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ABSTRACT 

Within the framework of interacting-electron models, the optical non

linearity in 7l"-conjugated polymers is investigated theoretically. A complete mi

croscopic many-body theory is developed for the mechanism of the third order 

nonlinearity in these materials. The universality and the predictability of the the

ory are well established. 

It is found that the bulk of the optical nonlinearity in conjugated polymers 

is determined by four essential states although all the excited states are involved. 

It is also found that electron-electron Coulomb interactions in one-dimensional 

systems play key roles in the nonlinear optical processes and are responsible for 

the observed spectroscopic features. 

The theoretical results are compared with experiments in wide variety of 

materials and excellent agreements between theory and experiments are obtained. 

With the essential-state theory, various experiments are explained within a single 

unified theory for the first time, and many controversies are resolved. 
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CHAPTER 1 

INTRODUCTION 

In recent years, scientists have shown enormous interests in one- and 

quasi-one-dimensional1f-conjugated polymers and have conducted intense research 

on these materials. Due to their unique mechanical properties such as processi

bility and flexibility, their novel electronic conductivity, and their large optical 

nonlinearity!, conjugated polymers have found new applications in electronics, op

tical communication, optical computing, and many other fields of technology. Fur

thermore, the development in molecular engineering has made it possible to tailor 

materials of desired properties and has made conjugated polymers more attrac

tive than ever. As model quasi-one-dimensional electronic systems, 1f-conjugated 

polymers have been considered to be the prototypes for studying electron-electron 

correlations in reduced dimensions, the characteristics shared by many other novel 

electronic materials such as organic superconductors and high Tc superconduc

tors. The research on conjugated polymers is providing valuable information for 

the research on more complicated materials. 

As a new generation of nonlinear optical materials, 1f-conjugated polymers 

possess large nonresonant nonlinearities comparable to 01' larger than those of 

inorganic semiconductors2, and with fast response in the order of pico- to femto

seconds3 • However, due to the difficulties in numerical calculations and, hence, 

lSee, for example, "Conjugated Conducting Polymers", edited by Kiess, 1992. 
2See, for example, Sauteret et al., 1976. 
3see, for example, Messier et al., eds, 1989); VadellY and Baker, eds, 1992; Chiang et al., eds, 

1991. 
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the lack of the complete knowledge of electron-electron interactions in these one

dimensional systems, there exist many controversies on and incorrect explanations 

for experimental results. In addition, in most available materials the figure of 

merit that measures the efficiency of a given nonlinear process is still below the 

ideal value for device applications. Therefore, there is a great need for a theory 

that captures the essential mechanism of the optical nonlinearity in 7r-conjugated 

polymers and provides guidance for searching and tailoring better materials. 

The purpose of this research is to understand the underlying physics re

sponsible for the optical nonlinearity in 7r-conjugated polymers and to find a theory 

that not only can explain the existing experiments but also can predict for future 

research. 

1.1 Historical Review: Electronic structures 

1.1.1 Modeling 7r-Conjugated Polymers 

The lattice of a 7r-conjugated polymer consists of arrays of carbon atoms. 

In Fig. 1.1, the idealized structures of a few widely studied conjugated polymers 

are illustrated. Because a carbon atom has atomic configuration 1822822p2, four 

of the electrons are the valence electrons. Three of the valence electrons are in sp2 

hybridized orbitals; two of them are paired with their counterparts in the neighbor

ing carbon atoms to form the so called 0' bonds that construct the one-dimensional 

lattice, while the third forms a a-bond with either an atomic or a molecular side 

group. The remaining valence electron, the 1l'-electron, is in the 2pz atomic orbital, 

with its charge density lobes perpendicular to the molecular plane defined by the 

other three (see Fig. 1.2). The overlap between two adjacent 7r-electron orbitals 

forms a 7r bond. Since each 7r-orbital overlaps with a similar orbital at both left- and 

right-hand side (see Fig. 1.2), the 7r-electrons are delocalized over the whole lattice, 



/8, h - /S, 

'\ - '8/ '\-
/ \ / 

H H H H 

\c-~ \-~ \-~ 
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(a) 

(b) 

(c) 

(d) 

(e) 

Figure 1.1: The idealized chemical structure of several1r-conjugated polymers. (a) 
trans-(CH)x polymer chain. (b) cis-(CH)x polymer chain. (c) Polydiacetylene. (d) 
Poly thiophene. (e) Polyal'aphenylene. 
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Figure 1.2: Schematic presentation of 7l'-electron 2pz orbitals and the overlaps 
between the orbitals. The molecular plane is in the x-v plane. 

which characterizes the conjugated molecules. To a first approximation, no conju

gation between the main chain and the side groups is assumed. Because of the large 

inter-chain spacings, particularly in polydiacetylenes with large molecules as side 

groups, and the observed highly anisotropic electric and optical properties, the con

jugated polymers with delocalized 7l'-electrons are considered as one-dimensional 

7l'-electron networks. Furthermore, the tight- binding approximation that neglects 

the overlaps between non-nearest neighbor 7r-electron orbitals has been widely ac

cepted in all the theoretical models for 7l'-conjugated polymers because of the good 

agreement between the prediction of the one-dimensional tight-binding models and 

experiments4 • 

For the purpose of gaining insight into the general properties of 7r - con

jugated polymers, one often uses the simplified structure shown in Fig. 1.3 in 

theoretical modeling. In the figure, each site represents a (CH) unit. With such 

4See, for example, Heeger et al., 1988. 
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Figure 1.3: Simplified molecular structure in the theoretical modelings. 
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simplification, the wave functions possess mirror plane and centro-inversion sym

metries. The group notations for the mirror plane symmetries are A (symmetric) 

and B (antisymmetric), and those for the inversion symmetries are 9 (symmetric) 

and u (antisymmetric). The ground state is the lAg and the first optical state 

dipole coupled to the ground state is necessarily the lBu. Hereafter, Ags and Bus 

are used for describing the total energy states of the one-dimensional molecular 

chains. 

1.1.2 Many-Body Problems 

Contrary to the prediction of conventional band theory, 7r-conjugated 

polymers with half-filled bands (i.e. number of electrons = number of carbon sites 

N) are semiconductors with alternating bond lengths5 rather than conductors with 

equal bond length. The origin of the semiconducting gap (or optical gap) has been 

debated for a long time, and the prediction of a gap and bond alternation has been 

considered as a must for an appropriate theoretical model to these one-dimensional 

systems. 

The independent-electron theory for polyenes was developed by Huckel 

(Huckel, 1931) and was reformulated in the model of Su, Schrieffer, and Heeger 

5See , for example, Fincher et al., 1!)82; Yannoni et al., 1983. 
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Figure 1.4: The 2kF lattice distortion and the two dimerized phases of trans-(CH).r' 

(SSH) (Su, Shrieffer, and Heeger, 1979) to include the electron-lattice vibration 

(phonon) couplings explicitly. Within the tight-binding and the Born-Oppenheimer 

approximations, the SSH Hamiltonian is written as 

Hss/I = - E[t + a(uj - ui+d][ctuCi+),U + ct+),UCi,u] + ~ E(Ui - uj+d2 , (1.1) 
i,o - i 

where the operatol' ctu (Ci,u) creates (annihilates) a 1l'-electron of spin o' at site i 

(the ith <:arbon atom), t(> 0) is the overlap integral that measures the overlap 

between the nearest neighbor atomic orbitals (2pz) of the 1l'-electrons, Uj is the 

displacement of the ith carbon atom in the one-dimensional lattice, a is the cou

pling constant of electron-phonon interactions, and I\, is the spring constant for the 

lattice energy when expanded to second order about the equilibrium in dimerized 

systems. Within such a model, the lattice is unstable with respect to a periodic 

distortion with a wave vector being equal to ±2kF ( see Fig. 1.4), which leads 

to dimerizat.ion (or bond alternation) for a half-filled band, and a gap is resulted 

in for arbitrarily weak electron-photon couplings. From Peierls theorem (Peierls, 

1955), such instability is known to be the consequence of the one-dimensionality 

within mean-field approximation. The two dimerized phases of trans-(CH).r are 

shown in Fig. 1.4. 

Besides giving physical interpretations to the semiconductor gap and dimer

izations, the SSH model predicts the presence of topological defects in infinite 



22 

CB uuu 
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Figure 1.5: Soliton configurations and the corresponding single-particle energy 
spectra. So, S+, and S- represent, respectively, the neutral, positively charged, 
and negatively charged solitons. 

chains whose boundaries have different asymptotic limits at x -Jo ±oo and in odd

membered rings. This defect corresponds to a phonon field configuration that 

approaches one dimerized phase for N -Jo -00 and another phase for N -Jo 00, and 

is called a neutral soliton since the system is neutral and the shape of the defect is 

pr~served while it moves along the chain. Charged solitons are resulted by doping 

a hole or an electron. which is attached to the neutral defect. The occurrence of 

a soliton leads to a localized eigenstate around the defect, which gives rise to a 

non bonding orbital at the middle of the energy gap. The middle gap orbital is half

occupied in the case of neutral soliton and empty (doubly occupied) in the case of 

a positively (negatively) charged soliton. The geometric structures and the energy 

spectra of neutral and charged solitons are illustrated in Fig. 1.5. The presence 

of solitons in conjugated polymers explains the observed electric conductivity in 
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doped polyacetylene (Chiang et ai., 1977). 

Although the independent-electron theory and the SSH model lead to qual

itatively good understanding of some of the properties of conjugated polymers, 

there are, however, many experimental facts that cannot be explained within the 

simple single particle picture. One of the examples is about the optical absorption 

of solitons. According to the SSH model, neutral and charged solitons absorb at 

the same energy, which is half of the optical gap (see Fig. 1.5). However, experi

mental results show that the neutral soliton absorption is at an energy near the gap 

while the charged solitons at an energy below the half-gap (Weinberger et at., 1984). 

Another important result that renders the one-electron theory suspect is the occur

rence of negative spin densities (Hanna et ai., 1962) at the carbon sites, which are 

expected to have zero spin densities within the framework of independent-electron 

models. 

The discrepancies between experiments and the one-electron theory initi

ated the efforts to incorporate electron-electron Coulomb interactions in theoretical 

models. A simplified interacting-electron model that has been popularly applied 

to the studies of conjugated polymers and other low-dimensional systems is the 

Hubbard model, which was originally suggested by Hubbard (Hubbard, 1963) to 

describe the Coulomb correlations among the electrons in the d-bands of transition 

metals that exhibit behavior characteristic of both band model and atomic model. 

The Hubbard Hamiltonian is written as 

Hlltlbb(IJ'd = -t L:(ctaCi+1.a + Cf+l,aCi,a) + UL:ni,fni,! (1.2) 
i,u i 

where U is the on-site Coulomb repulsion and nj = La ctuCi,u is the density oper

ator at site i. 

The Hubbard model has been widely accepted because of the following 

reasons. First, as a consequence of electron-electron Coulomb interaction, a gap 

is retained even in the case of equal bond lengths. Second, the research in the 
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Peierls-Hubbard model that includes both electron-electron and electron-phonon 

interactions indicates that the bond alternation in one-dimensional chains not only 

persist for arbitrary values of U but also can be enhanced by U (Mazumdar and 

Dixit, 1983). Third, within the Hubbard model, the problems such as soliton ab

sorptions (Campbell et al., 1984; Mazumdar and Dixit, 1989) and negative spin 

densities (McConnell and Chesnut, 1957; Hirsh, 1983) are naturally solved. For 

example, in the limit U » t, the optical absorption of a neutral soliton corre

sponds to creating a double occupancy, which costs an energy rv U, while a charged 

soliton absorption corresponds to an electron hopping with numbers of double oc

cupancy conserved (see Fig. 1.5) and, hence, costs much less energy. This explains 

qualitatively the neutral and charged soliton absorption spectra. 

For optical properties, the most relevant issue to many-body effects is 

about the nature of the lowest excited state. From the definition of the wave

function symmetries, the ground state is the 1 Ag and the first optical state that is 

dipole coupled to the ground state is necessarily the lBu. 

In the one-electron I-Iiickel or SSI-I model, a single particle state corre

sponds to a molecular orbital (MO) with energy 

(1.3) 

where k is the wave vector and, for open linear chains6
, k = m N~l' m = 1, 2, .... 

The "+" sign in Eq. 1.3 is for the MOs in the conduction band, while the "-" sign is 

for the orbitals in the valence band. The ground state corresponds to a fully filled 

valence band and an unoccupied conduction band. The lEu is reached from the 

ground state by exciting one electron from the highest occupied molecular orbital 

to the lowest empty molecular orbital. The MO occupations of the lAg, the lBu, 

the 2Ag and the 2Bu states are given in Fig. 1.6. From Fig. 1.6, it is apparent 

that the lowest excited state is the lBu, whose symmetry is different from that of 

the ground state, and the 2Ag must have a higher energy than that of the 1Bu. 

6see Salem, 1964. 
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Figure 1.6: Molecular orbita.ls and electron occupancies of the lAg, lBtn 2Ag, and 
2Bu states. The symmetry of MO alternates (g or u) in a given state. 

#2 #1 
• • • + # - t··· IBu(U) 

u ~ · · · + -t t t··· 2Ag(-fJ-) 
#2 #1 

(0) lAg ••• + t + t • • • 

#2 #1 

Figure 1.7: Dominant spin configurations for the lAg, the lBu, and the 2Ag states 
in strong Coulomb interaction limit. In this case, the lBu is at an energy,..., U 
with respect. to that of the ground state while the 2Ag is ,..., t2 jU above the lAg. 
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However, it is experimentally observed that the first singlet excited state 

in finite polyenes is an Ag state located below the 1Bu (Hudson and Kohler, 1974; 

Kohler et al., 1988), which has been attributed to the 2Ag • Although the occur

rence of subgap states is impossible in the one-electron theory, it is well understood 

within interacting-electron models (Schulten et al., 1976; Ramasesha and Soos, 

1984). A qualitative illustration of the subgap 2Ag is shown in Fig. 1.7 for the 

strong coupling limit of the Hubbard model. In the limit of large U, the ground 

state lAg is dominantly covalent with each site occupied by an electron. The op

tical transition to the lBtt corresponds to a charge transfer from one site (denoted 

by 1) to a neighboring site (denoted by 2) and necessarily leads to a double oc

cupancy, which raises the energy by rv U. Further charge transfer of the electron 

that is originally at site #2 to site #1 results in a lower energy state, which is 

covalent and has a different spin configuration from that of the ground state. This 

state is the 2Ag and has an energy rvt2 /U in the perturbative limit. In fact, there 

is a band of covalent states below the 1Btt in long polyenes within the Hubbard 

model. These states become degenerate with the ground state and correspond to 

gapless spin excitations for U ---+ 00 in undimerized chains. In general, the number 

of subgap states is a function of U and the dimerization parameter. 

1.2 Nonlinear Optical Properties 

Unlike other properties mentioned in the last section, nonlinear optical 

properties involve, in principle, all the excited states and the study of the optical 

nonlinearity can provide complete information on the electronic structure. There

fore, by comparing with experiments, it is possible to test the appropriateness of 

a theoretical model in describing real materials. 
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1.2.1 Third Order Optical Nonlinearity 

Nonlinear optics deals with nonlinear interactions of light and matter. In 

general, the response of a medium to an input light (or electromagnetic field) is 

always nonlinear. However, nonlinear effects were not observable until the advent 

of lasers that produce intense and coherent light. 

A nonlinear optical process is composed of (a) the nonlinear response of a 

medium to the input light, and (b) the nonlinear modification of the field by the 

reacting medium. For a non-magnetic medium, the nonlinear response to an input 

field E is described by the equation 7 

D = €(1) . E + «(2) : EE + «(3): EEE + ... , (1.4) 

where D is the electric displacement resulted from the medium-field interaction 

and «(n) is the (n + l)th-rank electric permittivity tensor. 

Since in most materials the electric quadruple and higher order multi poles 

are completely negligible, we are only interested in the electric dipole polarization 

P. Corresponding to the nonlinear relation in Eq. 1.4, the nonlinear polarization 

vector P has the form 

(1.5) 

where X(n) is the nth-order nonlinear susceptibility. 

The nonlinear susceptibility X(n) characterizes the optical properties of a 

medium. Because X(Il) is related to the microscopic structure of the medium, full 

quantum-mechanical calculations are required for its proper evaluations. Once the 

optical susceptibilities are known, the optical problems in a medium become, in 

principle, solvable via Eq. 1.5 and the Maxwell equations. 

Since polyacetylene and polydiacetylenes, which are the most widely stud

ied polymers, have centro-inversion symmetry, the second order susceptibility X(2) 

7See, for example, Jackson, 1975. 
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vanishes and the lowest order nonlinear susceptibility is the X(3) in these materials, 

Therefore, only X(3) is discussed in this dissertation, The general expression of the 

third order optical nonlinear susceptibility is written as8 

(3)(_, ) _ T.(p." ()[ e;'/lglel'/llme 2'/lmne 3'/lng 
X Wu ,WI,W2,W3 - l' L.J P 9 ()( )() 

glmn Wig - Wu Wmg - W2 - W3 Wng - W3 

el '/lgle;' /lIm e2' /lmn e3' /lng + 
(Wig + Wu - W2 - W3)(Wmg - W2 - W3)(Wng - W3) 

el '/lgle2' /lIm e;, /lmn e3' /lng 
+ 

(Wig + Wu - W2 - W3)(Wmg + Wu - W3)(Wng - W3) 

el'/lgle2'/llme 3'/lmn e ;'/lng ] (1.6) 
(Wig + Wu - W2 - W3)(Wmg + Wu - W3)(Wng + w u ) 

where J( is a constant, P is the permutation operator that permutes the indexes 

1, 2, and 3, and, hence, there are totally 24 terms in the sum, Wu = WI + W2 + W3, 

ek is the unit vector of the field Ek = ek£(r)e- iwkt with an amplitude £(r), hWij = 
[E( i) - E(j)] is the energy difference between the state i and j, /l is the dipole 

operator and /lij == (il/l/j), In general, there are 16 components9 for a fourth

rank tensor X~3J:\11' where CY, (3, A, 7] = x, y, z, and x is along the direction of 

the molecular chain, For tmns-polyenes, the five non-zero coefficients are for the 

components xxxx, yxxx, yyxx, xxxv, yyyylO, The largest coefficient is x1~xx' 

Hereafter, I denote X1~1,'x with X(3), 

The measuremen t of the X(3) ( -Wu; WI , W2, W3) can be achieved via various 

experimental methods, For example, degenerate four wave mixing or two-photon 

absorption (TPA) with WI = W2 = -W3 = W measures X~~A == X(3)(-W;W,w,-w), 

third harmonic generation (THG) with WI = W2 = W3 = W measures x~1G == 
X(3)( -3w; W, w, w), and coherent-anti-Stokes-Raman-spectroscopy with WI = W2 = 
W, W3 = -W' measures X~~RS == X(3)( -2w + W'; W,W, _W' )l1, Here, I discuss 

x~1G and X~~~A' The schematic descriptions of third harmonic generation and 

two-photon absorption are given in Fig, 1.8, 

8See, Orr and Ward, 1971. 
9See, for example, Shen, 1984, 

lOsee, for example, Shen, 1984, or Hann, Yuratich and Cotter, 1979. 
llSee, for example, Shen, 1984). 
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Figure 1.8: The schematic descriptions of third harmonic generation and 
two-photon absorpt.ion. 

The expression of X~)IG is written as 

x~1G = E(lAgIIlIJBu) (jBII IlllkAg)(kAgIIlIIBu)(IBuIIl11Ag) 
jkl 

where J( has been taken to be 1, and the denominators are 

Dll(w) = (WjBu - 3w + if)(WkA g - 2w + if)(w1Bu - W + ir), 

Di l (w) = (WjBu - W + if)(WkA g - 2w + if)(wlBu + W + ir), 
(1.8) 

with hWjBu = EUBu) - E(IAg) etc. being the energies with respect to the ground 

state, f- 1 is a characteristic relaxation time between an excited state and the 

ground state, which is assumed to be equal for all the states, and the triple sum is 

over all the excited states. 

The ~~~.4 is written as 

X~~A = E (1 Agllllj Bu)(jBullllkAg)(kAgIIlIIBu)(IBuIIlIIAg) 
j,k,1 
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where 

d1(w)-1 = (WjBu - W + ir)(WkA g + ir)(WIBu - W + ir), 
d2(w)-1 = (WjBu - W + ir)(WkA g + ir)(w/Bu + W + ir), 

d3(w)-1 = (WjBu - W + ir)(wkA g - 2w + ir)(w/Bu - W + ir). 
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(1.10) 

Note that states JBIl, kAy, and IBIl are the virtual states and their real 

contributions to the nonlinearity are via the dipole moments. There are no real 

transitions to these states since the frequency of the input field is limited to be 

less than the energy of the gap (IBu) in nonlinear optical experiments. The issue 

of virtual states is important to understanding the origin of optical nonlinearity 

in materials such as polyacetylene in which solitons can be photo-generated when 

real transitions to Bu states occur. This will be discussed in Chapter 4. 

According to the expression of x~1G and X~~A a third order nonlinear 

process corresponds to a dipole coupling pathway 

(1.11) 

(see the numerators in Eq. 1.7 and 1.9) and resonances are expected whenever 

a denominator becomes zero. The resonance at nw = ~E(jBu) is called a three

photon resonance, and that at nw = ~E(kA9) a two-photon resonance, and that 

at t~w = E(lBu) a one-photon resonance. Since the interesting frequency range for 

nonlinear optical experiments is below the IBu, there is no one-photon resonance 

in the X(3) spectra within that region. 

Because of the triple sum in the X(3) expression, the number of the terms 

(pathways) increases rapidly as the chain length N increases, and there is a great 

difficulty in the numerical computations of the third order susceptibilities. For 

N = 6, 8, and 10, the possible numbers of pathways to be calculated are of 

the orders 105 , 108 , and 1011 respectively. Therefore, it is impossible to perform 
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computations in long chains, and searching for the infinite chain behavior and the 

mechanism of optical nonlinearity is a formidable task. 

1.2.2 Experimental X~)/G Spectrum and Its Implications 

Instead of great complexity as revealed in the theoretical formula, the 

experimental X(3) spectra have surprisingly simple structures. Such a simplicity 

casts a new light on the underlying physics of the optical nonlinearity in conjugated 

polymers. 

After the first reported large optical nonlinearities in conjugated systems

a long polyene (Hermann et 01., 1973) and in a single-crystalline polydiacetylene 

(Sauteret et al., 1976), the research on the third order nonlinearity in conjugated 

polymers was initially focused on the absolute magnitude of the X(3). Wide varieties 

of polymeric materials have been investigated and sizable X(3) has been reported 

not only in many 7l"-conjugated polymers but also in some of the a-conjugated 

polymers (Hesagawa et al., 1992; Kepler and Soos, 1991). The frequency spectra 

of X(3) were measured in polyacetylene via third-harmonic-generation experiments 

(Kajzar et al., 1987; Fann et al., 1989). The experimental X~~)JG spectrum by Fann 

et al. is given in Fig. 1.9. Two distinct features have been recognized from the 

spectrum. Considering that the optical gap of poly acetylene is 1.8 e V, the peak at 

0.6 e V is apparently a three-photon resonance t.o the 1 B II • The peak at about 0.9 

eV, which is half of the gap energy, has been attributed to a two-photon resonance 

due to an Ag state since there is no observable feature at either 0.9 eV or 3 x 0.9 eV 

in the linear absorption spectrum (Suzuki et al., 1980; Weinberger et al., 1984). 

In spite of origins of the resonances, the strikingly simple X~)/G spectrum of 

polyacetylene raises the questions about the possible relation between complicated 

electronic structure and simple mechanism for the nonlinearity. The questions to 

be answered are the following. If the two-photon resonance in the experimental 

spectrum is due to a single two-photon Ag state, what are the roles played by the 
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Figure 1.9: Experimental X~1a spectrum in polyacetylene (Fann et al., 1989). 

rest of the two-photon states? Is the bulk of X(3) determined by a few states that 

are most relevant to the third order optical nonlinearity? What are the natures 

of these most important states if they do exist and why are they special? These 

questions will be answered ill the following chapters. 

1.2.3 Existing Theoretical Interpretations of the X¥ha Spectrum 

Since the measurement of X¥)/G frequency spectrum in polyacetylene, 

theoretical attention has been focused on the origin of the two-photon resonance 

in the spectrum, and controversies have been generated on the strength of electron

electron Coulomb interactions in polyenes and on what an appropriate theoretical 

model should be for conjugated polymers. 

In the earlier works on electron-electron correlation in finite polyenes, it is 

found that the energy of the 2Ag is strongly affected and is lowered below that of 
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the lEu. Due to this result, the 2Ag has been considered as responsible for the two

photon resonance in the X~)IG spectrum of polyacetylene (Kajzar et al., 1987; Wu, 

1988; Fann et ai., 1989; Soos and Ramasesha, 1989). However, such assignment 

has to place the 2Ag at the level of the lEu in order to explain the observed two

photon resonance at half of the gap, which is contrary to the earlier results from 

other experiments that predict much lower energy for the 2Ag in long polyenes 

(Hudson et al., 1982; Soos and Ramasesha, 1984). Therefore, it is suggested that 

the the effective Coulomb interaction is weak due to inter-chain screening and 

one-electron theory is able to describe the nonlinear optical properties of polyenes 

(Kajzar et al., 1987 Fann al., 1989). However, numerical results within the one

electron SSH model predicts that the intensities of all the two-photon resonances 

vanish in the X~)lG spectrum for long chains (Yu et al., 1989), implying that the 

one-electron theory is inappropriate. 

The theoretical works within interacting-electron models found a two

photon state above and strongly coupled to the lEu (Heflin et al., 1988; McWilliams 

et al., 1991). This two-photon state is considered as the one that causes the res

onance peak in the x~1G spectrum. The numerical results within a long range 

interacting-electron Parisel'-Parr-Pople (PPP) model12 , however, show that the 

energy of this two-photon state is well above the gap, which would lead to a two

photon resonance at an energy much higher than that in the experimental spectrum 

(McWilliams et al., 1991). The explanation for the difference between the PPP 

and the experimental results has been that the inter-chain interactions lower the 

energies of two-photon states and this particular two-photon state is shifted to the 

level of the lEu. Again, the interchain effects have to be invoked except that, in 

this case, the purpose is to lower the energies of the two-photon states as opposed 

to raising them (Kajzar et al., 1987). Contrary to the results of McWilliams et al., 

a recent study finds that the inter-chain Coulomb interactions have little effects 

on the energy of the high energy two-photon state and cannot lead to such a big 

12See, for example, Pariser, 1956; Ohno, 1964. 
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shift (Mazumdar and F. Guo, 1992). 

Based on the observation that there are only two peaks in the x~1G spec

trum of polyacetylene, a phenomenological model that includes three states - the 

ground state lAg, the first one-photon state 1Elo and the first excited Ag state, the 

2Ag that is below the lEu - has been suggested for describing nonlinear optical 

properties of 7l"-conjugated polymers (Chollet et al., 1989). Later works by Dixit, 

Guo, and Mazumdar (Dixit et ai., 1991) and by Hasegawa et al. (Hasegawa et al., 

1991) propose a three-level model with the two-photon stat.e being just above the 

lEu, which finds a two-photon resonance at about half of the optical gap. However, 

the three-level model predicts a rapid increase in the magnitude of X(3) as a func

tion of chain length. Because such an increase of t.he nonlinearity in the three-level 

models is even faster than those with power law dependence in exact calculations 

for short chains (Heflin et al., 1988; Herman and Ducuing, 1974), the calculated 

X(3) would exceed the observed values well before reaching the long chain limit. 

The saturation in the third order nonlinearity renders the three-level models at 

least incomplete for an accurate description of the nonlinear optical processes in 

7l"-conjugated polymers. 

1.3 Addressed Issues and Organization of the Dissertation 

Based on the analysis of the previous works, two issues are addressed 

in this dissertation. The first is about the effects of electron-electron Coulomb 

interactions on the electronic structures, which is directly related to the second 

issue on the mechanism of the nonlinearity in conjugated polymers. 

Chapter 2 investigates the nonlinear optical properties within one-electron 

model. From investigating the nonlinear pathways leading to the 2Ag two-photon 

resonance, two-photon processes in the third order nonlinearity are understood. 

The conclusion on the appropriateness of one-electron models is obtained. 
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Chapter 3 presents a many-body theory for the optical nonlinearity in 7r

conjugated polymers. After the summary of a phenomenological essential states 

model, the rest of the chapter discusses how this model is developed. The physical 

meanings of the essential states and the universality of the theory are revealed via 

both numerical results and intuitive physical pictures. A method that combines 

physical considerations and numerical computations is applied to the analysis of 

the nonlinear optical processes for the purpose of understand infinite chain be

havior from small cluster results. Based on the theory developed in this chapter, 

predictions are made for experimentally observable properties. 

Chapter 5 compares the theoretical predictions with different experimen

tal results in a variety of materials. Chapter 6 summarizes the dissertation and 

concludes according to the findings of this research. 
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CHAPTER 2 

OPTICAL NONLINEARITY IN INDEPENDENT-ELECTRON 

MODELS 

36 

According to Eq. 1.7 and 1.9, the x~1G and X~~A are determined by 

the energy structure and the dipole coupling behavior of the system under con

sideration. These two factors are therefore the focus of the study on the optical 

nonlinearities. 

The energy spectrum of an infinitely long chain in a one-electron model is 

known to consist of a valence band and a conduction band when represented in the 

momentum space (see Fig. 2.10(a)), and a ground state and a continuum of states 

while represented in the total energy space (see Fig. 2.10(b)). The electron-hole 

symmetry ensures that each MO at energy -€ in the valence band corresponds to 

a MO at +€ in the conduction band (see Eq. 1.3), and that the dipole moment 

between two MOs in the valence band is equal to that between their counterparts 

in the conduction band. Namely, Im~+i,~+j I = Im~_i+l,~_j+ll, where j > i, ms,t 

is the dipole moment between the 8th and the tth MOs, E( If + i) = -E( If - i + 1), 

and E(~ + j) = -E(If - j + 1). 

In linear chains, the dominant inter-band dipole couplings are between 

the MOs that are symmetrically placed at the two sides of the Fermi-surface, i.e. 

between the (If - i + 1 )th and the (If + i)th MOs. All the "asymmetric couplings" 

vanish in infinite chain limit. This can be understood by comparing with the 

case of ring, in which no asymmetric couplings are allowed and considering that 

an infinite chain is equivalent to an infinite ring. The dipole moments between 
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Figure 2.10: Energy spectra of one-electron models. (a) Single particle energy 
levels. (b) Total energy states. 

symmetrically placed levels and between asymmetrically placed levels as functions 

of chain length are shown in Fig. 2.11. It is clearly seen that the asymmetric 

couplings vanish while the symmetric couplings saturate in long chain limit. 

The dominant intra-band dipole couplings are between nearest neighbor 

MOs because the coupling strengths between nearest neighbor MOs increase much 

faster than those between non-nearest neighbor MOs. The numerical results of the 

two kinds of intra-band dipole coupling moments are depicted in Fig. 2.12. The 

presence of dominant dipole couplings, the symmetric inter-band and the nearest 

neighbor intra-band couplings, simplifies the analysis of nonlinear optical processes 

in linear chains and lays foundation for an essential-states description of the optical 

nonlinearity. 

The dipole moments among the ground state lAg, the Bu states that are 

reached from the the ground state via symmetric inter-band electron transfers (for 
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Figure 2.11: Dipole moments of symmetric and asymmetric couplings as functions 
of chain length N for 8 = 0.2. (a). Dipole moments between molecular orbitals 
that are symmetrically placed at the two sides of the Fermi-surface. (b) Dipole 
moments between molecular orbitals that are asymmetrically placed at the two 
sides of the Fermi-surface. 
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example, the 1Bu and the 2Bu in Fig. 1.6), and the Ag states that are coupled to 

these Bu states via nearest neighbor intra-band electron transfer (for example, the 

2Ag in Fig. 1.6) have unique and significant properties, which leads to the absence 

of two-photon resonances in the x~JlG and X~~A spectra. 

In order to demonstrate the special behavior of the dipole couplings, the 

following notations are used to representing these states. 

Since the ground state corresponds to the MOs in the valence band being 

doubly occupied and those in the conduction band being empty, it can be written 

as 

(2.12) 

where the operator at,(1 = -fN Ln c~,(1eik71 creates an electron at the MO with 

momentum k and spin 0', 10) is the vacuum state, and the permutation operator P 
gives rise to N! terms of the operator products and insures the exchange symmetry 

of the wave function. 

The Bu state, denoted as IIBu, that is coupled to the ground state via a 

symmetric inter-band electron transfer can be expressed as 

IIIBu) = ~ ~ a~,(1av,(111Ay) , (2.13) 

where the vth MO is in the valence band with an energy Ev and the uth MO is in 

the conduction band with an energy Eu, and 0 < Eu = -Ev' 

The Ag state, denoted as kAy, that is coupled to the lIEu via an nearest 

neighbor intra-band electron transfer and is above the IIBu is written as 

(2.14) 

The Bu state, denoted as 12Bu, that is coupled to the kAg via a nearest 

neighbor intra-band electron transfer and is above the kAy is written as 

(2.15) 
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Figure 2.13: The stat.es lAg, IIBu, kAg, and 12Bu and the corresponding MO 
occupancies. 

The MO occupancies of the state IIBu, kAg, and 12Bu are schematically 

shown in Fig. 2.13 and their special cases with v = N/2, u = ~ + 1 have been 

given in Fig. 1.6, in which they correspond to the 1Bu, the 2Ag, and the 2Bu' 

From the above, it is shown that only the two-photon processes that involve 

the lAg, the IIBu, the kAg, and the 12Bu are important because of the dominant 

dipole couplings among them. The intensity of the two-photon resonance due to a 

kAg vanishes in long chain as a result of cancellation among nonlinear pathways, 

which is discusses in the next section. In the following, I discuss the origin of the 

cancellation in the kAg two-photon resonance, the signs of the dipole products 

involving the 11 Bu and the 12Bu states. 
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The dipole operator, when represented in the molecular orbital represen

tation, is written as 

(2.16) 

where mjj is chosen to be positive without lossing generality. For the nearest 

neighbor intra-band dipole couplings, one can write the dipole operator as 

(2.17) 

and for the inter-band couplings, one has 

(2.18) 

where v'(::; N/2) and 'U'(2:: 1¥- + 1) are the quantum numbers of the MOs in the 

valence and the conduction bands respectively. 

The dipole moments among the lAg, IIBu, kAg and 12Bu can be found by 

operating the dipole operator on these states. For the inter-band dipole coupling 

moments, {lAglftIIIBu} and (lAglftI12Bu) are found from 

(2.19) 

and, 

(2.20) 

where, as mentioned above, the vth and the 'Uth MOs are, respectively, in the 

valence and the conduction bands, and Ev = -Eu. In the infinite chain limit, 

the gaps between the nearest neighbor MOs vanish and mv,u = mv-I,ll+ll and, 

therefore, (lAglpIIIBu) = (lAglpI12Bu) (see, for example, Fig. 2.11(a)). 
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For intra-band dipole coupling moments, (kAg/lt/IIBu ) and (kAg/fl/12Bu) 

are found from 

= ~(mU'U+I E at+l,O'aV,O' - mv-l,v E at,O'aV-I,O' )/lAg) 
0' 0' 

+ ~mU-l'U E at_l,O'av,O'/lAg} - ~mV'V+l E at,O'av+l,O' /lAg} , 
0' 0' 

(2.21 ) 

and 

+ ~mU+l,tt+2 E at+2,O'av-l,O'I1Ag) - ~mV-2'V-l E at+l,O'av-2,O'I1Ag}. (2.22) 
0' 0' 

As a result of the electron-hole symmetry, mv-l,v = m 1t,1t+l, Eq. 2.21 and 2.22 

become 

(2.23) 

and 

= -mv_l,v/kAg} + .... (2.24) 

Therefore, 

(2.25) 

and, as N -+ 00, 

(2.26) 
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Note that although Eq. 2.25 is obtained by chosing the phases of the wave 

functions such that mij > 0 and hence {lAg/IL/llBu} and {lAg/ll/12Bu} have the 

same sign, Eq. 2.26 is valid in general. The use of proper phases is to simplify the 

demonstration of the general property of Eq. 2.26. 

An example of Eq. 2.26 is for v = N /2, u = ~ + 1. In this case, the ltBu 

is the 1Bu, the kAg is the 2Ag, and the 12Bu is the 2Bu, and 

(2.27) 

Eq. 2.26 has significant effect on the two-photon process involving a kAg 

and on the optical nonlinearities of non-interacting one-dimensional chains. This 

is discussed next. 

2.1 Nonlinear Pathways and Intensities of Two-Photon Resonances 

Although the 2Ag is expected to become degenerate with the 1Bu in 

an infinitely long chain, which leads to a two-photon resonance at half of the gap 

energy, the intensity of the 2Ag two-photon resonance may not be strong enough to 

be observable in the X(3) spectra. According to the discussion in the last section, for 

the two-photon states that involve only one-electron excitations the corresponding 

intensities of two-photon resonances in the X(3) spectrum can be figured out from 

the analysis of the nonlinear pathways without actually calculating the X(3) itself. 

Here the 2Ag is used as an example. 

From the expression of X(3), the nonlinear pathways that lead to the 2Ag 

two-photon resonance are the following two kinds. 

I. The "direct" paths: 

lAg -)0 jB" -)0 2Ag -)0 jB" -)0 lAg j = 1, 2 . (2.28) 
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Their resonant contributions to x~1G and X~~A are, respectively, 

T,!,l1G = (lAg/JlU Bu)2(2Ag/Jl/jBu)2 , 
)) (WjBu - 3W)(W2Ag - 2w)(wjBu - w) 

(2.29) 

and 
T,!PA = (lAg/JlUBu)2(2Ag/Jl/jBu)2 

JJ (WjBu - W)(W2A g - 2W)(WjBu - w) . 
(2.30) 

II. The "cross" paths: 

lAg -7 iBu -7 2Ag -7 jBu -7 lAg i, j = I, 2; i f: j , (2.31) 

and their resonant contributions to the X~~)lG and X~~A are, respectively, 

r.,{HG = (IAg/ll/iBu)(iBu/Il/2Ag}(2Ag/Il/iBu}(jBu/Il/1Ag) 
I) (WiBu - 3W)(W2Ag - 2W)(WjBu - w) , 

(2.32) 

and 
r.,{PA = (lAg/ll/ iBu)( iBu/Il/2Ag) (2Ag /IlU Bu) (j Bu /1l/ 1Ag) 

I) (WiBu - W)(W2A g - 2w)(wjBu - w) . 
(2.33) 

For nonresonant contributions, there exist the same two kinds of paths. 

-(lAg/Il/2Btt)(2Bu/ll/2Ag) (Eq. 2.27) and E(lBu) = E(2Bu) is that the two kinds 

of X(3) contributions cancel exactly at all the frequencies since Tjj = -Iij (i, j = 
1, 2). Therefore, the intensity of the 2Ag two-photon resonance is expected to 

vanish in long chains. Similarly, the intensities of the two-photon resonances due 

to other kAg states also vanish for N -7 00, and, therefore, there is not a single 

observable two-photon resonance in the X(3) spectra within one-electron models. 

The calculated X¥)JG spectra for N = 20, 60, 80, 120 are plotted in Fig. 

2.14. As the chain length increases, the intensities of the two-photon resonances 

(for example, the 2Ag, whose location is marked by "V" in the figure) decrease. 

For N = 120, there is no two-photon resonance peak in the spectrum, which is 

expected from the above argument. 
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N=120 

N=80 

N=60 

v 
N=20 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Figure 2.14: The calculated x¥JIG spectrum in a one-electron model (Huckel model) 
for N = 120, 8 = 0.2, r = 0.05E(1Bu). The location of the 2Ag is marked with 
V. 
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2.2 Conclusions on One-Electron Models 

In this chapter, it is found that within one-electron theory, the intensities 

of two-photon resonances in the X(3) spectra are diminished due to the cancellation 

between two kinds of nonlinear pathways. In the long chain limit the cancellations 

are exact as a result of degeneracy between the two Bu states that are strongly 

intra-band coupled to the two-photon states, and the intensities vanish completely. 

It is shown that understanding the intensity of the two-photon resonance is im

portant to understanding the mechanism of nonlinearity. 

The prediction from independent-electron models does not agree with what 

has been observed experimentally, indicating that the single particle picture is not 

appropriate to describing nonlinear optical properties of conjugated polymers. The 

presence of a two-photon resonance in experimental X(3) spectra is a signature of 

pronounced electron-electron Coulomb interactions in real materials. 
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CHAPTER 3 

OPTICAL NONLINEARITY IN INTERACTING-ELECTRON 

MODELS 
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As shown in Chapter 1, one-electron theory is not appropriate for studying 

many of the properties of conjugated polymers, and the Hubbard model has been 

successfully applied to study many-body effects on these properties. Therefore 

Hubbard-type models capture the essence of electron Coulomb correlations in these 

low-dimensional systems. This research on the optical nonlinearity of 7r-conjugated 

polymers is carried out within the extended Hubbard model. 

The Hamiltonian of the extended Hubbard model for a dimerized rigid 

lattice is written as 

+ V ~]ni - l)(ni+1 - 1) 
i 

(3.34) 

where nj = Eu ni,u, V is the nearest neighbor Coulomb repulsion parameter, and 

8 == aft is the bond alternation parameter. 

In the extended Hubbard model the nearest neighbor electron-electron 

Coulomb interactions is added to the simple Hubbard Hamiltonian. The introduc

tion of nonzero V leads to only quantitative differences in the properties involving 

low energy states from those of simple Hubbard modeP, while it can cause qual

itative changes in the nonlinear optical properties involving higher energy states, 

which will be shown in the rest of the chapter. 

lSee, for example, Mazumdar and Dixit, 1984. 
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3.1 A Summary on Essential States Mechanism 

48 

The essential states mechanism for the third order optical nonlinearity 

of 71'-conjugated polymers (Guo et al., 1992b, 1992c, 1992d, 1992e) is summarized 

as follows. In spite of great numbers of states involved, the bulk of the third 

order nonlinearity X(3) is determined by four essential states. The four essential 

states are the ground state, the first odd-parity exciton state (lBu ), the first even

parity exciton state (denoted as mAg), and the conduction band threshold (denoted 

as nBu). The quantum numbers m and n are parameter dependent, but the 

characteristics of the mAg and the nBu are parameter independent. The four 

essential states are shown schematically in Fig. 3.15. The essential two-photon 
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state mAg is located above and nearly degenerate with the 1Bu in the long chain 

limit. The subgap 2Ag and other subgap Ag states are irrelevant to the nonlinearity. 

The essentiality of the states in the phenomenological four-level model 

stems from the strong and dominant dipole couplings among them. Such couplings 

are unique to the essential states since the couplings among the rest of states are 

much weaker. A physical picture for qualitatively describing the coupling behavior, 

the natures of the four essential states, and the charge transfer processes in the 

transitions from one essential state to another is shown in Fig. 3.16 for strong 

Coulomb interaction limit. The quantitative numerical results are given in the 

next section. 

Fig. 3.16 can be understood along the line drawn as follows. 

(1) For each state shown in the figure only two or three dominant configuration 

diagrams are given, and for each diagram only six sites are plotted. The weights 

of the diagrams in a state are not the same and are not given in the figure. 

(2) Each diagram in a state represents the whole class of diagrams that can be 

obtained from the symmetry operations on it. The linear combination of the same 

class of diagrams is symmetric for an Ag state while antisymmetric for a Bu state 

with respect to the mirror plane passing through the center of the chain. For 

example, the 1Bu and the mAg have the same but the different combinations of 

dominant diagrams. 

(3) The dipole moment between two states is proportional to the overlaps between 

diagrams in the states. An overlap is maximized if the two diagrams are the same. 

From the figure, it is apparent that the largest dipole moment is between the 1Bu 

and the mAg since the two states have the same dominant diagrams, while the 

dipole moment between the 1Bu and the 2Ag or between the 1Bu and a bi-exciton 

Ag state is much smaller due to much less overlaps. 

(4) The natures of the essential excited states are determined by the nature of 
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"Bi-exciton" (2U-3V) 

H·+++t +H·H·++ +H·H+·+ 
H-HH +H+-'tH +HH-H nB,,(U) 

+ + + ., + + + H • + + + , + H + • + +., mAg (U-V) 

+ + + + + + + H • + + + + + H + • + + + 1 It (U-V) 

t 
"Excitons" 

++++++ + +++rt·, 
2Ag (t 7(U-V» + + + + + + + H. + + + + lAg(O) 

Figure 3.16: The dominant real-space-configuration diagrams of the essential 
states, the 2Ag , and the bi-exciton state. A charge transfer from one diagram 
to another, which corresponds to an inter-band transition, is pointed out by a pair 
of arrows that connect the two diagrams. The quantities in the parentheses are 
the energies (in the units of t) of the corresponding states in the strong correlation 
limit with U » V » t. See text for detailed explanations. 
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the ground state. In the strong correlation limit, the ground state is dominantly 

covalent. The lowest energy optical transition or a charge transfer from the mostly 

covalent ground state leads to the mostly excitonic (one double occupancy) lBu 

state at an energy U - V with respect to the ground state. Besides going back to 

the ground state, the further charge transfer from the lBu can end up at either 

the covalent 2Ag at rv t2 / (U - V) or the bi-exciton state at rv 2U - 3 V. However, 

the dipole coupling between the lBu and the 2Ag or the bi-exciton Ag state is 

very weak and these two states are, therefore, not important to nonlinear optical 

properties. The intra-band transition from the IBu to the excitonic mAg state 

costs little energy, and the IBu and the mAg are strongly coupled. From the mAg, 

a charge transfer leads either to the conduction band threshold nBu with the 

doubly occupied and the empty sites being separated or to a bi-exciton (coupled 

two excitons) Bu state. The dipole moment between the mAg and the nBu is larger 

than that between the mAg and the bi-exciton Bu state, which can be seen from 

the number of same dominant diagrams in these states. 

From the above, it is evident that for a system with covalent ground state 

and V =/:. 0, the essential excited states have to be the first excitonic Bu state, the 

first excitonic Ag state, and the conduction band threshold. Other states are not 

as important as the essential states because of either their weak dipole couplings 

with the essential states or the cancellation in their X(3) contributions, which is 

quantitatively discussed next. 

3.1.1 Numerical Results about the Essential States 

The numerical results that show the uniqueness and the characteristics of 

the essential states are demonstrated in this section. The computations have been 

done for hundreds of parameter sets that cover wide range of parameter space. 

The data given here are the representatives of the numerical results. 
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The mAg and the nBu are Unique 

For any nonlinear optical process in which the initial state is the ground 

state, the most important states are the lAg and the lBu since the dipole moment 

I(1AglJ.LllBu) I is the largest inter-band coupling moment. The essential two-photon 

Ag state, therefore, is necessarily the one that has the largest dipole monent with 

the lBu. 

It has been mentioned above that the mAg is the unique two-photon state 

that most strongly coupled to the lBu. In Fig. 3.17 the dipole moments between 

the lBu and Ag states are given for N = 8 chains. For all the parameters, there 

is only one excited Ag state that has large dipole moment with the lBu. This Ag 

state - the mAg - is always above the lBu and is expected to become nearly 

degenerate with the lBtt in long chain limit for weak bond alternation, which leads 

to a two-photon resonance at about half of the gap energy (E(lBtt )/2). 

Having found the essential two-photon state, the mAg, the criterion for an 

essential Bu state besides the lBtt is a large dipole moment with the mAg. The 

dipole moments between the mAg and several Bu states are shown in Fig. 3.18 

for N = 8. From the data it is clear that, besides the lBtt , there is only one Bu 

state - the nBtt - that is strongly coupled to the mAg. The larger the Coulomb 

parameters, the more unique the nBtt is. 

The Natures of the Essential States 

From examining dipole moments, the four essential states can be recog

nized. However, the physical characteristics of these states in infinitely long chains 

are far more difficult to determine from numerical results of small clusters. The 

major problems in short chain calculations originate from the discreteness of the 

energy spectrum and hence the overlaps between energy bands (here "band" im

plies collection of states of similar properties), which results in character mixing 

of states and creates great obstacles for distinguishing one state from another. 



I' 

53 

• 
• • • 
• • 

0.2106 
9Ag ~214Ag 0.0585 

14Ag ~38A - g 

0.1788 
8Ag 

0.1085 
13Ag ~013Ag ~67A - g ----. 2BU 0.1226 ~ 12Ag ~6A ~ 12Ag 

OJ) 0.4377 g 
~ - 7Ag Q) ...... 2B ...... 3B ••••. 3B 
~ u u u 
~ -~76A 1.9795 llAg 1.4670 llAg -2.4990

5A g g 
_ •••. IB 

u IBu IBu --- •• IB u 
• • • 

• • 

:2:.!225
2A ~2A 0.0302 

2Ag 
-0.2601 2A -g g g 

1.2949 
lAg ~7 IA ~81A ~IA - g g g 

U V 0 U V 0 U V 0 
PPP-Ohno 

4 1.5 0.1 10 3 O.l 15 4 O.l 

Figure 3.17: Dipole moments between the 1Bu and Ag states for various of pa
rameters. Here U and V are in the units of t and t is set to be 1. The solid lines 
represent the Ag states and the dashed lines represent the Bu states. The numbers 
against the solid lines are the dipole moments between the corresponding Ag state 
and the 1 Bu' The Ag states not shown have very small dipole moments with the 
IBu • The levels are plotted not in the real scale of energy The last set of results is 
obtained from the PPP model whose Hamiltonian is that of the simple Hubbard 
model plus a long range Coulomb potential term Li<j \lij(ni - l)(nj - 1), and 
\lij = [I+O.611~i-jI2P72 for the Ohno variant (Ohno, 1964). 
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Figure 3.18: Dipole moments between the mAg and the Bg states for various of 
parameters (t = 1). The solid lines represent the Ag states and the dashed lines 
represent the Bu states. The numbers against the dashed lines are the dipole 
moments between the corresponding Bu state and the mAg. The Bu states not 
shown have very small dipole moments with the mAg. The levels are plotted not 
in the real scale of energy. 
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The technique used to overcome the finite size effects in short chain calcu

lations (Guoet al., 1992e) is the following. First, the computations are carried out 

in the strong correlation limit, in which the energy bands are well separated and 

the natures of states are recognizable. The properties such as intra-band couplings 

and the density-densit.y correlations are understood for the essential states in this 

limit. Second, t.he computations are extended to moderate Coulomb parameter 

regime, in which partial overlaps occur. The intra-band couplings and correlation 

functions are examined and the behavior of essential states that are recognized 

from the dipole moments between them are compared with those in the large pa

rameter limit. If the same behavior is found for the two kinds of parameter choices, 

the natures of the essential states determined in strong correlation limit are proved 

to be valid in a moderate parameter region, and a universality is shown to exist. 

Strong Correlation Limit 

The energy spectrum for N = 8, U = 50, V = 15, 8 = 0.1 is depicted in 

Fig. 3.19. The energy bands are centered at about 0, U - V, U, etc .. The foul' 

essential states in this case are the lAg, the lBtLl the llAg, and the 20Bu. From 

the spectrum, the four states are recognized as the covalent ground state, the first 

exciton Bu state at an energy'" U - V above the ground state, the first exciton 

Ag state also at '" U - V, and the conduction band threshold at '" U. 

The dipole moments between Ag and Bu states for the same set of pa

rameters are plotted in Fig. 3.20. The onset of strong intra-band couplings, 

characteristic of a band with closely spaced states, is at the 20Bu, indicating that 

the 20Bu is the conduction band threshold. 

A more quantitative way to determine the characteristics of states is to 

study the density-density correlations, which are defined as the expectation values 

(3.35) 
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Figure 3.19: The enel'gy spectrum for N = 8, U = 50, V = 15, 8 = 0.1. 

56 



57 

50 

,. 

40 7' 

f\" 

. . . 

~~t4 ~ 
....::: 
~ 

'''-' 20 'U:~~ 

10 

o 
o 10 40 50 

Figure 3.20: The dipole moments between the first 50 Ag and first 50 Bu states for 
N = 8, U = 50, V = 15, b = OJ. Each curve dj(k) == IUBuIJllkAg)1 in the figure 
is a function of k. The dotted curves are for the conduction band Bu states. 
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and 
1 N-I 

91 == N(I2:(ni -l)(ni+1 - 1)/}, 1 = 1,2, ... , N - 1 , 
i=l 

(3.36) 

where 1 is the distance between two sites. 

For the purpose of understanding the relation between the values of corre

lation functions and the property of a state, valence bond (VB) diagrams are used 

to describe the real space configurations of states. A more detailed description 

of the VB theory is given in Appendix A. The construction of the VB diagrams 

is summarized as follows. If one denotes the up-spin and down-spin by a and f3 
respectively, a site doubly occupied with two electrons of opposite spins by a cross 

(x), an empty site by a dot (.), and a pair of singlet-coupled singly occupied sites 

by a line or "bond" joining them, then, using the creation operators c+s, one has 

1-) == ~(ctact.{3 - ct{3ct.a)IO) , 
site i j 

site i j 

(3.37) 

(3.38) 

where only two sites (i, j) are shown. All the other VB diagrams can be generated 

from these. For example, for a chain of 4 sites, 

1 ~) - 1 + + (+ + + + )10) x· = "J2 c2 ,ac2,{3 cl,a c4,{3 - c 1,{3c.j,a • 

site 1 2 3 4 

The VB representations of the Ag and the Bit states for an N 

illustrated in Fig. 3.21. 

(3.39) 

= 4 chain are 

The criteria for a state to be covalent, excitonic, conducting, and bi

excitonic are as follows. 

(1) Covalent states: 

90 '" 0, 91 rv 0 for I > 0, (3.40) 

since there is no double occupancies in a covalent configuration diagram (see 11+) 

and 12+) in Fig. 3.21). 
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Ag Symmetry Eu Symmetry 

11+)= - -
12+)= r-:=-\ 

13+)= [Xo 1 +~- 0 x~ + oX- + - x 0 

11-)= [Xo -~+~- 0 x~ - oX- - - x 0 

14 + ) = (1"")(7"\) + (1""";)(\) 12 - ) = (1"")(7"\) - (1""";)(\) 

15+)= tX' o~+fo 'X'~ - r;\x - xr;\ 13-)= ~'X' o~ -[0 'X'~ + r-;;--\ X - X r;\ 
16+)= (x- 0)+(0 -x) 14-) = (x - 0) - (0 - x) 

17+)= (x oX 0)+(0 X ox) /5-)= (x oX 0)-(0 X ox) 

18+)= (x 0 oX)+(o x x 0) 

19+)= (xxo 0)+(00 xx) 16-)= (xx. 0)-(0 • xx) 

Figure 3.21: The VB basis functions for the Ag and the Bu states in an N = 4 
cnain. 
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90 f'V N' 91'" 0 for 1> 1, 
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(3.41) 

because an exciton state contains a nearest neighbor particle( x )-hole(.) pair (see 

/3+) and the /4+) in Fig. 3.21). 

(3) Conduction band states: 

1 
90 '" N' 91 '" 0 for 1> 0, (3.42) 

since particles and holes are separated and uncorrelated in the conduction band 

(see /5+) and /6+) in Fig. 3.21). 

(4) Bi-exciton states: 

2 
90 rv N' 

2 
92 rv N' 91 '" 0 for I > 3. (3.43) 

where a biexciton state contains a pair of neighboring particle-hole pairs (excitons) 

(see /7+) in Fig. 3.21). 

The values of the correlation functions for N = 8, U = 50, V = 15, b = 
0.1 are listed in Table 3.1. From the table, it is again confirmed that the ground 

state is a covalent state due to vanishingly small value of 90, the 1Bu is the first 

Bu exciton with 90 '" -h, 91 '" --h, and 91 for I > 1, the mAg (l1Ag) is the first Ag 

exciton, and the nBu (20Btt ) is the conduction band threshold with small 91 rv 0 

for I =1= O. 

Moderate Coulomb Parameter Regime 

In this parameter region, there are overlaps between energy bands and it 

is impossible to recognize all the edges of the bands from the energy spectrum. 

The energy spectrum for N = 8, U = 10, V = 3, b = 0.1 is plotted in Fig. 3.22. 

From examining the dipole moments, the excited essential states are recognized as 

the IBtt , the l1Ag, and the 9Btt • However, the excitonic characters of the lBu and 
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I 
STATES 0 1 2 3 4 5 6 7 

..., lAg 0.002 -.002 0 0 0 0 0 0 
~ 
Q) 

~ 
0 

CJ lOAg 0 0 0 0 0 0 0 0 
1Bu 0.128 -.128 .002 -.002 0 0 0 0 

~ 19Bu 0.125 -.125 0 -.002 0 0 0 0 
0 ..., 
'u 

llAg 0.127 -.128 .003 -.002 0 0 0 0 >< 
~ 

29Ag 0.125 -.124 0 0 0 0 0 0 
"t:l 20Bu 0.128 -.006 -.006 -.029 -.038 -.030 -.015 .004 
~ 
nl 

CO 
76Bu 0.126 -.004 -.009 -.030 -.038 -.029 -.013 .003 £::: 

0 
'';:; 
u 30Ag 0.128 -.006 -.006 -.029 -.038 -.030 -.015 .004 ::l 

"t:l 
£::: 
0 

CJ 86Ag 0.126 -.004 -.009 -.030 -.038 -.029 -.013 .004 
77Bu 0.241 -.345 .227 -.123 .001 -.001 a a 

~ 
0 82Bu 0.238 -.338 .221 -.120 -.001 0 a a ..., 
'u 
~ 

I 87Ag 0.241 -.345 .227 -.123 .001 -.001 0 a as 

92Ag 0.238 -.338 .221 -.120 -.001 0 a 0 

Table 3.1: Correlation functions 91 = 'fi.,(L:f:ll(ni - l)(ni+1 - 1)) as a function of 
I for N = 8, U = 50, 1I = 15, 8 = 0.1. Large negative value implies strong 
particle-hole correlation. The states at the lower part of the table are in higher 
energies. The numbers with magnitudes smaller than 0.001 are listed as O. For 
N = 8, l/N = 0.125, 2/N = 0.250, 3/N = 0.375. 
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Figure 3.22: The energy spectrum for N = 8, U = 10, V = 3, 6 = 0.1. 
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Figure 3.23: The dipole moments between the first 50 Ag and first 50 Bu states for 
N = 8, U = 10, V = 3, 8 = 0.1. Each curve dj(k) == I (jBulJ.LlkAg) I in the figure 
is a function of k. The dotted curves are for the conduction band Bu states. 

the mAg, and the band character of the 9Bu cannot be unambiguously identified 

from the spectrum. It is shown next that these characteristics can be identified 

from studying the wave-fund-ion properties, namely, the dipole moments and the 

correlation functions. 

The dipole moments between Ag and Bu states for the same set of param

eter are given in Fig. 3.23, in which the overlap between the exciton states and the 

conduction band states is clearly seen. In spite of the presence of the overlap, the 

onset of large intra-band couplings at 9Bu is recognizable and the 9Bu is evidently 

the conduction band threshold. 

The calculated density-density correlations for the same set of parameters 

are listed in Table 3.2. The overlaps leads to less sharp edges of the energy bands, 
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I 
STATES 0 1 2 3 4 5 6 7 

~ lAg 0.044 -.044 .001 -.001 0 0 0 0 
Q) .-
~ 

16 lOAg 0.003 -.003 0 0 0 0 0 0 

lBu 0.169 -.115 .027 -.032 .001 -.008 0 -.002 

l1Ag 0.158 -.112 .017 -.035 -.011 -.013 -0.003 -.002 

8Bu 0.143 -.117 -.011 -.014 0 0 0 0 

9Bu 0.152 -.068 .011 -.OlO .020 -.030 -.022 -.013 

lOBu 0.142 -.121 .008 -.023 -.004 -.002 0 0 

12Bu 0.142 -.127 -.008 0 -.002 -.009 .009 -.005 

13Bu c:: 0.145 -.057 .007 -.008 -.019 -.031 -.027 -.OlD 
14Bu 0 0.139 -.126 -.012 -.005 .007 -.004 0 0 ....., 

'0 
>< 

18Bu 
~ 0.136 -.126 -.005 -.005 .002 .001 0 -.001 

"'0 19B u. 0.138 -.049 .005 -.010 -.026 -.030 -.020 -.070 
~ 

p::) 20Bu 0.135 -.119 .002 -.006 -.005 -.003 -.003 -.001 
~ 21Bu 0.129 -.120 -.007 -.001 -.001 0 0 0 

.9 ....., 22Bu 0.140 -.038 .002 -.022 -.042 -.026 -.011 -.003 
u = 23Bu 0.131 -.027 .002 -.012 -.030 -.036 -.022 -.006 "'0 
~ 

24Bu 0.129 -.125 .001 0 -.001 -.002 -.001 0 0 
u 

25Bu 0.142 -.035 -.002 -.026 -.022 -.011 -.021 -.025 

54Bu 0.150 -.056 -.020 -.018 -.036 -.004 -.010 -.005 

55Bu 0.181 -.141 .054 -.043 -.032 -.013 -.002 -.002 

56Bu 0.147 -.057 -.032 -.017 -.021 -.014 -.006 -.011 
~ 
0 

63Bu 
....., 

0.157 -.081 .009 -.026 -.023 -.017 -.009 -.010 '0 
64Bu ~ 0.188 -.140 .047 -.067 .017 -.031 -.005 -.009 

I 

~ 
84Bu 0.148 -.081 .009 -.026 -.023 -.017 -.009 -.OlD 

85Bu 0.219 -.188 .034 -.031 -.022 .008 -.013 -.007 

Table 3.2: Expectation values ~(L:f:l1(ni - l)(ni+l - 1)) as a function of I for 
N = 8, U = 10, V = 3, 8 = 0.1. Large negative value implies strong particle-hole 
correlation. The numbers with magnitudes smaller than 0.001 are listed as O. For 
N = 8, liN = 0.125, 21N = 0.250, 31N = 0.375. 
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Covalent VB Diagrams: 
, , ,,------.., /, " 

Excitonic VB Diagrams: 

x • - - - X • - X • , , , X • , 

, X • , / , X .,' 

Figure 3.24: The four covalent and six excitonic VB diagrams for an N = 6 chain. 

while the covalent character of the 1 Ag , the exciton characters of the lBu and the 

mAg (llAg), and the conduction band character of the nBu (9Bu) are retained. 

Another method that can also provide explanations for the natures of the 

mAg and the nBu is to study the quantum numbers m and n. For a given chain 

length N, the values of m and n increase as the Coulomb parameters increase 

and saturate at certain values ms and ns. The values of ma and ns are equal to 

the number of covalent VB diagrams (NeDIl ) +1 and the number of the excitonic 

diagrams (Nexe ) +1, respectively. For N = 6, NeDIl = 4, Nexe = 6, and for N = 8, 

NeDIl = 10, Nexc = 19, which explains why the mAg and the nBu are, respectively, 

the 5Ag and the 7 Bu for N = 6, and the llAg and the 20Bu for N = 8, in large 

parameter limit. The four covalent diagrams and six excitonic diagrams for N = 6 

are depicted in Fig. 3.24. Furthermore, the saturation values of m and n tell that 

the mAg is the first Ag exciton state and the nBu is the conduction band threshold. 
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For smaller parameters, the values of m and n are less than the saturation values 

as a result of band overlaps. The natures of the mAg and the nBu, however, are 

preserved as shown in the above numerical results. 

3.2 Nonlinear Pathways and Intensities of Two-Photon Resonances 

From the four essential states, two kinds of nonlinear pathways can be 

constructed. The first includes the paths that give rise to three-photon resonances 

at ~E(lBIt) and ~E(nBIt), which are 

(3.44) 

The second includes the paths that lead to mAg two-photon resonance at ~E(mAg), 

which are 

(3.45) 

where the X(3) contributions from the paths in Eq. 3.45 can be eighter positive 

and negative depending on the values of i and j. The effect of this is discussed 

next. In order to compare with the one-electron theory, the intensity of the 2Ag 

two-photon resonance within the extended Hubbard model is also discussed in this 

section. 

Intensity of the mAg Two-Photon Resonance 

Similar to the 2Ag in the one-electron models, the mAg two-photon reso

nance has contributions from two kinds of paths, the "direct" paths that involve 

only one Bit state in each path, 

(3.46) 

and the "cross" paths that involve both essential Bit states in each path, 

lAg -+ iBIt -+ mAg -+ jBu -+ lAg i, j = 1, nj i i= j . (3.47) 
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The resonant x~1G and X~~A contributions from the two kinds of path

ways are, respectively, 

T'!.HG = (lAgIIlIiBu}2(mAgIIlUBu}2 , 
JJ (WjBu - 3W)(WmAg - 2w)(wjBu - w) 

(3.48) 

T'!.PA = (lAglllljBu}2(mAgIIlUBu}2 , 
JJ (WjBu - W)(WmA g - 2W)(WjBu - w) 

(3.49) 

and 

T.'r:HG = (lAglllliBu}{iBullllmAg}{mAgIIlUBu}(jBuIIlIIAg) , 
IJ (WiBu - 3W)(WmAo - 2W)(WjBu - w) 

(3.50) 

T,!PA = (lAg IllliBu) (iBu IlllmAg) (mAg Illlj Bu) U Bu IIlIIAg} 
IJ (WiBu - W)(WmA o - 2w)(wjBu - w) 

(3.51) 

Again, as in the case of 2Ag in the one-electron models, the dipole-moment 

products (lAgIIlIIBu}{IBullllmAg) and (lAglltlnBu}{nBullllmAg) have opposite 

signs and the X(3) contributions Tjj and Tij from different kinds of paths cancel since 

the denominators of the two terms have the same signs for W rv wm A g /2. However, 

for V =f. 0, there is a gap between the exciton IBu and the conduction band 

threshold nBu a.nd, hence, E(nBu) =f. E(IBu), I(lAglltllBtt}1 =f. 1(IAglltlnBu}l, and 

l(mAgIIlIIBu}1 =f. l(mAgllllnBu}1 even for N -~ 00. As a result, the cancellation is 

only partial and the intensity of the mAg two-photon resonance does not vanish 

in either the x~1G or the X~~A spectrum. 

Intensity of the 2Ag Two-Photon Resonance 

In the previous works, the two-photon resonance in the experimental x~~1G 
spectrum has been attributed to the sub-gap state 2Ag, while the essential-state 

theory shows that the 2Ag and other sub-gap states are not important to the third 
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N U V 8 P-/P+ 
4 3 1 0.1 0.4952 
6 3 1 0.1 0.5988 
8 3 1 0.1 0.5136 
6 PPP 0.5141 
8 PPP 0.5319 
4 4 0 0.1 0.6585 
6 4 0 0.1 0.7060 
8 4 0 0.1 0.7938 
4 6 2 0.1 0.9377 
6 6 2 0.1 0.9642 
8 6 2 0.1 0.9779 
4 10 3 0.1 0.9902 
6 10 3 0.1 0.9849 
8 10 3 0.1 0.9991 

Table 3.3: The ratio p- / P+ that measures the degree of cancellation in the X~~A 
contributions. See text for the definitions of P+ and P-. 

order nonlinearity. In this section, the irrelevancy of the 2Ag and other sub-gap Ag 

states is further proved by investigating cancellation effect in the nonlinear path

ways leading to the two-photon resonances within the interacting-electron models. 

The two kinds of pathways for the subgap 2Ag state are the same as those 

in the independent-electron models (see Eq. 3A6 and 3,47), i.e. the 2Ag is coupled 

to the 1Bu and the 2Bu. The cancellations between the "direct" and the "cross" 

paths remain strong due to the near degeneracy between the 1Bu and the 2Bu in 

the long chain limit. The calculated ratios of the resonance X~~A contributions 

p+ == 2:;=1 Tjj(2Ag) and P- == 2:i~; 1ij(2Ag), P- / p+ are given in Table 3.3 for 

various of parameters. An exact cancellation corresponds to P- / P+ = 1. Despite 

their deviation from unity due to the finite size effects, the results in Table 3.3 for 

these short chain lengths (N ::; 8) have already shown strong cancellation between 

the two terms. Therefore, the intensity of the 2Ag two-photon resonance in a long 

chain is also expected to vanish within the interacting-electron models. The same 

kind cancellation is also expected for all the sub-gap Ag states (F. Guo, D. Guo, 
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and S. Mazumdar, 1993). 

3.3 Theoretical Predictions 

Based on the essential states study in this chapter, three predictions are 

made for the optical properties of 7r-conjugated polymers. 

(1) Because of the presence of two essential Bu states, there should be three reso

nance peaks in the xVJIG spectrum. They are the three-photon resonance due to 

the 1Bu at ~E(lBu), the three-photon resonance due to the band threshold nBu at 

~E(nBu), and the two-photon resonance due to the mAg at ~E(mAg). The three 

peak xV JIG spectrum is expected for any excitonic (V =f. 0) system. 

(2) Since the mAg is the only important two-photon state, there should be only 

one two-photon resonance peak in the XV~A spectrum of a material containing long 

molecular chains. From its excitonic nature, the mAg is expected to be very close 

to the 1Bu in energy. 

(3) As a conduction band state, the nBu is strongly intra-band coupled to the 

band Ag states, which leads to a strong state-mixing in the presence of an applied 

electric field and hence a large energy shift - the Stark shift - and a reduced 

absorption strength due to the weakened dipole coupling with the ground state. 

The field induced changes in the nBu are, therefore, observable in the electro

absorption spectrum, which measures the difference between the zero field and 

nonzero field absorptions, although the nBu may not be seen in the zero-field 

absorption spectrum clue to the relatively weaker 1Ag-nBu coupling compared to 

the lAg-lBu coupling. 
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CHAPTER 4 

COMPARISON WITH EXPERIMENTS 

Although the first X~)lG frequency spectrum in polyacetylene has been 

considered to be a two-peak spectrum (Kajzar et al., 1987), the essential states 

mechanism of optical nonlinearity predicts the observable resonance feature from 

the conduction band threshold and, consequently, a three-peak X~)fG spectrum and 

reveals the universality that exists in many of the one-dimensional 7l'-conjugated 

polymers. It is found that the complete information on the nonlinearity has to be 

extracted from various experiments rather than a single X¥1a measurement. In 

this chapter, the theoretical conclusions obtained from the essential-state model 

are compared with the experimental results obtained from the measurements such 

as third harmonic generation, two-photon absorption, and electro-absorption. 

4.1 Third Harmonic Generations 

The theoretical X~)lG spectrum for N = 8, U = 10, V = 3.5, 8 = 0.1 

is given in Fig. 4.25, where three resonance peaks due to the 1Bu, the nBu and 

the mAo are present. The solid curve in the figure is obtained from the four-state 

calculation while the dashed curve is obtained from the exact calculation that 

includes all the states. The quantitatively good agreement between the four-level 

and the exact results indicates that the four states discovered in this work are the 

essential states. In order to show the role played by the band threshold nBu, a 

three-level spectrum (without the nBu) is also given in Fig. 4.25(b). Without the 

nBu, the intensity of the mAo two-photon resonance is much larger. In addition, 
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Figure 4.25: Theoretical X¥1a spectra for N = 8, U = 10, V = 3.5, 8 = 0.1, 
r = O.05E(lBu). (a) The solid curve is obtained from the four-state calculation 
and the dashed curve is from the exact calculation that includes all the states. 
(b) Solid curve is the four-level spectrum and the dashed curve is the three-level 
(without the nBu) spectrum. 
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in the absence of the nBu the overall magnitude of X(3) would increase rapidly to 

an unrealistically large value as the chain length increases. 

The experimental X?1a spectrum by Hasegawa et al. {Hasegawa et al., 

1992} is shown in Fig. 4.26. The measurement is conducted in a polydiacetylene, 

PDA-C4 UGI! which is polymerized from a diacetylene monomer RC::::C-C::::R pow

der, with R being the substitutional urethane side group R = (CH2},,-OCONH

C4 Hg , that is considered as being most suitable for the preparation of highly ori

ented films (Kanetake et al., 1989). From electro-absorption experiment the ener

gies of the 1Btt and the mAg are found to be about 1.95 e V and 2.5 e V respectively 

(Hasegawa ct al., 1990). Therefore, in the X(3) spectrum, the resonances at 0.65 eV 

and 1.25 eV are the three-photon resonances due to the 1Btt and the two-photon 

resonance due to the mAg. Photo-conduction experiment shows that the conduc

tion threshold is at 2.8 eV1, which leads to a three-photon resonance at about 0.93 

eV in the X?)lG spectrum. The theoretical results (solid curves in Fig. 4.26) are 

obtained from the four-level calculation that uses the experimental values for the 

energies of the lEtt, mAg, and nEtt and adjusts the dipole moments to get the best 

fits to the the experimental data. The fitting parameters are listed in Table 4.4 

together with the parameters for other fittings. 

Three-peak X(3) spectrum has also been found in many other materials such 

as polythiophenes2 and polysilanes (Hasegawa et al., 1992), which demonstrates 

explicitly the importance of the conduction band threshold in the third order 

optical nonlinearity. 

4.2 Two-Photon Absorption 

One of the theoretical predictions from the last chapter is that the inten

sities of the two-photon resonances due to all the Ag states are vanishingly small 

ISee Hasegawa et al., 1992. 
2See, Guo, Mazumdar, and Stegeman et al., 1992). 
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Figure 4.26: Experimental x~JJG spectra in PDA-C4 UC4 film. The solid curves 
are the theoretical results from the four essential-state model. The theoretical 
calculations use the experimental values for the energies of the lBu, mAg and the 
nBu and adjust the relative values of the dipole moments to get the best fits. The 
parameters are listed in Table 4.4 
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Figure 4.27: Experimental two-photon absorption spectrum X~~A (w) (solid curve) 
and the corresponding linear (one-photon) absorption spectrum (dashed curve). 

except that due to the mAg, which is located just above the 1Bu , and only one 

strong two-photon resonance is expected in the X~~A spectrum. 

The experimental two-photon absorption spectrum in Fig. 4.27 was mea

sured in a polydiacetylene thin film 4-BCMU with side group (CH2)40CONHCH2 

COO(CH 2 hCH 3 ) (TorruelJas, 1991). In the figure, the linear absorption spectrum 

(dashed curve) is also given in order to identify the relative locations of the 1Bu , the 

mAg, and the sub-gap Ag states. The maximum of the linear absorption is between 

480-520 nm (2.4-2.6 eV), indicating that the lBu is in this region. The two-photon 

absorption spectrum (solid curve) has a sharp peak at 865 nm (1.4 eV), implying 

a single two-photon state located at 433 nm (2.8 e V), which is about 0.2-0.4 e V 

above the lBu. Based on the essential states theory, this two-photon state is the 
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mAg since its contribution to the X¥~A and X¥1a is not cancelled out completely 

due to the presence of longer range electron-electron Coulomb interactions (V ~ 0), 

and, therefore, a gap between the exciton 1BIL and the conduction band thresh

old. A very small peak at about 1140 nm (1.1 eV) is attributed to a two-photon 

state at 570 nm (2.2 e V). From the previous argument, this state is a sub-gap Ag 

state that is expected to be present in the interacting-electron models and to have 

a very weak resonance intensity. The nonzero two-photon resonance intensity of 

the sub-gap Ag states in the spectrum could be due to the effects that reduce the 

effective lengths of the molecular chains and hence nonperfect cancellations. 

4.3 Electro-Absorption 

The most important contribution of this work to the theory of optical 

nonlinearity in conjugated polymers is the recognition of the roles played by the 

conduction band threshold (nBIL ), which leads to the more complete understanding 

of the mechanism of the nonlinearity. However, it is hard to observe the the 

conduction band threshold in the linear absorption spectrum a( W)3, 

a(w) = J( x whnf2: l(nIJllgW[ 1 T 
g,n w + wng + 1, 119 

1 
T ]}, 

W - wng + Z ng 
(4.52) 

where J( is a constant, due to the weaker nBIL -1Ag coupling compared to the 

1Bu-1Ag coupling and larger nBIL-1Ag energy separation. An alternative way of 

identifying the nBu is to study the electro-absorption spectrum that gives the 

changes in the linear absorption induced by an applied electric field F. Electro

absorption experiments measure ~a(w) == ap(w) - ao(w) 

Applying an electric field F to a molecular chain breaks the mirror plane 

symmetry and mixes the states of different parities. The strength of mixing be

tween two states is proportional to the dipole moment between them. The resultant 

effects in the absorption spectrum a are the energy shifts (Stark shifts, see Fig. 

3See, Shen, 1984 
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Figure 4.28: Schematic illustration of Stark shifts in the energy spectrum and the 
electro-absorption spectrum. boa = ap - 0'0. 

4.28) and the field-induced lAg-Ag transitions. Due to the strong intra-band cou

plings between the lBu and the mAg and between the conduction band states, 

large changes are expected for the lBu exciton, the mAg exciton, and for the band 

threshold nBu and other band states. However, for the states deep inside the con

duction band, the field-induced losses in IAg-Bu absorptions cancel the gains in 

IAg-Ag absorption due to small energy separations between the band states, and 

only the changes at the band edge are observable. For the sub-gap Ag states, can

cellations in the field induced transition moments exist, and, as a result, sub-gap 

Ag states are also not observable in electro-absorption spectra. A detailed analysis 

of field-induced effects is given in Appendix B. Therefore, in an electro-absorption 

spectrum boa(w), there are only three major features - the IBu red shift because 

the mAg is above and very strongly coupled to the IBu (see Appendix B), the 

field-induced lAg-mAg absorption, and the field induced changes at the conduc

tion band edge. Consequently, from an electro-absorption experiment one can, in 

principle, determine the locations of all the three excited essential states. 
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Figure 4.29: Electro-absorption for N = 8, U = 50, V = 15, 6 = 0.1, 
r = 0.005E(lBu}. The energies of the mAg and the nBu are, respectively, 
1.007E(lBu) and 1.345E(lBu}. (a) Linear absorption ao(w)j (b) Difference spec
trum L\a(w) with field F = 0.005 in dimensionless units. (c) The difference spectra 
for the Ag absorption (dashed curve) and the Bu absorption (solid curve). 
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In order to recognize the band threshold unambiguously, the theoretical 

calculation of the electro-absorption spectrum is first carried out in the large pa

rameter limit, in which the conduction band is well separated from the excitons. 

The electro-absorption for N = 8, U = 50, V = 15, S = 0.1 is given in Fig. 4.29. 

The 1Bu and the mAg are recognized in the spectrum. The cancellation inside the 

conduction band is demonstrated by showing the field effects on the Ag or the Bu 

states only (Fig. 4.29(c)). The onset of the weaker higher energy feature is at the 

nBu (20Bu), which is attributed to the band threshold. 

The electro-absorption and zero-field absorption spectra for moderate in

teraction case, which is considered to be comparable with experiments, are shown 

in Fig. 4.30 for N = 8, U = 10, V = 3, S = 0.1. The feature similar to that of 

the band threshold in strong correlation limit is observed at the energy of the nBu 

(9Bu), which has been known from the previous chapter to be the band threshold 

for this set of parameters. 

Although the nBu is recognized as the conduction "band" threshold from 

small cluster calculations, its band character has been proved by experiments in real 

materials with long chain molecules. The experimental electro-absorption spectra 

are given in Fig. 4.31, which is measured in a polycliacetylene thin film (DCH

PDA) (Kawabe et ai., 1991). There is a good agreement between the experimental 

spectrum ~a and that of theory in Fig. 4.30(b). The 1Bu, which is recognized 

as an exciton state according to the fact that the photo-conductivity is absent in 

the corresponding energy region4
, is red-shifted as predicted theoretically. From 

the resemblance between the nBu feature in the theoretical spectrum in Fig. 4.30 

and the feature in the experimental spectrum in Fig. 4.31, the conduction band 

threshold of DCH-PDA is considered as being at about 2.4 e V. This assignment 

is confirmed by the photon-conduction experiment (K. C. Yee and Chance, 1978) 

carried out in the same material, which finds the onset of photo-conduction being 

at 2.4 eV. 

4See, Vee and Chance, 1978. 
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Figure 4.30: Electro-absorption for N = 8, U = 10, V = 3, b = 0.1, 
r = O.016E(lBu). The energies of the mAg and the nBu are 1.107E(lBu) and 
1.278E(lBu) respectively. (a) Linear absorption ao(w)j (b) Difference spectrum 
L.\a(w) with field F = 0.005 in dimensionless units. (c) Th~ difference spectra for 
the Ag absorption (dashed curve) and the Bu absorption (solid curve). 
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In summary, electro-absorption and photo-conduction experiments have 

proved that the nBII, one of the essential states for understanding the third order 

optical nonlinearity of 7l"-conjugated polymers, is the conduction band threshold. 

The comparisons with experiments have shown t.hat the conduction band of an 

infinite chain is recognizable from small cluster calculations. 

4.4 Others 

Besides the experiments mentioned above, other experiments have shown 

that the essential states mechanism is valid in many 7l"-conjugated polymers. 

The X~)fG measurement in ,a-carotene (van Beek et al., 1992) shows that 

the only important two-photon state (mAg)is above and close to the 1Bu , and 

the energy difference between the lBtt and the mAg is about 0.05E(lBtt ). This 

observation is consistent with the theory. 

The X~)fG spectra of poly-4 BCMU, polythiophene-3BUTY, poly thiophene-

3DECY, and ,a-carotene all show the presence of the three-photon resonance due 

to the band threshold nBII' The experimental X(3) and theoretical fitting are given 

in Fig. 4.32 to 4.35. The theoretical curves fitted to the experimental spectra are 

calculated in the following way. The energies of the lBtt! mAg, and nBu are ob

tained from the experimental data and are used in the four-state X(3) calculations. 

The dipole moments are chosen to get the curves that are well fitted to the ex

perimental data. The fitting parameters are listed in Table 4..4 and are compared 

with those of theoretical values for N = 8, U = 10, V = 3, 8 = 0.1. 

The quantitative deviation of the experimental results from the theoret

ical predictions can be due to the following reasons. The mAg may not be very 

close to the lBtt in certain materials with large bond alternation (for example, 

polydiacetylenes), or the defects that lead to shorter effective chain lengths, or 

amorphous structures that contain bent (nonlinear) molecular chains and cause 
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Material 
E(mAg) E(nBu) (mAg/I-l/1BlI ) (mAg/l-l/nBlI ) (1 Ag/Jl/nBlI ) 
E(lBlI) E( lBu) (lAg/I-l/1BlI) (lAg/I-l/ 1Bu) (lAg/I-l/1BlI) 

Poly-4BCMU 1.17 1.22 2.2 2.0 -0.35 
,B-carotene 1.08 1.15 2.2 2.0 -0.15 

poly(3-
butythiophene) 1.26 1.39 2.2 2.0 -0.14 

poly(3-
decythiophene) 1.26 1.39 2.2 2.0 -0.12 

PDA-C4 UC4 1.28 1.46 2.2 1.6 -0.25 
polyacetylene 1.01 1.29 2.0 1.3 -0.2 

Theory 
N U V 1.14 1.37 2.9 2.6 -0.18 
8 103 

Table 4.4: Comparisons between parameters obtained from the 4-level theoretical 
calculation with N = 8, U = 10, V = 3, 0 = 0.1 and those used in the fit to the 
experimental spectra. The energies of the essential states are obtained from the 
experimental data. 

mixing of symmetries. However, the essential two-photon state is always below 

the conduction band threshold because of its excitonic nature. 

4.5 On Polyacetylene 

As mentioned in the first chapter, the research on the nonlinear optical 

properties in conjugated polymers was originally focused on interpreting the x~1G 
spectrum of polyacetylene. Polyacetylene has long been considered as the proto

type of 1l"-conjugatecl polymers because of its simplest molecular structures of all. 

However, it is its structure that makes polyacetylene a special case in its polymer 

family. 

The distinction of polyacetylene from most of the 1l"-conjugated polymers 

such as polydiacetylenes and polythiophenes is due to its two-fold degenerate 
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ground state. As a result of such degeneracy, even in a defect (topological de

fect) free polyacetylene, optical excitation of electron-hole pairs can generate soli

ton/antisoliton pairs (Su and Schrieffer, 1980) or sub-gap soliton states. Therefore, 

the optical excitations that lead to generation of real electrons and holes give rise 

to absorption spectra with soliton contribution.5 • 

Since soliton states can be photo-generated, the origin of optical nonlin

earity in polyacetylene has been considered as solitonic rather than excitonic as 

in most of conjugated polymers (Sinclair et al., 1989). I do not agree with the 

assumption of soliton nonlinearity for polyacetylene based on the following consid

erations, although quantitative studies are needed for a more conclusive answer. 

According to the electro-absorption and photoconduction experiments 

(Phillips et al., 1989), the onset of photo-generated soliton absorption in an ini

tially soliton-free polyacetylene is at about 1.3 elf. Namely, for the photon energy 

less than 1.3 elf, there is no soliton generation, which is consistent with the fact 

that the photo-generation of solitons results from the real creation of electron-hole 

pairs that can be produced only when the input photon energy is close to that of 

the gap (1.78 elf for polyacetylene). The resonance features in the experimental 

X¥}/G spectrum of polyacetylene (Fann et al., 1989) are in the frequency regime in 

which photon energy is less than 1 elf (well below the gap energy), and, according 

to the above argument, no soliton can be generated in that frequency region. 

In conclusion, it is highly unlikely that the optical nonlinearity of poly

acetylene in the frequency range < 1 elf have soliton contributions. 

Although the experimental X(3) spectrum of polyacetylene has been con

sidered as a two-peak spectrum, it can be fitted by the four-level model. Because 

of the soliton conduction, the electron and hole conduction threshold of polyacety

lene cannot be determined from the photo-conduction experiment. However, if 

5See, for example, Phillips et al., 1989. 
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one estimates the threshold according to the electro-absorption spectrum of cis

polyacetylene (Phillips et al., 1989) and the role for finding the band threshold, 

which has been discussed in the previous section, the threshold can be considered 

at 2.3 eV. Knowing that the 1Bu is at 1.78 eV and assuming the mAg is at 

1.8 eV, the experimental spectrum can be fitted well. The theoretical fit to the 

experimental x~1G spectrum is given in Fig. 4.36. In the figure, a three-peak struc

ture is revealed, indicating that the origin of nonlinearity of polyacetylene is not 

qualitatively different from that of polydiacetylenes and many other ll'-conjugated 

polymers. 

/ 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

In this research, a microscopic many-body theory for the third order 

optical nonlinearity in 7r-conjugated polymers is developed within the extended 

Hubbard model. 

It is found that in spite of huge amount of optical states involved in non

linear processes, the bulk of the optical nonlinearity is determined by four essential 

states. Within the extended Hubbard model, the four essential states are deter

mined as (1) the ground state, (2) the first odd-parity exciton state lBu, (3) the 

first even-parity exciton state (two-photon state) mAg, and (4) the conduction 

band threshold nBtt. The essential two-photon state mAg is always bounded be

tween the lBu exciton and the conduction band threshold independent of parame

ters. The three excited essential states lead to three-peak xt~1G spectra. The three 

peaks correspond to the three-photon resonance at ~E(lBu), the three-photon res

onance at kE(nBu), and the two-photon resonance at !E(mAg). 

From the analysis of the nonlinear pathways it is shown that the sub-gap 

states are irrelevant to nonlinear optical properties. 

The study on the intensity of two-photon resonances shows that the exci

tonic feature is essential to understanding the nonlinearity in 7r-conjugated poly

mers. Since the exciton formation require nonzero nearest neighbor electron

electron Coulomb interactions, the one-electron theory and the simple Hubbard 

model are not appropriate for describing nonlinear optical properties of these ma

terials. 
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It is revealed that a cancellation effect is present in the optical nonlinear 

processes in one-dimensional chains, which limits the magnitude of the third order 

nonlinearity of conjugated polymers. The effort to increase the nonlinearity should 

be directed towards eliminating such cancellations. 

Based on both physical arguments and numerical computations, the na

tures of the essential states are determined. Particularly, the determination of the 

conduction band leads to more complete understanding of the mechanism of the 

third order electronic nonlinea.rity for the first time. There are good agreements 

between theoretical predictions a.nd experiments, indicating that infinite chain be

havior can be understood from small cluster results. 

At the time when this work was first published (Guo et al., 1992), Abe 

et al. (Abe et al., 1992) also found a three-peak X(3) spectrum in their numerical 

result. One of the resonances is also attributed to the conduction band threshold. 

However, the approximations in their calculations are such that there exist no 

sub-gap Ag states, which is inconsistent with many experimental observations in 

7r-conjugated polymers. It is accidental that their three-peak spectrum agrees with 

that of the essential states theory. 

Generalization of the Essential States Mechanism 

The essential states mechanism can be generalized to include other Ag and 

Bu states at the edge of a "band". For example, for the fifth order nonlinearity 

X(5), the Ag state (or states) at the conduction band edge and strongly coupled 

to the nBu and the first hi-exciton Bu state become essential. Even for the third 

order nonlinearities, the two-photon resonances due to the conduction-band-edge 

Ag states and the three-photon resonance due to the first hi-exciton Bu state can 

be observable in short chains because the dominance of the four most essential 

states is weakened by finite size effects. 

In conclusion, the band edge states are always the most relevant states 
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to nonlinear optical properties since they give rise to the dominant inter-band 

dipole couplings, where the "bands" can be classified as collections of excitons, 

conduction states, bi-excitons, tri-excitons, and even localized or delocalized states 

such as those in polyaraphenylene etc. . Any kind of optical nonlinearity in an 

infinite system should be understood by examing the roles played by the states at 

the relevant "band" edges. 
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APPENDIX A 

VALENCE BOND THEORY: INTRODUCTION 

A.I Historical Review 

Valence-bond (VB) theory was originally developed for understanding the 

chemical structure of molecules. The modern version of the theory was formed in 

the early time of quantum mechanics and characterized by the work of Heitler 

and London on hydrogen molecule H2 (Heitler and London, 1927). A close cor

respondence between the chemical bonds and VB "spin-pairing" structures was 

found due to the works of Rumer (Rumer, 1932), Pauling (Pauling, 1932), and 

Eyring and co-workers (Eyring et al., 1932). However, in the application to solid 

state physics and quantum chemistry, VB theory was not as popular as the band 

theory or the molecular orbital theory mostly due to the difficulties in computa

tions. After nearly 60 years, the VB theory have been developed into a stage that 

the qualitative understanding of many-body effects can be obtained within simple 

and intuitive physical pictures with quantitative accuracy and less computational 

efforts, although the development is still continuingl . 

The increased interests in the VB theory stemmed from the recognition 

of electron-electron correlations that are crucial to many chemical and physical 

problems. The theory has been applied in various "peripheral" areas of condensed 

matter physics such as the Born's theory of ionic solids (Born, 1954), Frenckel 

1 For a detailed review, see" Valence Bond Theory and Chemical Structures", edited by Klein 
and Trinajstic, 1990. 



92 

exciton theory (Frenckel, 1962), Heisenberg model for ferromagnetism and antifer

romagnetism (see, e.g., Van Vleck, 1932), and high-temperature superconductivity 

(Anderson, 1987) etc., where conventional band theory cease to work. Since it was 

designed to understand the electron Coulomb pairings in molecules, the VB repre

sentation naturally takes into account electron-electron interactions. Although VB 

calculations have been limited to small size molecules and careful finite size anal

ysis is required, it has become a powerful tool in solving problems in narrow-band 

systems in which electron correlations are pronounced. 

A.2 Valence Bond Representation 

In the VB theory, a coordinate-space representation is chosen for solving 

quantum mechanical problems. The basis functions are the VB diagrams that show 

explicitly the electronic configurations in real space and provide intuitive physical 

pictures of real-space electron transfers in excitations. 

The VB basis {/k)} is complete, non orthogonal and spin invariant, namely, 

the VB diagrams are the eigenfuctions of the total spin operators 82 and 8z. The 

second quantized form of the basic elements of VB diagrams are constructed in 

the following way. Since the ground state for one-dimensional chains is a singlet 

(8=0), and the total spin is conserved in optical excitations, we shall be interested 

only in the cases of 8=0. If one denotes the up-spin and down-spin by a and f3 
respectively, a site doubly occupied with two electrons of opposite spins by a cross 

(x), an empty site by a dot (.), and a pair of singlet-coupled singly occupied sites 

by a line or "bond" joining them, then, using the creation operators c+s the two 

basic VB diagrams can be expressed as 

/-) == ~(ct"c},{3 - ctpC},Q)/O) , 
site i j 

(A.53) 
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(A.54) 

where only two sites (i, j) are shown. All the other possible diagrams can be gener

ated from the covalent diagram (A.53) and the ionic diagram (A.54) for arbitrary 

large systems. For example, for a chain of 4 sites, 

(A.55) 

The legal VB diagrams are restricted by the rule in which only nested (i.e. non

crossing) bonds are allowed. Any diagram with crossing bond can be expressed 

as linear combinations of the legal diagrams. Therefore, for aN-site half-filled 

system, the total number of VB diagrams NT is given by 

~ ( N) ( N - m ) (N - 2m)! 
NT = m=O m N _ 2m (N/2 - m)!(N/2 - m + 1)! 

(A.56) 

It is clear that the dimension of the Hamiltonian matrix increases very rapidly as 

N increases even if the electron-hole and mirror plane symmetries are included in 

the construction of the basis functions. As a result, the VB calculations are limited 

to relatively small systems. 
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APPENDIX B 

ELECTRO-ABSORPTION 

Optical Absorption Coefficient 

The linear optical absorption coefficient is defined as1 

1 = J( x wlm{E l(nlfLlg)12
( T 

g,1t W + wng + Z ng 

1 
T )} W - wng + Z ng 

(B.57) 

Perturbation Theory of Electro-Absorption 

Assuming a weak applied field F parallel to the chain direction, the Hamil

tonian is, therefore, the sum of that of zero field and that of nonzero field lIF = 
-fLF, i.e. 

1I = lIo + lIF . 

To the first order, the new wave functions in the presence of the field are 

( (0) I I (0)) 

In) - In(O)) _ F '" m fL n Im(O)) 
- L...J E(O) E(O) 

71l;6n n - m 

(B.58) 

where In(O)) and E~O) etc. are the unperturbed wave functions and energies. Within 

the perturbation theory, the following results are obtained. 

lSee Shen, 1984. 



I! 

95 

(1) Energy Shifts of the IBu and the nBu: 

Since the IBu is strongly coupled to only two Ag states, the new wave 

function /IBu} in the presence of the field can be written as 

(B.59) 

where only essential states are considered, and the change in the energy of the 

IBu, to the second order of F, is 

~E(IBu) == (IBu/IfF/IBu) 

'" ,2/(IA~0)/Jl/IB~0)W ,2/ (mA~O) /Jl/IB~O)W 
- 2F (0) (0) + 2F (0) (0) 

EIBu - EIAg EIBu - E7IlAg 
(B.60) 

Since /(mA~O)/Jl/IB~O)}/ is comparable to or larger than /(IA~O)/Jl/IB~O)}/ and EIBu -

EmAg < 0, while 0 < E7IlAg - EIBu < EIB .. - EIAg , the second term in Eq. B.60 is 

negative and larger in magnitude. Therefore, the energy of the IBu is lowered by 

the field due to the presence of the mAg that is just above and strongly coupled 

to the IBu. Correspondingly, a red shift of the lEu exciton is expected in the 

electro-absorption spectrum ~O'( w) == O'F - 0'0. The energy shift of the ground 

state I Ag can be neglected because of its large energy separations (by a gap) from 

the Bu states. 

Similarly, the energy of the conduction band threshold nBu is also expected 

to be lowered because the nBu is strongly coupled to one or more band Ag states 

that are close to and above it. 

(2) Field Induced Ag-IAg Couplings: 

In the presence of the field, the new wave functions are the mixing of the 

Ag and the Bu states (see Eq. B.58). As a result, the dipole couplings between the 

perturbed Ag states become possible. Considering that each Ag state is strongly 

coupled to two Bit states and the ground state is hardly changed, the field induced 
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dipole coupling between a perturbed Ag state, say IkAg), and the ground state 

IlA~O») is given by 

(lA~O) IJllkAg) = 

_ F(klB~O)IJllkA~O») (lA(O)IJllk B(O») _ F(k2B~O)IJllkA.~O») (lA(O)IJllk B(O») (B 61) 
E(O) _ E(O) 9 1 u E(O) _ E(O) 9 2 u • 

kAg kJB.. kAg k2B .. 

where kIBu and the k2Bu are the two Bu states coupled to the kAg. 

For the mAg, the kIBtt and the k2Btt are the lBtt and the nBtt respectively, 

and the two denominators in Eq. B.6l have different signs since EIB .. < EmAg < 
EnB... On the other hand, it is known, from Chapter 4, that the two numera

tors (lB~O) IJllmA~O»)(lA~O) IllllBt~O») and (nB~O) IlllmA~O»)(lA~O) IJllnBt\O») also have 

opposite signs. Therefore, the two terms in Eq. B.6l add constructively and a 

sizable absorption intensity is expected in the ~a spectrum. 

In the noninteracting-electron models, the 2Ag is the mAg and the two 

essential Btt states are the lBtt and the 2Btt with EIB" < E2Ag < E2Bu, and field 

induced 2Ag-lAg is expected since the two terms in in Eq. B.6l add. While 

ill the interacting electron models, the 2Ag becomes a subgap state and E2Ag < 
EIBu < E2Bu' Hence the energy denominators in Eq. B.61 have the same signs 

and the two terms in the equation cancel since (lBiO)IJlI2A~O)(1A~O)IJlllB~O») ~ 

-(2B~O)IJlI2A~O)(lA~O)lpI2Bt~O») and EIBu = E2B" in the infinite chain limit. Con

sequently, 2Ag-lAg coupling is strongly suppressed by the cancellation. Similarly, 

for other sub-gap Ag states, the cancellations are present in the field induced Ag

lAg dipole coupling moments. 
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