m must be even).
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FIG. 13. TPS per electron of a zigzag nanotube with n = 9 as a function of the length of the system (we
use here the variable m/2 to stress than m must be even).
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FIG. 14. Polarizability of a zigzag nanotube with n = 6 as a function of the length of the system (we use
here the variable m/2 to stress than m must be even).
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FIG. 15. Polarizability of a zigzag nanotube with n = 7 as a function of the length of the system (we use
here the variable m/2 to stress than m must be even).
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FIG. 16. Polarizability of a zigzag nanotube with n = 8 as a function of the length of the system (we use
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here the variable m/2 to stress than m must be even).
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FIG. 17. Polarizability of a zigzag nanotube with n = 9 as a function of the length of the system (we use
here the variable m/2 to stress than m must be even).
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