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Abstract – Within a tight-binding electron-phonon interaction model modified to include ther-
mal effects, the theoretical temperature dependence of polaron stability in conjugated polymers
is investigated using a nonadiabatic evolution method. It was found that temperature effects lead
to polaron states becoming delocalized, while many weakly localized polaron states are generated.
It is worth noting that after thermal equilibrium of the system has been reached, energy trans-
fer between the lattice and the electrons still slowly takes place through two different physical
processes corresponding to lower and higher temperatures.

Copyright c© EPLA, 2015

Introduction. – Due to the fact that conjugated poly-
mers are easy to process and can be fabricated for me-
chanically flexible, large-area applications, they have been
widely used in recent years. In conjugated polymers, the
polaron is one of the predominant excitations and plays an
important role in the properties and applications of opto-
electronic devices, e.g., light-emitting diodes, lasers, and
photovoltaic cells. Many theoretical studies concerning
external-electric-field effects on the dynamics of polarons
in conjugated polymers have been carried out [1–8]. From
this body of work, it is possible to conclude that polaron
can travel as an entity along the polymer chain in low
electric fields but dissociate in high electric fields. Fur-
thermore, the role of electron-electron (e-e) interaction on
polaron dynamical properties has been investigated us-
ing the SSH Hamiltonian in combination with the Hub-
bard model or extended Hubbard model by a number of
research groups [9–11]. They have pointed out that the
e-e interaction is an important factor which influences the
stability of a polaron. Experimentally, Lin et al. have
observed the disruption of a polaron in a strong electric
field 15mV/Å [12]. In addition, the effects of impuri-
ties, defects, and collision between charge carriers on po-
laron dynamics have also been studied and have produced
interesting results [13–17].
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Recently, several groups have studied the effects of tem-
perature on the behavior of polarons, and found that tem-
perature has an important influence on the mobility of the
charge carriers in organic conjugated polymers. Thermal
effects cause localized polaron states to become instable
and delocalized, and even to disappear at higher tem-
peratures. Therefore, temperature is an important fac-
tor when it comes to describing the lifetime of polaron
structures and the dissociation field for polarons [18,19].
G. M. e Silva et al. [20] have treated the influence of tem-
perature on charge transport in both intrachain and in-
terchain processes in conjugated polymers. They found
that in both cases increased temperature can raise car-
rier mobility through an untrapping mechanism. It is
worth noting that in the presence of an electric field,
there are two distinct regimes in the temperature de-
pendence of the mobility of polarons in conjugated poly-
mers. For electric fields of 1.0mV/Å or higher, lattice
thermal oscillations can increase the mean velocity of a
polaron, while under weaker electric fields, mobility is
damped by thermal oscillations [21]. Subsequently, G. M.
e Silva and his groups have employ revised SSH model
including an external electric field and temperature ef-
fects to investigate dynamical phase transitions related
to the stability of polarons and bipolarons, recombina-
tion of intrachain (bi)polarons, scattering of polarons and
bipolarons [22–26]. These dynamic studies are useful for
gaining insight into temperature influence of the charge
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carrier motion in organic optoelectronic. Experimentally,
Kanemoto et al. [27] proposed that the movement of a
polaron generates an anisotropic ESR spectrum which
decreases with increasing temperature. From the work
outlined above, it may be seen that temperature is an im-
portant factor when it comes to polymeric optoelectronic
properties, but that it remains poorly described.

In the present paper, in order to fully understand the
polaron delocalization processes in a thermal bath, we
study the effects of temperature on the stability of the po-
larons and energy variation of system in a polyacetylene
chain. We have chosen the Su-Schrieffer-Heeger (SSH)
model [28] modified to include thermal effects. The ther-
mal effects are considered by adopting Langevin equations
with white noise introduced through the lattices vibra-
tion [29,30]. The next section gives an outline of the
model. Results and discussions are shown in the third
section. Finally, a summary is given in the last section.

Model and numerical method. – The SSH model
included a Brazoskii-Kirova–type symmetry-breaking
term [31], and can be written as

H = −
∑

n

[t0 − α(un+1 − un)

+ (−1)nte](c
†
n+1cn + h.c.)

+
K

2

∑

n

(un+1 − un)2 +
M

2

∑

n

u̇2
n. (1)

The first term of eq. (1) is the electronic Hamiltonian,
and the latter two terms are the lattice Hamiltonian. t0
is the transfer integral of electrons in a regular lattice, α
is the electron-phonon coupling, un is the lattice displace-
ment of the n-th site from its equidistant position, and te
is the ground-state degeneracy parameter for nondegener-
ate polymers. c†n and cn are the operators that create and
annihilate an electron at the n-th site. K is the elastic
constant of the lattice, and M is the mass of a CH group.

The evolutional electron wave functions Φk(n, t) satisfy
the time-dependent Schrödinger equation

ih̄Φ̇k(n, t) = −tnΦk(n + 1, t) − tn−1Φk(n − 1, t), (2)

where tn = t0 − α(un+1 − un) + (−1)nte, the electronic
state Φk(n, t) can be expanded using instantaneous eigen-
states Φk(n, t) =

∑
l Cl,k(t)φl(n, t). The instantaneous

eigenstates φl(t) can be obtained by diagonalizing the
Hamiltonian matrix at that moment. The occupation
of the instantaneous eigenstates can be obtained using
Nl(t) =

∑
k

|Ck,l(t)|2.

The time evolution of the lattice is governed by the New-
tonian equation

Mün(t) = −K[2un(t) − un+1(t) − un−1(t)]
+α [ρn,n+1(t) + ρn+1,n(t) − ρn,n−1(t) − ρn−1,n(t)]
−λMu̇n + fn(t), (3)

where the density matrix is defined as ρn,n′(t) =∑
k

Φk(n, t)DkΦk
∗(n′, t), and Dk(= 0, 1, 2) is the time-

independent distribution function and is determined by
the initial state. The latter two terms of eq. (3) describe
temperature effects. λ is the friction constant, which is
taken to be of the same order of magnitude as the ex-
perimental Raman spectral line width in polydiacetylene
(= 0.01ωQ), where ωQ is the bare optical phonon fre-
quency [32,33]. Finally, fn(t) is thermal random force
which is characterized by the statistical properties [34–36]

〈fn(t)〉 = 0, (4)
〈fn(t)fn′(t′)〉 = 2kBTMλδn,n′δ(t − t′), (5)

where kB is the Boltzmann constant and T is the
temperature.

The coupled differential equations (2) and (3) can be
solved using a Runge-Kutta method of order 8 with
step-size control [37]. The parameters used here are
taken to be those for cis-polyacetylene, i.e., t0 = 2.5 eV,
α = 4.1 eV/Å, K = 21.0 eV/Å

2
, te = 0.05 eV, M =

1349.14 eVfs2/Å
2

[38]. In order to obtain an acceptable
time to reach the target final temperature for the poly-
mer chain, we have used a damping value λ = 0.04ωQ =
0.01 fs−1. Although the parameters are chosen for poly-
acetylene, the results are expected to be qualitatively valid
for other conjugated polymers.

Results and discussions. – In our simulations, a
polymer chain consisting of 100 sites was considered. A
pre-existing electron polaron was placed at the center of
the chain at the initial time. In the dynamic simulations,
stochastic forces fn(t) (n = 1, 2, 3 . . .) satisfying eq. (4)
and (5) were introduced. A discrete time step (1 fs) was
used, which means that the strength of the forces was
taken to be unchanged over each femtosecond. In addition,
the results shown below have been taken as the ensemble
average over 20 simulations.

We are now in a position to study numerically the po-
laron dynamical characteristics as a function of temper-
ature. Firstly, fig. 1 shows the time evolution of the
staggered bond order parameter δn(t) ≡ (−1)n(un−1(t) +
un+1(t)− 2un(t))/4 at temperatures of 5K (a), 150K (b),
and 300K (c). From the figure, one can see that the po-
laron performs a random walk along the polymer chain
under the influence of the random thermal forces and that
the stability of the polaron is strongly affected by ther-
mal effects. At 5K, the polaron lattice distortion can be
clearly distinguished from the lattice fluctuations, and the
polaron performs a slow random walk over the course of
the simulation time. When the temperature is increased
to 150K, the polaron lattice distortion can be clearly dis-
tinguished from the lattice fluctuations within the ini-
tial 400 fs. However, the locality of the polaron becomes
weaker with time after about 400 fs. Over our simulation
time, the polaron performs a rapid random walk. At a
higher temperature, 300K, the behavior of the polaron is
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Fig. 1: Evolution of the staggered bond order parameters δn with time at different temperatures: (a) T = 5K, (b) T = 150 K,
(c) T = 300K.

Fig. 2: (Colour on-line) The occupied number of energy levels
from LUMO to LUMO+12 (corresponding to instantaneous
eigenstates from φ51 to φ63) in the conduction band at different
temperatures.

dramatically different from the above two cases, as shown
in fig. 1. In this case, the polaron lattice distortion can
only be clearly distinguished from the lattice fluctuations
in the initial 200 fs, and it is difficult to distinguish the
polaron as a separate entity in the polymer chain during
the time following. The pre-existing polaron is completely
annihilated by the effect of temperature. These results
show that the stability of the polaron becomes weaker with
increasing temperature.

To gain a better understanding of the polaron stabil-
ity at different temperatures, we investigated the occu-
pied number of the eigenenergy levels in the conduction
band at the final simulation time. They are obtained as
the ensemble average values over 20 simulations at each
temperature. It is useful to study the occupied num-
bers of the eigenenergy levels from LUMO to LUMO+12
(corresponding to instantaneous eigenstates from φ51 to
φ63) for all the temperatures, as the changes reflect
the stability of polarons. For an electron polaron, the
occupation of the LUMO energy level is 1, and the occu-
pation of the higher energy levels (LUMO+1, LUMO+2,
LUMO+3. . .) is 0, which corresponds to the case for 0K.
From fig. 2, it can be seen that the occupation of the
LUMO is less than 1 with nonzero temperatures. For
example, the occupied number of the LUMO is 0.96 at
5K, which indicates that the electron has a 0.04 proba-
bility of being excited to higher energy levels (LUMO+1,
LUMO+2, LUMO+3. . .) and redistributed across these

Fig. 3: (Colour on-line) Time dependence of occupied
numbers (a) and localized electronic energy levels (b) for the
negative polaron at T = 300K.

levels. Similarly, at 150K, 300K and 450K, the oc-
cupations of the localized LUMO energy level are 0.58,
0.45 and 0.2, and the probabilities of the electron being
excited to the higher energy levels are 0.42, 0.55 and 0.8,
respectively. Consequently, we can obtain that the tem-
perature effects induce the electron to be excited from
the localized LUMO energy level to the higher energy
levels (LUMO+1–LUMO+49). With increasing tempera-
tures, the occupied number of the localized LUMO energy
level decreases, and the polaron becomes more delocalized.

To further elaborate the process of polaron delocal-
ization at higher temperatures, fig. 3 shows the time
evolution of the occupied number of several instanta-
neous eigenstates (a), and evolution of the localized elec-
tronic energy levels with time (b), at 300K. From
fig. 3(a), the time evolution of the occupied number of
the instantaneous eigenstates (corresponding to energy
levels LUMO–LUMO+6) is shown. One can see that
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Fig. 4: (Colour on-line) The staggered bond order parameters
δn (upper part) and charge densities ρn (lower part) at 0 fs
and 1000 fs for 300K. (1) and (2) mark the two obvious lattice
distortions.

as time increases, the occupied number of the LUMO
energy level decreases from 1 to 0.45. At the same
time, the occupied numbers of the higher energy levels
(LUMO+1–LUMO+6) all increase with time. For exam-
ple, the occupied number of the energy level LUMO+1
increases from 0 to 0.15. Similarly, those of LUMO+2,
LUMO+3, LUMO+4, LUMO+5 and LUMO+6 increase
from 0 to 0.10, 0.06, 0.045, 0.035 and 0.025, respectively.
The higher the energy levels, the smaller the occupied
numbers, and the occupied numbers of higher energy levels
(LUMO+7. . .) are not shown in fig. 3(a). The evolution
with time of the occupied numbers for the energy levels
can be divided into two parts. Over the initial 600 fs, the
occupied number changes very quickly, which corresponds
to a fast energy transfer process. On the other hand, the
change in the occupied number is very slow after 600 fs,
which indicates a slow transfer process.

In fig. 3(b), the time evolution of several of the main
localized electron energy levels is shown. One can see that
with increasing time, the localized electron energy levels
(HOMO and LUMO) in the band gap gradually become
delocalized while moving away from the gap. At the same
time, the HOMO−1 and LUMO+1 levels become more
localized and move down toward the midgap. Finally four
weakly localized energy levels are formed in the energy
gap. Similarly, the evolution of the energy levels with time
also can be divided into two parts, i) the fast relaxation
process in the initial 600 fs, ii) the slow relaxation process
after 600 fs. The process of thermalization of the polymer
does not occur instantaneously but rather by about 600 fs.
Before thermalization, the system quickly absorbs energy
from the thermal bath, which quickly induces electron ex-
citation from the LUMO level to the higher energy levels,
accompanied by a rapid relaxation process. After thermal-
ization, the polymer reaches the target final temperature
and approximately satisfies the dynamic equivalence. The

Fig. 5: (Colour on-line) Time evolution of energy at lower and
higher temperatures: kinetic energy (squares), potential energy
(circles), the total energy (triangles) for (a) 5 K, (b) 300 K.

energy exchange between the system and the thermal bath
then becomes slow, which implies a slow evolution of the
occupied numbers and the energy levels.

Figure 4 shows the staggered bond order parameters
δn (upper part) and charge densities ρn (lower part) at
times of 0 fs and 1000 fs at 300K. One can see that the
initial state is an electron polaron localized at the center
of the chain. However, at 1000 fs, the well of the polaron
distortion is difficult to find and many weakly localized
distortions are formed, two of them are quite obvious and
marked (1) and (2) in fig. 4. These distortions correspond
to the formation of the four weakly localized energy levels
in fig. 3(b).

To sum up, by taking into account the thermal effects,
the translational symmetry of the electronic Hamiltonian
is destroyed, and the localized electrons have a nonzero
probability of being excited to higher energy levels. Be-
cause of the electron-phonon coupling, the higher energy
levels occupied by an electron should become weakly lo-
calized. That is, the polaron state becomes delocalized,
and many weakly localized polaron states are generated.

Next, we discuss the time evolution of the energy as
affected by the temperature, which is important for gain-
ing better understanding of the stability of the polarons.
Figure 5 shows the evolution with time of the kinetic en-
ergy, potential energy as well as the total energy at tem-
peratures of 5K (fig. 5(a)) and 300K (fig. 5(b)). From
the figure, one can see that the lattice kinetic energy in-
creases abruptly during the initial 600 fs and then remains
approximately constant at all the later time for both 5K
and 300K. This indicates that the thermalization of the
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polymer chain occurs at about 600 fs. At that time, the
polymer chain reaches the target final temperature and
satisfies the classical equivalence kBT = Mv2. For 5K,
(1/2)NkBT = 0.0215 eV, and for 300K, (1/2)NkBT =
1.293 eV. The evolution of the potential energy is differ-
ent for T = 5K and T = 300K. For the lower temper-
ature, 5K, the potential energy and total energy of the
polymer greatly increase before thermalization, and then
decrease slowly after thermalization over the course of our
simulation time. For the higher temperature, 300K, the
potential energy and total energy also increase sharply
before thermalization, and then both slowly increase after
thermalization.

The difference in the energy evolutions can be explained
as follows. The polymer quickly absorbs energy from the
thermal bath before thermalization of the system. The en-
ergies (including the lattice kinetic energy, the potential
energy and the total energy) all increase abruptly at each
temperature. After thermalization, the energy exchange
between electrons and lattices still slowly continues. For
the lower temperature of 5K, the electrons easily transfer
energy to the lattices, while due to maintaining dynamic
equilibrium, the lattices lose energy to the thermal bath,
the total energy of the polymer thus slowly decreases with
time. On the contrary, for the higher temperature 300K,
the lattices easily lose energy to the electrons, and in or-
der to maintain dynamic equilibrium, the lattices should
absorb energy from the thermal bath. The result is that
the total energy of the polymer slowly increases with
time.

Summary. – In this work, the theoretical tempera-
ture dependence of polaron stability has been investigated.
Due to lattice thermal oscillations, the polaron becomes
delocalized, and many weakly localized polaron states are
generated. The electrons and lattice still exchange energy
in the presence of thermodynamic equilibrium states. At
lower temperatures, the electrons lose energy, and the en-
ergy shifts to the lattice. At higher temperatures, the
lattice loses energy, and the energy shifts to the electrons.
These results and analysis provide a more detailed phys-
ical picture of the effects of temperature on polaron sta-
bility, and help to show their important role in charge
carrier mobility in conjugated polymers. Finally it should
be mentioned that the electron-electron (e-e) interaction
is not included in the present work. Considering that the
e-e interactions play a very important role in determining
the behavior of the charge carriers in conjugated poly-
mers, we will use the Su-Schrieffer-Heeger+Pariser-Parr-
Pople (SSH+PPP) model [39–41] to investigate the effects
of on-site and long-range e-e interactions on the polaron
transport in a thermal bath in the future.
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