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ABSTRACT 

The aim of this dissertation has been to investigate the third order nonlinear susceptibility 

dispersion of molecules and polymers in order to estimate their purely electronic nonlinear 

response and in particular their optical Kerr nonlinear susceptibility in the 1 to 2JLm infrared 

spectral region. 

We have been successful in modeling with a four level system the near resonant cubic 

susceptibility of the polydiacetylene, poly(4-BCMU). In that case tunable Third-Harmonic

Generation and Two-Photon-Absorption measurements both agreed with the result of a Near

Infrared-Three-Wave-Mixing measurement. In the case of p-carotene and polythiophenes the four 

level model also fitted the Third-Harmonic-Generation data well. In the previously mentioned 

cases the spectral behavior of the Two-Photon figure of merit derived by Mizrahi et al. is 

calculated. The four level model, when extrapolated far off resonance predicts that an all-optical 

switching device constructed with these materials will be dominated by Two-Photon-Absorption. 

A promising new class of side-chain substituted polymers with large microscopic second 

order nonlinearities was also investigated. Third-Harmonic-Generation measurements indicate that 

no forbidden two-photon transition is present in this case and that the magnitude of the nonlinear 

third order susceptibility is dominated by the charge-transfer nature of the nonlinear moieties 

combined with cascading of second order effects at a microscopic level. 

In the case of Sol-Gel thin films of varying Ti02 concentration in SiO:z, the formula 

derived by Boling et al., based also on a three level model, predicts successfully the magnitude 

of the third order susceptibility. THG is in that case an invaluable technique used for the first 

time to measure relatively small nonlinear susceptibilities of glass-like thin films. 
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CHAPfER 1 

INTRODUCTION 

n At the beginning there was light and at the end there was a 10 Hz laser that drove me 

crazy. 

I was walking down Sunset Boulevard and I felt the hand of a very strong man on my 

left shoulder; I knew it was George. He immediately told me that the introduction to my Ph.D 

dissertation was too unorthodox. The title of it could stay as a reverence to Dashiell Hammett: 

"Investigation is the Game". I left George smoking my last cuban cigar before he flew to Florida. 

I had to meet my fIrst client in the last speak-easy of Hollywood. She was a smashing blond!" 

The attractive concept of optical processing and switching will primarily have an impact 

in telecommunications and in particular fIber optics. The most common approach has been to use 

the existing microelectronics semiconductor "savoir-faire" to conceive and design all-optical 

switching devices. Most of those devices are based on a nonlinear refractive index change 

produced via a Kramers-Kronig bleaching of the linear absorption of the bulk or quantum-well 

" 
semiconductor. Peyghambatian and Gibbs have reviewed the fIeld and conclude that unless the 

Optical-Stark-Effect is used to change the refractive index of GaAs based devices the duty cycle 

of such devices are limited by the electron-hole recombination time which is typically in the 

nanosecond range. 

Organic materials with C-C double and triple bonds have shown enhanced second and 
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third order nonlinearities, Chemla and Zyss. In that case the atomic orbitals of the carbon atoms 

are hybrid. It is well known that the carbon atom has four electrons in its outer shell, 3 of which 

occupy p type orbitals and the remaining one occupying an s orbital. Carbon atoms involved in 

double bonds are Sp2 hybrid. The s orbital and two of the p atomic orbitals are reorganized in 

three identical hybrid orbitals oriented at 1200 to each other. Such orbitals are involved in the so 

called a bonding, which is the common strong covalent bonding. The fourth orbital is involved 

in the second C = C bond. This second type of bonding is a result of the sharing of two electrons 

via a lateral overlap of the two remaining p-orbitals. The latter bonding is labelled 71'. Because 

of its lateral nanire, the electrons involved are less bound and are said to be delocalized in the 

71'-electronic cloud. They appear to be more sensitive to small environmental perturbations than 

those produced on a-bonds. The possibility of using materials having such 71'-electron structures 

as organic semiconductors in.electronic circuits is a current topic of research. 

Organic materials have also been projected as potential candidates for nonlinear optical 

switching devices because of the relatively high nonlinearities obtained experimentally, Hermann 

et al.(1974) and Sauteret et al.(1976). A nonlinear optical interferometer has recently been 

demonstrated with a PTS crystalline waveguide, Krol and Thakur (1990). In this case the 

nonlinearity is in principle due to the nonlinear response of the electronic cloud of the 71'-electron 

system and follows the applied optical field in time. Intensity dependent refractive indices of the 

order of IO-16cm2/W are assumed to be attainable. The main advantage of such materials is that 

in principle no linear absorption is involved and the material remains transparent in the presence 

of the optical pulses. In that case lcm long waveguide devices are required with peak powers in 

the order of IGW/cm2 in the Il'm spectral region to produce self induced phase changes of the 

order of 71'. 
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Because the single-mode fiber optic industry seems to be geared towards the 1.3 and 

1.5JLm spectral regions it is imperative to evaluate the potential candidate materials within those 

two windows. In addition to the single photon resonances, some of the materials studied in this 

dissertation are known to possess strong two-photon allowed transitions. It is t.lten important to 

study spectroscopically their nonlinear optical response. Three level models, described in Chapter 

2, have been quite successful in predicting the nonlinear optical characteristics of some 1r-electron 

backbone conjugated polymers, Kajzar et al.(1987). We have used successfully a four level model 

to describe our result. 

In the case of molecules which include an electron donor and acceptor at opposite ends 

of the 1r-electron system, a two-level model has described in some cases successfully their second 

order nonlinear properties. We also describe such a model in chapter 2 in order to model the x?> 

results on nonlinear side-chain substituted polymers. Such nonlinear moieties have a so called 

charge transfer nature. The presence of an electron and donor at both ends of the moiety produces 

a very strong asymmetric contour of the molecular orbitals. 

While at Arizona Mizrahi et al. demonstrated that far away from a single resonance Two

Photon-Absorption in commercial optical fibers could limit the throughput and the ability to use 

them as optical switches. They showed that far from resonance the "W" parameter introduced by 

Wright et al. could be recalculated in a form which includes Two-Photon-Absorption when the 

linear absorption (Yo is negligible. The "W" parameter quantifies the maximum possible nonlinear 

phase shift which can be achieved over one absorption length of the material. For the prototype 

all-optical switching device, the nonlinear directional coupler, 



is necessary for switching. In the two photon dominated limit 

the appropriate figure of merit is 

or equivalently 

T _ an Im [X (3 ) (-W ; W , W , - w) ] 
Re [X (3) (-w; w, w, -w) ] 

< 1 

16 

1-1 

1-2 

1-3 

1-4 

Following their ideas, a determination of the position and strength of possible two-photon 

absorption resonances became a vital necessity in order to evaluate the performance of candidate 

materials and in particular of organic polymer thin films. 

At the time when this dissertation was perfornlect the only two nonlinear techniques which 

had been implemented in the near infrared, were the Third-Harmonic-Generation (rHG) Maker-

Fringe technique and Two-Photon-Absorption (fPA). The former was developed in the late 

seventies in the US by Meredith et al.(1983) and in France by Kajzar et al.(1987). Meredith's 

work involved non-resonant studies of molecular systems in the liquid form at 1.904J.Lm. Kajzar 
\ 

et al. developed a nanosecond near infrared THO experiment which could in some cases 

spectroscopically detect two-photon resonances. TPA measurements have been performed at 

l.064J.Lm or lO.6J.Lm on semiconductor materials, Van Stryland et a1 .. Some attempts to use a 
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spectroscopic two photon technique, Lequime and Hermann, or Coherence-Anti-Stokes-Raman-

Spectroscopy, Chance et al., have indicated the presence of a strong two photon state in the case 

of poly-Diacetylenes. 

We then decided to perform mainly THG experiments in order to evaluate thin films in 

a quasi-waveguide form and, in one case, confirm our results with two-photon-abwrption and 

three-wave-mixing measurements. These nonlinear optical characterization techniques are 

described in Chapter 3. 

We found the THG technique, schematically represented in Fig.i-i, to be a powerful 

nonlinear spectroscopic tool. It is a self referenced measurement where the fused-silica substrate 

acts as the reference material. It measures the electronic contribution to the nonlinearity when the 

second and third harmonic frequencies are far from resonance. It is believed that the vibronic 

structure of the molecular spectrum can be neglected. When Maker fringes are observed, the 

THG experiment is in fact an interferometric measurement. Interference occurs between the third 

harmonic scattered fields from the substrate and polymer. By changing the optical path inside the 

reference, the magnitude of the generated field is modulated. Information about not only the 

magnitude of x(3) relative to that of fused silica is obtained, but also the phase of x(3) is deduced 

by fitting to the recorded Maker fringes, an example of which is shown in Fig.i-2. The spectrum 

of the phase of x(3) has allowed us to confirm the number of dominant resonances involved in the 

THG process when the fundamental wavelength ranges between i and 2JLm. Finally, from an 

experimental point of view, the THG technique combines the near infrared high peak power 

available from laser sources, Chapter 4, with the possibility of detecting small signals with a 

photomultiplier tube. 

In Chapter 2 of this dissertation it is shown from the derivation of Orr and Ward that 
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Figure 1-1: 

The THO experimental technique is shown schematically. The substrate is rotated at an 
angle 8 and generates a field at the third harmonic Es3CIJ which interferes with the third harmonic 
field generated by the film E(CIJ. 
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Fiwre 1-2: 

The bottom fringes with open triangles show the THG Maker fringes for a clean 
substrate. The top fringes with dark triangles shows the Maker fringes of the film + substrate at 
the same location where the substrate fringes were recorded. The solid lines are the theoretical 
best fits to both experimentally obtained fringes. 
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x(3)(-3w;w,w,w) is closely related to X(3)(-w;w,w,-w) when one of our models is applicable. 

Measuring the spectral dispersion of X(3) with THG and fitting it to one of the models allows us 

to predict the spectral behavior of the TP A coefficient, (i, and the intensity dependent refractive 

index, n2' This was done for two types of polymers, the polythiophenes and the poly-Diacetylene 

poly(4-BCMU). In the latter case the theoretical predictions from our four-level-model agreed 

remarkably well with the results of an independent Three-Wave-Mixing experiment when some 

of the parameters of the model were obtained from a tunable TP A measurement. In addition to 

the above mentioned polymers we tried the same methodology on a third 1I"-electron backbone 

conjugated molecule. {i-carotene was studied by doping it into PMMA films and performing 

tunable THG experiments. The results of these measurements are shown and discussed in 

chapter 5. 

While waveguide fabrication using some of the polymers mentioned previously is 

difficult, a different class of polymers already in waveguide form was obtained from AKZO in 

the Netherlands. These polymers were developed for electro-optic applications. Excellent 

propagation losses have been obtained, less than 1 dB/cm, in channel waveguides and directional 

couplers of highly dense, 1()21/cm3, and sometimes oriented polymers. Such polymers consist of 

a nonlinearly inactive backbone with nonlinear moieties which show strong charge-transfer 

properties. In this case the idea of microscopic local field induced cascading, pioneered by 

Meredith (1982-1983), has appeared as a promising way to obtain large third order nonlinearities. 

A two-level-model used by Dirk and Kuzyk (1990) implemented with microscopic cascading is 

described in Chapter 2 and applied to fit the experimental results reported in Chapter 6. 

We also studied the third order nonlinear properties of transparent glasses deposited with 

the sol-gel technique, described in Chapter 7. We investigated the heavy ion dependence on the 
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x(3) measured with the THG Maker fringe technique. We showed that we could measure 

nonlinearities a few times that of pure fused silica on samples which were less than 1 p.m thick. 

The results are compared to the Boling (1978) formula which was also based on a simple 3 level 

model and has been extremely successful in predicting n2 of transparent glasses and crystals, 

Adair et al.(1987-1989). 
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CHAPI'ER 2 

MODELING OF TlHRD ORDER SUSCEPrIBILITIES 

In this chapter the theoretical framework for analysing the THG and TPA experiments 

is established. The formal derivations of the formulae for x(3) are relegated to Appendix B. Here 

the general results are applioo to 2, 3 and 4 level models for the sources of the nonlinearity. In 

addition, local fields induced cascading of second order nonlinear effects which leads to a third 

order nonlinearity is also introduced. 

In Appendix B we show that the expression derived from third order perturbation theory 

has the correct resonance terms in the case ofTHG. For the Kerr optical susceptibility divergent 

terms which have no physical origin appear. Orr and Ward in their seminal paper solved this 

problem by using the Method of Averages introduced by Bogoliubov and Mitropolsky. We used 

the expressions of x(2) and x(3) resulting from their derivation, namely 
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2-2 

Here the K parameter includes the degeneracy factor, the local field factor, the tensorial average 

between the molecular and the laboratory frames and the molecular densities. The primed sums 

indicate that the sums are over all the excited states only, excluding the ground state. The barred 

dipoles are the difference between the permanent dipole moments of the states indicated by the 

indices (l,m,n) and the ground state permanent dipole moment. The different dispersion terms for 

THG, D4WM and TWM are reported in appendix B. 

The Two-Level Model; 

In the case of a two-level system with no permanent dipole moments the triple sum in 

Eq.2-2 is equal to O. The only term remaining is the double sum which reduces to: 
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Here 0 11 is the dispersion coefficient derived in Appendix B. One sees that far from any 

resonance a two-level system should show a negative nonlinearity. In the case of glasses and 71"

electron backbone polymers, it is well known that positive non-resonant nonlinearities are 

observed in self-focussing ~xperiments, and also in the measurements of this dissertation. A two

level-model is therefore not appropriate for such material systems. 

In the case of charge-transfer molecules a two-level-model predicts in some cases up to 

70% of the secoQd order hyperpolarizability, as discussed in Chapter 6. We decided to use such 

a model for X(3)(3w) for these molecules. They possess permanent dipole moments in both the 

ground and excited states. The expression for the microscopic third order hyperpolarizability is 

then given by Eq.B-ll. It appears from the latter expression that off-resonance 'Y can be positive 

if the difference in permanent dipole moments, ~1'10' is larger than the transition dipole moment 

1'10. Measuring the phase of X(3) can resolve such questions. In the case of DANS and MONS 

side chain polymers we always observed positive nonlinearities. 

Meredith showed that in the case of molecules with high second order 

hyperpolarizabilities, microscopic local field cascading cannot be neglected in the expression of 

the third order microscopic hyperpolarizability, Meredith and Buchalter (1983). We refer the 

reader to Meredith's paper for an exact tensorial derivation of such an effect (1982). Here we 

algebraically show its origin. Physically it is the result of a reaction field to the second order 

nonlinear microscopic polarization which mixes with the applied field. 

In the linear case we have a local field and a microscopic polarization which are given 

by: 
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2-4 

Here Lij represents the dipole radiation operator given by, 

2-5 

the barred rij represent the vectorial operator and I is the identity operator. By combining both 

equalities in Eq.2-4, we obtain that: 

2-6 

Here all the terms are operators. If we substitute Eq.2-6 into the second order microscopic 

polarization we obtain that: 

2-7 



The total microscopic polarization to third order is then: 

P - J,L+«[E+L(l-«Lrl(J,L+«E+ (J(1-«LrlE2] 

+ (J[E+L(l-uLrl(J,L+uE+ (J(1-uLrlE2]2 

+y[E+l(l- «Lrl(J,L + «E+ (J(1- uLr1 E2]3 
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2-8 

When only the terms having a cubic dependence on the applied field and those dependent on a 

the first and second order power of the hyperpolarizabilities are retained we obtain that: 

2-9 

We find a term similar to that obtained by Meredith (1982). We show in Chapter 6 that the 

second term on the right hand side of Eq.2-9 cannot be neglected in high density samples of 

molecules like DANS and MONS. In fact we show that both terms are of same order of 

magnitude and have similar phase dispersion characteristics in the 1-2JLm spectral range. 

The Three and Four-Level-Models; 

For centrosymmetric molecules no permanent dipole moments exist. As explained 

previously those molecules typically show positive third order nonresonant nonlinearities. It is 

then necessary to include a positive term in the expression of x(J). Such a term is due to the triple 

sum of Eq.2-2. In that case the simplest model one can think of is a three-level model. If in 

addition the second excited state possesses an eigenfunction of the same symmetry as the ground 
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state, only two terms or paths are present in the Orr and Ward expression for x(3): 

2-10 

The first term inside the brackets is the result of the double sum in Eq.2-2. The second term is 

the only possible path in the triple sum when the following selection rules are applied: 

2-11 

We implemented such a four level model for two reasons, i) going to a four level model 

increases the number of adjustable parameters and it allowed us to improve the fits to our 

experimental data; ii) such a model emerges from the theoretical molecular orbital calculations 

ofWu et al., Schulten et al. and Soos et al. on short polyene molecules. In particular Soos et al. 

showed that for trans~ctatraene, Table vn of their paper, only one strong dipole moment exists 

between the ground and excited states. In that case a two-photon state with large transition dipole 

moments is present on each side of the one-photon allowed transition . The two photon state 

located above the allowed one photon state has the strongest dipole transition of all. By looking 

at their Table VII it is apparent that only three paths will contribute to the third order nonlinear 

susceptibility. A similar conclusion has also been recently reached for a series of 1r-conjugated 

polymers, Dixit et al. We show schematically the three and four level models in Fig.2-1. Because 

the transition dipole moments between excited states are stronger than those obtained from the 
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Fiarure 2-1; 

Schematic of the three and four level models. J.l.uB' J.l.ug" J.l.ug" are transition dipole moments 
between the respective states. A and A' are respectively the energy difference between the first 
1 Ag excited state and the first IBu state, and the energy difference between the second 1 Ag excited 
state and the first IBu state. 
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ground state, only one or two terms are dominant in the dispersion coefficients reported in 

Appendix B. The relevant dispersion terms are reported in chapter 5 for the case of poly(4-

BCMU). Because such strong dipole moments are present in the excited state it is possible to 

predict very strong excited state nonlinearities. 
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CHAPTER 3 

NONLINEAR CHARACTERIZATION TECHNIQUES 

Three nonlinear characterization techniques were used in the experimental work described 

in this dissertation. The bulk of the work involved third harmonic generation (fHG). In order 

to elucidate the positions of two photon states in poly(4-BCMU), it was necessary to measure the 

spectral dependence of two photon absorption in this material. Again for poly(4-BCMU) it turned 

out to be useful to do three wave mixing to verify some of the assignments. Almost all of the 

experimental data in this work was performed with a 8 ns Q-switch Spectra-Physics GCR4 

Nd:YAG Laser. The laser cavity consisted of a convex back mirror, the Pockels cell with the 

typical quarter-wave plate polarizer configuration, a flash lamp pumped oscillator head and an 

output coupler. The output beam was amplified via a second flash-lamp-pumped Nd:YAG rod. 

The maximum total pulse energy at l.064J.Lm was approximately 1.2J/pulse, circularly polarized. 

The output pulses were approximately 10mm in diameter at 3 feet from the output of the laser. 

The infrared output could be frequency doubled with a type II KDP crystal achieving a maximum 

second harmonic output of 650 mJ /pulse, of vertical polarization. 

In order to obtain quasi-gaussian spatial profiles the back mirror had a specially designed 

optical coating. The reflectivity across the mirror had a gradient profile. In order to obtain 

smooth temporal pulses an injection seeder was added to the laser. The latter typically reduces 

the output pulse energy by approximately 10% at 0.532J.Lm. Such a reduction of pulse energy 

considerably diminishes the efficiency of the Raman shifter when the dye laser pumps it. This 

effect is due to the threshold nature of the stimulated Raman process. However an increase in 
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output energy of 50% was observed when the injection seeder was turned on and the IR-Wave-

Mixer was used. In this case improving both the spatial and temporal profiles of the pump pulses 

had dramatic effects. 

When pumped with the second harmonic of the Nd:YAG laser, the Spectra-Physics POL-

3 dye laser produced pulses of 150mJ/p at the peak of Rh590 and approximately 50 mJ/p with 

OCM dye. In the latter case 2 to 3 mJ/p were obtained at the second Stokes line of H2 and 

approximately ImJ /p was obtained at the third stokes line, when the position of the focusing lens 

and the H2 pressure were optimized. Some characteristics of the Raman shifter are reported in 

chapter 4. 

Because we did not have a dye-laser-preamplifier, the throughput of the Lil03 down

converter was limited to approximately l00pJ/p when the dye laser was operated with a DCM 

dye. It is noteworthy that the infrared output polarization from the wavemixer is horizontal, while 

that of the Raman shifter follows that of the pump beam which was typically vertical. The 

experimental set-up for the THG experiment is shown in Fig.3-1. The THG apparatus was 

modified to perform the TP A and TWM measurements by removing the vacuum cell and the 

THG detection system. 

Third harmonic eeneration; 

When an intense laser pulse is focused into an isotropic medium the total polarization can 

be expanded into a power series of the applied optical field. Because of the center of symmetry 

in a macroscopic sense, the first nonlinear process to occur varies as the cube of the electric field: 
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Tunable THG opticallay-out. Pare poiarizers, F neutral and color filters and Si is a lcrn 
thick Silicon window which acts as a short wavelength filter in particular for l.064p.m. PMT is 
the photomultiplier tube and AID is the Analog to digital board connected to the IBM P-C. 
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3-1 

The nonlinear polarization cubic in the field can lead to many nonlinear processes. Typically one 

nonlinear process dominates over the others because phase matching occurs, for example in 

D4WM or the optical Kerr effect. In the cases where the experimental geometry does not produce 

a nonlinear phase matched effect, Maker fringes can be obtained by varying the optical path in 

the nonlinear material, either by thickness or refractive index changes. As described in the 

introduction chapter in Fig.l-1, and analyzed in Appendix A, the THG Maker fringe arises from 

the interference between the generated third harmonic fields in the reference substrate and those 

from the thin film being measured. By rotating the two-layer sample in vacuum the scattered field 

goes through successive coherence lengths in the thicker substrate. Tne intensity of the third 

harmonic field created in the substrate is modulated as a function of the angle of rotation. The 

third harmonic field generated by the thin film to be analyzed is more or less of constant 

amplitude. We typically investigated thin films less than SOOnm thick. The film thickness is then 

much less than the modulus of the coherence length defined as 

3-2 
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Here.£lk is the vavevector mismatch, phase matching is obtained for .::lk=O, and n3w and nw are 

the complex refractive indices at the fundamental and third harmonic. When the third harmonic 

is on resonance the propagation vector is complex and so is the refractive index. The complex 

nature of the coherence length has to be taken into acount in the analysis of the Maker fringes, 

in particular if one wants to obtain the phase of the third order susceptibility. 

Two sets of Maker fringes were typically recorded for each sample at every wavelength. 

After fringes are obtained with the thin film on the back of the substrate, the film is subsequently 

washed off and the fringes of the cleaned substrate are recorded at the same location where the 

previous ones were taken. By fitting the experimentally recorded fringes to the expressions 

derived in Appendix A and in particular equation A-9 we were able to obtain both the magnitude 

and the phase of x(3)(3w) relative to fused-silica for the films investigated. We assumed that the 

nonlinear susceptibility of fused-quartz is real and positive. An example of the Maker fringes 

obtained has been shown in Fig. 1-2. 

In order to obtain the Maker fringes, we took the vertically polarized near infrared 

radiation generated by the H2 Raman shifter or we rotated the polarization of the output of the 

down-convertor and focused it with a 20cm long focal length lens at the center of a 200 mTorr 

vacuum chamber. The sample was rotated with an IDM PC controlled Oriel stepper-motor 

rotation stage. The pump beam was filtered with KG-5 Schott filters and a 114m Jarrell-Ash 

spectrometer. The signal was detected with a Hamamatsu R-928 photomultiplier tube, 

preamplified, and sent to a SRS Boxcar integrator. We typically averaged 30 pulses per data point 

and scanned every half a degree between -30 and 30 degr~ measured relative to the normal 

direction to the film. In the case of l.064J.tm and 0.9535J.tm incident radiation we scanned every 

0.2 degrees in order to obtain good resolution of the fringe minima. The coherence length for 
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fused silica varies between 20p.m at 1.904p.m to 5p.m at wavelengths around lp.m. Therefore the 

number of fringes increases as the fundamental wavelength gets shorter. Because of such a 

reduced Ie' the fact that the transmission of the KG-5 filters is reduced and the PMT responsivity 

starts to decrease at wavelengths close to 300nm, we had to use up to 4OOp.] of pump energy. At 

wavelengths around 550nm where every optical element transmission was peaked, the minimum 

pulse energy required to observe Maker fringes from a substrate ranged between 25 and 50p.]. 

The DC output signal of the Boxcar was digitized and recorded by the mM PC as a function of 

angle. The position of the entrance face of the sample was carefully aligned to be on the axis of 

rotation and within the Rayleigh range of the focusing lens. If such an alignment was not 

performed asymmetric fringes were obtained with fringe minima for the clean substrate which 

did not go to a zero signal level. The experiments were performed in the dark in order to 

minimize undesired scattering. In particular in the case of 1.579p.m which is the third Stokes line 

of the second harmonic of the Nd:YAG laser, special care had to be taken in order to eliminate 

stray green light scattering in the room from reaching the detector. In that particular case the 

generated third harmonic is only 5nm away from O.532p.m, the doubled Nd:Y AG wavelength. 

Iwo-Photon-Absorption 

The two-photon absorption measurements performed in the case of thick poly(4-BCMU) 

films were achieved by recording the power dependent transmission of the samples at several 

locations on each sample. The pulse intensity was varied by rotating a half-wave plate between 

two crossed polarizers. The only measurements retained for analysis were those which did not 

show any hysteresis in transmission. Hysteresis loops in the measured transmission versus power 
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Figure 3-2; 

The power dependence transmission measurements on a 70l'm thick poly(4-BCMU) film. 
The squares are the experimental data points at 1138nm. The dark circles represent the data at 
871nm. The solid line is the best fit to Eqs.5-1 and 5-2. The dashed line show the linear 
transmission at low powers and help the eye to recognize the saturation effect. 
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were interpreted as bleaching or laser induced damage of the films. In order to achieve good 

resolution in the saturation of the transmission, one needs to change the input pulse intensity by 

at least two orders of magnitude. Two curves showing the saturation of the transmission are 

shown in Fig.3-2. Note in particular the measurement at 1. 1381'm which provides a two photon 

coefficient of approximately 220cm/GW. Such a range of intensities was only achieved with the 

Raman shifter. The major problem with it was the poor transverse quality of the generated beams 

making it impossibile to obtain focal waists of less than 200l'm in diameter. In the case of the 

1.064l'm beam we were able to focus down to spot sizes approximately 50l'm in diameter with 

a 20cm focal length lens. Such diameters are within a factor of 2 of those a perfect gaussian beam 

would produce with a similar aberration-less lens. However, at that wavelength obtaining more 

laser power was not a problem. The transmission was calibrated with two Laserprecision 

calibrated energy meters, Rj 7100. The diameter of the focal spot was obtained by fitting the 

result of knife-edge scans to a complementary error function. Because of the poor quality of the 

transverse profile obtained from the Raman shifter and the fact that the injection seeder was not 

used for these experiments, we decided to assume rectangular temporal pulses and transverse

beam profiles and fit the power dependent transmissions to Eqs. 5-1 and 5-2. Following this 

procedure we obtained the two-photon absorption coefficients reported in Chapter 5. 

Three-Wave-Mixing 

We have also been able to perform a ~M Maker fringe experiment. Just as in the case 

of THG, both the magnitude and phase of x(3)(2"'1-6)V were obtained relative to fused-silica. 

Fig.3-3 shows the Maker fringes produced by a SO fused silica wedge with and without a 545nm 

poly(4-BCMU) thick film coated onto its back surface. 
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Three-Wave-Mixing Maker fringes obtained from a fused-silica sample wedged at 5°. The 
bottom curve shows the Maker fringes obtained with the substrate alone. The top fringes are 
measured on the same location with a 545nm poly(4-BCMU) film on the back of the SO wedge. 
The signal wavelength of O.7381lm was generated by the mixing of l.064llm and 1.9041lm. 
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Both the l.064ILm and 1.904ILm beams were collinearly focused onto the wedged sample 

to generate a O.738ILm signal. The generated frequency was selected for detection with an 

interference filter and the 114m spectrometer. The signal was detected with a R-928 

photomultiplier tube. The Maker fringes were fitted to Eq.A-9 for a TWM process. The 

coherence length of the cleaned fused silica sample was approximately 450ILm. The fit of the 

TWM fringes is facilitated because all coefficients in Eq.A-9 are real except for the nonlinear 

susceptibility of the film. Because of the long coherence lengths involved, knowledge of the 

refractive indices of the polymer film, as well as extremely good film thickness uniformity are 

not required. Another advantage of the TWM-Maker-Fringe technique is that it can be performed 

in air when the Rayleigh range of the focused beam is smaller than the coherence length in air, 

which is true in our case. The main disadvantage of this technique is that in order to obtain the 

phase of x(3), relatively large surfaces have to be coated. We had to translate the wedge 

approximately 3 cm in order to obtain a complete fringe cycle. Implementing this technique to 

wavelengths in the 1.3 or I.5ILm region should be possible if special care is taken in the detection 

aspect of the experiment. Unfortunately, to the best of our knowledge, photomultipliers with 

extended responsivity in the near infrared are not commercially available. A fast detector with 

low noise characteristics and high responsivity is needed. 
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CHAPTER 4 

NEAR INFRARED OPTICAL GENERATION 

To perform nonlinear optical experiments it is always convenient to have available laser 

sources with large peak powers. As explained in the first chapters of this dissertation our goal 

was to characterize thin films in the near-infrared. Perhaps the most obvious way to produce 

intense laser beams in the near infrared is to use an F-Center laser, which is, to the best of our 

knowledge, the only broad-band tunable direct laser source in the 1.3 and 1.5p.m spectral regions. 

A commercially available Color Center Laser is sold by Burleigh and uses OH:NaCl or Tl:KCl 

crystals cooled at 17K and synchronously pumped by the fundamental of a mode-locked Nd:Y AG 

laser. It is tunable between 1.45p.m and 1. 7Sp.m. Such Laser sources are only intense enough to 

produce observable nonlinear effects when used in a waveguide or fiber configuration, 

Mollenauer et al. 

The next simplest way to generate a tunable high peak power Laser source in the near-

infrared would be to use an optical parametric oscillator, (OPO). The advantage of such a device 

is that it only uses one pump beam which is mixed via a second order nonlinear process with a 

vacuum or noise field to generate two 

Ci) p - Ci) oS' + Ci)td 

new frequency beams with: 

4-1 
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Here ("p") denotes the pump, ("S") labels the signal and ("id") the idler beams. In order to obtain 

high efficiencies a nonlinear crystal is placed into a cavity resonant at one of the new frequencies. 

The main disadvantage of such an approach is that the pump beam has to reach intensities very 

close to the damage threshold of existing crystals and therefore very well controlled beams are 

needed to avoid damage. It seems that both the Nd:YAG and the nonlinear crystal growth 

technologies are now sufficiently advanced to make OPO devices potentially attractive for 

commercial applications, Brosnan and Byer. 

Nonlinear Down-Conversion; 

Instead of using the latter techniques we decided to use a commercial INRAD, angle 

tuned down-convertor. Such a device mixes two pump beams and generates a third one with a 

frequency in the near infrared. Because we do not start from a noise field, the power levels 

necessary to obtain the conversion are smaller than for the OPO, typically 100 MW/cm2• We 

decided to buy a Lil03 crystal because at the time it was the only available commercial crystal 

which would tune over the 1.2 to 2Jlm spectral range. 

Both the linear and nonlinear characteristics of Lil03 crystals are reported in the 

Handbook of Laser Science and Technology. The pure crystal is virtually nonabsorbing 

throughout the wavelength region from 320nm to about 5500nm. For Lil03, a negative uniaxial 

crystal of hexagonal symmetry class 6, deff=d31sin(OpM+a), and d31 =7.5x10-12m!V. The 

double refraction angle is p=3.SD
• Such a double refraction is important in order to define the 

optimum interaction crystal length allowed by the finite size of the pump beams. It is typically 

given by l=wlp, where w is the Gaussian heam radius. In our case the diameter of the beam was 
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a) The dye wavelength Ady'e required to obtain an infrared wavelength AIR is plotted. b) 
Phase-matching angle as a function of the dye laser wavelength Adye is plotted for both 
configurations using either the fundamental or second-harmonic of a Nd:YAG laser. 
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approximately one centimeter and the crystal thickness 3cm, rendering the effects of beam 

walkoff negligible. Under such circumstances the down conversion efficiency is given by: 

4-2 

We experimentally obtained 500pJ when pumping with 100mJ at l.064JLm and 45mJ from the 

dye laser which was tuned to the peak of the DCM dye. In that case the focus of the beams was 

not adjusted and the injection seeder was turned on. Improving the collimation of the dye laser 

beam has allowed us to obtain 1-2 % of the dye laser output converted to the near IR. In order 

to obtain phase matching the dye laser was polarized vertically and the 1.064JLm beam had a 

horizontal polarization. The near infrared output was horizontally polarized. This corresponds to 

type I, ooe phase matching. In Fig.4-1 we reproduce the tuning curves obtained from the INRAD 

literature. In order to stabilize the output INRAD provided us with an "AUTOTRACKER" which 

is an electronic servo-loop that stabilizes the near-IR output power by angle scanning the crystal. 

Stimulated Raman 

In Fig.4-2, taken from Bloembergen (1967), we schematically represent both the 

spontaneous and stimulated Raman processes. One can imagine the stimulated process to be 

started by spontaneous Raman scattering which gets amplified as shown on the lower portion of 

Fig.4-2. The main advantage, compared to the down-conversion mechanism of the previous 

section, is that it uses only one single pump beam and it is easily phase-matched because of the 
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Figure 4-2; 

The top figure schematically describes the spontaneous Raman process. The bottom figure 
shows that Raman gain exists in the presence of a strong laser field, labelled "L", and of 
scattered photons with an excitation of the molecule. 
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low dispersion of the gases used. Because it is a third order process involving gases it requires 

higher peak intensities. We typically had to focus over 100mJ of pulse energy with a 50 cm focal 

length lens into a homemade 1 meter long Raman shifter to obtain 10% conversion efficiencies. 

We were able to convert l.064pm to the first back-scattered Stokes line at 1.904pm with 10 to 

20 mJ output energies. In Fig.4-3 we show the experimentally obtain conversion energies for that 

specific process as a function of pump energy and H2 pressure. 

Stimulated Raman can be theoretically explained semi-classically and quantum 

mechanically by a x(3) process, Shen and Bloembergen. We chose here to explain it by the 

coupling of a propagating wave with a medium composed of an ensemble of harmonic oscillators. 

The coupling is produced by the nonlinear polarizability. 

« -
8« « +{-)Q 

o aQ 

&Q aQ 2 a« - +2r-+<.> Q - N{-)E.E 
at2 at 0 aQ 

4-3 

Here Q is the generalized molecular coordinate and E is the total optical field which is the sum 

of the pump, Ep, and scattered field, Es. Under the non-depletion and SVEA approximations and 

when plane waves are assumed it is easy to show that the Raman shifted field follows an 

exponential growth. The Raman gain is given by: 
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Output energy of the first back-scattered stokes line of l.064lLm at 1.904lLm. The 
saturation of the output is observed at high pressures. Such an effect is due to the presence of 
anti-Stokes lines. 
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4-4 

We refer the reader to Shen's book for a similar relation between the Raman gain and the Raman 

spontaneous cross-section. In Eq.4-4 Ws is the Raman shifted frequency and XR(3) is the third 

order susceptibility involving the stimulated Raman process. From this formalism one can obtain 

the phase matching and energy conservation conditions, which are as follows: 

4-5 

k+ - k - k 
o P s 

here k+ refers to the molecular vibration propagating in the same direction as the pump beam. 

In Fig.4-3 it is possible to see that at certain pressures the conversion to the Stokes line 

saturates. This effect is partially due to the gaussian profile of the beams, and mainly due to the 

Stokes beam depletion of the pump and by generation of Anti-Stokes beams and higher Stokes. 

In Figure 4-4-a we show the same effect on the third Stokes line pumped by 532nm. In addition 

we show that the maximum efficiency is obtained here for low pressures, which does not agree 

with Eq.4-4. Pressure broadening occurs in addition to higher order Stokes generation. The 

theoretical model involves then many differential equations which are coupled and make specific 

predictions very difficult when transverse effects are also included. 
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a)A plot similar to Fig.4-3 for the third stokes line of 532nm. In this case the maximum 
output was obtained at the lowest pressures. The curved shape of the saturation is explained when 
transverse electric field profiles are included in the theoretical coupled differential equations 
describing this process. b) The same experiment was performed with D2 with less success. The 
first Stokes at 1.064",m was not seen but the fifth stokes line was observed with enough output 
energy to perform THO experiments. 
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Finally in Fig.4-4-b we show similar results for D2. In that case we were not able to 

obtain the first Stokes line of l.064JLm. However, the fourth Stokes line of 532nm was obtained 

rather easily. Such an effect is puzzling and needs to be investigated further. In addition the 

threshold for stimulated Raman effects is much larger in D2 than H2. The Raman gain found in 

the literature, Ottusch et al., is 5 times smaller for Deuterium under similar conditions. 

We performed similar experiments with methane, which ultimately destroyed the windows 

of the Raman cell. When an intense laser pulse is focused into an atmosphere of CH4, the latter 

decomposes and coats the Raman cell with a layer of carbon. The fused-silica windows start 

absorbing and get damaged. 

We were able to demonstrate that gas mixtures of hydrogen and methane Raman shifted 

the input l.064JLm radiation producing a triple wavelength source in the near IR. Unfortunately 

as just mentioned the presence of CH4 resulted in the burning of the windows of the shifter. Such 

a source is very interesting for the nonlinear characterization of polymer samples. THG, TPA 

but mainly TWM experiments can be performed without the need for a second Laser. With such 

a laser source it would be possible to measure discrete points in the dispersion of x(3). Enough 

information might be available to describe the electronic structure of the materials, see Chapter 

5-6 and 7. 
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CHAPTER 5 

BACKBONE CONJUGATED POLYMERS 

INTRODUCTION 

The study of the nonlinear optical properties of '1I"-electron backbone polymers is of 

paramount importance for the following reasons: 

i) The spectral study of the electronic structure of such molecules will allow the 

confirmation and elucidation of the microscopic mechanisms that govern the interaction of such 

systems with optical fields; 

ii) p-carotene and polyene chromophores play a critical role in photoprocesses in 

biological membranes which store optical energy or convert it into chemical or biological forms 

of energy; 

iii) From our point of view, our main interest is in a nonlinear spectroscopic study of 

these classes of molecules for the evaluation of their suitability in polymer form for nonlinear 

optical switching devices. 

The molecules investigated here are assumed to be planar with two types of electrons u 

and '11". To a good approximation the state of the u electrons is assumed to be frozen. They are 

involved in molecular bonding with hydrogens and lor side chains. The remaining '1I"-electrons are 

free to move in the 2p'R' orbitals which are determined by the potential provided by the nuclei and 

the a electrons. The type of potential and wavefunctions involved in such processes are dictated 

by the symmetry of the molecule. In the case of all the molecules investigated in this chapter the 
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point group involved is C2h' Such a point group involves three planes of symmetry, the 

molecular plane, a plane along the molecular axis and a plane of symmetry orthogonal to the 

previous two. Equivalently the molecule has a center of symmetry and a 2 fold axis. Only four 

types of electronic states are possible in the C2h point group, Au, Bu' Ag and Bg. A and Bare 

labels for the axis of rotation and u and g label the inversion. From symmetry considerations 

Hudson et al. showed that all'lr-electron states are of either Ag or Bg symmetry. The ground state 

is expected to have Ag characteristics. If electron correlation is not included in the Hamiltonian, 

the Au and Bg states alternate. For one photon processes transitions between Ag states are 

forbidden but two-photon allowed. Only transitions between Ag and Bu states are one-photon 

allowed. The latter are two-photon forbidden. 

~rotene 

As mentioned previously p-carotene molecules are involved in photosynthesis. They act 

as light-harvesting molecules in biological systems. Although the latter is well established the 

physical mechanism by which their excitation energy is transferred to Chlorophyll molecules, for 

example, is not well understood. 

Thrash et al. have proposed that a low lying Ag state below the first one photon allowed 

Bu state is mainly responsible for the efficient energy transfer between p-carotene and 

Chlorophyll. They determined by Raman excitation measurements that p-carotene has a "hidden" 

two-photon state approximately 3500cm-1 below the first visible Bu state which appears in the 

linear absorption measurements shown in Fig.5-1. The Raman excitation profile reveals weak 

forbidden transitions. A symmetry forbidden transition appears in a linear absorption or Raman 

spectrum via vibronic coupling. The Thrash et al. results are in our opinion not conclusive 
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The linear absorption spectra of p-carotene doped PMMA thin films of different 
thicknesses. The oscillator strengths for the different transitions are also shown relative to fug. 
The exited state oscillator strengths are labelled fg,u and fg"u' 
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because of the low resolution of'their experimental data. Shreve et al. found similar results in 

living membranes but argued that typical biological systems involve several species of carotenoids 

and Chlorophylls making it difficult to experimentally determine the exact location and linewidth 

of the first Ag excited state. Typical two-photon fluorescence measurements are not possible in 

p-carotene because of the lack of a fluorescence route in the pure p-carotene system. We decided 

to perform tunable THG measurements in order to determine the position and the strength of such 

"hidden" two photon states. 

In addition p-carotene is a polyene with 11 C=C double bonds. Its structure is shown 

in Fig.5-2. The number of atoms is too small for it to be considered an infinite chain polymer 

and modelled by an one dimensional semiconductor model. Thus theoretical models based on 

molecular-orbital approaches are needed to evaluate its electronic structure. Historically, polyenes 

were the first 1r-electron backbone polymers which were considered for nonlinear studies, 

Hermann et al .. Later the Kerr optical coefficient of p-carotene was measured by time resolved 

Degenerate-Four-Wave-Mixing, Smith (1981). Polyenes are attractive candidates from a 

fundamental point of view because of the extensive existing literature on their linear optical 

properties, both in the experimental and the theoretical areas. For a review article see Hudson 

et al. in Vol.6 of "Excited States". 

From a more practical point of view, p-carotene and other polyenes are fairly unstable 

molecules if exposed to room temperature and sun light. In addition they are not soluble and 

cannot be deposited by spin coating in high concentrations. Our samples were 5% p-carotene by 

weight in PMMA and dissolved in chloroform. 

Because p-carotene belongs to the C2h point group we decided to try to fit the THG data 

to the four level model described in detail in Chapter 2 of this dissertation, and shown 
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Filrure 5-2; 

Schematic of the molecular structure of p-carotene which shows the center of symmetry 
and the two-fold axis. 
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schematically in Fig.5-3. The results of our best fits are shown in Fig-54 and 5-5 along with the 

experimental values of the phase and magnitude of x(3)(3w) as a function of wavelength. The 

fitting parameters are reported in Tab.5-1. The calculated oscillator strengths for the three-excited 

states are shown in Fig.5-l. 

In order to fit the experimental data we assumed that all excited states had the same 

linewidth. A more detailed analysis which includes vibronic coupling with Frank-Condon factors 

will be reported by Shinji Aramaki in a future publication. Only one component of the third order 

hyperpolarizability tensor was assumed to be strongly dominant namely 'Yzzzz, where z is the 

molecular axis. A random molecular distribution throughout the volume of the thin film was also 

assumed. The linear transition dipole moment was obtained by integration of the linear absorption 

spectra, Eq. 64. The different parameters shown in Tab.5-1 are described in chapter 2. 

Table 5-1 

N Amax r a a' /Lug /Lug' /Lug" 

(cm-3) (nm) (em-I) (em-I) (em-I) (0) P) (0) 

l.Ox 475 2500 -4000 3500 11.5 12 35 

l()2o 

Table 5-1; 

Fitting paramet~rs which provided the best fit to the tunable THG data for p-carotene. 
<Xm.J center of the one photon allowed transition, (r) line-width, (a and a') shift between the 
two-photon states and the one photon allowed excited state,<Pu.,ILua.,lLuau) are respectively the 
transition dipole moments between the one photon allowed state and the ground state, the first 
two-photon state and the second two-photon state. 
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Schematic of the three and four level models. JLug' JLu/J" JLug" are transition dipole moments 
between the respective states. ~ and ~. are respectively the energy difference between the first 
I Ag excited state and the first IBu state, and the energy difference between the second I Ag excited 
state and the first IBu state. 



Figure 5-4i 

'0 240 

Q) 

-0 
::l 180 

-t-.-c 
0') 

01"20 
~ 

Q) 

.> 60 
-t-
o 
Q) 

IX(3)1 for p-carotene 
solid line: theoretical four-level fit 

dashed line: theoretical three-level fit 

. 
~ , 

I , 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

\t 
~ 

e::: o~~~~~~~~~~~~~~~~~~~~~ 

850 1050 1250 1450 1650 1850 

wavelenght • In nm 

57 

The magnitude of x(3) as a function of incident wavelength is shown for p-carotene. The 
black squares are the experimental data points. The solid line shows the best fit to the four-Ievel
model. The dashed line shows the best fit of a three-level-model with a two-photon state 3500cm-
1 above the first one photon allowed excited state. The transition dipole moment between the 
latter two states is evaluated to be 40 Debye in the case of the three-level-model. 
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The phase of x(3) is shown for p-carotene. The two models give similar results for the 



59 

Both the dispersion of the magnitude and the phase of x(3)(3w) are fitted reasonably well 

with the four level model. We also show in Figs.54 and 5-5 the results of a fit to a three-level 

model with a stronger two photon transition at 3500cm-1 above the first Bu state with JLg"u=40 

Debye. It is not possible to distinguish between the two models in the phase plots, although it is 

clear that the nonlinearity is dominated by coupling to a very strong two-photon state 

approximately 3500cm-1 above the one photon excited state. In addition the total error, Xo2, is 

of similar magnitude for the two best fits. Because of the extraordinarily large oscillator strength 

of the two-photon state above the one photon transition we were unable to measure any significant 

resonance when we tried direct nonlinear transmission measurements on 1 cm long liquid 

samples. Such a strong oscillator strength may be a result of the assumptions of our model, in 

particular the fact that we have assumed that the two-photon linewidths are similar to that of the 

one photon allowed transition. Such an assumption seems a reasonable one for linewidths 

dominated by inhomogeneous broadening. In the case of is-carotene the linear spectrum shows 

the presence of a rich vibronic structure. Aramaki et al. have included such a structure in the Orr 

and Ward expression of x(3)(3w). In this work we conclude that the nonlinear susceptibility of is

carotene is totally dominated by the first Bu state and the first Ag state located approximately 

3500cm-1 above the former. Another possible route for the excited is-carotene molecules to relax 

into chlorophyll is through the tail of such a strong two-photon state. 

In addition our measurements at 1.904JLm confirm the results of Hermann et al .. If a 

Local field factor of 7 is assumed we find a hyperpolarizability along the molecular axis within 

a factor of 2 of what they measured at 1.89JLm. 
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Poly(4-BCMlD 

Since the pioneering work of Sauteret et al., polydiacetylenes have received considerable 

attention in nonlinear optics. In contrast to polyenes, some polydiacetylenes are soluble in 

standard solvents. Poly(4-BCMU) or poly[5, 7-dodecadiyn-1, 12-diol-bis(n-butosxycarbonyl

methyl-urethane)] is one of them. Low loss propagation with large intensity-dependent refractive 

index coefficients has recently been demonstrated in a single crystal poly-Diacetylene waveguide 

by Krol and Thakur. Directional couplers in an amorphous spin-coated film have been fabricated. 

According to Townsend et al. the latter nonlinear optical device seems to suffer from intensity 

induced absorption, i.e., two- photon-absorption at l.064lLm. Mizrahi et al. have observed a 

similar limitation in optical fibers and have proposed a two-photon figure of merit for such 

devices in the linear transparency regime, as discussed in chapter 1. Using their criteria for a 

nonlinear directional coupler, we calculate that the value of the phase of x(3)(-!I);W,W,-!I) has to 

be less than 3° in order to achieve complete switching. Hence, measurements of not only the 

magnitude but also the phase of x(3) are of paramount importance. 

Two-photon transitions have been shown to strongly dominate the optical Kerr nonlinear 

susceptibility of platinum poly-ynes, S.Guha et al .. In the case of polydiacetylenes a very strong 

two-photon-absorption, (TPA), above the linear absorption edge has also been observed both in 

the crystalline form by Lequime and Hermann and in solution by Chance et al .. In the latter work 

the authors used the interference between a Raman line and the two-photon transition to estimate 

the position of the latter. In the case of the red solution form similar to that of poly(4-BCMU) 

they report a very large error bar of 5000cm-1 for the two-photon transition centered around 

24000cm-1• Kajzar et al. have performed tunable THG measurements on both Langmuir-Blogett 

oriented thin films and solution cast films of the red poly-Diacetylene form. Recent unpublished 
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Figure 5-6: 

Visible linear absorption spectrum of a poly(4-BCMU) thin film, 210 om thick. The 
oscillator strengths is labelled fug for the one photon allowed transition. The other two oscillator 
strengths are labelled f 'u and fgwu for the two photon states. We have plotted the oscillator 
strengths relative to f!lE.~e molecular structure ofpoly(4-BCMU) is also shown on the top right 
hand comer. R is (CH2)4OCONHCH2COO(CH2>JCH3' 
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waveguide TPA measurements in amorphous spin-coated films, by Etemad's group at Bellcore, 

also show a strong resonance above the first one photon allowed transition. 

The study of the electronic structure of these polymers is not only important for 

understanding their nonlinear optical properties but has also technological implications. These 

one-dimensional polymers belong to the C2h symmetry group. The ground state is believed to 

possess the lAg symmetry and therefore transitions to the 1 Bu states appear in their linear 

absorption spectrum, shown in Fig.5-6. However one photon transitions are forbidden to the lAg 

excited states. They appear in nonlinear processes which include multi-photon transitions. In the 

case of polyenes theoretical calculations predict the presence of one two-photon state below the 

first one photon allowed transition as well as another two-photon state above it, Shulten et al, 

Kohler and Wu et al .. The excited state transition dipole moment from the IBu state to the upper 

two-photon-state is expected to be dominant. We have applied these ideas to poly(4-BCMU) in 

order to fit the experimentally determined nonlinear coefficients. Both the three and four level 

models shown schematically in Fig.5-3 have been considered. 

Sample Preparation 

Poly(4-BCMU) was obtained from E.I.Dupont Central Research and Development 

Laboratory. We used the same procedure as established previously for the preparation ofpoly(4-

BCMU) waveguides by Kent Rochford. The polymer was nominally mixed 5% by weight with 

cyclopentanone and dissolved into solution by overnight heating (at approximately soaC) and 

stirring. The solution was typically spin coated at 1000 rpm for 60s onto cleaned fused silica 

substrates leading to uniform thin films less than lOOOnm thick. Films were allowed to sit 

overnight, or longer, to facilitate evaporation of excess solvent. For example, the film for the 
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Three-Wave-Mixing experiment was 545 nm thick. In order to be able to measure the THG 

Maker fringes when the film was present and the third harmonic frequency was in resonance, 

thinner films, typically 30nm thick, were required. This was achieved by further dilution in 

cyclopentanone and by increasing the spinning speed to 4OOOrpm. For the TP A measurements 

thicker films were needed. We were also able to solution cast films approximately 70ILm thick. 

Thickness measurements of films several hundred nanometers thick were performed on 

a Dektak (model 2). The thickness of the very thin films needed for THG was obtained by 

comparing their linear absorption spectra to those of thicker films for which the thickness could 

be measured accurately with the profilometer. The error on the thickness measurement was 

estimated to be ± 15% for the thin films. 

Nonlinear Optical Measurements 

Three different nonlinear measurement techniques were used to produce a consistent 

picture of the electronic properties ofpoly(4-BCMU), namely, Third-Harmonic-Generation, Two

Photon-Absorption and Three-Wave-Mixing (TWM). These three techniques are described in 

Chapter 3. 

In the case of THG we fitted the experimentally recorded Maker fringes to Eq.A-9 for 

both the clean substrate and the substrate+film. Special attention was taken to record both sets 

of fringes at exactly the same location. 

In the case of the TP A measurements we recorded the transmission as function of optical 

power. The experimental data was fitted to the following expression: 
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TxI. I ___ I 

out 1 +Q' 
5-1 

with 

Q-PI;L 5-2 

where Ii> lout are respectively the input and output intensities. T is the linear transmission 

coefficient for the two interfaces, L is the sample thickness and {J is the two photon coefficient. 

We assumed rectangular temporal pulse and transverse-beam profiles. In our measurements, the 

value of Q did not exceed 0.3. Under similar experimental conditions, Smith has shown that the 

value of (J would be multiplied by approximately a factor of 2 for a gaussian profile in both time 

and space. We believe that the accuracy of our measurement is better than ±50%. 

The Three-Wave-Mixing, (fWM), experiment was used to generate confirming 

information on the phase of x(3). Here the generated wavelength of 0.738JLm was obtained by 

mixing two collinear input beams at l.064JLm and 1.904JLm. A 5° degree fused silica wedge was 

coated on one side with a 545nm thick poly(4-BCMU) film. By scanning the position of the 

wedge perpendicularly to the pump beams' direction, TWM-Maker-Fringes were detected and 

fitted to Eq.A-9 for a TWM experiment. 

DISCUSSION 

By fitting the experimentally measured fringes to the expression for the THG-Maker-

Fringe derived by Kajzar et al. and reported in Appendix A, we have been able to obtain the 

phase of x(3)(3w) in addition to its magI'litude, as just discussed for {J-carotene. The dispersion 
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Experimentally measured phase of x(3)(3w) relative to fused-silica for poly(4-BCMU). The 
dashed lines show the best fits to a three level model with the two-photon state above and below 
the one photon allowed state. The solid line represents the best fit to the four level model. 
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Experimentally determined magnitude of x(3)(3w) relative to fused silica for poly(4-
BCMU). The dashed line represents the best fit to a three level model with the two-photon state 
3000 cm-! below the one photon allowed excited state. The solid line is the best fit to a four level 
model. The parameters used for the latter are given in Table.S-2. 
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TABLE 5-2: 

A.nax rgu rg,u ~ ~' #Lug #Lug' #Lug" 

(run) (em-I) (em-I) (em-I) (em-I) (0) (0) (0) 

THG 545 4000 1550 -3000 4500 13 25 35 

TPA 545 4000 1550 -2000 4500 13 15 35 

TABLE 5-2: 

Fitting parameters used in the four-level model for both the THG and the TPA spectra 
for Poly(4-BCM~~: <Amax) center o~ the ~ne photon allowed transiti~~, (r ~) line-width of the 
one-photon transitIOn, (r g'u=r g"u) hne-wldth of the two-photon transitions, (p.gu,#Lg'u,#Lg"u) are 
respectively the transition dipole moments between the one photon allowed excited state and the 
ground state, and the first and second two-photon states. 
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of the phase of X(3)(3w) is shown in Fig.5-7. We initially tried to fit the dispersion of both the 

magnitude and the phase to a three level model, Fig.5-3. The best overall fit showed the presence 

of a two-photon level ~ the IBu state. However as is evident from figures 5-7 and 5-8, some 

of the features of the dispersion were not reproduced well by such a model. In addition a three

level model with a two-photon state above the IBu state, and a very strong excited state transition 

dipole moment, also gave a reasonably good fit, see Fig.5-7. A four-level model with a pair of 

two-photon states was then attempted. The fit was improved, but h priori this would be expected 

because the number of adjustable parameters doubles. In addition the best fits were obtained when 

the line-width of the two-photon states was varied independently of the line-width of the one 

photon transition. 

The parameters obtained from the best fit to the THG data are reported in Table. 5-2. To 

investigate these predictions we then decided to perform both two-photon absorption and three 

wave-mixing measurements in order to fix better some of the two-photon parameters and to check 

the four-level model. 

The results of our tunable TP A experiments are plotted in figure 5-9. The TP A spectral 

line-width and the transition dipole moment between the IBu and the highest two photon-state 

lAg, as well as the position of the latter, were obtained from the TPA measurements, Fig.5-9. 

In the subsequent fitting of the dispersion of x(3)(3w), only the position and the strength of the 

lowest two-photon state were adjusted. Equal line-widths were assumed for both two-photon 

states. However, the position of the lowest two-photon state, predicted from our best fit to the 

x(3)(3w) dispersion to be centered around 1.35"m, does not agree with our TPA data at that 

wavelength. As a result, in the fitting we adjusted the position of the first lAg excited state to be 

2000cm'l below the IBu state, in the TPA coefficient dispersion. Due to the limited tunability of 
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Two-Photon-Absorption spectrum for a 70p.m thick poly(4-BCMU) film. The dark dots 
were determined experimentally. The solid line shows the best fit predictions of the four-level 
system. 
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the Rh-610 dye, we were not able to tune the fundamental wavelength around this predicted peak 

position of 1.225/Lm of the lowest two-photon state. The measured value at 1.138/Lm is 

approximately 220cm/GW which is far above our noise level of 25cm/GW. The transmission 

versus optical power is shown in chapter 3 for that specific wavelength and sample. The 

saturation of the transmission is clear at that wavelength. This measurement at 1. 135/Lm does not 

agree with the early tunable TPA waveguide measurement by the Bellcore group in which no 

resonance below the 1 Bu state was observed. At 1. 064/Lm, due to the better stability of the laser, 

we were able to measure a value of (:J of 35±(15) cm/GW. At 1.320/Lm the value of {:J was less 

than we could reliably measure. Our results suggest that the two-photon resonance should be 

located between those two wavelengths. The prediction from our fits is that the center of the 

lowest two-photon resonance is approximately at 1.22/Lm. A similar conclusion was reached by 

Kajzar et al. on the solution cast films and the L.B films of the red form of polydiacetylene. 

We should point out that all of our TP A measurements were done with nanosecond 

pulses, and that excited state absorption was neglected. In order to investigate if excited state 

absorption was important, a mode-locked and Q-switched Nd:YAG laser producing 30ps pulses 

was used to measure the TPA coefficient at 1.064/Lm. We obtained a value of {:J of 

15 ± (5)cm/GW, in reasonable agreement with our nanosecond measurement. The results of the 

TPA analysis are reported in Tab.5-2, the resulting oscillator strengths are shown in Fig.5-6. 

Based on the expression for the cubic susceptibility derived by Orr and Ward, X(3)(2Wl

w~ is dominated by four terms when our four level model is applied and Raman resonances are 

neglected, that is 
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Predicted dispersion of the phase of X(3)(2Wl-<alV' relative to fused silica, for poly(4-
BCMU) as a function of Al when ~ is fixed at 1.904JLm. The dark square is the experimentally 
determined data. The solid line uses the parameters from the TP A fit. The dashed line uses the 
parameters from the THG fit, Table.5-2. 
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Predicted dispersion of the magnitude of X(3)(2C1Jl-<A.lV, relative to fused silica, for poly( 4-
BCMU) as a function of Al when A2 is fixed at 1.904J.Lm. The dark square is the experimentally 
determined data. The solid line uses the parameters from the TP A fit. The dashed line uses the 
parameters from the THG fit, Table.S-2. 
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5-3 

Here: 

5-4 

All other combinations of frequencies appearing in the expression of x(3) are non-resonant as can 

be seen in Eqs. B-17 and B-18. A phase of X(3) for the TWM of approximately 50° is predicted 

when the TPA parameters of Table.5-2 are used, a value of 65° is deduced for the THG 

parameters. These values are in good agreement with the Three-Wave-Mixing Maker Fringe 

measurement shown in Fig.5-lO. The phase of X(3) obtained by fitting the fringes is 75°. With 

only one two-photon-state below the IBu state, a phase closer to 1800 would have been predicted. 

The presence of a second two-photon-state above the IBu state, with a strong excited state 

transition dipole moment, is a direct consequence of this measurement. The two terms which 

dominate the cubic susceptibility given in Eq.5-3 interfere producing a decrease in the phase. 

Such an interference effect is shown in Fig.5-1O. The value of ~(3~ is measured to be 845 

times that of fused-silica. To the best of our knowledge no measurements exist on the absolute 

value of the x(3) of fused silica for an equivalent TWM experiment. If a value of 3x10·14(esU) 

equal to the THG value obtained for fused-silica is assumed, good agreement between theory and 



74 

experiment is obtained, Fig.5-11. 

The values of the four level fits for the dispersion in both THG and TP A are reported 

in Table.5-2. Both theoretical predictions are based on the expression for the cubic susceptibility 

derived in Appendix B. As in the case of TWM, the dispersion of xO>(3w) in the linear 

transparency region can be described by the sum of only two terms: 

2 2 
+ Ilugll ug" 

+ 5-5 

The TPA coefficient, in the linear transparency region, is proportional to Im(x(3)(-w;w,w,-w). In 

this case the Four-Level-Model leads to four terms in the expression for the purely electronic 

Optical-Kerr-Susceptibility which are resonantly enhanced, namely 

2 2 
+Ilugllug' x[ 1 + 1 ] 

(Oug-c.»(Oug,-2c.» (CUg-c.» (1"\. _I.",) r..5 ug \AI 

5-6 
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All the other terms in the expression for the cubic susceptibility are non-resonant and contribute 

less than 5% to the calculated nonlinear susceptibilities in the 0.7 to 2JLm spectral region. 

Two-Photon Figure of Merit 

As discussed in the introductory chapter, when linear absorption is negligible the Two-

photon absorption may come into play to reduce the throughput and also the total amount of 

switching in all optical devices, as shown by Delong, Rochford and Stegeman. Mizrahi et al. 

have introduced a two-photon figure of merit for total switching when only two-photon absorption 

is present. The so called T parameter is given as follows in terms of the real and imaginary part 

T - 81t Im[x(3)(-c...>;c...>,c...>,-c...>)] < 1 
Re[x(3)( - c...>; c...>, c...>, - c...> )] 

5-7 

We believe that the four level model describes well the dispersion of the third order 

susceptibility of poly(4-BCMU). We therefore used it to calculate the spectral behavior of T for 

poly(4-BCMU). It is shown in Fig.5-12 using the four-level model and the parameters deduced 

from our near-resonance experimental data. The vertical axis is a logarithmic scale. According 

to our four-level-model, a directional coupler made of poly(4-BCMU) will not switch totally if 

the wavelength used is between 1 and 2 microns. At this point we note that: 

i) the T parameter is a parameter that reflects the microscopic nature of the nonlinearity. 

Number Densities, local field factors and orientational averages cancel out. We could rewrite it 

as a function of the real and imaginary parts of the molecular hyperpolarizability when only one 
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Predicted two-photon figure of merit or T parameter for Poly(4-BCMU). We used the 
parameters in Table.5-2 from the TP A row. 
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Calculated intensity dependent refractive index as a function of wavelength deduced from 
the four-level model. 
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component of the fourth rank tensor is strongly dominant. 

ii) The four-level-model assumes Lorentzian distributions, while the transitions are 

probably inhomogeneously broadened following much better a gaussian line-shape. However, we 

have used the FWHM deduced from the fit to a gaussian line shape for the linear absorption 

spectrum. The distinction between a gaussian and a Lorentzian line shape only matters in the 

wings of the distribution. The validity of our calculation is therefore questionable in those wing 

regions. 

It is worth recognizing that in those wing regions the value of n2 is largely reduced as 

shown in Fig.5-13. A lorentzian lineshape over-estimates both the values of (3 and n2 in those 

regions. It would be interesting to calculate the Kramers-Kroenig transform of Fig.5-9, where 

instead of two isolated Lorentzian two-photon lines we would use two-gaussians instead. In the 

near two-photon resonance region where 2w is the only possible resonance, Kramers-Kronig can 

be applied because x(3) is assumed to be analytical. We than obtain: 

+00 (3) 
Re[x(3)(<a»] _ l.pf dv Imx (V) 

1t v-<a> 
5-7 

-co 

Here P denotes the principal part of the complex integral. We also report for sake of 

completion, Fig.5-14, the magnitude of ~(3)(-C&1;W,W,-C&1~ one would measure in a near infrared 

tunable Degenerate-Four-Wave-Mixing experiment. 



79 

30~----------------------------------~ 

............ 
::J 20 en 
(l) 

'-'" 
0 .-
0 ...... 
X --ttl 10 -->< 

1200 1600 2000 

Wavelength (nm) 

Figure 5-14; 
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poly)4-BCMU). 



80 

Polythiophenes 

Kajzar et aI. have measured the spectral dispersion of the magnitude of the third order 

nonlinearity, I X(3)(3w) I , of many polymeric systems. The results were fitted to a three 

electronic-level system. The presence of a two-photon state was verified with theoretical 

molecular orbital calculations and via tunable Electric-Field-Induced-Second-Harmonic

Generation. Nevertheless the location of the two-photon state can be difficult to determine from 

the frequency dependence of X(3) in the case of broad absorption bands. Additional information 

which can be extracted from the Maker-fringe fit is the phase of xO)(3w). It is exploited here in 

order to verify the dispersion of its magnitude. 

Polythiophenes are a relatively new class of nonlinear optical polymers; their chemical 

structure is shown in Fig.S-1S. The alkyl substituted polythiophenes are attractive because they 

are soluble and can be processed into amorphous thin films. In addition they appear to be more 

stable than the soluble polydiacetylenes under standard laboratory conditions. Because they do 

not degrade over long periods of time they appear to be very interesting for waveguide 

applications. One can say that they belong to the third generation of nonlinear optical polymers. 

The nonlinearity is believed to be due to the 1T-electron delocalization in the polymer 

backbone, as in the case of polyenes. Electron conjugation through the sulfur atom is also 

possible. THG measurements at one and several wavelengths in the near IR have shown nonlinear 

susceptibilities comparable to those of polydiacetylenes. Degenerate-Four-Wave-Mixing(D4WM) 

experiments close to the linear absorption edge have indicated nonlinear susceptibilities two 

orders of magnitude larger than those measured with third harmonic generation, Yang et al. and 

Dorsinville et aI .. When strong linear absorption is involved, mechanisms other than the purely 

electronic contribution may dominate the third order nonlinear susceptibility. In addition D4WM 
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FilWre 5-15; 

Molecular structure of: (0=4) poly(3-hutylthiopbeoe), (0= 10) poly(3-decylthiopbeoe). 
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is only sensitive to the magnitude of X(3)(-(a);w,w,-(a). Two photon absorption from excited states 

above the first allowed one photon transition resonantly enhance the real as well as the imaginary 

part of X(3)(-(a);w,w,-(a). The determination of the electronic structure of these types of polymers 

is important for the understanding of the third order nonlinear cubic susceptibility dispersion. 

SAMPLE PREPARATION 

The synthesis as well as the preparation of poly(3-butylthiophene) is described by R.L. 

Elsenbaumer and that of poly(3-decylthiophene) by M. Lecler. Both polymers are synthesized by 

chemical polymerization. They are dissolved in chloroform and spin coated at 2000 rpm onto 

fused-silica substrates. The linear absorption for both polymer thin films, normalized to l00nm, 

is shown in Fig.5-16. The poly(3-decylthiophene) samples show a slight red shift compared with 

the poly(3-butylthiophene) ones. This shift seems to decrease over a period of several weeks. The 

lH and 13C NMR spectra obtained in solution of the n= 10 polymer suggest a high content (80%) 

of sequences with head-to-tail coupling resulting in a regular structure having little or no 

branching. These can lead to an average increase in the 1r-electron conjugation. 

The thickness of the films used in our THG experiments varied between 30 and 50 nm. 

It was obtained by comparing the film absorption spectrum to that of thicker films, whose 

thickness could be accurately measured with a profilometer (DEKTAK model:2). For such thin 

films the thickness measurement is again the major source of error in the x?) measurement using 

the THG-Maker-Fringe technique described in chapter 3. We estimate it to be ± 15%. 

The experimentally obtained Maker fringes were analyzed using the simplex method to 

fit to the Maker fringe expression first derived by Kajzar, Messier and Rosilio, Eq.A-9. We have 

assumed in all cases that the film thicknesses of our scunii1es were negligible compared to their 
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Linear absorption spectra, normalized to a thickness of lOOnm for both polythiophene 
samples investigated. The magnitude of the osciHator strengths for the three possible transitions 
are also reported relative to fug 
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coherence length. Thus the effects of the refractive index dispersion could be neglected: (n3",-n",) 

at a wavelength of IJLm would have to be on the order of 3 to get a coherence length comparable 

to the film thickness of 50nm. 

RESULTS and DISCUSSION 

Fig. 5-17 and 5-18 show the results of our tunable THG experiments. For both 

polythiophenes investigated, the magnitude of x(3) shows a peak around 1500nm due to a 

resonance at 3w. The shoulder observed on the high energy side can be explained by the presence 

of a two-photon forbidden state below or above the one photon state, as shown by the three-level 

model fits in Fig.5-17 and 5-18. This is confirmed by the smooth variation of the phase of x(3) 

from nearly 00 at the low energy side to approximately 2800 past the three photon resonance at 

higher fundamental energies. A three level system, shown in Fig.5-3, combined with 

inhomogeneous broadening was assumed in order to fit the dispersion in Figs.5-17 and 5-18. The 

general trends could be described well with the exceptions of the sharp resonance at 3w around 

1500nm, and the phase of x(3) around IJLm which was lower than that predicted by the model. 

We decided to use the expression derived by Orr and Ward, with the recently introduced three 

and four level approach of Kuzyck and Dirk as described in Chapter 2 and Appendix B. In this 

case we were free to choose the mutual line-width of the two or three photon resonances. The 

transition dipole moment JLug was calculated from the absorption spectrum by assuming a one 

dimensional polymer number density of 1()21cmo

3. Optimal agreement between experiment and 

theory was obtained by adjusting the two shifts 4 and 4', Fig.5-3, and finally adjusting the 

common line-width. Under those conditions the four level fit gives the best agreement. The fitting 

parameters used are reported in Table.5-3. 
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Relative magnitude (a) and phase(in degrees) (b) of x(3)(3w) for poly(3-butylthiophene). 
The squares are the experimentally determined data points, the dashed line shows the three-Ievel
model fit, and the solid line is the best fit to the four-level-model. The parameters used for the 
fits to both models are given in Table 5-3. 
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Relative magnitude (a) and phase(in degrees) (b) of X(3)(3w) for poly(3-decylthiophene). 
The squares are experimentally determined data points, the dashed line shows the three-level
model fit, and the solid line is the best fit to the four-level-model. The parameters used for the 
fits to both models are given in Table 5-3. 
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The best fit shows one of the two-photon states to be just below the one-photon level, 

whereas the second two-photon level was approximatively 5000cm·l above it. Such an order of 

electronic levels is known from theoretical calculations on polyenes when doubly-excited 

configurations and electron-electron interaction are included in the theoretical model. The 

presence of a lAg state below the first lBu state seems to indicate that these interactions should 

not be neglected in the case of polythiophenes. 

When the four level model is used, the transition dip<?le moment /Lug" has a larger value 

than /Lug. Therefore the dispersion of x(3)(3w) is dominated by only one term included in the D13 

coefficient, namely: 

1 
5-8 

The adjustment of the line-width in order to achieve optimal agreement results in a value of r 

of approximately 3000cm·l which is almost half of the width observed in the linear absorption 

spectra. A reduced line-width of the resonance at the third harmonic as well as sharp oscillations 

in the red portion of the X"'(3w) spectrum, have been observed in other thiophene based polymers 

by Kajzar. We postulate that within the inhomogeneously broadened band, xm may be dominated 

by a narrow structure with stronger transition-<iipole moments between excited states. 

A dispersionless Lorentz-Lorentz local field factor of 7 has been assumed. As previously 

mentioned, the absorption spectrum of the (n= 10) sample seems to relax towards the (n=4) one, 

over a period of several weeks. It is then not surprising that we obtain similar parameters in the 

fit of the x(3) dispersion for both polymer thin films, Table 5-3. The corresponding oscillator 

strengths are schematically represented in Fig.5-15, the relative magnitude of the oscillator 
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Table 5-3: 

3-level system· . 
sample Amax r ~ /Lug /Lug' 

(run) (em"l) (em"l) (Oebye) (Oebye) 

n=4 510 3500 -2000 17 21 

n=4 510 3500 +7000 17 33 

n=10 510 3000 -1500 17 18 

n=lO 510 3000 +7000 17 31 

4-level system· ! 

sample Amax r ~ ~' /Lug /Lug' /Lug" 

(run) (em"l) (em"l) (em"l) (0) (0) (0) 

n=4 510 3000 -1000 5000 17 15 23 

n=lO 510 3000 -500 5000 17 12 23 

TABLE 5-3; 

Fitting parameters used in the three and four level model for the polythiophene THG 
results: <X-J center of the one photon allowed transition, (r) line-width, (~ and ~') shift 
between the two-photon states and the one photon allowed excited state,Vtu"JLua',JLus") are 
respectively the transition dipole moments between the one photon allowed state and the ground 
state, the first two-photon state and the second two-photon state. 
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a) The intensity dependent refractive index for poly(3-decylthiophene) predicted from the 
THG results tabulated in Tab.5-3. b) Two-Photon-Absorption coefficient calculated with the 
parameters of Table.5-3. The dark squares show the experimental data of Dieter Neher. 
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strengths are comparable to those found in p-carotene and poly(4-BCMU). The four-level model 

seems to be a consistent one in the case of backbone lI'-electron conjugated polymers. The 

presence of a strong two-photon state above the first Bu state dominating the dispersion of x(3) 

in the 1-2"m spectral region is also in agreement with molecular orbital calculations of Schulten 

et al .. 

The dispersion in the phase of x(3)(3w) confirms in both cases the good fits to the 

magnitude of X(3)(3w), Figs.5-17 and 5-18. The measurement of the phase of x(3) reveals 

additional information about the number of resonances involved over the frequency range studied. 

In the case of broad resonances the measurement of the magnitude of x(3) has proven insufficient 

for deconvolving one or two forbidden two-photon states from the data, especially if no additional 

information about the different line-widths is obtained from the literature or other experiments. 

From the fitting parameters obtained from the four-level model we have calculated the 

intensity dependent refractive index n2' Fig.5-19, the two-photon-absorption coefficient p, Fig.5-

19, the T parameter and the modulus of the optical Kerr susceptibility, Fig.5-20. 

In the latter case we compare our results with the D4WM measurements reported by 

Alfano's group. Order of magnitude agreement is obtained. It is interesting to note that those 

authors did not report any two-photon absorption measurements on their thin samples. In the case 

of Alfano's work, the extremely large nonlinearities are interpreted as originating from 

photoexitation of polarons and bi-polarons in the '1I'-electron system. To the best of our knowledge 

only one TPA measurement exists on polythiophene thin films at l.064"m, reported by Dieter 

Neher in his dissertation. He measured an approximate value of 800cmlGW which is in 

remarkable agreement with our predictions. 
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a)The predicted magnitude of X(3) is compared to the D4WM experimental results reported 
by Yang et al. for poly(3-decylthiopbene). b) The predicted T parameter is also plotted in the 1-
2JLm spectral region. 
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CHAPTER 6 

CHARGE TRANSFER MOLECULES 

INTRODUCTION 

Since the pioneering work of Oudar and Chemla, and Levine and Bethea, molecular 

systems which exhibit strong intramolecular charge-transfer between 'Il"-electron donor and 

acceptor substituted end groups, have received considerable attention. Following for example 

Herzberg's nomenclature, these molecules typically belong to the C2v point group. (This means 

that they have lost a plane of symmetry compared to the molecules described in chapter 5 of this 

dissertation. Those elongated molecules belong to the C2h point group.) In principle they are 

planar molecules elongated in one direction with a second plane of symmetry vertical to or at 900 

to the molecular plane and parallel to the axis of the molecule. The molecular structures of the 

side chain substituted polymers under investigation in this chapter are shown in Fig.6-1. The 

nonlinear moieties do not have a molecular center of symmetry. Because the molecules have two 

elements of symmetry, four different species of electronic states can exist, AI' A2, BI and B2. 

As noted by Lalama et al. the ground state transforms as the Al representation of the C2v point 

group. From page 132 of volume 3 of Herzberg's authoritative work, transitions from an Al state 

to an Al state are dipole allowed if and only if the dipole is collinear with the molecular axis, 

z. Transitions from Al to A2 are totally dipole forbidden, and transitions to Bl and Hz are dipole 

allowed if the dipole is along the x and y axis respectively. The molecular plane is assumed to 

be the xz plane. 
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Fiamre 6-1; 

Molecular structures of the Di-a1kyl-amino-nitro-stilbene, DANS, and Alkoxy-nitro
stilbene, MONS, moieties are shown. P denotes the polymer backbone as well as the spacer 
connecting the side group to the backbone. 
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Lalama et al. noted that {jzzz is the dominant tensor component of the second order 

hyperpolarizability tensor. In the model we describe later in this chapter we have also assumed 

that 'Yzzzz is the only non-zero element of the third order hyperpolarizability tensor. Transitions 

witll dipole moments along the x and y axis are therefore neglected. The only contributing 

transitions are from Al to Al states. Those transitions dominate the third order nonlinear 

coefficients of the molecules considered here. We should point out that in this case the z operator 

is isomorphic with the Al representation and transitions between states of similar symmetry are 

allowed. 

These types of molecules exhibit the highest second order nonlinear hyper-polarizabilities 

achieved to date, as shown by Electric-Field-Induced-Second-Harmonic measurements and Kurtz 

powder tests. Results of both measurements are tabulated by Twieg and Nicoud. When oriented 

in a crystalline form or poled by external DC-fields, their second order macroscopic nonlinear 

coefficients are superior to those of the best inorganic crystals. They are attractive for 

applications to efficient second-harmonie-generators and fast waveguide electro-optical 

modulators. The latter have been demonstrated in the side chain polymers investigated in this 

work by Mijhlmann et aI. in the Netherlands. In addition, both their molecular polarizabilities 

as well as their second order microscopic hyperpolarizabilities can be successfully modelled by 

standard molecular orbital procedures as shown by Lalama and Garito. 
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DANS and MONS substituted polymers 

The third order optical hyperpolarizabilities of this type of molecule have typically been 

experimentally studied by Electric-Field-Induced-Second-Harmonic-Generation (EFISH), or 

Third-Harmonic-Generation (fHG), for example in liquid solution by Huijts et al. at AKZO and 

Cheng et al. at Dupont. For high enough densities, 1 ()22cm-3 , the third order nonlinear 

susceptibilities rival those of fully 7r-electron conjugated backbone polymers. This in fact has been 

achieved with side chain substituted polymers. The first measurements were realized by 

Matzumoto et al. on azo-dyes attached to a nonlinearly inactive polymer backbone. Larger 

nonlinearities were found by the author and coworkers on a family of stilbene substituted 

polymers. These results stimulated a spectroscopic study of the origin of the nonlinearities. 

Exceptionally large third order optical nonlinearities have also been found by Gotoh et 

al., in intermolecular charge-transfer complexes which also exhibited very large second order 

nonlinear susceptibilities. Oudar showed that the Intra-Molecular-Charge-Transfer nature of the 

electronic structure of molecular systems, like those investigated in this work, dominates their 

second order nonlinear optical properties. He used a Two-Level-Model, which included 

permanent dipoles in both the ground and first electronic excited states, to model the second order 

hyperpolarizability of stilbene substituted molecules. However his Two-Level-Model predictions 

were in disagreement with the Electric-Field-Induced-Optical-Mixing measurements of Levine and 

Bethea. For the case of X(3), Barzoudas et al. indicated that the two-level-model may not be 

adequate far from any resonance. Dirk and Kuzyck have used it for their Quadratic-Electro-Optic, 

QEO, measurements of dye doped polymers. They argued that near a single resonance the two

level-model is a reasonable approximation. They showed with their missing state approach that 

both the second and third order byperpolarizabilities of p-nitroaniline are dominated by only one 
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The absorption spectra of the very thin films used for the Maker fringe THG 
measurements are shown. 
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excited state transition. In our case the third harmonic frequency is near or in resonance with the 

first excited charge transfer band which leads to the absorption bands in Fig.6-3. Under this 

resonance condition, we investigate the possibility of modeling the dispersion of the third order 

nonlinear susceptibility, x(3)(3w), of Di-alkyl-amino-nitro-stilbene and Alkoxy-nitro-stilbene side 

chain substituted polymers with a scalar two-level-model, which includes microscopic local field 

induced cascading as discussed in more detail in Chapter 2. Both systems are named respectively 

DANS and MONS in reference to their more popular molecular cousins Di-Amino-Nitro-Stilbene 

and Metoxy-Nitro-Stilbene. 

SAMPLE PREPARATION 

The samples consisted of thin polymeric layers containing DANS and MONS substituted 

backbone polymers. To obtain both the modulus and the phase of x(3) from the THG-Maker

Fringes the polymer films had to be very thin, on the order of lOOnm. Such thin films were 

produced by spinning a diluted solution (5% solid content) at 3000 RPM for 20 seconds. After 

spinning, the films were cured/annealed on a hot plate at a temperature close to the glass

transition temperature of the polymer to drive out solvents and to remove intrinsic film stresses. 

All processing steps were routinely performed under clean room conditions. 

EXPERIMENTAL RESULTS and MODELING 

By fitting the experimentally measured fringes to the expression for the THG-Maker

Fringe given Eq. A-9, we have been able to obtain the phase of x(3)(3CA» in addition to its 

magnitude, both relative to fused silica. The dispersion of the relative magnitudes and phases of 

x(3)(3w) are shown in Figures 6-3,6-4,6-5,6-6 for both side chain substituted polymers. The 
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accuracy of the experimental data points is mainly limited by the films' thickness measurements. 

The films were approximately l00nm thick. The accuracy of our thickness measurements was 

estimated to be ± 15%, by successive measurements of different samples at different locations 

on the substrate. When the absorption was taken into account, the 'accuracy of the phase 

measurements was better than ± 1(1'. The samples were measured twice and both sides of the 

Maker fringes were fitted independently resulting in the error bars reported into the previously 

mentioned figures. While the reproducibility of the magnitude of x?) results in error bars as large 

as 25 %, we have found that the reproducibility of the x(3) phase measurements is better than ± 5°. 

This was verified for different samples of the same material deposited and measured up to two 

months apart, when the mean of the measured thicknesses was used. We conclude that the 

accuracy of our measurements for the phase of x(3) is limited by the uncertainity in the thickness 

measurements, and the accuracy in the magnitude of x(3) is limited by the reproducibility of the 

sample fabrication. 

In attempting to fit the experimental data we used a two-level model with local field 

induced microscopic cascading. Such a model has been described in more detail in Chapter 2 of 

this dissertation. The cascading results from the presence of a reaction field to the second order 

molecular polarization, or equivalently to the coupling between the microscopic polarization of 

a molecule, "pIC", the local field produced by the surrounding molecules, itA", and the applied 

field E; Following Meredith's notation: 

6-1 
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The experimentally determined dispersion of ~(3)(3w~ for the MONS side chain 
polymer is shown, dark squares. The dotted line shows the predicted dispersion when the 
cascading term is not included and alLlO is deduced from solvatochromic data. The solid line 
shows the best fit when the mesomeric moment is fitted and c=3.25x1021cm-3• The dashed line 
shows the prediction of the model with the same parameters as for the solid line, but with c=O. 
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The experimentally determined dispersion of ~(3)(3w)1 for the DANS side chain 
polymer is shown, dark squares. The dotted line shows the predicted dispersion when the 
cascading term is not included and the Al'lO deduced from solvatochromic data is used. The solid 
line shows the best fit when the mesomeric moment is fitted and c=3.25x1021cm-3 is used. The 
dashed line shows the prediction of the model with the same parameters as for the solid line, but 
with c=O. 
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This figure shows the phase of x(3) under the same conditions as Fig.6-3. 
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6-2 

Here ILl( is the permanent dipole moment and rt<, PIC, r are respectively the first, second and third 

order molecular hyperpolarizabilities. Vc~ is a tensor which couples p~. to the field applied to 

molecule K. Note that although the molecule has a second order microscopic polarization, the 

macroscopic second order susceptibility vanishes due to the random orientations of the molecules 

in spun thin films. 

Lalama et al. showed that the second order hyperpolarizability of aniline, nitrobenzene 

and para-nitroaniline is dominated by only one tensor component, namely the term along the 

donor-acceptor permanent dipole axis. From their molecular orbital calculations they also 

concluded that, for the three molecules they investigated, only one excited state has both a large 

transition dipole moment from the ground state and a large difference in permanent dipole 

moments between the excited and ground states. Morell and Albrecht found that by using only 

the ground and first excited charge-transfer state of para-nitroaniline, 75% of Pexp could be 

accounted for. This is also in good agreement with some of the conclusions from the "missing

state" approach used by Dirk and Kuzyk. 

We have applied similar ideas to the modelling of the third order nonlinear susceptibility 

of the side chain substituted polymers. We have assumed that the nonlinear moieties are 

distributed randomly throughout the volume, and that they are uni-dimensional, effectively rods. 

We have also assumed a two-level model with permanent dipole moments in both the ground and 

excited states. Under the above conditions the dispersion of the cubic susceptibility is given by 

a scalar expression which was derived in Chapter 2 and can be written as follows: 

In the case of a centrosymmetric molecule and a two level model, one would obtain only 
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+ 2xexP( -2Cl>;Cl>,Cl»P( -3 Cl>;2Cl>,Cl»] 6-3 

the first term inside the parentheses. The non-resonant value of X(3) is expected to be negative in 

that case. The exact determination of the phase of X(3) is therefore of paramount importance in 

vrder to determine its spectroscopic origin. The second and third terms are a result of the 

molecular asymmetry. The third term is the consequence of microscopic local field induced 

cascading. 

Here N is the moiety density, equal for both polymers to 1.25x1()21 cm-3• L is the 

Lorentz-Lorentz local field factor, taken in this model as a dispersionless constant equal to 6. 

Assuming a refractive index of 1.6 for the fundamental wavelength, measured by Torruellas et 

al. at 1.064l-'m, and a refractive index for the third harmonic which varies between 1.6 and 2, 

results in calculated changes in L by less than ± 15%. < ~IClj]ClJcK.app > is the average projection 

from the molecular frame to the laboratory frame. It is taken to be 1/5 because of the assumed 

random distribution in volume and the linear shape of the molecule. 1-'10 is the transition dipole 

moment between the ground ("0") and first excited state (" 1 ") along the diphenyl axis. The 

transition dipole moments were obtained by integration of the linear absorption spectra. Using 

the formula derived by Mulliken: 

Amu f ()l)(l)dl 
" l(em)C(mole/em -3)1 (em) 

min 

6-4 
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Here OD denotes the optical density, I is the film thickness and C is the moiety concentration. 

The spectral line-widths were obtained by fitting the absorption spectra to a gaussian line-shape. 

The D parameters in equation 6-3 are defined in appendix B and in the paper by Dirk and 

Kuzyk based on the derivation of Orr and Ward. They are both positive and real if w, 2w and 3w 

are much less than wOI. They become complex when one or several of the previously mentioned 

frequencies are in or near resonance. 

~iLI0 is the so called mesomeric moment or difference between the ground and first 

excited state permanent dipole moments. The mesomeric moments were both obtained from 

solvatochromic measurements, and left as the only adjustable parameter in Eq.6-3. For highly 

polarizable molecules solvatochromic measurements of ~iLI0 compare favorably with Electric-

Field-Induced-Second-Harmonic measurements when the two-level-model is applied, as shown 

by Paley et al .. The mesomeric moments have only one spatial component along the donor-

acceptor axis. 

The cascading parameter c, defined by Meredith, is given by, 

8n (";6> -1)(";6> + 2) c--x------- 6-5 
9v 

Here v= lIN, with N being the number density, and n2w is the refractive index at the second 

harmonic frequency of the fundamental applied optical field. We have assumed c to be 

independent of wavelength. When N= 1.25xl()21cm-3 and n2w= 1.6 are assumed, a value of 

c=3.25xl()21esu is obtained. Varying n2w from 1.5 to 1.7 changes c by less than 10%. 

The second order hyperpolarizabilities P(-2w;w,w) and P(-3w;2w,w) are assumed scalar, 

corresponding to the Pzzz tensor element, where z denotes the permanent dipole direction. Their 
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expression is obtained from the derivation of Orr and Ward assuming a two-level system for a 

linear asymmetric molecule. (3(-2w;w,w) is the molecular hyperpolarizability which produces a 

microscopic polarization at frequency 2w. (3(-3w;2w,w) produces a polarization at frequency 3w 

by cascading the polarizations at frequencies Cal and 2w. 

Both Fig.6-3 and Fig.6-4 show a comparison between the theory and the measured 

dispersion of ~(3)(3w)1 of the MONS and DANS polymers. None of the models and procedures 

attempted gave a completely satisfactory fit to the data. Only reasonable order of magnitude 

agreement was obtained for the magnitude of x(3)(3w) relative to fused-silica. However the phase 

of x(3) relative to fused silica was very well explained by the two-level model indicating that at 

least the correct number of states were assumed in the two level model. 

We first tried a model without the cascading term and based on the mesomeric moments 

obtained from solvatochromic measurements. The dotted lines show the predictions of such a 

model in Figs.6-3 and 6-4. The calculated responses are one order of magnitude smaller than the 

measured data, implying that the calculated cubic susceptibility is then dominated by the second 

term in Eq.6-3. In the case of THG, DUI is larger than Du. When il/tIO is larger than /tlO' the 

second term of Eq.6-3 strongly dominates the dispersion of x(3)(3w) when cascading is not 

included. Dirk and Kuzyk reached similar conclusions for EFISH and QED in addition to THG. 

When the cascading term was added, we initially adjusted the cascading parameter c, 

keeping the values of il/tIO from the solvatochromic measurements. The best fits were obtained 

with values of c varying between 1 and 2x10-22(esu). We do not show these fits in Figs.6-3 and 

6-4 because the values of c are one order of magnitude larger than those obtained from the known 

moiety densities and realistic refractive indices, and therefore are non-physical. The results of the 

best fits following this procedure are reported in Tab.6-1 as the second row for each polymer. 
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TABLE 6-1; 

sample: Amax r P,lO i1P,1O c x 1022 

(run) (em-I) (Debye) (Debye) (esu) 

MONS 385 6000 12 18 0.325 
(fit) 

MONS 385 6000 12 12 1.5 
(solv.) 

DANS 425 6000 14.5 30 0.325 
(fit) 

DANS 425 6000 14.5 18 2.25 
(solv.) 

TABLE 6-1; 

Two-level model parameters. Amax is the wavelength at the peak of the absorption 
spectrum. r is the FWHM of the absorption band fitted to an inhomogeneous gaussian shape. P,lO 
is the transition dipole moment along the diphenyl axis obtained from the integration of the 
absorption spectrum. i1P,lO is the mesomeric moment obtained from solvatochromic measurements 
or from the best fits. c is the cascading parameter fitted when the solvatochromic mesomeric 
moments were used, otherwise assumed to be equal to 3.25xl02I(esu). 
The first row for each of the polymers gives the fitting parameters for the best fit of i1P,lO 
assuming c=3.25x102 lesu. The second row for both MONS and DANS substituted polymers 
provides the fitting parameters when only the cascading "c" parameter was adjusted and i1P,lO 
was taken from solvatochromic measurements. 
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(DANS) 

Fia:ure 6-7; 

We show the molecular structure of the Di-Alkyl-Nitro-Diphenyl side-chain substituted 
polymers used to investigate the effects of an elongated conjugation, by increasing the number 
of C=C double bonds between the two phenyl groups. 
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We then decided to keep the calculated value of c=3.25xl()21(esU) and vary ~JLIO in 

order to obtain the best fit to both the relative magnitudes and phases of ,i3)(3w). These fits are 

shown by solid lines. The fitting parameters used are reported in Table 6-1. The best fits, which 

are not good, are obtained with mesomeric moments approximately 50% larger than those 

obtained from solvatochromic measurements. Oudar also found ~JLlO=42(D) with EFISH in 

DANS in solution, compared to 30 in our case. Such a difference in measured mesomeric 

moments can result from the over-simplified model used. The molecules studied are not one 

dimensional and therefore their associated permanent and transition dipole moments have 

components in the plane perpendicular to the diphenyl axis. Such components are probably 

different for the DANS and MONS molecules in solution versus molecules as side-chain moieties 

in the solid state. One could conclude that the donor-acceptor strength is increased in the side 

chain polymers. 

Only order of magnitude agreement with the models is achieved for the magnitude of x(3) 

relative to fused silica. As can be seen in Fig.6-3 and 64, a resonance occurs further into the IR 

than the predicted three photon resonance in our model. We postulate that LXCX~JLIo2 is not a 

dispersionless constant as assumed but has its own dispersion which will affect the magnitude 

of x(3) and not its phase. The presence of another resonance is excluded by the good agreement 

between experiment and theory for the phase of x(3). Such a dispersion cannot be seen in the 

linear absorption spectra because the latter is proportional to only J.LI02 and not ~JL102' We note 

that when a small asymmetric perturbation is applied to molecules with permanent dipole 

moments, both the eigen-energies and dipole moments vary linearly with the perturbation instead 

of quadratically which is the case for centrosymmetric molecules. They are therefore more 

sensitive to asymmetric perturbations. While it is unlikely that the applied optical fields produce 
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the observed shifts, it is not inconceivable that the interference of the applied electric field and 

the reaction field to the second order molecular polarization change the electronic environment 

of the molecules producing an effect equivalent to that. observed in the solvatochromic 

experiments. A red shift in energy is also observed in that case. However it is unclear why such 

an effect could only be seen in the dispersion of the magnitude and not in the phase of X(3}. 

Finally we also plotted (dashed lines) the predicted dispersion with the mesomeric 

moments estimated from our fits, but with no cascading included. As can be seen the effect of 

local field induced cascading is of the same order of magnitude as the purely electronic third 

order susceptibility deduced from the Two-Level-Model, the first two terms in Eq.6-3. 

It is evident that the phase dispersion of x(3} can be fitted reasonably well with or without 

cascading, Fig.6-5 and 6-6. Both models are indistinguishable in the phase plots to within the 

accuracy of our measurements in the spectral range under investigation. This indicates that the 

dominant dispersion terms in Eq.6-3 are similar for the second term, D111 , and the cascading 

term. Both terms include a similar resonant denominator at the third harmonic. The phase 

measurements and fits indicate the presence of a single dominant transition from the ground state. 

This excludes the presence of a forbidden state coupled to the one photon transition by a strong 

coupling to the charge transfer band, as in the case of the 1I'-electron backbone conjugated 

polymers described in Chapter 5. 

In order to further test the validity of our two-level-model, we compared its predictions 

to the experimentally determined values of ~(3)(3w)1 for a family of Dialkyl-amino-nitro

diphenyl substituted polymers. Their structure and detailed THG results are reported in Figs.6-7, 

6-8 and Tables 6-2, 6-3. In those experiments the number of C=C bonds was increased by 

increasing the polyene length between the two phenyl groups. The benzene rings were counted 
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as two double bonds. In order to obtain the mesomeric dipole moments we used the values of /3 

reported by Cheng et al. and the two-level-model expression for /3zzz{2w). We deduced the 

following conversion in which it was assumed that the measurements at 1.9041Lm were far from 

any two-photon resonance: 

• 8 p(esuxl0-~xCJ)~o(cm-l) 
!:t.~10(D)-2.6xl0- x----

2
----

J110(D) 
6-6 

All parameters used in our calculations are reported in Table 6-4. The experimental data as well 

as the theoretical predictions were normalized to a number density of lxlQ21cm-3• Under these 

over-simplifying assumptions the magnitude of x(3) is predicted to within a factor of 3 for all 

diphenyl moieties, Fig.6-9. An increase in x(3) with the power 2.5 of the number of double bonds 

has been measured experimentally and is also predicted from our two-level-model, Fig.6-9. 

Except for the case of two double bonds, good agreement between the experimental 

measurements and the theoretical prediction for the phase of x(3) at 1.904 and 1.5791Lm is also 

obtained. Because AIL 10 is less than 1'10' in the case of only 2 double bonds the two-level-model 

predicts a negative x(3). This is easily seen far from resonance where D 11 :::: D111. Such a result 

is in disagreement with our experimentally measured phase, Table 6-3. The measured phase close 

to 00 leads us to believe that in the case of two double bonds, x<3) is mostly a result of a coupling 

between the first excited charge-transfer band and higher excited states. For centro-symmetric 

molecules and molecules with small permanent dipole moments, the two-level-model is also 

expected to break down theoretically according to Barzoudas et al .. In addition, at 1.904 I'm, the 

third hannonic frequency is l1000cm-1 away from the center of the first charge-transfer band for 
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TABLE 6-2: 

SAMPLE: DENSITY: TlHCKNESS: REFRACTIVE REFRACTIVE 

(m·3) (JLm) INDEX: INDEX: 
x 

1()21 at 0.632JLm at 1.064JLm 

SiOz 1000 1.4570 1.4496 

a 1.25 1.01 1.599 1.568 

I b I 1.1 1.28 1.690 1.623 

I c I 1.15 0.56 1.690 1.645 

I d I 1.54 0.91 1.692 1.625 

TABLE 6-2: 

The molecular density, thickness and refractive indices at 0.632JLm and 1.064JLm are 
given for the moieties shown in Fig.6-7. 
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TABLE 6-3; 

SAMPLE n1r 
X(3)xlO-14 X(3) X 10-14 X(3)xlO-14 RATIO of 
esu esu esu X(3) 

@ 1.064pm @ 1.579pm @ 1.904pm exp [th] 
[ el)(rad) ] [ el)(rad) ] [ el)(rad) ] 

D 2 210 81.7 54_0 1.5 [1.8] 
[5.4] [0_31] 

b 5 2450 850.5 476 1.6 [2.2] 

c 6 1395 1185 731 1.5 [2.4] 
[0.5] 

d 7 1535 1038 742 1.3 [2.5] 

~ 3.1 3.0 2.8 
[0] [0] [0] 

TABLE 6-3; 

The absolute values of X(3)(3w) at 1.064pm, 1.579pm and 1.904pm are reported. The 
phases of x(3) are also shown in some cases in the square brackets. The last column shows the 
experimentally obtained ratio of third order susceptibilities at 1.579pm and 1.904pm, the 
theoretically predicted ratio is shown in parentheses. 
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TABLE 6-4: 

nll' wlO 1'10 Po X 10-30 
~1L10 k(3)p' 

(cm- l ) (Debye) (esu) (Debye) X(3)SiO~ 
calC. (mes.) 

2 25906 11.7 12 4.5 7.5 (19.5) 

5 22935 14 75 15.9 65 (170) 

6 22472 15.54 107 17.5 123 (262) 

7 21978 11.29 131 39 387 (265) 

TABLE 6-4; 

Parameters used to generate Fig.6-9 in order to compare the predictions of the Two
Level-Model with experimentally determined data. nT is the number of double bonds, C=C, for 
the moieties shown in Fig.6-7. The phenyl ring is counted as 2 double bonds. wlO is the 
frequency at the peak of the CT band in cm-l . 1'10 are the transition dipole moments along the 
diphenyl axis deduced from the integration of the absorption spectra. Po is the second order 
hyper-polarizability far from resonance. ~1'10 is the mesomeric moment obtained from the the 
expression of po. 
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shortest moiety. For the other three polymers the third harmonic of 1.904J,tm is approximately 

6OOOcm-1 below the first electronic excited state transition. Far from the three photon resonance 

the adequacy of the two-level-model has been questioned in a number of papers. 

In the case of the moiety which had 7 double bonds a reduced nonlinearity was observed, 

as well as a smaller oscillator strength, Fig.6-8 and Table 6-2 and Fig.6-9. It appears that 

increasing the length of the moiety past some "saturation" length does not further increase the 

nonlinear coefficients in the case of the side chain substituted polymers. Stereochemistry probably 

produces tilts and loss of planarity in the molecular structure of long moieties. As a consequence 

reduced transition dipole moments and mesomeric moments, or equivalently diminished 7r

electron delocalization as well as charge-transfer strength, can be expected. Another possible 

cause for the reduced nonlinearity, material degradation versus time, was checked both in Arizona 

and the Netherlands. The absorption spectra of the ftlm under investigation were not appreciably 

modified over periods of several weeks when the sample was kept in the dark. 

Finally, second-harmonie-generation measurements were performed in order to test the 

possibility of having an oriented ftlm which would obviate the random orientation approximation. 

No second harmonic generation was observed for the MONS films. In the case of the DANS 

films, we observed a small signal at the second harmonic of a 30 ps Mode-Locked and Q

switched 10Hz Nd:YAG Laser. The estimated value of fJ(2w) was 25 times smaller than that 

reported by Cheng et al. We believe that some molecular orientation may exist at the interface 

between the substrate and the polymer film, but not over the entire volume of the polymer film. 

We have shown that the dispersion of the phase of x(3)(3w) is accurately described by 

only one resonance in the 1 to 2J,tm spectral region. When microscopic local field cascading is 

included in the Two-Level-Model the order of magnitude of ~(3~ is in agreement with our 
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The absorption spectra of the four polymers shown in Fig.6-7 are reported. In the case 
of lib" the spectrophotometer was saturated due to the thickness of the samples. 
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model. We experimentally find that the dispersion of ~(3)(3w)1 is red shifted compared to the 

peak of the linear absorption spectra in both the polymers DANS and MONS. Such a shift is not 

well understood. We can only postulate that the local fields are strongly modified when an intense 

optical field is applied, resulting in a red shift of the pertinent transition. Such an effect is a first 

order perturbative one in molecules with permanent dipole moments. 

Under the near-resonance conditions the predictions of a simple Two-Level-Model 

compare within factors of three with the measured x(3) values for a family of Di-Amino-Nitro

Diphenyl side-chain substituted polymers. However, the trends in x(3) with the number of C=C 

double bonds suggest that after a certain moiety length the nonlinear susceptibility saturates. In 

order to use the full potential of the microscopic local field induced cascading small molecules 

with larger mesomeric moments, densely packed as side chains or in the crystalline form are 

required. 
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CHAPfER 7 

SOL-GEL TlDN FILMS 

INTRODUCTION 

Thin film deposition via the sol-gel technique is very attractive because of the simplified 

and inexpensive process involved. Binary and ternary sol-gel solutions with stoichiometries not 

achievable with other techniques can be prepared and can be easily deposited by spin coating. 

Films similar to those studied here were deposited at the University of Arizona for waveguide 

applications and showed excellent optical properties. Scattering losses of less than 1.5dB/cm were 

reported at O.5145JLm. Propagation losses of less than IdB/cm have been reported by Herrmann 

et al. on waveguides whose properties were tailored by composition changes of the sol-gel 

solution. We show in Fig.7-1 the absorption spectra of a family of Ge02 sol-gel thin films. It is 

clear that the absorption properties can be easily changed by including a constituent like Ti02. 

By varying the composition of the latter we can in principle span the linear optical properties, 

refractive index and Abbe number, from Crown glasses to Flint glasses. 

Because of their simple preparation techniques, sol-gel methods also offer an easy way 

to prepare high index glass films in order to investigate their nonlinear properties. High 

concentrations of heavy ions can be obtained for binary sol-gel films. This is rarely possible in 

the case of bulk glasses. Vogel et al. have reported picosecond D4WM results on quaternary 

glasses, for which the concentration of Ti and Nb ions did not exceed 10%. The nonlinear 

properties of glasses are of paramount significance in areas where light intensities in the order 

of IGW/cm2 or higher will be used. Two of these areas are Laser-Fusion and All-Optical-
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Switching. In the former the nonlinear properties have to be controlled in order to limit the 

damage to optical glass components by self induced focussing. For the latter case there is an 

increasing need for transparent materials in the 1-21'm region with high nonlinear intensity 

dependent refractive index coefficients which can withstand high optical peak powers. 

Because of the above mentioned areas of interest, most of the literature devoted to 

transparent glasses and crystals has been generated by researchers at National Laboratories, 

Weber et al., Adair et al., Boling et al .. In recent years there has also been interest from the 

nonlinear optical telecommunication community because of, i) the potential impact of temporal 

soliton propagation discovered in fiber optics, Mollenauer et al., ii) the possibility of all-optical 

switching in glass optical fibers, Trillo et al., Weiner et al., Blow et al. and Islam et al., iii) and 

even the possibility of spatial soliton propagation in a planar glass waveguide where diffraction 

is nonlinearly compensated for, Aitchinson et al .. 

The study of the origin of the nonlinear optical susceptibility of glasses and its 

dependence on the constituents present in the material are therefore essential in the engineering 

of linear or nonlinear optical elements for high peak power propagation. D4WM, Nonlinear 

Interferometry and TWM have been the most commonly used techniques to characterize 

transparent glass materials. Whereas in polymers and organic thin films THG is probably the 

most popular nonlinear characterization technique, it has rarely been used to measure the 

nonlinear coefficients of glasses, Meredith et al. and Nasu et al.. This chapter outlines 

experiments using the Maker-Fringe THG technique discussed in chapter 3 of this dissertation, 

to measure the values of x(3) of sol-gel thin films. 

THG is an ideal technique for measurements of relatively small values of X(3) in films 

deposited on transparent substrates. The samples considered here consist of a thin film deposited 
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on a much thicker substrate, with a nonlinearity of only up to 20 times that of the substrate. The 

expected thin film signal is too small to be measured by optical techniques such as D4WM, or 

Kerr rotation for incidence directions outside the film. Waveguide versions of these technique are 

too tedious for characterizing many samples. To optimally use THG it is desirable to have the 

product of the THG coherence length of the substrate and the substrate nonlinearity be 

comparable to the product of the film thickness and its nonlinear susceptibility. Since the THG 

coherence length of fused silica at 1.579p.m is approximately 15p.m, the third harmonic optical 

fields from the film and the substrate are comparable for Ip.m thick films. Therefore both the 

magnitude and the phase of x(3) could be measured from the shift and offset of the Maker fringes, 

an example of which is shown in Fig.7-2. 

Sample preparation 

In order to obtain the required sol-gel thicknesses, the SiOz-Ti02 samples were prepared 

as follows. Tetra-Ethyl-Ortho-Silicate (TEOS) is typically mixed with isopropyl alcohol for four 

minutes, followed by hydrolysis in 0.5 mole percent Hel for an additional 15 minutes. Titanium 

butoxide and 2-4-pentabedionate are mixed for 20 minutes, added to the TEOS solution and the 

combination is mixed for four days. The Si02-Ti02 sol-gel is then spin-coated at approximately 

800 rpm onto a fused silica substrate. The coated substrate is then placed in a preheated furnace 

at 4000C for 30 minutes. Si02-Ti02 thin films with different stoichiometries, approximately 

500nm thick, have been prepared for the THG measurement performed here. Such thicknesses 

had to be reached in order to be able to observe a change in the Maker-Fringes when the film 

was deposited. The optical quality of the films is greatly improved by using more dilute solutions 

deposited at higher speeds than those used in our experiments. We also investigated films made 
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THG Maker fringes at 1.579p.m of a 50:50 mole % SiD.z-TiOz 500nm thick sol-gel thin 
film. The dark dots are the experimental data points. The solid-line is the best fit to the Maker 
fringe. The dashed-line represents the THG-Maker fringes of the clean substrate. 
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from a commercial Emulsitone solution believed to be 50:50 mole percent from refractive index 

measurements. The refractive index measurements also indicate that the deposited sol-gel films 

are fully dense, that is essentially free of voids. The Ge02 based films were prepared in 

Professor Simmons'es laboratory at the University of Florida in Gainesville. The sol-gel 

preparation followed a procedure similar to that used at the University of Arizona for the 

Titanium-Silica samples. The deposition in the case of the Florida samples was done by 

successive dipping in the sol-gel solution until adequate thicknesses were reached. 

Linear Model 

We have used a fully annealed glass model in order to calculate the linear properties of 

the glasses investigated here. Both the refractive index and the Abbe numbers are used later in 

the Boling formula to estimate the nonlinear susceptibility. This model is based on the assumption 

that the linear properties of the different oxides can be added to obtain the required property of 

the binary compound investigated. Additive relationships are then obtained for the density, the 

refractive index and the dispersion of the glass. Most of the coefficients used in the empirical 

additive formulae are determined experimentally. The results of such a model compare well with 

experimental refractive index and Abbe number measurements carried out in Laura Weller

Brophy's laboratory for films similar to those investigated here. These measurements prove that 

the sol-gel films under investigation are fully dense. 

In the calculation of density, we followed the procedure described by Morey on page 223 

of his book. The ratio of the number of oxygen atoms nM in the oxide formula, ~On' to its 

molecular or formula weight, Wm, is given by sM=nM/WM' This is multiplied by the weight 

fraction fM for each component, the products sMfM are added and the NSi are computed from: 
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7-1 

NSi is the Si atomic fraction in the glass. The factor 60.06 is the molecular weight in grams of 

Si02. These values give empirically the entries for the specific volumes, vM' in Table.7-1. The 

density is then computed from: 

The refractive index, dispersion and Abbe number are computed respectively as follows: 

n -1 D 

7-2 

7-3 



126 

Table 7-1i 

. 
Oxide sMxl()2 vM for vMfor vM for vMfor rMD rMF-c 

0.27<NSi 0.345<NSi 0.4O<NSi 0.435< xl02 

<0.345 <0.40 <0.435 NSi <0.5 

I Si02 13.330 10.4063 10.428 10.441 I 0.454 10.208 10.308 1 
I TiC:! 12.5032 10.319 10.282 I 0.176 10.176 10.313 11.68 I 

Ge02 1.9120 0.2756 0.276 0.276 0.276 0.167 0.401 

Table. 7-1. This table lists the different constants used to evaluate the density, the refractive 

index and the Abbe number for Si02-Ti02, Si02-Ge02 and Ge02-Ti02 sol-gel glasses. 
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The subscript D refers to the sodium D line at 5893 A. F and C are the Hydrogen lines at 4861 

and 6563 A respectively. The results of these computations are shown in Figs.7-3 and 7-4. 

Although the specific volumes for SiO:z and Ti02 are available in Morey's book, the specific 

volume used in these calculations for GeO:z was derived from the density measurements on this 

compound in its pure glass form, p=3.6277, also reported by Morey. All of the different 

coefficients necessary for the refractive index and Abbe number calculations are reported in Table 

7-1, also reproduced from Morey's work. It is interesting to note that Ti02 has the largest 

dispersion which leads to a small Abbe number, combined with the smallest specific volume at 

low concentrations which results in a rapid increase of the density with concentration. From 

these observations it is possible to predict a large increase in the linear refractive index, Fig.7-3, 

and a rapid decrease of the Abbe number with Ti02 concentration, Fig.7-4. We note that the 

calculated linear values for pure TiO:z, in the glass form, differ from Adair's measurements. They 

fmd 2.48 for the refractive index and 9.8 for Vo versus 1.98 and 18 respectively. The difference 

could be explained by the fact that they measured the crystalline form of Ti02. From their linear 

measurements, Ti02 has the smallest Abbe number measured amongst an extensive list of 

transparent glasses and crystals. 

From Table X.l in Morey's book, we find that only Fez03 has a larger value for the 

dispersion coefficient rF-C than that for Ti02, 10.14 instead of 1.68 for Titanium-oxide. The 

specific volumes are similar for both oxides. It would be interesting to try to synthesize and 

deposit a sol-gel film with such an oxide combined with either Ge02 or Si02. Even smaller Abbe 

numbers could be attainable. Morey comments on the fact that Fez03 introduces both infrared 

and visible bands in conventional glasses, as well as the fact that it is not very stable and 

stabilizing agents like arsenic have to be included. The possibility of generating such potentially 
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The refractive indices calculated from the additive model are reported as function of Si02 
or Ge02 concentration. 
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The theoretical predictions for the Abbe number based on the additive model are plotted 
as a function of Si02 or Ge02 concentration. 



130 

thin films is a challenge for the sol-gel material scientists. 

Nonlinear Model 

The most commonly used model for predicting the nonlinear third order optical 

susceptibility of transparent optical glasses was developed by Boling, Glass and Owyoung. This 

model is based on the assumption that a single transition involving the ground state of the system 

dominates both the linear and nonlinear susceptibilities. Coupling from that excited state to other 

excited states is also included. Such assumptions are similar to those we used in the case of 

centrosymmetric molecules. Boling et al. used Fournier and Snitzer's model of a single nonlinear 

oscillator with a strong oscillator strength close to ·unity. They assume that most of the linear as 

well as nonlinear optical responses are due exclusively to the oxygen ions in the glass and thus 

justify the empirical model. If we use equation B-13 from our Appendix B, and we assume that 

all combinations of fundamental frequencies are far from resonance, we obtain: 

7-4 

Here "0" represents the ground state, "1" the dominant excited state and "j" all of the other 

possible excited states. Noting that the linear polarizability of the system far from resonance is 

a - 7-5 
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we can rewrite eq.7-4 as: 

7-6 

Here "g" is the term inside the brackets in eq.7-4. Note that far from any resonance "g" is a 

constant. If now we obtain the polarizability a from the definition of the refractive index and use 

the Lorentz-Lorentz expression for the Local field coefficients, we obtain: 

7-7 

Boling et al found a similar expression. In order to reproduce their famous formula we have to 

take the derivative of the Clausius-Mossotti equation with respect to CJJ2• 

~(41t n2+2) _ 

dcu2 3 n2-1 
7-8 

This is the only place in the derivation where dispersion comes into play, or equivalently where 

n(CJJ) appears. Relating the Abbe number to the derivative of "n" we obtain the following equality, 

where "flO" denotes the oscillator strength: 

7-9 
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Replacing the expression on the right hand side of eq.7-9 in the Clausius-Mossotti equation we 

obtain an expression for the transition frequency: 

7-10 

Finally substituting Eqs.7-9 and 7-10 into 7-7 we obtain Boling's formula. 

7-11 

When the appropriate numerical values are used one finds that 

7-12 

Boling et aI., Weber et aI. and later Adair et aI. have shown that the product "gf' is a constant 

for a given family of glasses, resulting in an experimentally determined value of K' of 70 for a 

familly of bulk glasses and transpoarent crystals. This result confirms the assumption fthat a 

single oscillator dominates the linear as well as the nonlinear properties of a family of glasses. 

Most of the oscillator strength is therefore due to the oxygen atoms in the glass structure. 

The sign of the constant factor g determines the sign of the nonlinear third order 

susceptibility. Based on the sum rule for oscillator strengths, the model described previously, and 

a strong oscillator strength flO of unity, Fournier et aI. noted that the oscillator strength 
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associated with the remaining excited states ~1 is equal to 2. As a consequence it is possible to 

predict a positive nonlinearity for glasses when all combinations of the applied pump optical 

frequencies are not resonant. We remind the reader that the nonlinearity predicted by a simple 

two-level model with no permanent dipole moments is negative. Such a model is therefore not 

appropriate for this type of ~aterial, which is well known to have a positive intensity dependent 

refractive index. Self-focusing is commonly observed in glasses, and in particular in optical 

fibers. 

THG measurements 

As mentionned previously we have used the THG Maker-Fringe technique to investigate 

the nonlinear properties of two families of sol-gel thin films. The first family was synthesized at 

the University of Arizona in Brian Zelinski's laboratory, and consisted of SiOr Ti02 films with 

different compositions. That class of materials was developed initially for waveguide applications 

and embossed gratings for optical data storage. We intended to demonstrate that THG was an 

ideal technique for measuring the nonlinear susceptibilities of this type of material, and also to 

show the dependence of x(3) on high concentrations of heavy ions like Ti. 

The second family was synthesized in Florida by Joe Simmons'es group. Ge02 was 

codeposited with Si02 or Ti02. In this case the purpose of the THG measurements was to verify 

that the magnitude of the third order nonlinearity of a Ge02-Si02 glass was comparable to that 

of pure fused-silica. This is a major assumption in the macroscopic models used to explain 

Second-Harmonic-Generation in fibers. It has been shown that Ge02 is the major precursor for 

SHG to occur in an optical fiber. Both Ti and Ge are commonly used to increase the refractive 

index of the core of commercial single mode fibers. This work is therefore useful in the area of 
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The relative magnitude of ~(3w) compared to pure fused-silica is plotted as a function 
of the fundamental wavelength for 50:50 Si02-Ti02 and Ge02-Ti02 samples, at 0.957JLm, 
l.064JLm and 1.579JLm. 
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optical fiber telecommunications when high optical peak powers are launched into a fiber. 

Figure 7-5 shows the relative magnitude of X(3)(3w) compared to pure fused-silica at three 

different wavelengths in the near infrared for 50:50 Si~-Ti02 and Ge0z-Ti02 samples. Similar 

dispersions were found for the other concentrations. In the case of the silica-titania samples the 

value for x(3) remains constant until the frequency approaches a resonance at 3w. A similar 

behaviour is observed for the phase of x(3)(3w), Fig.7-6. The rapid change of the phase between 

90 and 180 degrees between l.064",m and 0.957",m is explained by the sharp resonance around 

300nm when Ti02 is present. In the case of Ge based sol-gel films a decrease in the magnitude 

of x(3) is observed in all samples with decreasing wavelength. An even sharper change in the 

phase is observed. We speculate that for Ge02 based films more than one strong transition 

involving the ground state may occur near the edge of the "band-gap". From Table 7-1 we note 

that the specific volume of Ge02 is comparable to that of Ti02 and the associated "eF-e" 

coefficient is larger than that of silica. Interference effects between two transitions can lead to a 

reduced magnitude of the nonlinear susceptibility as well as a larger phase change in the 

nonlinearity versus wavelength. We note that the Ge02 based samples had a stronger tendency 

to damage at 0.957",m than the Si~ ones. The pump energy was at the detection limit of the 

THG experiment at that wavelength. We had to use pulses ofless than 100pJ in order to perform 

a measurement without damaging the sample. The Arizona samples could withstand up to 

1mJ/pulse. The possibility of a two-photon transition below the "band-gap" is not excluded. 

We show in Figs.7-7 and 7-8 our data at 1.579",m for different sol-gel compositions. The 

relative magnitude of x(3) compared to fused-silica is plotted versus the Si02 and Ge02 fractional 

weights in the films. As can be seen, the results on the Si~-Ti02 and the Si02-Ge02 samples 

compare favorably with the Boling model. A value of K', of approximately 100 seems to be more 
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The phase of x(3)(3",) is plotted as a function of the fundamental wavelength, for the same 
samples as in Fig.7-S. 



137 

appropriate for the samples with a low concentration of Ti. The best fit value of K' =70, found 

by Boling et al., seems to agree with our measurements for 50% and 70% TiOz in Si02 and for 

the two Ge0Z-Si02 samples. 

In the case of the two germania titania samples a disagreement of a factor of two to three 

is obtained between theory and experiment. Several reasons can explain such a result, i) No 

refractive index measurements were performed on those samples and therefore it is possible that 

the samples are not fully dense; ii) Because the determination of the thicknesses was done from 

the fringes found in the infrared spectra, a large error is possible because the refractive indices 

are unknown and the substrate was coated on both sides; iii) We used the formulae derived by 

Kajzar et al. for three layers in vacuum and the effects of multiple reflections in that case may 

not be negligible, iv) The specific volumes for Ge02 are missing in Morey's work; v) A more 

appealing reason (to the author) is the fact that the Boling formula assumes only one strong 

transition involving the ground state and, as we have postulated for the dispersion measurements 

on these samples, a double resonance due to Ge-O and Ti-O bonds may produce destructive 

interferences in the value of X(3). 

As a conclusion to this section we note that the linear parameter which seems to have the 

largest correlation with an increase in nonlinear susceptibility is not the refractive index but its 

dispersion or Abbe number. Glasses with small Abbe numbers have the largest nonlinearities. 

While the refractive index in these materials varies from 1.45 to 2 and the densities from 2.2 to 

4, the Abbe number varies between 18 and almost 70. Finding glasses with larger dispersions 

than Ti02 like Fez03 could increase the nonlinear susceptibility by an order of magnitude. The 

major draw-back of this approach is that these glasses, in fiber form for example, will introduce 

large spectral chirps for propagating pulses. Temporal solitons may be the answer, in that case 
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The relative magnitude of ~(3w) at 1.5791lm is plotted versus Si02 concentration. The 
dark triangle represents the measured value of a commercially available solution 
(EMULSITONE). The dashed lines represent the predictions of the Boling model with a constant 
K' of 70. The solid line shows the result of the same model with K' = 100. 
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the negative temporal dispersion is nonlinearly compensated by self phase modulation due to the 

presence of a positive intensity dependent refractive index. 
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The relative magnitude of ,,(3)(3w) at 1.579p.m versus Ge02 concentration is shown. The 
dashed line shows the predictions of Boling's formulae for binary compounds containing Si~. 
The solid line shows the results of the same model for samples containing Ti02. 
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CHAPTER 8 

:... 

SUMMARY and FUTURE DIRECTIONS 

For the most part, I had a lot of fun, especially learning and fighting lasers! 

Conclusion concerninl the Nlectron backbone polymers; 

We have primarily studied in this work the third order nonlinear susceptibility dispersion 

of amorphous spin coated 1r-electron conjugated polymers. Historically polyenes were the first 

class of nonlinear polymer materials investigated in the early seventies. Soluble polydiacetylene 

materials appeared shortly after and have been studied since then for nonlinear optical switching 

applications. Polythiophenes are the latest class of polymeric materials to have emerged in the 

last few years. The latter combine solubility in standard solvents, stability and nonlinearities 

comparable to the former two classes. Chapter 5 presents and discusses our tunable THG results 

on one or two polymers of each family. 

In the case of the polyene, p-carotene, both the magnitude and phase of x(3)(3w) were 

measured in the 1 to 2 I'm spectral region. A four level model described in Chapter 2 could fit 

both dispersions. Because of the presence of a dominant two-photon transition above the first Bu 

state we were unable to detect any resonance in the TP A measurements in the liquid solution in 

the 1.0 to 1.2 I'm spectral region. The molecular nonlinearities obtained at 1.904J.'m agree well 

with the early work of Hermann and Ducuing. If a Lorentz-Lorentz local field factor of 7 is 

assumed we find that 'Yzrz;z is approximately 1.5x10-32[± 15%](esu) versus 0.75xlO-32 [±50%] 
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(esu) at 1. 89JLm. The strengths of the two-photon states are closely related to the linewidth of 

both the one and two photon transitions. In order to clarify this point tunable TPA measurements 

have to be performed around O.8JLm and 1.1JLm. In the case of the latter fundamental wavelengths 

thick samples or a more sensitive TPA technique have to be implemented. The possibility of 

using a sensitive photoacoustic detection scheme in liquid solutions is suggested. 

In the case of the polydiacetylene, poly(4-BCMU), the four level model has been proven 

a very robust one. The fits to both THG and TP A measurements provided an accurate estimate 

for both the magnitude and the phase of a TWM experiment. The exact position of the first two

photon lAg state has not been resolved. Our measurements indicate that it is centered around 

1.225(±O.05)JLm. We believe that a tunable TPA measurement around that region will provide 

more information about the exact position, linewidth and strength of such a transition. The four

level-model allowed us to predict the spectral behavior of the two-photon figure of merit. We 

predict from our model that switching will not be possible in the 1-2JLm region. The model 

assumes Lorentzian lineshapes which well describe the resonances when the optical frequency is 

near resonance. Further away from resonance a gaussian dispersion tail is more appropriate. 

Calculations involving the convolution of a gaussian distribution with a complex Lorentzian are 

in progress in order to have a better evaluation of the T parameter in the wings of the resonances. 

From our measurements we can see that a directional coupler made of poly(4-BCMU) will not 

switch around 800nm and 1200nm where both two-photon resonances are located. Further in the 

infrared, switching may still be possible with high peak power lasers and devices at least 1cm 

long. 
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In the case of the two polythiophene samples investigated, the four level model fit 

provided similar results for both polymers. In this case the dispersion measurements of the phase 

of x(3)(3w) appeared to be a powerful tool to demonstrate that indeed a second two-photon state 

was present. The results of our four-level-model compare well with the experimental D4WM data 

published in the literature as well as with the TPA measurement performed at l.064p.m by Dieter 

Neher. The spectral behavior of the two-photon figure of merit is very similar to that of poly(4-

BCMU). This is not surprising because the electronic structure as deduced using the four-Ievel

model, is very similar for the three cases. A two-photon level located above the first allowed one

photon transition dominates the near infrared dispersion of the 1r-electron backbone conjugated 

polymers. More TPA measurements are needed in both regions of the spectrum where we predict 

the two-photon transitions to be located. 

Conclusions about the Charee-Transfer side-chain polymers; 

We have performed tunable THG experiments on both DANS and MONS side chain 

substituted polymers. The dispersion of the phase of x(3) in both cases shows that only a single 

resonance is present when the fundamental beam is in the 1-2p.m region. A two-level model 

which includes permanent dipoles in both ground and excited states correctly predicts such 

dispersion when the difference in permanent dipole moments is larger than the transition dipole 

moment. In order to get an order of magnitude agreement between the two-level-model and the 

experimental results we have included a third term in the expression of x(3) deduced from the 

two-level-model. This term is a result of microscopic local-field-induced cascading as first shown 

by Meredith and explained in Chapter 2. We observed that none of our models seem to fit the 

dispersion of the magnitude of x(3) well. A resonance at the third harmonic seems to be red 
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shifted compared to predictions of our models. We have postulated that the local field 

environment is modified under the presence of a strong optical field producing such a shift. 

Experiments verifying such ideas should be tried. This molecule should show a first order 

Optical-Stark-Effect because of the strong asymmetry of the electronic wavefunctions. 

In the case of a molecule for which the third order nonlinearity is dominated by the 

cascading term, increasing the density by a factor of 3 and the off-resonant second order 

hyperpolarizability by an other factor of 3 will increase X(3) by a factor of 100. In the case of 

DANS substituted polymers we obtained resonant and near resonant nonlinearities of the same 

order of magnitude as those obtained in the most popular poly(4-BCMU) case. This class of 

polymers is extremely attractive because of the existence of channel waveguides and directional 

couplers developed for commercial electro-optic applications. In addition the theoretical studies 

of such molecules is simplified because of their reduced size and because of the already existing 

literature in the second order nonlinear optics field. 

Conclusions on the sol-eel thin films; 

We demonstrated that the THG Maker fringe technique could measure the third order 

nonlinear properties of glass-like thin films with nonlinearities a few times that of pure fused

silica. The THG measurements on the SiO:z-Ti02 sol-gel-thin fLlms showed an almost linear 

dependence with the Titanium-Oxide concentration up to 70%. Such a variation was well 

modelled by Boling's formula when both the refractive index and the Abbe number were 

calculated from an additive model described in chapter 7. From the measurements of phase of 

x(3) for this family of samples we did not detect any strong two-photon resonance in the near 

infrared. 
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In the case of the Ge~ samples we observed a surprising decrease in the nonlinear 

susceptibility when O.9535JLm was used as the fundamental wavelength. Such an effect is not 

understood and requires further investigation. 

In conclusion the application of the THG Maker fringe technique for characterizing the 

thin sol-gel films is ideal. THG on thin films prepared with the sol-gel technique should allow 

measurent of the nonlinear properties of a large variety of glasses which are intended for fiber 

optics applications for example, or for high intense laser beam optics. 

Future directions: 

From an experimental point of view, only one experiment involving more than one beam 

and one wavelength has been performed in this dissertation. With the experimental set up 

described in Chapter 3, tunable TWM experiments should be performed in the near infrared. 

Adair et al. have shown that the TWM technique measures the n2 of glasses when both 

wavelengths are nearly degenerate. The advantage of such a technique is that the electronic 

contribution to x(3) is measured. In their case they were still able to use photomultiplier detectors 

at 1.064JLm. If a similar experiment is implemented at 1.3 and 1.5JLm a very fast, IOns response 

time, low noise detector with a large responsivity should be used. 

Near infrared techniques should be implemented even further into the infrared. The 

possibility of using fluoride glass optical fibers seems to indicate that long distance 

telecommunications will be performed at wavelengths in the mid-infrared, 3-5JLm. Studying the 

nonlinear properties of glasses and materials at those wavelengths should not be forgotten. In the 

case of organic materials the ground state vibronic structure cannot be neglected any longer. The 

Raman enhancements in X(3) will playa dominant role at those wavelengths. 
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From the materials point of view we believe that cascading of the second order nonlinear 

optical properties at a microscopic or macroscopic levels can produce, in well engineered 

molecules, improvements of up to three orders of magnitude in the third order nonlinearity. New 

transparency versus nonlinearity trade-offs may also be possible in that case. 

Finding glasses with small Abbe numbers seems to be the right approach to increasing 

the nonlinear coefficient of transparent glasses. But even more important, mapping both the linear 

and nonlinear properties of glasses using the THG technique will allow trends to be identified 

leading to more physical insight into the nature of the nonlinearity for these materials. In addition 

a tunable reference measurement on fused-silica or another readily available transparent material 

is of vital importance to clarify the field of nonlinear optics. Most of the nonlinear measurements 

performed in order to characterize a material are relative to either fused-silica, this work for 

example, or to CS2 in D4WM measurements. The values of the absolute measurements on both 

materials found in the literature vary over one order of magnitude, see Appendix C. In order to 

evaluate the potential of the candidate materials reliable absolute values of the third order 

nonlinear optical coefficients are required, along with reliable reference materials. 
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APPENDIX A 

Optical Frequency Generation in a Multilayer Structure 

Soon after the discovery of optical Second-Harmonie-Generation in quartz by Franken 

et al., Bloembergen and Pershan analyzed the solutions to Maxwell's equations for a planar 

interface between linear and nonlinear dielectrics. In their pioneer paper they also looked at the 

solutions for a nonlinear plane parallel slab. In order to solve the nonlinear wave equation they 

introduced the notion of free waves and bound waves. The former are solutions of the 

homogeneous part of the wave equation. They propagate with a refractive index determined by 

the generated frequency, for example in the case of TWM ot<2wl ±w:z). The latter are particular 

solutions of the inhomogeneous or driven nonlinear wave equation. They have a propagation 

vector which is equal to that of the nonlinear polarization, i.e equal to the sum of the propagation 

vectors of the pump fields. They propagate with a refractive index which is in the case of TWM: 

A-I 

Meredith et al. and later Kajzar and Messier used the method developed by Bloembergen 

to produce a practical formalism for a nonlinear multilayer structure. They calculated the third 

harmonic intensity generated in a double wedged cell filled with the nonlinear liquid to be 

characterized. In their work they typically neglected the multi-reflections of the fundamental beam 

using only one bound wave in the medium. The two resulting scattered free waves propagating 

in opposite directions were initially included in the boundary equations of a single slab, but 

neglected in later work when more than one layer was used. By neglecting the backward 



0' 1 2 

Figure A-Ii 

Fundamental 
Pump-Beams 

Epj 

Free-Wave at 
the scattered 
frequency 

Bound-Wave at 
the scattered 
frequency 

3 

148 

We schematically show the different electrical fields involved in the linear and nonlinear 
boundary problem of a two layer system in vacuum. ~i represents the pump field in medium "i". 
Efi is the free wave in medium "i". ~i is the bound wave in medium "i". The superscript" +" 
and "-" indicate the forward and backward propagating directions. "1" and "2" are the two 
nonlinear layers. "0" and "3" represent the vacuum in our case. 
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propagating free-waves we find an expression similar to that obtained when the SVEA is applied. 

Finally Kajzar et al. derived a formula for the third harmonic intensity generated by a double 

layer structure in vacuum, typically a polymer thin film deposited on top of a fused silica slab. 

While spending a summer at mM, the author algebraically derived, with Dr. Gary 

Bjorklund's help, the expression for the signal light intensity generated by a general third order 

frequency mixing process in a two-layer medium located in vacuum. Multiple reflections of the 

free waves or equivalently both forward and backward propagating free waves were included. At 

the same time Dr. Don Bethune of mM developed a general matrix formalism to solve a similar 

problem. In the matrix formalism all waves and possible polarizations are easily included, Fig. 

A-I. The general matrix solution of the two-layer problem is also included in this appendix. 

Neher et al. noted that including all the bound waves was essential to the accurate characterization 

of very thin films. If the backward propagating waves, ~-, Ep1- and Ep2 - are neglected for all 

of the pump fields: 

A-2 
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We note that all fields originate on the left side of the respective layer except for those in medium 

"0". The t coefficients are Fresnel transmission coefficients. The phases are defined as follows: 

A-3 

~ is the wavelength in vacuum of the pump beam at frequency wp' I1>j is the refractive index 

of medium "j" at frequency wp' 8pj ' is the internal angle in medium "j" for the pump beam "p". 

Ij is the transverse thickness of layer "j". The set of boundary conditions for the two layer 

structure shown in Fig. A-I is given for T-E fields inside the four different media in the 

following equations. We have neglected all backward propagating waves, denoted in Fig.A-l as 

Eb1- and Eb2-. 

Boundary 0-1; 

Boundary 1-2; 

A-4 

A-5 
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Boundary 2-3; 

A-6 

Here N refers to n.cos(O'). By algebraic substitutions of equations A-4, A-5, A-6 leaving both 

bound waves and the free wave propagating in region "3" as parameters of the system of 

equations, one obtains the following final equation: 

E+ i(·I1+cjI~ 

Eft - bl
e 

C . xfA1[exp(i(<I»bl-cI>/l»-1] + A2[exp(i(cI>bl+cI>/l»-1]} 
A-7 

E;:zeicl> 
+ 'fl xfB1[exp(i(cI>b2-cI>/2»-1] + B2[exp(i(cI>b2+cI>/2»-1]} 

C 

Al -
2Np.{Nb1+Nfl) 

(N p. + Nf3)(Nfl + N p.) 

A2 -
2Np.(NJO-Nfl)(Nfl-Nb1) 

A-8 
(NJO + Nfl)(Nfl + Np.)(Np. + Nf3) 

Bl -
Np.+Nb2 . 2l~ 

x[1 +r. r e :fl] 
N +N 01 12 

p. f3 



(1 + TO! e2i4l/l) 
T12 
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A-8 

When terms which include factors of rij2 are neglected we obtain a result similar to Kajzar et al. 

A-9 

In this treatment we assumed that the electric fields are those of TE polarized plane waves. A 

particular solution of the nonlinear wave equation is then: 



with 

n - nL + iK 

41tKl OD(A s) -
AsxLn(lO) 
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A-lO 

A-ll 

A-12 

where OD stands for the optical density experimentally obtained from standard U-V 

spectrophotometry . 
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The most general solution of this problem is obtained with the matrix formalism 

developed by Bethune. 

A-12 

with 

E+ E1+ E2+ 
'f3 - 'j3 + 'j3 

E- El- E2-
'fO - 'fO + 'fO 

It is clear from these equations that the problem consists of a system of four equations with four 

unknowns. The unknowns are the two sets of backward and forward propagating waves generated 

by both layers in areas "0" and "3". The advantage of the matrix formalism is that the solutions 

are directly found by just matrix multiplications and additions, and the problem is easily expanded 

to more layers. It is also very easy to neglect a desired component and include different 

polarizations. 
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All of the matrices follow Bethune's notation and are defined as follows: 

1 'i} 

Mi} -

ti} ti} 

'ij 1 

til ti} 

Ie r;) 
A-13 

Mbi -
tbi 'bi 

rpf,g i -
(e l

:., e -~/,) 
The ljj and rij are Fresnel transmission and reflection coefficients, and are defined for both s and 

p polarization in Bethune's appendix. The rbi and tt,i coefficients are defined for the more 

common case of s polarized beams, as follows: 

tbi -

A-14 
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APPENDIXB 

Perturbation Theory and Frequency Dispersion or x (3) • 

We are concerned in defining the non-zero elements of the Kerr cu.bic susceptibility, x(3)(

w;w,w,-(a), when intense optical fields are applied in the telecommunication spectral windows 

around 1.3"m and 1.5"m. To accomplish this task we have chosen to measure the complex 

dispersion of x(3)(3w) by tunable Third-Harmonic-Generation. THG can provide information on 

the resonances at the first, second and third harmonic frequencies of the applied optical field. 

Another possible spectroscopic technique which provides the researcher with similar and 

complementary spectroscopic information is the so called Coherent-Anti-Stokes-Raman

Spectroscopy. CARS is sensitive to one and two-photon resonances as well as Raman resonances. 

By generating a new frequency of light such techniques are ideal probes of the respective X(3) 

involved. If both of those techniques are applied, a complete picture of the spectroscopic structure 

of the molecular system studied is obtained in the spectral region of interest. It is then possible 

to use a model to predict the electronic as well as the Raman contributions to the optical Kerr 

nonlinearity, x(3)(-(a);w,w,-(a). We have used extensively the results of third order perturbation 

theory to describe the above mentioned third order susceptibilities. In this Appendix we review 

the basic assumptions involved in such a theory, and also derive the frequency dependance of 

x(3)(-3w;w,w,w), x(3)(-2wl +w2;wl,wl,-(a)V and x(3)(-(a);w,w,-(a). 

The Density Matrix; 

In the Shrodinger picture the wavefuD(.1ion describing the system, in our case a two or 

four level system following Meystre and Sargent's notation is written as: 
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",(r,t) - L cn(t)un(r) B-1 
n 

Here n represents a complete basis describing the system. 

For an observable e and its associated operator, the measured quantity is its average 

probability in space. 

- <",191",> - :E C: cm9 nm 
B-2 

n,m 

- Trace(p9) 

In the most general case pis defined by p = p Jp > <~. Here 1/1 is not always a complete set 

describing the system. P tit is the fraction of the system in state 11/1 >. ~ > < ~ is the projection 

operator over state vector ~ > . 

Liouville Equation; 

The Liouville equation is the equation of motion of the density matrix. 

p - B-3 
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Here H is the Hamiltonian of the system and [a,b] denotes the commutator between operators a 

and b. 

The Unperturbed Density Matrix; 

From Boltzmann's distribution the probability that the system is in eigenstate I/In with 

energy En is: 

Pn - ------_. 
~ Em 
L.J exp(--) 
m kT 

B-4 

p ~ - P ,.1n><n1 

We have assumed that pnmo=0nmPnm(O)and thus no permanent dipoles are present. 

Perturbation Theory; 

The total Hamiltonian is described by H = Ho + MIl. Here Ho is the unperturbed 

hamiltonian, A is a scalar small compared to 1 and HI is in our case -p.E. Using the Liouville 

equation and developing P in a power series in A, we obtain with the following boundary 

conditions: 
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p ( - (0) - PO; P (R) - 0 

co 

B-5 

We stop at third order. In our case we will add empirically a relaxation Hamiltonian that 

introduces a relaxation term 'Yij which includes both the population relaxation of state i, and a 

polarization relaxation term or dipole dephasing. We then obtain: 

d peR) 
ij ----.;.--

dt 
B-6 

B-6 is integrated by the method of variation of the constant. The integral solution and the form 

of a typical solution is given for: [Hl,pR-l]=C+ R-lexp(-iwRt) + C_R-1exp( +iwRt). When it is 

assumed that the perturbation is slow compared to the characteristic time response of the medium, 

B-7 



160 

Using B-7 and iterating to the third order with an incident field and nonlinear 

polarizations, 

E - !( Eexp( -icut)+c.c) 
2 

We obtain a polarization oscillating at 3w as follows: 

B-8 

B-9 

Here 0ij = Wij - irij/2. "g" denotes the ground state and k,k' ,k" the different excited states. #Lij 

is the transition dipole moment between state i and state j. W is the frequency of the applied 

optical field. N is the atomic or molecular density. We have verified that the first order and 

second order perturbation expressions are equal to those derived by Bloembergen. In the case of 

the third order polarization, assuming negligible relaxation constants and recombining all the 

terms, we also obtain an expression similar to Bloembergen's. If one keeps the complex 

expression for the third order susceptibility, terms which do not appear in the equations derived 

by Orr and Ward appear in this expression, (Ok'k"-3w) for example. Similar terms were obtained 
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by Bloembergen et al. and by Vee and Gustafson when they used Double-Feynmann diagrams. 

The main assumptions used to obtain B-9 are that: i) No permanent dipole moments are 

present; ii) The response of the material is faster than the applied perturbation; and iii) The 

perturbation produces small changes in the initial populations of the statel? and is small compared 

to the Hamiltonian of the non-perturbed medium. The latter condition is verified by comparing 

the Rabi frequency to the gener~ized Rabi frequency, see Appendix C. The Rabi frequency in 

all of our experiments was always less than lOOcm-1, making the results of perturbation theory 

valid. 

Orr and Ward Expressions of x(3); 

In order to apply our expression, equations C-9, we should use a similar expression for 

the Kerr susceptibility when the electronic structure of the material is elucidated by our tunable 

THG measurements. In that case the result of a perturbative treatment like the one described here 

produces a divergent expression. Terms like 0gg-w+",-irgg appear in some denominators of the 

expressions derived by Y ee and Gustafson. In order to avoid such divergent, non-physical 

expressions, Orr and Ward used the Method of Averages described in Bogoliubov and 

Mitropolsky book, to derive a rigorous expression for the second and third order polarizations. 

The expressions for x(3) used in this dissertation were all deduced from Orr and Ward's 

work. For the Two-Level-Model used in the case of asymmetric molecules with permanent dipole 

moments and microscopic local field induced cascading, the expression derived for x(J)(-

3",;",.""",) is shown in the following equations. The expression for the second order 

hyperpolarizabilities are also obtained from Orr and Ward's work. 
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2 
J110a J110 [ 1 

1\2 (OI0-26»(OI0-CA» 
1 1 

+ + ] 
(O;0+CA»(O;0+2CA» (O;0+CA»(OI0-6» 

2 
J101 a J101 [ 1 

1\2 (010-36»(OI0-2CA» B-10 

1 1 
+ +-----------

(0 ;0+6> )(01O+3CA» (0;0+6) )(OI0-2CA» 
1 1 

+ +------------
(OI0-36»(010-CA» (0;0+2CA»(O;0+3CA» 

+ 1 ] 
(O;0+26»(010-CA» 

87t (";1.) -l)(";Cot +2) 
c - --x------

9v 3";,.. 

Here: 

B-ll 
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L is the Lorentz-Lorentz local field factor, typically taken as a dispersionless constant equal to 

6. < cos4(O) > is the average of the projection operator for a fourth-rank tensor between the 

molecular and the laboratory frames. It is equal to 115 when a linear molecule is distributed 

randomly in volume. fJ and 'Y are respectively the second and third order molecular 

hyperpolarizabilities. We have used Kuzyk and Dirk's notation for 'Y. "0" denotes the ground 

level and 1 the excited state. l11'O1 is the so called mesomeric moment or difference between the 

ground and excited state permanent dipole moments. The values of Du and DUI are as follows: 

1 1 
Du - +----------

(010- 3 <a> )(010 - <a> )(010- <a» (010- <a> )(0 ;0+ <a> )(010- <a» 

1 1 + +----------
(0;0+ 3 <a> )(C;o+<a> )(0 ;0+ <a» (0 ;0+ <a»(C 10 - <a> )(0 ;0+ <a» 

B-12 

The Three and Four Level Model; 

Dirk and Kuzyk have used a 3 level model to discuss the effects of molecular symmetry 

on their Quadratic-Electro-Optic measurements. In the case of centro symmetric molecules we 

have been successful in implementing their ideas to a four level model. For the case of the three 

and four level models applied to the 1I'-electron conjugated polymers investigated in this 

dissertation: 
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B-13 

" 1" denotes the only one photon allowed excited state, and "2" and "3" represent two two-photon 

states forbidden to single photon transitions. The expression for DU remains unchanged. The 

expression for Dl3 is obtained from that ofD12 by replacing the subscript "2" by "3": 

B-14 

1 1 + +-------------------
(C;O+Cil)(C20+2c.»(OlO-Cil) (O;o+c.»(C;'+2Cil)(O;o+3Cil) 

In the case of the Kerr nonlinear susceptibility an expression similar to B-13 is obtained. 

The product of the degeneracy factor by the number of equal permutations is equal to 6, which 

is equal to the number of permutations in the THG case. The value of K remains therefore 

unchanged. The new values of DU and D12 are: 

D _ 2 + ' 2 
11 (010 - CAl )2(010+ c.» (010- CAl )(0 ~o+ CAl )(010+ CAl) 

2 2 + +--------------------
(0;0+ CAl )2(0 ;0- (a» (0 ;0+ (a) )(0;0- CAl )(010 - CAl) 

B-15 
1 1 1 

+ + +-------------
(010- c.»3 (0;0+ CAl)3 (010- CAl )2(0 ~o- (a» 

1 +-------------
(0 ;0+ CAl )2(010 + (a» 
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B-16 

In the case of Three-Wave-Mixing or CARS, the expression for x(3)(-2wl +w2;wl,wl'-WZ) 

derived from Orr and Ward's formula is also similar to B-13. The value of K is calculated in 

Appendix C. Dl1 and D12 are as follows: 

1 1 
Du - +---------

(010-2Ca>1 + Ca>J(OIO+ Ca>2)(0 10-Ca>1) (010+ Ca>:J(Oio+ Ca>1)(0 10- Ca>1) 

1 1 --------------------+----------------
(Oio+2Ca> 1-Ca>J(Oio- Ca>2)(0 iO+ Cd1) (Oio- Ca>:J(010 - Ca> 1)(0 io+ Cd 1) 

1 1 ---------------+-----------
(010-2Ca>1 + Ca>J(010-Ca>I)(C 1O-Cd1) (010 -Ca>1)(Oio-Ca>2)(0 10- Cd l) 

B-17 
1 1 ---------------------+-----------------

(Oio+ 2Ca> 1-Ca>:J(Oio+ Ca>1)(0 io+ Cd 1) (Oio+ Ca>1)(010 + Ca>2)(0 io+ Cd1) 
1 1 --------------------+---------------------

(010 - 2Ca> I + Ca>:J(010 - Ca>1)(0 10 + CdJ (010 -CdI)(Oio+ Ca>1)(0 10 + Ca>J 

1 1 ---------------------+--------------
(OiO+2Ca>1-Ca>J(Oio+Ca>1)(Oio-Ca>J (OiO+Cd1)(010-Ca>1)(Oio-Ca>2) 
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D12- 1 + 1 
(010-2<0>1 + <o>~(02O-2<O>1)(0 10 -<0> 1) (0;0-<O>2)(OW-2<o> 1)(010-<0>1) 

1 1 
+ + 

(0 ;0+<0>1)(0;'+2<0> 1)(010 +<o>J (0 ;0+<0> 1)(0;'+2<0>1)(0 ;0+2 <0>1-<0>2) 
1 1 

+ +. 
(010- 2 <0>1 +<O>2)(Q2O - <0> 1 +<o>~(O 10-<0>1) (0;0+<0>1)(020- <0>1 +<o>~(OIO- <0>1) 

B-18 
1 1 + +-------------------------

(0;0+ <0>1)(0;'+<0>1- <0>2)(0 10 -<0>1) (0;0+<0>1)(0;"'+<0>1-<0>2)(0;0+2 <0> 1- <0>2) 
1 1 

+ + 
(010-2<0>1 +<0>2)(020+<0>2 - <0>1)(0 10+<0>2) (0 ;0+<0>1)(020+ <0>2-<0> 1)(010+<0>2) 

1 1 
+ + 

(0 ;0-<0>2)(0;'-<0>2 + <0>1)(0 10-<0>1) (0;0+<0>1)(0;"'+ <0>1-<0>2)(0 10+2 <0> 1- <o>J 
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APPENDIX C 

Units. Conversion-Factors and all that Jazz! 

In studying nonlinear optics, the lack of consistency in the system of units used in the 

literature was the most frustrating aspect. Whereas the applications oriented authors are ultimately 

interested in values of n2 in m2tw and fJ in cmIW, the nonlinear optics and chemistry specialized 

literature prefers the Electro-Static System of Units (esu) or (cgs) and reports nonlinear 

susceptibilities. 

The magnitude of the optical electric field applied to the material determines how large 

a nonlinear effect can be expected. The optical field in (V 1m) is obtained from the applied 

intensityin (W 1m2): 

1 [0 2 I .... -n -xE 
2 L Jl

o 

C-1 

In order to observe efficient nonlinear optical effects the field has to be comparable to the atomic 

electric field given by Bloembergen to be approximately 3x101°(V/m). 

In the electric dipole approximation, the total energy is perturbed by -".E. The most 

important material parameters to be obtained in addition to the Eigen-Energies of the system, are 

the permanent dipole moments and the transition dipole moments. They are found in the literature 

in units of Debye. 
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l(Debye) - 10-18 (StatCoulomb.cm) 

1. x 10-29(Coulomb.m) 
3 

C-2 

When both the optical field and the pertinent dipole moments are evaluated the, p..E/fI or Rabi 

flopping frequency should be compared to (A2+ r2) Ih. The validity of a perturbative approach 

can then be tested. In addition the possibility of light induced material changes like the dynamic 

Stark effect can be determined. Here A is the detuning from the center of the particular transition 

and r is the FWHM of such a transition. Both r and A are typically given in cm- l . The value 

of Planck's constant in (cgs) is 6.626xlO-27• The conversion factor between cm-l and ergs is, 

therefore, 1.986xlO-16• 

The expressions for x(3) derived in Appendix B, are written in (esu). The value of the 

molecular density, N, is therefore in cm-3• The values of the dipole moments are in Debye and 

the energies appearing in the different denominators are given in cm- l . We have typically 

assumed a random distribution of the dipoles throughout the volume which results in a 

multiplicative factor of 115. We have also assumed a dispersionless local field factor of 6 and a 

degeneracy factor of 114 for X(3)(-3w;w,w,w) and 3/4 for x(3)(-c.J;w,w,-c.J). The number of similar 

permutations is 6 for THG and 2 for the Kerr nonlinearity. Such assumptions and choices of units 

result in a multiplicative constant, referred to in Appendix BasK, of 3.83xlO-26 (esu). For a 

single transition around sOOnm with a transition dipole moment of 10 (0) and a fundamental 

wavelength around 2p.m, one can predict from eq.B-13 a non-resonant nonlinearity for THG of 

approximately sxlo-l2 (esu). It is the typical order of magnitude encountered in the molecular 
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systems investigated in this work. 

When converting X(3) (esu) reported in the literature to a more useful nz (m2/W), it is 

always necessary to check the assumptions made, in particular the convention used when the 

nonlinear polarization is written. The degeneracy factor of the nonlinear process mayor may not 

be included in the expression of x(3). We have included the degeneracy factor in x(3) to be 

consistent with both Meredith's and Kajzar's THG reference measurements on fused-silica. We 

note that in the other reference measurements used in this work, Weber et al. and later Adair et 

al. excluded the degeneracy factor of 3 from their expression for x(3)(~;w,w,~). Orr and Ward 

have evaluated the degeneracy factors for all the second and third order processes. 

The polarization is written as: 

-

and the displacement vector is equal to: 

D(em) - E + 41tP 
D(Sl) - P + E:oE 

C-3 

C-4 
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Substituting C-3 into C-4 and expanding the refractive index to first order in a power series, the 

nonlinear change in refractive index is obtained: 

(SI) (tsU)1 
t:..nNL - iii I(SI) - iii (tsU) 

(3) 
_ X(SI)IE F 

2n (SI) 
L 

(3) 
_ 41t X(tsU) IE ~ 

2n (tsU) 
L 

Using C-I and (I VIm = 1I3x10-4 StatVoltlcm) we obtain for a non-absorbing material: 

2 (3) 
1601t Re( X(tsU» 

Cm/s € 

C-5 

C-6 

In the case of the Two-Photon-Absorption coefficient the SVEA is used and neglecting 

transverse effects in esu units: 

C-7 

- -PIE 
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By equating the two right-hand-sides we obtain for a material with small linear absorption: 

161t3 
(3) 

p(esu) - xlm( X(esu» 
AcmCcm!s e 

C-8 
3 (3) 

p(m/W> - 1601t xlm( X(esu» 
AmCm/s € 

We also list at this point the values of the third order susceptibility and intensity dependent 

refractive index coefficient of fused silica which is used as a reference in this dissertation. 

X(3)(-3w;w,w,w)= 3.1xlO-14 (esu) at l.064JLm (Kajzar et al. and 

= 2.8xlO-14 (esu) at 1.904JLm Buchalter et al.) 

x(3)(-w;w,w,-w)= 3.5x10-1S (esu) at l.064JLm 

n2,E= 8.5xlO-14 (esu) at l.064JLm (Weber et al. and 

n2,1= 2.5xlO-2o (m2/W) at l.064JLm Adair et al.). 

We note the discrepancy between the Kerr and the THG values of x(3). It might be explained by 

a difference in resonance enhancement. 
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