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TWO- AND THREEPHOTON RESONANCES IN CONJUGATED 
POLYMERS 

CHANG-QIN WU 
Department of Physics, Fudan University, Shanghai 200433, China 

Abstract There are two peaks observed in the third-harmonic generation (THG) 
of polyacetylene. The first peak a t  0.6 eV is a threephoton resonance enhancement 
due to  the first one-photon excited state ll&. What's the nature of the second 
peak at 0.9 eV? Within an interacting-electron model, we investigated the excitonic 
states in conjugated polymers. Our calculation suggests that the second peak is a 
three-photon resonance enhancement due to the edge of the continuum excitation 
band. 

INTRODUCTION 

It has been known that organic conjugated polymers have a great potential in prac- 

tical use due to their peculiar electrical, magnetical, and optical properties.' Recent 

experimental studies further demonstrated that conjugated polymers, especially trane 

polyacetylene, possess exceedingly large third-order susceptibility, ~ ( ~ 1  - lo-' esu, and 

extremely short response time, - 0.1 ps.' Such significant properties suggest that  the 

conjugated polymers are a promising candidate for high-speed nonlinear optical mate- 

rials, However, many important phenomena in the nonlinear optical susceptibilities of 

conjugated polymers have not been understood yet. One of them is that the spectrum of 

third-harmonic generation (THG) x ( ~ ) (  -3w; w ,  w ,  w )  of tranepolyacetylene has two peaks 

near Aw = 0.6 and 0.9 eV.3 While the main peak at  0.6 eV is obviously the three-photon 

resonance enhancement, since the optical gap of trans-polyacetylene is about 1.8 eV4, the 

understanding of the second peak is a controversial issue. 

At first sight, the second peak at 0.9 eV of THG seems a twephoton resonance 

enhancement. However, a careful analysis shows that two-photon absorption in such 

a one-dimensional rigid lattice is forbidden by the momentum con~ervation.~ A recent 
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638 C.-Q. WU 

study gave that the dispersion of the optical nonlinearity could be fitted quite well by use 

of a three- or four-level model6, which shows that only a few excited states are responsible 

for the observed third-order optical nonlinearity of the polymeric materials. Futhermore, 

the exact numerical solutions for very short chains suggested that these essential states 

are llB,, mlA, (always lays between llB, and 2lBU), and nlBu (the band threshold 

state).' But the understanding of THG spectrum needs a more careful study on the 

excited states, specially these excitonic states. Although, there have been many works 

on the excited states in a linear polyene, but most of them are for a very short polyene 

(a typical length is about 20 sites).8 However, a much longer polyene is needed for an 

excitonic state of an interacting electron system. 

In this paper, we employ a random phase approximation (RPA) to treat bound- 

exciton states in a one-dimensional Peierls-extended Hubbard model. Our calculation 

within the RPA can be performed for the system with any sizes. We found only one 

excitonic state (l'B,) with the resonable interaction strength for the conjugated poly- 

mers, and the second excitonic state (2'A,) appears for a relative strong interaction. The 

spectrum of third-hamonic generatioin within such a picture shows that the first two res- 

onance peaks are three-photon resonance enhancements due to the first one-photon state 

l1 B, and the edge states of the continuum excitation band. 

RADOM PHASE APPROXIMATION 

We start from the one-dimensional Peierls-extended Hubbard model 

where c:,, creates an electron of spin u at site i, ni,, = ~ ~ , ~ c i , u ,  t ni = Zuni,,,, U and 

V are the on-site and nearest-neighbor interactions, t the hopping integral between the 

nearest-neighbor sites, and E the gap order parameter, and + for short bonds and - for 

long bonds. In the below, we will take t = 1 as the unit of energy. 

For a half-filled system, the ground state is of a dimerized lattice, which belongs to 

C2h point group so that only two symmetries - symmetric A, and antisymmetric B, - 
exist under the central mirror reflection for a polyene. At thermodynamic limit, it is easy 

to distingush the excitonic states, which must appear as separete levels while the extended 
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TWO- AND THREE-PHOTON RESONANCES 639 

states forms a continuum excitation band. Here, we take a radom phase approximation 

(RPA)' to treat electron-hole excitations from the mean-field ground state. Due to 

the nature of RPA, the continuum excitation band will remain unchanged as the HF 

result. The correlation effect on this continuum band has been considered earlier." 

In this section, we only concentrate on these bound-excitons. So we fix the gap order 

parameter z(= 0.18) as an effective quantity, which gives a resonable band gap (42) for 

conjugated polymers. These bound-excitons appear in the band gap and their positions 

are considered to be relative to  the band gap. 

Within the RPA, the singlet electron-hole excitation 

satisfies the boson commutation relation. The electrons an,o and holes are eigen- 

operators at the mean field approximation, 1 is the electron-hole separation and N is the 

number of carbon atoms. Then the Hamiltonian under the RPA will be 

where 

and ~ ( 1 )  is the Fourier transformation of the single electron energy spectrum and g(1) is 

the correlation function in the mean-field ground state. The approximative hamiltonian 

could be easily diagonalized by the Bogoliubov transformation. 

RESULTS AND DISCUSSIONS 

In the last section, we have established the formulas for the electron-hole excitations 

within the RPA. The numerical calculations are easily performed for the system of up to 

several thousand sites. The results and discussions are given as follows. 
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FIGURE 1 
states as a function of the interaction V for U = 4V. 

The excitation energies of llB, (solid line) and 21Ag (dashed line) 

Excitonic States 

The dependence of the excitation energies on the interaction V for U = 4V is displayed 

in Figure 1. It is clear that the interaction V serves as an attraction potential between 

electrons and holes. No matter how small V is, at least one bound-exciton ( l lBu)  exists. 

This is a character of one-dimensional systems. The second bound-exciton (21Ag) will 

emerge at V = 1.32, which is independent of the parameter U at the RPA. 

For a long-range electron interaction, such as the Ohno's formula for the interac- 

tion between the electrons at sites 1 and lt,l0 we can do a similar calculation, which 

gives the same picture of excitonic states but a few more levels very close to the edge of 

continuum excitation band. This result is similar with that of the calculation within a 

single electron-hole subspace." 

Third Harmonic Generation 

For conjugated polymers, there have been many evidences that the nearest neighbour 

electron interaction V is not larger than the value of the hopping integral to.'' With 

this interaction, we believe that the second excitonic state 2lA, does not appear or ap- 

pears very close to the edge of the continuum excitation band. In any cases, the first 

two important states are the llB, excitonic state and the edge states of the continuum 
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TWO- AND THREE-PHOTON RESONANCES 6 4 1  

excitation band. 

Under the picture of these excitation states, the spectrum of third harmonic gen- 

eration ~(')(-3w;w,w,w) gives that the first two peaks are the three-photon resonance 

enhancements a t  Eg/3 (Eg the optical gap) due to the excitonic state l'B, and at  &/3 

(Eb the band gap) due to the edge states of the continuum excitation band, respectively. 

A possible two-photon resonance peak due to the second excitonic state 21Ag is at  a 

much higher position (- Eb/2). 

Remarks 

The experiments' indicate that the position of the two peaks at the thud harmonic gener- 

ation of polyacetylene has a ratio 2 : 3, however, the ratio of the first two peaks we found 

is Eg : Eb, a much small value. The fact implies that we should consider more effects, 

such as electron correlation and lattice relaxation, to reach a quantitative agreement. We 

have known that the electron correlation will increase the value of &lo and the lattice 

relaxation will decrease the value of E,. These effects are considering carefully in further 

work. 
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