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Use of polarons and bipolarons in logical switches based on conjugated polymers
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Considering impurity molecules functioning as switches, the charge-transport process on a single conducting
polymer chain is analyzed. The dynamics of polarons and bipolarons is studied with the time-dependent
unrestricted Hartree-Fock approximation using a combination of the Su-Schrieffer-Heeger and extended Hub-
bard models, extended to include the potential due to the dopants. A Brazovskii-Kirova-type symmetry-
breaking interaction is inserted in the Hamiltonian model. The polarons and bipolarons are put into motion by
a spatially uniform external electric field introduced through a time-dependent vector potential. The process of
charge transport through the sites with radicals that work like a switch is analyzed by the numerical resolution
of the equations of motion. The use of polarons and bipolarons as information carriers is analyzed. The results
show that the impurity molecule can work as a gate to the passage of charged polarons or bipolarons~i.e., it can
control of charge transport!. The polarons and/or bipolarons can be trapped by the impurity molecule or can
pass through it, resulting in two configurations: closed and open logical switches. Such results show that
polarons and bipolarons provide good candidates to logical switching in molecular circuits of conducting
polymers. The energies involved are also discussed.

DOI: 10.1103/PhysRevB.65.094304 PACS number~s!: 71.20.Rv, 71.38.2k, 72.80.Le, 71.38.Mx
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I. INTRODUCTION

The conjugated polymers have attracted much interes
the academic community. Possible technological applicati
of theses materials show us a very promising field in
future. The applications of conjugated polymers in seve
areas, including electronic devices,1–3 anticorrosion protec-
tion for metal,4 electromagnetic shielding,5 and others, have
recently been realized. The basic properties of these sys
are also of current interest, especially the issues concer
the microscopic mechanisms of charge and energy trans
The importance of these materials lies in the peculiar p
nomena induced by the presence of the nonlinear excitati
These phenomena are associated with the prominent fea
of electric conductivity that can vary by many orders of ma
nitude with doping impurities.

Electronic devices have been fabricated6,7 based upon
conjugated polymers. Although performance is modest r
tive to similar devices based upon inorganic semiconduct
these devices provide a test bed for investigation of cha
injection and transport phenomena.

Through different architecture, it would be possible
implement logical formal computation on molecular circu
as logical switches, binary decodifiers, and stack memori8

Special molecules functioning as artificial neurons could
linked in a net, with conducting polymers working as axo
and dendrites. Such circuits of molecular dimensions hav
real possibility of implementation considering the advan
of the technique of tunneling microscopy.

Traditionally, polymer materials have been used for pro
erties other than electronic and optoelectronic. Particula
advantageous properties of macromolecular materials
clude chemical inertness, electrical insulation, and espec
ease of processing. Conducting polymers play an impor
role in the understanding of the conduction mechanis
They are insulating materials that can be doped with
presence of strong oxidizing or reducing radicals that
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work as pinning centers and barriers to the passage of n
linear excitations such as solitons,9,10 allowing or denying
the passage through a certain region of the chain.11

We consider the electron-electron interactions in the
namical simulations. Nevertheless, there has been a rela
lack of dynamical simulations,12–15 even though there is a
very strong link between the electronic part and the mov
bond-order configurations.

A polaron has a spin12 and an electric charge6e. In the
case of bipolarons, they can be regarded as a confined
comprising a charged soliton and a charged antisoliton. T
are spinless with charge62e. A basic description of these
excitations was given by the Brazovskii-Kirova~BK!
model,16 in which a symmetry-breaking term is added to l
the ground-state degeneracy in the Takayama–Lin-
model.17

The presence of trapped polarons in undop
poly(p-phenylene vinylene! was suggested by the electro
nuclear double-resonance measurements in a dark state18,19

Other experiments have been performed in some conjug
polymers describing the magnetic and optical properties.20–24

In the present work, our purpose is to establish the
namical effects of radicals bonded to a linear chain to cre
molecular switches with the use of polarons and bipolar
moving along the chain. Doping radicals are introduced
alter the polymer-conduction characteristics, controlling
charge transfer throughout of the chain. To study the dyna
ics of polarons and bipolarons, a modified version of t
Su-Schrieffer-Heeger~SSH! model25,26 is used, which is ex-
tended to include the influence of an electric field, Coulo
bian interactions~extended Hubbard!, and impurity poten-
tials to represent the radicals bonded to the chain. T
different configurations for a molecular device are det
mined by varying the parameters of the doping radicals.

The dynamics of charged polarons and bipolarons pro
gating on the conjugated polymers is studied numerica
through the resolution of the coupled equations for electro
©2002 The American Physical Society04-1
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wave functions and lattice displacements. The coupled eq
tions are numerically integrated over real time. Since
consider a uniform electric field, the time-dependent vec
potential is independent of the space coordinate, there
periodic boundary conditions can be adopted to avoid e
effects. Here, the equations are solved in a self-consis
way without any previous assumption on the form of t
nonlinear excitations.

In the following section, we present the formalism of t
model and a brief discussion of the simulation method. S
tion III contains the results of the calculations. Finally, Se
IV is destined to a summary of results and conclusions.

II. MODEL AND METHOD OF SIMULATION

Our model polymer is defined by the Hamiltonian inclu
ing impurities,

H~ t !52(
n,s

@~ tn2ayn!$exp~ igAs!Cn,s
† Cn11,s1H.c.%#

1U(
i

~ni↑2 1
2 !~ni↓2 1

2 !1V(
i

~ni21!~ni 1121!

1(
n

K

2
yn

21(
n

M

2
u̇n

21(
p,s

VpCp,s
† Cp,s , ~1!

whereyn5un11,n2un and tn5t01d0(21)n. Here,t0 is the
transfer integral between the nearest-neighbor sites in
undimerized system,d0 is the Brazovskii-Kirova symmetry
breaking term,a is the electron-phonon coupling,un is the
displacement of thenth CH unit from its equilibrium posi-
tion in the undimerized phase,Cn,s

† (Cn,s) is the creation~an-
nihilation! operator of ap electron with spins on thenth
site,K is the spring constant of as bond, andM is the mass
of a CH unit.U and V are the on-site and nearest-neighb
Coulomb repulsion strengths, respectively.Vp is the strength
of an impurity, which is located in thepth site. The param-
eter g is defined byg[ea/(\c), where e is the absolute
value of the electronic charge,a is the lattice constant, andc
is the light velocity. The relation between the time-depend
vector potentialA and the uniform electric fieldE is given
by E52(1/c)Ȧ. In the Coulomb repulsion terms, we use t
electron-hole symmetry, since we are interested mainly
nearly half-filled states.

First, we prepare a stationary state, which is fully se
consistent with regard to the degrees of freedom of both,
electrons and the lattice, as the initial conditions for t
calculations.27 Then, under the action of the electric field, th
electronic and the lattice equations of motion are numeric
integrated and the lattice equations of motion28 are solved by
discretizing the time variable with a stepDt. The time step
Dt is chosen so that the changes ofui(t) andA(t) are always
very small in the electronic scale during this interval. T
time-dependent Schro¨dinger equation is analytically inte
grated by introducing single-electron eigenstates at each
ment. We have that
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Ck~ t !5T expF2 i E
0

t

dt8
ĥ~ t8!

\ GCk~0!,

whereĥ(t8) is the electronic part of the HamiltonianH(t) at
time t8 and T is the time-ordering operator. Through th
discretization of the time variable, this expression becom

Ck~ t j 11!5expF2 iDt
ĥ~ t j !

\
GCk~ t j !.

Consider the expansion

Ck~ t j !5(
l

Clkf l~ t j !,

where Clk5^f l uCk& and $f l% and $« l% are the eigenfunc-
tions and the eigenvalues of the electronic part of the Ham
tonianH(t) at a given timet j , respectively. The solution o
the time-dependent Schro¨dinger equation can then be pu
into the form

Ck,s~n,t j 11!5(
l

F(
m

f l ,s* ~m,t j !Ck,s~m,t j !G
3e2 i (« lDt/\)f l ,s~n,t j !. ~2!

The lattice equations of motion are written as

un~ t j 11!5un~ t j !1u̇n~ t j !Dt, ~3!

u̇n~ t j 11!5u̇n~ t j !1
Fn~ t j !

M
Dt, ~4!

whereFn(t j ) is the force in thenth site in thej th time step.27

Thus, using Eqs.~2!, ~3!, and~4!, the electronic wave func-
tions and the displacement coordinates at the (j 11)th time
step are obtained from thej th time step.

We use the relevant parameters for simulation commo
accepted for conjugated polymers:15,25 t052.5 eV, K
521 eV Å 22, a54.1 eV Å21, U50.50 eV, V
50.25 eV, a51.22 Å and for the impurity potentials we
takeVp ranging from 0.04t0 to 0.30t0 ~bipolaron! and from
2.1023t0 to 0.20t0 ~polaron!. The bare optical-phonon energ
is \vQ

215(4K/M )1/250.16 eV. Such parameters yield
good qualitative description of the conjugated polymers
interest.16 We accelerate the charged polaron and bipola
by applying the electric field. The field is kept on fromt
50 to t5to f f . The field strengthE is fixed at 0.025E0 for
the bipolaron andE50.0050E0 for the polaron, whereE0 is
defined by E05\vQ /ea51.33107 V/m. This particular
choice of electric field is based on the relative stability
polarons and bipolarons to applied external electric field27

Periodic boundary conditions are assumed for the electro
wave functionsck,s and for the lattice displacementsun .

In this study, the total number of lattice points on th
chain isN5104. The total number of electrons isNe5102
for the bipolaron andNe5103 for the polaron. Hence, all th
excitations are positively charged.

The excitation charge is given by the expression
4-2
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r~n,t !512(
k,s

ck,s* ~n,t !ck,s~n,t !. ~5!

To study the position and charge distribution of the p
laron and bipolaron as a function of time, we introduce
smoothed excess-charge-density and bond-order varia
expressed, respectively, by

r̄n5
rn2112rn1rn11

4
, ~6!

ȳn5
~21!n~yn2122yn1yn11!

4
. ~7!

A time step ofDt50.001vQ
2150.004 fs is used. We follow

the dynamics of the systems up to the 60 000th time s
Some simulations were carried out to 150 000 time ste
nevertheless, a trapped polaron or bipolaron only oscilla
around the impurity position and the nontrapped ones c
tinue to move freely. Therefore, there is no point in goi
beyond 60 000 time steps. Each simulation took 90 h of C
time on the DEC Alpha-400 work station.

III. SIMULATION RESULTS

We have performed simulations by systematically vary
the impurity intensity of the radical.

First, we consider the case of one single positiv
charged bipolaron initially present around the 20th site. T
electric field is applied on the chain. One radical molecule
bonded at the 50th site. Figure 1 shows the stereogra
tridimensional representation of the smoothed charge den
r̄n(t) for the case in which the radical strength has the va
Vp50.225 eV. From Fig. 1 it is observed that the the bip
laron passes through the impurity. The defect passes thro
the region where the radical is present, i.e., the radical wo
as a switch on. The figure show us that there is a sm
charge spread in the instant of the collision of the bipola
with the radical molecule. This spread is about 1%. The o
consequence of the presence of the impurity is a sm
charge-density oscillation.

FIG. 1. Stereographic representation of then andt dependences

of the smoothed charged densityr̄n in the case in which the radica
intensity Vp50.225 eV~bipolaron!. The electric field is switched
off at to f f560 fs and the final time is 240 fs.
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Figure 2 represents the energies involved in the proces
collision in Fig. 1 with the same impurity strength. Figu
2~a! shows the lattice energy of the chain. In the dynamics
the collision, this energy has a oscillatory behavior.29 Such
an oscillation might be related with phonon modes. The el
tronic energy increases during the application of the elec
field @see Fig. 2~b!#. The small variation that occurs aroun
156 fs is explained by the collision of the bipolaron with th
radical linked to the chain.

The total energy increases rapidly during the applicat
of the electric field, as should be expected@see Fig. 2~c!#.
After the electric field is switched off, the total energy b
comes constant. A small variation of the total energy is o
served over the time; it is thought to come from the discre
zation of the time variable. Since this variation is sm
enough, it is verified that the mesh adopted for the time
quite good.

The charged bipolaron acquires a velocity close to
maximum possible value of around 75 fs.27 The subsequen
variations on the kinetic energy are thought to come from
interaction of the bipolaron with the net phonons present

In the simulation considering the radical strength equi
lent toVp50.375 eV the charged bipolaron is confined af
the collision with the switching region around the molecu
bonded to the chain. In this case, the system works a
switch off in the interacting region. The presence of latti
vibrations is evident here. In this study, such net pertur
tions occur with larger intensity when compared to the c
of the switch on. A charge spread is observed among
charged bipolaron and the surrounding sites. The final cha
of the bipolaron is about 98% of the original value.

The energies involved in this case showed the same b
characteristics the preceding case.

Summarizing the bipolaron position versus time, Fig.
presents the time evolution of the bipolaron in motion in t
direction of a radical switch. Considering the situations
which the radical strengthVp is varied from 0.05 eV to 0.75
eV, we observed that whenVp is smaller than 0.3 eV the

FIG. 2. Time evolution of the energies involved in the proce
~bipolaron!: ~a! lattice energy,~b! electronic energy,~c! total energy,
~d! kinetic energy. The radical intensity isVp50.225 eV. The elec-
tric field is switched off atto f f560 fs and the final time is 240 fs
4-3
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bipolaron passes across the interaction region of the rad
When the impurity intensity is greater than 0.3 eV, the bip
laron is reflected or trapped by the impurity that forms
barrier to the passage of the bipolaron. The reflected b
laron is led to collide repeatedly with the impurity if th
external electric field is kept on the chain. Therefore,
threshold for trapping should be close to 0.3 eV.

Second, we perform the simulation of charged polaro
initially located at the 25th site. The electric field is appli
on the chain. The radical molecule is bonded at the 50th
and the radical strength is varied from 0.05 to 0.75 eV. He
the polaron is accelerated and reaches a constant velo
close to its maximum possible value.27 Figure 4 shows the
stereographic representation of the smoothed charge de
r̄n for the case of radical strengthVp50.05 eV. Figure 5
represents the polaron-position evolution with time and ra
cal intensities. Considering radicals with different intensiti
the polaron collision with the radical leads to two possib
ties: the excitation is trapped~or reflected! by the radical or it
can pass through it. The polaron is trapped in the switch
region when the impurity intensity is around or greater th
0.3 eV.

FIG. 3. Time evolution of the positively charged bipolaron p
sition. The radical strength is varied from 0.05 eV to 0.75 eV. T
electric-field switch off occurs into f f560 fs.

FIG. 4. Stereographic representation of then andt dependences

of smoothed charged densityr̄n in the case when the radical in
tensity is Vp50.05 eV ~polaron!. The time of switch off for
the electric field and the final time are, respectively,to f f5400 fs
and 400 fs.
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Comparing the dynamics of polaron and bipolaron ex
tations, both of them show comparable sensitivity to radi
parameter for the switching.

IV. DISCUSSION AND SUMMARY

We investigated the propagation of a moving charged
laron and bipolaron on a single polymer chain, where a ra
cal molecule bonded to the chain works as a switch. T
study was carried out through numerical calculations usin
combined version of the extended Hubbard and SSH mod
We have used an electric field to accelerate the charged
citations~polaron and bipolaron!. The time-dependent Schro¨-
dinger equation and the equation of motion for the tim
dependent lattice displacements form a coupled set that
numerically integrated over time in a self-consistent way.

The polaron and bipolaron passage or trapping on
switching site is investigated when the radical paramete
varied. Initially the charged polaron and bipolaron are acc
erated through the application of an electric field until th
reach a velocity close to their maximum possib
velocities.27

If we consider greater values of electric fields than tho
adopted, stability effects should be considered.27

In some experiments,30 the influence of radicals is very
important to the process of switching, which permits the fa
rication of electronically configurable molecular-based log
switches and gates.31 In these cases, the flow current of th
charge carriers is controlled through of the application o
bias voltage across the switching device, obtaining two c
figurations: closed and open states.

We have verified that the molecular switches on con
gated polymers are very sensitive to the radical parame
As a consequence, it admits two configurations: closed
opened logical switches. In the first, the radical permits
passage of the polaron and/or bipolaron working as a m
lecular linear circuit, while in the second case, the radi
blocks the motion of the excitation. Therefore, the exter
control of the radical effect on the chain~e.g., optical con-

e
FIG. 5. Time evolution of the positively charged polaron po

tion. The radical strength is varied from 0.05 to 0.75 eV.
4-4
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trol! could lead to the implementation of molecular gates
We have shown that the polaron and bipolaron excitati

can be blocked up by controlling of impurity radicals in th
chain that function as molecular switches. Therefore, pola
and bipolaron excitations can work as information carriers
the molecular scale.

Our results are certainly dependent on the numerical
rameters used for the model. Changes in these paramete
change the physical parameters of the polaron and the b
laron. It should be mentioned that our model is a simplifi
one and contains a phenomenological BK parameterd0,
which is rather difficult to relate to quantitative results a
he

R
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the s-backbone structure of each polymer. Nevertheless,
think that the qualitative results obtained here are very rob
and valid for conjugated polymers, in general.

The inclusion of interchain interactions on the chain ba
bone and the influence of several switches with the use
magnetic field will be presented in a forthcoming paper.
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