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Coherent electronic transport through individual molecules is crucially sensitive to quantum interfer-

ence. We investigate the zero-bias and zero-temperature conductance through �-conjugated annulene

molecules weakly coupled to two leads for different source-drain configurations, finding an important

reduction for certain transmission channels and for particular geometries as a consequence of destructive

quantum interference between states with definite momenta. When translational symmetry is broken by an

external perturbation we find an abrupt increase of the conductance through those channels. Previous

studies concentrated on the effect at the Fermi energy, where this effect is very small. By analyzing the

effect of symmetry breaking on the main transmission channels we find a much larger response thus

leading to the possibility of a larger switching of the conductance through single molecules.
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The possibility of achieving controlled quantum trans-
port through single molecules has become a reality as seen
from various successful attempts in different systems [1–
3]. The electronic transport through single �-conjugated
molecules has been studied in several theoretical [4–8] and
experimental [9–12] works. This important step leads not
only to miniaturization of electronic devices but also to the
possibility of taking advantage of new physical properties
in these systems.

A fundamental physical property in quantum transport is
quantum interference, which could be a handle to control
conductance through such systems. Constructive and de-
structive interference play a crucial role which, for most
cases, is per se independent of the structure and composi-
tion of the molecular bridges to the leads.

Even though changing from constructive to destructive
interference might be possible for certain geometries and
molecules, disrupting the destructive interference by per-
turbing the molecule seems to be more dramatic. This has
been proposed in two recent theoretical works [6,7] for the
so-called quantum interference effect transistors (QuIET)
based on single annulene molecules, including benzene. In
the first paper, the systems are modeled by a Pariser-Parr-
Pople (PPP) Hamiltonian [13] using the Ohno parametri-
zation [14] and solved using the self-consistent Hartree-
Fock (HF) approximation, while the second work resorts to
ab initio calculations within the LDA and ab initio approx-
imations. The conductance in both cases is then calculated
for the strong-coupling limit using the nonequilibrium
Green’s function [15] and the Landauer-Büttiker formal-
ism [16]. Both studies concentrate on the equilibrium
conductance at zero bias and gate voltage (Vg ¼ 0, i.e.,

the off-resonance tunneling regime) which coincides with
the Fermi energy of the leads. However, annulenes have a
gap at this energy due mainly to the strong Coulomb

interactions present in the molecule (N ¼ 4nþ 2 annu-
lenes like benzene, are closed-shell molecules with no
level at zero energy even in the absence of interactions).
The conductance at zero gate voltage is finite, albeit small,
only for strong coupling to the leads [17]. For weak cou-
pling the conductance will be zero and will be appreciable
only through the main channels of the molecule which are
a few eV away from the Fermi energy. By analyzing the
QuIET at the main transmittance channels, the switching
effect will be much more pronounced and robust as we will
show below.
In this work we analyze the linear conductance of a

series of annulenes at finite gate voltages and several
source-drain lead configurations. For leads set up at 180�
(the A configuration in Fig. 1), the system presents com-
pletely constructive interference in all transmission chan-
nels. However, for other lead configurations, we find
different behaviors depending on N. For N ¼ 4nþ 2 an-
nulenes we find a reduced conductance through particular
channels due to a nearly destructive interferences ex-
plained below. When the molecular translational invari-
ance is broken by means of elastic scattering or
decoherence factors, we find an abrupt increase in the
conductance through these channels due to disruption of
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FIG. 1. Schematic representation of the molecules studied
numerically in the presence of a gate voltage Vg, small hybrid-

ization to the leads t0 and two source-drain lead geometries.
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destructive interference. This increase is much larger than
was found in previous works since the focus is set on a
resonance transmission channel through the molecule.

However, for N ¼ 4n annulenes the effect is even more
striking: shifting the drain lead by one lattice site from the
A to the B configuration (see Fig. 1) reduces the trans-
mission to zero. This is, in fact due completely to the
destructive interference for N ¼ 4n molecules as ex-
plained below. A translational symmetry-breaking pertur-
bation will have, as in this case, a huge effect, since the
conductance through these channels will increase dramati-
cally from zero to an appreciable value. Hence, such
molecules could have important applications. Previous
theoretical studies analyze the effect of electron correlation
on the structure stability of carbon rings exhibiting com-
peting many-body effects of aromaticity, Jahn-Teller dis-
tortion and dimerization [19,20]. These studies indicate
that, under certain conditions, some of the systems consid-
ered below could be stabilized. In addition, ring geometries
of quantum dots are also potential devices where such a
behavior could be observed.

In this work we consider an annular �-conjugated mole-
cules with N sites, weakly connected to noninteracting
leads in the A or B configurations (Fig. 1). We consider
the following Hamiltonian for the system consisting of two
leads weakly coupled to the molecule:

H ¼ Hring þHleads þHlinks: (1)

The first term describes the isolated �-conjugated mole-
cule, modeled by the PPP Hamiltonian [13], with on-site
energy given by a gate voltage Vg:

Hring ¼ �t
X
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Vijðni � 1Þðnj � 1Þ; (2)

where the operators cyi� (ci�) create (annihilate) an electron
of spin � in the � orbital of the carbon atom at site i, n are
the corresponding number operators and h� � �i stands for
bonded pairs of carbon atoms. The intersite interaction
potential Vij is parametrized so as to interpolate between

U and e2=rij in the limit rij ! 1 [14]. In the Ohno

interpolation, Vij is given by

Vij ¼ Uið1þ 0:6117r2ijÞ�1=2; (3)

where the distance rij is in Å. The standard Hubbard

parameter for sp2 carbon is Ui ¼ 11:26 eV and hopping

parameter t for r ¼ 1:397 �A is 2.4 eV [21], and all energies
are in eV. The second term in Eq. (1) corresponds to two
tight-binding semi-infinite chains for the left and right
leads. The third term in Eq. (1) describes the coupling of
the edge sites of the left and right leads with sites L (left)
and R (right) of the system, respectively. When the ground
state of the isolated ring is nondegenerate, and the coupling
t0 between the leads and the ring is weak (t0 � t), equilib-

rium conductance at 0 K can be expressed to second order
in t0 in terms of the retarded Green’s function for the
isolated ring between sites i and j: Gi;jð!Þ. For an incident
particle with energy ! ¼ �2t cosk and momentum �k,
the transmittance reads [22,23]:

Tð!;VgÞ ¼ 4t2sin2kj~tð!Þj2
j½!� �L þ teik�½!� �R þ teik� � j~t2jj2 ;

(4)

where �LðRÞð!Þ ¼ t02GLLðRRÞð!Þ; ~tð!Þ ¼ t02GLRð!Þ; play
the role of a correction to the on-site energy at the extremes
of the leads and an effective hopping between them, re-
spectively. The conductance is G¼ð2e2=hÞTð�;VgÞ,
where � is the Fermi level, which we set to zero (half-
filled leads) and Vg enters implicitly through the Green’s

functions.
In our study, the interacting system withN sites is solved

exactly using numerical techniques (Lanczos or Davidson)
to diagonalize huge matrices, and the Green’s functions are
obtained straightforwardly. The correlations are, thus,
treated in an exact manner.
We now analyze the two possible scenarios for annu-

lenes with N ¼ 4nþ 2 and N ¼ 4n with two terminals.
For the first case, the allowed total momentum quantum
numbers are k ¼ 2r�=ð4nþ 2Þ ¼ r�=ð2nþ 1Þ, with r an
integer, while for the second case the allowed momenta are
k ¼ 2r�=4n ¼ r�=2n. For a two-terminal set up, within a
one-particle picture, it is clear that wave packets travelling
through both branches of the molecule will interfere pro-
ducing different interference patterns depending on the
positions of the leads. The phase difference will be mo-
mentum times the difference in the lengths of the two
trajectories (in units of the C-C separation): ��ðkÞ ¼
k�x. Using symmetry arguments for the Green’s functions
entering Eq. (4), it has been shown that the contribution to
T of two degenerate many-body wave functions with mo-
menta k and k0 is proportional to 1þ cosð�xðk� k0Þ=2Þ in
agreement with the above picture [24].
Specializing to benzene (N ¼ 6), for leads in the ‘‘para’’

position, �x ¼ 0 and the waves are in phase, interfering
constructively (Fig. 2). However, in the ‘‘meta’’ position
(�x ¼ 2), the interference will depend on the k value of the
particular channel. For the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) the phase differences will be �� ¼ 2�=3 and
�� ¼ 4�=3 respectively and the interference will reduce
the amplitude in these channels. For benzene configuration
of the leads producing a completely destructive scenario
for these channels does not exist. Previous experimental
and theoretical works [25,26] noted that the transmission
through benzene in the meta configuration is much lower
than that through the para position.
There is no transmission channel at Vg ¼ 0 since the

density of states of the bare molecule at that energy is zero.
A detailed analysis of quantum interference effects in
benzene was carried out for the large coupling regime
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[18] where interesting effects appear at zero energy and
finite bias [27,28] at weak coupling.

What would happen if the translational symmetry is
broken by an external perturbation? This question was first
addressed in [6] by introducing a local energy (�), at one
site in benzene, the real part of � would produce elastic
scattering and its imaginary part, decoherence. In that
study, the focus was at the Fermi energy of the leads (set
to zero) where the observed effect is small. However, by
studying the effect of external perturbations on the main
transmittance channels such as the HOMO and LUMO, we
find a much larger response. We show these results in the
bottom part of Fig. 2, where an additional diagonal energy
is added to the site to the right of the B (meta) position (the
effect is not qualitatively dependent on this position). It is
clearly seen that, in this case, the small peak corresponding
to the HOMO level develops and grows as the local energy
is increased, disrupting the translational symmetry respon-
sible for the destructive interference (see inset).

For larger 4nþ 2 rings, the momentum of the HOMO
level approaches �=2 and the interference becomes more
destructive. This is shown for a 10 site annulene in Fig. 3,
where the peaks for the B position of the leads are much
smaller than those corresponding to benzene (Fig. 2, top).
Growth of the HOMO peak with a local potential energy is
larger in this case than in benzene.

However, for annulenes with 4n atoms, depending on
the total momentum of the particular channel, the interfer-
ence can be totally destructive. For these annulenes the
interference will be completely constructive in the A con-
figuration and totally destructive if one lead is shifted by

one site (B configuration, see Fig. 1). In these cases we can
observe the emergence of a transmission channel, if the
translational invariance is disrupted.
The effect of symmetry breaking by a local external

perturbation is much more striking in annulenes with 4n
sites. As discussed above, we expect a new peak to emerge
when the translational symmetry is broken. In Fig. 4 we
show results for conductance through an 8-site annulene
represented by the PPPmodel. In the top figure, the HOMO
and LUMO channels, fully formed for the A configuration,
completely vanish in the B case due to quantum interfer-
ence. When a local perturbation is applied to the molecule,
in this case a different hopping on the bond to the right of
the B lead, tð1� ’Þ, the absent peak emerges as shown in
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FIG. 3 (color online). Same as Fig. 2, for N ¼ 10 annulene.
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FIG. 2 (color online). Top: Transmittance through a benzene
molecule for the para (A substitution in Fig. 1) (broken line) and
meta (B substitution in Fig. 1) (full line) configurations as a
function of the gate voltage measured from the Fermi energy.
Here t0 ¼ 0:4. Bottom: Same for the meta configuration in the
presence of different on-site potentials which break the transla-
tional invariance. Here a finite Lorentzian width � ¼ 0:03 and
t0 ¼ 0:1 have been taken for visualization purposes. Inset: evo-
lution of the area under the transmission peak through the
HOMO as a function of local energy.
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FIG. 4 (color online). Top: Transmittance through an
[8]-annulene molecule for the A (broken line) and B (full line)
configurations as a function of the gate voltage measured from
the Fermi energy. Here t0 ¼ 0:4. Bottom: Transmittance for the
B configuration in the presence of a local perturbation of the
hopping of the form tð1� ’Þ which breaks the translational
invariance (� ¼ 0:03 and t0 ¼ 0:1). Inset: evolution of the
HOMO integral as a function of ’.
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the inset of the bottom figure. A similar effect occurs also
for a local potential.

Finally, in Fig. 5 we present results for a [12]-annulene.
In this case also the HOMO and LUMO peaks for the B
configuration are nonexistent due to destructive interfer-
ence. Here we show how the HOMO peak arises as a
function of a different hopping parameter in one lead of
the form tð1� ’Þ (top left) and as a function of dimeriza-
tion, �, for transfer integral for tð1� ð�1Þi�Þ of the bond
between sites i and iþ 1 (top right). The transmittance in
the A configuration does not change in the presence of
dimerization, while in case B, the HOMO and LUMO
channels develop suddenly already for a small � (bottom
panel). Dimerization of the annulenes lifts the twofold
degeneracy of the HOMOs as well as the LUMOs in large
annulenes. Thus, the condition for destructive interference
between the two paths is lifted and one observes trans-
mission through these channels.

In conclusion, by analyzing the resonant conductance
through the HOMO and LUMO channels in the weak lead-
molecule coupling regime we find a strong dependence on
the source-drain configuration and on the molecular ge-
ometry due to quantum interference. This effect is more
robust and striking than in the strong-coupling case since in
the latter the destructive interference occurs only at zero
gate voltage and can be masked in an experiment, while in
the former a whole channel can appear or disappear de-
pending on the geometry. We would also like to stress that
these results are not affected by molecular vibrations at
room temperature since modes that can cause decoherence
are excited at temperatures higher than 500 K [6].

In [4nþ 2] annulenes like benzene in the B (meta)
configuration (Fig. 1) the interference will be nearly de-
structive. The larger the molecule the closer the phase

difference between different paths is to � and hence the
interference becomes more destructive. For [4n] annu-
lenes, on the other hand, the interference for these configu-
rations can be completely destructive. We have shown the
effect of symmetry-breaking perturbations on different
transmission channels. For [4n] annulenes the effect is
striking since the transmission changes from zero to a large
finite value for small perturbations. These effects should be
seen in substituted annulenes and should also be appre-
ciable in transport through rings of quantum dots.
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FIG. 5 (color online). Top: HOMO integral of a [12]-annulene
molecule for the A (broken line) and B (full line) configurations
as a function of the locally perturbed hopping tð1� ’Þ (left
panel) and the dimerization parameter � (right panel). Bottom:
Transmittance for the B configuration in the presence of dimeri-
zation.
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