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ABSTRACT

We investigate multiterminal quantum transport through single monocyclic aromatic annulene molecules, and their derivatives, using the
nonequilibrium Green function approach within the self-consistent Hartree −Fock approximation. We propose a new device concept, the quantum
interference effect transistor, that exploits perfect destructive interference stemming from molecular symmetry and controls current flow by
introducing decoherence and/or elastic scattering that break the symmetry. This approach overcomes the fundamental problems of power
dissipation and environmental sensitivity that beset nanoscale device proposals.

From the vacuum tube to the modern CMOS transistor,
devices which control the flow of electrical current by
modulating an electron energy barrier are ubiquitous in
electronics. In this paradigm, switching the current by raising
and lowering the barrier, which must have a height greater
thankBT, generates a commensurate amount of heat, neces-
sitating incredible power dissipation at device densities
approaching the atomic limit.1 A possible alternative is to
exploit the wave nature of the electron to control current
flow on the nanoscale.2-7 In traditional mesoscopic devices,
interference of electron waves is typically tuned via the
Aharanov-Bohm effect;8 however, for nanoscale devices
such as single molecules, this is impractical due to the
enormous magnetic fields required to produce a phase shift
of order 1 rad.2 Similarly, a device based on an electrostatic
phase shift5 would in small molecules require voltages
incompatible with structural stability. We propose a solution
that exploits perfect destructive interference stemming from
molecular symmetry and controls quantum transport by
introducing decoherence9 or elastic scattering3 from a third
lead.

As daunting as the fundamental problem of the switching
mechanism is the practical problem of nanofabrication.1 In
this respect, single molecules have a distinct advantage over
other types of nanostructures, in that large numbers of
identical “devices” can be readily synthesized. Single-
molecule devices with two leads have been fabricated by a
number of techniques.10 Our transistor requires a third
terminal coupled locally to the molecule, capacitively or via
tunneling (see Figure 1). To date, only global gating of

single-molecule devices has been achieved,10 although there
has been significant progress recently toward a locally
coupled third terminal.11

This Letter reports the results of our recent theoretical
investigations into the use of interference effects to create
molecular transistors, leading to a new device concept, which
we call the quantum interference effect transistor (QuIET).
We demonstrate that for all monocyclic aromatic annulenes
particular two-terminal configurations exist in which destruc-
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Figure 1. Artist’s conception of a quantum interference effect
transistor (QuIET). The colored spheres represent individual carbon
(green), hydrogen (purple), and sulfur (yellow) atoms, while the
three gold structures represent the metallic contacts. The vinyl
linkage attached to the phenyl moiety can be replaced with alkene
groups of arbitrary length (see text). A voltage applied to the
leftmost contact regulates the flow of current between the other
two. In addition to this structure (sulfonated vinylbenzene), full
transport calculations were also carried out for structures in which
the leftmost contact is connected to the benzene ring via alkene
chains containing four and six carbon atoms.
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tive interference blocks current flow and that transistor
behavior can be achieved by supplying tunable decoherence
or scattering at a third site. We also propose a realistic model
for introducing scattering in a controllable way, using an
alkene chain of arbitrary length (cf. Figure 1). Finally, we
present nonequilibrium Green function (NEGF) calculations
within the self-consistent Hartree-Fock approximation,
indicating that the QuIET functions at room temperature with
a current-voltage characteristic strikingly similar to mac-
roscale transistors.

The Hamiltonian of the system can be written as the sum
of three terms:H ) Hmol + Hleads + Htun. The first is the
π-electron molecular Hamiltonian

wherednσ
† creates an electron of spinσ in the π-orbital of

the nth carbon atom,εn are the orbital energies, and〈 〉
indicates a sum over nearest neighbors. The tight-binding
hopping matrix elementstnm ) 2.2, 2.6, or 2.4 eV for orbitals
connected by a single bond, double bond, or within an
aromatic ring, respectively. The final term of eq 1 contains
intra- and intersite Coulomb interactions, as well as the
electrostatic effects of the leads. The interaction energies are
given by the Ohno parametrization12,13

whereRnm is the distance between orbitalsn andm. Qn )
∑σdnσ

† dnσ - ∑RCnRVR/e - 1 is an effective charge operator14

for orbitaln, where the second term represents a polarization
charge. HereCnR is the capacitance between orbitaln and
leadR, chosen consistent with the interaction energies of eq
2 and the geometry of the device, andVR is the voltage on
leadR. e is the magnitude of the electron charge.

Each metal leadR possesses a continuum of states, and
their total Hamiltonian is

whereεk are the energies of the single-particle levels in the
leads, andckσ

† is an electron creation operator. Tunneling
between molecule and leads is provided by the final term of
the Hamiltonian

whereVnk are the tunneling matrix elements from a levelk
within lead R to the nearbyπ-orbital n of the molecule.

Coupling of the leads to the molecule via molecular chains,
as may be desirable for fabrication purposes, can be included
in the effectiveVnk, as can the effect of substituents (e.g.,
thiol groups) used to bond the leads to the molecule.15,16

We use the NEGF approach17,18 to describe transport in
this open quantum system. The Green function of the full
system is

whereΣ is an operator, known as the self-energy, describing
the coupling of the molecule to the leads. The QuIET is
intended for use at room temperature and operates in a
voltage regime where there are no unpaired electrons in the
molecule. Thus lead-lead and lead-molecule correlations,
such as the Kondo effect, do not play an important role.
Electron-electron interactions may therefore be included via
the self-consistent Hartree-Fock method.Hmol is replaced
by the corresponding mean-field Hartree-Fock Hamiltonian
Hmol

HF , which is quadratic in electron creation and annihila-
tion operators, and contains long-range hopping. Within
mean-field theory, the self-energy is

whereΓR(E) ) 2π∑k∈R|Vnk|2δ(E - εk) is the Fermi Golden
rule tunneling width. As a consequence, the molecular
density of states changes from a discrete spectrum of delta
functions to a continuous, width-broadened distribution. We
take the broad-band limit,17 treatingΓR as constants char-
acterizing the coupling of the leads to the molecule. Typical
estimates16 using the method of ref 19 yieldΓR j 0.5 eV,
but values as large as 1 eV have been suggested.15

The effective hopping and orbital energies inHmol
HF de-

pend on the equal-time correlation functions, which are found
in the NEGF approach to be

where fR(E) ) {1 + exp[(E - µR)/kBT]}-1 is the Fermi
function for leadR. Finally, the Green function is determined
by iterating the self-consistent loop, eqs 5-7.

The current in leadR is given by the multiterminal current
formula20

where TâR(E) ) ΓâΓR|Gba(E)|2 is the transmission prob-
ability18 from leadR to leadâ anda (b) is the orbital coupled
to leadR (â). Similar mean-field NEGF calculations have
been widely used to treat two-terminal transport through
single molecules.10

Hmol ) ∑
nσ

εndnσ
† dnσ - ∑

〈nm〉σ
(tnmdnσ

† dmσ + H.c.) +

∑
nm

Unm

2
QnQm (1)
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The QuIET exploits quantum interference stemming from
the symmetry of monocyclic aromatic annulenes such as
benzene. Quantum transport through single benzene mol-
ecules with two metallic leads connected at para positions
has been the subject of extensive experimental and theoretical
investigation;10 however, a QuIET based on benzene requires
the source (1) and drain (2) to be connected at meta positions,
as illustrated in Figure 2. The transmission probabilityT12

of this device, forΣ̃3 ) 0, is shown in Figure 3a. Due to the
molecular symmetry,6 there is a node inT12(E), located
midway between the HOMO and LUMO energy levels (see
Figure 3b, lowest curve). This midgap node, at the Fermi
level of the molecule, plays an essential role in the operation
of the QuIET.

The existence of a transmission node for the meta
connection can be understood in terms of the Feynman path
integral formulation of quantum mechanics,21 according to
which an electron moving from lead 1 to lead 2 takes all
possible paths within the molecule; observables relate only
to the complex sum over paths. In the absence of a third
lead (Σ̃3 ) 0), these paths all lie within the benzene ring.
An electron entering the molecule at the Fermi level has de
Broglie wavevectorkF ) π/2d, whered ) 1.397 Å is the
intersite spacing of benzene (note thatkF is a purely
geometrical quantity, which is unaltered by electron-electron
interactions22). The two most direct paths through the ring
have lengths 2d and 4d, with a phase differencekF2d ) π,
so they interfere destructively. Similarly, all of the paths
through the ring cancel exactly in a pairwise fashion, leading
to a node in the transmission probability atE ) εF.

This transmission node can be lifted by introducing
decoherence or elastic scattering that break the molecular
symmetry. Parts b and c of Figure 3 illustrate the effect of
attaching a third lead to the molecule as shown in Figure 2,
introducing a complex self-energyΣ̃3(E) on the π-orbital
adjacent to that connected to lead 2. An imaginary self-
energyΣ̃3 ) -iΓ3/2 corresponds to coupling a third metallic
lead directly to the benzene molecule. If the third lead
functions as an infinite-impedance voltage probe, the effec-
tive two-terminal transmission is9

The third lead introduces decoherence9 and additional paths
that are not canceled, thus allowing current to flow, as shown
in Figure 3b. As a proof of principle, a QuIET could be
constructed using a scanning tunneling microscope tip as the
third lead, with tunneling couplingΓ3(x) to the appropriate
π-orbital of the benzene ring, the control variablex being
the piezovoltage controlling the tip-molecule distance.

By contrast, a real self-energyΣ̃3 introduces elastic
scattering, which can also break the molecular symmetry.
This can be achieved by attaching a second molecule to the
benzene ring, for example an alkene chain (cf. Figure 1).
The retarded self-energy due to the presence of a second
molecule is

whereεν is the energy of theνth molecular orbital of the
second molecule, andtν is the hopping integral coupling this
orbital with the indicated site of benzene. Figure 3c shows
the transmission probabilityT12(E) in the vicinity of the Fermi
energy of the molecule, for the case of a single side orbital
at εν ) εF + 4 eV. As the couplingtν is increased, the node
in transmission atE ) εF is lifted due to scattering from the
side orbital. The sidegroup introduces Fano antiresonances,3,23

which suppress current through one arm of the annulene,

Figure 2. Schematic diagram of a QuIET based on benzene. Here
Γ1 and Γ2 are the coupling strengths of metallic leads 1 and 2,
connected in the meta orientation, to the correspondingπ-orbitals
of benzene.Σ̃3, determined by a control variablex, is the retarded
self-energy induced by lead 3. The real part ofΣ̃3 introduces elastic
scattering, while the imaginary part introduces decoherence.

Figure 3. Effective transmission probabilitỹT12 of the device
shown in Figure 2, at room temperature, withΓ1 ) 1.2 eV andΓ2

) 0.48 eV. HereεF is the Fermi level of the molecule. (a)Σ̃3 ) 0;
(b) Σ̃3 ) -iΓ3/2, whereΓ3 ) 0 in the lowest curve, and increases
by 0.24 eV in each successive one; (c)Σ̃3 is given by eq 10 with
a single resonance atεν ) εF + 4 eV. Heretν ) 0 in the lowest
curve and increases by 0.5 eV in each successive curve. Inset: Full
vertical scale fortν ) 1 eV.

T̃12 ) T12 +
T13T32

T13 + T32
(9)

Σ̃3(E) ) ∑
ν

|tν|2

E - εν + i0+
(10)
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thus lifting the destructive interference. Put another way, the
second molecule’s orbitals hybridize with those of the
annulene, and a state that connects leads 1 and 2 is created
in the gap (see Figure 3c (inset)). In practice, eithertν or εν

might be varied to control the strength of Fano scattering.

Tunable current suppression occurs over a broad energy
range, as shown in Figure 3b; the QuIET functions with any
metallic leads whose work function lies within the annulene
gap. Fortunately, this is the case for many bulk metals, among
them palladium, iridium, platinum, and gold.24 Appropriately
doped semiconductor electrodes11 could also be used.

We show in Figure 4 theI-V characteristic of a QuIET
based on sulfonated vinylbenzene, whose molecular structure
is given in Figure 1. The three metallic electrodes were taken
as bulk gold, withΓ1 ) Γ2 ) 1 eV, whileΓ3 ) 0.0024 eV,
so that the coupling of the third electrode to the alkene
sidegroup is primarily electrostatic. The device characteristic
resembles that of a macroscopic transistor. As the voltage
on lead 3 is increased, scattering from the antibonding orbital
of the alkene sidegroup increases as it approaches the Fermi
energies of leads 1 and 2, leading to a broad peak in the
current. ForΓ1,2 . Γ3 * 0, the device amplifies the current
in the third lead (dotted curve), emulating a bipolar junction
transistor. Alkene chains containing four and six carbon
atoms were also studied, yielding devices with characteristics
similar to that shown in Figure 4, with the maximum current
I1 shifting to smaller values ofV32 with increasing chain
length. As evidence that the transistor behavior shown in
Figure 4 is due to the tunable interference mechanism
discussed above, we point out that if hopping between the
benzene ring and the alkene sidegroup is set to zero, so that
the coupling of the sidegroup to benzene is purely electro-
static, almost no current flows between leads 1 and 2.

For Γ3 ) 0, I3 ) 0 and the QuIET behaves as a field-
effect transistor. The transconductance dI/dV32 of such a
device is shown in Figure 5. For comparison, we note that
an ideal single-electron transistor25 with Γ1 ) Γ2 ) 1 eV
has peak transconductance (1/17)G0 at bias voltage 0.25 V
and (1/2)G0 at bias 1 V, whereG0 ) 2e2/h is the conductance
quantum. For low biases, the proposed QuIET thus has a

higher transconductance than the prototypical nanoscale
amplifier, while even for large biases its peak transconduc-
tance is comparable. Likewise, the load resistances required
for a QuIET to have gain (load times transconductance)
greater than 1 while in its “on” state are comparable to other
nanoscale devices,∼10/G0.

Operation of the QuIET does not depend sensitively on
the magnitude of the lead-molecule couplingΓh ) Γ1Γ2/(Γ1

+ Γ2). The current through the device decreases with
decreasingΓh, but aside from that, the device characteristic
was found to be qualitatively similar whenΓh was varied over
1 order of magnitude. The QuIET is also insensitive to
molecular vibrations: Only vibrational modes that simulta-
neously alter the carbon-carbon bond lengths and break the
6-fold symmetry within the benzene component can cause
decoherence in a benzene “interferometer”. Such modes are
only excited at temperatures greater than about 500 K.

The QuIET mechanism applies to any monocyclic aro-
matic annulene with leads 1 and 2 positioned so the two
most direct paths have a phase difference ofπ. Furthermore,
larger molecules have other possible lead configurations,
based on phase differences of 3π, 5π, etc. Figure 6 shows
the lead configurations for a QuIET based on [18]-annulene.

The position of the third lead affects the degree to which
destructive interference is suppressed. For benzene, the most
effective location for the third lead is shown in Figures 1
and 2. It may also be placed at the site immediately between
leads 1 and 2, but the transistor effect is somewhat reduced,
since coupling to the charge carriers is less. The third, 3-fold
symmetric configuration of leads completely decouples the
third lead from electrons traveling between the first two leads.

Figure 4. I-V characteristic of the QuIET shown in Figure 1 at
room temperature. The current in lead 1 is shown, where VRâ )
VR - Vâ. Here,Γ1 ) Γ2 )1 eV. Γ3 is taken as 0.0024 eV, which
allows a small current in the third lead, so that the device amplifies
current. A field-effect device with almost identicalI-V can be
achieved by takingΓ3 ) 0. The curve forI3 is for the case of 1.00
V bias voltage;I3 for other biases looks similar.

Figure 5. Transconductance dI/dV32 of the QuIET in Figure 1 with
Γ3 ) 0. The characteristic is similar to a field-effect transistor, i.e.,
I3 ) 0 while I1 ) -I2 ) I. As in Figure 4,Γ1 ) Γ2 ) 1 eV, and
the calculation was done for room temperature.

Figure 6. Source-drain lead configurations possible in a QuIET
based on [18]-annulene. The bold lines represent the positioning
of the two leads. Each of the four arrangements has a different
phase difference associated with it: (a)π; (b) 3π; (c) 5π; and (d)
7π.
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For each monocyclic aromatic annulene, one 3-fold sym-
metric lead configuration exists, yielding no transistor
behavior.

The QuIET’s operating mechanism, tunable coherent
current suppression, occurs over a broad energy range within
the gap of each monocyclic aromatic annulene; it is thus a
Very robust effect, insensitiVe to moderate fluctuations of the
electrical enVironment of the molecule. Although based on
an entirely different, quantum mechanical, switching mech-
anism, the QuIET nonetheless reproduces the functionality
of macroscopic transistors on the scale of a single molecule.
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