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SUMMARY

A new computing architecture composed of Coulomb-coupled optically pumped two-state nanodevices
is proposed. A new four-level device, built from two coupled two-state devices called ‘molecular pair’,
is introduced. Simulations on the equivalent circuit models of two-dimensional arrays composed of
molecular pairs suggest that non-reciprocal pipelining wires, ring oscillators and NAND gates can be
built. It is shown that the optically pumped molecular pairs do not stack in meta-stable states, and they
restore logic levels. Copyright © 2001 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Techniques for modelling and simulation of nanodevice arrays composed of Coulomb-coupled
molecules or ‘artificial molecules’ have been developed [1]. In this paper a new computing
architecture composed of Coulomb-coupled optically pumped two-state nanodevices is pro-
posed.

A new four-level device built from two coupled two-state molecules, called *molecular
pair’, is introduced. The properties of the two molecules in a pair are designed to be different.
We design the molecular pair in such a way that the first molecule of the pair is sensitive to
optical excitation and its relaxation to its stationary state is slow. On the other hand the second
molecule, called ‘dissipative’, is not sensitive to the optical excitation, and its relaxation is a
few times faster. These conditions can be achieved by choosing the frequency of the excitation
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very close to the transition frequency of the first molecule, but relatively far from that of the
second molecule. The two molecules in a pair are Coulomb-coupled, and we assume that the
pair has only two stationary states belonging to logic state ‘0’ and ‘1°.

It is known [2,3] that population in two-state quantum systems can be inverted adiabatically
with the application of a resonant external electromagnetic field, called ‘optical pump’. We
show that a molecular pair switches between logic states if it was irradiated with a resonant
optical ‘flash’. The spectrum of the flash should correspond to the energy splitting of the
optically pumped molecule in a pair. After switching the optically sensitive molecule of the
pair, the dissipative molecule will follow the optically switched one, because of the Coulomb-
coupling between them. The pair relaxes to its switched stationary state, and it stays in it
until the next optical flash forces its switch again. We have developed an equivalent circuit
for the molecular pair, thus we are in a position to perform simulations on two-dimensional
spatial arrays of molecular pairs subjected to a series of optical flashes.

Simulations on the equivalent circuit models suggest that non-reciprocal pipelining wires,
ring oscillators and NAND gates can be built. We found that arrays of optically pumped
molecular pairs do not stack in meta-stable states, and they restore logic levels. Based on these
experiences, in this paper we propose a new computing architecture composed of Coulomb-
coupled and optically pumped molecular pairs.

In Section 2 we outline the model used by us for two-state quantum systems subjected
to the Coulomb-coupling of its neighbours and the excitation of close to resonant external
electromagnetic field [1,4-8]. In Section 3 we introduce the molecular pair, we show its
switching properties, and present its equivalent circuit. Section 4 presents three simple case
studies on the design of pipelined logic circuits composed of molecular pairs. The layout
of the molecular pairs and the spectrum of the optical flashes are presented. Non-reciprocal
‘wire’, inverter, ring oscillator and NAND gate are the selected examples.

Finally, Section 5 illustrates the design of the molecular pair itself, and scrutinizes about
the feasibility of the proposed architecture.

2. MODELLING ARRAYS COMPOSED OF TWO-STATE MOLECULES

The basic element of the architecture proposed in this paper, is not a single Coulomb-coupled
QCA-type nanodevice, but a pair of devices, called a ‘molecular pair’. It is a four-state
quantum system (Figure 1) consisting of two-state nanodevices, referred to as ‘molecules’.
First, we introduce the model for the two-state molecule, used in this paper.

The term ‘molecule’, its state characterization, its dynamical model and its equivalent cir-
cuit are introduced and used in this paper in accordance with Reference [1] (see in this spe-
cial issue). Coherence vectors describe the state of two-state molecules. In their pure states
molecules possess a Hermitean Hamiltonian

H— {H 1 le]

0 0 -
— 4 H(nelghbours) 4 H(external ﬁeld), 1
Hjs H { } )

0 AE,
where H(eighbous) represents the perturbation caused by the Coulomb-coupling of the neigh-
bours, and H(exemal field) j5 the contribution of the external electric field generated by an optical

pump. Without loss of generality, we assigned zero energy to the first state of the molecule,
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Figure 1. The molecular pair composed of two strongly coupled two-level molecules. The figure illus-
trates the case, when the optically-driven molecule is a dipole of polarization 1(3’) and the dissipative

molecule is a quadrupole of polarization igf). (a) and (b), respectively show the two stationary states
of molecule (i) and (i), (c) illustrates the two stationary states of the molecular pair.
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Figure 2. Energy levels of a two-state system. The energy difference between the levels is denoted by
AE. The incoherent (dissipative) transitions are also marked.

and denoted the energy difference between the unperturbed states by AE,. Figure 2 shows
the energy levels of a two-state molecule and marks its dissipative transitions.

In this paper we assume that the neighbours change the energy levels of a molecule only,
thus their perturbation is described by a diagonal Hamiltonian. The external field causes
the transition between states, thus H(exemal field) hag only off diagonal elements [1-3]. The
dynamics of a two-state molecule, including the damping effects of the environment, can be
described by the coherence vector composed of three real variables, A =[A1:(¢), 42(2), A3(¢)]
satisfying the generalized Bloch equations [1,4]

o o o
ha =Qh+ = =h = Qh k4 ¢ )

dissipation
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where
0 —Hy + Hy —j(H5 — Hyp)
Q= | Hp-Hp, 0 —Hyy — H}S 3)
]'(Hf;*HIZ) Hy +H1*2 0

The Hamiltonian according to Equation (1) is composed of three terms. The contribution
of the external optical pumping is approximated according to the semi-classical model. It
describes the interaction energy as a product of the external electrical field and the dipole
moment of the two-state molecule. Thus

H(extemal field) _ |: <¢2‘e(:]‘¢1> <¢l|e(;l|¢2> :| E (4)

where d is the dipole-moment operator of the molecule, ¢, and ¢, are the wave functions of
states (1) and (2), respectively, and E is the electric field at the position of the molecule. In
case of monochromatic excitation with slowly varying amplitude the operator takes the form

external field) __ 0 g(t)sin(a)t)
H¢ I field) __ [g(t)sin(wt) 0 ] (5)

where ¢(¢) depends on the field amplitude, polarization, and transition dipole moment of the
molecule. In the following the Fourier transform of g(¢) sin wt will be denoted by A(w).

The damping matrix and vector can be approximated (according to the Glauber model [4,5])
as a function of the transition rates between two sates

1 +AFE
W12_2_‘L' <1tal’1h<2kBT>> (6)
and
1 —AE
WZI_E <l—tanh<2kBT)) (7)
as
—Ih Wy + Way) 0 0
n= 0 —3h (Wiy + Way) 0 (8)
0 0 —h (W + War)
and
0
¢= 0 )
h(Wa — Wi2)

Note that the occupation probability of states (in case of t— oo and no optical excitation)
should obey the Boltzmann distribution. This implies for the rates that

Wo AE
= (o) o
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Note that Equations (6) and (7) are consistent with Equation (10). If |AE| > kT, the transition

rate to the upper energy-state is negligible compared to the rate to the lower state (‘downward

arrow’ in Figure 2). It means, that the molecule relaxes to its ground state with time constant .
The contribution of the neighbours in Equation (1) is

, 0 0
H(nelghbours) =0 Z E(l)j n E El /Lé ( 11 )

int
JjE€neighbours Jj€neighbour

The coefficients Eg and Ellflt are time independent constants, and they depend only on

geometry (i.e. the internal geometry of molecules and their relative position in the molecular

cluster).
Obviously, the Coulomb interactions are reciprocal, thus
Ell{n :Eijrit (12)

We assume that the molecules are neutral, they are not ions. Thus, the interaction energy
is a result of dipole—dipole, dipole—qaudrupole, quadrupole—quadrupole, etc., interactions. If
the intermolecular distance is » then the dipole-dipole coupling weakens with 1/, and the
quadrupole—quadrupole interaction with 1/7°. Therefore, to achieve the given accuracy while
calculating the effect of neighbours, it is always enough to extend the summation for a finite

number of nearest molecules.

The molecular model introduced above can be applied to a molecular array. It leads to a
set of coupled ordinary nonlinear differential equations. If the number of molecules is #n, the
number of equations is 3n. The explicit form of the three Bloch equations for the ith molecule
is

dai
dr
2i

)
dr
a7
dr

—Sh(wiy + wi) AE+ S El+ Y WED 0
JEneighbours JEneighbours
|- |AE+ X EN+ Y VED —Sh(wly + wi) 2g(t) sin(wt)
JjEneighbours JjEneighbours } :
L 0 —2¢(t) sin(wt) —h(Wi, + W3)
[ 0
B+ U (13)

L% (W = Wip)

3. THE MOLECULAR PAIR AS A SWITCH
The basic element of the architecture proposed in this paper, is not a single molecule but a
‘molecular pair’, a four-level quantum system, consisting of two-state molecules. The proper-

ties of the two molecules in a pair are different. We design the molecular pair in such a way
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that the first molecule of the pair is sensitive to the optical excitation and its relaxation to its
stationary state is slow. On the other hand, the second molecule is not sensitive to the optical
excitation, and its relaxation is a few times faster. (The first, optically sensitive molecule in
a pair #i will be referred to as i, and the second, the so-called ‘dissipative’ molecule will be
referred to as 7.)

These conditions can be achieved by choosing the frequency of the excitation very close
to the transition frequency of the first molecule, but relatively far from that of the second
molecule. Alternatively, we can design the transitional dipole moment of the second molecule
perpendicular to the polarization of the electric filed to make transitions 1 —2 and 2—1 in
that molecule to be optically forbidden.

The state of the ith molecular pair depends on six real variables, A\(¢), )L(zi)(t) and A”gi)(t)
describing the optically pumped, and /l(li)(t), /lgi)(t) and /lgi)(t) characterizing the dissipative
molecule in the pair. If an individual pair is in stationary state
i A0 = g

dr dt
and the now six-dimensional Equation (13) has two stationary solutions. In both solutions
X0y =2ty =2(t)=8(t) =0, and

D=0

2 (i) v
A= — tanh (2 0 /gBT 3 it

(14)

- AE(I'_) E(i_) ;L(i)E(ia i)
igl)z — tanh (2 o T ]? T+ 3 int
B

If the following three conditions are met, i.e.

(a) |AEY +ESD | < |ESD|

nt
(b) |AEY + ESD | < | ESD | (15)
(c) ksT<|EL:D |

int
then the stationary solutions could be well approximated by
A= —1and 7= -1 orby A"=1and {'=1 (16)

Note that, without loss of generality, we could assume that E® is always negative.

int

We will assign logical values to the two stationary states. Let the configuration described
by A’ =" = —1 be the logical ‘0’, and let the state characterized by A’ =2"= + 1 be
the logical ‘1°. Note that according to Equation (14) the stationary state of each member of a
molecular pair is determined by its pair. We have already illustrated these stationary states in
Figure 1 in case of a dipole—quadrupole pair. Note that due to the highly non-linear character
of the stationary )»gi)[/lgi)] and igi)[igi)] functions (see Equation (14)), the approximation given
for the stationary states are very good. If the energy levels of the molecules are not degenerated
(AEj #0) than only one of the two states in Equation (16) is the ground state of the molecular
pair.
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Figure 3. (a) The frequency of the optical chirp as the function of time; (b) the g(¢) envelope function
of the chirp; (c) the A(w) spectrum of the chirp.

The selective sensitivity for the optical excitation requires coupling only to the optically
pumped molecule, and no coupling at all to the dissipative molecule, thus g; should be zero,
and ¢;(¢) should be equal to the envelope function of the optical excitation. Thus the design
of the optical excitation and its coupling to the molecules should insure that

9(1)=9g(1)#0 and ¢;=0 (17)

The relaxation time of the optically pumped molecule should be a few times greater than
the relaxation times of the dissipative molecule, i.e.

1> 1 (18)

The technique of ‘adiabatic inversion’ will be used to switch a molecular pair from one
logic state to the other. This will be done by inverting the population of a two-level system
[6-8].

We irradiate the molecules by a monochromatic laser field. We vary the frequency of
the beam slowly in time, while crossing the resonant frequency of the molecule, AEY/A.
In Figure 3 the frequency, the time-dependence, and the spectrum of the simplest inverting
optical beam are illustrated.

We introduce a ‘detuning’ parameter, o0, to characterize the deviation of the resonant fre-
quency from the applied instantaneous frequency

5= [BEO]

7 @Wo (19)

It can be shown by an approximate analytic solution of Equation (13) that by slowly varying
the detuning g* =g/h

from %<<—1tog—5*>>+1 (20)
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Figure 4. The molecular pair switches from stationary state 43 = —1 to the other stationary state 13 = +1.

The optically-driven molecule switches its /l(;) state fast, and the dissipative molecule’s state )v(;_)
slowly follows it.

the population of the molecule is inverted, and the sign of igi) changes. In order to achieve
this, we must ensure that the ‘chirping’ will be slow enough to fulfill the adiabatic condition

g + (21)

but fast enough to minimize the effects of dissipation during the process.

In case of a molecular pair, the beam inverts the optically sensitive molecule. However,
the ground state of the dissipative molecule is determined by its inverted closest neighbour,
thus the relaxation of the dissipative molecule will follow the optically sensitive molecule.
Therefore, after some time, the pair as a whole relaxes into its new stationary state. This
justifies the 7, > 7; condition. The molecular pair would not switch if the dissipative molecule
did not relax faster then the optically driven one, because the optically driven molecule decays
before it could have switched the pair.

Figure 4 shows the polarization of both molecules 4 and 4\, as the function of time. Note
that due to the strongly nonlinear character of }V(")[/lgi)] given in Equation (14), a “polarization
gain’ occurs. Even if the left molecule is inverted into a partially polarized state (| /Igi) | < 1),
the final state of the pair will be highly polarized (|Agi)| ~ Mg")\ ~1).

Consider an array of molecular pairs. The energy differences (AFE) in any of the pairs
depend on the state of its neighbours. Thus, the resonant frequency of a pair will be determined
by the state of the pair’s neighbours, because it is equal to the resonant frequency of its
optically sensitive molecule. If we excite the whole array by a laser flash, all pairs, whose
resonant frequency is matched by the frequency of the optical excitation, will be switched into
a new state. However, all other pairs will stay in their original state, because their resonant
frequencies are far from the frequency of the excitation.

In this paper, we suggest that a new type of computer architecture can be based on this
very fact. First, we clarify the conditions of switching molecular pairs. Next, we demonstrate

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2001; 29:73-91
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that logic input states can be pipelined through wires of molecular pairs by proper design of
the spectrum of the optical excitation. Then we show that the same wire can alternate the
logic states of molecular pairs in a sequence of them. This leads to the demonstration of a
‘ring-oscillator’-type arrangement of molecular pairs. We also show that a NAND gate can
be built from molecular pairs excited by a proper optical spectrum.

In all examples, an array of molecular pairs will be irradiated with a laser beam. The beam
will be designed such that its composition from chirps with different frequencies insures the
switching of those, and only those, pairs which should switch in order to realize a prescribed
functionality. The contribution to the Hamiltonian of the external field composed of chirps
with different frequencies, reads as

0 Zk: gi(t) sin(wyt)

HCXC — .
> gk(t) sin(awyt) 0
7

(22)

In general, only beams with frequencies close to resonance have considerable effect on the
state of molecules. Thus we choose the frequencies of the chirps such that g.(¢) is non-zero
only for a finite Az time interval (during the flash), and at this time interval w; varies from
o? — Ao to ®? — Aw, where Aw should satisfy the adiabatic condition (21). By this choice we
can adiabatically invert certain molecular pairs, and leave the state of all the others unchanged.

In case of a selected pair there are three possibilities depending on the state of the neigh-
bours:

e The resonant frequency of the molecule is far from the frequency of each laser beam,
Le. 0} — Aw < AE/h < o)+ Aw is not satisfied for any . In this case the molecular
pair does not change its state;

e The resonant frequency of the molecular pair is close to the frequency of one of the
laser beams, i.e. w;~AFE/h is satisfied. In this case the molecular pair switches to its
other stationary state;

e The flash initiates a transient in the molecular pair, but its effect is not strong enough to
switch the pair, thus the pair relaxes back into its original state.

In order to study the transients of switching in a circuit composed of a few molecular
pairs we shall introduce the equivalent circuit of the molecular pairs. Equivalent circuits of
Coulomb-coupled and optically excited molecules have been introduced in Reference [1]. Here
we apply the results for the molecular pair, and for circuits composed of pairs. Note that in
the framework of the approximations, we are relying on the fact that the equivalent circuits
are independent of the embedding circuits. Thus equivalent circuit models can be used to
build models for integrated arrays, and thus simulation of arrays composed of molecular pairs
can be performed.

In Figure 5 we show four pairs coupled to each other. Pair #1 is the one, whose state
equations and circuit model is used as an example. The resonant frequency of pair #1 is
equal to the resonant frequency of molecule (1) in the pair. This is determined mainly by
the Coulomb field of its dissipative pair, molecule (1), i.e. by the interaction energy between

molecule 1 and 1, which is denoted as E.;'. But the interaction energies of the neighbouring
pairs, E12, 12 p13 g3 pla pid

LB E S B E S B, perturb the energy levels of molecule #1 as well.
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Figure 6. Equivalent circuit of a molecular pair.

The equivalent circuit of a molecular pair should represent the same dynamics as two sets
of generalized Bloch equations of type (13). One set of equations stands for the dynamics of
the optically driven, the other set for the dissipative molecule. To describe the dynamics of a
pair we need six state variables, the six components of the two coherence vectors.

Figure 6 shows the equivalent circuit of molecular pair #i. The six state variables of the
molecular pair are the components of the coherence vectors multiplied by (e/C), where ¢ is
the electron’s charge, C is the given capacitance

V=(e/O)%), x5 =(e/C)y), xi)=(e/C)y

(23)
(l) (e/C);t(l) (l) (e/C)/l(l) (l) (e/C)/l(')
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Note that the variables related to the optically-driven molecule are indexed again as (i),
those related to the dissipative molecule as (7). The variables x|’ and x{’ have a distin-
guished role in Coulomb-coupling, thus they will be called ‘polarization voltages’. The input
ports of the #ith pair are assigned to the polarization-voltages of the neighbours. The two
output ports are the polarization voltages of the optically driven molecule xgi), and that of the
dissipative molecule xgi). The excitation of the external field is represented as an independent
voltage generator uo(t)=(1/e)_, gi(t)-sin wyt. The neighbours polarization voltages control
two controlled sources of the optically driven and two controlled sources of the dissipative
molecules. Using the notations of Figure 6, the values of the circuit elements can be learned
from the state Equations (13), applied to the optically driven and to the dissipative molecule.

This means that
r=r=2v/C, rn=1/C, H=rn=21/C, rnh=r1/C, C=1

The two current generators, representing the damping vectors, ‘attract’ the dynamics to
relax into ground states. Their source currents are

. (i)

=2 tanh(%) (24)
- ()

i = Tf tanh (%) (25)

There are three types of voltage-controlled-current generators in the equivalent circuit. The
external field controls two of them, 7%} and I{!,

. eC . . eC .

Iz(g):Z—uoxg’) and 13(11):2—u0x§’)

h h

We shall present the source currents of the further voltage-controlled-current generators
using the notation

(26)

il = 7 (8 + Sl e

The voltage-controlled-current-sources relating the internal polarization voltages of the pair
are

Ly =Yixdws, Iy =Y,

, o , o (28)
Iy =Y"(x3)xy, Ly =Y"(x3)x
The current sources controlled by the polarization voltages of the neighbours are
L= ¥ Y, L= X Y,
J € neighbours Jj Eneighbours
) o ) o (29)
= > Yi(3)x, L= Y Y(x3x
Jj€Eneighbours Jj€E€neighbours
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The equivalent circuit of the optically pumped molecular pair is an open system with as
many input polarization voltages as the number of neighbours with significant influence on
energy splitting in pair #i, and two output voltages, the polarization vectors of the optically
driven and that of the dissipative molecule, (i) and (i), respectively. In the framework of
a fixed array type, the equivalent circuit is invariant on interconnection. In Figure 6 we
introduced a symbol to represent a molecular pair.

4. COMPUTING WITH MOLECULAR PAIRS

Let us recall that the energy splitting of the levels in an optically driven molecule is dominated
by the effect of its nearest neighbours. If the number of neighbouring molecules is n, then
there is maximally 2"*! different energy level splitting (AE") possible. Since the multipole
interactions weaken rapidly with the increasing distance, n is a well- defined number. Sym-
metries (i.e. relations between the interaction energies) may significantly reduce this number,
and since n is no more than three or four, we might say, that AE’ has only a few possible
discrete values as a function of the state of its neighbours. We are proposing a technique to
design the w; excitation frequencies and g,(¢) envelop such that useful logic functions could
be realized.

We shall demonstrate that it is possible to design a selective optical excitation in such a way
that a series of consecutive, flashes irradiated on the whole array, will push the input logic
state to the output resulting in the required functionality. In this paper we give examples
illustrating the possibility of designing a class of ‘pipelined’ logic. Figure 7 illustrates the
simplest example, a ‘wire’ composed of molecular pairs. After the wire, we show a ‘ring-
oscillator’-type arrangement, and a NAND gate, as examples.

4.1. Designing a molecular wire

First, we show that it is possible to design a non-reciprocal molecular wire. Figure 7 shows the
layout of such a wire, and Figure 8 shows its circuit model. Consider an arbitrary molecular
pair inside the wire. The wire transmits a signal from left to right if the energy splitting of
molecular pair #(i) is determined mainly by its left neighbour #(i — 1). Its right neighbours

©=208.5 THz 0,=214.7 THz

Alw)
A =15 THz
b)
l ®

Figure 7. A wire composed of molecular pairs.
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oy,

Figure 8. Equivalent circuit of a wire.

Table 1.

Initial states of three pairs  States after optical flash #1  States after optical flash #2
-1 @) @+1) i—-1 @) (@) (@) (@) (i+1)

OO O — = = =
O = OO O — -
O~ O R~ OO~
OO O = = =
OO O — = =
O = OO O =
OO O O = = =
OO O O = =
OO O O = =

#(i+1),(i+2), etc., have much smaller influence on the splitting than that of the left neighbour.
In this case, the molecular pair #(i) will follow the stationary state of pair #(i — 1), if we
flash the array by a chirp of properly designed frequency. The energy splitting is defined by
the left neighbour, and there is a significant difference in the splitting depending on relative
states of pairs #(i) and #(i — 1). The difference between the energy levels will significantly
differ if both pairs are in the same state or they are in opposite states.

Let us look at a wire composed of molecular pairs, and let all pairs be in one of their
stationary states, either in ‘0’ or in ‘1°. The energy splitting of an optically pumped molecule is
determined by all of its neighbours, including the closest molecule, which is its own dissipative
pair. The stationary state of the optically pumped and that of the dissipative molecule in each
pair is always the same. Nevertheless, the energy splitting of the optically pumped molecule
strongly depends on its left neighbour’s state as well.

We show that we can design the spectrum of the optical flash in such a way, that repeatedly
applying the flash, the logic state of the left molecular pair will propagate from left to right,
step by step. Each flash will push the signal to the right by one pair.

In Figure 8 pair #(i — 1) is the ‘input’ and pair #(i + 1) is the ‘output’. The input state
will be pushed to the output by two subsequent flashes. If a right neighbour is in the same
state as the pair on its left side, the flash should not have any effect on the optically pumped
molecule of the right neighbour. However, if its state is different, then the right neighbour
should be inverted with a properly designed ‘chirp’. Initially, the three pair of the wire can be
in eight different stationary states, illustrated in the first column by the logic states (Table I).
The second column shows the states after the first, the third column after the second optical
flash:

Figure 9 shows the signal propagation on a wire. The wire initially was in logical ‘0’ state.
We switch the first pair on the left edge of the wire to state ‘1°, then we irradiate the wire
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Figure 9. /3(¢#) dynamics of two subsequent, optically-driven molecular pairs in a wire.

with consecutive flashes having the spectrum shown in Figure 7. After each flash, the signal
steps one step toward the output. After a few flashes we can apply new inputs.
Note that the wire can be designed to be non-reciprocal if condition

Ev+ Y ELJ (30)

Jj€output cells

Eo+ > E\A

Jj€input cells

”

is met for the optically excited molecules for all possible /lé configuration. In this case a
molecular pair can ‘distinguish’ between its input and output. The state of a molecule will
not depend on the state of its right neighbour, but depends on its left neighbour.

4.2. Designing a ring oscillator

A ring oscillator is as an example of autonomous circuits. The same structure that realizes
a molecular wire, can be redesigned to realize an inverter chain. Let us invert the molecules
if their state is the same as their left neighbour’s, and let them unchanged, if their state is
opposite. The wire becomes and ‘inverter-chain’. In ground-state, the subsequent molecular
pairs alternate.

We can design a nano-equivalent of the ring oscillator (Figure 10) if we form a loop from
a wire consisting of odd number of molecular pairs, by connecting its input to its output.
All molecules change their state after each flash. The results of simulation show, that the
signal never stops propagating (Figure 11). As in the case of the ‘classical’ ring oscillator,
the waveform may depend on the initial state of the device.

4.3. Designing Boolean logic

The considerations of the previous chapters can be generalized. The basic idea for the realiza-
tion of an arbitrary binary logic is the following: first, calculate all possible energy splitting,
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Figure 10. Ring oscillator: a loop (a pentagon) was formed from the wire. After each flash,
at least one pair changes its state.
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Figure 11. Waveforms (polarization as the function of time) of two subsequent molecules in the ring
oscillator. Note how the dissipative molecule restores the signal levels.

AE!, for a molecular pair as function of the state of its neighbours. Then design the spectrum
of the optical flash in such a way, that it inverts the state of the molecular pair, if its present
state does not satisfy the required logic function, but it does not invert it, if its state is the
required one.
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Figure 12. Layout of a NAND gate.
Input Molecular array Output

Figure 13. An array composed of optically pumped molecular pairs. Inputs are set by and outputs are
measured by Single-Electron Transistors.

We illustrate the procedure by an example, the NAND gate. The proposed layout is shown
in Figure 12, together with the optical spectrum performing the necessary inversions.

It was shown in the previous sections, that after each flash the signal ‘steps’ one molecule
pair toward the output. The molecules, that the signal passed, should not be left idle: new
inputs can be applied. The optical flash acts as a clock signal: after each flash, a new input
‘steps in’ the array, and an output ‘leaves’ the array. The proposed architecture shows a
possibility to build highly parallel pipelined logic.

Figure 13 is a schematic of a larger array. The inputs and outputs can be e.g. single-electron
transistors.
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The steps of computation by an array are the following:

1. Apply new inputs, and read the outputs.

2. Apply an optical flash.

3. Wait, while the system finds its new stationary state.
4. Continue with step 1.

Note that there are no zero-delay elements in this structure, therefore the geometry of the
system is in strong connection with the signal path. We do not need additional latches (as in
most pipelined structure), since the wire is a memory element.

5. DESIGN OF A MOLECULAR PAIR

In order to illustrate the feasibility of the proposed architecture, in this section we calculate
the interaction energies, and the frequencies of the optical excitation for a specific geometry.

Consider the structure illustrated in Figure 14. In this example, the right molecule is a
pure quadrupole without transitional dipole moments. There are two electrons in the antipodal
dots. The left molecule of the pair has dipole and quadrupole moments, and it can be excited
applying a field with polarization having a significant z component. The wavefunction of the
electrons is assumed to be well localized in the dots. In this case there is a unique connection
between the state of the molecule and the geometry of its wave function.

Parameter d is a scale factor, and Figure 15 shows the interaction energies and the corre-
sponding frequencies as a function of the scaling factor.

A static electric field Ey is used to ‘shift’ the energy levels of the optically-driven molecule.
It allows the adjustment of the value of AE,.

The driving frequencies for a specific molecular wire can be estimated. Let d =4nm. The
distances between the nearest dipoles and quadrupoles are 2.5d4. In this case the interaction
energies are Epl 2 =E:"?=0.855meV, EX = -134.99meV, E;i" =-0.8996meV. There-

fore ™" =4.311meV, and EX*™ = —0.04 meV (Figure 15). The effect of the ‘far’ molecules

nt nt

are negligible, the interaction energy to the next pair is less by a factor of 20.

O

Figure 14. An idealized possibility for implementing a molecular pair.
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Figure 15. Energy differences and pumping frequencies as functions of d.

Note that in this special geometry the electrostatic effect of the nearest pair at the output side
is very small compared to all other energies. This is not true for the input side. The system is
non-reciprocal. If AEy=2meV, the frequencies are w; =34.14 THz, w, =33.18 THz. Figure
9 shows the simulation results at 7= 100K. The coupling between the field and the molecule
is g=0.25meV, and the bandwidth of the chirp is Aw = 0.3 THz. The duration of the chirps
is 40 ps.

In the case of a NAND gate, if the distance of the inputs from the switching cell is 2.5d
from both (x and y) direction, and d = 1 nm, then the driving frequencies are w; =33.86 THz,
@, =33.12THz and w; =32.89 THz.

If d is a few nm, than we are in the ‘molecular electronics’ region, if d is a few tens of
nm, than the structure may be realized in solids (artificial molecules).

These results suggest that the selectivity of the optical excitation is good enough to realize
the proposed new architecture by solid-state technology, however, the molecular scale offers a
much robust way to build these structures. In solid state, the noise of the background charge
and the manufacturing inaccuracies could cause serious difficulties. Since the semiconduc-
tor structures are much larger than the molecular ones, the interaction energies are smaller,
therefore the sensitivity of the system to errors could become critical.

Note that the dissipation mode, applied to individual molecules does not give accurate
results for the time evolution of the processes. According to our approximation, the dissipation
continuously takes the system into a mixed state. The model does not take into account
dissipation in the form of ‘quantum jumps’ [4], and the model outlined above, describes the
average behavior of many molecules. However, the exact time-evolution of dissipation is not
crucial from the point of view of the architecture proposed in this paper.

The other approximation of our model is the assumption on the exactly two-state character
of the molecules. They are two-state quantum-mechanical systems, and no transitions occur
to any other states. It is hard to satisfy this condition, because we can excite additional levels
easily with the application of several laser-beams with different frequencies.

Nevertheless, our simulations suggest that it is worth to pursue experimental studies on
optically pumped nanoelectronic circuits, and our two-state model can be used to design
experimental circuits.
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