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Electric-field effects on the competition between polarons and bipolarons in conjugated polymers
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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 blufidebtroyed 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.

[. INTRODUCTION chain is studied through numerical solution of the equations
of motion for the electronic and lattice degrees of freedom of
Polarons and bipolarons are charge carriers generatébe system. The model Hamiltonians of Su-Schrieffer-
upon doping or photo-excitation in conjugated polymers withHeeger(SSH and of Pariser-Parr-Pop(@PB are combined
non-degenerated ground state. A polaron has 5pimd elec- and extended to include an external electric field and a BK-
tric charge+e, whereas a bipolaron is spinless with chargetype symmetry-breaking interaction. Actually, we determine
+2e. The polaron is accompanied by three sub-gap opticalhe conditions for a moving charged carrier being stable as
transitions associated with its localized levels in the bandin electric field is applied and how the doping concentration
gap, while only two transitions are allowed in the case of adlters the relative stability. We verify that single polarons are
bipolaron. The difference comes from the occupancies of th&instable when the system is subjected to stronger electric
localized leveld—3 fields but their stability is enhanced with an increase on dop-
The prevalence of polarons or of bipolarons as chargdd concentration. Bipolarons are very stable to strong elec-
carriers in these polymers is a very controversial subjectric fields and the increase on doping do not alter very much
Magnetic and Optica| experiments have been Conductea']Eir Stabl“ty The saturation velocities of pOIaronS and bi-
in a variety of non-degenerate conjugated polymerdPolarons is obtained. It is found that the saturation velocities
such as po|ypyrro|év’5 po|yani|inef3 po]ythiopheng;s and are close to three times the sound VelOCity of the System.
poly(p_pheny|ene_viny|enk9_ll The variation on the spin In the next SeCtion, we present the model and a brief
density with d0p|ng concentration Suggests the existence d}escription of the simulation method. Section Ill contains the
different regimes upon dopirftf® On the other hand, the results of the calculations. The last section, Sec. IV, is de-
basic theoretical description of these excitations given by th&oted to a summary and concluding remarks.
Brazovskii-Kirova(BK) model!? predicts that a bipolaron is

always energetically more stable than two separate polarons. Il. MODEL AND FORMALISM
Despite this discrepancy, the BK bipolaron model is still . . ) i
widely used in interpreting experimental data. This presentation of the simulation method follows

The inclusion of electron-electron interactions on the theclosely that of Ref. 17. We describe the electron-phonon sys-
oretical treatment of conjugated polymers has rendered th€m including the electron-electron interaction with the
polaron-bipolaron competition picture richer. It has beenmodel Hamiltonian:
found that the relative stability of bipolarons and polarons 1
should depend on the strength of electron-electron —_ N t _ =
interactions-> Moreover, a possible doping-induced phase H(1) % (t"'“C”l'SC"SJrH'C'HUEi (n'i 2)
transition from a polaron lattice to a bipolaron lattice has
been predicted’

We have performed dynamical simulations considering
electron-electron interactions and the strong link between the
electronic part and the moving bond order configurations of +E 5 g+2 Mu? (1)
conjugated polymers~*’ ~ Vit U

The purpose of the present work is to establish the dy-
namical effects on the polaron-bipolaron competition. Thewith  t; i, 1 =exp(—iyA{[1+(—1)"&lto—ayi}, Yn=Uns1
effects of the excitations motion, applied electric field, and—u,, n; =C; Ci s, andn;=Z4n; . Here,H(t) is an SSH-
doping concentrations are determined. The dynamics oPPP-type Hamiltonian, modified to include the electric field
charged polarons and bipolarons propagating on the polymemd the BK symmetry-breaking interactionC; s is the an-

X nu_% +VZ (ni—1)(nj11—1)
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nihilation operator of am electron with spins at theith
lattice site,u; is the displacement coordinate of thia CH
group,tg is the transfer integral between the nearest neighbor
sites in the undimerized chaing, is the electron-phonon

coupling®® &, is the BK symmetry-breaking paramet@r, _ _ _
M is the mass of a CH grougX is the spring constant of where{ ¢} and{e,} are the eigenfunctions and the eigenval-
a o bond, U and V the on-site and nearest-neighbor Cou-U€S of the electronic part of the Hamiltonidd(t) at a given

lomb repulsion strengths, respectively=ea/(%c),e being UMEL;.

wk,s<n.tj+1>=2| ; PF(m )V, (M)

Xe_iflA”h@,s(n,tj), (3)

the absolute value of the electronic chargethe lattice The lattice equations are written as

constant, andc the light velocity. The relation between _ .

the time-dependent vector potentialand the uniform elec- Uit ) = Uilt) + it At “)
tric field E is given byE= — 1/cA. We use as parameters the F(t)

commonly accepted values for conjugated polymes: Uity ) =0 (t)+ —LAt. (5)

=25eV, K=21 eVA 2, a=41eVAl U=ty/2, V

=U/2, a=1.22A, and a bare optical phonon enelyyo  Hence, the electronic wave functions and the displacement

=V4K/M=0.16eV. _ o coordinates at thg+ 1th time step are obtained from tfin
First, we prepare a stationary state, which is fully selftime step. Periodic boundary conditions are assumed for the

consistent with respect to both degrees of freedom, of thelectronic wave functions¥, s, and the lattice displace-
electrons and phonons, as the initial conditions of thements,u;.

Calculationsl.g Then, under the action of the electric field, the The total number of lattice points on the chain in all simu-
electronic and the lattice equations of motion are numericallyations isN = 104, thus allowing the presence of polarons and
integrated. Namely, the time-dependent Hartree-Fock equasipolarons on the chain. The total number of electrons on the

tions for one-particle wave functions:

e, = =11+ Vi D oli + 1)
—[tisg+Vrs (i—10) ] s(i— 1)

+{u

+psr (i _11t)_1]] lﬂk,s(i,t),

) 1
p-s(i,t)— 2

+V2 [pe(i+11)

with

p(i)=22" e i, Dol 1)

Ts(L0=22" Ui+ 1D dis(i D)
and the Newtonian lattice equation of motion
Mi,=F,(t), 2
where
Fa(t)=—K[2Uny(t) = Un 1 1(t) —Un_1(t)]+ o[ €AV (By n1 1
—Bn_1n)te AY(Byi1n—Byno1)].

Here By =2y ¥y o(n,t)¥, s(n',t). The prime on the

chain (N.) varies fromNg=98 to No=103, which means
that in the initial condition we may have from a single po-
laron up to six polarons, and from one to three bipolarons on
the chain. All the excitations are hence positively charged.
The different results are obtained starting from appropriate
initial conditions.

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

Pi=1(pi_1+2pi+piia),

_ (=1
yi=T(yi—1_2yi+yi+1)-

We determine the polarons and bipolarons positions fppm
ory; analogously to Ref. 16.

The position is observed at every 1000 time steps. A time
step of At=0.004 femtosecond is used. We follow the dy-
namics of the systems up to 600 femtoseconds.

IIl. RESULT OF SIMULATIONS

We have performed simulations systematically varying
the doping concentration and the electric field intensity. We
consider polymer chains witthN=104 sites in all simula-
tions. The hole-doping concentration varies from 0.96%
(Ne=103) to 5.76% N,=98).

As the initial state in all cases represents a stationary so-

summation means that the sum is taken over the occupiddtion, we make the charged excitations start to move
single-particle states in the initial stationary state. Thesehrough the application of the electric field on the system.
equations of motion are solved by discretizing the time vari-The electric field is applied during all the simulation, i.e., the
able with a stepAt. The time stepAt is chosen so that the electric field is not switched off. The electric field values
change ofu;(t) andA(t) during this interval is always very varies from |E|=0.00, to |E|=0.1E,, with E,
small in the electronic scal€. =hwqg/(ea)=1.3X 10’ V/m as the unit.

The time-dependent Schiimger equation is integrated by ~ We calculate the electronic energy, the lattice potential
introducing single-electron eigenstates at each moment. Thenergy, and the lattice kinetic energy along all the
solution of the time-dependent Schioger equation can simulations'® The system total energghe summation of all
then be put in the form, the energieswas a well-behaved function that increased as
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(@) b) FIG. 3. Time dependence of the energies associated with the
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polaron pair(solid line) and bipolaron(dotted ling. (a) Electronic
energy.(b) Lattice potential energy(c) Lattice kinetic energy(d)

FIG. 1. Snapshots of the time evolution of the charge density.l.otal energy

(@) Polaron pair|E|=0.005E,. (b) Bipolaron,|E|=0.015E,.

the electric field is applied and that becomes constant if th§!ty time evolution. It is found that the saturation velocity
electric field is switched off5:16 value of polarons and bipolarons are of the same order, Fig.

In order to determine the saturation velocity of the exci- 2. The limiting factor on the velocity increase is the interac-
tations we followed the time evolution of single polarons andtion ©f the moving excitations with lattice vibrations. The
bipolarons. Figure 1 presents snapshots of their charge den-
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FIG. 2. Time dependence of the polaron velo¢gwlid line) and
bipolaron velocity(dotted ling. The velocities are estimated from FIG. 4. Time evolution of the charge densit@ Polaron lattice,
the spatial distribution of the excess charge. |E|=0.05E,. (b) Bipolaron lattice,|E|=0.1E,.
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FIG. 6. Vanishing of the single-polaron gap structure under the
application of a strong electric field&| = 0.05E,). Time evolution
08 . . . of thirty two state levels associated with the gap is shown.
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Time (fs) dimerization leads to the shrinking of the gap, in accordance
) . , _with Peierls Theorem.

FIG. 5. Time dependence of the bipolaron lattice gap. The mid- a1y it js observed that the polaron and bipolaron ex-
I%?/\?e?taéis(;rﬁve Shtg;t:r i?ert% St:;ﬁzu‘lfﬂ:)hne {,ﬂﬁgceaf’eanﬂea?gggc‘?tati0”5 are unstable against intense electric fields. Their
(IE|=0 015|gy) P bond-order structure is completely blurred and their charge

- . 0 .

spreads out on the chain for electric field intensities above
lattice potential energy decreases in the relevant time intervaliven values. Figure 6 shows the associated changing in the
[cf. Fig. 3b)]. Nevertheless, it should be noted that the lat-€lectronic levels of the polaron gap. Nevertheless, the bipo-
tice energy is Composed by the lattice potentiaj energﬁaron is much more stable than the polaron. The Single bipO-
[fourth term of Eq.(1)], the lattice kinetic energffifth term  laron critical electric field is about 0.E, and the critical
of Eq. (1)], and an effective electronic potential energlye ~ value for the polaron i$E| 0.01E,, i.e., they differ by one
lattice and electronic degrees of freedom are coupled througprder of magnitude. The polaron-bipolaron stability against
the hopping ternt; ; . ). Therefore, the lattice energy effec- the electric field can be enhanced by increasing the doping
tively increases with the excitation of lattice vibrations. ~ concentration. FoN.=98 (Fig. 4), the polaron and bipo-
We obtained that the dynamical effects do not change th&ron lattices continued stable with electric field values one
polaron-bipolaron relative stability relation. Independently oforder of magnitude greater than the respective single excita-
doping concentration the bipolaron states are more stabléon values.
with the present model at the initial stationary solution, i.e.,

the system total energy is'sm'aller for bipolarons rather than IV. DISCUSSION AND SUMMARY
polarons. When the electric field is applied the relative val-
ues of the total energies do not change, cf. Fig. 3. We have investigated the propagation of charged polarons

With the higher doping concentratidaof. the time depen- and bipolarons on a single polymer chain. This study was
dence of excess charge in Fig, the energy behavior picture carried out through numerical calculations using an im-
does not change compared to the low doping concentratioproved version of the SSH model combined with the PPP

Associated with the increase in the energy of the systemgiodel to accomplish an external electric field and a BK-type
under the application of the external electric field a smallsymmetry-breaking interaction. We have used the electric
closing of the gap is present. Figure 5 presents the gap timield to put the charged polarons and bipolarons in motion.
evolution of the bipolaron systems. The polaron systemdhe time-dependent unrestricted Hartree-Fock equation and
show also a completely analogous small shrinking of thghe equation of motion for the time-dependent lattice dis-
gap. The shrinking of the gap is due to the change in thelacements form a coupled set that was numerically inte-
shape of the polarons and bipolarons when they are movingirated over the time in a self-consistent way.

The dimerization parametey, decreases its mean value Initially static charged polarons or bipolarons are acceler-
around the excitation region. The local decreasing in theated through the application of electric fields. A saturation
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velocity of about 3vg is found for the two types of excita- tric fields on the excitations structure stability should be con-

tions. This value is close to the soliton saturation velocity insidered.

polyacetylen&® The deceleration is though to come from the  In going from the static picture of polaron and bipolaron

interaction of the excitations with normal modes of vibration systems to moving excitations the relative difference on the

found in the chain. total energies of these systems do not change of sign. The
Our results are certainly dependent on the numerical parelatively more stable bipolaron static systémontinues to

rameters used for the SSH and PPP models. Changes in thase more stable than the polaron system when dynamical ef-

parameters do change the physical parameters of polarofscts are taken into account, i.e., when they are moving.

and bipOlaronS, e.g., their width. Nevertheless, the used val- The indication of p0|ar0n |lattices at h|gh dopn’]g concen-

ues, typical for conjugated polymers, are suitable for therations in polyanilin& and polythiopherfe suggests that

study of the basic properties observed hére. other effects cooperate with the greater electric field endur-
We have found that the polaron and bipolaron structuregnce of polaron lattices to determine their preponderance

can be blurred by the application of strong electric fields.over bipolarons in these systems.

Nevertheless, bipolarons can stand electric field intensities

about one order of magnitude greater than polarons before

loosing their characteristics. The increase of doping concen- ACKNOWLEDGMENTS
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