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AN ESSENTIAL STATES MECHANISM FOR OPTICAL NON- 
LINEARITY IN CONJUGATED POLYMERS 

DANDAN GUO 
Department of Physics, University of Illinois, Urbana, IL 61801, U.S.A. 

Abstract A microscopic many-body theory for the third order optical 
nonlinearity in conjugated polymers is reviewed. It is found that a correct 
theory for the optical nonlinearity in coiijiigated polymers must include 
electron-electron Coulomb interactions that go beyond the on-site repul- 
sion. Within such a theoretical framework, the bulk of the optical non- 
linearity can be quantitatively determined by four essential states. The 
four essential states give rise to two three-photon resonances and one two- 
photon resonance in the third harmonic generation (THG) spectrum, and 
a single narrow two-photon resonance in the two-photon absorption (TPA) 
spectrum. The theoretical predictions are in excellent agreement with 
the THG and the TPA experiments in polymers such as polydiacetylenes 
(PDA), cis-polyacetylene (PA), and polysilanes (PS). The THG spectrum 
of tmms-PA is ;ilso intcrpreted within the essential states model. 

1NTR.O DUCT ION 

In this papcr we review a microscopic many-body theory that we have de- 
veloped for the tliirtl order optical nonlincarity in conjugated . Our 
motivations are to iinderstand the microscopic mechanism of the optical nonlincar- 
ity and to find the route to cnlianced material properties. The core of our work is 
the dediiction of an essential states four-level model whose results and predictions 
agree remarkably with experiments in wide variety of materia1s4-l0. Our major 
findings arc as follows: 
(1) Tlic bulli of tlic third order optical nonlinearity ~ ( ~ 1  in onc-dimensional systems 
is deteimiricd by fonr csscntial states - the ground state, the first odd-parity exci- 
ton state, the conduction band threshold, and an even-parity csciton state located 
between the first odd-pilrit,y exciton and the bitnd threshold. The contribiitions to 
the third order noiilincarity from all the other states are cancelled out. Tlie four- 
lcvel iiiotlcl predicts a three pciik spectrum for the THG and an unique narrow 

resonance pcak due to the even-parit,y exciton in a TPA spectrum. 
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106 D. GUO 

(2) There are quantitative a.greements between the theoretical predictions and 
experimental results. The excitonic and the band-like natures of the essential 
sta.tes a.re revealed from the E A  experiments. The three-peak spectrum has 
been observed in materials such as polydiacetylene (PDA)10*'1~12, cis-polyacetylene 
(PA)10t13, and polysilane (PS)I4, and can be revealed in trans-PA. The narrow res- 
onance peaks in the TPA s p e ~ t r a ' ~ ? ~ ~  illustrate the uniqueness of the even-parity 
exciton state. 

Third Harmonic Generation ~ ( ~ ) ( - 3 w ;  w ,  w,wJ 

To see the roles playcd by the essential states in the third order optical 

nonlincarity, we examine the third order susceptibility for THG, ~ ( ~ ) ( - 3 w ;  w ,  w ,  w ) .  

Since the lincar Cllilins are of mirror plane symmetries, the wave functions of 

the Hamiltonian are either of even-parity, denoted as A,,  or of odd-parity, denoted 
as  B?,. The ground state is the lA,. 

With these notations, , ~ ( ~ ) ( - 3 w ; w , w , w )  can be written as 

x ( 3 ) (  -3w; w ,  w ,  w )  

wlicrc 

In  Eq.(la), the dipole operator p couplcs the even- and odd-parity states, and each 
foiir-tlipolc-prodiict term in thc numerator of Eq.( la) corresponds to a pathway, 
or an optical channel, 

that contributs to the ,Y (~ ) .  A resonance is resulted when any of the denominators 
in  Eq. (1) vanishes. 

T1 ie iU o del Ha in i 1 t oiii a n 
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OPTICAL NON-LINEARITY IN CONJUGATED POLYMERS 107 

The model Hamiltonian is 

i ,a 

a z 

where t is the nearest neighbor hopping integral, S is the bond alternation param- 
eter and is chosen fixed for rigid band calculations, c:~ creates an electron of spin 

u at site i, nz,a = c ~ , ~ c , , , ,  n, = C ,  ni,a, U and V, are the on-site and the inter-site 
Coulomb repulsion parameters. For the sake of simplicity, we discuss in detail the 
case of the extended Hubbard mode, in which Vl = V # 0, V;>1 = 0. 

+ 

In the following, we first summarize the results and the predictions of the 
theory, and then compare the csperiments with the theoretical conclusions. 

ESSENTIAL STATES MECHANISM OF TH1R.D OR.DER NONLINEARITY 

The Essential States 
An essential state satisfies two conditions: (1) It has large dipole moments 

with other essential sti>tjcs of opposite symmetry to give a sizable four-dipole- 
product in the optical channel shown in Eq. (1). (2) The ~ ( ~ 1  contribution from 
one channel is not cancelled out by those from other channels. A complete can- 
cellation occurs when the x ( 3 )  from the channels, say, 

n 11 d 
1.4, ----t jB2 ,  --f k A ,  --f l'B, --+ lA, , 

mliere 1 # Z', are cqiial in nii>gliitllcIe arid opposite in sign. 
The four essciitial statrs we found are tlie ground state lA,, the first odd- 

parity exciton state lBt,, a n  even-parity exciton state m A ,  located above the 
113, and below the conduction band, and the band threshold nB,. The exciton 
naturc of the mA, and the band nature of the nB, are parameter independent, 
although the values of the quantum numbers rn and n are parameter dependent. 
In tlie strong interaction limit, i.e. U >> V >> t ,  tlie l B ,  is about U - V above 
the ground state 1A, and the gap between tlie excitons 1B,, mA, and the band 
threshold n B ,  is of the order of 17. Such a gap resulted from nonzero V is crucial 
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108 D. GUO 

to the prcsence of the exciton binding and is responsible for nonvanishing intensity 
of the 7nAg two-photon resonance in the x ( 3 )  spectrum, which is discussed in the 
ncst section on the intensities of two-photon resonances. 
T h e  mAg: The mA, is an unique even-parity exciton state that is strongly 
coilpled to the lB, e ~ c i t o n l - ~ .  For systems with weak bond alternation, the m.4, 
is ncarly degenerate with the lB,, in long chain limit. In short chains and in the 
system with strong bond altcrnations thc mA, is in higher energy and closer to 
tlic lmnd threshold TAB,,. In t>hc weak coupling limit, the mA, is the 2A, because 
of  its large dipole moment with the lB,. However, a strong cancellation between 
the optical channels diminishes the role of the 2A, in the third order nonlinearity 
(SCC the next scction). 
Tlie nB,,: Bcsidcs the lZ?,,, thcrc is only one BtL state, the nB,, that is strongly 
couplcd to the 7r~4,~’~. Tlie nBTL is rccognized to be the conduction band threshold 
from csnmining tlic propcrtics of the wave functions5. First, the study on the 
dipole coiiplings lxtwccn thc BTL states and their ncighboring A, states finds an 
onset of strong dipole couplings at nBu, indicating that a band with dense states 
and large inth-band coiiplings is reaclied. Second, the particle-hole correlations 
for a give B, sthte, say 3Bu, defined as 

dccrcase sharl’ly oncc the qiinntiim nuinlicr j is raised to n, implying that con- 
tliiction occurs a t  nB,. Note that the first band A, state is always above the 
nB,, for t81ie Hamiltonian in Ec1.(3). The above band threshold characters of the 

exist in lmtli strong and  intcrmediate Coulomb parameter regimes, are ex- 
pcctcd to persist evcn in wcalxr Coulomb intcraction limit. The EA experiment 
in a p~ lyd iace ty i cne~~~  has shown that the n D ,  is indeed the conduction band 
t hrcshold. 

Intensities of the Two-Photon Resonanccs: 
(1) T h e  2A,: In the noninteracting limit (U = V, = 0), the 2A, is strongly cou- 
pled to the 1BTL. On thc othcr hand, the 2A, is equally strongly coupled to the 2B,, 
and the dipole products ( lAg  Ip~lB,)(lBU Ip12A,) and (1A,Ip12B,)(2B,1p12Ag) 
have opposite signs liecausc of charge conjugation symmetry. Because of the sign 
difference, the x , ( ~ )  contribut,ions from the optical channels 
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OPTICAL NON-LINEARITY IN CONJUGATED POLYMERS 109 

cancel. In the infinite chain limit, ( l A , ~ p ~ l B u )  (1Bu1p12A,)= - (1Ag(p12B,) 
(2B,Ip12Ag), E(lB,)  = E(2B,), and the cancellation is exact (see Eq.(l)). Con- 
sequently, the intensity of the 2A, two-photon resonance vanishes in the x ( 3 )  
s p e c t r u ~ n ~ ~ ' ~ .  

In the interacting-electron models (U # 0, V # 0) where the mA, is not 
the 2Ag (i.e. m # 2 ) ,  irrespective that the 2Ag is below or above the 1B,, the 
cancellation in the intensity of the 2Ag two-photon resonance remains strong. A 
recent study in the systems with large bond alternation also shows that the 2A,, 
although above the 113,, gives rise to vanishingly weal< two-photon resonance 
in TPAI'. On the other hand, the dipole coupling between the 2A, and the 
lB, is weak in correlated systems. Therefore, the 2A, plays little role in the 
third order optical nonlinmrity in the interacting-electron models as well as in the 
independent-electron models. 
(2) The mAg: Because (lA,JpLJlB,) (lB,lplmA,) and (lA,Ip]nB,) (nB,IpI 
mA,) have opposite signs, tJie cancellation exists between the optical cannels 
involving the mA,, 

IA, + 113, --+ mA, -3 113, --+ lA,  

and 
lA,  --+ 14,, --+ mA, --+ nB, --+ lA,. 

However, tlie prescnce of a gap between the excitons and the conduction band 
( E (  ID,,) # E(nI3,)) greatly suppresses the cancellation. Therefore, the intensity 
of the mA, two-photon resonance is not completely cancelled out in the correlated 
systems with exciton binding (ix. V # 0). 

Theoretical Predictzioiis 
Based on the essential states model, one expect the following: 

(3 )  (1) Tlierc are three resonances in the xTNG spectrum: the lBu three-photon 
resonance, the nDtL three-photon resonance, and the mA, two-photon resonance. 
(2) The intensity of the nB,, thrce-photon resonance is larger than that of the 
mA, two-photon rcsoiiaiice bcciluse of the canccllation iiniong the mA, optical 
channels. 
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FIGURE 1. (a) The THG spcctriun for N = 8, U = 10, V = 3 .5 ,  S = 0.1, 
and t I= 1. Solid curve - the THG specthum obtained from all the states (- l o3  
states). Dashed curve - the THG spectrum obtained from the four essential 
states. In the infinite chain limit, such a three-peak spectrum is expected even for 
weaker Coulomb interactions, as Iong as the interaction is strong enough to give 
exciton binding. (b) The experimental data for the THG spectrum of trans-PA 
froin Ref. 21 (circles) and the fit from the essential states model (see the text). 

( 3 )  There exists only one strong two-phot,on resonance, the mA, two-photon res- 
onance, in the TPA spcctrum. The intemity of the two-photon resonance to the 
2 4  is vanishingly small. 

The theoretical three-peak xTHG (3)  spectrum is sliown in Fig. l a .  

COh4PAR.TSON WITH EXPERIMENTS 

The expcrimcntal T H G  spectra of PDAs"?'~, cis-PAI3, and a PS14, have 
bccn identified to have tlirec resonance ~>calts'~'~. In addition, the intensity of the 
mA9 two-photon resonijnce in cncli of the \pectrum is weaker than that of the izB, 
threc-photon resonance. The TPA in a poly~ilane'~ shows a narrow resonance that 
is attributed to the mA,, indicating that the the mA, is unique. The intensity of 
thc two-photon rcsonance to the 2A, in the THG spectrum of poly-4BCMU is an D
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OPTICAL NON-LINEARITY IN CONJUGATED POLYMERS 111  

order of magnitude smaller than that of the rnAg16, which supports our conclusion 
about the 2Ag and agrees with the observation that no appreciable effect due to 
the 2Ag is detected in an EA experiment5. 

On the THG of trans-PA 
The THG spectrum of trans-PA has long been viewed as a two-peak 

s p e c t r ~ m ~ ~ ~ ~ ~ ~ ~ ~ .  In the experimental data by Fann et  al., if the resonances at 
0.6 eV and 0.9 eV are attributed to the three-photon resonance to the 1B, and 
the two-photon resonance to the rnA, respectively, the 1B, is placed at 1.8 eV 
and the mAg is nearly degenerate with the lB,, which is consistent with our 
expectation and an experimental result in &carotenezo. The three-photon reso- 
nance to the nB, may be recognized from the peak-like structure near 0.7 eV. 
This predicts the energy of the nB, to be about 2.1 eV. Moreover, there are 
other clues for the encrgy of the nB, (2.1 eV) in trans-PA. First, the EA signal 
in tr071.s-PA vanishes a t  and above 2.1 eVZ4, similar to the case of PDA where the 

EA vanishes above the band threshold because of a cancellation effect inside the 
concliiction bgncl’. Second, the linear absorption in the czs-PA sample with small 
fi-actkm of trans-PA is not small ahove the gap ( N  2.0 eV)24. A possible origin of 
the above gap absorption is thc absorption to the conduction band of trans-PA. 
Bccause of smallcr gap lxtwcen the ground state and the band in trans-PA, the 
linear absorption to the band is expected not to be negligible, which is different 
from the case of PDA in which larger ground state-band gap leads to very weak 
absorption to the band7. Assiuming nB, at 2.1 eV, the x:AG of trans-PA can lie 
fitted by a three-peali spectrum, which is shown in Fig. l(b). 

Bccause the ground statc of trans-PA is two-fold degenerate, it is possible 
to optically generate soliton-antisoliton pairsz5 and a soliton mechanism for the 
optical nonlinearity in tmns-PA is proposedz6. However, according to the EA in 
trms-PAz4, the onset of the soliton absorption is at 1.4 - 1.5 eV. This rules out 
the possibility of soliton contxibution to the THG in which the pump energy is 
less than 1 eV. 
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