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Abstract

Using a tight-binding model and methods based on Green’s function theory
and Lowdin’s partitioning technique, we numerically investigate the effects
of the coupling strength, the role of the solitons and the presence of a linear
applied voltage drop across the molecule on the electronic transmission through
a system in which trans-polyacetylene (¢-PA) as the molecule is sandwiched
between two semi-infinite single-walled carbon nanotubes (CNT). We rely on
Landauer formalism as the basis for studying the conductance properties of
this system. Our calculations show that the solitons play an important role
in this system, causing a large enhancement in the conductance. Also, our
results suggest that the conductance is sensitive to the CNT/molecule coupling
strength, and the presence of an applied voltage considerably increases the
conductance.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The study and manipulation of matter on the nanometre scale is a thriving area of research,
with profound implications for technology (e.g. nanoelectronics, nanostructured materials,

nanobiology).

One of the most attractive research areas has been focused on the use of

molecular system as electronic devices. So devices have been designed in such way that
a molecule is sandwiched between two electrodes (metallic or organic). Considering the
immense progress in the field of nanofabrication, attempts have also been made towards other
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structures, such as CNTs, as conducting metallic reservoirs. In some recent works, simple
molecular wires have been connected to two semi-infinite CNTs [1-3]. The significantly
improved switching characteristics of short organic FETs with metallic CNT electrodes over
those with metal electrodes are attributed to the excellent electrostatics attainable with a
nanotube electrode geometry [4, 5]. The most important basic question in this context,
therefore, is: what determines the conductance of such a molecule if it is used as a current-
carrying element bridging two reservoirs of differing electron chemical potential? This
question has an immediate relevance for experiments in which such conductance is measured,
using either (i) scanning probe tips for individual molecules adsorbed on surfaces [6, 7] for
molecular wires adsorbed at step edges [8] embedded in self-assembled monolayers [9, 10]
or (ii) (macroscopic) electrodes obtained by nanolithography [11, 12] or from a mechanically
controllable break junction [13]. So far, many theoretical works have been developed and
models have been proposed to represent the molecular system and the reservoirs. In most model
systems, the molecular wires connected to two semi-infinite surfaces [13, 14] or to two semi-
infinite ‘rods’ [15] or to clusters [16, 17]. Within a framework equivalent to the latter model,
calculations have been extended to the Hartree—Fock level for a molecule attached to gold
clusters [18]. Also, density-functional theory has been applied to a molecular wire (described
by atomic pseudo-potentials) connected to two jellium surfaces [19]. These theoretical studies
show some of the important parameters that affect the conductance of the system. First, they
have shown the importance of the electronic and chemical interactions between the ends of
molecular wire and the reservoirs. Second, they show that, in the limit of a small applied
voltage and away from the Coulomb blockade regime, the transport is dominated by charge
carrier tunnelling inside the highest occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) gap of the molecule. This gap is a crucial parameter for control of
the conductance of the wire. The smaller gap gives rise to the larger tunnelling transmission.

Following these interests and towards the modelling of a full carbon transistor, we present
a model in which a #-PA molecule is connected to two semi-infinite armchair CNTs. The
possibility of a semiconductor-to-metal transition and the capability for becoming a very
conductive material have been the reasons for the experimental and theoretical investigations
on the physical properties of #-PA in comparison with other conducting polymers [20].
Several studies of the structural, electronic and conduction properties of #-PA have been
published [21-23]. In ¢-PA, as a conjugated polymer, due to the Peierls transition, there is
a strong coupling of the m-electrons occupying the HOMO and LUMO states to the bond-
alternation pattern. This coupling means that the low-lying states of a charged molecule
(via which any net transport of charge through the molecule must proceed) involve an
intimate coupling of electronic and lattice degrees of freedom, to produce excitations such as
solitons [20, 24]. These coupled excitations can be thought of as conspiring to lower the energy
gap locally around a charge carrier when it is introduced into the system. The polaronic and
solitonic phenomena have been studied for decades in bulk or thin-film samples of conducting
polymers [20, 25].

We investigate numerically the conductance properties of 7-PA molecules in the CNT/z-
PA/CNT structure (figure 1), where the nanocontacts are considered to be the armchair (/, /)
single-walled carbon nanotubes. In general, there are M atomic positions over the interfacial
end-atoms of the tubes. For an armchair where (/, /) CNT topology is imposed, the number of
carbon sites at the interface is M = 2/. In addition, we make further studies of the conductance
properties of the systems in the presence of the solitons, and show its effect on the energy gap of
the molecule. The model and the description of the methods for investigating the conductance
properties of the molecular wire are introduced in section 2. The results and discussion are
presented in section 3, followed by a summary in section 4.
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Figure 1. A schematic representation of the CNT/¢-PA/CNT structure, as described in the text.

2. Methodology

The most commonly used computational schemes for calculating the (coherent) conductance g
are the Landauer theory [26] and the Green’s function formalism [27-29].

The conductance g at zero temperature is simply proportional to the transmission
coefficient, T (E), for injected electrons at the Fermi energy:

2¢?
8 = 8T (E); 8= ()

The transmission coefficient can be calculated from the knowledge of the molecular energy
levels, the nature and the geometry of the contacts. Using the Fisher—Lee relation [30], the
conductance can be expressed as,

g = glGin(E)PAI(E +eV) Ay (E), @)
where Gy (FE) is the (1, N) element of the retarded Green’s function matrix of the molecule.
A1 (= Ay), the spectral density of the left (right) CNT electrode, is related to the semi-infinite
left (right) electrode Green’s function matrix, g“®. This is minus the imaginary part of the
CNT self-energies (per spin):

=AY —IAT = Y (D (Dm 8, @ = LIR). 3)

mey,m,
myw) and my g, run over interfacial end-atoms of the CNTSs. 7. is the coupling strength of the
CNT/molecule, and the single-particle Green’s function g;, ., can be expressed as [31],
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where ¢;(n,) = exp(ikinya), with kﬁa =mjl, 1 < j < 2¢ and a is the lattice space. We
assume the x direction to be parallel to the tube (and to the transport direction) and y to be the
finite transverse coordinate. G(E) is the surface Green’s function, and is given by [31],
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Figure 2. The order parameter ¢, for the molecule with N = 56 carbon atoms and three solitons.

in which ¢ and fcnt are the on-site energy and the hopping integral between the nearest-
neighbours, respectively. The molecular electronic Green’s function is introduced as self-
energy corrections into the bare ‘molecule’ Green’s function,

G71 — GM71 _ EL _ ER, (7)
where GM~! and XM® are the bare ‘molecule’ retarded Green’s function and the left (right)
CNT self-energy, respectively. The bare ‘molecule’ retarded Green’s function operator is given
by,

GM = (1z — Hssw) s z=E+is 5s—>0 ®)
in which Hgsgpy represents the well-known SSH Hamiltonian [32] of the bare molecule, 1 stands
for the identity matrix, and z is the complex number whose real part, E, is the energy at which
the transfer occurs.

It has already been shown that the main contribution to the electronic properties comes
from the m-electrons [33, 34], such that one may only consider the electronic part of the well-
known SSH Hamiltonian. The electronic part of Hggsy is given as follow [20]:

Hssn=— Y tus1a(ciy1cn + ¢ catn), ©)
n

in which ¢, , is the nearest-neighbour transfer integral and is given as,

tl’l-‘rl,n :t0+a(un _un-H)v (10)
where f; is the hopping integral of an undimerized chain, « is the electron—phonon coupling
constant, and u,, is the displacement of the nth carbon atom from its equilibrium position. The
reference energy is chosen such that the carbon atom on-site energy is zero. For perfectly
dimerized trans-PA, u, is given as u, = (—1)"uy. Using the parameters of [32] we set
a=41eVA ' ug~004Aandsy =25¢V.

In ¢-PA, solitons (geometrical defects) correspond to phonon field configurations and may
effectively affect the electronic conduction through the polymer. In the presence of solitons the
displacements of carbon atoms are determined in such a way as to minimize the total energy
and to give the optimum shape for the soliton. Accordingly, the displacements of the carbon
atoms are modelled as [35, 36],

U, = (—1)"uol;[tanh [@} (11)
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Figure 3. Panels (a) and (c) show the logarithm of the transmission coefficient versus the
dimensionless parameter energy/tcnt for the CNT/t-PA/CNT system with font = 3 eV, . =
0.3 eV for N = 56 carbon atoms in a 7-PA molecule, without a soliton and with three solitons,
respectively. The CNTs are considered to be armchair (5, 5). Corresponding to plots (a) and (c), the
electronic DOS is illustrated in panels (b) and (d), respectively.

where 26 = 14a, and where a = 1.22 A (lattice constant) is the width of a soliton. (ma) is the
location of the mth soliton centre on the chain. Defining the order parameter ¢, = —(—1)"u,,
it is easy to observe the different soliton distributions along the ¢-PA chain, since ¢, = 0 means
a soliton has been located at the nth site. The order parameter ¢, for three solitons is illustrated
in figure 2. Using partitioning techniques [27, 37], we may rewrite the (1, V) element of the
retarded Green’s function matrix of the molecule as follow:

FE +iA 1, 0 .- 0 0 o
1 E> sy - 0 0 0
0 132 Ey - 0 0 0
Gin(0) = : R : : : : (12)
0 0 0 -+ Eyo In-2nN-1 0
0 0 0 - tnoin—2  Enog IN-1.N
L 0 0 0 0 IN.N—1 EN+iA—1N

Also, the electronic density of states (DOS) of the system is given as [37],

1
pn(E) = _;Im{Gnn(E)}- 13)
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Figure 4. Plots (a)—(c) show the logarithm of transmission coefficient versus the dimensionless
parameter energy/tcnt for the CNT/t-PA/CNT system with oyt = 3 eV, ¢ = 0.1, 0.3, 0.5 eV for
N = 56 carbon atoms and three solitons. The CNTs are considered to be armchair (5, 5).

3. Results and discussion

Based on the formalism described in section 2, we have investigated the electronic conduction
properties of the CNT/#-PA/CNT structure for several typical #-PA molecules with different
features. Here we focus on the dependence of the electron conduction on the presence of
solitons in the #-PA chain. Figure 3 illustrates the electronic density of states (DOS) of the
CNT/¢t-PA/CNT system in the absence and in the presence of solitons (panels (b) and (d),
respectively). The plots show that the presence of solitons induces electronic states within the
bandgap and causes a large enhancement in the conductance of the system. Also, the electronic
transmission probability through the system is shown in panels (a) and (c), which correspond
to panels (b) and (d), respectively. In these figures the CNT/molecule coupling strength, z,
is fixed. Similar calculations have been performed for different values of #.. Our results
suggest that any increase in 7. gives rise to a considerable enhancement in the conductance
of the system. Figure 4 illustrates this aspect of the electronic transmission clearly. Figures 5
and 6 illustrate the conductance of the molecular wire for some selected armchair nanotubes
with different tube diameters as the electrode. We find that, as the tube radius (R) increases,
the conductance of the system considerably increases too. From the most experimentally
observed carbon nanotube sizes, there is a tiny gap in the armchair nanotube types which
arises from curvature effects [38]. Thus any increase in the tube diameter give rises to a
decrease in the gap as 1/R? [39] and causes a large enhancement in the conductance of the
system.
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Figure 5. The differential conductance (in units of gp) versus #., the CNT/molecule coupling
strength in the CNT/¢-PA/CNT system with ftcnt = 3 eV for N = 56 carbon atoms and three
solitons. The CNTs are considered to be armchair (5, 5).
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Figure 6. The differential conductance (in units of gp) versus the tube diameter of electrodes with
tent =3 eV, t. = 0.3eV and N = 56 carbon atoms.

In figure 7 we have shown the effect of the selected lengths of the molecule on the
conductance of the system. From this figure we see that, when the length of the molecule
increases, the conductance largely decreases. As is well known, our results indicate that the
decrease in the conductance follows an exponential law, as shown by Magoga and Joachim [14].

In all of the above calculations, no voltage drop was considered across the molecule.
However, in order to study the behaviour of the system in the presence of an applied voltage,
we consider a linear voltage drop along the #-PA molecule, i.e. the electric potential between
the electrodes (CNTs) varying linearly with distance. This assumption is a good approximation
to the computational potential profile through the molecule between the two electrodes [40].
Thus the on-site energies of the molecule are functions of the bias,

i eV() . .
V(J)=—( )(J—l); j=1,...,N. (14)

N -1
The results of these studies are presented in figure 8. These results suggest that any increase
in the value of the electric potential between the molecule ends gives rise to an increase in the

7
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Figure 7. A plot of the logarithm of the transmission coefficient as a function of length of the 7-PA
molecule with tecnt = 3 eV, . = 0.3 eV.
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Figure 8. The differential conductance (in units of go) versus the voltage drop along the #-
PA molecule for the CNT/t-PA/CNT system. Here, for armchair (5, 5) nanotubes as electrodes,
tcnt =3 eV, i = 0.3 eV, Vyp =2 Vand N = 56 carbon atoms are set. In the presence of solitons,
the conductance—voltage curve is steeper.

conductance of the molecular wire. This is due to the fact that the voltage drop makes the
molecular orbitals wider, and thus electron tunnelling from site to site will be easier.

4. Summary

In brief, we have studied in detail the role of solitons and the CNT/molecule coupling strength
on the conductance of the CNT/t-PA/CNT structure. We have applied some well-known
approaches and methods based on Green’s function theory and Lowdin’s partitioning technique,
Landauer formalism and the SSH Hamiltonian model to investigate the electron conduction
through the CNT/t-PA/CNT structure. Our results show that (i) the presence of solitons in the
t-PA chain induces electronic states within the bandgap of the molecule, which give rise to a
large enhancement in the conductance and (ii) the conductance is sensitive to the CNT/z-PA
coupling, the length of the #-PA molecule and the CNT’s chirality. In addition, the presence

8
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of the linear voltage drop along the molecule considerably increases the conductance of the
system.
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