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Electric-field effects on the competition between polarons and bipolarons in conjugated polymers
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Institute of Physics, University of Brasilia, 70910-900 Brasilia, Distrito Federal, Brazil

~Received 25 October 1999!

The charge transport on a single conducting polymer chain is investigated. The dynamics of polarons and
bipolarons is numerically studied using the Su-Schrieffer-Heeger model combined with the Pariser-Parr-Pople
model extended to include an external electric field and a Brazovskii-Kirova symmetry breaking interaction.
The time-dependent unrestricted Hartree-Fock approximation is used. It is found that dynamical effects do not
reverse the stability relation between polarons and bipolarons. On the other hand, as the electric field intensity
gets stronger the moving polarons structure is blurred~destroyed! faster than the structure of moving bipo-
larons. This effect is reduced with increasing doping concentration. Therefore, it is shown within the present
model that the applied external electric field as well as the doping concentration are fundamental in determin-
ing the relative prevalence of polarons or bipolarons.
at
ith

ge
ic
n
f
th

rg
ec
te

er

e

th

on
til

he
t

e
n
ro
se
as

in
th
o

dy
h
nd

m

ns
of

er-

K-
ne
as

ion
re

ctric
op-
lec-
ch

bi-
ies
.
rief
he
de-

s
ys-

he

ld
I. INTRODUCTION

Polarons and bipolarons are charge carriers gener
upon doping or photo-excitation in conjugated polymers w
non-degenerated ground state. A polaron has spin1

2 and elec-
tric charge6e, whereas a bipolaron is spinless with char
62e. The polaron is accompanied by three sub-gap opt
transitions associated with its localized levels in the ba
gap, while only two transitions are allowed in the case o
bipolaron. The difference comes from the occupancies of
localized levels.1–3

The prevalence of polarons or of bipolarons as cha
carriers in these polymers is a very controversial subj
Magnetic and optical experiments have been conduc
in a variety of non-degenerate conjugated polym
such as polypyrrole,4,5 polyaniline,6 polythiophene,7,8 and
poly~p-phenylene-vinylene!.9–11 The variation on the spin
density with doping concentration suggests the existenc
different regimes upon doping.4,6,8 On the other hand, the
basic theoretical description of these excitations given by
Brazovskii-Kirova~BK! model,12 predicts that a bipolaron is
always energetically more stable than two separate polar
Despite this discrepancy, the BK bipolaron model is s
widely used in interpreting experimental data.

The inclusion of electron-electron interactions on the t
oretical treatment of conjugated polymers has rendered
polaron-bipolaron competition picture richer. It has be
found that the relative stability of bipolarons and polaro
should depend on the strength of electron-elect
interactions.13 Moreover, a possible doping-induced pha
transition from a polaron lattice to a bipolaron lattice h
been predicted.14

We have performed dynamical simulations consider
electron-electron interactions and the strong link between
electronic part and the moving bond order configurations
conjugated polymers.15–17

The purpose of the present work is to establish the
namical effects on the polaron-bipolaron competition. T
effects of the excitations motion, applied electric field, a
doping concentrations are determined. The dynamics
charged polarons and bipolarons propagating on the poly
PRB 610163-1829/2000/61~16!/10777~5!/$15.00
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chain is studied through numerical solution of the equatio
of motion for the electronic and lattice degrees of freedom
the system. The model Hamiltonians of Su-Schrieff
Heeger~SSH! and of Pariser-Parr-Pople~PPP! are combined
and extended to include an external electric field and a B
type symmetry-breaking interaction. Actually, we determi
the conditions for a moving charged carrier being stable
an electric field is applied and how the doping concentrat
alters the relative stability. We verify that single polarons a
unstable when the system is subjected to stronger ele
fields but their stability is enhanced with an increase on d
ing concentration. Bipolarons are very stable to strong e
tric fields and the increase on doping do not alter very mu
their stability. The saturation velocities of polarons and
polarons is obtained. It is found that the saturation velocit
are close to three times the sound velocity of the system

In the next section, we present the model and a b
description of the simulation method. Section III contains t
results of the calculations. The last section, Sec. IV, is
voted to a summary and concluding remarks.

II. MODEL AND FORMALISM

This presentation of the simulation method follow
closely that of Ref. 17. We describe the electron-phonon s
tem including the electron-electron interaction with t
model Hamiltonian:

H~ t !52(
i ,s

~ t i ,i 11Ci 11,s
† Ci ,s1H.c.!1U(

i
S ni↓2

1

2D
3S ni↓2

1

2D1V(
i

~ni21!~ni 1121!

1(
i

K

2
yi

21(
i

M

2
ui

2, ~1!

with t i ,i 115exp(2igA)$@11(21)nd0#t02ayi%, yn[un11

2un , ni ,s[Ci ,s
† Ci ,s , andni[(sni ,s . Here,H(t) is an SSH-

PPP-type Hamiltonian, modified to include the electric fie
and the BK symmetry-breaking interaction.Ci ,s is the an-
10 777 ©2000 The American Physical Society
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10 778 PRB 61GERALDO MAGELA e SILVA
nihilation operator of ap electron with spins at the i th
lattice site,ui is the displacement coordinate of thei th CH
group,t0 is the transfer integral between the nearest neigh
sites in the undimerized chains,a is the electron-phonon
coupling,18 d0 is the BK symmetry-breaking parameter,12

M is the mass of a CH group,K is the spring constant o
a s bond, U and V the on-site and nearest-neighbor Co
lomb repulsion strengths, respectively.g[ea/(\c),e being
the absolute value of the electronic charge,a the lattice
constant, andc the light velocity. The relation betwee
the time-dependent vector potentialA and the uniform elec-
tric field E is given byE521/cȦ. We use as parameters th
commonly accepted values for conjugated polymers:t0
52.5 eV, K521 eV Å22, a54.1 eV Å21, U5t0/2, V
5U/2, a51.22 Å, and a bare optical phonon energy\vQ

5A4K/M50.16 eV.
First, we prepare a stationary state, which is fully s

consistent with respect to both degrees of freedom, of
electrons and phonons, as the initial conditions of
calculations.19 Then, under the action of the electric field, th
electronic and the lattice equations of motion are numeric
integrated. Namely, the time-dependent Hartree-Fock eq
tions for one-particle wave functions:

i\ċk,s~ i ,t !52@ t i ,i 11* 1Vts~ i ,t !#ck,s~ i 11,t !

2@ t i 21,i1Vts* ~ i 21,t !#ck,s~ i 21,t !

1H UFr2s~ i ,t !2
1

2G1V(
s8

@rs8~ i 11,t !

1rs8~ i 21,t !21#J ck,s~ i ,t !,

with

rs~ i ,t !5( 8
k

ck,s* ~ i ,t !ck,s~ i ,t !

ts~ i ,t !5( 8
k

ck,s* ~ i 11,t !ck,s~ i ,t !

and the Newtonian lattice equation of motion

Mün5Fn~ t !, ~2!

where

Fn~ t !52K@2un~ t !2un11~ t !2un21~ t !#1a@eigA~ t !~Bn,n11

2Bn21,n!1e2 igA~ t !~Bn11,n2Bn,n21!#.

Here Bn,n8[(k,s8 Ck,s* (n,t)Ck,s(n8,t). The prime on the
summation means that the sum is taken over the occu
single-particle states in the initial stationary state. Th
equations of motion are solved by discretizing the time va
able with a stepDt. The time stepDt is chosen so that the
change ofui(t) andA(t) during this interval is always very
small in the electronic scale.19

The time-dependent Schro¨dinger equation is integrated b
introducing single-electron eigenstates at each moment.
solution of the time-dependent Schro¨dinger equation can
then be put in the form,
or
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Ck,s~n,t j 11!5(
l

F(
m

f l ,s* ~m,t j !Ck,s~m,t j !G
3e2 i e lDt/hf l ,s~n,t j !, ~3!

where$f l% and$« l% are the eigenfunctions and the eigenv
ues of the electronic part of the HamiltonianH(t) at a given
time t j .

The lattice equations are written as

ui~ t j 11!5ui~ t j !1ṁ i~ t j !Dt ~4!

u̇i~ t j 11!5u̇i~ t j !1
F~ t j !

M
Dt. ~5!

Hence, the electronic wave functions and the displacem
coordinates at thej 11th time step are obtained from thej th
time step. Periodic boundary conditions are assumed for
electronic wave functions,Ck,s , and the lattice displace
ments,ui .

The total number of lattice points on the chain in all sim
lations isN5104, thus allowing the presence of polarons a
bipolarons on the chain. The total number of electrons on
chain (Ne) varies fromNe598 to Ne5103, which means
that in the initial condition we may have from a single p
laron up to six polarons, and from one to three bipolarons
the chain. All the excitations are hence positively charg
The different results are obtained starting from appropri
initial conditions.

We study the positions of the polarons and bipolarons a
function of time introducing smoothed charge density a
bond variable by

r̄ i5
1
4 ~r i 2112r i1r i 11!,

ȳi5
~21! i

4
~yi 2122yi1yi 11!.

We determine the polarons and bipolarons positions fromr̄ i
or ȳi analogously to Ref. 16.

The position is observed at every 1000 time steps. A ti
step ofDt50.004 femtosecond is used. We follow the d
namics of the systems up to 600 femtoseconds.

III. RESULT OF SIMULATIONS

We have performed simulations systematically varyi
the doping concentration and the electric field intensity. W
consider polymer chains withN5104 sites in all simula-
tions. The hole-doping concentration varies from 0.96
(Ne5103) to 5.76% (Ne598).

As the initial state in all cases represents a stationary
lution, we make the charged excitations start to mo
through the application of the electric field on the syste
The electric field is applied during all the simulation, i.e., t
electric field is not switched off. The electric field value
varies from uEu50.005E0 to uEu50.1E0 , with E0
5\vQ /(ea)51.33107 V/m as the unit.

We calculate the electronic energy, the lattice poten
energy, and the lattice kinetic energy along all t
simulations.15 The system total energy~the summation of all
the energies! was a well-behaved function that increased
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the electric field is applied and that becomes constant if
electric field is switched off.15,16

In order to determine the saturation velocity of the ex
tations we followed the time evolution of single polarons a
bipolarons. Figure 1 presents snapshots of their charge

FIG. 1. Snapshots of the time evolution of the charge dens
~a! Polaron pair,uEu50.005E0 . ~b! Bipolaron,uEu50.015E0 .

FIG. 2. Time dependence of the polaron velocity~solid line! and
bipolaron velocity~dotted line!. The velocities are estimated from
the spatial distribution of the excess charge.
e

-

n-

sity time evolution. It is found that the saturation veloci
value of polarons and bipolarons are of the same order,
2. The limiting factor on the velocity increase is the intera
tion of the moving excitations with lattice vibrations. Th

.

FIG. 3. Time dependence of the energies associated with
polaron pair~solid line! and bipolaron~dotted line!. ~a! Electronic
energy.~b! Lattice potential energy.~c! Lattice kinetic energy.~d!
Total energy.

FIG. 4. Time evolution of the charge density:~a! Polaron lattice,
uEu50.05E0 . ~b! Bipolaron lattice,uEu50.1E0 .
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lattice potential energy decreases in the relevant time inte
@cf. Fig. 3~b!#. Nevertheless, it should be noted that the l
tice energy is composed by the lattice potential ene
@fourth term of Eq.~1!#, the lattice kinetic energy@fifth term
of Eq. ~1!#, and an effective electronic potential energy~the
lattice and electronic degrees of freedom are coupled thro
the hopping termt i ,i 11!. Therefore, the lattice energy effec
tively increases with the excitation of lattice vibrations.

We obtained that the dynamical effects do not change
polaron-bipolaron relative stability relation. Independently
doping concentration the bipolaron states are more st
with the present model at the initial stationary solution, i.
the system total energy is smaller for bipolarons rather t
polarons. When the electric field is applied the relative v
ues of the total energies do not change, cf. Fig. 3.

With the higher doping concentration~cf. the time depen-
dence of excess charge in Fig. 4!, the energy behavior pictur
does not change compared to the low doping concentrat

Associated with the increase in the energy of the syste
under the application of the external electric field a sm
closing of the gap is present. Figure 5 presents the gap
evolution of the bipolaron systems. The polaron syste
show also a completely analogous small shrinking of
gap. The shrinking of the gap is due to the change in
shape of the polarons and bipolarons when they are mov
The dimerization parameteryn decreases its mean valu
around the excitation region. The local decreasing in

FIG. 5. Time dependence of the bipolaron lattice gap. The m
gap states, five higher energy states of the valence band and
lower energy states of the conduction band are depic
(uEu50.015E0).
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dimerization leads to the shrinking of the gap, in accorda
with Peierls Theorem.

Finally, it is observed that the polaron and bipolaron e
citations are unstable against intense electric fields. T
bond-order structure is completely blurred and their cha
spreads out on the chain for electric field intensities ab
given values. Figure 6 shows the associated changing in
electronic levels of the polaron gap. Nevertheless, the b
laron is much more stable than the polaron. The single bi
laron critical electric field is about 0.1E0 and the critical
value for the polaron isuEu 0.01E0 , i.e., they differ by one
order of magnitude. The polaron-bipolaron stability agai
the electric field can be enhanced by increasing the dop
concentration. ForNe598 ~Fig. 4!, the polaron and bipo-
laron lattices continued stable with electric field values o
order of magnitude greater than the respective single exc
tion values.

IV. DISCUSSION AND SUMMARY

We have investigated the propagation of charged polar
and bipolarons on a single polymer chain. This study w
carried out through numerical calculations using an i
proved version of the SSH model combined with the P
model to accomplish an external electric field and a BK-ty
symmetry-breaking interaction. We have used the elec
field to put the charged polarons and bipolarons in moti
The time-dependent unrestricted Hartree-Fock equation
the equation of motion for the time-dependent lattice d
placements form a coupled set that was numerically in
grated over the time in a self-consistent way.

Initially static charged polarons or bipolarons are acce
ated through the application of electric fields. A saturati

-
ve

d.

FIG. 6. Vanishing of the single-polaron gap structure under
application of a strong electric field (uEu50.05E0). Time evolution
of thirty two state levels associated with the gap is shown.
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velocity of about 3vs is found for the two types of excita
tions. This value is close to the soliton saturation velocity
polyacetylene.20 The deceleration is though to come from t
interaction of the excitations with normal modes of vibrati
found in the chain.

Our results are certainly dependent on the numerical
rameters used for the SSH and PPP models. Changes in
parameters do change the physical parameters of pola
and bipolarons, e.g., their width. Nevertheless, the used
ues, typical for conjugated polymers, are suitable for
study of the basic properties observed here.14

We have found that the polaron and bipolaron structu
can be blurred by the application of strong electric fiel
Nevertheless, bipolarons can stand electric field intens
about one order of magnitude greater than polarons be
loosing their characteristics. The increase of doping conc
tration enhances the steadiness of the excitation structure
polaron ~bipolaron! lattices can endure stronger fields th
single excitations. In experiments devised to determine
polaron-bipolaron competition, the direct influence of ele
ev

hy
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tric fields on the excitations structure stability should be co
sidered.

In going from the static picture of polaron and bipolaro
systems to moving excitations the relative difference on
total energies of these systems do not change of sign.
relatively more stable bipolaron static system12 continues to
be more stable than the polaron system when dynamica
fects are taken into account, i.e., when they are moving.

The indication of polaron lattices at high doping conce
trations in polyaniline6 and polythiophene8 suggests that
other effects cooperate with the greater electric field end
ance of polaron lattices to determine their prepondera
over bipolarons in these systems.
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