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Abstract

With impurity molecules working as switches, the charge transfer on a single conducting polymer chain is studied. The chain is modeled
by a modified tight-binding Hamiltonian extended to include the effects of an external field and the parameters of the switching molecules.
The charge transfer through the sites that work like a switch is analyzed by the numerical integration of the equations of motion. Two basic
types of molecular switches are studied: single and pairs of donor—acceptor molecules bonded to the chain. The main differences between
these two models of switches are determined. We have found that the single radical switch has an anisotropic character and only works for
solitons with the same parity of bonding site. For the donor—acceptor pair we have encountered that the chain offers a wider range of devices,
from simple switches to perfect molecular rectifiers. The influence of the parameters of the molecules on the charge transfer and the changes
they must undergo to characterize the molecular switch are obtained. The role of the length of separation between the sites where the donor
and acceptor molecules bond is clarified. The optimum switch configuration is determined.

Keywords: Switches; Charge transfer

1. Introduction

Molecular electronics is emerging as a promising field of
research and a powerful source of technology {1-6]. The
manipulation of single molecules opens the possibility of
creation of a wide range of functional devices that mimic the
solid-state ones, and may also have other new and important
characteristics and functions. The fabrication of molecular
electronic devices is not so far in the future and we can already
foresee and even design various special molecules {7,8].

Conducting polymers are a fundamental part of molecular
devices. They can work as molecular level wires linking and
carrying charge through the molecular circuit [9]. In this
sense, polyacetylene has appeared early as a good candidate
to integrate molecular switches. One of its particular ways of
conducting charges, through bond order solitons [10,11],
seemed an interesting quality that could be used to create
molecular switches. Impurities and doping radicals can work
as pinning centers and barriers to the solitons. Bistable impu-
rities can also work as switches allowing or denying the
passage of moving charged solitons through a certain region
of the chain [12].

These molecular devices have been studied with several
methods. From tight-binding to ab initio methods, many
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authors have revealed important characteristics and features
of such devices [12,13]. Nevertheless, there has been a rel-
ative lack of dynamical simulations [ 14-17], even though
there is a very strong link between the electronic part and the
moving bond order configurations of polyacetylene.

The main purpose of the present work is to establish the
basic character of radicals that must be bonded to a polyace-
tylene chain to create molecular switches. Doping molecules
are introduced as a means of altering the polymer conduction
properties, controlling the charge transfer throughout the
chain. The determination of an optimum molecular switch,
by varying the parameters of the doping molecules, is accom-
plished. The dynamics of charged solitons propagating on
the polyacetylene chain is studied through numerical solution
of the equations of motion for the electronic and lattice
degrees of freedom of the system. The model Hamiltonian of
Su, Schrieffer and Heeger (SSH) is modified to include an
external electric field and short-ranged site-type impurity
potentials to represent the radicals bonded to the main chain.
We have found the ideal distance between pairs of donor—
acceptor radicals bonded to the chain and the relative strength
of the parameters of the radicals. Actually, we determine the
possibility of a charged moving soliton to cross the region
where the radicals are added. We verified that the solitons
can pass, be trapped or reflect on this region, depending on
the configuration of the radicals.
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This paper is organized as follows. In Section 2 we present
the model and a brief description of the simulation method.
Section 3 contains the results of the calculations. The last
section, Section 4, is devoted to a summary and concluding
remarks.

2. Model and formalism
We write the Hamiltonian describing the chain with impu-
rities as

= _Z(tnn+lc;+l ans+h c. )

nys

K M,
+Zz(un+l —un)2+z-§u3+zvp(c‘z,scp,s‘) (1)
n n .S
with
tn,n+1=exp(_iyA)[IO_a(un+l_un)] (2)

Here, # is an SSH-type Hamiltonian [11], modified to
include the electric field and the impurities parameters. C,
is the annihilation operator of a  electron with spin s at the
nth lattice site, u, is the displacement coordinate of the nth
CH group, , is the transfer integral between the nearestneigh-
bor sites in the undimerized chains, « is the electron—phonon
coupling, M is the mass of a CH group, K is the spring constant
of a o-bond, and V,, is the strength of an impurity which is
located in the pth site. y= ea/ (%c), e being the absolute value
of the electronic charge, a the lattice constant, and ¢ the light
velocity. The relation between the time-dependent vector
potential A and the uniform electric field E is given by E=
(—1/0)A.

We prepare initially a stationary state, which is fully self-
consistent with respect to both degrees of freedom, of the
electrons and phonons, as the initial conditions of the calcu-
lations [18]. Then, under the action of the electric field, the
electronic and the lattice equations of motion are numerically
integrated. Namely, this is the time-dependent Schrodinger
equation:

W () = =ty iy Prs(nt+ 18)
— ¥ Wi (n—1,0) + V8, , ¥ (p,1) (3)
and the lattice equation of motion:
Mii, =F,(1) (€Y
where
Fo () = = K[2u,(1) =t 1 (1) 141 (D) ]
+alexp( —ivA(®)) (Buns1 = Bn-14)
+exp(+iYA(1)) (Brs1,n— Bup-1)] (3

Here B, =L/, W& (n,t) ¥ ,(n',t). The prime on the sum-
mation means that the sum is taken over the occupied states
in the initial stationary state. These equations of motion are

solved by discretizing the time variable with a step Az. The
time step A¢ is chosen so that the change of u,(¢) and A(#)
during this interval is always very small in the electronic
scale. The time-dependent Schrddinger equation is analyti-
cally integrated by introducing single-electron eigenstates at
each moment,

The solution of the time-dependent Schrodinger equation
can then be put in the form:

1-l',‘k,:(nstj-&-l) = Z [Z¢;§'(m’{7) ‘pk,s(m,tj) ]
! m

X exp( - ie—l}?-f)qs,,s(n,tj) (6)

where {¢,} and { &} are the eigenfunctions and the eigenval-
ues of the electronic part of the Hamiltonian 2(¢) at a given

time ¢,.
The lattice equations are written as
un(ltl-l-l):un(tj) +dn(t)At (7)
. (t)
un(tj-!-l) n(t) +— (8)

Therefore, using Egs. (6)—(8), the electronic wave functions
and the displacement coordinates at the (j+ 1)th time step
are obtained from the jth time step.

We use as parameters the commonly accepted values for
polyacetylene: t,=2.5eV, K=21¢V A2 a=41eVA~,
and a=1.22 A, and for the impurity potentials we take V,
ranging from 1072 to 1¢,. Periodic boundary conditions are
assumed for the electronic wave functions, ¥, ,, and the lat-
tice displacements, u,,.

In this study, the total number of lattice points on the chain
is N=101, thus allowing the presence of a soliton on the
chain. The total number of electrons on the chain (Ne) is
Ne =100 in all cases, which means that in the initial condition
we have a positively charged soliton on the chain.

The soliton charge is given by the expression:

p(n!t) =1- Zl#;:&(n,t) Lbk,s(n’t) (9)
k,s

To study the position of the soliton as a function of time,
we introduce smoothed charge density and bond variable by

1
pn=Z(pn—1+2pn+pn+l)

- (—)
Yn= (yn 1 Zyn+yn+1)

with y,=u, ., — u,. When there is a single soliton, y, has a
tanh-like form. Thus, its difference 7, .; — ¥, has a sech-like
form. Since we consider the periodic system in the present
simulation, it is convenient to define the soliton position by
[16]

N N 2n-+1)mi
x(r) =3 arg zexp[(—”ﬁ—)“i’]<fn+l—yz>} (10)
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We observe the position at every 100 time steps. A time step
of At=0.04 fs is used. We follow the dynamics of the systems
up to the 5000th time step. Each of these simulations take
2 h of CPU time on a DEC Alpha-400 workstation.

3. Simulation results

In all the 220 simulations, we have considered polyacety-
lene chains with N=101 CH groups. One single positively
charged soliton is initially present around the 20th site. One
or two different radical molecules are bonded to different
positions on the chain in each case. Fig. 1 shows very sche-
matically the initial configuration of the polymer chain.

As the initial state in all cases represents a stationary solu-
tion, we make the charged solitons start to move through the
application of the electric field on the system. The electric
field is applied from 7= 0 to =t a time span necessary for
the charged soliton to acquire a velocity close to its maximum
possible value [16]. To do that, we put A= —cEt from =0
up to t=t,y, and then, for times greater than f#.; we set
A= —cEt, 4 We take t=60 fs and |E|{ =0.025E,, with
Ey=Hwq/ (ea). Therefore, the soliton is moving ata constant
velocity when it reaches the switching sites.

The solitons of polyacetylene have the very interesting
property of accumulating charge around the topological
defect of the bond order pattern only on even or odd sites
(see Fig.2). This soliton character has important conse-
quences on the switching mechanism. In this work we call
solitons that accumulate charge on even (odd) numbered
sites as ‘even (odd) solitons’.

Besides the parity of the soliton (charge on even or odd
sites), the position on the chain where the radicals bond and
the consequent alteration of the CH unit site energy play a
fundamental role on the switching process. Therefore, we
systematically change the bonding sites and the radical par-
ameters. For each configuration we have made the moving
charged soliton go through the chain.

Subtle changes on the radical bond positions have proved
to lead to very different results. Fig. 3 shows three cases
where the same pair of donor-acceptor radicals are bonded
to sites close to each other. Fig. 3(a) shows the propagation
of a free soliton for comparison. In Fig. 3(b) the donor and
acceptor radicals are bonded to sites 53 and 51, respectively.
The soliton passes by these sites almost like the free soliton
case. Fig. 3(c¢) shows the same pair of donor—acceptor radi-
cals bonded at sites 52 and 53, respectively. In this case the
soliton is trapped by the pair of impurities. In Fig. 3(d) the

v

+

Ry

Fig. 1. Schematic representation of a moving charged soliton on polyace-
tylene and the bonding radicals that could work as a switch.

donor—acceptor pair is bonded to sites 53 and 52, respectively.
A complete reflection of the moving soliton happens for this
configuration. Therefore, the order of appearance of the donor
and acceptor radicals in the soliton path as well as the parity
(even or odd) of the sites where they bond, is fundamental
for the charge propagation on the chain. The charged soliton
can move forward, be trapped or reflect on the switching sites
depending on their arrangement and the parity of the soliton.
As will be seen with other cases, the pair of radicals can even
work as a rectifier, allowing the passage of the soliton in one
direction and blocking it in the opposite one (an inverse
behavior is observed changing the parity of the soliton).

We have also performed simulations with one single rad-
ical working as a switch. This type of switch has an aniso-
tropic effect on the soliton motion. A single-molecule switch
can only be felt by solitons with the same parity as the radical
bonding site. Fig. 4 presents the soliton position after it inter-
acts with the switching site. It is verified that the odd moving
soliton interacts only with the odd radical sites, being com-
pletely indifferent to a radical bonding at an even site. When
a reflection occurs, it is found that the positively charged
soliton is more reflected on the donor radical than on the
acceptor radical. The opposite holds for the negatively
charged soliton. This apparently paradoxical behavior takes
place because the soliton actually interacts with the charge
shielding the radical. The shielding charge concentrates prin-
cipally on sites with the same parity as the radical site.

Fig. 5 presents the time evolution of odd solitons moving
in the direction of a pair radical switches. In Fig. 5(a), we
kept fixed the radical intensities |V, | =7.5 X 10~ and the
acceptor bonding site at the 51st site. We varied the donor
bonding site from 53 to 61. The soliton behavior changes
from passage to reflection as we increase the radical separa-
tion. For a given separation, the acceptor radical at the 51st
site and the donor radical at the 57th site, we have varied the
modulus of the radical parameter, {V,|, from 2.5 X 10~ 2%to
15X 10 %, (Fig. 5(b)).Itis observed that for alow intensity
the soliton passes the switching radicals. For a greater inten-
sity it is reflected. For an even greater intensity

0.20
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Site
Fig. 2. The charge distribution, p(n), of an odd soliton.
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Fig, 3. Time evolution of the smoothed charge density, 5(¢), in the polyacetylene chain. The three axes represent the site n, time #, and smoothed charge density
p. {(a) Free soliton (no radicals bonded to the chain); (b) donor radical on site 53 and acceptor on site 51; (¢) donor radical on site 52 and acceptor on site

53; (d) donor radical on site 53 and acceptor on site 52. | V,| =0.1¢,.
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(1V,1 =1.5X 107") the soliton gets trapped by the impurity.
That is the overall pattern observed in the extensive studied
cases: as the radical intensity gets bigger than a given thresh-
old the soliton becomes trapped by the switch.
We have verified that the parity of the soliton and the parity
of the radicals (bonded to even or odd sites) is decisive on
the mechanism of charge transport on polyacetylene-based
molecular circuits. In Fig. 6 we present the outcome of a
positively charged odd soliton colliding with the same pair
of donor—acceptor radicals bonded to different site positions.
In Fig. 6(a) we fixed the acceptor bond site in the 51st site
and kept the radical intensity at | V,| = 0.1, The donor bond-
ing site is varied from the 41st to the 61st site. We can
distinguish two different patterns. When the donor radical
bonds at even sites the soliton passes through the switch. For
the donor radical bonding at odd sites, the order of appearance
and the distance between the radicals lead to passage orreflec-
tion (and trapping for large radical intensities). In Fig. 6(b)
the acceptor radical is bonded at the 52nd site, and the donor
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Fig. 5. Time evolution of a positively charged odd soliton moving on a
polyacetylene chain with a pair of radicals bonded to it. (a) The intensity
of the radicals are fixed ({V,| =7.5 X 107%) and the acceptor bonding site
is fixed at the 51st site. The donor bonding site is varied from the 53rd to
the 61st site. {b) The position of the acceptor bonding site is kept at the 57th
site. The radical strength is varied from 2.5 X 1072 to 15X 10™%,.

radical bond site varies from the 42nd to the 62nd site. The
donor radical bonding at even sites allows the soliton passage.
When it bonds to odd sites the soliton also passes the switch,
except in one case: acceptor on site 52 and donor on site 53,
in which case the soliton is reflected. Fig. 6(a) and (b) may
look redundant, but they are not. The order of appearance, in
the soliton path, of donor and acceptor radicals as well as the
parity of the radical bonding sites is distinctive. One may
have donor—acceptor as well as acceptor-donor pairs. And
they may bond at odd—odd, odd—even, even—odd, and even—
even numbered sites. This parity distribution is due to the
parity of the soliton itself. Tables 1-4 display several exam-
ples belonging to all eight parity-order classes.

From Tables 1-4 one can devise a phase diagram as
depicted in Fig. 7. In this impurity separation versus impurity
intensity graphic one can distinguish two lines separating
three different charge conducting phases. Each line separates
radical configurations allowing or blocking (reflecting or
trapping) the soliton passage. The descent line is character-
istic of solitons that reach the first radical site with the same
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Fig. 6. Final soliton (odd and positively charged) position, relative to the

bonding sites of the radicals. (a) Acceptor radical on the 51st site and donor

radical varying from the 41st to the 61st site. {(b) Acceptor radical on the

52nd site and donor radical varying from the 42nd to the 62nd site.

[V,| =0.11,.

Table 1

Final soliton position as a function of the sites of the two impurities (n, and
n,). The first impurity is negative and it is bonded at an even site. The second
impurity is positive. The two impurities have the same intensity modulus
(Int)

n, Int
0.1 0.12 02
Even-even (first on 52th site and second on even site)

54 81 81

56 81 81

58 81 81

60 81 81

62 81 81

Even—odd (first on 52th site and second on odd site)

53 68 56 48
55 71 63 49
57 73 66 51
59 73 68 54
61 74 70 56
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Table 2

Final soliton position as a function of the sites of the two impurities (n, and
n,). The first impurity is negative and it is bonded at an odd site. The second
impurity is positive. The two impurities have the same intensity modulus
(Int)

Table 3

Final soliton position as a function of the sites of the two impurities (»; and
n,). The first impurity is positive and it is bonded at an even site. The second
impurity is negative. The two impurities have the same intensity modulus
(Int)

ny Int
041 0.12 0.15 0.17 0.2 1
Odd-even (first on 51st site and second on even site)

52 74 67 26 21

54 72 39 25 20

56 71 36 25 20

58 71 35 A4 20

60 71 34 24 19

QOdd-odd (first on 51st site and second on odd site)

53 80 80 79 78 49
55 77 72 69 63 57
57 73 64 59 55
59 71 63 62 65
61 72 69 34 24

Ny Int
0.1 0.12 0.2
Even-even (first on 52nd site and second on even site)

54 81 81

56 81 81

58 81 81

60 81 81

62 81 81

Even—odd (first on 52nd site and second on odd site)

53 41 33 30
55 58 39 35
57 59 43 3
59 58 46 3
61 57 50 6

parity as the soliton parity. The rising line represents the cases
where the soliton meets the first radical bonded at a site with
different parity from its own. Therefore, there exist three
different phases: Phase I contains configurations allowing the
soliton passage isotropically (solitons can propagate to the
left or to the right on the chain). Phase II represents aniso-
tropic configurations where the solitons can pass in one direc-
tion but not in the opposite one. In Phase III all the solitons
reaching the switch are blocked. Actually, the two lines
appearing in Fig. 7 each represent four lines. For each parity-
order configuration the phase diagram lines present different
slopes (not shown in the figure).

The total energy, i.e. the sum of the electronic, lattice
kinetic and lattice potential energy, increases rapidly during
the application of the electric field, as should be expected.
After the field is switched off, the total energy becomes con-
stant. A small variation of the total energy is observed over
the time; it is thought to come from the discretization of the
time variable. Since this variation is small enough (smaller
than 0.0001%), it is verified that the mesh adopted for the
time variable is quite good.

4. Discussion and summary

The propagation of a moving charged soliton on a single
polyacetylene chain, where radical molecules bonded to the
chain work as a switch, has been investigated. This study was
carried out through numerical calculations using an improved
version of the SSH model to accomplish the characteristics
of the actual system. We have used an electric field to put a
charged soliton in motion. The electric field is introduced in
the model Hamiltonian as a time-dependent vector potential
in the phase of the transfer integral. The time-dependent

Schridinger equation and the equation of motion for the time-
dependent lattice displacements form a coupled set that was
numerically integrated over the time in a self-consistent way.

The switching molecules are modeled by the change they
cause in the energy of the polyacetylene site where they bond.

The soliton passage, reflection or trapping on the switch is
investigated for a large amount of configurations of the bond-
ing molecules. Changes in the bonding site positions and site
energies are carried out and the characteristics of the various
switches are analyzed. An initially static charged soliton is
accelerated through the application of an electric field until it
reaches a velocity close to its maximum possible velocity.
Then the electric field is switched off and the soliton continues
to move until it reaches the switching region.

We have verified that the molecular switches on polyace-
tylene are very sensitive to the parity of the charged soliton
and consequently to the parity of the radical bonding sites.
The same pair of donor-acceptor bonding radicals can be
transparent or an insurmountable obstacle to a given soliton.
The passage depends on the parity of the sites where the
radicals bond, the order of appearance, the parity of the soliton
and its charge sign.

As a consequence of the parity—charge sign dependence,
we have found very anisotropic switches. They allow the
passage of a given soliton in one direction and block it in the
opposite one. There have been switches that allow the passage
of solitons of odd parity and block even parity solitons, and
vice versa. All these switch types are illustrated in Tables 1-4.
Anisotropic switches are in bold face. Switches that block the
soliton passage in both directions are in bold face and under-
lined. Therefore, optimum molecular switches can be devised
using the convenient radical configurations.

We have been using solitons moving close to their maxi-
mum velocity. If one allows the solitons to move with smaller
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Table 4

255

Final soliton position as a function of the sites of the two impurities (#, and n,). The first impurity is positive and it is bonded at an odd site. The second
impurity is negative. The two impurities have the same intensity modulus (Int)

ny Int (107%)
2.5 5 6 7 7.5 8 9 10 11 12 14 15 20 160
Odd—-even (first on 51st site and second on even site)
52 73 67 59 54 50
54 70 63 51 48 48
56 69 60 49 47 a8
58 69 59 48 47 a8
60 69 59 49 47 48
Qdd—odd (first on 51st site and second on odd site)
53 80 80 80 80 79 79 79 79 78 77 75 67 55
55 80 79 79 77 77 76 74 71 68 56 38 50 58
57 80 78 75 72 70 68 50 42 40 40 49 49
59 80 75 71 64 52 46 42 41 41 43 51
61 79 73 67 50 46 45 43 41 41 43 51
10 ing site are very insensitive to it. Moreover, this single-radical
switch is anisotropic. The shielding caused by the impurity
ol is asymmetric because of the single~double bond pattern of
the polyacetylene chain. Hence, after encountering the switch
B 11 the soliton has a different velocity depending on the former’s
£ sl original direction.
§ We have seen that radical molecules bonded to the poly-
z i acetylene chain can work as molecular switches. It is not
g 4 I necessary to add impurity molecules to the chain backbone.
However, the addition of impurities to the body of the poly-
) 1 mer chain could bring interesting new features to the
switches.
The present model does not consider any change in the
O oT o5 93 o4 05 08 07 08 08 10 pattern of single—double bonds on the polyacetylene chain

Impurity Intensity

Fig. 7. Charge conduction phase diagrams for a polyacetylene chain with a
pair (donor—acceptor) of radicals. Phase I, configurations that allow the
passage of a soliton. Phase II, configurations that block the soliton in one
direction but allow its passage in the opposite direction. Phase III, configu-
rations that block (reflect or trap) the soliton moving in either direction.

velocities, it can obviously change the passage, reflection and
trapping patterns. As the soliton velocity slows down, the
passage through a switch becomes increasingly difficult.

Our results are certainly dependent on the numerical par-
ameters used for the SSH model. Changes in these parameters
do change the physical parameters of solitons, e.g. the soliton
length. Solitons of different length have adifferentinteraction
with a donor—acceptor pair of a given length of separation.
For example, a wide soliton interacting with the donor—accep-
tor pair at a given distance will correspond to a narrow soliton
interacting with the same pair separated by a shorter distance.
Thus, we expect a shift of the lines separating the propagating
phases in Fig. 7.

A single bonding impurity can work as a switch, Never-
theless, solitons with parity different from the impurity bond-

prior to the soliton passage. The bonding radicals did not alter
this pattern between their bonding sites. Therefore, the struc-
tural change in the single—double configuration between the
radicals is not indispensable to the switching function.

The inclusion of impurities on the chain backbone and the
influence of several switches on the soliton pathway are cur-
rently been studied and results concerning molecular circuits
will be presented in a forthcoming paper. ‘
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