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1.  INTRODUCTION 
 Excitons in conjugated polymers are of great importance from various points of 
view. First of all, they are responsible for the nonlinear optical and luminescent 
properties of conjugated polymers. Secondly, they are a good example of excitons 
confined in low-dimensional or mesoscopic structures. Thirdly, their existence is an 
indication of the importance of electron-electron (e-e) interactions in conjugated 
polymers --- a long-standing problem in this field. The last point is a fundamental 
question. Although it is easy to conceive an exciton at a phenomenological level, its 
theoretical description is not so easy because of strong electron correlation in the 
ground state. There are two approaches to this problem. One is the weak-coupling 
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approach1, in which the ground state is assumed to be determined mainly by electron-
lattice interactions. The e-e interactions are treated with a perturbative or configuration-
interaction method. The other approach2 is exact numerical calculations for a small 
system with strong e-e interactions. Both the approaches have their own advantages and 
disadvantages, and our current understanding for this problem is still far from 
completion. Therefore, it is important to put various theoretical and experimental results 
together to gain the most probable physical picture. In this chapter I will try to answer 
fundamental questions such as: Do excitons really exist in conjugated polymers? If so, 
how different are they from conventional excitons in other materials?  
 
2.  EXCITON 
 The concept of exciton3 is well established in the fields of semiconductors and 
molecular crystals. In the case of ordinary inorganic semiconductors, an exciton is 
defined as an electron-hole pair bound by Coulomb attraction, being called a Wannier 
exciton. Here an electron and a hole are quasiparticles of the many-electron system. In 
molecular crystals, an electronic excitation of a single molecule becomes mobile due to 
intermolecular coupling. This type of a mobile excitation is called a Frenkel exciton or 
a molecular exciton4. In contrast to ordinary semiconductors, it may not be correct to 
view an exciton as a bound state of an electron and a hole because of strong 
configurational mixing. 
 
 These excitons are delocali zed electronic states. However, in the presence of 
electron-lattice coupling, an exciton will be accompanied by lattice relaxation, resulting 
in the formation of an exciton-polaron or a self-trapped exciton5. Ideally, such an 
exciton polaron is stil l mobile coherently in the crystal, but in practice it is easily 
localized by static or thermal disorder. Often such a localized exciton is implied in the 
discussion of experimental results such as luminescence. The following discussions will 
be mainly about bare excitons created by photoexcitation.   
 
 The concept of exciton in conjugated polymers is somewhat complicated. If we 
consider a three-dimensional crystal of polymers, electronic excitations on each chain 
becomes mobile among the crystal as a Frenkel exciton6. On the other hand, the 
electronic structure of each polymer chain is viewed as a one-dimensional 
semiconductor, hence the exciton inside each chain can be described as a Wannier 
exciton, i.e., a bound state of an electron of the conduction band and a hole of the 
valence band7,8.  
 
 Suppose that e-e interactions are screened to such an extent as in ordinary 
inorganic covalent semiconductors like Si. This is a reasonable assumption, because the 
optical gaps and valence electron densities of conjugated polymers are similar to those 
of inorganic semiconductors. The exciton binding energy in Si is of the order of 10 
meV. On the other hand, the absorption band of a conjugated polymer is usually quite 
broad, of the order of 0.2 ~ 0.5 eV due to electron-lattice coupling and disorder. This 
might mean that the exciton effect is irrelevant here. Actually this is not the case 
because of the one-dimensional nature of the polymer electronic structure. It is well 
known that the binding energy of an exciton becomes relatively large in lower spatial 
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dimensions. The binding energy of the lowest exciton in two dimensions is four times 
larger than that in three dimensions9. In one dimension the situation is much more 
drastic. Within a continuum model for Wannier excitons, the binding energy of the 
lowest exciton in one dimension turns out to be infinite10. Then the question is what 
determines the exciton binding energy in this case. To answer this question we must 
introduce the characteristic length of a Peierls insulator. 
 
3.  ELECTRONIC CORRELATION LENGTH 
 An important length scale exists in the Su-Schrieffer-Heeger (SSH) model of 
conjugated polymers11,12. It is known as the electronic correlation length, or the 
delocalization length, usually denoted as x. In polyacetylene the nearest neighbor 
transfer energy is modulated as t±dt due to bond alternation. Then x is defined as x º  
(t/dt)a, where a is the average bond length. It is a measure of the metallic nature of 
electrons: x tends to infinity with vanishing dt, whereas it becomes close to a in the 
limit of strong modulation dt ~ t. In other conjugated polymers the polymer structure is 
more complicated, but dt can be defined in an approximate manner. It is around 0.1t - 
0.2t, so that x is in the range of 5a - 10a. The nonlinear excitations such as solitons and 
polarons obtained in the SSH model have sizes of about x. 
 
 The implication of x may be more clear if we consider the band structure12. In the 
SSH model, a Peierls gap is formed around the zone boundary k=p/a over a width of 
about x-1. Only in this region the semiconducting quasiparticles, i.e., an electron and a 
hole, are well defined with effective masses. Outside this region, the dispersion is 
similar to that of the metal without the Peierls gap. This implies that in real space these 
quasiparticles must have a spatial width of about x. 
 
 From this physical implication of x, it is natural to imagine that the attractive 
interaction between the electron and the hole is “ renormalized” or “smoothened” such 
that the 1/r divergence is removed inside the region r £  x, where r is the electron-hole 
distance. Therefore, the lower cutoff length for the Coulomb potential should be given 
by x8. Then the size of an exciton with the lowest energy is essentially given by x. In 
this way, x determines the size of an exciton as well as the length scales of soli tons and 
polarons. 
 
 Another important role of x is that it also determines the length scale of the 
transition dipole matrix elements8. In the case of ordinary Wannier excitons, usually the 
interband transition dipole matrix element is assumed to be almost independent of the 
wave number k, so that the transition dipole of an exciton is proportional to the 
probabil ity of an electron and a hole being on the same site. In the case of conjugated 
polymers, the k-dependence of the interband transition dipole is large13, and the 
transition dipole of an exciton is proportional to the probabili ty of an electron and a 
hole being closer than x. As a result, the lowest exciton, even if its size is much larger 
than a, takes over almost all the oscillator strength of the interband transitions8. This is 
reminiscent to the situation of molecular crystals, where a Frenkel exciton gains the 
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most of the total oscillator strength and the free electron-hole states have little 
contributions to the absorption spectrum.  
 
4.  BASIC MODELS 
 The concept of exciton discussed above can be substantiated by more elaborate 
calculations for a standard model of conjugated polymers. There are two important 
ingredients in the theoretical description of conjugated polymers2. One is the electron-
lattice coupling as modelled by the SSH model11,12, which provides a basic description 
of nonlinear excitations. The other ingredient is strong electron correlation, which is 
described by the Hubbard model.  The latter model is suitable to discuss the energetic 
ordering of excited states of short polyenes14. The two models differ in the 
characterization of the ground state: a Peierls insulator vs. a Mott-Hubbard insulator. 
Which of the two mechanisms is a dominant contribution to the ground state is a long-
standing problem. 
 
 In short oligomers electron correlation seems to be more important than electron-
lattice coupling. For example, the Hubbard model for a short chain, say N=10, can give 
a qualitative explanation of why the lowest singlet excited state has the same Ag 
symmetry as the ground state14. Its energy is roughly twice the energy of the lowest 
triplet state, suggesting that it consists of two triplet excitations. But this is the result of 
electron confinement in a short chain. The exact solution of the one-dimensional 
Hubbard model for an infinite chain is such that its spin excitation spectrum is gapless. 
If we take the limit of infinite N, the triplet and the singlet spin excitations tend to 
become degenerate and the spin gap tends to vanish. Also the gap energy of charge 
excitations in the Hubbard model for N=¥  is very small if the Hubbard on-site U is 
smaller or about 2t, where t is the nearest neighbor transfer energy. To explain the 
actual large charge and spin gaps of conjugated polymers, the effect of bond alternation 
must be taken into account. It may be stated that the contribution of bond alternation 
becomes more important in going from oligomers to polymers. It is by now widely 
accepted that both electron-lattice and e-e couplings are equally important in conjugated 
polymers2 and that the Peierls-Hubbard (SSH-Hubbard) model should be used to 
describe the ground state.  
 
 However, the Peierls-Hubbard model is still a very simplified model in that it 
neglects the long-range part of Coulomb interactions. A more reali stic model used in 
semiempirical quantum-chemical calculations is the Pariser-Parr-Pople (PPP) model, 
where the long-range interaction is incorporated by, e.g., the Ohno potential. Usually 
the difference between the Hubbard and PPP models are not very much emphasized, 
because, for example, both of the models give quali tatively similar results on the 
ordering of the excited states of polyene14. However, the two models actuall y have quite 
different properties in many respects, among which the exciton effect is the most 
important. In this sense the most appropriate model to discuss the nature of excited 
states is the combined model of the SSH model and the PPP model, viz., the SSH-PPP 
model, where electron-lattice coupling, electron correlation, and long-range e-e 
interaction are all taken into account. Furthermore, the Brazovskii-Kirova type static 
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modulation of transfer energy can be included to describe the non-degenerate ground 
states15. 
 
 Now we confine ourselves to the SSH-PPP model. The next question is the 
strengths of electron-lattice and e-e interactions. If we use the 1/r form of Coulomb 
repulsion and assume a dielectric constant e~5, then the nearest neighbor repulsion V is 
about 2 eV, which is close to the transfer energy t. The screening of on-site U may be 
weaker, and we assume that U is in the range 2t~3t, which is about half of the value 
commonly used in the Ohno-PPP parametrization for small molecules but keeps the 
difference U–V (the effective on-site U) to be similar to that of the Ohno potential. For 
the electron-lattice coupling constant we use a typical value which explains the bond 
alternation observed in polyacetylene. This corresponds to the transfer modulation dt of 
the range 0.1t - 0.2t. 
 
 Configuration interaction (CI) calculations for the SSH-PPP model allows us to 
discuss exciton states and optical properties1,16. The results of such calculations confirm 
that the size of the lowest singlet exciton is close to the characteristic length x. Thus the 
typical size of an exciton in a conjugated polymer is around 5a - 10a. This implies that 
the so-called extended Hubbard model, which takes only on-site repulsion U and 
nearest neighbor repulsion V into account, would underestimate the exciton binding 
energy --- in other words, an artificiall y large V (and U) would have to be used to 
compare with experiments. We also note that exact diagonalization calculations are 
limited to sizes of around 10 sites, which is comparable to the size of the lowest exciton 
and much smaller than the sizes of other high energy excitons. Single CI calculations, 
although approximate, can be performed for sizes of about 1000 sites, which are large 
enough to discuss higher exciton states as well as the electron-hole continuum.  
 
 In the case of conjugated polymers with nondegenerate ground states, the 
presence of electron-lattice coupling does not alter the size of the exciton very much, 
because both the exciton size and the polaron size are essentiall y determined by x. That 
is, the electron-lattice coupling locali zes the center-of-mass of an exciton in the 
potential well of the polaron deformation, but the e-h relative motion is not affected 
very much. In the case of degenerate ground states, however, an exciton decays into a 
pair of positively and negatively charged solitons, which may attract each other by 
Coulomb interaction17,18. The size and stability of such a soliton pair depends on the 
strength of Coulomb attraction and electron-lattice coupling, since the latter renders 
solitons to repel each other. In this sense trans-polyacetylene requires a separate 
consideration about the nature of excitons. 
 
 
 
5.  SPIN EXCITATIONS AND A TRIPLET EXCITON 
 Within the single CI, singlet excitons are mainly determined by the long range 
part of the Coulomb interactions and almost independent of the Hubbard U 16. It may be 
stated that the exciton effect and the correlation effect are almost orthogonal concepts. 
However, a crossover of these two concepts occurs when we consider triplet excitations. 
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 Charge and spin excitations are separated in the pure Hubbard model without 
bond alternation. An elementary spin excitation (a spinon) has spin 1/2 and its spectrum 
is gapless19. When a weak bond alternation is present, the spinons are confined to form a 
bound state, and a gap opens in the spin excitation spectrum.  A triplet bound state has a 
lower energy than a singlet bound state21. If bond alternation is strong, this perturbative 
picture is no more valid, and also there is a substantial mixing between spin and charge 
excitations. Then a singlet spin-like excitation is rather viewed as a bound state of two 
triplet excitations22. Since the lowest triplet excitation has the symmetry of Bu, its 
singlet bound state has a symmetry of Ag. The excitation energy of this Ag state is 
comparable to that of the lowest charge-like excitation, i.e., the Bu exciton22. 
 
 Experimentally, the lowest singlet excited state of a polyene oligomer of less or 
equal to 12 carbons is a dipole-forbidden state with Ag symmetry, the same symmetry 
as the ground state14. A major question is what happens to this 2Ag state in the limit of 
the infinite chain. Although the exact answer is not known, it is widely believed that 
such a state survives in the limit22. If the 2Ag state is a bound state of two triplet Bu 
excitons, it is a kind of biexciton. (These spin excitations might better be called 
magnons and bimagnons rather than excitons and biexcitons.) 
 
 In the previous section we discussed singlet excitons. The same single-CI 
calculation can describe triplet excitons as well. It turns out that the energy of the 
lowest triplet exciton is much lower than that of the corresponding singlet exciton16. 
This is mainly due to on-site U. Experimentall y, the position of the lowest triplet state 
has not been precisely determined. A hint is the photoinduced triplet-triplet absorption 
observed in polydiacetylene23,24 and poly(phenylene vinylene) (PPV)25. It is commonly 
observed at about 1.4 eV. CI calculations for intermediate interaction strength and with 
lattice relaxation well reproduces this absorption as a transition from the lowest triplet 
state to the next lowest one. The triplet Bu state is located about 1.2 eV above the 
ground state without lattice relaxation15. Twice of this energy is 2.4 eV, which is close 
to the e-h continuum edge. This suggests that the bound state of two triplet Bu excitons 
is located in energy above or below the Bu exciton level depending on parameters. This 
would affect the exciton relaxation kinetics26. On the other hand, such an Ag state is 
optically almost silent, because its dipole coupling to the lowest Bu exciton state is very 
weak27. Thus as far as gross features of nonlinear optical properties are concerned, one 
may neglect the existence of such an Ag state in long polymers. This is relevant for the 
interpretation of experiments, as wil l be discussed in the next section. 
 
 
6.   EXCITONIC EFFECTS IN NONLINEAR OPTICAL SPECTRA 
6.1  Third-harmonic generation 
 The third-harmonic generation (THG) technique has been widely used to measure 
the optical nonlinearity of conjugated polymers. Various theoretical models have been 
used to interpret experimental data. In Fig. 1, the gross features of the THG spectra 

|c(3)(3w;w,w,w)| for three different models are schematically shown: (a) non-interacting 
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electrons (b) excitons (c) strongly correlated electrons. In the case of non-interacting 
electrons28, the main three-photon resonance starts at w1=Ec/3, where Ec corresponds to 
the divergent edge of one-dimensional interband excitations. In addition, a very weak 
two-photon resonance peak is present at w2=Ec/2 on the high-energy tail of the three-
photon resonance continuum. Note that w2/w1=1.5. In the case of excitons in Fig.1(b), 
the three-photon resonance splits into two peaks --- a strong peak at w1=E1/3 due to the 
lowest singlet exciton and a moderate peak at about w2~ Ec/3 29. The two-photon 
resonance is present at w3=Ec/2. In this case w2/w1 ~ Ec/E1. Finally, the picture used 
most commonly for strongly correlated electrons30 emphasizes the existence of the Ag 
state below the Bu state, resulting in the three-photon and two-photon resonances as 
shown in Fig.1(c). 
  
 On the experimental side, there have been many THG data indicating a weak peak 
or shoulder on the high energy side of the main peak. Table I summarizes the positions 
of THG peaks observed in various polymers31-38. The energy of the main peak 
corresponds one third of the energy of the linear absorption peak, so that there is no 
doubt about the three-photon interpretation of the main peak. The second peak has been 
often interpreted as two-photon resonance using the model of Fig.1(c) and considered to 
be evidence of the existence of an Ag state below the Bu state. However, it is possible to 
interpret the second peak as a three-photon resonance in terms of the model (b). In the 
case of polysilane, this interpretation is well established39. In polydiacetylene crystals 
the existence of the e-h continuum is clear also from other experiments40,41, and the 
position of the second THG peak observed in Ref.33 matches the position of the 
continuum edge. Even if there is a 2Ag state below the Bu exciton state, one cannot 
neglect higher lying Ag states. If the states shown in models (b) and (c) coexist, there 
can be both three-photon resonance and two-photon resonance peaks in the same energy 
region, but the strong three-photon resonance is likely to mask the weak two-photon 
resonance. It was claimed that the two-photon resonance interpretation was consistent 
with two-photon absorption (TPA) spectra, which exhibited a small peak at twice the 
energy of the second THG peak34. However, to explain the spectral intensities, different 
parameter sets were used for TPA than for THG. There is a general tendency that a 
TPA resonance to an Ag state below the Bu exciton is very weak. This is not consistent 
with the fact that the second THG peak is usually very strong, sometimes comparable to 
that of the main resonance peak. The three-photon resonance interpretation based on the 
exciton model gives an answer to this discrepancy. In polythiophene there is an 
experimental indication that the lowest Ag state is located above the Bu exciton42, and 
this contradicts with the two-photon interpretation of the THG35. In poly(phenylene 
vinylene) (PPV), the 2Ag state is located above the Bu exciton in the TPA spectrum43, 
and the second peak in the THG spectrum has been observed recently and is interpreted 
based on the model (b)36. The case of trans-polyacetylene is discussed separately below. 
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Fig. 1: Three models of polymer excited states and corresponding THG spectra: (a) 
interband transitions of non-interacting electrons; (b) exciton levels and interband 
transitions; (c) strongly correlated electrons with an Ag state lower than the Bu state. 
 
6.2  Two-photon absorption 
 It is clear that the THG spectrum is not enough to give an unambiguous 
assignment of resonance peaks.  In principle it is much better to use the two-photon 
absorption to detect dipole-forbidden Ag states. However, TPA is a very weak process 
so that it can be easily masked by linear absorption due to impurities and defects. In 
luminescent materials the TPA is often measured by monitoring the luminescence 
component proportional to the square of incident photon intensity. In PPV43 and 
polysilane44, the luminescence-detected TPA clearly indicated that the two-photon 
allowed Ag level is located above the one-photon allowed Bu exciton state. The Ag state 
corresponds to the second exciton state located just below the edge of the electron-hole 
continuum. In the case of polydiacetylene, which is not luminescent, the situation is 
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much more complex. Although strong TPA absorption has been observed commonly 
above the one-photon exciton state, its peak positions varies among experiments45,34,46. 
An experiment on PDA-4BCMU 45 shows that TPA is increasing with energy up to 1.5 
eV, while another experiment for the same material34 indicates a sharp peak at about 1.4 
eV. The TPA spectrum of PDA-PTS crystal46 shows a peak at 1.2 eV, twice of which is 
just below the e-h continuum. As for the location of the 2Ag state, there are indications 
of a small peak slightly lower than the Bu exciton in these experiments34,45,46. Even if this 
assignment is correct, the 2Ag state has a very weak TPA intensity, as mentioned above. 
 
 Since the 2Ag state is viewed as a bound state of two triplet excitations, its TPA 
intensity is expected to be very small for a long chain27. Experiments also indicate that 
the TPA intensity of the 2Ag state decreases with increasing N in polyene oligomers14. 
For N>12 it has not been detected. Therefore, at least for long chains we can assume 
that the 2Ag state is opticall y almost silent. This is another reason why we think that the 
three-photon resonance interpretation is better for the observed second THG peak. The 
weak TPA peak observed below the Bu exciton in polydiacetylenes may be due to short 
conjugation lengths of actual polymers in disordered samples. The effect of two-exciton 
states is more important in a higher energy region close to the one-photon exciton 
resonance. There a biexciton state can be formed of two singlet excitons, so that the 
state can have a large two-photon absorption strength. In inorganic semiconductors such 
excitonic molecules or biexcitons have been observed experimentall y5. Its binding 
energy is rather small, of the order of 10 meV. Giant two-photon absorption due to 
biexcitons has been observed. It is natural to expect similar states to exist in conjugated 
polymers. Exact numerical calculations for a small chain with strong e-e interactions 
indicate that the Ag state that contributes to the highest TPA peak is always located at 
about 1.5 times the energy of the lowest allowed one-photon state47. The TPA spectrum 
calculated with double-CI also indicate that a strong TPA peak corresponds to the state 
above the e-h continuum and below the twice of the singlet Bu exciton energy48. The 
state responsible for the peak mainly consists of double excitations, confirming the 
biexcitonic nature of the state. However, there is a substantial mixing between single 
and double excitations, and this tendency is stronger for larger interaction strength. The 
nature of excited states in such a situation has been discussed by varying interaction 
parameters49. The strong configurational mixing may imply that a biexciton can decay 
very quickly into low-lying exciton states. 
 
 Experimentally, a strong TPA peak in the biexciton energy region has been 
observed in polysilane50. In polydiacetylene, as mentioned above, a broad TPA band has 
been observed in that energy region45, suggesting the existence of biexciton-like states. 
However, there is still no consensus about the position of the TPA peak, as mentioned 
above. This may indicate that a biexciton state is very sensitive to disorder. Another 
source of complications for TPA spectra may be the possible existence of additional 
resonances51. When the dephasing rate is much larger than the depopulation rate, an 
additional resonance can occur for a photon energy equal to an energy difference 
between excited states. 
 



 

 

124 

material THG peak 
energies  

w (eV) 

 

2w 
(eV) 

 

3w (eV) 

abs. 
peak 
energ
y (eV) 

polydiacetylene 

polydiacetylene [31] (~0.65) 

0.92 

 

1.84 

(~1.95) 

2.76 

1.92 

poly(DCH) [32]  -  

~ 0.9 

 

~ 1.8 

 - 

~ 2.7 

1.89 

polydiacetylene [33] 0.65 

0.8 

 

1.6 

1.95 

2.4 

1.95 

poly(4-BCMU) [34] 0.77 

0.9 

 

1.8 

2.3 

2.7 

2.3 - 
2.5 

polythiophene 

poly(3-butylthiophene) [35] 0.85 

~ 1.1 
(shoulder) 

 

~ 2.2 

2.55 

~ 3.3 

2.64 

poly(3-decylthiophene) [35] 0.83 

~ 1.1 
(shoulder) 

 

~ 2.2 

2.48 

~ 3.3 

2.43 

poly(phenylene vinylene) 

poly(phenylene vinylene) 
[36] 

0.93 

1.08 

 

2.16 

2.78 

3.25 

~2.71 

polyacetylene 

 trans-polyacetylene [37]  

[38]  

0.6 

0.9 

 

1.8 

1.8 

2.7 

~1.9 

polysilane 

poly(dihexylsil ane) [39] 1.1 

1.5 

2.1 

 

3.0 

4.2 

3.3 

4.5 

3.3 

Table I: Peak energies observed in the THG spectra of various conjugated polymers31-39. 
For each material, two (or three) peaks are observed, whereas the first peak is a three-
photon resonance to the exciton state, as is evident from a comparison between 3w and 
the absorption peak energy in the fourth and fifth columns. The two- and three-photon-
resonance interpretations of the second peak correspond to excitation energies shown in 
the third and fourth columns, respectively. 
6.3 Resonant nonlinear ity  
 Optical nonlinearity is much more enhanced in conjugated polymers as the photon 
energy becomes close to that of an exciton52. The reflectivity change under strong 
excitation was interpreted by the phase space filling model53, and the saturation density 



 

 

125 

estimated for polydiacetylene crystals leads to an exciton size of about 33 Å, which is 
of the order of the characteristic length x discussed above. The nonlinearity is 
comparable to that of inorganic semiconductors. A figure of merit is always a matter of 
interest for nonlinear optical materials. From many experimental data of degenerate 
four wave mixing for various organic materials and various frequencies, scaling laws 

have been proposed as a relationship between c(3)(w; w,- w,w) and the linear absorption 

spectrum a(w) 54: In the case of conjugated polymers, c(3) is almost proportional to a. 
This scaling law was interpreted by the phase-space fil ling model and the assumption of 
large inhomogeneous broadening54. Recently it has been given a more sound theoretical 
basis. A numerical calculation of c(3) for the exciton resonance region indicate a 

relationship c(3)µ ap with p~1.2 on the low energy side of the exciton peak51. This 
calculation uses an ordinary life-time broadening and does not assume large 
inhomogeneous broadening, suggesting that the scaling law is applicable to a wider 
situations. 
 
6.4  Polyacetylene  
 Most of experimental evidence of excitons in conjugated polymers are for 
polymers with nondegenerate ground states. In contrast, exciton effects in trans-
polyacetylene, which has degenerate ground states, are still not clear. For example, the 
observed THG spectra has a second peak at about 3w ~ 1.5E1, where E1 is the energy of 
the absorption peak38. The non-interacting model such as the SSH model can provide a 
natural explanation of this peak as a two-photon resonance 2w~Ec 

55. However, the 
calculated relative intensity of the second peak compared with the main peak is too 
small to explain the experimental result. On the other hand, the strong correlation model 
locates the 2Ag state much below the Bu state, so that it cannot explain the experiment, 
too. It has been suggested that a possible large screening of the Hubbard U in 
polyacetylene may result in a upward shift of the Ag state, but at present there is no 
convincing theoretical explanation of the THG spectrum. A difficulty in interpreting 
experiments may stem from the broadness of the observed absorption spectrum56. 
Although the absorption maximum is at around 1.9 eV, the absorption actuall y starts 
around 1.4 eV. From the comparison of photocurrent spectra and absorption spectra, it 
has been suggested that the low-energy part (1.5 - 1.8 eV) of the absorption band is 
excitons57. It may be possible that the exciton binding energy is relatively small, say 
about 0.2 eV, due to large interchain screening. Then the interband transition also can 
have substantial oscillator strengths. Since the exciton binding energy is smaller than 
the broadening, the exciton and interband absorption peaks may not be distinctly 
observed both in the linear absorption and THG spectra. The second THG peak may be 
interpreted as the two-photon resonance, putting the e-h threshold at about 1.8 eV. A 
completely different interpretation would be that the absorption peak is due to an 
exciton, broadened by electron-lattice coupling. The e-h continuum edge is located at 
about 2.7 eV, contributing to the second three-photon resonance peak at 0.9 eV. In this 
assignment the exciton binding energy is about 0.8 eV. At present there is no clear 
experimental clue to determine which interpretation is correct. 
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 The broad absorption band of polyacetylene is presumably associated with the 
unstable nature of the exciton towards the formation of a soliton pair mentioned before. 
But this may have another implication on the large optical nonlinearity observed in 
polyacetylene58. It was suggested that large quantum fluctuations with respect to soli ton 
formation are responsible for the nonlinearity58, although this is still an open question. 
 
 A related expectation is that the creation of real solitons by doping will result in a 
large enhancement of nonlinearity. Recent calculations demonstrate that the doping of 
charged solitons enhances c(3) drastically: a few percent doping results in the 
enhancement by two orders of magnitude at a off -resonant frequency due to a combined 
effect of soliton and exciton59. This effect will be of practical importance, if the degree 
of disorder in doped polyacetylene samples can be reduced substantially. 
 
7.  CONCLUSION 
 Although many controversies still exist, there has been steady progress in 
clarifying the nature of excited states and their relationship to the linear and nonlinear 
optical properties in conjugated polymers. Discussions in the past relied too much on 
the low-lying excited states of polyenes due to strong electron correlation, but actually 
excitonic effects are more important in describing the optical properties. The previous 
assignments of THG resonances should be reexamined in this context. There are clear 
indications of exciton states in polydiacetylene, polythiophene, and PPV, all with 
nondegenerate ground states. The case of polyacetylene is more subtle and requires 
further study. 
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