
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 23 February 2013, At: 02:49
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Soliton Interaction and Soliton
Lattice in Poyace Tyklene
J. P. Albert a & C. Jouanin a
a Centre d'Etudes D'electronique des solides,
Université des Sciences et Techniques du Languedoc,
34060, MONTPELLIER, FRANCE
Version of record first published: 19 Dec 2006.

To cite this article: J. P. Albert & C. Jouanin (1981): Soliton Interaction and Soliton
Lattice in Poyace Tyklene, Molecular Crystals and Liquid Crystals, 77:1-4, 297-305

To link to this article:  http://dx.doi.org/10.1080/00268948108075249

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948108075249
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

2:
49

 2
3 

Fe
br

ua
ry

 2
01

3 



Mol. Crysf. Liq. Cryst.. 1981, Vol. 77, pp. 297-305 

0 1981 Gordon and Breach, Science Publishers, Inc. 
Printed in the United States of America 

(Proceedings of the International Conference on Low-Dimensional Conductors, Boulder, 
Colorado, August 1981) 

0026-8941/8 1/7701-0297$06.50/0 
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34060 MONTPZLLIER - FRANCE 
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We report here an analysis of the electronic proper- 
ties of a periodic lattice of solitons in infinite 
chains of polyacetylene.The method used is a Green's 
function recursive method which allows an exact de- 
termination of the density of states of the system. 
We have also determined the energy per soliton of 
this lattice as a function of the concentration of 
dopants. A semiconductor-metal transition is found 
to occur at a doping level C % 7%. 

INTRODUCTION 

There has been great recent interest in solitons in poly- 
acetylene s'nce the proposal by Rice' and Su,  Schrieffer 
and Heeger (SSH) that neutral and charged solitons 
will play an important role in the magnetic, optical 
and el ctric properties of this substa y e .  Rice and 
Timonen , Lin Liu and Maki4 and Horovitz studied the 
properties of a soliton lattice in the continuum limit. 
Mele and Rice' have dealt with the properties of such a 
lattice in a finite polyacetylene chain. They focused 
specially on the semi-conductor-metal transition and 
found that when the effects of disorder, pinning impuri- 
ties and interchain coupling are taken into account, 
this transition occurs below 5 % dopant concentration 
as it is observed experimentaly. In this work, we are 
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298 J. P. ALBERT and C. JOUANIN 

interested with the electronic properties of a regular 
soliton lattice in an infinite chain of (CH)x. We deter- 
mine the characteristics of the electronic structure of 
such a lattice up to a 12.5 % concentration. For each 
concentration we also obtain the energy per soliton. 
Within our calculation uncertainties we find a general 
good agreement between these energies and those obtained 
by Horovitz in the continuum approximation. Fin%lly, 
following an argument due to Lin Liu and Maki we 
obtain a semiconductor-metal transition at a doping 
level C-7 %. 

THEORETICAL FORMULATION 

Hamiltonian 

The iyinite (CH)x chain is described by the SSH hamil- 
tonian : 

+ 
C + h.c) 1 

n,s (tnl+l n,s n+l,s H =  

2 M I  2 + K (Un+l-un) + - 2 n h  2 n  
where 

=t - a (Un+l -Un) tn,n+l 0 

is the transfer integral. 
) creates (annihilates) a 7F electron of spin 

s oh the nth (CH) group and un is a configuration coordi- 
nate describing the displacement of the nth group along 
t:ie chain. K and M are respectively the bond stretch 
s>i*iiIg constant and the CH mass. It is well known that 
such an infinite chain with one electron per site is uns- 
table in the metallic (u =0) configuration and will relax 
to a ground state descr?bed by u u . In equa- 
tion (1) we choose the same vaques f o r  the parameters 
as SSH, which leads to an equilibrium distortion u = 
0.042 A and an energy gap 2 A = 1.4 eV for the perfec%ly 
dimerized chain. Because of the existence of the twofold 
degenerate ground state an elementary excitation can 
occur, namely, a soliton which can be described by the 
variational function. 

+ 
n s (‘n,s C 

+ n = - (-1) 
0 
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SOLITON INTERACTION A N D . .  . 299 

SSH found that 1 % 7 leads to the minimum increase of 
energy of the system, which gives a creation energy for 
an isolated soliton E % 0.42 eV. Associated with each 
soliton is a mid-gap Yocalized electronic state. In the 
neutral soliton this state is singly occupied while the 
charged soliton corresponds to a doubly or unoccupied 
state. 

The soliton lattice 

Let us now consider a ?oped (CH) chain. Within the soli- 
ton model, doping proceeds via ‘the formation of charged 
solitons. We shall consider here the idealized situation 
where these solitons form a regular periodic lattice 
and their interactions with the dopants can be neglec- 
ted. By analogy with (2) we choose to describe the bond 
alternations along the chain as a product of tanh func- 
tions. 

d d n-m /2  u = (-1) uo tanh (- -) tanh (- -) (3) 
1 1 

n + m / 2  
n 

Such a trial functio2 describes an array of so!.itons cen- 
tered at x = - m 5 a where a is the distaiice between 
the (CH) groups along the chain. In the following calcu- 
lations the values of d were selectionned so as the posi- 
tions of these solitons coi’ncide with (CH) sites. The 
lattice thus obtained is schematically drawn in figure 
1. Its unit cell is of length 2da and includes 2 
solitons. It can be noted that in the limit d 1, 
equation (3) appoaches asymptotically to the exact solu- 
tion. In this rial function, given a density of soli- 
tons n = (d) , the only free parameter is 1 which is 
variationaly determined by minimizing the energy of the 
system. 

+ 
S 

-f 
S 

Energy and density of states of the system 

Because of its periodicity, it is only necessary to mini- 
mize the energy corresponding to a unit cell of the infi- 
nite lattice. This energy can be written as : 

E = E  + E  e l  
The electronic energy is given by : 

E =  l ? N  ( E )  d E  
--Qo 

e 

(4) 

(5) 
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300 J. P. ALBERT and C. JOUANIN 

FIGURE 1 Form of the order parameter $ = (1)" u 
for the soliton lattice 

n n 

Where EF is the Fermi energy and N( E ) is the electronic 
density of states. E corresponds to the remaining static 
terms in equation t.1) and involves a simple summation 
of elastic terms over the 2d sites in the unit cell. 
The electronic density of states has been evaluated by 
a Green-function technique specially suited 50 the 
study of such tight-binding one dimensional systems . 
N ( E )  is written as : 

Where the summation goes over the sites in the unit 
cell and G is the diagonal element of the Green 
function of €Re system : 

(7) 
-1 

G ( E )  = ( E -He) 

H is the electronic part of H given by (1) 

It may be shown that these diagonal elements can be exac- 
tly exp-essed as : 

e 

where the 62 verify the relations : n 

Thus, once a starting gn is determined by a boundary 
condition imposed by the problem, the rest of the 6 ' s  
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SOLITON INTERACTION A N D .  . . 30 1 

can be computed using this recursion relation. In our 
case, the periodicity of the soliton lattice is 2d and 
so the boundary condition is simply. 

which gives the following condition on the 6 ' s  : 

a+- ( E )  = €9 ( E l  nn n+2d, n+2d 

Equations (ll), (9), ( 8 ) ,  (6) then allow the determina- 
tion of N( 6). As it has been already said, the width 
of the solitons was then minimized in order to seek the 
minimum value E of the total ener The energy per so- 
liton at the corkentration n = (d)"is then given by : 

S 

where E is the energy corresponding to 2d (CH) units 

of the perfectly dimerized chain. 
0 

RESULTS 

Energy spectrum and density of states 

The numerical calculations were done for several densi- 
ties of charged solitons extending from 1.25% to 12.5%. 
The energy spectrum for such lattices is schematically 
drawn in figure (2) in an extended zone scheme. The 
corresponding densities of states are drawn in figure 

Because of the new periodicity 2da of the lattice, two 
gaps are opening at waYe vectors q = - 2%. According 
to the type of doping (donors or acceptors? the Fermi 
level lies in one or in the other of these gaps. The 
lower valence band is completely full with (2d-2) elec- 
trons per unit cell while the conduction band is empty. 
Between these two bands the "soliton" band has 4 states 
per unit cell and is either completely empty (acceptor 
doping) or full (donor doping) However, as this band 
is symmetrical with respect to the energy zero it does 
not contribute to the evaluation of the total energy. 
In figure 4 we have reported the behavior of the half 

(3). 

2a 
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302 J. P. ALBERT and C. JOUANIN 

FIGURE 2 Electronic band structure of the charged soli- 
ton lattice in the extended zone scheme. The Fermi energy 
is indicated by a vertical bar (case of acceptor doping). 

FIGURE 3 Electronic density of states of the charged 
soliton lattice. The Fermi energy is indicated by a ver- 
tical bar (case of acceptor doping). 

width W of this band and of the gap Eg between this 
band and the conduction or valence one with respect to 
the concentration of solitons. 

These curves were drawn for a fixed value of 1 namely 
1 = 7 which is the isolated soliton width, and for that 
value of 1 which was found to minimize the total 
energy. The influence of the relaxation of the soliton 
is thus clearly shown. These results show that until a 
doping level of about 2,5 % the soliton lattice has the 
same electronic characteristics W = 0, Eg = 0.7 eV as 
that of isolated solitons. This is in fact quite natural 
as up to this doping level the solitons are too far 
apart to interact significantly. Then the half width of 
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FIGURE 4 Half-width W of the soliton band and energy 
gap E g  as functions of the dopant concentration. 
---- curve obtained with a fixed value of the soliton 

width 1 = 7. 
curve obtained with the value of 1 which minimizes 
the total energy. 

- 

the soliton band W evolves regularily from 0 at 2.5 % 
to 0.9 eV at 12.5 %. The gap Eg evolves also regulari- 
ly from 0.7 eV at 2.5 % to 0.05 eV at 12.5 %. The ame 
qualitative behaviour was found by Mele and Rice in 
their study of a lattice of solitons in a finite chain. 

We thus find, in accordance with them, that within this 
concentration range, the Peierls instability is strong 
enough to prevent the closing of a gap and thus the ap- 
pearance of a finite number of states at the Fermi level. 
On can also note from these curves that E g  is more sensi- 
tive than W to the relaxation of the soliton. 

8 

In figure 5 we have plotted the energy per soliton 
E (n ) with respect to the concentration of solitons. 
Here we also find that up to a 2.5 % concentration, 
this energy E is practically the energy of an isolated 
soliton in an infinite chain (0.44 eV). Due to the 
repulsive interactions between the solitons this energy 
then increases with increasing concentrations. The curve 
which ig drawn is the energy law E (n ) found by 
Horovitz in his study of the solitonsla%tice in the 
continuum 1imit.Note that we were unable to detect the 
absolute mininum he found at a 3 % concentration because 
it is too shallow and lies within our calculation 

s s  
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304 J. P. ALBERT and C. JOUANIN 

FIGURE 5 Energy per soliton E (n ) as a function of 
their density. The curve is that obtained theoretically 
by Horowitz. 

uncertainties. However the general agreement is quite 
good, even up to a concentration as high as 12.5 % 
where our trial function is rather approximate. 

CONCLUDING REMARKS 

In this work we have determined the characteristics of 
the electronic structure of a periodic array of charged 
solitons in infinite chains of (CH) . The soliton lattice 
produces a narrow band in the middfe of the dimerization 
gap. However the PeYerls instability is strong enough 
to prevent the closing of the gap up to a 12.5 % 
concentration. This soliton band is normally electri- 
cally inactive because it is either completely full o 
empty. However, as it was noted by Lin-Liu and Maki 
the occurence of a neutral soliton in the lattice will 
provide an electron or a hole in this band which leads 
now to an active band both electrically and magnetical- 
ly. The required energy b E  to introduce such a neutral 
soliton is given by : 

5 

When 6 E  is negative, it is thus energetically favorable 
to introduce neutral solitons and the polyacetylene beco- 
mes metallic. We find this semi-conductor-metal transi- 
tion at % 7 %. Although this critical soliton density 
appears to be too large compared with the experimental 
data ( % 1 %) we feel that inclusion of disorder, inter- 
chain coupling, interactions with impurities can reduce 
this value significantly . 
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