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Abstract—Quantum-dot cellular automata (QCA) is
an approach to computing which eliminates the need
for transistors by representing binary digits as charge

configurations rather than current levels. Coulomb

interactions provide device-device coupling without
current flow. Clocked control of the device allows
power gain, control of power dissipation, and
pipelined computation. Molecular QCA uses redox
sites of molecules as quantum dots. We present an ab
initio analysis of a simple molecular system which
acts as a clocked molecular QCA cell.
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I.  INTRODUCTION

The exponential increase of computing power
over the last decades has relied on shrinking
transistors, but they cannot continue to shrink
indefinitely. Quantum-dot cellular automata (QCA)
is an approach to computing which eliminates the
need for transistors by representing binary digits as
charge configurations rather than current levels.

The basic unit of a QCA device is a cell
composed of a small number of quantum dots. By
“quantum dot”, we mean a region in which charge
is localized. Fig. 1 illustrates a schematic six-dot
QCA cell. It has two mobile electrons which can
tunnel from dot to dot within the cell. The
Coulomb interaction between the electrons causes
them to occupy opposite corners of the cell. - This
allows two degenerate ground states, to which we
assign the bit values “1” and “0”. .

Placing a second cell nearby removes the
degeneracy and determines the bit value of the first
cell. This cell-cell interaction involves no current
flow from one cell to another, only rearrangements
of charges within the individual cells, but it enables
computation. For a device to function reliably, the
interaction must exhibit a nonlinear bistability. A
small change in the state of one cell should induce a
large change in the state of its neighbor.
Nonlinearity restores signal levels and plays the role
of gain in a conventional device. ,
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Figure 1. Ground states of the six-dot cell. Coulombic
repulsion causes the two electrons (red circles) to occupy
opposite corners of the cell, but by varying the potential of the
middle dots, we either pull the electrons onto the middie dots,
resulting in a null state of the cell, or push the electrons off the
middle dots, resulting in a 1 or 0 state of the cell.

As shown in Fig. 1, six-dot cells have a “null”
state in addition to the “1” and “0” states. We
supply each cell with a clock, a device that controls
the potential of the middle (extra) dots. When the
clock raises the potential of these dots, the mobile
electrons are attracted by them and the cell is forced
into the null state. When the clock lowers the
potential of these dots, the electrons are repelled by
them and the cell assumes either a “1” or “0” state
depending on the states of its neighboring cells. At
sufficiently low potentials, the electrons will not
tunnel through the middle dots, and the cell is
locked: a change in the states of its neighbors will
have no effect on it.

Power gain is possible because the clocks can
supply power to the cells. The clocks control the
switching speed of the cells, so adiabatic switching
and low power dissipation can be ensured.
Pipelining is also possible because we can place
cells in a locked state, which acts as a latch,
allowing a device to be broken into sub-devices,
each working on different parts of a problem.

II. MOLECULAR QCA

QCA devices such as majority logic gates,
wires, memories, and shift registers have been
demonstrated experimentally, using small metallic
dots at low temperatures [1,2] and 'such cells allow
general-purpose computation [3]. However, to
allow room-temperature operation, we would like to
use QCA devices where each cell is composed of
only one or two molecules. In such a molecule,
redox sites, which can gain or lose an extra electron
without breaking a bond, would act. as quantum
dots; while bridging ligands, which connect one
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part of a molecule to another, would act as
tunneling paths.

To make a clocked molecular six-dot cell two
“V”-shaped three-dot molecules, such as the
molecule shown in Fig, 2, are placed side by side
with the middle dots lower in the z-direction than
the outer dots. To construct a device, the cells are
arranged in a plane with metal rods below them.
(Of course, the rods are much larger than the
molecules; this is not a problem.) The charges on
the rods determine the potential in the device plane.
Electrons over positively charged rods are pulled
down towards the rods and onto the middle dots,
inducing null states in the molecules, while
electrons over negatively charged rods are pushed
up away from the rods and onto the outer dots,
inducing 1 or 0 states in the molecules.

Here, we focus on molecule 2, shown in Fig. 2.
It is a modification of molecule 1, proposed by
Aviram [5] and later studied by Hush [6], which we
discussed in a previous work [7]. The three allyl
groups function as dots. They form a “V”, allowing
clocking. The cation, studied here, has two allyl
groups that are neutral but have unpaired electrons
and one allyl group that has a positive charge.
Molecule 2 lacks features such as surface
attachment groups that would be necessary for a
practical device, but it provides a useful model
nonetheless. We will show that-molecule 2 has the
two basic properties necessary for clocked QCA: it
exhibits a nonlinear response to a driver or another
molecule; and it can be clocked by placing it in a
varying electric field.

III.  GROUND STATE CONFIGURATIONS

The extra positive charge may be localized on
any of the three allyl groups, leading to the 1, 0, and
null states shown in Fig. 3. Gaussian 98 [8] with
unrestricted Hartree-Fock theory and the STO-3G

(b)

Figure 2. Molecule 2. (a) Grey circles represent nuclei of
carbon atoms; blue circles represent nuclei of hydrogen atoms.
The molecule has three allyl groups (circled in red). These
groups function as dots. (b) Schematic representation of
molecule 2. Each circle represents a dot. The “V”-shaped
arrangement of the dots is necessary for us to achieve clocked
control of the molecule. -
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basis set is used to find the iso-potentials shown in
Fig. 3 and to perform all other calculations. See [9]
for a discussion of the accuracy of this method.

These three electronic configurations give rise to
slightly different nuclear configurations. In [7] we
conclude that the differences in nuclear
configuration are not of central concern for QCA,
50 we use a symmetrized structure which does not
favor occupation of either of the upper allyls.
However, the lower allyl has a different orientation
which attracts the positive charge, so to make the 1,
0, and null states degenerate, an electric field is
applied in the positive z-direction.

IV. SINGLE MOLECULE RESPONSE

Thus far, we have discussed four-dot and six-dot
cells with two mobile electrons. Such cells are
convenient because they tend to take on the same
value as their neighbors. However, one may also

" consider two-dot or three-dot “half-cells”. Two

half-cells combine to form a whole cell. The half-
cells function similarly to the whole cells, except
that the coulomb repulsion between -electrons
causes them to take on the opposite value from their
neighbors. They are still required to exhibit a
nonlinear interaction with their neighbors, and, in
the case of three-dot cells, they can still be clocked.

A three-dot cell composed of a single molecule
offers the advantage of computational tractability.
We will now examine the half-cell-half-cell
interaction and clocking characteristics of molecule
2 using the arrangement shown in Fig. 4(a). The
neighbor half-cell, or “driver”, is modeled as a
single hole which moves along a line parallel to the
line connecting the upper allyls of molecule 2, this
simulates the movement of an extra positive charge
between the two upper allyls of another instance of
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Figure 3. The three ground states of molecule 2. At top we see
the calculated iso-potentials of the three states, and below we
see schematic representations of the states. The three states
correspond to occupation of each of the three allyl groups by the
excess positive charge, or hole. In the schematic drawings, the
hole is represented by a green circle. The presence of the hole
on an allyl group causes a bulge in the iso-potential surface
around that group.



molecule 2. (Note that holes are used here, instead
of electrons, because we are working with the
cationic form of the molecule.) To model the field
of a metal rod placed below the molecule, we
simply place it in a uniform electric field in the
positive z-direction.

For an electric field of 1.3 V/nm, the response
shown in Fig. 4(b) is obtained. The dipole moments
are used as measures of the position of the positive
charges. The molecule assumes the opposite bit
value from the driver (a bit value of 1 corresponds
to a positive dipole moment), as expected from
electrostatics, and the highly nonlinear and bistable
response obtained is ideal for QCA operation.

To investigate clocking, we calculate the
response . of the molecule to the driver in the
presence of electric fields of different strengths.
The results are shown in Fig. 5. For fields greater
“than about 1.1 V/nm, we obtain a response very
similar to the one shown in Fig. 4. However, for
fields lower than about 0.6 V/nm, the molecule
exhibits almost no response to the changing driver
dipole moment. For fields this low, the extra
positive charge on the molecule is always on the
lower allyl. A field greater than 0.6 V/nm is
required to move the charge off the lower allyl
because of the asymmetry in the molecule, which
we discussed above. Although a field of 1.1 V/nm
may seem large, electrochemical experiments
routinely involve larger fields.
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Figure 4. Response of molecule 2 to driver. . (a) Arrangement
of molecule, hole (driver), and electric field. The driver (labeled
“h+”) moves along the dashed line. (b) Calculated response of
molecule to driver. As the driver moves, its dipole moment
along the axis of motion varies, inducing a dipole moment in the
molecule. The change in the molecular dipole moment
corresponds to a movement of the excess positive charge, or
hole, on the molecule. We define a bit value of 1 as a positive
dipole moment and a bit value of zero as a negative dipole
moment. We see that the bit values of the driver and the
molecule are always opposite. We also note that the response
curve exhibits the nonlinear bistability required for QCA
operation.
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Figure 5. Calculated response of molecule 2 to driver and
varying electric field. (a) The molecular dipole moment as a
function of the electric field and the driver dipole moment. For
fields greater than about 1.1 V/nm, we obtain a response very
similar to the one shown in Fig. 4(b) — when the driver dipole
moment is negative, the molecular dipole moment is positive,
and vice versa. For fields less than about 0.6 V/nm, we obtain a
drastically different response — the molecular dipole moment
remains essentially O for all values of the driver dipole moment.
(b) Top view. In the red area the molecular dipole moment
corresponds to a but value of 0; in the blue area the molecular
dipole moment corresponds to a bit value of 1; and in the greeen
area the molecular dipole moment corresponds to a bit value of
null.

V. DOUBLE MOLECULE RESPONSE

We examine the response of a six-dot whole-cell
composed of two instances of molecule 2 to a driver
composed of two holes which model a second six-
dot cell. The 1, 0, and null states of the double
molecule are shown in Fig. 6. The arrangement of
the molecules and driver is shown in Fig. 7(a). In
the presence of an electric field of 2.6 V/nm in the
positive z-direction, the response shown in Fig. 7(b)
is obtained. The quadrupole moments of the driver
and of the double molecule are now used to
measure the positions of the positive charges. The
double molecule assumes the same bit value as the
driver (a bit value of 1 now corresponds to a
positive quadrupole moment), as we expect from -
electrostatics. As discussed above, this is the
architectural advantage of six-dot cells — with half-
cells we must keep track of the number of cells in
an inverter chain. Again, we see the desired
nonlinear bistable transfer characteristic.
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Figure 6. Ground states of the double molecule. At top, we
see the calculated iso-potentials for the three states and, below,
the schematic representations of the states. As for the single
molecule, the holes (represented by green circles in the
schematic drawings) give rise to bulges in the iso-potential
surfaces.

VI. DISCUSSION

We have seen that clocked QCA has several
advantages in terms of power gain, power
dissipation, and pipeling. We have used a simple
model system to explore the possibilities of clocked
molecular QCA. In the presence of positive electric
fields, the single molecule and double molecule
exhibited the nonlinear bistable response to a driver
that is required for QCA operation. We also saw
that we could control the response of the single
molecule to the driver by varying the electric field.
In particular, we could force it to remain in the null
state despite a large driver dipole moment, by using
an electric field. This response to the electric field
allows the molecule to be clocked.
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. Figure 7. Response of double molecule to driver. (a)
Arrangement of double molecule, quadrupole driver (composed
of two holes), and electric field. As the holes move, their
quadrupole moment changes, inducing a varying quadrupole
moment in the double molecule. We define a bit value of 1 as a
positive quadrupole moment and a bit value of 0 as a negative
quadrupole moment. We see that the bit values of the double
molecule and the driver are always equal. Just as for the single
molecule, the response curve exhibits the desired nonlinear
bistability.
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