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Electron transport through ribbonlike molecular wires calculated using density-functional theory
and Green’s function formalism

D. Visontai, I. M. Grace, and C. J. Lambert
Department of Physics, Lancaster University, Lancaster LAI 4YB, United Kingdom
(Received 6 December 2009; published 8 January 2010)

We study the length dependence of electron transport through three families of rigid, ribbonlike molecular
wires. These series of molecules, known as polyacene dithiolates, polyphenanthrene dithiolates, and polyfluo-
rene dithiolates, represent the ultimate graphene nanoribbons. We find that acenes are the most attractive
candidates for low-resistance molecular-scale wires because the low-bias conductance of the fluorene- and
phenanthrene-based families is shown to decrease exponentially with length, with inverse decay lengths of
B=0.29 A~'and B=0.37 A, respectively. In contrast, the conductance of the acene-based series is found to
oscillate with length due to quantum interference. The period of oscillation is determined by the Fermi wave
vector of an infinite acene chain and is approximately 10 A. Details of the oscillations are sensitive to the
position of thiol end groups and in the case of “para” end groups, the conductance is found initially to increase

with length.
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Carbon-based electronics is developing at an accelerating
pace, in part driven by the desire to develop sub-10-nm elec-
tronics. On the one hand, measurement of the electrical prop-
erties of single molecules sandwiched between metal con-
tacts has recently become an experimental reality!~!! and has
allowed a range of fundamental issues to be addressed, such
as geometry-controlled (Ref. 12) and conformation-
controlled (Refs. 13-18) electron transport and single-
molecule sensing.19 On the other hand, the recently discov-
ered ability to isolate graphene flakes?*2? has generated an
explosion of interest in top-down approaches to carbon-
based nanoelectronics. In this paper, we examine the three
families of molecules shown in Fig. 1, which sit at the
boundary between these two approaches. These series of
molecules, known as polyacene dithiolates, polyphenan-
threne dithiolates, and polyfluorene dithiolates, represent the
ultimate graphene nanoribbons. They are attractive from a
single-molecule perspective because they are rigid structures
and avoid complexities associated with ring rotations.!>#
Furthermore, in contrast with graphene ribbons, whose edges
suffer from atomic-scale uncertainties and are therefore ex-
pected to exhibit Levy flights?? rather than ballistic transport,
these families of molecules have well-defined edges and
therefore electron transport is potentially ballistic.

Early studies of the electronic structure of these molecules
provide a foretaste of fundamental properties shared by
graphene ribbons. For example, a theoretical prediction that
polyacenes should exhibit interesting magnetic phases?* was
followed by a study of zigzag graphene ribbons, which pre-
dicted an antiferromagnetic ground state.>> More recently, it
was predicted that the ground state of acenes with eight or
more phenyl rings should be antiferromagnetic with unpaired
electrons of opposite spins localized on the edges of the
molecules.”®?” The resulting polyradical is highly reactive,
which is consistent with the fact that to date, acenes with
eight or more fused rings have not been synthesized.

The aim of the present paper is to examine the electrical
conductance of these molecules, attached by thiol anchor
groups to gold electrodes. As emphasized in a recent experi-
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mental study28 of diaminoacenes, electrical conductance de-
pends both on the electronic structure of the molecule and on
the position of the anchor group. Therefore we present re-
sults for the acene family with two positions of the thiol
anchor groups, namely, the “para” and “meta” positions in-
dicated in Figs. 1(c) and 1(d).

The main results of our calculations are presented in Fig.
2, which shows the room-temperature, zero-bias conductance
of the above families of molecules, with different numbers n
of fused benzene rings and lengths up to 18 A. In contrast
with a recent suggestion?® that the low-bias conductance of
para-acenes should decrease exponentially with length, Fig.
2 shows that for both the para- and meta-acene series, no
such exponential dependence exists. Indeed in the case of the
former, quantum interference initially causes the zero-bias
conductance to increase with length. This result is consistent
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FIG. 1. The molecules: (a) fluorenes and (b) phenanthrenes, and
two types of acenes, which we will call (c) para and (d) Meta. The
molecules consist of n=2, 3, and 4 fused benzene rings. Length of
unit cell: a,,=8.295 A, 43567 A, and 2.44 A.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.035409

VISONTAI, GRACE, AND LAMBERT

T
10-1 U e S | -
----- - I =
2 : -
10 o RN
i S
108 fluorenes —l—
phenanthrenes -->--
meta acenes ——A-—
105 para acenes - @ -
4 6 8 10 12 14 16

FIG. 2. (Color online) Length dependence of the room-
temperature conductance. B, =-0.29 and B,,,,=—0.37. The number
of benzene rings n in fluorenes are [2:4], for phenanthrenes [2:6],
and for the acenes are [2:7]. The 7-acene is the longest acene mol-
ecule that can be synthesized.

with a study of an infinite acene chain,”* which predicts a
vanishing band gap and metallic behavior.

To demonstrate that the initial increase in the conductance
of the para-acenes is due to quantum interference, Fig. 3
shows results for much longer molecules. Since polyacenes
with n greater than 7 do not exist and since we merely wish
to illustrate the effect of quantum interference without
changing the symmetry of the ground state, the results shown
in Fig. 2 are for a nonmagnetic ground state only. They
clearly demonstrate the presence of conductance oscillations
in both the para- and meta-acene series. To estimate the pe-
riod of these oscillations, one notes that the computed Fermi
wave vector of the infinite acenes is ky=0.615 A~! and us-
ing 27/ ky=AL=\/2 yields a period of 10.21 A.

The oscillatory behavior of acenes is analogous to con-
ductance oscillations found in atomic wires**7 and in car-
bon nanotubes,’83° and is in marked contrast with the con-
ductances of the fluorene and phenanthrene*® series, which
decay exponentially with length, with inverse decay lengths
of 8=0.29 A~'and 8=0.37 A~!, respectively. This suggests
that polyacene dithiolates are the more attractive candidates
for low-conductance molecular wires. Indeed, their com-
puted Fermi velocity is approximately ¢/300, where ¢ is the
velocity of light and therefore, like graphene, they should
exhibit a high-speed ambipolar field effect.

Having presented our main results, we now discuss details
of the computational method, which uses a combination of
the density-functional theory code SIESTA (Ref. 41) and a
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FIG. 3. (Color online) Length dependence of the room-
temperature conductance. The number of benzene rings n in fluo-
renes are [2:12], for phenanthrenes [2:17], and for the acenes are
[2:23].
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FIG. 4. (Color online) Comparison between hollow and top
contacts.

Green’s function scattering approach to calculate the
transport.*? In these simulations the electronic and transport
properties of the three families of molecules contacted be-
tween gold leads were calculated with the SMEAGOL code.
SMEAGOL uses the Hamiltonian provided by SIESTA to obtain
the electron transmission coefficients and here we focus on
the zero-bias regime. The calculations used a double-zeta
basis set to span the valence orbitals, an energy cutoff of 100
Ry to define the real-space grid and the local-density ap-
proximation (LDA) to calculate the exchange and correlation
energy. The molecular coordinates were relaxed until all
forces on the molecules were less than 0.02 eV/A and gold
leads were added along the (111) direction to create the ex-
tended molecule. Here, nine atoms of gold per layer were
used and five layers were enough to ensure the transmission
coefficients were converged thus avoiding any spurious ef-
fects produced by the surfaces of the leads. The calculation
was not spin polarized. Using Troullier-Martins
pseudopotentials®? and the Ceperley-Alder LDA (Ref. 44) to
describe the exchange correlation of the underlying mean-
field Hamiltonian, the zero-bias Green’s function and scatter-
ing matrix are computed and from the latter one obtains the
transmission coefficient T(E) for electrons of energy E pass-
ing through the molecule from one gold lead to the other.
The zero-bias, finite-temperature conductance is given by the
Landauer formula: G=2e/hf* dET(E)[-df(E-Ey)/dE],
where f(E-Ep) is the Fermi function. Figure 4 shows an
example of T(E) calculated with hollow and top contact po-
sitions. As expected the hollow position shows a higher T(E)
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FIG. 5. (Color online) Band structure of infinite fluorene, acene,
and phenanthrene as a function of the wave vector parallel to the
backbone of the chains.
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FIG. 6. (Color online) HL gaps of fluorenes, acenes, and
phenanthrenes plotted as a function of the length of the molecules.
The gaps for the infinitely long molecules is also shown.

in the HL gap because the S atom is closer to the surface of
the Au lead and due to the stronger couplings the highest
occupied molecular orbital (HOMO) resonance is broader. In
this paper, we show results corresponding to hollow contacts
only and choose the energy origin to correspond to the Fermi
energy of the gold electrodes.

To understand the length dependence of the conductances
of these families of molecules, Fig. 5 shows the band struc-
ture calculated for infinite fluorene, acene, and phenanthrene
chains while Fig. 6 shows the length dependence of HOMO-
lowest occupied molecular orbital (LUMO) (HL) gap for the
three types of molecules. In all cases the HL gap decreases
with length but the behavior of the acene family is com-
pletely different from that of the fluorenes and phenan-
threnes. In the case of the former the HL gap vanishes at
large lengths while for the latter it remains finite.

As the length of the molecules increases, the Fermi en-
ergy tends toward the middle of the HL gap in the case of
fluorenes and phenanthrenes, but in the case of acenes, the
LUMO approaches the Fermi energy and the HL gap shrinks
to zero. To check the sensitivity of our results to the precise
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FIG. 7. (Color online) Energy dependence of T(E) for fluorenes
and phenanthrenes.
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FIG. 8. (Color online) Energy dependence of T(E) for para- and
meta-acenes.

position of the Fermi energy, Figs. 7 and 8 show the energy
dependence of the T(E). In the case of fluorenes and phenan-
threnes, the conductance varies rather smoothly with E,
whereas the acene series shows much more structure, due to
the presence of Fabry-Perot resonances in T(E).

To understand the origin of these interference effects, we
have constructed a Hiickel model of the acene molecules
attached to one-dimensional leads, as shown in Fig. 9, where
the molecule is replaced by a ladderlike backbone. The end
atoms of the ladder have modified on-site and hopping pa-
rameters to represent the contacts between the leads and the
molecule. This model is a generalization of the tight-binding
model introduced in Ref. 45 to describe Fano resonances and
can be analyzed analytically using the same methodology. As
shown in Fig. 10 with this model we are able to reproduce
the main features of the T(E) curves of longer acenes. Since
the HOMO belongs to the S atoms, the position of the reso-
nances is sensitive to the boundary condition at the contacts,
including the contact type (top, hollow, or other) and the
choice of end group. As illustrated in Fig. 10, for the longer
n=11 para-acenes, even the double antiresonances at E—Ep
~—0.1 eV are reproduced.
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FIG. 9. A simplified model of the acene molecule attached to 1D
leads. € and 7y are the on-site and hopping parameters of the lead,
v, -s connects the molecule to the leads, ey is the on-site energy of
the two atoms at the ends of the molecule, € is the on-site energy
of the sites of the ladder, v, is the longitudinal hopping parameter
between the ladder sites, and 7, the transverse hopping element.
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FIG. 10. (Color online) Comparison between DFT calculation of
11-acene in para position and the ladder model with the parameters
of €=0.0, %=1.0, y;,_§=0.26, €5=0.066, €-=—-0.47, v;=0.505,
and y,=0.366.

Transport calculations based on density-functional theory
can both underestimate and overestimate the electrical con-
ductance of single molecules, particularly in the weak cou-
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pling limit.*¢ Nevertheless, systematic trends in families of
molecules have been predicted and compared favorably with
experiment.'3-1° In this paper, we have calculated the room-
temperature, low-bias conductance of three ribbonlike fami-
lies of molecules. The conductance of the fluorenes and
phenanthrenes decays exponentially with length, whereas the
conductance of the acene series is an oscillatory function of
the length. These results suggest that acenes are attractive
candidates for low-resistance wires in molecular-scale elec-
tronic circuits.
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