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ABSTRACT: We present a spectrum investigation of the behavior of dissociated 5
polarons under high electric fields in conjugated polymers. The study employs the

Su-Schrieffer—Heeger model along with nonadiabatic molecular dynamics and 4t
frequency-domain analysis methods to analyze the Bloch-like oscillations. It is
found that the fundamental frequencies of the current density agree well with the
theoretical Bloch frequencies of the perfect crystals. The electron—phonon
coupling is a key factor in inducing the deviation between the Bloch-like oscillation
behavior in conjugated polymers and that in perfect superlattices. Moreover, the
increase in lattice thermal fluctuation is not conducive to the maintenance of

Bloch-like oscillation behavior in conjugated polymers.

1. INTRODUCTION

Free electrons in a periodic lattice submit to a periodic potential
oscillation behavior under a uniform electric field, and this
phenomenon is called Bloch oscillations (BOs), which was first
theoretically predicted by Bloch and Zener." In fact, due to the
real existence of lattice defects, impurities, and various scatters,
the relaxation time of the electrons is much shorter than the
period of BO, so BO is difficult to observe. It was not until 1993
that Waschke et al. observed BO for the first time in experiments
with superlattice materials of inorganic semiconductors.” Since
then, BOs have been intensively studied both experimentally
and theoretically.”~>*

In organic conjugated polymers, charged carriers dissociate
and become free electrons under the control of a strong electric
field. With the wide application of organic polymer materials in
the field of optoelectronic devices, the dynamic properties of free
carriers under an applied electric field have become a research
topic.”*™* Li et al. found that the dissociated polaron
propagates in the form of a free-like electron and performs
spatial BO. In contrast to normal BO in a rigid lattice, the mean
displacement of the oscillating electron will have a net forward
movement in the direction of the electric field.** Soon after, the
BO of solitons in a deformable molecular chain was studied by
Lakhno and Korshunova.’® Their results showed that there
exists a critical electric field value, E_. If the field is lower than E,
a soliton performs BO as a whole, while when the field is higher
than E,, the soliton turns into a breather and oscillates. Later on,
e Silva et al.”’ studied the dynamics of a dissociated polaron in
organic and inorganic polymers. They found that the critical
electric field of charge BO in inorganic polymer chains is lower
than that in organic polymer chains. Moreover, they believe that
there is no drifting motion of charge.
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Although beneficial theoretical and practical explorations
have been made in the study of BO in conjugated polymers,
there are still many questions that need further research, such as:
Does charge-directional drift exist in the charge-like BO
behavior? What are the differences between the BO in organic
polymers and that in ideal lattices?

The author believes that it is no longer suitable to study the
oscillating behavior of the electron by calculating and analyzing
the stable velocity of the charge (or the central position of the
charge) due to the periodically “instantaneous polaron state”,
while the oscillating charge performs spatial BO. In addition, the
author also believes that the periodic oscillation behavior of
electrons is more suitable for analysis and research in the
frequency domain. In summary, in this paper, the dynamic
behavior of dissociated polarons in organic polymer chains
under a strong field is simulated by using the nonadiabatic
molecular dynamics method, and then the Bloch-like oscillation
behavior of free electrons is analyzed by using the frequency
domain analysis method.

2. MODEL AND NUMERICAL METHOD

2.1. Model and Molecular Dynamics. The SSH model**
with a Brazovskii—Kirova-type symmetry-breaking term has
been used and written as
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Figure 1. Main steps of spectrum calculation.
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here, t, = [t, — a(u,,, — u,) — (—1)"t.] is the hopping matrix
element, with t; being the transfer integral of electrons in a
regular lattice, o is the electron—lattice coupling constant, and u,,
is the lattice displacement of site »n from its undimerized
equilibrium position. The term ¢, is introduced to lift the
ground-state degeneracy in nondegenerate polymers.” y = ea/
(fic), with ¢, a, and ¢ being electron charge, lattlce constant, and
speed of light, respectively. Vector potential A(£)* is introduced
to describe an electric field within the periodic boundary
conditions and is related to the external electric field through
E(t) = —(1/c)0A/ot. E(t) is turned on in the form of a linear
function, that is, E(t) = (Ey/t,)-tfor 0 < t < t, and E(t) = E, for t >
t, with t. = 50 fs or all the results shown below. a,,(a}) is the
creation (annihilation) operator that creates (annihilates) an
electron at site n. 3 is the elastic constant, and M is the mass of a
CH group.

We assume that there is a static polaron in the system for t < 0
and that the external electric field is applied for ¢ > 0. The static
polaron solution is obtained by solving the self-consistent
equation for y,, which is written as

+ Eﬁz (un+1 -

yn =l T Uy
occu. occu.

;—‘;Z Z o (n + Dp(n) — %“Z o(n + Dp(n)
(2)

where ¢, is the eigenfunction diagonalizing the electronic
Hamiltonian with A(t) = 0; in this case, the eigenfunctions can
be taken as real functions. The sum over n is restricted to the
occupied states. The periodic boundary condition has been
used, and an extra condition ) (u,,, — %,) = 0 is added to
guarantee that the polymer chain length remains unchanged. N
is the number of CH units in the system we are considering.

Once the initial lattice configuration u, and the electron
distribution ¢, are determined, then the lattice configuration at
any time t (t > 0) can be obtained by the equation of motion for
the atomic displacements

Mﬁn(t) = - ﬂ[Zun(t) - ”n+1(t) - un—l(t)]
+ a{ei},A[pn—l n(t) N pn n+1(t):|

te ’}'A nn 1() n+1n(t)]} _iMun+f(t)
3)
where the density matrixp, | () = ) l//y*(n, t)f y,(n', t), with

£, = (0,1 or 2) being the time-independent distribution function,
is determined by the initial electron occupation. The last two
terms of eq 3 describe the thermal effects. A = (0.001 fs™" in the
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simulation) is the friction constant. f,(t) is a thermal random
force having the following statistical properties:>** (f,(t)) = 0
and (f,()f,, (')} = 2kg TMAS(t — t'), where Ky is the Boltzmann
constant and T is the temperature.

The evolution of the electronic stage with time is obtained by
solving the time-dependent Schrodinger equation

zyA 17A
-1€

y(n—1,t)
(4)

The calculations of coupled differential eqs 3 and 4 were
carried out by a standard fourth-order Runge—Kutta numer-
ical® method. The results considering the temperature effects
shown below have been taken as the ensemble average over 20
simulations.

The parameters used here are taken as those appropriate for
polyacetylene,24 ie,ty=25¢eV,t,=0-045eV,a=4.1eV/A S
=21.0 eV/A%, M = 1349.14 eV-fs*/A% and a = 1.22 A.

In this paper, we would like to investigate the spectral
characteristics of dissociated polaron dynamics using the bond-
current density*

iy, (n, t) = y(n+1,t) —t,

lel
(6 = =251, 6l 0e) ©

The stability of the dissociated polaron profile can be
estimated by using the localization length

N
b =1/ y(n)
I Zl (©)

here, small values of ;. correspond to highly localized polaron
profiles, and high values of I;,. describe the extended states.

2.2. Spectral Analysis Method. The data processing steps
of the spectral analysis method are shown in Figure 1. It mainly
consists of four steps: numerical calculation, data selection, fast
Fourier transform (FFT), and spectrum analysis. The first three
steps are performed in the time domain, and the fourth step is
performed in the frequency domain. The function of each step is
described as follows.

Step 1: Numerical calculation. In this step, the discrete-time
data sequences of localization length J,,. and current density j,
can be obtained by solving the real-time evolution eqs 2—6 in
Section 2.1.

Step 2: Data selection. In order to obtain typically sharp peaks
in the frequency domain, the sampling of each segment is
performed with a sampling rate L = 2'. Moreover, it is worth
mentioning that the components during the accelerating stage of
the polaron velocity and the dissociating stage of the polaron in
the first period are not considered; only the data when t > 2, in
the process of dynamic evolution are collected.

Step 3: Fast Fourier transform. According to the Wiener—
Khinchin theorem, the spectra A(®) of (1) (. or j,) can be
obtained by doing a fast Fourier transform (FFT)."'
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Figure 2. (a) Evolution of polaron localization and the (b) amplitude spectrum distribution under the electric field E, = 8 mV/A.
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Figure 3. (a) Evolution of current density under four electric fields; (b) the amplitude spectrum distribution curves of current under four electric fields;
(c) DC component as a function of the electric field; and (d) Bloch frequency as a function of the electric field.

A(w) = Z g('l)e_iw”/L (77 = 1;2;3; ) L - 1)
] (7)

Step 4: Spectrum analysis. A(w) gives the amplitude
variations with respect to the angular frequency . A better
understanding of the oscillatory characteristics of electron
motion can be obtained by using A(w).

3. RESULTS AND DISCUSSION

In numerical calculations, a polymer chain containing 200 CH
units is considered. Initially, a negative polaron is located at the
center of the chain. We are now in a position to numerically
study the localization length, ], of the polaron. Figure 2a shows
the time evolution of the J,,. under electric fields of 1 and 8 mV/
A. From the figure, one can see that, for the lower electric field, 1
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mV/A, the polaron moves with the lattice distortion
accompanying the charge, and the I, is about 25a in the
beginning and then decreases slowly. However, for the higher
electric field, 8 mV/A, the I, is dramatically different from the
above case. In this case, the ], increases sharply and up to 70a at
around ¢ = 80 fs, which indicates that the polaron completely
dissociates. Two points are worth mentioning over our
simulation time: 1) the [, presents an oscillatory behavior
and 2) a series of transient self-trapping states are observed at the
end of every period. To gain a better understanding of the
oscillatory behavior of the I, we calculated the amplitude
spectrum of the [, . by A(w) = an(n)e_i“’””“, as shown in Figure
2b. The results show that the oscillatory frequency of the ], is
0.029 fs~', which agrees well with the frequency of BO in a

homogeneous lattice (the period 73 = ﬁ with h, e, E;, and d
0
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being the Planck’s constant, electron charge, applied electric
field, and the period of the lattice, respectively, the frequency
wp = 27;[)1

To gain a better understanding of the BO of a dissociated
polaron under a high uniform electric field, in the following
calculations we will calculate the time evolution and the
amplitude spectrum distribution curves of j = Y.,j, in the field
range of S < E, < 20 mV/A. Four representative cases under the
electric field E, = 5, 8, 15, and 20 mV/A were selected for
analyses in detail, which are presented in Figure 3. It is clear that,
in all cases of Figure 3a, the j exhibits spatial BO, and the period
of the j decreases with the increasing electric field. Another point
to be noted is that, at about 1000 fs, the BO of j gradually
becomes a damped oscillation. And the stronger the electric
field, the faster the current amplitude dampens. This indicates
that the phonon scattering increases with the increasing electric
field. In Figure 3b, the amplitude spectrum distribution curves of
j under four electric fields are shown. One can see that a series of
well-separated sharp characteristic peaks are clearly observed. In
addition, we find that the DC component of j varies with the
electric field. For a detailed analysis of these characteristic
frequencies, Table 1 gives the DC component and the main

Table 1. Main Characteristic Frequencies of Current Density
under the Electric Fields E, = 5, 8, 15, and 20 mV/A

E, (mV/A) DC (lel/fs) ; (s71) , (fs71) w; (fs71)
5 0.18775 0.018408 0.036816 0.053689
8 0.1239 0.029146 0.058291 0.085903
15 0.06782 0.055223 0.10891 0.1672
20 0.05424 0.073631 0.1488 0.22243

characteristic frequencies of j under four electric fields, in which
®, corresponds to the fundamental frequency and w,—wj; are
the harmonic frequencies. Meanwhile, Figure 3¢c,d shows the DC
component and the fundamental frequency of j as a function of
the electric field. Obviously, as seen in Figure 3c, the drift motion
of the charge carrier in the organic polymer does exist, which
corresponds to the DC component of j. Also, the drift motion is
steadily weakening with the increasing electric field. It indicates
that the increasing electric field leads to the DC component of
total current density becoming smaller and the component of
alternating current becoming larger. From Figure 3d, it can be
seen that the values of the fundamental frequencies w, are close
to the theoretical Bloch frequency in perfect crystals. The
frequency doubling is generally due to the nonlinear factor of the
system.

It is widely known that the BO in a perfect lattice is a set of
curves similar to positive/cosine in the time domain and a set of
Dirac function curves in the frequency domain, as shown in
Figure 4. Through the above analysis, we conclude that there is
one similarity and four differences between the BO in an organic
polymer and that in a perfect lattice. The similarity is that the BO
frequency in the perfect lattice matches the fundamental
frequency in the organic polymer numerically. The four
differences are as follows: First, the amplitude of BO in the
organic polymer attenuates over time; second, there is a
directional drift of electrons in the BO in the organic polymer;
third, the existence of the half-height width of the fundamental
frequency peak of BO (hwBO) indicates the deviation of the BO
in the organic polymer from that in the perfect lattice, and the
larger the value of hwBO, the more it deviates from the BO in the
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Figure 4. Bloch spectrum distribution in perfect lattices.

perfect lattice, which corresponds to the attenuation of the total
current oscillation amplitude in the time domain; and finally, the
existence of nonlinear factors in organic polymers leads to the
existence of double and triple frequencies of BO frequencies in
them.

To further elaborate on the BO in conjugated polymers, we
will discuss the time evolution and the amplitude spectrum
distribution curves of j as affected by the electron—phonon (e—
ph) coupling, which is important for gaining a better
understanding of the BO in conjugated polymers. Figure Sa
shows current density j as a function of time for four different e—
ph couplings. From the figure, one can see that the polaron
dissociation is delayed with increasing e—ph couplings. This is
because the polaron is a kind of quasiparticle with charge
coupled to the lattice, and with the enhancement of e—ph
couplings, the lattice’s binding to charge further increases. As
time goes by, the electron velocity becomes zero at the Brillouin
boundary, and the total current density of the system reaches its
maximum. At the same time, the maximum amplitude of the j
decreases with increasing e—ph couplings, such as 3.9 eV/A, and
the maximum amplitude of the j is about 7 lel/fs, while $ lel /fs for
4.5 eV/A. As time goes on, another obvious feature one can get is
that in all cases of Figure Sa, although the oscillatory amplitude
of the j decreases with time, the tendencies are different for
different e—ph couplings. For weak e—ph couplings, such as 3.9
eV/A, the j decreases slowly within 3000 fs, while for the strong
e-ph couplings, such as 4.5 eV/A, the j decreases remarkably,
and when ¢ = 3000 fs, the amplitude of the j is only about 3lel /fs.
This indicates that the phonon scattering increases with the
increasing e—ph couplings. As the e—ph couplings of the system
increase, the loss of electronic energy increases in the process of
electrons interacting with the lattice, that is, the phonon
scattering increases, which results in the total current density
decaying faster with the enhancement of e—ph couplings. Then,
we turn to the discussion of j in the frequency domain. In Figure
Sb, the DC component of j as a function of the e—ph coupling is
presented. It can be seen that the DC component of j increases
with an increasing e—ph coupling. This indicates that the drift
velocity of the charge carrier is higher for stronger e—ph
couplings. In Figure Sc, the characteristic peaks of j for four
different e—ph couplings are shown. One can see that the values
of the fundamental frequency of j (@, ) are nearly the same for all
cases, which agree well with the frequency of BO in a
homogeneous lattice, but the hwBO increases with increasing
e—ph coupling. The increasing hwBO corresponds to the
decreasing oscillatory amplitude of j, which is all caused by the
higher phonon scattering in the condition of the stronger e—ph
coupling.
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Figure S. (a) Evolution of current density for four e-ph couplings; (b) DC component versus the e-ph coupling; and (c) the amplitude spectrum
distribution curves of current density for four e-ph couplings. In all figures, E, = 8 mV/A.
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Figure 6. (a) Evolution of current density for four parameters ¢, ; (b) DC component versus the parameters t,; and (c) the amplitude spectrum
distribution curves of current density for parameters t.. In all figures, E, = 8 mV/A.

The symmetry-breaking term, f, not only reduces the
stabilization velocity before polaron dissociation but also affects
the total current density of the system after polaron dissociation.
Figure 6a shows the evolution of current density for four
parameters t, = 0, 0.15, 0.35, and 0.45 eV. One can see that the
polaron dissociation is delayed with increasing t,. At the same
time, the maximum amplitude of j decreases with increasing t,,
similar to Figure Sa. Figure 6b shows the DC component of j as a
function of t,, and it can be seen that the DC component of j
increases with increasing ¢,. In other words, with the increase in
t,, the difference between the displacement of the charge along
the electric field direction and the displacement against the
electric field direction increases. This also indicates that the drift
velocity of the charge carrier is higher for stronger f,. In Figure
6¢, the characteristic peaks of the j for four different ¢, values are
shown. It is clear that the values of the fundamental frequency of
current density @, are nearly the same for all cases, which agree
well with the frequency of the BO in a homogeneous lattice.
However, the difference is that with the increase of ¢,, the hwBO

40460

gradually becomes wider, which is similar to that in Figure Sc. It
shows that with the increase of t,, the phonon scattering of the
system is intensified, and the deviation of the BO in the organic
polymer from that in the perfect lattice increases.

Previous results have shown that thermal oscillations of the
lattice can reduce the carrier dissociation electric field.*”
Therefore, the effect of temperature on charge-like BO in
organic polymers is studied, and the results of all calculations are
the average values of 20 times. Figure 7a shows the real-time
evolution of the total current density of the systemat T=0, 5, 25,
50, and 150 K under the electric field E, = 8 mV/A. As can be
seen from the figure, with the increase in temperature, the
stability of the oscillating current is gradually destroyed. When
the system temperature is very low (less than S K), the
attenuation of the total current density oscillation amplitude is
weak. When the temperature of the system reaches 25 K, the
amplitude attenuation of the oscillating current becomes quite
obvious. When the temperature of the system rises to 50 K, the
oscillation curve of the total current density becomes no longer
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Figure 7. (a) Evolution of current density as a function of temperature; (b) DC component as a function of temperature; and (c) the amplitude
spectrum distribution curves of current density as a function of temperature. In all figures, E, = 8 mV/A.

smooth from 1500 fs, which indicates that the lattice heat
fluctuation inhibits the BO of charge. When the temperature of
the system rises to 150 K, the BO of the total current density lasts
less than one cycle and is destroyed by the oscillation behavior of
the lattice. At the same time, the BO of the total current density
disappears. It reflects the competition mechanism between the
electric field and temperature on the BO behavior in conjugated
polymers. When the system temperature is higher than 150 K,
the influence of lattice thermal vibration on the BO behavior is
greater than that of the applied electric field.

Figure 7b shows the change of DC component of j with the
temperature of the system under the action of the electric field,
8.0 mV/A. It can be seen that with the increase of lattice heat
fluctuation, the directional drift movement of charge slightly
accelerates. This shows that the thermal oscillation of the lattice
makes the DC component of the total current density slightly
increase. Under the action of lattice thermal vibration, the
difference between the charge displacement along the electric
field direction and the charge displacement along the opposite
electric field direction increases. Figure 7c shows the change of
the amplitude spectrum of j with temperature. It can be seen that
when the system temperature is lower than 50 K, the frequency
of the Bloch-like oscillation of the total current density remains
unchanged, but hwBO becomes wider with the increase of
temperature. This shows that the existence of lattice thermal
fluctuations is not conducive to the maintenance of charge-like
BO behavior in organic polymers. The higher the temperature of
the system, the more the BO deviates from that in the perfect
lattice.

4. CONCLUSIONS

In this paper, the transport of a dissociated polaron in organic
one-dimensional lattices is investigated using frequency-domain
analysis methods. Under a strong field, a preexisting polaron
breaks down quickly and exhibits BO behavior. The
fundamental frequency of the current density numerically
matches the BO frequency in a perfect lattice. However, there
is a directional drift of electrons in the BO in an organic polymer,
and also, the existence of the half-height width of the
fundamental frequency peak of BO indicates the deviation of
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the BO in the organic polymer from that in the perfect lattice.
The findings offer valuable insights into the maintenance and
deviation of BO behavior in conjugated polymers.
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