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ABSTRACT

COULOMB INTERACTIONS 

AND SOLI TON MODEL DYNAMICS 

IN QUASI-ONE-DIMENSIONAL SYSTEMS

by

Chui-Lin Wang

Advisors: Professor Frank Martino and Professor Melvin Lax

The Su-Schrieffer-Heeger (SSH) soliton model and its continuum version, 

the Takayama-Lin-liu-Maki (TLM) model, arc presented and their solutions for 

both the dimerized ground states and the soliton excited stales are discussed. 

The dynamical effects of the electron-electron Coulomb interaction in degenerate 

systems are studied by using the SSH-extendcd Hubbard model. We find from 

numerical simulation that two possible states may be photogenerated depending 

on the energy gained by the system. If the system energy is higher than a criti­

cal value, soliton-antisoliton pairs are phologcnerated and arc free to separate, 

leaving behind a central breather mode. If the system energy is lower than the 

critical value, the soliton-antisoliton pairs will bind and form a different central



oscillation: an exciton-breather. The critical energy is slightly above the soliton 

pair creation energy. We interpret this exciton-breather to be the origin of the 

observed infrared activity "pinning" mode at 500 cm ~1 in t r a m -polyacetylene, 

and the cause of the disappearance of the photoconductivity at low Icmperature.

Nondegenerate conjugated polymers are also studied by means of a 

modified SSII-type model Hamiltonian. We present numerical solutions 

representing a bipolaron-breather mode, which oscillates between two stages (a 

kink-antikink pair and a bound polaron pair). We show that the creation of 

such a bipolaron can be energetically favorable in the case of either doping or 

photoexcitation. Our results compare well w ith the experimental photolumincs- 

cence spectrum of c/.s-(CTI)j.
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CHAPTER I

Introduction

In the past several years, quasi-one-dimensional organic polymers have 

been regarded as a new class of electronic m aterials1-4 th a t have the properties 

of semiconductors or metals, depending upon doping mechanism or photoinduc­

tion, Recent progress5,6 in polyacetylene and related conjugated polymers indi­

cate that the electrical properties of this new class of organic conductors can be 

system atically varied through chemical or electrochemical doping to span the 

full range from insulator to semiconductor to metal. Thus they have potential 

use in a number of areas of fu ture technology. Scientists believe7 that they 

might be useful in such applications as (1) the replacement of increasingly scarce 

conventional conductors by synthetic metals; (2) the development of light­

weight, high-energy-density batteries; and (3 ) low-cost solar photovoltaic 

materials.

The proposal8,9,10,11 that kink solitons piay a central role in determining 

the electronic properties of rra/is-(CH )* (polyacetylene) has provoked consider­

able theoretical and experimental study  of the system . To provide a qualitative 

description o f m any experiments th a t have been performed on (CH)*, Su, 

ShriefTer, and Meeger8 proposed a simple and elegant model Hamiltonian (SSH 

model) in terms of coupled electrons and phonons which successfully interpreted



the magnetic, optical, transport, and electronic properties of pristine, photoin­

duced, and light-doped trans - poly acetylene. More recently, Takayama, Un-Liu, 

and M aki12 (TLM) took a continuum limit of the SSH discrete model and found 

a remarkable analytic solution for solitons. From this work m ost of the physi­

cal properties of solitons can be understood both quantitatively  and qualita­

tively.

The research reported in this thesis extends the SSM model Hamiltonian 

to include the electron-electron Coulomb interaction, which is absent from the 

original model, and studies the dynamical properties of the system by means of 

numerical simulation. It is found that a photogenerated exciton-breather state 

exists in trans-(C H )x , which can explain the observed infrared absorption 

peak13 at about 500 c m ~ \  as well as its tem perature dependence14'13 and associ­

ated photoconductivity.

The SSII model Hamiltonian was also modified to cover nearly degenerate 

ground state polymers. A bipolaron-breather mode was discovered, explaining 

the observed photoluminescence peak at 1.9t’\7 in d j - l C H j ^ 1” The main results 

of this thesis have been published in Physical Review B.17,18

In the current work, we first review the general properties, physical con­

cepts, and analytical solutions of the soliton model before presenting numerical 

results. In particular, we discuss the structural form ulas of (CH)X and 

polythiophene, Peierls instability, and elemental excitations, such as solitons, 

polarons, bipolarons, excitons, and breathers, all of which have special charac­

teristics in quasi-one-dimensional polymers, in this chapter.



1. Structure o f Polyacetylene

Polyacetylene (CH)*, a prototypical conducting polymer, is the simplest 

known conjugated polymer. It consists of weakly coupled chains of CH groups. 

The electronic structure of (CH)* can be described as follows: Each carbon has 

four valence electrons, three of which are in s p 2 hybridized orbitals and form 

a-type bonds; tw o of the a-type bonds are links in the backbones, whereas the

th ird  forms a bond w ith  the hydrogen side group.19 The remaining valence elec­

tron is in a 2pz orbital and forms a 7r-type bond in which the charge density is 

perpendicular to the plane of the molecule. In the notation of band spectroscop- 

ists. a  refers to states w ith m = 0 , and v  refers to states w ith  m = ± l ,  where m 

is the quantum  num ber of the component of angular momentum along the axis 

o f the molecule.

In an energy band description, the o electrons form low -lying completely 

filled bands (Fig. 1). Excitations from these bands cost an energy of order 

10 c V , which is large compared to phonon and soliton energies, and hence we 

can treat the a electrons in the adiabatic approximation. In this sense, the o

electrons can be considered as core electrons which contribute an effective

interaction between ions. Sim ilarly, the unoccupied antibonding a orbitals lie at 

such a high energy th a t they can be ignored. Thus only one tt electron per car­

bon needs to be treated explicitly. Because it  orbitals on neighboring carbon 

atoms overlap substantially , a broad rr band is formed and ir electrons move 

preferentially along the chain. Because hopping between neighbor atoms depends 

on the orbital overlap, the probability of such hops depends strongly on the dis­



tance between neighboring sites. Note fu rther that hopping between chains is 

strongly suppressed, and th a t this anisotropy renders such materials quasi-one- 

dimensional.

The three a bonds make a 120° bond angle w ith  each other. This leads to 

two possible arrangements of the carbon atoms, tra n s -polyacetylene, and cis-  

polyacetylene, w ith two and four CH monomers per unit cell. The schematic 

representations of trans -(CH)* and c /s-(C H )x are shown in Fig. 2 and Fig. 3 

respectively. Experim entally, c is -polyacetylene is synthesized by the method of 

Ito, Shirakawa, and Ikela,20 and trans -polyacetylene is subsequently isomcrized 

by heating cis-polyacetylene to 180°C for about 5 min. The new technique for 

synthesizing of polyacetylene involves applying a stress to the prepolymer film 

during the therm al conversion. Using this technique, it is possible to obtain 

highly crystalline films of (C H ), which are close to the theoretical density and 

have the (CH)* chain oriented parallel to the direction of stress. These highly 

ordered films of (CH)* are of great importance in resolving the problems associ­

ated w ith  the characterization of polyacetylene. It is w orthw hile to point out 

tha t some defects can be induced during isomerization. These defects are neutral 

solitons, which are mismatches (domain w alls) between two different bond 

arrangements.

2. Peierls Instab ility

For sim plicity, we take trans -polyacetylenc as a typical example to dis­

cuss some basic concepts here. As mentioned before, each carbon has one electron 

in the it  orbital, which can accommodate tw o electrons of opposite spin. Thus



the 7T band is only half filled. If the bond lengths in pure tra n s -polyacetylene 

were uniform (undim erized), the polymer would be a quasi-one-dimensional 

metal. But such a system is unstable w ith respect to the distortion induced by- 

dimerization. This phenomenon is well known as the Peieris instability.

In his Quantum Theory o f  SoliJs, Peieris pointed out that for a one­

dimensional metal w ith a partly filled band the regular chain structure will 

never be stable, since a distortion will always open a gap at or near the Fermi 

surface, and the system  energy is thereby lowered. The argument can be illus­

trated as follows. If the atoms of a linear chain are equidistant, w ith a lattice

constant a ,  the basic cell in reciprocal space is in the interval —— < k  ^  .
a a

Now assume the chain is distorted by moving every /• th atom a given distance 

in a given direction. This immediately reduces the translational sym m etry; the 

basic cell now contains r atoms and the cell in reciprocal space is in the interval

——  < k  ^  . The energy curve E ik  ) w ithout the distortion, plotted in Fig.
ra ra

4a, will be modified, as in Fig. 4 b, which has gaps at

k p= p-^-  , (p  =  1,2,...,; — 1). These gaps are called Peieris gaps. The size of the

gap can be calculated by perturbation theory for nearly degenerate states. If 

such a break occurs exactly or very nearly at the Fermi surface, then the occu­

pied states arc lowered and the unoccupied states are raised, so that the elec­

tronic energy o f the chains is reduced. Thus for a one-dimensional metal w ith a 

partly  filled band, the equidistant structure will never be stable, because a dis­

tortion w ith  a suitable r w ill always create a gap at or near the Fermi surface. 

In the case of polyacctylene, each CH group has one tt electron; allowing for



spin, the Fermi surface ends at k =  and thus r =  2, so th a t every second

atom is displaced, and the chain is dimerized. In the perfectly dimerized case, 

the lattice displacement un can expressed as un = ( —l ) n-1u , where u is the 

displacement magnitude. Because dimerization raises the elastic energy between 

ions, there is a competition between the electron energy and the elastic energy of 

the system. This competition determines the dimerization distortion u 0 which 

minimizes the total energy of the system. In tra n s -polyacetylene, the experi­

mental value of u 0 is equal to 0.03A ±0.01A .

3. Degenerate Ground States and Concept o f Solitons

If the chain is undimerized, the trans polym er has reflection sym m etry 

w ith respect to a plane which passes through a carbon site and is perpendicular 

to the (C H ), chain. Dimerization breaks this sym m etry spontaneously. This 

spontaneous sym m etry breaking leads to degenerate vacua (ground states) and 

soliton formation. The soliton is a topological excited state  which acts as a 

boundary between domains having different vacua. In trans -polyacetylene there 

is no energetic difference between two possible dimerizations. Each even site 

moves to the right, resulting in short-long-short bond sequences (corresponding 

to u >  0, A-phase), or it moves to the left, resulting in long-short-long bond 

sequences ( u < 0 ,  B-phase). In the chemical language, short and long bonds are 

called "double" and "single" bonds respectively. Solitons are domain walls con­

necting these tw o different ground state  phases. As discussed, solitons are basic 

electronic excitations in degenerate ground state  systems.

The concept of a solitary  wave was introduced to science over a century



ago by Scott-Russell.21 who observed "a rounded, smooth and well defined heap 

of w ater", which was "some th ir ty  feet long and a foot to a foot and a half in 

height", and move "at a rate of eight or nine miles an hour", "assuming the 

form of a large solitary elevation". This solitary wave kept its shape and speed 

for one or two miles before disappearing in the windings of the channel.

The classic concept of a soliton is defined as a solitary wave solution of a 

nonlinear and dispersive wavefunction which asym ptotically preserves its shape 

and velocity upon collision w ith  other solitary waves.22 A solitary wave ./"(£), 

where 4 = x —ut and u is the velocity, is a localized traveling wave, whose 

transition from one constant asym ptotic state (in which l^—̂ —oo) to another 

(4—#») is essentially localized in 4- There are tw o types of solitary waves. A 

"pulse-like" solitary wave has the same asym ptotic values at 4 =  —00 and 

4 =  oq whereas a "kink-like" solitary wave has different asym ptotic values at 

4 =  and 4 =  00 • Solitary waves can be formed only in dispersion, non- 

linearity conditions. The effect of introducing dispersion w ithout nonlinearity is 

to destroy the possibility of solitary  waves because their various Fourier com­

ponents of any initial condition will propagate at different velocities. On the 

other hand, introducing nonlinearity w ithout dispersion again makes solitary 

waves impossible because the pulse energy is continually injected (via harmonic 

generation) into higher frequency modes. The solitary wave is qualitatively 

understood as representing a balance between the contrasting effects of non- 

linearity and dispersion.23 To physicists, the most interesting solutions are the 

sine-Gorden equation and the d>4 equation, which have analytical soliton (kink) 

solutions. These nonlinear phenomena appear to be common to all fields of phy­



sics, and have attracted m any physicists to explore them. In polyacctylene, the 

tw o-fold degeneracy gives rise to the possibility of existing a kink-like soliton 

excitation (dom ain w all) connecting the tw o different phases. We w ill discuss it 

in detail in section 1.5.

4. N early Degenerate Polym ers

As mentioned above, the tw o-fold degeneracy of the ground state of 

trans -polyacetylene is responsible for sym m etry breaking in the system and 

leads to the form ation of soliton-like excitations. Since ground state  degeneracy 

is not a general property of quasi-one-dimensional conducting polymers, how­

ever, theoretical and experimental studies of the large class o f nondegenerate 

conjugate polymers are necessary and interesting. An im portant subclass of 

these are polymers having nearly degenerate ground state slructure. Some exam­

ples are d .v -(C H )j, polythiophene, polypyrrole, and polyparaphelene, of which 

c/s-tC lD jf has the simplest structure. Examining the chemical structures in Pig. 

3, the configuration of cis -(CH)* is clearly different from that of //u/i.s-(CH)x. 

There are tw o types of bonds in czs-(C H )X. The type-I bonds are those parallel 

to the chain axis and the type-11 bonds make an angle of about it! 3 w ith the 

chain. Dimerization can thus occur in tw o different ways. If dimerization 

results in type-I bonds becoming short and type-II bonds becoming long, the 

configuration is called a s- tran so id . On the other hand, the configuration with 

long type-I bonds and short type-II bonds is called fran.s-cisoid. From experi­

ment, the c is -transoid configuration has lower energy than the trans -cisoid one, 

so the form er is referred to as a ground state  configuration and the latter is 

referred to as a metastable state  configuration. Because of the tiny energy



difference between the tw o states, the system is called a nearly degenerate poly­

mer.

In reality, experimentalists prefer to use polythiophene instead of cis-  

(CH).,. Polythiophene is highly crystalline, w ith a simple backbone geometry 

sjm ilar to that of c/.v-fCH)X. Its structure is stabilized by the su lfur atoms, 

whose covalent bonds to neighboring carbons form the heterocycle, and ■which 

only interact weakly w ith the ir electrons of the backbone. Polythiophene may 

be thought of as a pseudopolyne.24

Because the su lfu r atoms have little  affect on the t t  band structure but 

stabilize the backbone structure, we can redraw the polythiophene backbone 

structure w ith  the intentional omission of the su lfu r heteroatom (Fig. 6). The 

resulting structure  is that of an s p 2p. polyne chain consisting of four carbon 

all-trans segments which are linked through a a s - l ik e  u n it25 tha t is analogue to 

d .s - tC lD j. Obviously the ground state in such- a structure is not degenerate, 

but it is more nearly degenerate than tha t of d .s-(C H )x . This means that the

A Eenergy difference between two configurations per carbon ^  in polythiophene is 

greater than zero, as in trans -polyacetylene, but less than that of c/.v-CCH)*.

5. Excitation in Quasi-one-dim ensional Polym ers.

The excitations in one-dimensional semiconductor polymers are quite 

different from traditional three-dimensional semiconductors. In the three- 

dimensional case, each atom has at least four or more than  four-fold coordina­

tion and connects to its neighbors through covalent bonds. This leads to a rela­



tively rigid structure. In such systems the electronic excitations lead to the con­

ventional concepts of electrons and holes as dom inant excitations. However, in 

the quasi-one-dimensional case, which has only tw o-fold coordination, the struc­

tures are much less rigid, and therefore they are generally more susceptible to 

struc tura l distortions from electronic excitations. As a result, the dominant 

electronic excitations inherently cause chain deformations through electron- 

phonon interaction. On the other hand, such chain distortions also afreet elec­

tronic excitation structures. The reciprocating interaction must be self-consistent 

at each instant of time, and a requirement that makes the problem interesting 

and productive. (More than 2000 papers have been devoted to (C H ), since the 

SSH model was proposed).

Progress has been made in the case of trans-polyacetylene to the extent 

th a t an insulating polymer can be made to conduct by partial oxidation or 

reduction, which removes or adds enough electrons to facilitate conductivity. 

Polyacetylene is a 7r-bonded unsaturated polymer that can be readily oxidized or 

reduced and th a t forms a cation or an anion rather than undergoing other chem­

istry . In (CH )X, the tt electrons can be removed relatively easily to give a 

polymeric cation w ithout breaking the a bonds, which are prim arily responsible 

for holding the polymer together.26 The principles learned from polyacetylene 

have been successfully applied to an increasingly large number of other polymer 

system s. Conductivity is usually achieved by oxidation, but several polymer 

system s can also be reduced to produce conducting polymeric anions. It should 

be pointed out that photoexcitation causes conductivity as well and is therefore 

considered an im portant tool for investigation of mechanism of excitation.
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Photogeneration provides us a "clean" means to examine the nature of quasi­

particles, which is not the case for doping, in which the interaction of the elec­

tronic charges w ith  the dopant ions can significantly affect the system energy.

The generation of charge carriers in nonintrinsicaily conducting polymers 

is not analogous to tha t in classical inorganic semiconductors, such as silicon or 

germanium. In inorganic semiconductors, such as silicon, the doping process 

involves removing a neutral atom of silicon and substituting for it another neu­

tral atom, boron, for example, which fits into Ihe lattice vacancy. Silicon has 

four valence electrons, but boron has only three; substituting the latter for the 

former leads to em pty energy levels associated w ith the boron atoms which 

appear slightly  above the top of the silicon valence band. Electrons can be ther­

m ally transferred from the silicon to the boron levels, producing holes in the 

silicon valence band and giving rise to unpaired electrons, which can be detected 

by electron spin resonance (ESR) techniques.

The situation is very different when it comes to generating of charge car­

riers by doping conjugated polymers. Doping polymers is more appropriately 

seen as a chemical modification th a t strongly perturbs the polymers. This is 

because of the dopant’s large physical size, which does not allow  it to fit substi- 

tu tionally  into the polym er lattice. The extensive charge transfer between the 

polym er chain and the dopant causes both to become ionic which in tu rn  leads 

to changes in the chain’s geometry. A fter doping, the electronic energy levels 

associated w ith the lattice distortion are removed from the top of the valence 

band and the bottom  of the conduction band and brought into the gap. This 

process also changes the valence and conduction band structures.
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6. Polarons

A polaron is defined as an elemental excitation en tity  of an extra electron 

(or a hole) plus its induced lattice deformation. Conventional discussions of 

polarons concentrate on adding a single electron to a deformable crystal, creating 

a single localized electronic level just below the conduction band. In our case, 

however, we must explicitly include the valence band electron effects, which 

makes these polarons rather complicated. Polarons can be produced in both 

degenerate and nearly degenerate ground state  quasi-one-tlimensionai polymers.

To describe the physics of polaronic excitation precisely, we introduce an ord8dan 

parameter, a staggered lattice displacement, which is related 1o the real displace­

ment by

V n  ~  ( - l ) ' , _ l Un • ( 1 . 1 )

In the perfectly dimerized state  (ground state w ith  no polaron), is 

equal to a constant u 0 (represented as straight line in Fig. 8), and all the 

valence bands are occupied whereas all the conduction bands are empty. If an 

electron is removed from  the top of the valence band or added to the bottom of 

the conduction band, it is energetically favorable for the electron to move in a 

spatially  localized level accompanied by a local distortion in the dimerized poly­

mers. This lattice distortion involves changes in the band structure which 

increase the electronic energy. However, this increase in electronic energy is more 

than compensated for by the decline in elastic energy due to distorted forms of 

the chain —  resulting a net lower energy. Calculations from the TLM contin­

uum model have shown that in f/an.v-k;!!)* the polaron creation energy is



- 13 -

equal to

( 1.2 )

where Aq is a gap parameter equal to half of the Peierls gap energy Eg . Remov­

ing an electron from the bottom of the valence band or adding an electron to 

the top of the conduction band causes the system energy to rise by A0. In Fig. 

9, the curve of the order parameter T)„ has a dip for the distorted lattice 

configuration forming a polaron. At the same time, two localized states, the 

bonding state $+ and the antibonding state are split off from the conduction 

and valence band edges. A positive polaron occurs when i/r+ is occupied by one 

electron and i/f_ is unoccupied, whereas a negative polaron corresponds to the 

case of two electrons in t|r+ and one electron in tfr„.

7. S o li ton -A ntiso liton  Pairs

In fra/is-(CH )*, if a second electron is removed (added) from (to) the 

chain containing a positive (negative) polaron, calculations show that it is ener­

getically favorable to remove (add) it from (to) the polaron to create a soliton- 

antisoliton pair rather than a second polaron. The creation energy of a soliton- 

antisoliton pair can be calculated from TLM continuum model,

of formation of soliton-antisoliton pairs, the depth and the w idth  of the small 

polaron dip in Fig. 9 become larger, and finally a distorted configuration will be

(1.3)

A . / o
which is less than the creation energy of two polarons — — Aq. In the process

IT
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reached which connects the A-phase to the B-phase (soliton), and then the B- 

phase to the A-phase (antisoliton). See Fig. 10(a). At the same time, the two 

localized states 0+ and in Fig. 9 move towards to the center of the gap, and 

finally become mid-gap states as the soliton and antisoliton are completely 

separated (see Fig. 10(c)-(e)).

From the above analysis, we can see that associated w ith  soliton- 

antisoliton pairs are two mid-gap localized states whose spin degeneracy ensures 

that they can accommodate four electrons. Each of mid-gap state is associated 

with a single soliton and is formed from both the valence and conduction 

bands, each of which contributes one-half a state for each spin, the presence of a 

soliton effectively deprives the valence band of a total of one electron. (Pre­

cisely, one should say that two electrons are taken from the valence band dur­

ing the creation of a soliton-antisoliton pair). If there is no doping involved in

the process and the missing electron occupies the mid-gap state, the soliton is

neutral. Because that the valence band remains spin paired while the electron in

the mid-gap state is spin unpaired, a neutral soliton always has spin one-half.

Removing the unpaired electron from the mid-gap state or adding a second elec­

tron to the mid-gap state results in the soliton becoming positively or negatively 

charged with a paired spin. Therefore, a charged soliton has spin zero. These 

novel spin-charge relations can be summarized as

Q 0 = 0 ,

Q ± ~  ± c  , S ± =  0 . (1.4)
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Soliton-antisoliton pairs can also be produced by photoexcitations. Such 

photogeneration can occur in two different ways, direct process and indirect pro­

cess. If the energy of an incident photon fia  is equal to or greater than the gap 

energy Eg, an electron hole pair is generated before the formation of a soliton- 

antisoliton pair through a multi-phonon process (lattice relaxation). This is 

called an "indirect" process. If hm 'Z-Es t , a soliton-antisoliton pair can also be 

directly photogenerated. From symmetry and parity considerations, photogenera­

tion of neutral soliton-antisoliton pairs is forbidden in the direct process, 

whereas they may occur in the indirect process although with a small branch 

ratio (the rate of photoprocluced neutral pairs to charged pairs) of io -2.27'28,29 

Detailed analysis of photogenerated SS  pairs will be provided in the Chapter IV.

The soliton-antisoliton pairs generated in such a system can be freely 

separated. Because the two phases connected by a soliton (domain wall) have 

the same energy, solitons -can move freely along the chain without expenditure 

of energy. This, in conjunction with the soliton’s small mass (order of the elec­

tron mass), makes the soliton highly mobile and allows them to be charge car­

riers. which explains the system’s conductivity after doping and photoexcita­

tion.

8. Bipolarons

The situation is different in systems having nearly degenerate ground 

states. Although soliton-antisoliton pairs are free to separate in fraiw-(CH)*, 

they are confined30 in nearly degenerate polymers. Soliton-antisoliton pairs in 

c/.s-tClDjt, to cite one example, connect the m - t ra n s o id  configuration through
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the fra/is-cisoid back to the cz's-transoid configuration. Separation of the pair 

therefore involves a higher energy configuration tha t costs extra energy. This 

confined soliton-antisoliton pair is called a bipolaron. The lattice configuration 

and electronic structure of neutral and charged bipolarons are presented in Fig. 

1 1 .

Charged bipolarons are spinless and highly mobile, and can be considered 

analogous to the BCS theory of superconductivity’s cooper pairs, which consist 

of electron pairs coupled together through a phonon. These mobile bipolarons 

are the charge carriers in nearly degenerate systems and are responsible for the 

conductivity mechanism.

Recently, Brazovski, Kirova, and Yakovenko31 have shown that such spin- 

less bipolarons could exhibit Bose condensation in a novel charged superfluid 

state. Thus, investigation of such charged carriers in nearly degenerate conju­

gated polymers is of special importance.

9. Excitons

The description to the present has not taken into consideration the 

electron-electron Coulomb interaction. Both the theoretical calculations and 

experimental results indicate that in the presence of the Coulomb interaction the 

photogenerated solitons are no longer free to separate but form instead a bound 

excitonic complex.

Usually, in the conventional solid state, an exciton is an electronic excita­

tion entity in nonmetallic solids consisting of an excited electron and a hole that
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has left behind, They are bound by the Coulomb interaction into a hydrogen­

like state. A loosely bound exciton w ith  a radius much larger than the lattice 

constant is called a Wannier exciton, whereas one that is tightly bound is called 

a Frenkel exciton.

The "excitons" in a quasi-one-dimensional system are somewhat different 

from those in conventional solid states. When we refer to excitons in such a 

system, we also include the effect of the lattice distortions created by the bound 

electron-hole pair. An exciton in fra/i.v-CCTI)* is a state  in which oppositely 

charged solitons are bound by the Coulomb interaction; it is like a Wannier 

exciton. Alternately, the excitonic complex in trans~(C \i)x can be treatetl as a 

bound pair of two oppositely charged polarons —  the proper nomenclature 

might be "polaron-exciton".

10. Breathers

A breather is a particle-like non-dispersive envelope w ith internal oscilla­

tory motion, which represents an oscillatory standing wave solution of nonlinear 

wave equations. If a system has energy slightly greater than the creation energy 

of a particular low-lying excited state, the system will have kinetic energy and 

might oscillate around that low-lying excited state. There are two types of 

breather modes in trans -CCH)X: a central breather mode, which is a separated 

soliton-antisoliton pair w ith  a breather oscillated left behind; and an exciton 

breather mode, which is an exciton complex w ith a breather oscillating around 

it. In systems where the ground state degeneracy is lifted, the lattice 

configuration can oscillate around a bipolaron producing a bipolaron breather
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mode. Owing to the electron-phonon coupling, the electron structure oscillates 

w ith  the same frequency as the lattice configuration, which necessarily implies 

the nonlinearity of the breather phenomenon.

The remaining chapters are organized as follows. Chapter II describes the 

SSH model, extended Hubbard terms, and the modified SSI I model, and discuss 

the ground state properties in terms of energy spectra and wavefunctions. In 

Chapter III, the static analytical solutions of solitons, polarons, and bipolarons 

in the TLM continuum model and their refated properties are presented. In 

Chapter IV, the results of dynamical simulation of photogenerated exciton- 

breather in trans -(CM)X are compared to experiment. In Chapter V, we study 

bipolaron dynamics in a system where the ground state degeneracy is lifted, and 

find that the creation of such a bipolaron can be energetically favorable in the 

case of either doping or photoexcitation. Finally, the summary and conclusions 

are in Chapter VI.



CHAPTER II

Discrete Microscopic Model

Our numerical dynamical simulations are based on discrete microscopic 

soliton models. In this chapter, wc discuss the model Hamiltonians, and the pro­

perties derived from the models as well.

1. SSH Discrete Model

To begin, we perform a detailed analysis of the model Hamiltonian pro­

posed by Su, SchriefTer, and Hccgcr (SSH). In this model, interchain electron 

hybridization is neglected because the bandwidth W  of the w electrons 

( ^  lOcV in trans -(CH)X) is large compared to interchain bandwidth W  J. 

( ^ O . le V ) .  This leads to relatively weak interaction coupling, tha t is, quasi- 

one-dimens ional behavior. The a electrons are core electrons, which are treated 

as almost completely localized and are assumed to move adiabatically with the 

nuclei, forming a backbone. Their chief contribution is to modify the effective 

phonon potential. The n  electrons are treated in a tight binding approximation, 

In which, each of their orbitals is localized on a particular atom, and their 

combination is represented as a state running throughout the chain. Because, as 

described in section 1.1, the tt electrons hop preferentially along the chains, only 

hopping terms in that direction are used in this model. The phonon fields are 

treated classically, which means that the mean field approximation is used to
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replace the phonon field operator by an unquantized c-number parameter, the 

mean value of the phonon field. There are six degrees of freedom for each CH 

group, of which three are for the hydrogens. They are neglected, because to first 

order they are not coupled to neighboring CH groups. The remaining three for 

carbon are the in-chain displacement un from the equilibrium position, which 

describes the translation of the group n along the symmetry axis (x -ax is) of 

the chain; the displacement in the direction of the hydrogen (v-axis); and the 

out of plane displacement (r-ax is) .  Since we are interested primarily in the 

dimerization structure of the polyene, and the latter two displacements have no 

effects on the changing the difference of the bond lengths between right and left 

bonds of site n ,  only x-axis un terms are kept in the Hamiltonian. (In calcula­

tions of local phonon modes around a soliton, Horovits3’ used all the three dis­

placement parameters and got very good results.) Therefore we are left with 

only one ionic and one electronic degree of freedom per carbon. The resulting 

model Hamiltonian can be expressed as two parts: the bare lattice part Hial, 

which includes the contribution of the core o electrons, and the electronic part 

Hel, which is the sum of the tt electron contribution. Hence,

H  =  He[ +  Hiat (2.1)

Hel Z  ',n iCr-l"/i.C. ) (2.2)
n tn

Hi* = ~ Z  +  V ({u } )  . (2.3)
*  n

where c / i(r(.cn is the creation (annihilation) operator of a ir electron with 

spin a in the n t h  CH group, and M  is the mass of CH group. It is assumed



that there is no relative motion between the hydrogen and the carbon. Both the 

hopping matrix tn-n and the lattice potential energy V  are the functions of the 

lattice displacement {z/}. The hopping matrix element tn gives the probability 

amplitude of an electron hopping from site ;i to n ',  which depends on the over­

lap between corresponding orbitals. Since the rr electron orbital is exponentially 

localized, the hopping terms beyond nearest neighbor sites are quite small and 

can be neglected to the first order. This gives

tn-„ = 0  for I ;i — /i ' I > 2 .  (2.4)

For the nearest neighbor term, fnj„ +] depends on the distance between the 

sites n and n + ] ,  which has average spacing a (lattice constant), so 

should be a function of un — un+ lt where un is a bond length parameter. 

Because un is in general very small compared to the lattice constant a 

( un '" '0 .03 A, and u 1.22 A in trans -(C H )*), it is sufficient to keep *„(n+i 

linear order,

^n.n+l ^0 > (2.5)

where t 0 is the hopping matrix element between nearest neighbor sites in the 

undimerized case, and u  is the electron-phonon coupling constant. In a A*-space 

representation, this is just the famous Frohlich coupling. Because a- >  0, when 

(«„ — i/„+1) > 0  the magnitude of t n>n + l becomes large. Thus, when two sites 

move closer to each other, the magnitude of probability amplitude for electron 

hopping rises.

The terms tn n represent, the w electron energy on site n , which might 

change as neighboring atoms squeeze in on it,3-’ and hence it should depend on



the deviation of the lattice constant, A a .  Because in the dimerized system, all 

the even atoms move in one direction while all the odd atoms move in the 

opposite direction, this implies that A a  is proportional to (u „ - i  — un + 1). There­

fore to the first order tnn  can be expanded as

If we define the center of the it band to be the zero of energy, e0 can be 

set to zero. The term proportional to /3 in Eq. (2.6) was ignored by SSH. 

Since, for the most part, we are interested in states that are approximately 

dimerized, un+l the factor of (u„+i — wn _j) which appears with

13 is always small compared w ith  the factor of (u„ — un + ]) which appears with 

a  in Eq. (2.5). For instance, we shall see in this chapter that in the perfectly 

dimerized ground states (u„_] — «n+i) = 0 ,  whereas in the presence of a soliton

I un _j — un + il ~  -%-\un — u„+1l, where §0 is the electron correlation length
so

(£o ~ 1 3 a  in iro n s -(CH)X ).

The lattice potential energy V  can be expanded as

The first term V 0 affects only the origin of energy, so we can set V 0 to 

zero w ithout loss of generality. The second term is linear in iu n — un+l). If we 

expand the lattice displacements about the appropriate equilibrium position, the

*n,n =  f 0 +  0  ( « n - 1 “  u n + 1 ) (2.6)

V  = V 0 + A  £ ( l / n -  l/n+1) +  i-A ' £  f“n “ un+ l)2 +  * ‘ * (2.7)

derivative 0^/0/ should be zero. Noticing that Vlol consists of
0( Un *Ai +1̂  |u„ = 0
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two parts, an electron part and a lattice part, w ith  the electron part of the 

potential energy implicitly containing a linear term o f Cu„ — un+ j), due to the 

electron phonon coupling. This implies tha t  the coefficient A  of the linear term 

in Eq. (2.7) is not an independent physical parameter, but is a Lagrange m ulti­

plier determined by the condition

 J  = 0 .  (2.8)
01 Un Un + j )  |{u| ; } =  o 

which can be rewritten as

A  = ~ 9̂ e/-J . (2.9)Qt un un +1) nU|i} = o

This term is necessary to fix the total length of the chain in the dynami­

cal simulation, because £  (un — un+,) =  — uAr =  A L ,  where A L  is the
n

overall change in the length of the molecule and N  is the number of sites. Mak­

ing use of a quadratic approximation, the SSH analysis ignores the higher order 

terms.

The coefficient A' of the second order term is the effective stiffness con­

stant, which is determined by both the direct ion-ion interactions and the a 

electron interactions. The resulting Hamiltonian H$sh can be written as

HsSH Z 0 "b **( Un + | )](c?„̂+ i (jCn a+ h .C . )
71 ,<T

+  (un “ un + l)2+ Un + fun “ un + l^ • (2.10)
^  n  “  n n

where for (CII)X, the parameters entered in the above Hamiltonian are



- 24 -

t o — 2.5cV , 

a  =  4 A cV I  A ,

A' =  21 cV I A2,

M  =  1.3 atomic mass unit =  1.34x]0-27 eV ‘see2/ A2 , (2.11)

and

77"

which will be proved in the next section.

This Hamiltonian is based on a one electron theory in which each v  elec­

tron is treated as an independent particle moving in a well defined effective 

potential. Because the ionic mass M  is very large compared to the electron mass, 

the motion of the ion is slow. The Born-Oppenhcimer (adiabatic) approximation 

is expected to be hold in this model. Therefore we can separate the equation of 

motion into two parts, an electron part and a lattice part. Assuming that the 

lattice distribution is static at any given moment, the equation for electron part 

can be solved at this moment. Then the electron energy, which is a sum over all 

the occupied states of the one electron energy, can be regarded as a part of the 

ion potential energy to solve the equation of motion for the nuclei. This 

approximation assumes the electrons will require no time to rearrange them ­

selves according to the lattice distribution at each instance, and also assumes

there is no electronic transition between two electron states. It has been shown 

formally by Brazovskii and Dzyaloshinskii24 that the adiabatic approximation is
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flO>0
valid if ——  is less less than one, where to0 is a typical optical phonon fre- 

A o

quency. For (CH)X, ficaQ 1400 c/n-1 ~ 0 .1 7 cV  and A 0 ~ 1 .4 e V , so 

h<*0
——  ~ 0 . 12, and the adiabatic approximation is justified. This approximation 
A o

will be used to perform our numerical simulations.

2. Ground State Properties

In this section we discuss the properties of the perfecl ly dimerized ground 

state. The discussion only involves the static properties, so the kinetic term of 

Hssh ifi omitted.

In the perfectly dimerized chain, the lattice chain displacement u„ are 

constrained to be

un =  C - l J " " 1 u . (2.13)

The SSH Hamiltonian of the dimerized case for fixed u becomes 

H d =  — £  (to  ~  ( _ l ) n 2au  ){cj?+ir0cn a+h.c. ) +  2 N K u 2 (2.14)
n ,<r

where N  here is the number of CH groups and is chosen to be even. Since each

CH  group has only one ir electron, N  is also the number of tt electrons. In the

case of undimerization (u =  0), each unit cell contains one atom, and the wave

27t N  „ Nvector k = —~~m , where m — —— ■ • \  0 /  • ■, —  and the molecule length

L  = N a  runs within the first Brillouin zone ( ——, — ].
a a

The electron spectrum in undistorted chains is given by
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ek = — 2 t0coska , — — < k  ^  — . (2.15)
a a

In the case of dimerization. each unit cell contains two atoms, the hop­

ping potential has a periodicity of 2a ,  and the first Brillouin zone is reduced to

an interval of ( — -ZL, -JL ]. The reduced zone scheme is used to label electron 
2a 2a

states,

n v —  1 V  „ i k a n  ^
c*-<r “  ^  n'0

1 «■» - i k a n

c l ,r  =  £  »'*“  C - l ) " c „ ,„  -  J L  <lc , (2.16)

where ck(r (c*>tr) annihilates an electron with wave vector k and spin o in the 

valence (conduction) band for zero-order bands (u =  0).

The transformation can be inverted into 

cn.a =  - J j j -  Z  ( e ck\ a + e~ ikan ( —I)- c*V) . (2.17)

Substituting Eq. (2.17) into Eq. (2.14), H d can be expressed in the k 

representation,

H * = £ ek ( ck ,& ck ,cr ck .a ck ,cr )

+  i A* ( c f a  c*V -  ck % c£r<J) +  2 K N u 2 , (2.18)

with
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€k — 2t 0cosA'c/ , A k = 4orusinA'u (2.19)

H  can be reexpressed, as

H J =  Z  C /,a  B  C ,,a +  2k N u 1
k

( 2.20)

for diagonaiization, where

i A * 
“ 'A* -€*

and

Q  ,cr —
o- ( 2.21 )

After diagonalizing of the matrix J3, Eq. (2.20) becomes

11 = Z £* ( ‘Jft.a ” t̂.cr ^ ’.cr) + 2NKu2 ,
k

( 2.22 )

where

Ek =  V 6*2 +  A* (2.23)

and

=  V- Ck.a — i sgnk V c£ a

<*k,<r = E Ck.o- -  i sgnfc v c £ a (2.24)

here jj l —
Ek +*k 
2 Eb , v  =

F-k-*k 
2 Ei. , sgn k is the sign function of k ,  and

the phases arc chosen in such a way that a* CT —►c* a , —»c* as u —»0.

It is evident to see from Eq. (2.22) that aji a is the occupation
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number operator of state k  with energy Ek in the conduction band, and that 

ak?o- ak,a is the occupation number operator of state k  with energy — Ek in the 

valence band. The dispersion relation of Eq. (2.23) shows that dimerization 

opens a Peieris energy gap Eg =■ 2 A 0 =  8au at the edge of the first Briliouin 

zone. Moreover, the energy spectrum is little changed, which is useful for the 

further approximation needed to convert the discrete model to a continuous one.

There arc N  it electrons in the chain, and A . states in the valence band

(/V is even). Because of spin degeneracy, each state can accommodate two elec­

trons, so that all the states in the valence band are occupied and all the states 

in the conduction band are unoccupied. From Eq. (2.22), the system energy of 

the dimerized chain is given by

where the factor of 2 in the first term of the r.h.s is due to spin. To sum over 

k , one must recall that k  is constrained in the first Briliouin zone of

(m is an integer). When we replace the sum in Eq. (2.25) with an integral, 

we should take account of these circumstances. For N  =  4m , the system 

energy of dimerized case is,

£» =  - 2 £  Ek +  2 N K u 2 , (2.25)

77
2a and that N  has two possible values, .V =  4m and N  — 4 m +2

It
TZ £

£ 0( u )  = -  —  f  (2f„cos*a)2 +  (4ausinA'a )2 2Jk  -I- 2 N K u 2 
rt Io

4/W 0
(2.26)



where

2 txu 
f o

(2.27)

and the dimensionless coupling constant

(2.28)

For the typical value of parameters for (CH)* given in Eq. (2.11), K =  0.408.

From Eqs. (2.26) and (2.29), it is clear lhat, because of the logarithm 

term, for the values of z  near zero, the 7r-electron energy is always more nega­

tive than the elastic energy. Therefore, a small deviation of z from zero will 

bring the system to a lower energy state. This corresponds to the theorem by 

Peierls described in section 1.2. Differentiating Eq. (2.26) with respect to z 

gives one local maximum at z  =  0 and two equal stable minima at

Given the value of A from Eq. (2.28), yields z 0 =  ±0.127, which

The complete elliptic integral E( 1 — z 2) of the second kind can be expanded for

small z as,

E ( l—z 2) =  1 +  y O n - p i

' + l) 
z 0 = ± e  K (2.30)

corresponds to u0 =  40.0386A, in good agreement with experiment.35

The condensation energy per site in c \' is
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£ 0(u 0) -  E 0 (0) ] =  — =  -0 .0 1 3 (2.31)

and the density of states per spin of the perfectly dimerized state [using Eq. 

(2.23)] is

P q{ E )  =  — r
L

2 n \ dEk \ 
dk  |

— I £ l /  [(4t 2 -  E 2) { E2
7T

o
A,?)]1 A,, < l£ l  < 2 t n

otherwise

(2.32)

From the above discussion, we can see tha t the excitation spectrum about 

zero energy (Fermi energy) determines many of the properties of the system. In 

the previous derivation of Eq. (2.26), we used a linear chain of N  = 4m CH

groups. For N  = 4 m , k  runs from — „ ( m — 1) through whereas for
2 ma 2 a

N  =  4m +2, k runs from — —wt ...... m through ^  . .  m . The former
(2m -H )u  & ( 2m +1 )a

has states at the Fermi level, half of which are occupied, which leads to an 

absolute Peierls instability of the system w ith  respect to dimerization. The

latter has an intrinsic gap of width 4 / 0s in ^ -  at the Fermi level even in the

undimerized case, and therefore the system will be dimerized only if -2:___
E ( q

exceeds an N -dependent critical value.36 These differences vanish in the thermo­

dynamical limit N  —* oo .

Because the perfectly dimerized state  is a ground state, the energy of this 

state is an absolute minimum. A more restrictive condition is to require that 

the derivative of this ground state energy w ith respect to yn =  un — un+\ be
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equal to zero for all n ,

d>'n
< G 1 H  1G >  =

—(¥< G I c / +ii0cniff +  Cn.cPn + i.tr IG >  +  A'v, +  A  =  0 . (2.33)

From this condition, the coefficient .4 of the linear term can be determined. 

This linear term, as shown in Eqs. (2.7-2.l)), depends on fixing the chain length

as a boundary condition. Using the results of Eq. (2.17) through Eq. (2.24), the

first term of r.h.s of Eiq. (2.33) can be rewritten as

^  G I Cn +1 ,cr 4" Gi ,a^n +1 ,cr I G >

I £  +  ( —ij« + i / sgriA- ,,*) c ikan {ft -  ( - l U / s g n *  v) +  h.c. .
N  k

(2.34)

After some algebra, Eq. (2.34) becomes

H' =  ~ — ZA T

4 t 0cos2Au +  ( —1 )n 8cvu sin2Au
(2.35)

and can be replaced by the complete elliptic integrals for the first and second 

kind,

VV =  —

TT - p - y C H l - r 2) -  r 2 K( 1 —r 2) ) -  ( - ! ) " _ £ _  (K( l - " ) - E (  1 - r 2))

(2.36)

where -  =  as in Eq. (2.27). Comparing Eqs. (2.33) and (2.36), we
f o

obtain
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(2.37)

(2.38)

Eq. (2.38) is nothing new but a reexpression of Eq. (2.30). In deriving Eqs.

(2.37) and (2.38), we expanded K ( l— z 2) for small

It should be noted that the above derivation does not constitute a proof 

tha t  the ground state is perfectly dimerized. Indeed, the use of Eq. (2.24) to 

obtain Eq. (2.34) implies that we have already assumed u„ =  ( — 1 )n in Eq. 

(2.13), which means that the ground state is defined to have a dimerized struc­

ture. A restricted proof must begin with an arbitrary configuration of un. It 

has been suggested33 that in the strong coupling limit (A. is very large), the true 

ground state configuration may have lower sym m etry  than the dimerized state. 

However, for weak or moderate coupling, the numerical results show that the 

ground state  is the simple dimerized state.37

3. Charge Conjugation Sym m etry

The SSH discrete model has charge conjugation symmetry, which means 

th a t  if there is an eigenstate of H  with eigen-energy e, there is also a 

corresponding eigenstate w ith  eigen-energy — e. This can be seen from following 

discussion: First, we construct an unitary one-particle charge conjugation opcra-

K( l —z 2) =  l n - i -  +  h l n * .  -  i ) z 2 +  • - • 
I z  I 4 t z  I
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\ 7 =  cxpt i Z . n 7r c n c n ) - (2.39)
n

where cn is used as in Eq. (2.2) above. The operator V satisfies the following 

relations,

V" c 2n V =  c 2„

t * c 2n +]  ̂ =  —c 2n+j . (2.40)

Applying Eq. (2.40) to the electron part H el of the SSH Hamiltonian, 

wre obtain,

y t  H el y  _  _  ( 2 > 4 ] )

If I A > is a single-electron eigenstate of H  w ith eigenvalue ek , then

H el I A' >  =  eA I A >  (2.42)

and, V '  1A' >  and — should be another set of eigenstates and eigenvalues,

H eI ( V '  I A' »  =  - €* ( V f IA »  . (2.43)

It is worthwhile to point out that from Eqs. (2.16) and (2.24), ck a and 

ak a. can be transformed to ck a  and ak a  through the charge conjugation opera­

tor V",

V" Q- .a V- =  c l *

*k\<r V  -  a l v  • (2.44)
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4. The N a tu re  o f  th e  Localized Gap S ta te  Associated w i th  a Soliton

The SSH Hamiltonian does not have an analytical solution for a soliton, 

but the nature of the localized gap state associated w ith  a single soliton can be 

determined by consideration of charge conjugation sym m etry .38 As pointed out 

in Chapter I, each isolated soliton introduces only one localized electronic state. 

From the argument of section 2.3, this localized state must lie at the gap center 

and have an energy value of zero.

To determine the profile of IxlfQin )> ,  the wavefunction of the mid-gap 

state, we write

Note that even-/i and odd-/i terms of u„° are not coupled in Eq. (2.47). 

If a soliton centered near n =  0 approaches t)„ =  u 0 (A  -phase) when n -* oo 

and it approaches tj„ = —u 0 (B-phase) when n —» — oq then from the expres­

sion tn — t 0 +  ( —l ) n_Io(( t)„ +  r>n+1 ), we get

(2.45)

From the Eq. (2.10), we have

= -  Z tnUn)Cn+\ + Z„-iOn°c/_, I0> , (2.46)
R

which leads to

(2.47)
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2m
* 2m-1

<
>

m
m

oo 
—oo (2.48)

2m  + 1 

 ̂2m

>  1 
<  1

in
m

o o  

—o o (2.49)

It turns out that fails exponentially for both m —* oo and. m —> — oq 

whereas ajm + i is unbounded because of the conditions in Eq. (2.49). Therefore

a 2m + \ — 0 for all m (2.50)

and

■ 2m
-  I2m-j- I

' ( - i r  e 1 1 (2.51)

where
a

- t
—  1 0=  tanh —  This relation can be easily derived from Eq. (2.47) 

2* o

by assuming that ujm has a form of (—I)™? 2mx for large m .

In Fig. 12, we plot a schematic diagram of the probability density func­

tion (a„0)2 contributed by the gap state of a neutral soliton.

5. Reversed Spin-Charge Relations and Fractional Charge

From the last two sections, the reversed spin-charge relations of solitons 

described qualitatively in section 1.7 can be found explicitly. Firstly, we con­

sider the dimerized case, where the completeness of one particle wavefunctions 

for each spin can be expressed as

1 = Z < k  I cn'i0cB,a I* > + Z < k I cnV „(ff I k >  .
k e v.b. k e c.b.

(2.52)
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Because of the charge conjugation symmetry, the first term on the r.h.s of 

Eq. (2.52), which is summed over all the valence band, is equal to the second 

term, which is summed over all the conduction band, and both arc equal to 

one-half the total value. Recalling that the valence band states are entirely 

occupied whereas those of the conduction band are completely empty, and

assuming that there is a uniform background positive charge which makes the

system both neutral and spin-free in the dimerized system, the density function 

on each site can be defined as

Po(” ) = £  < *  I cnVn,<r I* > - i- , (2.53)
*  e  occ. 2

which is, of course, equal to zero in the absence of solitons.

In the presence of a soliton, Eq. (2.52) becomes 

1 =  £  <  k I \ k > +  I an°a I2 +  £  < k  I c / >0crt(Cr I A" > .  (2.54)
A e  v.6. A € c.b.

where a n°ff was implicitly defined in Eq. (2.45) as representing the gap state 

I =  lanT •). Again resorting to the charge conjugation symmetry, Eq. 

(2.54) becomes

4- = I  < k 1 cl<£n,cr Ik > + I  I I2 . (2.55)
“  A £ v.b. ~

Combining the Eqs. (2.53) and (2.55), we obtain

p j i n )  = ( / V -  1 )  l u „ V |2 * (2.56)

where f a is the electron occupation number of the mid-gap state for spin o.



Since £  I I 2 =  1 and l<Jn0>(r I2 is localized over the width of a soliton (see
n

section 2.4), the charge borne by a single soliton for each spin is equal to

Qo- =  <’ Z  Pot« ) =  ( f a  “  5 c ' (2.57)
n —

From Eq. (2.57), =  2.  e when =  1, but Q a — — 2.  e,  when

f tj  =  0, resulting in an apparently anomalous fractional charge. However, this 

fractional charge cannot be observed, because electrons of both spin orientations

in (CH)X enter symmetrically in the Fermi sea, so ihat the charge Q& =  ± Z  is

"spin masked".29 Thus instead of fractional charge, the conventional spin-charge 

relations are reversed. From Eq. (2.56),

5  =  ■[  1 1  pt  ( « )  -  pi  ( « )  =  4 - ( -ft -  }

p T (;i ) +  pi  (;i ) =  e ( f \  + f l  ~  1 ) - (2.58)

This is jusl a reexpression of Eq. (1.4). The schematic diagrams in Fig. 13 

clearly demonstrate these novel spin-charge relations. It has been pointed out40 

however, that spin no longer masks fractional charge for trimerized chains, in 

which only one-third band are filled by electrons, and that the fractional charge 

should be observed in that case.

In addition, Kivelson and SchriefTer21 have shown that the spin and 

charge associated with the solitons are sharp quantum observable.



6. Extended SSH-Hubbard Model

Experiment indicates that the electron-electron Coulomb interaction has 

an important role in the formation of solitons. The electron-nuclear double 

resonance (ENDOR)42,43 studies of the hyperfine interaction associated w ith the 

neutral defect in (CH)X imply tha t  there are two discrete carbon sites which 

correspond to spin densities of 10.021 and 10.061. Triple resonance studies 

furthermore confirm that the two spin densities have opposite signs. These 

results cannot be obtained from the SSH model Hamiltonian [see Eqs. (2.50), 

(2.51) and (2.5b)], but can be obtained within inclusion of electron-electron 

Coulomb interact ion38,44

The extended SSH (Peierls)-Hubbard model Hamiltonian can be written

as,

H  =  H 0 +  Hi  , (2.59)

where H 0 is the standard SSH Hamiltonian in Eq. (2.10), and 

H l = U £ c Bf cnT c,£ c*
n

^ ,d -n  po*-n +l,o 'Cn +l,&’ ( 2 . 6 0 )
n

where the coefficients U  and V  represent the effective strengths of the Coulomb 

interaction. In writing the extended Hubbard terms, we assume that the 

Coulomb interaction is strongly screened (c  ~  10 in (CH)*) and only very 

short range effective interactions are considered. We also assume that only the 

nearest neighbor V-terin is essential to the description of Coulomb binding.
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Many authors45,46,47-48 have investigated the static effects on dimerization 

and solitons of this model by using Monte-Carlo method and unrestricted 

Hartree-Fock approximation, which treats energy spectra and wavcfunctions of 

different spin separately. The main results can be summarized as follows,

(a) The Hartree-Fock approximation is justifiable when U and V  are 

small compared with bandwidth \V =  4 r ();

(b) Dimerization occurs only when U is less than a critical value ( 

4.66 cV for frans-(C H )X ), and V  =  0  ;

(c) The neutral and charged soliton creation energies are split and the sol­

iton profiles are changed, with the width of neutral soliton being narrower and

the width of charged soliton being broader than the case for U — 0, V  =  0;

(d) For a neutral soliton, the spin densities on the even-numbered sites,

increase as U increases and, in compensation, ihc spin densities on the odd- 

numbered sites decrease such that the total spin of a neutral soliton keeps its 

value of one-half.

From measurements of soliton creation energy49 and the ratio of two 

opposite-sign spin densities which is obtained from ENDOR experiment42,43 the 

coefficient U  of the Hubbard term is estimated to be 3 ~ 4  e V , which implies 

that the Hartree-Fock approximation can be used in (CH)X.

7. Modified SSH Model and Its Properties o f D im erization

The two-fold degeneracy o f the ground state of tr ims-  poly acetylene is 

responsible for symmetry breaking in the system and leads to the formation of 

solitonlike excitations. The SSH model successfully interpreted the magnetic.



- 40 -

optical, and electronic properties of pristine and lightly doped trans-  

polyacetylene. Since ground state degeneracy is not a general property of quasi 

one dimensional conducting polymers, however, theoretical and experimental stu- 

dies of the large class of nondegenerate conjugated polymers are necessary. An 

important subclass of these are polymers having a nearly degenerate ground 

state structure. Some examples are c/s d C H )x , polypyrrole, 

polyfparaphenylene), and polyCthiophene). It has been recognized50 that despite 

the lack of solitons in non-degenerate systems, the notion can be readily general­

ized to cases of near degeneracy. When such a system is photoexcited, oxidized, 

or reduced, the creation of a kink-antikink-like pair, or bipolarons, can be ener­

getically favored. Once a kink-antikink pair is created in those systems, they 

may be ’confined’, if separating them requires extra energy.30 Such "confined" 

kink-like excitations may be charged, but they have zero spin. This is consistent 

w ith the magnetic susceptibility measurements51,52 in doped polyparaphenylene 

and polypyrrole.

Wang, Su and Martino53 investigated the nearly degenerate ground state 

case by proposing a modified SSH-type model Hamiltonian of the following 

form:

H = - Z
n , a

( / ,  +  cv1(i/2„ - u 2n+1)) ( c 2'n+1c 2n+/?.c. )

+  ( t  2 +  “ 2^ u 2 n + 1 — u 2 n + 2 ^  t c  2n + 2 r  In  +  i + ^ * c * )

+  (2.6 1 )
~ t — i
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where it is assumed that the transfer integrals and eiectron-phonon coupling 

constants have different values t y, t 2 and cvj, u-2, corresponding to the alterna­

tive bonds. As before, A’ is the effective stiffness constant for the undimerized 

system and M  is the mass of the Cll group. Fig. 3 illustrates a prototype 

non-degenerate polymer, c<s -(C H )*, which can be described by this Hamiltonian. 

The a'.v -transoid configuration has lower energy than the trans -cisoid 

configuration. The configuration coordinates ut are the displacements from the 

site position of the undimerized state.

In the perfectly dimerized chain, the configuration coordinates ut are con­

strained by ut =  ( - l ) ' u .  The ground slate of the chain has exactly one n  elec­

tron per site on average. The Hamiltonian in Eq. (2.61) for the dimerized case 

can be rewritten as,

/ /  =  - z
i

( t 0 +  u A cv) +  ( — 1)! 1 ( 2tvou +-^ ^ -)

+  2 N K u 2 (2.62)

where for convenience we define l 0 = (/ 2+t y)l 2, A t  = 12—t j, 

tv0 =  (o ^ + o q )/ 2, and An? =  o-2—«j. Comparing Eq. (2.62) with Eq. (2.14), 

we can see tha t all the formulas in section 2.2 that were derived from Eq. 

(2.14) can be directly used here if t 0 is replaced by t 0 +  u A a, and 2au  by

<■> , A(2u 0u +

Therefore, the single electron spectrum can be oblained from Eq. (2.23),
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E;. =  ±  -\J{2t o +  2u A a  )2cos2ka + ( 4 a 0 +  A t )2sin2fca . (2.63)

From this expression, we can see tha t in the undistorted case u =  0, the 

energy spectrum becomes,

Ek = ±  -y/ ( 2 f0 cosAu )2 +  (A t sin/cu )2 (2.64)

This implies the existence of an extrinsic gap A t which occurs in the rigid

undimerized polymer skeleton of the system because of the o electron interac­

tion. The total static energy for this nearly dimerized system is

E 0( r )  4t o
A TT

.o'*-,

1N1

H i - : 2) -  J - (  )2
l —vz 2 A 1 — i>z

(2.65)

where A was defined in Eq. (2.28), and the dimensionless parameters fx, and 

v are defined respectively as,

_  4 a 0u + A t 
2 t n  -I- 2u A a

A =
A i
21 n

and v = A a  
2 a n

( 2.66 )

This function has one local maximum near u = 0 and two unequal minima. The

d E 0( z )
minimum values can be found by solving the equation

dz
=  0. Although

this equation cannot be solved exactly, it can be simplified by noting that jx and 

v are of order 10“ 3, whereas z  and A. are of order 10-1 , and that the second 

and higher orders of fx and v terms, and the third and higher orders of z  terms 

can be disregarded. It then reads as,
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(2 r  +  3m :3) (ln2 -  1  -  J L  -  4 ln- 2) +  = 0 •2 2A 4 A

which can be solved approximately by perturbation method. If we assume 

o are the solutions of

In ’ -  |  ^  =  0 (2.08)

then ihe solutions of Eq. (2.67) can be written as " ± = ± r 0 +  A ; * ,  where 

A : ;  can be expressed in terms of z 0, fx and v.

A r  _ =
v +  —

v +  iL  (2.69)

The energy values at these two minimum points are

1 +  ^  ± U ,  +  +  +  p - . | L (2.70)

The energy difference per site of these two local minimum energy states are

A £ 0 _  £ ( r  + ) -  E ( - 0  
.V " N

0 f j .  E ’i  U  +  s L ) z 0 ,
TT A

(2.71)

-(A + it
where r 0 =  4e x is obtained from Eq. (2.68).

The degenerate ground state system corresponds to the case in which 

fi =  r  =  0. If one of them has value other than zero, the degeneracy is lifted. 

It is interesting to note that from Eq. (2.71) for fixed parameters K ,  t 0, (*0, a
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negative value of A a  can compensate for the contribution to  A £  by a positive

value of A / . This implies that if we let v = — —, a degenerate system could
A.

be produced. However, this system is not the same as frun.s-tCH),, because 

despite the total system energy’s degeneracy, the two configurations have 

different energy spectra. This can be understood from Eq. (2.63), wherein A t 

explicitly changes the width of the gap, and A a  explicitly changes the density 

of energy levels. We believe this case is worth further study.

The above description tells us that for small values v and yu, the energy 

difference between the two local minima is small. It is in this sense that we 

define "nearly degenerate". For weak coupling limits, the lower minimum state 

is a ground state and the higher one is a metastable state. The metastability 

vanishes for large enough values of fx and v. The condition that vanishing

metastability can be obtained by investigating the behavior of -------- — If the
dz

dErLs)function has only one root, the metastability disappears. The function -----------
dz

will have but one root if it satisfies the following inequality, which is obtained

d E 0{ z )
through the calculation of extremum values of

dz

2 , - ( i +2> < r  +  f  (2.72)
A

For the typical parameter values in Eqs. (2.11), and (2.28), \  =  0.4. Given

these, the critical values for v +  «s 0.023, which corresponds to
A

A t  =  0.12 el* when A a  =  0, or A rv =  0.075 cV f A when A / =  0.



CHAPTER III

Continuum Model

In the weak coupling limit, it is possible to make use of the continuum 

approximation of the SSH discrete model.12 Because in that limit onlythe elec­

tron states near the Fermi surface are strongly affected by the lattice distortions, 

we can linearize the energy spectrum to reduce the problem to Bogoliubov-de 

Gennes-like (BdG) equation.3'1 The benefit of the continuum Takayama-Lin-liu- 

Maki (TLM) model is that almost all the physical properties of the soliton can 

be expressed by the parameters used in the SSH model and that the internal 

relations between the physical quantities can be well understood. In this 

chapter, we first introduce the TLM continuum model and discuss the boundary 

conditions; we then present solutions for a single soliton and for a soliton pair, 

which are also solutions for a polaron and a bipolaron, depending on the elec­

tronic configuration and the system degeneracy. Finally, we adapt a two 

polaron solution which is used in Chapter V.

1. TLM Model

The fact that the dimerization only changes the band structure near the 

Fermi level can be seen by comparison of Eqs. (2.15) and (2.23). If we let

k '  =  k — A'f  for k  > 0 ,  and k '  =  k +  k F for k < 0  (AF =  -^L), and note
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that cosA'a 585 — k ' a  and sin/:a ^  ±1 for small l £ ' a l ,  Eq (2.23) reduces to the 

approximation

e U ')  =  ± V U ‘V F)2 +  A2 . (3.1)

where Vp = 2 t Ga is the Fermi velocity ( t\ =  1).

When the energy spectrum is expanded near ± k p ,  the band structure is 

split into two branches, a right-going branch w ith  ^  V F(Jt — k r ) and a left 

going branch w ith  c SSSV F(A+A:F), where Aq is set to 0. This recalls the two 

particle Luttinger model for one dimensional interacting electron gas.55 The elec­

tronic wave function therefore can be described by a two-component field

) (7 =  1.2), which is related to the  discrete electron operators by56

^ \ J x n ) =  2^ -  (<’ ~ i 7 m C 2 n , a  +  C 2 C 2n+1>cr)

=  7 r r ~  ^ l m c 2n tr +  e *  +2>c 2n+i)0.) (3.2)
2v a

and the inverse transformations,

c 2 n , t r =  J o  ( e i7rnilf]>0( x n ) +  i c ~ i m tlr2' J . x n )

c 2n+i,<r =  i ) -  ie~i m \li2J ix  , )  (3.3)
" +T n+T

where x n =  (2 » + - i . ) a  is a lattice site coordinate in the dimerized case. By 

treating the slowly varying field in space defined in Eq. (3.2) as continuous, the

SSH Hamiltonian becomes (up to order -i., where £ is the elcctronice correlation
a *

length £ =  ^ - )
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£
2

^TLM -  L  /  dx  Vortx)
a  Z, 

T

~iV F— 7" 3 +  ACxJrt
0JC VcCjc)

£
2

+ —-* f  dx  A2(x ) ,A *TtV  ̂ */ .
(3.4)

where the real lattice pattern parameters 

AUn ) =  ( - l ) 2l,-,2 a  ( u 2n- u 2n+l)

A(.v , )  = ( ~ l ) 2n2a ( u 2n+l- u 2n+2) , 
n+2

the r, are the Pauli matrices,

(3.5)

0 1 0 - I 1 0II

1 0

IIK
i 0 lu II

0 1

i/r2 J^x )

(3.6)

. The kinetic term is absent from Eq. (3.4) because the

discussion for the moment concerns only the static properties of solitons. The 

second term of the r.h.s in Eq. (3.4) represents the coupling of the electron gas 

and the phonon field, which causes scattering from one branch field (one side of 

the Fermi surface) to another, because the dimerization has wave number 2Ap.

If we expand the electron field % ( . r ) in A'-space,

%(•*) =  . 
k

(3.7)

The electron eigenvalue equation
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H  t l m  I ^  >  — ek I k > (3.8)

is written as

( —iVF -O—Ts + A( a  ) r j )  ^  * (.v ) =  e* ^  * (a  ) 
0-x

(3.9)

This is a BclG equation54 which satisfies the self-consistent equation (gap equa­

tion).

where I 4>> is a Slater determinant, and 1 4>> =  nc* .o*i 0 >  include all occupied

where the summation is over all the occupied states. Equation (3.9) is analogue 

to the Dirac equation, if we view A(a ) as a position-dependent mass, so that 

the electronic spectrum is unbounded below. In order to reflect the real physics 

of polyacetylene, we should artificially cut oflT the spectrum at the actual jr- 

band w idth  E  =  —W S5;—2 r0. From Eq. (3.5), A(a ) represents the optical 

phonon part. The coupling term of electrons and acoustic phonons is omitted in 

the TLM model, because it is used only to discuss dimerization. The resulting 

model can describe many properties of (CH)X to a good approximation. As in 

the SSH model, charge conjugation sym m etry holds in the TLM model.

Eq. (3.9) accompanied with Eq. (3.10) can be solved exactly for the cases 

of perfect dimerization, solitons and polarons. In order to get solutions whith 

physical meaning, we m ust first discuss the boundary conditions.

states. The gap equation reads

A(a ) =  £  k * ( x ) t T i V ' U )
2  *

(3.10)
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2. Boundary Conditions

Incorrect boundary conditions produce spurious results which mislead the 

calculations of real physical quantities, such as, the optical absorption coefficient. 

The correct boundary conditions should reflect the topological changes that occur 

in the presence of a soliton. They can be derived from the corresponding parts 

of the discrete model.56

In dimerization, the cyclic boundary condition applies to the real order 

parameter A(x ), resulting in A(.v — =  A(a- +-^-) for a chain of length L.

However, for a system with one soliton the topological constraint of in the 

boundary condition should reflect the phase changes across the soliton,

A(.v— A )  =  —A (.t+ A ) .  In general, if a chain contains M  solitons, then
2 2

A(.v - A )  =  ( —1 )A/ AC.v + L )  . (3 .1 1)

The boundary conditions for the electronic wave function arc more com­

plicated, having to be consistent w ith  the real order parameter t L x ). There are 

two other physical quantities whose periodicity determines the boundary condi­

tions: the charge density and the current density. Suppose the wave functions 

obey the relation

iK.v +-A) =  ZJ'Ka - A )  (3.12)

where B  is a 2 X 2 unitary matrix to be determined. Requiring the charge den­

sity to be periodic gives



50

W ( x + i l ) ^ . Y + i L )  =  W K x - ^ - W x - L . )  . (3.13J

The current density in the continuum model is derived by analogy to the

discrete model.

)  J o Z  t .ô -n + ] ,<j h.C.)
CT

=  J o Z  ) r 3% U  ) ,
a

where 7 0 =  and e *s tbe electron charge. So periodicity also requires

^ ( . v + ^ D r 3TK.Y+y) =  W i x - ^ r ^ x - i L )  . (3.14)

The consequence of the boundary condition on A(x) from Eq. (3.11) creates

further constraints on 'K x )  through Eq. (3.10),

W U + l L ) r l 'K A + i l )  =  ( - D ^ M ^ A ' - A i r ^ x - i f . )  . (3.15)

Combining Eqs. (3.13), (3.14) and (3.15), B  obeys the relations,

B t B  =  1

B f r ^ B  =  r 3 (3.16)

B f TxB =  ( —  1 ) ‘̂  7 j  

Thus B has the form

B =  e ‘0 |7 for M  even
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B =  p,rt2rj for M  odd , (3.17)

where the phases orj and a 2 can be determined from the discrete model.

TT 2 7To', =  0, tt and oc2 =  The values of a  make no difference in the thermo-
2 2

dynamic limit L —► oo . and all the physical quantities are independent56 of or. 

In the following, we take c*! =  0 and or2 =

3. Soliton Solution

For convenience, Eq. (3.9) will be rewritten by the first defining

/ ( - v )  =
/  —( a- )
r+ (  a ) = J 2 U  VAx)  (3.18)

where the transformation matrix

*AI1)

It is easy to check that

U T lU t = r 2 , U T 2U t = T 3 , U T3U t  = r ! . (3.20)

Then, Eqs. (3.9) and (3.10) become 

[—rV/7 +  A(a)t-2] / * ( , )  =  ek f k ( a  ) (3.21)

A(a ) =  ) k 2/ *  (a ) (3.22)
^ k ,<X1 '

which can be cast as a Schrodinger-like equation,
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- V f  +  V ( x ) 
dx

f k C-X- ) =  €* f k Lx ) (3.23)

where V(„v) =  A2(jc ) +  r 3V FJLA(.v ).
6-v

We first discuss the dimerization solution, where the real order parameter 

is a constant, A(.v) =  Aq. Thus, Eq. (3.23) becomes,

- v i  a  +
0 - V -

f i L x )  =  0

i €k f k- ( x  ) = ^ f_9_+Aq
F 0- t  ^

(3.24)

The solutions which satisfy the boundary condition

(3.25)

and the normalization condition

f  |l / + ( . t  ) 12 + I / _ ( x  ) 1 2 Jt/.v =  2 (3.26)

can be written as

Sgn( €k )  H k x  + L  -  </>*)
  ------  c £

'J L

f k_ ( x )  =  J —  e 
v L

i kx (3.27)

where =  tan ’U  f), and
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€* =  ± V  V f k  2 +  Aq2 (3.28)

for

k L  =  2/I i t , (3.29)

The value of the dimerization parameter Ao is determined using the gap equation 

(3.22),

7tXV r 9 „  A ,
Ao =  — — ---------   (3.30)

4 V  Aq +  (V'pA- )“

Replacing the summation by an integral

where W  is the bandwidth. Comparing Eq. (3.31) with Eq. (2.30) for the 

discrete model, we find that the results obtained from the two models are in 

good agreement.

The soliton solutions are obtained similarly. In a single soliton case, 

which has topological charge +1,

Aq =  Wr *■ , (3.31)

A(.t) =  Aotanh (3.32)

V p
where the correlation length £ =  ----- is also the soliton half w id th  and the soli-

Ao

ton is centered at . t 0 =  0. Then, Eq. (3.23) is expressed as,

- V F2 +  Ao2 -  e? f i ( x )  =  0
0-t2
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i ek f t U )  - y FJL+A (.Y )
F a*

m x )

which has one bound state solution

/ ° ( . v )  =  0

/ + ( * )  =  £ 2sec h £  
£

whith energy e0 =  0. The extended state solutions are

ikx

f \ . { x )  = A k sgn( €k )[sind»fc +  i cos d>k t a n tw lex ikx

with the energy spectrum, 

e — ± V  (V'P£ )2 + Aq2

The normalization factor A k is calculated from the condition (3.26),

At =  tL -£cos2<})k ] 2

where

0 k =  tan 1k  £ , and < 0* <  Z.

The wave vectors are determined through the boundary conditions (3.17),

/ - ( ? ■ )  -

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)
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and we find

k L  = 2 /1 7 r +  (f)k for e* >  0

k L  =  (2/2 + 1) 77- +  <bk for ek <  0 . (3.40)

Comparing Eq. (3.36) w ith  Eq. (3.28) and Eq. (3.40) with Eq. (3.29), we find 

that the soliton and dimerized solutions have similar dispersion relations, but 

that the wave vectors are shifted in the presence of a soliton. We should take 

account ol this fact when we calculate the formation energy of a soliton.

The solutions of Eqs. (3.34) and (3.35) also satisfy the gap equation, 

which can be verified by noting that the bound state has zero contribution to 

the summation of the r.h.s in Eq. (3.22) and that the contribution of the 

extended states is expressed as,

From Eq. (3.41), Aq obeys the same relation in the single soliton case as it does 

in the dimerization case, Eq. (3,31). This means the presence of a soliton 

changes neither the gap parameter nor the gap energy.

We now discuss the effective mass of a soliton. The effective mass asso-

sion for the soliton kinetic energy, where is the soliton velocity. Thus, by

£ ( / £ ( *  ) )tr2/ * ( . v )  =  2 £  Im :/ 1 U - ))*/*+U  )

(3.41)

cialed with the soliton motion is defined as the coefficient of -yl/2 in the expres-



making use of the Galilean boost x  —* x —Vt in Eq. (3.32), the effective mass is 

expressed as

1
KttV p 0 3 ‘

- f d x J L & x ) 
&

I ± V ‘

= 4 -M.CH H i
a

:4 (3.42)

which is of the order of the electron mass. Here MCH is the mass of the CH 

group. In the above expression, the optical phonon frequency to2 =  ^  . The
MiCH

reasons for the smallness of Ms can be understood by rewriting Eq. (3.42) as

A/s £2 V/,cfl (3.43)

Because £ is the half w idth of a soliton, moving a soliton by a distance £ can be

accomplished by simply shifting each of the ions by a distance u 0. As a

result of this light mass, we can use the equipartition theorem to estimate that 

in the range of interesting temperatures (100 ~ 3 0 0 QA') the soliton velocity is 

of the order of the speed of sound.

4. The Modified Continuum Model

From the "modified SSH discrete model of Eq. (2.61), which is used to 

describe nondcgcnerate quasi-one-dimensional systems, we use the same pro­

cedure employed in Section 2.1 to obtain a modified continuum model, which is
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written as the action integral 17

I  = f d t  f d x  L _ A 2(x ) +
L

T

t/ffU) i n - $ - + i  (Vp+_^2La A(.v ) ) r 3 J L  
0 t 2tt0 0.x

+  i J ^ L a $ ^ x   ̂ t 3 — 7]( A(.x )+A e ) 
4<*0 0 a- 1

iK-v) (3.44)

4 a 0with \  =  —- — , V F =  2 t 0a ,  Aa =  oq — a 2> and \  = A t  — t j — 12. The
TTAf o

parameters ar0, t 0, A t ,  and Aa were defined in Eq. (2.62), and the correspond­

ing Hamiltonian form is

H
2 - L

% t(A )[—/ (V F +  fxa A(x ) ) r 3-A_ +  ( A(.t )+Ae ) r 1]1P0(.A )
O*

h.c

L

T

where (jl =

F J L  
2

Aa

(3.45)

2a-,,

If we let A / = 0  and Ao; =  0, Eq. (3.45) will give the familiar TLM 

Hamiltonian. If we let only Ac* =  0 and keep the transfer integral t alternating, 

the corresponding Hamiltonian becomes exactly the same as those proposed by
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Brazovskii and Kirova,57 and Fesser, Bishop and Campbell.58 The electron eigen­

value equation is w ritten  as

—ii lV p  +  fia &Lx J J - i L r j  — i ^   ̂ t-3 — (£(* )-f Ap )r j
0-r  2 Qjc

^  X  ) =  €k 'K .V  )

(3.46)

and the self-consistent equation is

A(x ) =  - — — L Z ( V * U ) ) t r , V * ( . t )  -  f j u u £ ( ^ ( x ) ) t r , - £ - ¥ * ( * )
a*k  AT k  ,ct

(3.47)

For the dimerized ground state A(.v) =  A^ the equation is exactly solv­

able. The one-electron energy spectrum is

k — i | t  \ ’p +  /J.U A,))* + ( A(( *F Ae )“

and the gap parameter A<, satisfies the following equation

Ao =  X (Ao +  \ )  — n
(Ao+Ap)2
4 I ? n I 2

In W*
I Ao+Ap I

where W* =  4f<J‘ and t $  — f 0( 1 +  (xv), v =  — —. The lowest order perturba-
2to

tion solution of Eq. (3 .49) is

(3.48)

(3.49)

(3.50)

The local minima of the system energy occur at the values shown in Eq. (3.50). 

The energy difference between these two unequal minima per unit site is

AE 
N

4_
IT

f L  +  il Wc (3.51)



which is similar to that obtained in the modified SSH model (Eq. (2.71 J).

except tha t here the factor ( ^ -  +  i l )  replaces (^L +  v) in the discrete model.
A 2 K

From Eqs. (3.48) and (3.41)}, it is easy to verify an inherent symmetry 

for the nondegenerate system: changing the signs of both A t and Aw results in 

Ao changing sign accordingly, but the electron spectrum remains invariant. This 

is obvious since changing the signs of both A t and An is equivalent to inter­

changing type-I and type-11 bonds, and all the physical properties should ther- 

fore remain the same.

For systems in which both v and /x arc not equal to zero, there are no 

known analytical solutions for polarons and bipolarons, but there are solutions 

for systems with /x =  0, and v 5* 0. Examining the Eqs. (3.50) and (3.51), we

find that i l  has the same effect as in the dimerized case, so we can discuss 
A 2

such a system qualitatively even if we set /x =  0.

5. Solutions for Polarons, Soliton Pairs and Bipolarons

In this section we will use the equations obtained in section 2.4 (w ith  

/x =  0 and v ?* 0) to discuss general solutions for polarons, bipolarons and soli­

ton pairs. The solutions depend on both the electron occupation of the gap

states and the values of v, where we recall v = —— . If there is an extra elec-
2 f 0

Iron or a hole in the system, there exists a polaron solution in both degenerate 

( r  = 0) and nondegenerate (i> 5*0) systems. If there are two extra electrons, or 

two holes, or an elcctron-hole pair in the system, the resulting solutions will be
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fo soliton pairs in the degenerate system ( 2' =  0), or bipolarons in the nonde­

generate system {v 5*0).

The lattice displacement pattern A(.v) for all of these solutions is com­

monly described by59

teristic width of the distortion range. The dimensionless shape parameter X, 

which depends on the type of solutions, will be determined later. The potential 

of the Schrodinger-like equation, Eq. (3.23), is related to ALv) by

( A ') is required to be "re fleet ion less", a condition arising from minimization 

of the total energy with respect to the electron reflection coefficients.60,61 Such a 

potential and its corresponding wave functions are constructed by means of the 

inverse scattering method.62 To satisfy the reflectionless-ness, condition, the fol­

lowing relation should be obeyed for A(.t) defined in Eq. (3.52),

A(.v ) =  Aq+XCAo+ A p ) tanh — ( a: — x 0) — tanh — {x +.v0) (3.52)

where in this model the coherence length f and 2.v0 is the charac

V { x  ) =  [AU ) + A j 2 + r j V ' p M f l

v
X =  tanh—2.y0 . 

£
(3.53)

Then, the reflect ion less potential V ( a ) has the following form:

iech2^.(A +.v0)
V7(a ) =  (A o + A j2 1 -  2X2

0

0
(3.54)
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For this potential, the eigenvalue problem in Eq (3.46) allows two local­

ized levels w ith  energy

e0 =  (Ao +  A j d - X 2) 2 

and the wave functions

- V

(3.55)

/ _ ( . t ) =  - J  A .sech |.( .x '+ .v0)

/ +( v )  =  - J  A c 0s e c h |- ( .x - T 0) (3.56)
2£ " £

w ith C 0 =  i sgn( e* ). The energy spectrum for the conduction and valence bands 

has the same form as that of the dimerized case

ek =  ±(V'pA'2 +  (Ao -I- Ag)2)"^ (3.57)

The wave functions of the former, however, are distorted in the presence of the 

lattice distortion,

f - ( x )  = i4 ^ t- |- tan h y ( .x + i-0) — iA']o!ix

f + i x )  =  A k C , [ ̂ -tanh x  —x  0) — ik  ]eikx
£ £

where the normalization factor A k is obtained from Eq. (3.26),

(3.58)

= [ k 2 + X XL +  d S ( k ) )
£ dk (3.59)

with
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8 U  ) =  2cot-1 (3.60)

and the phase factor C* is written  as

Q  =  sgn( ek )c l(^ k  ̂ (3.61)

w ith

) =  cot_1(A- £) . (3.62)

The values of the wave vectors are determined from the boundary condition of

Eq (3.17), w ith M  =  2 in the present situation,

k L  +  8(.y ) =  2n v  . (3.63)
2 a 2 a

By substituting of the wave functions in Eqs. (3.56) and (3.58) into Eq. (3.47)

and noting that ft =  0 in the present discussion, we obtain the self-consistency

condition,

-^ ( /i+  — n _) +  cos"1* — y — -----  , (3.64)
4 V 1 - X 2

where the confinement parameter y  =  —j-.------ —-y, and n + and /i_  are the elec-
At Aq +  At )

tron occupation numbers of the discrete levels w ith energy + e 0 and — e0, respec­

tively. As in the dimerized case, the gap parameter 6q satisfies

1 I Ao +  A* I ,
v  “  ~ In ttt +  y  * (3.65)A W

Eq. (3.64) is important in using the electron configuration to calculate the shape 

parameter X, which in turn  determines the shape of distortion. For the cases of a 

negative polaron w ith an extra electron located at the + e 0 level and a positive



polaron w ith  a hole at the — e0 level (see Fig. 9),

n +  — n _  =  - 1  (3.66)

For the case of a soliton pair or a bipolaroh (see Figs. 10 and 11), there are

three kinds of electron configuration in the gap states: double negatively charged,

double positively charged and neutral, all obeying the relation,

n + — /2_ =  0 . (3.67)

In the following situations, X can be calculated:

(a). Degenerate system (y  =  0)

(1). polaron case in  + — =  —I)

x  =  (3.68)

(2). soliton pair ( / i+ — ;i_ ~  0)

X =  1 (3.67)

(b). Nearly degenerate systems ( y ^ O )  use y  =  0.13, which is estimated

from experiment for polythiophene63

(1). polaron case ( / i+ — ;i_  =  —1)

* =  0.629 (3.70)

(2). bipolaron case ( » + — n _  =  0)

X =  0.938 (3.71)

It is worthwhile to point out that from Fq. (2.72), A t must be less
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than 0A2cV  (for \  =  0.4) to produce near degeneracy, which corresponds to 

y  < 0 .4 6 .  Previous estimations y  are too large to represent the physical 

case.58,64

In summary, we find tha t the shape parameter X plays an important role 

in determining the type of solutions. When X =  0, A(.r) =  A,, , .v0 =  0, and 

e0 =  IfAo+A,,), which implies a dimerized solution. On the other hand, when 

X —> 1, *0  —» oo and e0 —> 0, which implies the existence of the solution for two 

infinitely separated solitons.

6. Form ation Energy

In this section we calculate the formation energy of a polaron, a bipo- 

laron, or a soliton pair, which are the lowest excited states of the system for 

the different electronic configurations. The formation energy is defined as the 

energy difference between the system containing a quasiparticle and the ground 

state system (i.e. dimerized state). The calculation is divided into 1hree sections: 

the lattice part, the electronic part of extended states and the electronic part of 

localized states.

The contribution of the lattice part is directly calculated,

L
T

&£iat. =  * f  dx ( A3(.v ) -  Aq2)irk\ F L
“ T

4( Aq +  Ap )
n

X , 2X(Aq +  Aj.Vo
—— +  y ----------------------- .
' k  Y V r (3.72)
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The contribution of the localized states depends on the electron occupa­

tion,

S^ioc. =  (Aq +  A,,) V 1— X2(/i + — ;i_ )  (3*73)

where / i + and /i_  are defined as in Eq. (3.04). When we deal with the 

extended states, we should notice tha t one-half state disappears from the con­

duction band and one-half from the valence band, and as a result the disap­

peared state becomes a localized state. Hence the valence band in the dimerized 

case has two more electrons than it does in the presence of a polaron or a soli­

ton pair (a  bipolaron). Furthermore, the wave vectors of the two cases satisfy 

different relations:

k L  =2 tt7 i  (3.74)

for the dimerized case, whereas

k L  +  2coi-1 =  27771 (3.75)

for polaron, soliton pair, or bipolaron, where cot is (—77, 77]. The contribu-
/V

r i * £
~x"

tion to the formation energy from the extended states is written as

(3.76)ZEg -  L E j  -  [-(A> +  4 )]
k k

where the first two summations have exactly the same items and the last term 

accounts for the extra state in the dimerized case. To compute the first two 

terms, the phase shifts of the wave function solutions must be determined by 

comparing their asymptotic behavior for large .v (i.e. 1*1 £) with the
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solutions in the dimerized state .12 We obtain

k ' L  +  8 i k ') =  27771 =  kL (3.77)

where k '  is the wave number for the state bearing the quasi-particle, and k is 

for the dimerized state. By comparing Eqs. (3.75) and (3.74), we find

8 ( k ‘) = 2cot-1(iL_), —n  < 8 ( A ‘) ^77. The contribution from the first two 

terms of Eq. (3.70) for the extended states is

Z ^ U ’) -  £ * * ( * )  =
* k k  a K  L

4( Ao+Ap)
IT

+  X +  Xln-— —  
2 I Ao+A* I

-I- V ] - X 2cos_ lX (3.78)

Combining Eqs. (3.72), (3.73), (3.76) and Eq. (3.78), the formation energy is 

seen as the sum of its three constituent parts,

BE = 8Eexu + 8 E ]0C. +  SElat.

4(A0+Ae )
IT

X ( l - *  +  In - . .}VA -) +  V 1—X2cos- , X
A I Aq+A^ i

+  a , * * +  + n n+  _  „ _ ) V  i - x 2
v p 4 (3.79)

Two conditions obtained from Eq. (3.79) by setting -0 —AE = 0 and
O^o

- i^ A E  =  0 are 
9

V i-x2 l , , w 1 
r X + TvmTT + T=xTy cos *X +  -^(/i + — /i _) 

4 =  0 (3.80)

and
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±  +  ln
A I Ao+A, I

X
V l - X 2

+  cos lX +  ~ { n + — ;j_) =  0 (3 .81)

From Eqs. (3.80) and (3.81), we again obtain the self consistency condition 

(3.64) and the gap equation (3.65).

Using Eqs. (3.64) and (3.65), Eq. (3.79) for the total excitation energy 

becomes.

AE  =
4( Aq +  Ap )

X( 1 -  y) +  2 y
X( Ao +  Ap ).v0

VZ

+ V 1—X2cos + — ;i_ )V  1— X2
4

=  4( Ao +  Ap) A +  2 y
X(Ao +  Ap ).v o 

Ur
(3.82)

From the above derivation, we see tha t the lattice part of the formation 

energy is reduced by the distortion whereas the electronic part is increased, 

resulting in a positive net energy gain. In the degenerate system where Ap =  0 

and y  =  0, we obtain the formation energy

AE  =  —-Ao
77

for a polaron, and

AE =  - A o
7T (3.84)

for a soliton-antisoliton pair. The formation energy for a polaron or a bipo­

laron in the nearly degenerate system depends on the value of y  determined
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from Hq. (3.64) supplemented by the conditions Eqs. (3.70) and (3.71). The 

relations of the formation energy A E  and the confinement parameter y  is plot­

ted in Fig. 15.

From the above description, we see tha t the polaron creation energy in 

2v/^the degenerate system is -----—A^ which is less than the energy needed to add
7T

one charge to perfectly dimerized system {E  =  A,)), so it is always energetically 

favorable for an electron or a hole to self-trap and form a polaron in this 

quasi-one dimensional system. Adding a second charge to the chain may form a 

second polaron, however, and the two polaron state is unstable. Because the

creation energy of a soliton pair — Aq is less than two polaron energy
IT

4 ■y/T
(2 Ep = ——TLAo), it is energetically favorable to produce a soliton pair instead

of two polarons. Similar situations happen for the optical absorption of a pho­

ton, which leads to dynamical soliton pair generation.

7. Tw o Polaron Solution

In this section, part of two polaron solution is presented; it compared 

later with the results obtained in the Chapter V. The displacement pattern of 

the two-polaron solution is written as 59,65

A(.v ) =  A0 -f(A 0 + Ae ) X,2 - x22
X X

X j c o t h f  -^ -x  — j3 j)  — X 7c o t h ( - i - . t  — £->) 
S £
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where

tanh23 ; =  X} j =  1 ,2  (3.86)

and the energies ej and e2 of the localized slates are related to the parameters

Xj and X2 by

*j =  (Ao +  A j V l  -  X) . (3.87)

The distance between these two polarons is given approximately by

d = ——2___in 
X, +  X,

1 1 1
c  I X , r  +  X f
* In I 1 1 (3.88)

For the infinitely separated polaron pair, the difference X, — X2 is equal 

to zero, corresponding to two independent polarons, each of which admits two 

discrete states. When the polarons approach to each other, the difference 

Xj — X2 appears and the two degenerate discrete states of these two polarons are 

split into four discrete states. The separation can approach zero only when X, is 

equal to zero, which implies that the discrete state e2 is returned to the valence 

band and only two localized states are left inside the gap. This indicates tha t a 

bipolaron (or a soliton pair) is produced to carry the charges of the two 

polarons.

The creation energy of two polarons is

r  _ 4 ( A 0 +  A e ) I 1 j . o a  
h 2 p     z  y) +  2y3 ;

77 j ~ 1.2
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+  V 1 — X j C c o s  lXj  +  - E . ( / j +>J — » _ , ; ) ) (3.89)

which from Eq. (3.82) is always more than the creation energy of a bipolaron 

(or a soliton pair). Thus, it is energetically favorable to form a bipolaron (or a 

soliton pair in the degenerate system) from two polarons. Fig. 14 depicts a pic­

ture for two polarons, where the four localized gap states are located symmetri­

cally around the mid-gap; and the electron configuration of these states plays an 

essential role in determining the properties of the polarons.
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CHAPTER IV 

Photogenerated Exciton-Breather State 

in Trans -Polyacetylene

In this chapter, we perform a dynamical simulation of photogenerated 

excitations in trans-polyacetylene by using the SSH-extcnded Hubbard model. 

We find that depending on the energy gained by the system two possible excited 

states may be photogenerated. If the system energy is higher than a critical 

value, the photogenerated soliton-antisoiiton pairs and are free to separate, leav­

ing behind a central breather mode. If the system energy is lower than the criti­

cal value, the soliton-antisoiiton pairs will bind and form a different central 

oscillation: an exciton-breather. The critical energy is slightly above the soliton 

pair creation energy. These results are then discussed and compared with exper­

iment.

1. In troduction

It is well known42-'1'1,66'67 that the Coulomb interaction plays an impor­

tant role in the formation of the soliton in tra n s -polyacetylene (C H )X. Many 

authors44,45,68,69 have discussed the static effects of electron-electron Coulomb 

interaction in the framework of the SSI I Hamiltonian,8 but the dynamical effects 

have not yet been considered. Recently, Rice and Howard10-16 performed a semi-



phenomenological calculation which suggested that photogenerated solitons will 

bind and form a solitonic exciton. Grabowski, Hone and Schrieffer69 used a 

first-order perturbation treatment to prove the existence of an excitonic bound 

state which has lower potential energy than a well-separated soliton-antisoiiton 

pair, and they concluded tha t oppositely charged soliton-antisoiiton pairs do 

form excitonlike bound states.

Recent experimental findings14,15,13,70 support Ihese conclusions. The 

strong temperature dependence of the photoconductivity and the absorption peak 

observed at ].35cv suggest that the photoexcited electron-hole pairs decay into 

different excited states at different temperatures. The infrared absorption peaks 

at about 500 cm -1 in trans — { C / D x and at 400 c/rc-1 in trans —{CD )x , which 

were previously assigned to the "pinned" translation mode of the soliton by 

comparison with infrared spectra of chemically doped samples, may be more 

appropriately interpreted as vibrational modes around the excitonlike bound 

state.

Many numerical dynamical simulations71,72,73,74 have been performed 

using the pure SSH model to explore the dynamical features of soliton forma­

tion. Perhaps the most interesting of these was done by Bishop, et a l .1A They 

found that the soliton has a maximum velocity on the order speed of the sound. 

Because the kinetic energy has this upper limit, the excess energy of the system 

forms a breather, leaving behind we 11-separated photogenerated solitons. Bishop, 

et al claim this breather to be responsible for the 1.35ev absorption peak. 

However, since there is no essential difference belween photogeneration and dop­

ing in the pure SSH model calculation, and the 1.35cV absorption peak is absent
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in the case of doping, it is necessary to include the effect of electron-electron 

interactions in order to test this claim adequately.

This chapter presents a dynamical simulation of photogeneration in the 

presence of electron-electron interactions in tra n s -polyacetylene. We find that a 

photoinduced electron-hole pair may decay into an exciton-breather state if the 

system energy is less than the creation energy of a well-separated soliton pair 

and greater than that of the excitonic bound state. (The system energy is meas­

ured w ith respect to that of the perfectly dimerized ground state in this paper.) 

It is necessary here 1o draw a clear distinction between this "exciton-breather 

state" and the central breather found by Bishop et a l14. The exciton-breather is 

a symmetric oscillation of the bound soliton pair along the chain about the exci­

ton center. Such a mode is also found in photoexcitecl stales of non-degenerate 

linear chains17. If the system energy is above the threshold for soliton pair 

creation, both the soliton pairs and the central breather mode of ihe separated 

soliton antisoliton pair are produced. The soliton pairs are not free to separate, 

however, unless the system energy is large enough. In the following sections we 

discuss the photogenerated state, the perturbative calculation, the numerical 

technique and the main results.

2. Photogcneratcd Soliton State

The model Hamiltonian employed for our calculation is the standard SSH 

Hamiltonian with the added extended Hubbard terms, presented in Section 2.6. 

Dimcrization owing to Pcierls instability opens a gap in the n  energy band 

structure at the Fermi surface. The number of it  electrons of the system is



equal to tha t of the sites, and all the it  electrons are in the valence band below 

the gap in the ground state. The ground state  is degenerate, and this degeneracy 

is not destroyed by the Coulomb interaction. Thus solitons can still be gen­

erated. After an electron-hole pair is photogenerated, the single electron spec­

trum  is changed by the lattice distortion. The potential energy of the system is 

lowered and a charged soliton-antisoiiton pair is formed. The single electron 

energy spectrum in the presence of soliton pairs has two localized levels that 

have been shifted from the top of the valence band and the bottom of the con­

duction band and now located symmetrically with respect to the gap center. 

The two levels are singly occupied and have opposite spins.

First, we describe the dynamical process of photogeneration of a soliton- 

antisoiiton pair. Upon absorption of a photon w ith energy h =  2Ao, the

system is excited, and an electron is transited from the top of the valence band 

to the bottom of the conduction band. Since the transition time is short com­

pared to the lattice relaxation time, the lattice is assumed to remain in its origi­

nal dimerized state (the Franck - Condon approximation). This excited state 

w ith  an electron-hole pair is unstable against the formation of a soliton- 

antisoiiton pair. It is taken as the iniiial condition in the dynamical simulation.

Two possible soliton-antisoiiton states can be photogenerated; neutral or 

oppositely charged. But according to experiment and theoretical analysis 27'28-75, 

the photogencration of neutral soliton pairs is forbidden in the direct process 

and is almost forbidden in the indirect process w ith a neutral-to-charged 

branching ratio of about the order 10-2. This fact can be understood by the 

resource to inversion symmetry and the Pauli exclusion principle.



Because the valence band plays no essential role, we focus on the gap 

states (bonding state t/r+ and antibonding state iff- w ith energy e+ and 

respectively, e+ <  e_), which are split from the conduction and valence bands 

during the dynamical process. The photogeneration of the gap states is analo­

gous to the photodissociation of molecular hydrogen.

Initially, the system is in its ground state, in which the bonding state ifr+ 

is doubly occupied and the electronic wave function is

^ 0C 1,2) =  \lr+( r j ) 0 +( r 2)Xu  , (4.1)

where

*12 =  ( « i/32 -  <*2j32)/ ^ 2  (4.2)

is the singlet spin function. Upon absorbing a photon of energy = e_ — c+, 

an electron is transited from the i!f+ state to the \lf- state, and an electron-hole 

pair is created. Because the spin-flip time in (CII)* is longer than the soliton 

generation time of 10-13 sec,71 the photo-produced pair is always in the singlet 

state.76 Its wave function is

x/rx ( l , 2 )  = [\lf-(rt )xlr+( r 2) + t / ;+ (r ,)^ -( /‘2)]X12/ V2 , (4.3)

where the spatial part of ifrx ( l ,2 )  is even because X12 is odd and the Pauli prin­

ciple requires ^ ( 1 , 2 )  to be antisymmetric in the exchange of 1 and 2. Assum­

ing that the electrons follow the nuclear motion acliabatically, ^ ( 1 , 2 )  deter­

mines the charges born by solitons as their separation approaches infinity. In 

the limit of large separation,
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t/r±( r )  — [0S(; ) ±<pJ[r)]/ J 2  (4.4)

where d>s( r )  is the bound state localized on the soliton and ) is the bound 

state localized on the antisoliton. Thus,

t M l , 2 )  =  -  ^ f ^ ) ( j ) J i r 2)]Xi2l J 2  , (4.5)

which means that two electrons have an equal possibility either of doubly occu­

pying the bound state localized on the soliton or the bound state localized on 

the antisoliton. Thus the soliton is negatively charged and the antisoliton is 

positively charged in the former case, and vice versa in the latter case. Because 

\}jx does not contain a term like $ s(/‘ it is nol possible for the bound 

states localized on soliton and anlisoliton to be both singly occupied at the same 

time, and therefore photogeneration of a neutral solilon pair is forbidden.

In polyacetylene, oppositely charged soliton-antisoiiton pairs can be 

described using the spin-singlet state,28’69

Vx =  ( ^ +_ +  «_+)/ v/2. (4.6)

with

= \ V > ,  (4.7)

and

IV > = IIc*fc*f !0>- (4.8)

Here c+CT ( c i a ) is the creation operator of an electron w ith  spin a  in a bonding 

(antibonding) localized state  with the energy lower (higher) than the gap center, 

and the operator c / a creates an electron with spin o in the molecular orbital k 

inside the valence band. The valence band is fully  occupied by N - 2 spin-paired



electrons, where N is the number of it  electrons of the system and is even.

Following Ref. 8, we first transform the site electron operators cno. into 

molecular orbital operatorscA(r They have the relation

w ith  k '  summed over the entire electron spectrum. Since the electron distribu­

tions for each spin are the same in this case, the spin degeneracy of the single 

electron energy is maintained. We will drop the spin subscript o below. The 

electron part of the system energy of the excited state %  can be obtained 

directly,

Cn v  o^iir 'er > (4.9)

£ el =  <VX I H e] I %  > = eo +  ec . (4.10)

w ith  the Hartree-Fock part e0 written as

e0 =  1 ( <v+-1 1 V+ - >  +  < * -+  1 i r ' 1 ^ - + >) ■ (4.11)

and the correlation part ec written as

ec = 2.(<V+_l«ril«_+> + <ML+1 H el 1 4f+_» . (4.12)

To write the explicit results in a short form, we define charge density 

parameters and bond parameters at each site as
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D~ = D£+\ a~ \2,

P£ =  -
*

Pn+ =  P£+(an+)*an\ , . (4.14)

P~ =  Pnv+ (a n-)^ „ -+'i .

where k  is summed over the valence band. The Hartree-Fock part and the corre­

lation part of the electron energies can be expressed as

co — (Pn++Pn ) +  c.t +  U Z D n+D ~

+  V Z  (c'n+D~+i +D~Dn++l+Dn+Dn++l +D~Dn~+l

-  I Pn I 2 _  I / V  I 2 (4.15)

ec = U Z I an I 2 I I2 + 2V £(«„ )*an+(an++1 )*an+1. (4.16)

In order to calculate the single electron energy spectrum, we make use of 

the mean field approximation to get the effective one electron Hamiltonian,

n &  =  Zn,tr
P++P~ r_ f  _  \/  n n ^  r

k *n v  2 ^c n + \ raPn .a 4- h.c.

+ z
n ,<r

u Dn++D~
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+ V (ZV+1 + D '+1 + A ,+_, +Dn-  , ) c’rt,Ot’n,o’ (4.17)

To eliminate end effects the periodical boundary conditions are used, 

■Dff+i =  Z5 j±, D o* =  • The matrix form of / /^ ff is Hermitian and tridiago­

nal; it can be diagonalized by a unitary matrix A ,  whose elements u* are 

defined in Eq. (4.9). Because the elements of the matrix 

/i„. „ = < 0 1 c „ '  contain a*, the matrix equation can be iterated to

obtain selfconsistency. In practice, a selfconsistent result can be obtained if by 

assuming the matrix is real and symmetric. This means that the P ^  are real 

and the transformation matrix A  is real orthogonal, which is consistent with 

the original assumptions. We also find that charge conjugation symmetry is not 

broken in this particular case if the Coulomb terms are included, as can be seen 

from Eq. (4.17). If we assume Dn+ = Dn~ =  1/ 2 in the I / eJa , all the diagonal 

elements of h n n become equal. Recalling that the matrix form of H*]ff is real 

symmetric tridiagonal, if {a*} (/i =  is an eigenvector of the matrix,

then {( — l)"a*} (n =  1,.,.,/V) should be another eigenvector of the same 

matrix. This immediately implies tha t  an+ — ( —l ) na„_ = tz n°,

Pn++Pn~
Dn+ =  Dn = 1 / 2 ,  and n n =  P£, from which selfconsistency is obtained.

The constant charge density is a result of Eq. (4.6), where the soliton (antisoli­

ton) has an equal probability of being positively (negatively) charged or nega­

tively (positively) charged. The above analysis allows us to simplify our com­

putation procedure. Moreover, because the equal constant elements of h n n have 

no effect on the calculation except to shift the energy scale, we can drop all the 

constant terms and set all the hn „ =  0 in the computation.



Using all the simplifications in the analysis above, Eqs. (4.15), (4.16) and 

(4.17) become

-  2V Z  l ^ l 2 +  I ci„° 121 + , . v u  0 1 2 (4.18)n

(4.19)
n n

and

(4.20)

3. Perturbation Results

There are no exact solutions for Eqs. (4.18) and (4.19) in the presence of 

the Coulomb interaction, but we can make use of the analytical solution of the 

TLM model shown in Eq. (3.52), and treat the extended Hubbard terms as per­

turbation terms. This is justifiable when U  and V  are small compared with the 

bandwidth 410, which is the case in polyacetylene. The results given in section 

2.4 can be applied straightforwardly here if we set A*, — 0, which implies 

y  =  0 , except that in the presence of the Coulomb interaction, we have two 

independent parameters Ag and Ao whereas in the absence of the Coulomb 

interaction there is but a single parameter Ay. The gap parameter Ag represents 

half of the Peierls gap and the dimerization parameter Aq is related to « 0, the 

magnitude of the uniform dimerization, through the relation Ao =  4tvu0. The
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V>coherence length f  is related to the gap parameter through £ = ------

To proceed, we transform Eqs. (4.18) and (4.19) to continuum form by 

using the relations

a*3n = (-1)" VJ/*(a )

^ 2 n +1 = ( — !)"< J o  /'- (a ) (4.21)

which are easily obtained from Eqs. (3.3) and (3.18). Thus, if

c =  c0 +  cc (4.22)

then

c0 =  / J - v I  ( / * L x ) \ t --iVf -SLt 1 +  A (x )r , 
'  9-v

f k (a- ) +  - L -  f  A2(.v )Ja
\7T\ -  J

i-L ’u l I / + ( a ) I 4 +  1 f °  (a- ) 14] -  2Va I f 2  (a ) I 21 f l  (a ) I 2 . (4.24)

In the dimerized case, the energy calculated from Eqs. (4.21), (4.22) and (4.23)

is

=  ¥ T r [ - W V  ' V’2+A‘! +  ^

+ ir4 f -v i>A
W

(4.25)

1 /  IJ
where the dimensionless Coulomb strength v =  ____, and u — — (definitions

irtQ irt o
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tha t will be used later).

The parameters Aq and Ag are determined from the equations =  0

and ==  0, which give

A,, =  XAg l n _ (4.2b)

and

l n - 5 1 =  1Ag k + v
(4.27)

The creation energy of the photogenerated soliton pair state is obtained 

through a procedure similar to that described in Section 3.5,

c(X) =  e0{X) +  ec(£) (4.28)

€q(^) —
4Aq

IT
X + yf  1—X2cos ’X — 4- (cos 1X)2)(tanh *X—X)lJ—

X2

(4.20)

.(X) = 4Aq

TT
— v - ^ ( t a n h ~ 1X — X)J— JO- 

24 4 x5 (4.30)

Eq. (4.27) has a minimum value related to the coulomb interaction strengths U 

and V . For instance, X =  0.0184 when U =  4.0 cV and V =  1.5 cV.  For

values of X other than 1, the soliton separation 2 x 0 — JLtanh~1X (see Eq.

(3.53)) is finite. Thus, the existence of a minimum energy value suggests that 

the soliton pair is bounded and forms an "excitonic" state.



83 -

4. Numerical Technique

The equation of motion is integrated within the adiabatic (Born- 

Oppenheimer) approximation. According to Monte Carlo simulations and quan­

tum fluctuation studies of polyacety lene, this approximation is justified if the 

Coulomb interaction strength U is less than 2 /0.77’78 This is reasonable because 

the ion mass is much greater than the electron mass and the Peierls gap is less 

than the typical optical phonon energy.34

For convenience we define rin , the staggered displacement order parame­

ter, in terms of the real displacement un such that

The major numerical problem is the calculation of the electron force term 

F£l. We use the matrix form to illustrate our method. Suppose H is a real sym ­

metric matrix, whose elements are functions of r>n and a*, which are the ele­

ments of the transformation matrix A .  If A  is real orthogonal, and A is the 

diagonalizcd matrix, w ith  elements k k , we have

(4.31)

The equation of motion reads

Mr}n =  -A '(2 r )n H-nn+1+ n r!-.1) +  F£l, (4.32)

with

F *  =  I H el 1 %  >.
9 ^

(4.33)

A =  A ' H A , (4.34)

w ith
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A ' A  =  A A '  =  1, (4.35)

and A ’ is the transpose matrix of A .  Differentiating both sides of Eq. (4.34) 

w ith  respect to r)n , we have

_9A = A ' J ^ L a  + G , (4.36)

where the elements of G have the following form

S k .p  =  (4.37)
s

Using Eqs. (4.16) and (4.35) and noticing that the off-diagonal terms of 0A
dVn

and the diagonal terms of G arc all equal to zero, we derive the following

a ^ ’expression for
0 Vr,

- V « , .  (4.38,
d^lm i 0r))?j Ô lm

with

An./ =  z ( a f o f + i  +a£aP+l )-■ !_■ ( u ,V +i + ^ V + i ). (4.39)
k , p  K p

where the A'-sum is over all the occupied states and the p-sum  is over all the 

unoccupied states. From Eq. (4.39), it is clear that the K n j  are symmetric 

about n and I and only depend on the eigenvalues and the eigenvectors obtained 

from Eq. (4.17). Hence we need only calculate them once for each time interval 

before solving for the derivative. Then the derivatives of P„ with respect to 

different T)m can be obtained through a simple iteration method or by solving a 

system of linear equations. We should point out that the formulations of Eq.



(4.38) are similar to the formulas from first order perturbation theory, except

The use of Eq. (4.38) greatly reduces the necessary CPU time and makes the 

present simulation possible.

As pointed by Kivelson, ct ul ,'15 the Hamiltonian in Eq. (2.59) is 

unstable with respect to a shrinking of the chain length in the presence of soli­

ton pairs. We add an extra term in addition to the usual linear term71 to avoid 

length shrinking:

where the parameter A  is determined by minimizing the energy with respect 1o 

the lattice constant in the perfectly dimerized ground state, and the parameter S  

is chosen to be 0.1 here. Adding this extra S  term is equivalent to attaching a 

spring to each end of the chain. These terms do not affect the lattice distortion 

patterns in the calculation.

5. Num erical Results

We first s tudy the potential energy in the presence of a soliton pair. In 

the continuum model12 there is a solution for the lattice displacement patterns 

corresponding to a soliton-antisoiiton pair which can be used approximately

that the expressions here for ___—
0̂ 1 m

are exact.  -----  can be calculated similarly.
0^m

H ' — A  2^(wn ~ un+l) + SCuj — u0)2+5(uv+u0)2 , (4.40)n

t)(a‘) = w0(l+X{lanMTr(.v—a‘0)]—tanh[-̂ -(.v+.v0)]|) (4.41)

where ( to  repeat)
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£o — —A°— . tanh(2-^-x0) =  X , (4.42)
“o s

& is the coherence length; a is the lattice constant; Ay is the gap parameter for 

the perfectly dimerized chain; u 0 is the magnitude of the uniform dimerization; 

2 x 0 is the soliton-antisoiiton separation.

In Fig. 10, the potential energy is plotted against the separation, 2.v(), of 

the soliton-antisoiiton pair, The curve can be fitted approximately by the func-

c dtion VXx-q) =  —— + — T. As in classical mechanics, lattice relaxation after pho- 
-v<> *o"

toexcitation depends on the total energy gain. If the total energy is below the 

height of the potential well, the excitation will be locally trapped. Our slauda­

tion is performed for different total system energies.

The basic excitation in each simulation was the transfer of an electron 

from the top of the valence band to the bottom of the conduction band, with 

an energy difference of 2Aq. (Owing to the Coulomb interaction, the total 

energy gain is actually smaller than 2Ao» For example, E, =  IdJGTAo. when 

U =  4.0ev, and V =  1.5ev). Two methods can be used to consider lowering
4

total system energies. We can set all the velocities to zero after several time 

intervals, or, we can begin not with the perfectly dimerized case, but other lat­

tice configuration by means of Eq. (4.41). The first method may be interpreted 

as the emission of phonons during the relaxation process, and the latter can be 

related to the instanton approach,79 wherein the lattice fluctuates owing to 

quantum effects before it absorbs a photon whose energy is less than 2Ao. The 

two methods are equivalent in the numerical calculation.
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The simulations have been performed for different sets of U and V  in a

chain of 40 atoms. We focus on a typical situation, U =  4.0c’V ( V =  1.5ev.

The other parameters used here are t 0 =  2.5cV’ , a  =  4.82oV/ A, u 0 =  0.1 A, and 

A' =  18.17eV/ A2. The calculated gap parameter Aq =  2.52eV, which is 

enlarged by the V  term. The creation energy of a well separated soliton- 

antisoliton pair is about 1.42Aq, and the creation energy of an excitonic bound 

state is about 1.37Aq. For these parameters the dynamical simulations were per­

formed under the following sets of system energies: (a) E[ — 1.%3AU( initialized 

from the dimerized state), (b) Et =  1.7693Ao, tc) Ej = 1.5311 Aq, (d) 

Et =  1.4526Ao, Ce) E, =  1.4458Ao, (f) E, =  1.4389Ao, (g) E, =  1.4325Ao, (h) 

Et =  1.4265Ao, (i) Ef =  1.4210A,,, ( j) E, =  1 .4 1 5 7 ^  and (k) E, =  1.41 IOAq.

Because the dynamics are very sensitive to the system energy, it is neces­

sary to ensure tha t this energy is conserved precisely during the calculation. We 

use milne's multistep method80 to integrate the equation of motion so that the 

calculated system energy fluctuates within 10-4 Aq ( i.e., the relative error of 

the energy is less than 10~6 ). The time evolution of the system potential

energy has different features in each case, (see Fig. 17 and Fig. 18 ). Fig. 17 has

two curves representing case (a) and case (b). The ordinate represents the 

potential energy and ranges from 1.3Ao to 2.0Ao for each interval. Fig. 18 has 

nine curves corresponding to case (c) through case (k) from the top to the bot­

tom respectively. The system energy for each case is stepped down from the 

top to the bottom. Each interval of the ordinate is scaled from 1.35Ao to 

1.45Ao, except for case (c), which is scaled from 1.35Aq 1o 1.55Ao.



We first consider the lower energy curves (i), (j), and (k). The system 

energies of these three cases are near or lower than the soliton pair energy. 

They clearly exhibit a periodic breather behavior. To see this in detail, we 

display the time evolution in (j) for a typical cycle of the optical components of 

the staggered displacement order parameters,74 which arc defined as

( 2r)„ + T )n +i+T)„_i) , 
y„ =  -------------- -------------  (see Fig. 19 and Fig. 20). In Fig. 19, the exciton-

breather expands from time T  =  116, through T  = 125 and T  =  137 to 

T  =  144 (in units of I .2 5 x l0 _15sec), while the system potential energy goes 

from a local maximum through a local minimum, another local maximum, and 

then to a shallow local minimum. In Fig. 20, the breather shrinks from 

T  =  144 to T — 170, while the system potential energy goes through a similar 

sequence. The periodicity is about 53 for case (k), about 54 for case (j), and 

about 55 for case (i), corresponding to fita ^ 5 0 0  cm -1, in agreement with the 

observed 500 cm -1 mode in the infrared.15 (When U =  4.0 ev, V  =3.0 cv, the 

average periodicity is about 49). It is also interesting to note from Figs. 19 and 

20 that there exists a small central breather feature around the local minimum 

energy configuration ( T  =  144).

For cases (c) and (d) in Fig. 17, the time evolution of the potential 

energy of these two curves has different features than it does for curves (i), (j), 

and (k) in Fig. 18. There is no exciton-breather feature in this energy region. 

Rather, a separated soliton-antisoliton pair forms and a central breather appears 

between the soliton-antisoliton pair. Diagrams of the process at different times 

for (c) and (d) are plotted in Figs. 21 and 22respcctivcly. The three curves in
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Fig. 21 represent the lattice configurations at T  =  209, T  =  216 and T  =  223 

with the potential energy reaching a local minimum at T — 216. The soliton- 

antisoliton is quite static; in a period of nearly 200 time steps the pair remains 

in the same positions, and only the central breather between them oscillates. 

Fig. 22 corresponds case (c), which has higher system energy than that of case 

(d). We can see from the figure that the soliton-antisoliton pair now has large 

separation, tough it is still confined, and has a large scale vibration along the 

chain w ith  a much longer period than that of the central breather. The 

confinement is partially due to the Coulomb attraction and is partially due to 

the the central breather’s consumption of excess energy, which would otherwise 

appear as kinetic energy in the solitons.

The salient difference between the low energy (Figs. 19 and 20) and high 

energy (Figs. 21 and 22) cases is that the former depicts an exciton oscillating 

about the center of the chain whereas the latter depicts a fully formed soliton 

pair w ith  an oscillating breather state superimposed upon them. It is clear that 

in the low energy cases, the oscillation is in the width of the distortion but in 

the high energy cases the separation of the solitons may either remain fairly 

constant (Fig. 20) or may increase (Fig. 21). And the oscillation occurs only the 

central atoms of the chain.

In Figs. 23 and 24, the time evolutions of the single electron spectra of 

cases (j) and (d) are compared by plotting the top three levels below the gap 

center. In Fig. 29, the top state of case (d) becomes a mid-gap state because the 

appearance of the soliton-antisoliton pairs. The next state in the valence band is 

shifted into the gap and oscillates with the same frequency as the central



breather. In Fig. 23, the top state for case (j) oscillates near the gap center with 

the same frequency as the exciton-breather. From the above descriptions, we can 

conclude that the two types of breathers have different origins. It is also 

interesting to note that the next stale in the valence band for case (j) oscillates 

near the gap edge, but has a higher frequency than that of the exciton-breather.

Higher system energies are encountered in cases (a) and (b), (see Fig. 17). 

Here the soliton-antisoliton pairs are no longer confined, but are free to separate, 

leaving behind a central-breather oscillation. The breather amplitude and the 

soliton velocity in case (a) are larger than those in case (b). In Fig. 17, the 

energy oscillations become weak at times near T  =  160 in (a) and at times near 

T  =  220 in (b) because of the collisions of the soliton pairs. This also implies 

that the soliton velocity is higher in (a) than in (b).

Cases (e), (f), (g) and (h) are in a transition region with a mixture of the 

properties of cases (d) and (j). The vibration of the exciton-breather slows and a 

central breather begins appear as the system energy becomes large. These cases 

will not be described here in detail.

6. S u m m ary  and  Discussion

In summary, there are three major regions of different dynamical 

behavior in tra n s-polyacetylene, depending on the total system energy. An 

exciton-breather appears if the system energy is between the soliton pair crea­

tion energy and the low-energy exciton state. As the system energy increases, it 

is energetically favorable for the exciton-breather to dissociate into a soliton- 

antisoliton pair. In this energy region the soliton-antisoliton pair forms, but it
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is confined. It oscillates along the chain w ith  a large periodicity, and a central 

breather mode appears between the soliton and antisoliton. A t higher system 

energies, the soliton-antisoliton pair starts  to separate, but the central breather 

still exists. Because this last feature is also found in the pure SSH model simu­

lation,74 the main effect of including the Coulomb interaction in the analysis is 

to introduce the possibility of photogenerating an exciton-breather state.

It is w orthw hile to point out that a sim ilar result of finding it energeti­

cally possible to split the breather into a soliton-antisoliton pair has also been 

obtained in the driven sine-Gordon system by Lomdahl ct al. 76 They concluded 

th a t large driving forces cause the breather to sp lit into a kink-antikink pair 

whereas small driving forces cause the breather to go into a stationary mode. 

This sim ilarity  gives reason to believe th a t the exciton-breather state is an 

essential excitation in the SSH-extended Hubbard model, and one would be able 

to obtain an explicit expression of the thresholds for the three regions described 

above if an analytical solution for the exciton-breather is available.

The agreement between the calculated exciton-breather vibration fre­

quency and the observed infrared activity  "pinning” mode at 500 cm ~l in 

t rans -polyacetylene is one of the principle results of this paper. Moreover, the 

weak dependence of the exciton-breather frequency on the system  energy sug­

gests that the interpretation w ill survive the quantization of the exciton- 

breather energy. The dissociation tem perature of the exciton into oppositely 

charged soliton-antisoliton pairs has been estim ated to be 120A'” by calculating 

the exciton binding energy.b9 We are unable to estim ate this tem perature from 

our dynamical sim ulations but we believe that the dissociation tem perature can



be obtained through quantization of the breather energy. The tem perature 

dependency of the 500 c/n-1 infrared mode and photoconductivity are further 

evidence of the existence of the exciton-breather. The overall neutral exciton- 

breather is not able to produce photoconductivity, but it is the cause of the 

"pinning" mode, which is why the 500 c/n-1 mode and photoconductivity can’t 

"coexist" at the same tem perature (see Fig. 2 of Ref. 13).

The strong tem perature-dependent absorption peak (high-energy peak) at 

~  1.35eV in the photoexcitation49-81 has been a puzzle for long time. Because 

the exciton-breather dissociates at high tem perature and also because both the 

second top level in the valence band and the second bottom  level in the conduc­

tion band shift into the gap and oscillate (see Fig. 23), a natural interpretation 

w ould be to a ttribu te  this peak to the electronic transition  between these two 

states. This peak has also been interpreted as the electronic transition between 

the corresponding states in the presence of the central brealhcr74 (sec Fig. 24). 

A possible solution is some sort of combination of the tw o interpretations. 

Examining experiment 49-81, and noticing that the average energy difference 

between two gap edge states in the exciton-breather case is about 1.82Ao, which 

is sm aller than that for the central breather case (about ].88Ao); that the decay 

time of the exciton breather is expected to be short; and that the exciton- 

breather is strongly tem perature dependent; we conclude th a t the exciton- 

breather plays a major role for the high-energy peak at low tem peratures and at 

short tim e intervals whereas the central breather is responsible for the bleaching 

peak, at high tem peratures and at long tim e intervals.



CHAPTER V 

Bipolaron Dynamics in Nearly Degenerate 

Quasi One-Dimensional Polymers

In this chapter, we study  a nondegenerate conjugated polymer by means 

of a modified SSH-type model Hamiltonian. A nalytical solutions for the ground 

state  were presented in Chapter II. Dynamic equations are solved numerically. 

We present solutions representing a bipolaron oscillating between tw o stages (a 

k ink-antikink pair and a bound polaron pair). We show that the creation of 

such a bipolaron can be energetically favorable in the case of either doping or 

photoexcitation. Our results compare well w ith the experimental photolumines­

cence spectrum of c i s —( C H ) x .

1. Introduction

The tw o-fold degeneracy of the ground s ta te 8,82 of t rans—(C H ) X 

(polyacelylene) is responsible for sym m etry breaking in the system and leads to 

the form ation of soliton-like excitations. The elegant SSI1 Hamiltonian success­

fu lly  interpreted the magnetic, optical, and electronic properties of pristine and 

lightly doped trans —polyacetylene. Because ground sta te  degeneracy is not a 

general property of quasi one dimensional conducting polymers, however, 

theoretical and experimental studies of the large class of nondegenerate
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conjugated polymers are necessary and interesting. An im portant subclass of 

these are polymers having nearly degenerate ground state  structure. Some exam­

ples are c i s —(.CH)x , polypyrrole, poly(paraphcnylene), and poly(thiophene). It 

has been recognized83 tha t despite the lack of solitons in non-degenerate systems, 

the ideas underlying the SS11 model can be readily generalized to cases of near 

degeneracy. When such a system is photocxcited, oxidized, or reduced, the crea­

tion of a kink-antikink-like pair, or bipolarons, can be energetically favorable. 

In such systems, a kink-anlikink pair may be "confined", if exlra energy is 

required to separate them .30 A "confined" kink-like excitation may be charged, 

but has zero spin. This is consistent w ith  the magnetic susceptibility measure­

m ents51,52 in doped poiyparaphenylene and polypyrrole.

We use the slightly modified SSM-lype model Hamiltonian of Eq. (2.61) 

to investigate Ihe nearly degenerate ground state case, and to calculate the 

dynamics of this model. The motivation of our investigation is to explore the 

nature of bipolarons, and to explain some experimental data related to them. 

Since the bipolarons have a higher energy configuration than the ground state, it 

was expected tha t the pairs would quickly recombine. Quick recombination, 

however, seems inconsistent w ith  some experimental evidence from the time- 

resolved absorption spectra measurements.8'1 Our numerical dynamic simulation 

shows th a t instead of a static bipolaron the nearly degenerate one-dimensional 

system has a relatively stable oscillating bipolaron solution. The bipolaron 

oscillates back and forth  stably between a kink-anlikink like pair stage (stage I) 

and a bound polaron pair stage (stage II). The localized electronic energy level 

associated w ith  the bipolaron oscillates in a sim ilar way and has the same time



period as the bipolaron.

The creation energy of an oscillating bipolaron is about 1.8 times the gap 

param eter A, from our numerical simulations, which is lower than the creation 

energies of an electron-hole pair or a free polaron pair. Therefore the creation of 

the bipolaron is energetically favored in the case of cither doping or photoexcita­

tion. This is in good agreement w ith the excitation spectrum of the photo- 

lurninescence peak in c i s —( C H ) x .lh The luminescence excitation has a threshold 

at 2.05cV7, which is the energy gap of c is—( C H ) x . and the luminescence peak 

occurs at 1.9i,V'r (about 1.85A) and is independent of the excitation frequencies. 

Our interpretation of this data is that an oscillating bipolaron is pholoexcited 

before luminescence occurs, and luminescence then takes place from the bipo­

laron state. The Stokes sh ift of 0 .15A is thus regarded as the energy dilTcrcncc 

between a free electron-hole pair and an oscillating bipolaron. This mechanism 

also explains the independence of the luminescence intensity and the peak energy 

on the excitation frequency. Because the relative motion of the internal degrees 

of freedom w ill not effect the translational invariance of the bipolaron as a 

whole, we also expect th a t this oscillating bipolaron is responsible for the con­

ductiv ity  found in some nondegcnerate polymers.52

2. Numerical Results

There have been m any numerical calculations done in the framework of 

the mean field approxim ation.71,72,74 The numerical technique used here is simi­

lar, but, as in the last chapter, the code is w ritten w ith the methods developed 

by milnc,80 so tha t the total system energy is conserved during integration of



the differential equations. We present here the results of our calculation on a 

40 atom chain w ith the periodic boundary condition w ithin the Born- 

Oppenheimer approxim ation. The parameters are A' — 1 8 .2 ^ /  A2,

O'0=4.82(,V I A, t 0 = 2.5cV ,A t = 0.08el/ , A a  = 0.2cV I A; Using these values, 

the soliton w idth £0 Sss2.7cj and the energy gap Eg = 2 A ***4cV\ The energy 

difference per C H  group between the tw o configurations is A E 0 =  0.05A from 

the calculation. A stable oscillating bipolaron solution was found within the 

sim ulation time period.

The calculation is for a doped system. Two electrons are placed at the 

bottom of the conduction band in the ground state  (lower energy configuration), 

adding a total energy 2A to the system. The whole calculation runs over 1000 

time steps of 1 .2 5 x l0 -15sec. A fter about 300 time steps ( % 3.75xlO -I3sec ), 

the bipolaron oscillation stabilizes. Fig. 25 uses the staggered displacement 

parameter (x[f„ = {  — l ) n un l u 0) at the midpoint of the chain (rif20 in our case) 

as a characteristic parameter to describe the time dependency of the bipolaron. 

We find th a t t//2o oscillates w ith  a period of about 40 time steps (Q .5x l0-13sec, 

of the same order as the reciprocal of an optical phonon frequency). When $ 20 

reaches its local minimum value, the bipolaron is in a stage (stage I), 

corresponding to a kink-antikink pair, and when \l>20 goes to its local maximum, 

the system  is in a stage (stage II), corresponding to a bound polaron pair. To 

more closely examine the oscillating bipolaron, the time evolution of the stag­

gered order parameters and charge densities of the system during a typical cycle 

is plo tted  in Fig. 26. The bipolaron goes from stage 1, to stage 11, and back to 

stage 1. W hile at the corresponding times the charge densities o f the system at
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the corresponding times display a related oscillation. This represents a charge 

density, localized at any given time, but redistributed itself on an oscillating 

m anner along the chain. One can picture the bipolaron as being composed of
t

tw o bound polarons, vibrating around the bipolaron center. Stage 1, a kink- 

antikink pair, is simply the combination of tw o such polarons. Fig. 27 show 

the topm ost four single electronic energy levels below the mid-gap as functions 

of tim e (compare w ith Fig. 3 in Ref. 74). The top one, e20, which is associated 

w ith  the bipolaron, oscillates inside the gap w ith the same frequency. The next 

level, e19, is also shifted into the gap and exhibits large-scale oscillation.

When Fig. 27 is compared w ith  Fig. 11 and Fig. 14, a clear picture 

emerges. A fter a bipolaron is formed, the top level, e20, reaches its maximum 

position, while the next level, c19, returns to the valence band (see Fig. 11). 

A fter tha t, e19 is split into the gap, and there are four localized gap states, that 

is a tw o-polaron configuration (see Fig. 14). Finally, as the two polaron 

separate, the tw o localized levels e20 and e19 join together and become nearly 

degenerate.

It is interesting to note that, from Fig. 25, at time steps about 330 and 

490 the am plitude x[f2o has a sm aller value, corresponding to a greater bipolaron 

w idth, while at time steps about 410 and 570 i/;20 has a larger value

corresponding to a narrow er bipolaron w idth. This implies the bipolaron’s 

w idth  is modulating in a time period for times the period of the bipolaron’s 

vibration.



3. Discussion

The picture described in the last section is well understood from the 

analytical results obtained in Chapter III. In section 3.7, we concluded that 

because the creation energy of two polarons (Eq. (3 .89)) is always less than 

th a t of a bipolaron (Eq. (3.79)), it is energetically favorable to form a bipolaron 

from two polarons. However, after a bipolaron configuration is reached, the 

potential energy difference between the tw o configurations (tw o polarons and 

one bipolaron) is converted to kinetic energy. This am ount o f kinetic energy 

cannot disappear. Instead, the system  oscillates between the lower energy 

configuration (a  bipolaron) and the higher energy configuration (tw o polarons).

This entire calculation has, of course, been performed within the frame­

w ork of the Born-Oppenheimer approximation. W ithin this framework and tak­

ing into account charge conjugation sym m etry the calculation should apply 

equally well to the photogeneration of an electron-hole pair. In both cases the 

presum ption is th a t the electronic states are sufficiently stable to make the 

approxim ation physically meaningful, and hence the above results (except for 

charge density) can be taken to apply equally to the case of photoexcitation.

The energy required to create a bipolaron has been suggested to be64 

•̂bip. =  2£^+;t A E 0, where Es is the creation energy for a single soliton (analo­

gous to the degenerate case), and n is the num ber of sites separating tw o kinks 

(defined as the bipolaron w idth). This form ula is fitted very well in our model 

by using a trial function for a kink-anlikink pair. We found 2Es ^  At> (com­

pared w ith 2 Es — 4 A q I  i t  in the degenerate case) and A £ 0 85 0.05 A for the
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parameters given above. Our dynamical calculation gives £ bip *** 1.8A and 

n ^ 7 ,  in fair agreement w ith  this expression.

As a final remark, our discussion is limited to the mean field approxima­

tion, where the quantum  fluctuations have been neglected. Furthermore, we 

have not taken into account the Coulomb interaction, which can be an important 

factor. We are at present considering the effect of the Coulomb interaction on 

the bipolaron.
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CHAPTER VI 

Conclusion and Discussion

We have studied the dynamical evolutions of both degenerate and nearly 

degenerate quasi-one-dimensional system s. In degenerate system s, such as trans - 

polyacetylene, we examined the Coulomb effects on the dynam ical evolution of a 

soliton-antisoliton pair. In nearly degenerate system s, such as c i s -polyacetylene 

and polythiophene, we modified the SSH model to lift the degeneracy and s tu ­

died bipolaron dynamics.

Because the electron-electron Coulomb interaction docs not lift the degen­

eracy in t rans -polyacetylene, the condition to have a soliton excitation is still 

valid. The electron-electron Coulomb interaction produces an attractive force 

between two oppositely charged photoproduced, solitons, whereas the lattice dis­

tortion due to electron-phonon interaction produces a short-range repulsive force 

between these two solitons. The overall effect is to form a potential well as 

shown in Fig. 16. If the system  energy level is right at the bottom of this 

polenlial well, th e 1 soliton-antisoliton pair is bounded and forms a static "exci- 

tonic" complex w ith an overall charge of zero. If the system has greater energy, 

an oscillating motion is produced inside the potential well. The soliton and 

antisoliton oscillate around the exciton cenler, moving in opposite directions 

along the chain and forming an exciton-breather mode. However, this oscillation
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feature disappears when the system has energy beyond the height of the poten­

tial well, and the soliton pair is free to separate.

One of the soliton model’s main experimental supports has been the 

observation of infrared activity modes. Three major infrared lines have been 

observed in trans 900, 1260, and 1370 c /n "1 for doping induced

absorption,85,86 and 500, 1260, and 1370 cm -1 for photoinduced absorp­

tion .13'15-87

Because the TLM model is translationally  invariant, and the soliton 

breaks the translational sym m etry, it should produce a zero-frequency phonon 

mode, the Goldstone mode. The remaining localized phonon in the presence of a 

soliton can be calculated by using the "am plitude mode" formalism developed 

by Horovitz32 and others88,89.

In the doping case, in which there is a im purity potential, the soliton 

translation mode becomes pinned and this mode is shifted to a finite frequency. 

Thus, the 900 cm -1 mode in the doping case is interpreted as a pinning Gold- 

stone mode32. However, the situation is different in photoinduced absorption, 

for which there is no im purity  present. In comparison w ith the infrared spectra 

of chemically doped samples, we find that the second and th ird  mode have the 

same peak positions in- both cases but the first one is shifted from 900 c/n-1 to 

500 c /n -1. This implies that the 500 c/n-1 mode is essentially a "pinning" 

Goldstone mode, but the pinning mechanism is different from that in the doping 

case. From the calculation dem onstrated in Chapter IV, this mode is interpreted 

as an exciton-breather mode.
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The tem perature dependence 15 of the 500 c/n-1 mode and photoconduc­

tiv ity  also supports our interpretation. The 500 c/n-1 photoinduced signal is 

strong at low temperature, fails slightly up to about 150 A', and then decreases 

abrup tly  until it is essentially unobservable around 250 A \ In contrast, the 

photoconductive gain falls w ith decreasing tem perature until it becomes very 

sm all below 200 A . These results suggest tha t at low temperature, the photo­

generated soliton pair is bound into an exciton-breather, which is overall neutral 

and is unable to give photoconductivity, but is the origin of 500 cm -1 infrared 

mode. However, as the tem perature increases, the exciton-breather dissociates 

and the bounded soliton pair is released to become free charge carriers, therefore, 

to contribute to photoconductivity.

The oscillation between a bipolaron and tw o polarons in nearly degen­

erate systems as explained in Chapter V can be also interpreted as a bipolaron 

plus a breather mode. Although the oscillation is the same as tha t in the degen­

erate case described above, the origins are different. In the degenerate system, 

the soliton pair is bounded by the electron-electron interaction whereas in the 

nearly degenerate system the soliton pair is confined by the higher energy 

configuration. If the Hubbard terms are added to  the calculation of photogen­

erated bipolaron dynamics, we expect that a t low tem peratures photoexcitation 

of such a system  should produce an exciton plus a breather mode, whereas at 

high temperature, the product should be a bipolaron plus a breather mode.

The numerical simulations performed in this thesis are essentially based 

on a simple model. Many ingredients are missing from this model, and up to
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now some interpretations of experimental data are still in question and must be

considered further. In the following paragraphs, we list those missing factors

which might have profound effects.
«

The dynamics of the lattice is treated in the classical approximation, and 

quantum  effects of phonons have been neglected. Substantial lattice quantum 

fluctuations may complicate the description of the perfectly dimerized state and 

affect the calculated physical quantities of solitons as well. For instance, the 

quantum  correction to the soliton creation energy has been calculated90 to be

BES — —-i-Ey, which is not a negligible am ount.

The interchain coupling is also of importance and has not been taken into 

account in this model. Although the interchain bandw idth (W , '"'O.leV )91 is 

sm all compared to the v  bandw idth (\V0 ~  10eV), the three-dimensional effects 

may modify predictions based on the simple SSH model. A '-ray scattering exper­

iment suggest th a t the dimerization pattern exhibits three-dimensional order92. 

The interchain interaction arises from tw o factors, the interchain w-electron 

transfer and the electrostatic interaction between chains. It has been shown that 

an antiferrom agnetic order between neighboring chains is favored and leads to 

soliton confinement.93,94,95 Furthermore, soliton-antisoliton pair hopping between 

chains could play a role in the conduction process when the concentration of 

solitons is sm all.96

Because the electron-electron Coulomb interaction is essentially long-range 

and three-dimensional, the use of short range Hubbard term s is justified for 

(C H )X, in which the Coulomb interaction is effectively screened97,98. Actually
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most quantita tive  effects produced by the Coulomb interaction can be absorbed 

into the non-interacting SSH model by redefining the effective parameter, so that 

only the qualitative effects of the interaction need be studied extensively. The 

effective interaction strengths U and V are very difficult to estimate from first 

principles, and can only be deduced from experim ent49,67, which suggests 

U = 3 ~ 4 e V . In this range, the electron-electron interactions in (C H )j are 

"weak", and the perturbation theory and Hartree-Fock approximation are valid. 

Thus, we conclude th a t our numerical results are qualitatively  reliable. Recently 

a more general model has been proposed th a t combines the SSH and Solyom " 

models and uses six independent parameters to describe interactions. This model 

requires fu rther study.

It is w orthw hile to point out that, despite success of the SSH model, 

there still exists some discrepancy between theory and experiment in explaining 

the two main peaks observed in the photoinduced optical absorption measure­

ment, i.e. the low energy peak tia>L =  0.5eV and the high energy peak 

fta3H =  I.4eV . Satisfactory explanations are needed not only for the peak posi­

tions, but also the time resolved studies and the tem perature dependence 

behaviors of the peaks as well. These peaks could be caused by the electronic 

transitions between different excitation states, such as a negative soliton going to 

a neutral soliton plus an electron, or a neutral soliton going to a positive soliton 

plus an electron.98

In addition, the band structure derived from the SSH model is far from 

"realistic". Developing such a theory requires fu rther knowledge of the sample 

structures and more advanced experimental techniques. For instance, physical
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parameters (e.g., the electron-phonon coupling constant, « ) entered into the 

model should be determined more directly from experiment measurements. It is 

also necessary to determine w hether polyacetylene has a planar structure or a 

helical structure .100

As a final remark, conducting polymers represents a new class of elec­

tronic materials that offer exciting opportunities to both theorists and experi­

mentalists in condensed m atter physics.101 Studies of polyacetylene and other 

polyenes have developed new concepts in the theory of quasi-one-dimensional 

systems, and dem onstrated the importance of the coupling between electron exci­

tation and lattice conform ation in one-dimensional polymers, which renders the 

excitations non-linear. The generalization of these concepts to a broad class of 

conjugated structures is of special interest.
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Figure Captions

FIG. 1. Representation of one electron density of states in ground state 
configuration of f/an s-(C H )x . The band structures are symmetric about 
the gap center which is set to be zero point in energy measurement. All 
the negative energy states are occupied whereas all the positive energy 
states are unoccupied.

FIG. 2. Structural formulas of perfectly dimerized tran.s-(C H )X for the two 
degenerate ground states, A-phase and B-phase. un is lattice displacement 
from undimerized place of n - th  CH group, the double lines represent 

' short bonds whereas the single lines represent long bonds.

FIG. 3. The two different configurations of c is-tC H )* , cis-transoid 
configuration has lower energy than th a t in trans-cisoid configuration. 
There are tw o types of bonds, the type-1 bonds make an angle of about 
v j  3 w ith the chain and the type-II bonds are those parallel to the chain. 
The parameters t  ̂ and « i correspond to the type-I bonds while t 2 and a 2 
correspond to the type-11 bonds. Here we assume t 2 > t lt and a 2 >  ®i*

FIG. 4. (a), The energy curve £ (& ) for an electron in the potential of the
undimerized chain (w ithou t distortion).
(b), The modified energy curve E { k ) for an electron in the potential of 
the d istorted chain (trim erized in this case, r  =  3). Because of the reduc­
tion in the sym m etry, the curve represents now three different bands and
opens gaps at and w ith  the reduced reciprocal cell

3a 3a
( — <  k  <  The broken lines show this reduction.

3a 3a ■

FIG. 5. Structural formulas of polythiophene. The two inequivalent thiophene 
hctcrocycies in polythiophene make the polymer two different phases 
w ith  different energies. The su lfu r stabilizes the structure but only 
weakly interacts w ith  7r-electrons of backbone.
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FIG. 6. Schematic representation of polythiophene backbone structure leaving 
out the su lfu r atoms (compare w ith  Fig. 5), which is more analogue to 
th a t in cis -(CH)* (see Fig. 3). The two configurations are nearly degen­
erate which can also be described by our modified SSH Hamiltonian.

FIG. 7. The diagrams of energy versus the distortion param eter u {u =  0 
corresponds to undimerized case where the bond length are equal), (a), 
degenerate ground state system (e.g. t rans -(C H )X) where there are two 
minima at u =  — u Q and u =  u () which have same energy representing 
the two different phases of dimcrization. (b). nearly degenerate ground 
state  system (e.g. c/.s-(CH)x or polythiophene) where the tw o minima 
have different values resulting in A-phase being a ground state  whereas 
B-phase being a metastable state.

FIG. 8. (a), the staggered lattice displacement n n and (b), the structural for­
mulas and (c), the electron band structure of the perfectly dimerized sys­
tem. All the valence band are occupied w ith  spin paired whereas all the 
conduction band are unoccupied.

FIG. 9. Diagrammatic representation of a polaron.
(a), the distorted configuration in the representation of staggered displace­
ment T)n .
(b), chemical structure diagram in the presence of a negative polaron, the 
parallel solid and dash double lines represent distorted bonds whose 
length are between double and single bonds. The full dot represents an 
extra electron.
(c-d), the tw o localized gap states are formed in the presence of a nega­
tive polaron (c) and a negative polaron (d).

FIG. 10. Diagrammatic representation of a soliton-antisoliton pair.
(a), the distorted configuration in the representation of staggered displace­
ment parameters r}n > where t)n — u 0 means configuration in A-phase 
while i)„ = — u 0 in B-phase.
(b), chemical structure diagram in the presence of a negatively charged 
soliton-antisoliton pair.
(c-e), energy structures in the presence of positively charged (c), neutral 
(d ) and negatively charged soliton pairs (e), respectively, depending on 
the occupation of the mid-gap states.
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FIG. 11. Diagrammatic representation of a bipolaron.
(a), the distorted configuration r}n , where the bipolaron connects two 
energetically different configurations.
(b), chemical structure  of a negative bipolaron.
(c-e), the energy structures of a positive (c), a neutral (d ) and a nega­
tive bipolaron (e), respectively.

FIG. 12. The probability density distribution contributed by the mid-gap state 
of a neutral soliton in the absence of Coulomb interaction. The density 
on even numbered sites goes to zero exponentially on both sides, whereas 
the densities on the odd numbered sites are equal to zero.

FIG. 13. Schematic representation of the novel charge-spin relations. The 
lower curves of each diagram represent the probability density of the 
Fermi sea for each spin in the vicinity of a soliton while the upper ones 
represent that of the mid-gap state, the Fermi sea contributes charge of
+ — for each spin to the soliton, being doubled to Q =  +e.  So if there is

no electron occupied in the mid-gap state (a), the soliton has charge +e 
and spin zero; if there is one electron in the mid-gap state  (b), the soliton 
has charge zero and spin one-half; if there are tw o electrons in the mid­
gap state  (c), the soliton has charge — e and spin zero.

FIG. 14. Diagrammatic representation of two polarons.
(a), the distorted configuration in the representation of staggered displace­
ment T)n .
(b), the four localized gap states are formed in the presence of two 
polarons w ith finite separation. Here the electron configuration represents 
two positively charged polarons.

FIG. 15. The relations of the form ation energy (units of Aq) and the 
confinement parameter y. Solid line: the form ation energy of a bipolaron 
vs. y, dashed line: the form ation energy of a polaron vs. y.

FIG. 16. Potential energy (in  unit of A<,) vs. the separation of the soliton- 
antisoliton pairs, 2.v0 (in units of the lattice constance a). The small 
potential well makes the vibration of an exciton possible.
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FIG. 17. Time Evolution of the potential energy. The to tal energy of the curve 
(a): E  — 1.9634) (initialized from the dimerized state); the curve (b): 
E =  1.76934)- For each curve the ranges of the ordinate is from 1.34) to 
2.0 4 ).

FIG. 18. As in Fig. 17. The curve (c): Et =  1.53114). (d ); E =  1.45264). Cd.);
E =  L45264), (e): Et =  1.44584,, (f): 4  =  1.43894,, (g):
Ei =  1.43254„ (h): E( =  1.42654,. (i): E  = 1.42104,, (j):
Ei =  1.41574), and (k): E  — 1-41 104)- The range of the ordinale in
each curve is from 1.354) 10 1-454). except for the top one, which ranges 
from 1.354) to 1-554)-

FIG. 19. Typical exciton-breather expansion cycle, for case (j) in Fig. 18
i E  = 1.41574))- The abscissa is the site index n ,  and the ordinate is the 
optical components of the staggered displacement order parameters, y n . 
The solid line, T  =  116 ( in units of 1.25X10-15); the dotted line.
T  — 125 , the broken line, T  =  137, and the dot-dash line, T  =  144.
The dotted line represents a lattice configuration which has a local
minimum of the potential energy.

FIG. 20. (Follows Fig. 19). The exciton breather in contraction. The solid line 
T  =  144, the broken line T  =  150, the dotted line T  =  161 (a local 
minimum potential energy configuration), and the dot-dash line T  =  170.

FIG. 21. A central type breather is located between a quite static soliton- 
antisoliton pair. This is case (d) in Fig. 18 { E  =  1.45264))- The solid 
line T  =  209; the dotted line T  =  216 ( a local minimum potential 
energy configuration) and the broken line T  =  223.

FIG. 22. A central type breather is located between a well-separate soliton- 
antisolion pair, which vibrates along the chain w ith  a long periodicity. 
( E  = 1.53114). corresponding to case (c) in Fig. 18). The solid line 
T  — 203; the dotted line T  =  210 (a local minimum potential energy 
d istribution) and the broken line T  = 2 1 7 .
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FIG. 23. Time dependence of the single electron energy spectrum for case (j) 
=  1.4157Ao). Only top three levels below the gap center are plotted. 

The top level oscillates w ith the same frequency as that of the exciton 
breather, the second top level oscillates w ith  a higher frequency than 
th a t of the top one.

FIG. 24. (As in Fig. 23) Time dependence of the single electron energy spec­
trum  for case (c) ( Et =  1.531 lAo). The top level becomes a mid gap 
state  owing to the soliton-antisoliton pair, and the second top one oscil­
lates near the gap edge w ith the central breather frequency.

FIG. 25. Oscillating feature of i//20. When i/f20 reaches its local minimum 
value, the bipolaron is in a stage (stage I), corresponding to a kink- 
antikink pair, and when i/f20 goes to its local maximum, the system is in 
a stage (stage II), corresponding to a bound polaron pair.

FIG. 26. The normalized staggered parameter and charge density relative to 
the sites, (a) time = 401 (in units of 1.25xlO_15sec); (b) time = 419 and
(c) time = 440. (a) and (c) are in stage I ; (b) is in stage II.

FIG. 27. Time dependence of single electronic levels: The first 4 levels below 
the mid gap are plotted. They are e20(solid line), €j9( broken line), e18 and 
C]7 respectively. When e2o has its maximum value, cl9 returns to the 
valence band, corresponding to stage I. When e20 reaches its minimum 
value, e19 has its maximum value, at this moment there are 4 localized 
states (2  below the mid-gap and another 2 sym m etric counterparts above 
the mid-gap), which corresponds to stage II.
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