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The benzene molecule as a molecular resonant-tunneling transistor
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Experiments and theory have so far demonstrated that single molecules can form the core of a
two-terminal device. Here we report first-principles calculations of transport through a benzene-1,
4-dithiolate molecule with a third capacitive terminal~gate!. We find that the resistance of the
molecule rises from its zero-gate-bias value to a value roughly equal to the quantum of resistance
~12.9 kV! when resonant tunneling through thep* antibonding orbitals occurs. ©2000 American
Institute of Physics.@S0003-6951~00!04023-7#
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Using molecules as the active components of devi
was proposed a number of years ago.1 In recent years, thes
ideas have been revised, extended, and realized. Molec
rectification was demonstrated in 1993.2 More recently, Reed
et al. investigated the benzene-1, 4-dithiol rings as poss
switching devices in molecular electronics and found th
current–voltage (I –V) characteristics to be highly
reproducible.3 Alivisatos and co-workers4 reported similar
I –V characteristics of semiconductor and metal nanoclus
between gold electrodes. Dekker and co-workers5 reported
transistor-like behavior in carbon nanotubes. Similar devi
have been demonstrated by Avouris and co-workers u
single- and multiwalled carbon nanotubes.6 Apart from the
few reports on transistor operation in nanotubes, thr
terminal geometries in molecule-based devices have not b
investigated because of the difficulty of realizing a gate t
minal at such short length scales. However, a three-term
device is ultimately the desired device for many of the a
plications of molecules in electronics. At a fixed sm
source–drain bias, the gate voltage must be able to am
the current by orders of magnitude in order for the device
be a possible alternative to conventional metal–oxid
semiconductor field-effect transistors.

On the theoretical side, the transport properties of sm
molecules cannot be modeled by solving Boltzmann’s eq
tion as is done in conventional electronics.7 Transport prop-
erties must be calculated directly from electron wave fu
tions using a full quantum-mechanical treatment. So far, o
semiempirical approaches have been employed to invest
transport in molecular systems, providing useful insights i
the fundamental mechanisms.8–10 We recently reported the
first ab initio simulations of theI –V characteristics of a
molecule.11

In this letter we report parameter-free, fully quantu
mechanical calculations of a three-terminal molecular
vice, namely a benzene-1, 4-dithiolate molecule attache
two electrodes and a capacitive gate. The device is form
by replacing two opposite H atoms of a benzene ring by t
sulfur atoms.3,11 The S atoms are then attached to two go
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3440003-6951/2000/76(23)/3448/3/$17.00
Downloaded 06 May 2002 to 129.59.117.185. Redistribution subject to A
s

lar

le
ir

rs

s
g

e-
en
r-
al
-
l
ify
o
–

ll
a-

-
ly
te

o

-
to
d

o

electrodes. The gate is introduced as a capacitor field ge
ated by two circular charged disks at a certain distance fr
each other. The axis of the capacitor is perpendicular to
transport direction. The disks are kept at a certain poten
difference with the Fermi level on one disk equal to t
source Fermi level~see Fig. 1!. The axis of the cylindrical
capacitor lies in the plane of the benzene ring.12 We will
show that the benzene-1, 4-dithiolate molecule exhibits a
plification when a polarization field is applied perpendicu
to the transport direction. In particular we show that:~a! the
molecule behaves as a resonant-tunneling transistor and~b!
no charging effect occurs in the molecule because the e
trons do not spend enough time in the device to prev
additional charge from entering the molecule.

The benzene-1, 4-dithiolate molecule has been stud
experimentally by Reed and co-workers3 in a two-terminal
geometry. The correspondingI –V characteristics have bee
theoretically investigated by the present authors.11 It was
found that the shape of theI –V characteristic is determine
by the electronic structure of the molecule, as modified
the interaction with the electrodes and the presence of
external bias, and is essentially the same as that of the
perimental curve.11 On the other hand, the presence of sing
atoms at the molecule–electrode interface controls the a
lute value of the current by orders of magnitude.11 Amplifi-
cation by employing a third terminal has not been addres
either experimentally or theoretically.

il:

FIG. 1. Scheme of the three-terminal geometry used in the present s
The molecule is sandwiched between source and drain electrodes alon
direction of electronic transport. The gate electrodes are placed perpen
lar to the molecule plane. The Fermi level on one gate disk equals the so
Fermi level while the other electrode is at a higher potentialVG .
8 © 2000 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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For the three-terminal geometry, we computed theI –V
characteristic using the method developed in Ref. 13~see
also Ref. 11!. Since we are interested in the effects of pol
ization on transport, we choose for convenience the ge
etry for which the molecule is attached to two bare met
represented by a homogeneous electron gas or jel
model.14 We assume that the molecule stands perpendic
to the metal surfaces~see Fig. 1!. The electron density of the
jellium electrodes is taken approximately equal to the va
for metallic gold (r s53). The electron wave functions ar
computed by solving the Lippman–Schwinger equation
eratively to self-consistency in steady state.13 The current is
computed from the wave functions of the electrod
molecule system in the presence of the bias and gate volt
The differential conductance is then calculated as the der
tive of the current with respect to the external bias.11 Since in
practical realizations of this device the gate could be of d
ferent form and size we discuss the results in terms of
plied gate field along the axis of the capacitor.

The calculatedI –V characteristic as a function of th
gate bias is shown in Fig. 2 for a source–drain voltage
ference of 10 mV. After a region of constant resistance
current increases with the gate field, reaches a maxim
value at 1.1 V/Å, then decreases at about 1.5 V/Å, to
crease further afterward with approximately a linear dep
dence on the gate bias. The various features of theI –V curve
can be understood by looking at the density of states
different gate voltages. We recall here that the molecule
p bonding andp* antibonding states formed by the carb
and sulfurp orbitals perpendicular to the ring plane ands
bonds due to thes orbitals and in-planep orbitals of the
atoms.

The initial slow rise of the conductance represents b
cally ohmic behavior. It is also observed experimentally
the two-terminal geometry.3,11 Figure 3 ~top curve! shows
that the molecule has a small but relatively smooth densit
states through which current can flow. Thep bonding states
lie several eV below the Fermi levels, while thep* antibond-
ing states are nearly 1 eV above the Fermi levels.

After the initial increase of the current with increasin
gate bias, a first conductance peak and subsequent valle
observed. The peak and the valley are due to resonant
neling throughp* antibonding states. The gate field coupl
p* states with the continuum of states at higher ener
Since the gate field is parallel to the electrode surfaces, o
the odd~with respect to an axis parallel to the surface of t

FIG. 2. Conductance of the molecule of Fig. 1 as a function of the exte
gate field. The source–drain bias is 0.01 V.
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electrodes and on the molecule plane! component of the con-
tinuum states couples to thep* states.15 This is the equiva-
lent of the usual quadratic Stark shift effect in atoms a
molecules.16 The effect is less pronounced for thep states
because they are much more separated in energy from
continuum states of higher energy than are thep* orbitals.
The antibonding states thus shift in energy and eventu
enter into resonance with the states between the right and
Fermi levels, separated by 10 meV~middle curve of Fig. 3!.
Increasing the bias further~bottom curve of Fig. 3!, the
resonant-tunneling condition is lost and a valley in theI –V
characteristic is observed. Finally, as the gate bias is
creased further, the current starts to increase approxima
linearly with the gate bias. This can be readily understo
within the Kubo–Greenwood formalism:17 increasing the
gate bias, quasifree electron states with increasing en
enter the window of energy between the right and left Fe
levels and can thus contribute to transport. Assuming
electronic effective masses are approximately the sam
different energies, the conductivity~and thus the curren
since the source–drain bias is only 10 mV! increases with
the square of the density of states at the energy of intere17

For the electron gas of these quasifree states, the densi
states can be assumed to vary as the square root of the s
particle energy, and thus the current varies almost linea
with the external gate bias.

The peak-to-valley ratio of the present system is 1
which is probably so small that it would be washed out
the vibrational coupling with the modes of the molecu
This has already been argued in the two-terminal geom
case:11 the peak-to-valley ratios observed experimentally
the present system are considerably smaller than theo
cally predicted.3,11

The value of the gate field at which resonant tunnel
occurs~'1 V/Å! seems slightly high for a molecule with
nominal length of 8 Å. Two observations are however
order: ~i! we found in previous work11 that the theoretical
peak of transmission due top* antibonding states occurs a
higher external bias than the experimental one. This disc
ancy is due in part to known limitations of the local dens
approximation.18 ~ii ! In a practical realization of the device
the capacitance field would certainly leak into the source
drain electrodes, providing a pocket of electrons with high
kinetic energy to tunnel, thus reducing the gate bias valu
which resonance occurs. Both remarks suggest that reso
tunneling and amplification can occur at lower gate field.

al

FIG. 3. Difference between the density of states of the two semi-infin
electrodes with and without the benzene-1,4-dithiolate molecule in betw
for three different gate fieldsEG ~in units of V/Å!. The left Fermi level has
been chosen as the zero of energy. The right Fermi level is at 10 mV.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The resistance at zero gate bias is about 360 kV. At 1.1
V/Å its value changes to 12.7 kV. The peak value is close t
the single-channel resistance of 12.9 kV ~spin included!. At
resonance, the lowestp* antibonding state is exactly in th
narrow window of energy defined by the right and left Fer
levels, providing a single channel for electrons to tunnel.
stress that this value could not be obtained without a s
consistent approach: the transmission coefficient of the ch
nel is not necessarily unity,10 and depends on how the ele
tronic charge redistributes in the molecule and at
contacts. The amplification~from the zero gate field to the
gate field at which resonant tunneling occurs! is more than 1
order of magnitude. The measured resistances of
molecule3 are in fact much larger than the theoretic
values.11 We have shown that these resistances are partly
to the chemistry and geometry of the contacts and do
affect considerably the electronic structure of the molecu
electrode system.11 Much larger amplification should, there
fore, be obtained in a practical implementation of the dev
since the value of the resistance when resonant tunne
occurs is close to~even if not exactly the same as! the single-
channel resistance.

We conclude this letter by suggesting that no sizea
charging effect should be observed in theI –V characteristics
for the present system. Indeed, the electrons do not sp
enough time in the device to charge it. This time can
estimated by calculating the delay time an electron spend
the scattering region whatever the outcome of the scatte
event ~the electron either transmitted or reflected!,19 and is
related to the difference of density of statesDD(E) of the
two semi-infinite electrodes with and without the benzene
4-dithiolate molecule in between ast5\pDD(E). At small
gate fields~where Coulomb blockade could potentially b
observed! the delay time is about 2 fs. In this time, only
charge of 0.04ueu is present in the molecular region betwe
the source and drain electrodes and the energy region
tween the right and left Fermi levels.20 Due to the short delay
time and the small extra charge present in the molec
region, we suggest that transport occurs by tunneling
that no Coulomb blockade is present.
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