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We investigate the electronic and transport properties of undistorted gated polymers of the polyacene family
by exploiting the tight-binding model for the system Hamiltonian and the nonequilibrium Keldysh formalism
for charge transport. Our simulations reveal that, for smooth gate potentials varying only along the ribbon
longitudinal axis, the electronic conductance as a function of the energy is quantized and presents crossover
from conducting to insulating regimes. We interpret this behavior on the basis of the band structures entailed
by the bipartite honeycomb topology of the lattice and the symmetry of the ribbons with even or odd number
of chains �even-odd effect�.
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I. INTRODUCTION

Organic nanostructures have gained enormous interest in
the recent years as active materials for next generation mo-
lecular electronics.1–4 A special effort has been dedicated to
the understanding of the honeycomb arrangement of carbon
atoms in olygomers, conjugated polymers, supramolecular
structures, films, and more recently nanotubes5 and graphene
nanoribbons.6 The above materials consist of the same aro-
matic carbons and are classified into two main structures
according to their edge profile: “acene-edge type” �or zigzag
edge type� and “phenanthrene-edge type” �or armchair edge
type�, which present different electronic properties.7–10 The
n-acenes molecules �composed of n edge-fused aromatic
rings, such as benzene, naphthalene, antracene, tetracene,
and pentacene� have attracted great interest not only for their
electronic structure �see, e.g., Refs. 11 and 12 and references
quoted therein� but also for practical applications in thin-film
transistors13,14 as electrodes for lithium ion batteries15,16 and
in molecular electronics.17

Although n-acenes with only up to seven rings have been
synthesized,18 the ground and excitation electronic properties
of the infinite one-dimensional hypothetical polyacene poly-
mer ��C4H2�n� have been widely studied since the seminal
paper of Kivelson and Chapman.19 Polyacene resembles two
interacting polyacetylene ��CH�n� chains; as well, zigzag
graphene nanoribbons can be considered as composed of par-
allel undistorted polyacetylene chains cross-linked together
�see Fig. 1�. Two central issues have been addressed with
different theoretical methods in the study of electronic struc-
ture of polyacenes: the Peierls distortion19,20 due to electron-
phonon interaction and the role of electron-electron
interaction.21–24 Theoretical investigations have also been de-
voted to the structural and electronic properties of large aro-
matic hydrocarbons as models for two-dimensional
graphite25,26 a topic highlighted in the original papers of
Longuet-Higgins and Salem27 and of Anno and Coulson.28

Recently, the effect of disorder on electron transmission of
polyacene chains has been evaluated in analogy with trans-
port in ultranarrow graphene nanoribbons.29

The purpose of the present paper is to investigate the
transport properties of gated conjugated polymers of the

polyacene series, composed of a small number N of chains,
as well as of ultranarrow zigzag graphene ribbons. Our simu-
lations demonstrate that the polymeric system is insulating or
conducting according to the Fermi energy of the injected
electrons, of the even or odd number of chains, and of the
shape of the gate potential. The numerical simulations are
performed for nondistorted polymeric structures with lowest
conduction and highest valence bands touching at the border
of the Brillouin zone.

In Sec. II we consider the electronic structure of polymers
of the polyacene family and we focus on the features deter-
mined by the symmetry and by the lattice honeycomb topol-
ogy. In Sec. III we present numerical simulations of the con-
ductance of gated polyacenes as a function of relevant
parameters, such as the gate potential, the Fermi energy of
carriers, and the number of composing chains. In this section
we also report a detailed analysis of the effects of spatial
symmetry and lattice topology on the interband scattering.
Field-effect control of metallic and insulating regimes was
originally investigated in wide graphene ribbons and con-
nected to the double valley structure around the two Dirac
points30,31 and to the system symmetry.32 We show here that
field-effect control of resistance is also operative in poly-
acenes, being essentially related to the lattice symmetry. Sec-
tion IV contains the conclusions.

II. ELECTRONIC BAND STRUCTURE OF UNDISTORTED
POLYACENES

The geometrical configuration of polymers of the poly-
acene series with chosen even or odd values N of zigzag
chains is reported in Fig. 1. All polymers of the polyacene
series are arranged in one-dimensional lattices with D2h as
point group. It can be seen by inspection that upper and
lower edges in the ribbons with odd N exhibit a zigzag con-
figuration shifted in the x direction by the fractional transla-
tion f =a /2, where a is the lattice constant. As a conse-
quence, for odd N the spatial group of the ribbons is
nonsymmorphic33,34 with half operations of the point group
D2h associated with fractional translations. In particular the
mirror reflection symmetry with respect to a plane perpen-
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dicular to the polymer plane and bisecting the central rung
bonds is associated with fractional translations for odd N and
ordinary integer translations for even N. These consider-
ations �complemented by standard symmetry analysis33,34�
are shown to be at the heart of the even-odd effect in elec-
tronic transport: This effect was originally observed in wide
graphene ribbons,30–32 whose band structures carry an evi-
dent reminiscence of the two Dirac points of graphene, and
for this reason it was referred to as valley filter effect. It is
shown below that the even-odd effect is a robust conse-
quence of symmetry, and as such it occurs also in ultranar-
row ribbons, including the extreme situation of N=2, where
no reminiscence of Dirac points occurs in the band structure.
The purpose of this section is to highlight the consequences
of symmetry and topology on the electronic band structure of
polyacene polymers.

A generic undistorted graphene ribbons with N chains is
translationally invariant along the longitudinal x axis. The
independent sites in the primitive cell are numbered as in
Fig. 1. From the pz carbon orbitals of the ribbon and for each
site dj �j=1,2 , . . . . ,2N� within the unit cell, we form the
Bloch sums,

� j�kx� =
1

�M
�
m

eikx�tm+djx��mj j = 1,2, . . . ,2N , �1�

with tm=ma, a is the lattice constant, djx denotes the x com-
ponent of the position vectors in the primitive cell, and M is
the �arbitrarily large� number of primitive cells. We adopt a
nearest-neighbor tight-binding description of the pz dangling
carbon orbitals of the undistorted polymer in the basis set of
Bloch functions �Eq. �1��. The diagonal matrix elements are
taken all as equal to zero, and the off-diagonal matrix ele-
ments are different from zero only between consecutive
Bloch functions and are given alternatively by 2t cos�kxa /2�
and t, where t is the nearest-neighbor interaction �hopping
parameters between nearest-neighbor carbon dangling orbit-
als are negative with typical values of the order of electron
volt�. In the following, �t� is taken as unit of energy and the
site energy of the dangling orbitals is taken as the reference
energy and set equal to zero. The Hamiltonian of a ribbon
with N zigzag chains in the k representation takes the tridi-
agonal form,

H�kx� = �
0 2tc�kx� 0 0 0 0 . . .

2tc�kx� 0 t 0 0 0 . . .

0 t 0 2tc�kx� 0 0 . . .

0 0 2tc�kx� 0 t 0 . . .

0 0 0 t 0 2tc�kx� . . .

0 0 0 0 2tc�kx� 0 . . .

. . . . . . . . . . . . . . . . . . . . .

	
2N

, �2�

FIG. 1. �Color online� Undis-
torted lattice structures of �a�
polyacetylene, N=1, �b� poly-
acene, N=2, �c� polyacenacene,
N=3, �d� polyperylene, N=4, �e�
generic ribbon with even number
N of zigzag chains, and �f� generic
ribbons with odd N. Numbering of
the 2N sites of the primitive cell
of the polyacene series is also
shown. When N is even, the lattice
is invariant under reflections with
respect to the orthogonal plane in-
dicated by the broken horizontal
lines. If N is odd, the mirror re-
flection must be followed by a
fractional translation of a /2 along
the x axis.
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where c�kx�=cos�kxa /2�; the diagonalization of H�kx� gives
the electronic band structure of the ribbon. Notice that the
eigenvalues of the matrix �Eq. �2�� at kx= �� /a are

E = 0�twofold degenerate�

and

E = + �t�;− �t��N − 1 − fold degenerate� .

From the form of matrix �2� and the corresponding band
structures reported in Fig. 2, the following features can be
evidenced: �i� electron-hole symmetry of the spectrum for
positive and negative energy values, �ii� degeneracy at the
border of the Brillouin zone of the top valence band and the
bottom conduction band, whose wave functions are confined
at the two spatial edges for k= �� /a, �iii� degeneracy �N
−1 times� of the upper group of energy bands with energy �t�
at the border of the Brillouin zone and similar behavior of
the lower group of energy bands with energy −�t�, and �iv�
development of two tendentially dispersionless energy bands
at the reference energy zero �covering over one-third of the
Brillouin zone for large N and already evident also for N
=10�. In summary, the honeycomb topology of the undis-
torted polymeric ribbons give rise to three groups of band
�see Fig. 2�: a lower group of N−1 holelike bands indicated
by �v2 ,v3 , . . . ,vN�, a central group that consists of the high-
est valence band v1 and the lowest conduction band c1, and
the upper group of N−1 electronlike bands indicated by
�c2 ,c3 , . . . ,cN�. Each group of bands is degenerate at the bor-
ders of the Brillouin zone �kx= �� /a�.

The energy bands of the polymeric ribbons, obtained from
Hamiltonian �2�, can be classified as even or odd according
to the symmetry of their eigenvectors. Parity is even for the
bottom conduction band c1 and odd for the top valence band
v1 if N is even. The opposite occurs if N is odd. Adjacent

energy bands have opposite parities. Although we only con-
sider nearest-neighbor interactions, it should be noticed that
the presence of second-nearest-neighbor interactions or
higher-order interactions does not affect the symmetry of the
lattice.

We consider now the effects of a superimposed gate po-
tential on the crystalline wave functions. In general, when
defects are introduced, spatial symmetries are broken. How-
ever, if the defect under attention is a superimposed gate
potential independent of the transverse coordinate, mirror re-
flection symmetry is preserved in even ribbons regardless
how sharp or smooth is the shape of the superimposed po-
tential. In fact, a gate potential that only depends on the
longitudinal coordinate x �see Fig. 3� can be represented in
the form

Vgate = �
mj

Vm��mj
��mj� , �3�

where m is the cell index and j runs over the 2N sites of each
unit cell. It is important to notice that for ribbons that are
composed of an even number N of chains, the potential gate
in Eq. �3� is invariant under the lattice mirror operation. If N
is odd, Vgate is not invariant under the lattice glide plane
symmetry operation. Thus, for even N the gate potential does
not couple bands of opposite parity, and transport channels of
different parity remain unmixed and mutually independent.

Besides the symmetry of the gate potential, its shape may
also affect interband scattering. In fact, let us consider the
matrix elements of Vgate between two eigenfunctions of the
type

����k�
 = �
j

cj
����� j�k�
 ,

where � is the band index and �� j
 are given in Eq. �1�. We
have
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FIG. 2. �Color online� Energy bands of clean undistorted wires
of �a� polyacene, N=2, �b� polyacenacene, N=3, �c� polyperylene,
N=4, and �d� of a ribbon with N=10 zigzag chains. For N even, the
eigenstates have definite parity with respect to the mirror symmetry
operation. Those on the dashed blue bands are even and those on
the continuous red bands are odd. For N odd, the eigenstates have
definite parity with respect to the glide plane symmetry operation.
Those on the dashed blue bands are even and those on the continu-
ous red bands are odd.

FIG. 3. �Color online� Schematic representation of the potential
barrier induced by the gate. The potential rises smoothly from zero
in the left and right lead regions to the value Vb in the gated region.

−1 −0.5 0 0.5 1 −1 −0.5 0 0.5 1 −1 −0.5 0 0.5 1
−3

−2

−1

0

1

2

3

k
x

(π/a)

E
(|t

|)

BA A’ B’ A’’
V

b

E
3

E
2

E
1

FIG. 4. �Color online� Schematic band structure of the poly-
acene ribbon in the left lead, gated region, and right lead. In the
central gated region, the bands are shifted by the gate potential Vb.
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����k��Vgate����q�
 = �
j j�

cj
�����k�cj�

����q��� j�k��Vgate�� j��q�


=�
j j�

cj
�����k�cj�

����q�	 j j�e
−i�k−q�djx

1

M �
m

Vme−i�k−q�tm

= �
j

cj
�����k�cj

����q�e−i�k−q�djxVgate�k − q� , �4�

where Vgate�k−q� denotes the Fourier transform of the gate
potential. The Fourier transform of Vgate is significant for
�k−q� up to values of the order of the inverse of the length of
the region where the gate potential varies �see Fig. 3�. There-
fore, spatially smooth potentials can only scatter an electron
into states with continuously varying k values. As a conse-
quence, such a potential can adiabatically guide electron
states along the same band or along other related bands with
common degeneracy points.

III. CHARGE TRANSPORT IN POLYMERIC CHAINS

In this section, we consider the conductance of polyacene
ribbons of Fig. 1 with a superimposed smooth potential bar-
rier of the shape indicated in Fig. 3 for various values of the
barrier height Vb. The numerical evaluation of the differential
conductance of zigzag nanoribbons is performed with the
Keldysh formalism,35,36 appropriately implemented for the
honeycomb lattice topology.37,38

For a large gated region, the energy spectrum in the leads
and in the gated region can be represented, as shown in Fig.
4, for the case of a generic undistorted polymer of the poly-
acene family. The energy bands of the gated region are
shifted by the value Vb. From Fig. 4 we can also infer the
qualitative behavior of an electron injected, e.g., from the left
lead at a chosen energy E. If 0
E1
Vb the electron is in-
jected from the left lead in channel A and then enters the
gated region in channel A� or is reflected in channel B.
Eventually, it can be transmitted to channel A� of the right
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FIG. 5. �Color online� Energy
bands �of the left lead and of the
central gated region� and conduc-
tances of �a� polyacene, N=2, �b�
polyacenacene, N=3, �c� polyper-
ylene, N=4, and �d� ribbon com-
posed of N=10 chains. The value
of the applied smooth gate poten-
tial is Vb=0.65�t�.
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lead or reflected into channel B�. Notice that the electron lies
in the bottom conduction band in the lead regions and in the
topmost valence band in the gated regions. Since these bands
have opposite parity under the symmetry group of the rib-
bon, the electron transmission is only possible for odd num-
ber of chains, and thus, at the chosen energy, only polymers
composed of an odd number of chains are conducting.

With similar reasoning we can analyze electrons injected
at the energy E2�Vb, where a single band is active in each
region �see Fig. 4�. In this case transmission is possible for
polymers with both even and odd number of chains.

In the case in which the energy of the injected electron,
E3, encounters several bands �see Fig. 4�, scattering is al-
lowed between states with the same parity if N is even. How-
ever, as discussed in Sec. II, due to the smoothness of the
superimposed potential, an electron changes its momentum
continuously while entering or exiting the gated central re-
gion. Thus, no scattering occurs between states belonging to
different groups of bands �upper, central, and lower� since

the electron cannot pass from one group of bands to another
continuously. For the same reason, scattering is allowed be-
tween states belonging to the same group of bands. In this
case, we expect quantization of the conductance because
backscattering is efficiently suppressed in the presence of
smooth potentials. On the contrary, scattering between differ-
ent groups of bands is possible in the case of sharp profile of
the gate potential due to the high momentum components of
its Fourier transform �see Eq. �4��.

The above considerations are verified by our numerical
calculations reported in Fig. 5 for polymer ribbons composed
of N=2, 3, 4, and 10 carbon chains, with a superimposed
gate potential Vb=0.65�t�. The regions where the potential
rises extend over 200 primitive cells. In Fig. 5, we report the
band structures �left panels� and the differential conduc-
tances G �right panels� evaluated for the considered ribbons.
Since the band structure in the left lead is the same as in the
right lead �see Fig. 4�, we only show the energy bands of the
left lead and of the gated region.
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FIG. 6. �Color online� Energy
bands �of the left lead and of the
central gated region� and conduc-
tances of �a� polyacene, N=2, �b�
polyacenacene, N=3, �c� polyper-
ylene, N=4, and �d�ribbon com-
posed of N=10 chains. The value
of the applied sharp gate potential
is Vb=0.65�t�.
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In the case of polyacene �N=2�, the energy regions where
the system is perfectly conducting or insulating, see Fig.
5�a�, are easily interpreted in terms of the electronic bands
structure. In fact, it holds G=0 below the energy A because
no states are available in the gated region. In the interval
A–B the band v2 is active through the whole system, while
the band v1 may be active in the leads regions. In each re-
gion, v1 and v2 have opposite parity and belong to different
groups of bands. Thus, the electrons injected in the band v2
are perfectly transmitted, while those injected in the band v1
are fully backscattered. This justifies the value G=2e2 /h in
the energy interval A–B. In the energy range B–C, G=0
because only bands v1 are active in the leads, while only the
band v2 is active in the gated region. For energies in interval
C–D, we have G=2e2 /h, in fact only the bands v1 are active
in both the leads and the gated regions. The value G=0 in
interval D=0−E=Vb is motivated by the different parity of
the bands c1 in the leads and the band v1 in the gated region.
A specular behavior is observed in the higher energy inter-
vals E–F, F–G, and G–H.

In the case of polyacenacene, reported in Fig. 5�b�, the
number of chains is odd and thus the scattering between
states belonging to bands with opposite parity is allowed. In
fact, we observe that the polymeric ribbon is conducting in
the energy range 0−Vb, where the bands c1 are active in the
leads, while the band v1 is active in the gated region. The
value G=0 in the energy intervals C–D and E–F of Fig. 5�b�
is due to the fact that in the leads and in the gated region the
states belong to different groups of bands.

Similarly, the even/odd effect and the considerations con-
cerning to the honeycomb lattice topology of the system can
be exploited to interpret ribbons composed of higher number
of chains as reported in Fig. 5�c� �for N=4� and Fig. 5�d� �for
N=10�.

In Fig. 6, we consider the same systems in the presence of
a steep rise of the potential barrier. In contrast to the case of
smooth potential, the wave vector of the injected particles
can now vary discontinuously. This entails two main conse-
quences: First, the conductance is no more quantized due to
the enhanced backscattering even if a reminiscence of the
plateaus is still evident. Moreover, the scattering between
different groups of bands is now allowed. Let us consider the
case of polyacene �Fig. 6�a��. We can clearly see that the
gaps among the points B–C, D–E, and F–G are still present.
In fact transmission is forbidden in these energy ranges due
to the different parity of the states in the leads and in the
gated region. In the case of polyacenacene, reported in Fig.

6�b�, the gaps we had for the smooth potential are no more
present. Due to the possibility of intergroup scattering, small
transmission is allowed. These effects are more evident for
the polyperylene �see Fig. 6�c��. In this case, the gap in the
conductance close to the neutrality point is still preserved
because it is due to symmetry reasons, while the transmis-
sion is different from zero in correspondence of the other two
gaps because the possibility of scattering between different
groups of bands.

In summary, we notice explicitly that for appropriate en-
ergy intervals to the right of the reference energy E=0, all
even ribbons are perfectly insulating �see Figs. 5 and 6 and
the previous discussion�. This behavior, appealing for elec-
tronic valve applications, was first observed for wide
graphene ribbons.30,31 It occurs regardless of the two-valley
band structure of graphene and also holds for ultranarrow
graphene ribbons. We have in fact shown that the origins of
the effect are symmetry and topology. It is also worthwhile
to notice that the useful energy interval for electronic valve
control is of the order of �t� /N �approximately equal to hun-
dredths of electron volt� around E=0 for typically wide
graphene ribbons, while it is of the order of �t��� eV� for
polyacene and ultranarrow materials.

IV. CONCLUSIONS

We have calculated the conductance of gated polymers of
the polyacene family within a tight-binding representation of
the � electron Hamiltonian and the nonequilibrium Keldysh
formalism. The transport properties have been studied as a
function of the even or odd number of chains composing the
ribbons and of the energy of the injected carriers in the pres-
ence of gate potentials with smooth and sharp stepwise pro-
files, depending only on the longitudinal coordinate. The nu-
merical simulations indicate that gate voltages can efficiently
block the current flow in the even mesoscopic systems. We
have seen in fact that in the case of an even number of chains
the blocking of current �in the energy range where a single
electronlike or holelike energy channel is active� is a robust
effect, essentially related to spatial symmetry and ribbon to-
pology.
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