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Existence of nearly free solitons is numerically shown when dopant concentration is less 
than a critical value which is between 1% and 2%. Taking into account the structure of the 
Na-doped polyacetylene, observed at 6.67%, we assume a weakly random distribution of the 
dopants at lower concentrations. They have a long-range potential. Bond configuration 
and excess electron density are determined for each sample of random distribution. Distribu
tion of potential variation is calculated, together with the phonon density of states and 
infrared absorption spectra. Below the concentration 1%, translational mode of the nearly 
free· solitons strongly contributes to the spectra. At the concentration higher than 2%, no 
free charged solitons are found. It indicates the fact that there is the critical concentration 
between 1% and 2%. 

§ 1. Introduction 

45 

Trans-polyacetylene, (CH)x, has been attracting much attention since the rapid 
increase of conductivity by doping was found. Undoped (CH)x has a narrow spin 
resonance with a g value close to the free-electron value and an intensity correspond
ing to a Curie-law susceptibility.l),z) The Curie-law component decreases, but, the 
Pauli paramagnetic susceptibility does not appear in lightly doped samples in which 
the conductivity is increasing.3

> The Pauli paramagnetic susceptibility abruptly 
increases at a higher concentration3

> where a semiconductor-metal transition occurs. 
These facts suggest that a spin carrier without charge exists in undoped (CH)x and a 
spinless charged carrier is induced by doping before the semiconductor-metal transi
tion occurs. These carriers are generally accepted as neutral and charged solitons.4

> 

The rapid increase of the conductivity is, however, not so easy to understand from 
the charged soliton picture. The dopants which donate charge into (CH)x chains 
cause Coulomb potential which would pin the charged solitons. 

Although the structure of (CH)x seems very disordered, electro-chemical5
> and 

X-ray scattering6
> experiments have shown that some dopants, such as N a, form 

regular lattices at some dopant concentrations. It is not yet clear which plays a 
dominant role in electrical conduction, the disorder or the regularity. Several 
mechanisms of conduction have been proposed, as cited in Ref. 7), in which the doped 
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(CH)x has been mainly considered as a disordered system. We can, however, see that 
even the familiar idea of variable-range hopping has a difficulty among the localized 
electronic levels of the solitons,8

l because there m~st exist occupied and empty levels 
nearby each other. It means at least two types of solitons among negative, positive 
and neutral solitons have to be close each other. This configuration would have a 
higher energy. Furthermore, the localized levels have different energies as the 
charge is different because of the Coulomb potential. Another proposed mechanism 
has been motion of dislocation of a soliton lattice which is fixed by regularly arranged 
dopants.9

l At higher concentrations, Conwell and Jeyadev11
l have shown that the 

Pauli paramagnetism appears at a reasonable doping concentration ( "'6.67%), assum
ing a regular soliton lattice and long-range potential due to regularly arranged ions. 
They have not treated the soliton lattice self-consistently. Using a similar potential 
with randomly distributed dopants, Harigaya and Terai12

l have shown that the gap 
between the lowest unoccupied and the highest occupied electronic states in the 
ensemble disappears at a similar concentration. From our viewpoint, it is still 
necessary to study further the ground and low-lying excited states in both cases in 
order to understand the role of solitons. 

In a series of papers/),Io) the present authors have investigated the effects of 
impurities in (CH)x. Short-range site- and bond-type impurity potentials have been 
considered. They have used an iteration method, starting with randomly selected 
initial configurations, to obtain metastable states which are expected in randomly 
disordered systems. They have found five different metastable solutions for each 
sample, on the average, with about 200 sites and 16 impurities. Extra charged 
solitons have been also found, triggered by accumulation or rarefaction of the charge 
due to the impurities, in addition to charged solitons which are created if the system 
originally has an excess charge. Once a soliton is created in an impurity-free region, 
it can survive as an almost free soliton in a metastable state. The almost free 
solitons appear with probability 5%. The contribution of their translational motion 
to the dynamical conductivity can be visible as a peak near zero frequency, even after 
sample averaging, together with other peaks which are assigned to the contribution 
of their amplitude (shape) and third modes13

l and the translational mode of trapped 
solitons. This suggests that there may be nearly free solitons at least in lightly doped 
samples, in which there are impurity-free regions wider than the soliton width. The 
potential due to the dopants is, however, more extended even if it is screened to some 
extent and the regions free from impurity effects rarely remain. Furthermore it is 
unclear to what dopant concentration the above model corresponds if there are the 
nearly free regions in lightly doped samples. The effect of charge injection from the 
dopants has· not been considered in order to concentrate on the effects of the impurity. 
The charge injection is considered to reduce the probability of existence of the almost 
free solitons since the injected charge can yield the trapped solitons without creating 
the other solitons with the opposite charge. 

In this paper, we reexamine the existence of nearly free solitons in systems under 
long-range potentials due to the randomly distributed ions as well as electrons 
donated to the other chains, using a generalized Su-Schrieffer-Heeger (SSH) model 
with a site potential term.7

l Experimentally it has been shown that the structures of 
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doped (CH)x vary depending on the species and the concentration of the dopants. 
From a preliminary numerical study, it is known that almost all of solitons are 
strongly pinned even in lightly doped cases if the distribution of the dopants is 
perfectly random. This is because the dopants frequently accumulate and the varia
tion of the site potential can exceed the transfer energy of electrons.l2) Here we 
consider a milder situation, taking into account the regular structures reported for 
some dopants.5

> We take Na-doped (CH)x with dopant concentration less than 6.67% 
at which the regular structure6

> becomes complete. The dopant takes a position on 
an ion column parallel to the (CH)x chains. We assume that the position is taken 
randomly but the spacing between two ions is wider than that in the regular structure. 
It is also assumed that all the dopants give one electron to the surrounding (CH)x 
chains. It is expected that each chain accepts the electrons with equal probability. 
Excess electrons on the other chains partly screen the Coulomb potential of the ions. 
These electrons are treated as point charges trapped to the ions. 

Starting with random configurations, we obtain metastable solutions by means of 
the iteration method which is explained in detail in Ref. 7). We use them to study 
structures of phonons and infrared absorption intensity in order to understand the 
roles played by the solitons. 

§ 2. Model 

We study a one-dimensional model system described by the following 
Hamiltonian: 

H=HssH+ H1mp. (2 ·1) 

The first term is the SSH Hamiltonian, 

HssH=- ~[to- a(Un+l- Un)](cJ+!,sCn,s + h.c.) + K2 ~(Un+l- Un)
2+ M2 ~ Un

2
• 

n,s n n 

(2. 2) 

Here cJ,s and Cn,s are creation and annihilation operators of an electron at the nth site 
with spins, respectively, Un is the displacement of CH unit at the nth site, K the force 
constant between adjacent CH units, and M the mass of each unit. The electron
phonon interaction is introduced by the modification of the nearest-neighbor elec
tronic transfer integral from the value of the undimerized chain, to, by the lattice 
deformation and its strength is characterized by the parameter a. 

The second term of Eq. (2 ·1) includes the impurity potential, which is given by 

(2·3) 

To give the potential Vn, we consider an incompletely Na-doped (CH)x chain. The 
sodium atoms form a regular lattice at concentration y ~ 6.67%. Winokur et al.6

> 

proposed a geometry for the regular lattice in which each ( CH)x chain lies along the 
side of an equilateral triangle with the dopant ion column equidistant from the three 
chains. The spacing of the ions is 5a where a is the lattice constant of the undimer-

D
ow

nloaded from
 https://academ

ic.oup.com
/ptps/article/doi/10.1143/PTPS.113.45/1871167 by guest on 17 M

ay 2023



48 Y. Ohjuti, Y Ono, K. Iwano, A. Terai and Y. Wada 

ized chain. The ions in a column are shared by the three chains. Thus the regular 
structure corresponds to y=1/15. We concentrate on a particular chain and take 
account of the Coulomb potentials by ions and electrons, which are supplied to other 
chains. The electronic charge on the other chains is supposed to be on the nearest 
sites to the ions. This approximation takes account of the screening effect of the 
dopant potentials by the electrons. Thus along the column, there are "bare" and 
"screened" ions, which donate electrons to the particular chain and the others, 
respectively. Then we have 

(2·4) 

(2. 5) 

where e is the charge of the electron, E 11 and c_1_ are the components of the dielectric 
tensor parallel and perpendicular to the chain, respectively, and d is the distance 
between the (CH)x chain and the ion column. The contribution of the electrons, VJel, 
is similar but the sign is opposite and dis replaced by d'=/3d. We neglect columns 

·and chains farther away, because they would not be effective as long as we consider 
random systems. With the concentration less than 6.67%, we assume that the posi
tions of the ions are random, the spacing between ions being wider than or equal to 
5a. It is assumed that each ion donates one electron to the three chains with equal 
probability. A periodic boundary condition is imposed for the chain with N lattice 
sites. The impurity columns are considered in a system five times as large as the 
chain. The ion configuration is extrapolated periodically at the both sides in order 
to take account of the long-range nature of the potential. 

Assuming the same geometry, Conwell and Jeyadev11
l have calculated the energy

level structure in the regular lattice in which the ions and solitons are periodically 
arranged. They have used two sets of dielectric constants and obtained results 
qualitatively similar each other. Harigaya and TeraP2

l have investigated the elec
tronic properties in highly doped random systems, using a similar model and the same 
parameter sets. They showed that the set of the smaller values, E11=7.08 and c_1_ 
=1.77, is more favored to explain the disappearance of the band gap at y "'6%. Thus 
we adopt this set for numerical calculations. Other numerical values to be used are 
to=2.5eV, a=4.1eV/A, K=21eV/A 2

, a=l.22 A and d=2.4 A. 

§ 3. Results 

We consider the systems with dopant concentration, y, from 0.5% to 4%. We 
take N=200 for y=0.5% and 1% and N=100 for y=2%, 3% and 4%. We consider 
20 samples for each concentration and take ten different initial configurations for each 
sample. 

Figures 1 and 2 show typical examples of the site potential, the bond configuration 
and the excess electron density as functions ofsite n for y=1% and 2%. (Note that 
the system size is different.) The closed and open circles in (a) in each figure denote 
the positions of the bare and screened ions, respectively. The bond configuration and 
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Fig. 1. Site potential, typical bond configuration 
and corresponding excess electron density for y 

=1%. Abscissa n is the site number. The 
closed and open circles in (a) denote the posi
tions of the bare and screened ions, respective
ly. 

the excess electron density are smoothed 
as .Yn=( -1)n(yn- Yn+I)/2 and f5n=(Pn-I 
+ 2pn + Pn+I) /4-1, respectively. The 
potential has narrow and deep local 
minima around the ions and it is fairly 
constant in regions far from them. 
From the potential form, it seems that 
nearly free solitons with the negative 
charge cannot survive. For N =200 and 
y=1%, two trapped negatively charged 
solitons are created by the injected 
charge. In Fig. 1, further three nega
tively charged solitons are trapped by 
ions. As a consequence, positively char
ged solitons are created at n"" 30, n"" 50 
and n"" 190. Because the solitons at n 
""30 and n"" 50 are lying in a rather flat 
region, these are expected to behave as 
nearly free solitons. For a larger con
centration, such flat regions are truncat
ed while the sharp structure of the min
ima is smeared, as seen in Fig. 2. In this 

n 100 

Fig. 2. Site potential, typical bond configuration 
and corresponding excess electron density for y 

=2%. 
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Fig. 3. Distribution of the potential variation, 
Llv!ml, for y=0.5%, 1%, 2%, 3% and y=4%. 
The value of m is 1 for the dash-dotted lines 
and 20 for the solid lines. 

case, even if the positively charged solitons are created, they are confined in the 
narrow regions and cannot move freely. 

The statistical nature of the potential can be shown by a distribution of the 
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potential variation over m sites, defined by 

1 i+m-1 
LJdm)=- ~ I Vn+l- Vnl. m n=i 

(3·6) 

It is small at where the potential varies slowly and becomes large in a region the 
potential varies abruptly. Figure 3 gives its distribution for the concentration y from 
0.5% to 4%. The dash-dotted lines are with m=l. The solid lines with m=20. The 
length m=20 is about 4/3 times as large as the width of the impurity-free soliton. 
The distribution with m=20 would be related to the solitons mobility. The slowly 
varying regions, visible for y<l%, decrease for y~2%. The decrease is more drastic 
for m=20 than for m=l, indicating that no free region remains for solitons when y 
~2%. 

In Fig. 4, phonon density of states and infrared absorption spectrum are shown. 
Twenty samples with ten different initial configurations are used for each dopant 
concentration. The frequency WQ is the bare optical phonon frequency (4K/M)112

• 

The intensity Io is that by the translational mode in the pure system. The intensity 
is greatly enhanced by the solitons, induced by the charge injection, and those created 
additionally. 

It is found that the assignment of the phonon modes to the intensity peaks is 
almost the same as in the short-range impurity potentials.7

> The intensity below 
0.5WQ is due to the translational motion of the solitons and the acoustic phonons. 
They are strongly mixed. It is rather rare to find the translational mode decoupled 

D(w) 

0. 5 w/wQ 1 o. 5 w/wQ 1 o. 5 W/WQ 1 

--- ~ ~ 
(f) 

o. 5 o. 5 o. 5 

0 o. 5 w/wQ 1 o. 5 W/WQ 1 0 0. 5 w/wQ 1 

D(w) (g) D(w) (i) 

0. 5 W/WQ 1 o. 5 w/wQ 1 Fig. 4. Phonon density of states and infrared 

~ (h) 
~ 

absorption spectra for y=0.5% ((a) and (b)), y 
=1% ((c) and (d)), y=2% ((e) and (f)), y=3% 

o. 5 o. 5 ((g) and (h)), and y=4% ((i) and (j)). · Abscis-
sa is a frequency w normalized by the bare 

0 0 
optical phonon frequency WQ. The intensity is 

0 0. 5 w/WQ I 0 0. 5 w/wQ I normalized by that of the translational mode in 
a pure system. 
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with the acoustic phonons even for y=l%. The density of states of the acoustic 
phonons below 0.5cvQ is constant in the impurity-free case. Dips are seen in this 
region around the peaks in the intensity. This reflects large phase shifts of the 
acoustic phonons at the frequencies of the translational modes. The acoustic 
phonons are more strongly affected than in the short-range impurity potentials. The 
intensity around 0.6cvQ corresponds to the amplitude mode or the third mode13

> local
ized around the solitons though the identification is not clear when the distance 
between the solitons is short. It is seen again that a drastic change occurs between 
y=l% and 2% while there is no significant change for 2%<y<4%, as expected from 
Fig .. 3; 

§ 4. Discussion 

We have investigated the low-lying excitations in (CH)x which has randomly 
distributed dopants with long-range potentials, taking into account the regular struc
ture of the Na-doped (CH)x at a higher concentration. It has been shown that the 
infrared absorption spectra change drastically between y=l% and 2%. Below y 

=1%, the translational mode of the nearly free charged solitons strongly contributes 
to the spectra. There is no free charged solitons for y 2 2% and no significant change 
has been seen up to y=4%. This fact is simply recognized from the dopant concen
tration dependence of the free space for the solitons. 

One might suspect that there would be dopant-rich regular regions and dopant
free regions but no regions with intermediate dopant concentrations. This is, how
ever, unlikely because Ikehata et al.3

> have shown that the semiconductor-metal 
transition is not due to the percolation of metallic regions. We have neglected.the 
interaction among electrons on the polyacetylene chain. As seen in Fig. 2, the nearly 
free solitons are created to compensate the extra solitons trapped by the dopants. 
The electron interaction is repulsive between the solitons with the same charge. It 
reduces numbers of the trapped solitons and the nearly free solitons. This may be 
regarded as a change of the effective dielectric constants. Although the obtained 
critical concentration depends on the structure of the lattice and the dielectric tensor 
components, we believe that there is a critical concentration at which changes are 
taking place in the nature of the solitons. 
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