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Abstract. Based on a nonadiabatic dynamic method, charge injection is studied in a metal\polymer structure. For
a system with a short polymer chain, with a proper voltage bias applied to the metal electrode, one electron is
injected into the polymer chain and then a charged soliton forms. For a system with a relatively long chain, it is
hard to inject an electron to polymer to create a charged soliton. Electrons can be injected into the polymer by
further increasing the voltage bias. The injected electrons form a polaron-like wave packet rather than a charged
soliton. The reason lies in the requirement for charge injection that there must be some overlap between wave
functions of soliton state and interfacial electrons.

Introduction

For about three decades conjugated organic materials have been attracting considerable interest
[1,2]. The simplest among these materials is polyacetylene(PA), and the twofold degeneracy of the
ground state of trans- polyacetylene leads to the formation of soliton excitations [3,4]. A lot of
works have been done on soliton dynamics [5-8]. Yoshiyuki Ono et al. have studied the dynamical
progress of the formation of a soliton pair developing from a photogenerated electron-hole pair in
polyacetylene by adopting the SSH Hamiltonian, and concluded that the system size might affected
the channel of the relaxation process [9]. They also investigated the effects of a site-type impurity
and a bond-type disorder on the dynamics of charged and neutral solitons [10]. Sven Stafstrém did
numerical simulation on the interchain charge transport of soliton [11]. They performed simulations
for a two-chain system with the first chain being odd numbered initially holding a negative soliton
on it. They found that only in the system where the second chain is odd numbered can realize the
interchain charge transport.

Up to know, there has been no work on the charge injection from a metal electrode to a PA chain
initially with a neutral soliton-type distortion. In this paper, we present our results of charge
injection study in such a system. The on-site energies of both layers are assumed to be zero, which
means that the Fermi level of the metal is near the middle of the band gap of the polymer, i.e. the
soliton level. The model and method is briefly described in Sec.II. Our results are presented and

analyzed in Sec.1II. The last section is devoted to discussion and summary.

Model and Methodology
We consider a one-dimensional metal\polymer structure. The Hamiltonian is composed of three

parts,
H:Hele+HIat+Hext (1)
The electronic part is described by the Su-Schrieffer-Heeger model
N
Hele = _ztn,n+l (CrT+lCn + hC) (2)
where t, . is the hopping integral between site n and n+1. We set t  .=t, for a metal

electrode, tnml:to—a(um—un) for the polymer and t =t for the interfacial coupling

n,n+1
between the metal electrode and the polymer. u, is the monomer displacement of site nalong the

chain, and « describes the electron--phonon coupling between neighboring sites in the polymer
chain. The polymer lattice is described classically by
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K M .
Hlat :EZ(uml_un)z—i_?zug (3)

n

with K being the elastic force constant of o bondsand M the mass of a CH group.
The contribution from the external field (applied voltage bias and external electric field) is

Ho =SV, 00(CIC, -1) @)

A bias is applied to the left metal electrode for charge injection, Va(t)=V(t). A uniform electric
field E(t) is applied to the polymer, V, () =—]e[E(t)Xna+u,) with a being the lattice constant.
During calculation the bias and the external field is smoothly turned on with the same mode.

In the presence of the electric field, the lattice configuration of the polymer should be governed
by the Newtonian equations of motion

I\/Iun = _K[zun (t) - un+l (t) - un—l (t)] + 2a[pn,nﬂ (t) - pn—l,n (t)] - eE(t)[pnn (t) _1] (5)
and u,is set to be zero for the metal electrode. Here p is density matrix. In the mean-field
approximation the elements of the density matrix are described as

pn,n’(t)zzl//v (n’t)fvl)[/:(n'1t) (6)
here v, (n,t)= <n‘z//v (t)> denotes the projection of electronic state ‘l//v (t)> onto Wannier state

<n|. f, 1s the time-independent distribution function. The evolution of electronic state ‘l//v (t)> Is
determined by the time-dependent Schr ¢ dinger equation

ih%'ﬂv (nt)=~tp, (1+1t)~t o, (1-L)+V, O, (011) ()

Equations (5) and (7) are solved using the Runge-Kutta method of order 8 with step-size control.
The parameters in the equations above are those generally chosen for tPA: o=4.1eV/A,

K =21.0eV/ A% M =1349.14eV fs? /A% , a-1.22A.

Results

In this section, we perform calculations for the systems of different size with the metal electrode of
80 sites unchanged. First we consider a short PA chain containing 41 sites. The single odd
numbered polymer chain bears a neutral soliton defect located in the middle of the gap, forming the
so called “mid-gap” state, corresponding to the energy difference between the top of the valence
band of the polymer and the soliton level of about 0.7eV. The metal electrode has a
quasi-continuum band structure and several energy levels spread over this large energy interval. The
Fermi level is about 0.1eV lower than the soliton level in the absence of the external field, as is
shown in Fig.1(a). After the bias is turned on the energy levels of the metal electrode are lifted,
which contributes to the charge injection into the polymer.
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Fig.1. Sketch of the band structure of the metal electrode and polymer chain, in the absence (a) and
presence (b) of the external field.
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Fig.2. Evolution of the total charges in the polymer chain (dash line), metal electrode (solid line),
and the charge confined to the interface (dot line) at the electric field EO=10-4V/cm and V0=0.2V.

The evolution of the total injected charges is presented in Fig.2. It takes about 2000fs to reach a
stable state at the bias of V0=0.2V and electric field E0=10-4V/cm. For the present bias, one
electron can be injected and about 0.02e are bound to the interface. We can know better the

injection process by the injected charge distribution p,, and staggered order parameter

v, = D" /A, +u,_, - 2u). Fig.3 shows p,, and Y,at several typical times. As the

bias is added the Fermi level goes up towards the soliton level and charges begin to be injected into
the polymer through the interface. Initially, at t=0fs the polymer chain is neutrally charged and there
IS no net charge distribution. At t=658fs the quantity of the injected charges accumulates to 0.5e,
which forms a small wave packet, see Fig.3(a). The lattice configuration doesn’t undergo obvious
change compared with original configuration of the neutral soliton. We know that a charged soliton
has the same lattice configuration as a neutral one does. So it is reasonable to think that the charges
injected into the polymer forms a “small charged soliton” with charge smaller thanle. As time goes
on the injected charges increase tole, i.e. one electron escapes the Fermi level to occupy the soliton
level, therefore a negatively charged soliton forms in the polymer, as can be seen in Fig.3(b) which
shows the charge distribution and lattice configuration of the polymer at t=2200fs. It should be
noted that the polymer chain here we adopt is a short one. This small size restricts the motion of the
charged soliton.
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Fig.3. Injected charge distribution and staggered order parameter at two typical times (a) t=658fs
and (b) t=2200fs.

Now we turn to a relative long polymer chain containing 101 sites. We have calculated the
energy levels of the system in the absence of the external field and find that the energy difference
between Fermi level and soliton level is also 0.1eV. We provide the same external field as above.
However, the calculations show that no electron can be injected into the polymer at all. It can be
understood from Fig.4, which shows the wave function of the soliton level. Although we have fixed
the center of the original soliton defect near the interface to make injection easy, after interation the
center goes to the 111st site, i.e. there is no overlap between wave functions of the soliton level and
electrons at the interface. Electrons can’t go to the polymer from the metal electrode. This is
different form an isolated polymer chain in which the center of the soliton can be fixed as required.
The main reason may consist in the asymmetry of such a metal\polymer structure. As a matter of
fact, we further increase the bias to 0.73eV, when the Fermi level approaches the lowest unoccupied
state of the polymer, charges starts to be injected into polymer. At about t=250fs the system reaches
a dynamical balance and there arel.3e injected into the polymer. Fig.5 shows the lattice
configuration at t=1989fs. These injected charges accumulate to form a polaron-like wave packet.
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Fig. 4. Wave function of the soliton level.
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Fig.5. The lattice configuration of the polymer chainat 7, = 0.73/and E, =5x10"°V /cm.

Summary

In this work, we have investigated the dynamical process of charge injection from a metal electrode
to a polymer chain with a soliton-type distortion. We performed simulations for systems of different
size with no excessive charge. Charge injection into soliton level in such a system requires not only
a sufficient bias but also overlap between wave functions of soliton level and interfacial electrons.
The results show that one electron can be injected into a short polymer chain to create a charged
soliton at a small bias. But it is hard to realize in a long polymer chain because there is no overlap in
the initial state obtained by minimizing the total energy of the tPA chain. Electrons can be injected
into polymer when the Fermi level approaches the lowest unoccupied state by further increasing the
bias
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