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Résumé

Ce travail porte sur 1'é¢tude par la technique de mélange a quatre ondes résolu dans le
temps ("time-resolved four-wave mixing" ou "TRFWM") de couches minces de
différents matériaux organiques d'intérét pour l'optique non-linéaire. Il s'agit de
couches sublimées du dimére neodymium porphyrine phthalocyanine Pc2"Nd™Pc®, de
I'hétérodimeére cérium porphyﬁne phthalocyanine Pc? Ce!VTPP2-, des triméres cérium
porphyrine phthalocyanine TPP2"Ce™Pc2-CeTPP?- et neodymium porphyrine
phthalocyanine Pc2"Nd™TPP2-Nd™Pc?-, ainsi que de couches Langmuir-Blodgett du
dimére mixte cobalt porphyrine phthalocyanine CoPC,,"* / H,PcTS*.

Cette thése fait état de plusieurs premieres: premiére étude par TRFWM de couches
organiques sublimées, premiére observation et investigation de la contribution des
mécanismes de diffusion a l'atténuation du réseau de diffraction transitoire généré
par TRFWM, premiére observation et investigation d’un effet photoréfractif dans les
couches minces de multiméres organiques, et premiére étude et dépistage d'un
nouveau phénomeéne de mutation de mode de vibration.

Les valeurs absolues de la susceptibilité optique non-linéaire de troisiéme-ordre x®
des couches ont pu étre déterminées grace a une étude comparée avec une lame de verre
de quartz servant de référence.

Ce travail montre que la technique de TRFWM est non seulement utile mais surtout
tres sensible et fort puissante pour l'étude des procédés optiques non-linéaires
dynamiques de troisiéme ordre dans les matériaux organiques. Elle permet entre autre
de mesurer des mécanismes inobservables par absorption transitoire ou par d'autres
méthodes d'optique non-linéaire.

Les études des systemes dimeére/hétérodimeére et trimére/hétérodimeére de terres rares
porphyrine phthalocyanine montrent enfin que ces matériaux sont trés intéressants pour
leurs propriétés optiques non-linéaires. Ce sont de nouvelles familles de matériaux
organiques trés prometteurs pour les études et les applications de [’effet
photoréfractif. 1ls sont polyvalents et ont un grand potentiel comme matériaux optiques
non-linéaires.



Abstract

Time-resolved four-wave mixing (TRFWM) studies have been carried out on
sublimated films of the neodymium phthalocyanine dimer Pcz'Ndec:, the cerium
porphyrin phthalocyanine sandwich mixed heterodimer Pc2-Ce!VTPP2, the cerium
porphyrin  phthalocyanine symmetric trimer TPP2"CePc2-Cel'TPP2", the
neodymium porphyrin phthalocyanine trimer Pc?2"NdU'TPP2-Nd™MpPc2-, and
Langmuir-Blodgett films of the cobalt porphyrin phthalocyanine mixed dimer
CoPC,, **/ H,PcTS*,

In this work, we have presented a number of novel results: the first non-degenerate
time-resolved four-wave mixing (NDTRFWM) experiment on a sublimated film, the
first observation and identification of the diffusion contribution to the degrating
process, the first observation and identification of photorefractive effect in an
organic multimer thin film, and the first observation and identification of a
correlated phonon mode shifting phenomenon.

The absolute values of the third-order nonlinear optical susceptibility x® of the
samples have been determined by comparing the third-order nonlinear optical
responses of the samples with those of a slide of reference fused quartz under the same
experimental conditions.

It is shown that TRFWM is a very useful, very sensitive and very powerful tool to
investigate the dynamics of the third-order nonlinear optical processes in a medium,
especially those that can not be detected by transient absorption and other means of
probing nonlinear optical properties.

Through this work, it can be seen that lanthanide porphyrin phthalocyanine dimer/
heterodimer trimer/heterotrimer systems could be a new family of organic materials
most promising for the investigation and the applications of photorefractive effect.
They are very versatile and have a great potential as nonlinear optical materials.
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Introduction

The importance of nonlinear optical phenomena has been known for a long time.
Since the 1980s, materials research and development for nonlinear optical applications
have rapidly progressed so that several systems are available commercially. To date,
the systems have been utilized in information processing, optical switching, optical
frequency conversion, and telecommunications. The advancing development of
optotechnology has encouraged research on suitable nonlinear optical materials. A
wide variety of materials, including inorganic and organic crystals, polymers,
semiconductors, composites and metal-based systems, possess noticeable nonlinear
optical properties. In recent years, organometallic compounds, by their unique
characteristics, such as divefsity of metals, oxidation states, ligands, and geometries,
have achieved success in and brought a new dimension to the area of nonlinear optics.

In last six years, investigations of organometallic systems have been greatly
intensified, because[1, 3]:

1. Organometallic system can possess metal — ligand or ligand — metal charge
transfer ( MLCT, LMCT ) bands in the visible region of the spectrum, which are
usually associated with large second-order activity.

2. The compounds have great possibilities for redox changes, a property largely
associated with the metal center, which can be electron poor or rich depending on
the oxidation state and ligand environment. Facile redox ability can lead to large
hyperpolarizability, with the metal center being an extremely strong donor/acceptor
in comparison to conventional organic systems.

3. Chromophores, such as phthalocyanines, containing metal ions, are among the
most intensely coloured materials known. The strength of the optical absorption
band is also associated with large optical nonlinearities [4].

4. Many organometallic compounds have low-lying excited states with their dipole
moments significantly different from their respective ground state dipole moments.
Most of the excited states involve charge transfer between the central metal and



one or more of the associated ligands and have a large oscillator strength. This will
provide a substantial contribution to the hyperpolarizability.

5. Organometallic compounds also have important advantages in the range and mix
of non-aromatic ligands that can be attached to the metals. These ligands can shift
the occupied and unoccupied metal d orbitals that interact with the m-electron
orbitals of the conjugated systems. This provides a mechanism for fine-tuning and
optimizing the bulk susceptibility.

6. Furthermore, the metal centers in these molecules can constitute a chiral species
[5].  When dissolved, they will form materials that crystallize in non-
centrosymmetric space groups, essential for a non-zero ¥® value.

7. Incorporation of transition metal ions, such as lanthanide ions, can also be
expected in some cases to increase the solubility of a material in common organic
solvents, therefore enhancing its processability.

The crucial aspect in the progression of nonlinear optical studies has been the
development of experimental techniques for investigating and measuring a material's
non-linear optical properties. Over the years, several methods have been widely used
to make nonlinear optical studies, such as, Kurtz powder technique [6, 9], electric field
induced second harmonic generation ( EFISH ) [10 - 13], hyper-Rayleigh scattering
(HRS) [14, 15], third harmonic generation ( THG ) [16, 17], and degenerate four-wave
mixing (DFWM) [18 - 22]. More surprisingly, though non-degenerate four-wave
mixing (NDFWM), both in resonant and non-resonant situations, is a powerful
technique to study dynamical properties of physical systems, very few reported
experimental investigations of organometallics have used this important technique.
Commonly, a combination of techniques is necessary for a complete investigation of a
material's nonlinear optical behaviour.

The third-order nonlinear optical studies on organometallic materials can be divided
into six major classes[23]: metallocenes, metallopolyyne polymers, polysilanes and-
germanes, melal dithiolene complexes, thiophenes, and phthalocyaninato metal
complexes.



The phthalocyanines and porphyrins are two extremely interesting and useful
classes of compounds. Their extensively delocalized two-dimensional 7-electron
systems have broken through some limitations of most other third-order non-linear
optical compounds featuring pseudo-one-dimensional n-electron conjugation systems.
This has led to considerable interest in the two dimensional =-conjugated

phthalocyanine systems and, in particular, the complexes containing a wide variety of
metals.

Phthalocyanine has a similar macrocycle to porphyrin and its absorption spectrum is
complementary to that of porphyrin. Therefore, the dimer formed by linking porphyrin
and phthalocyanine will absorb more efficiently the solar energy than the monomer of
porphyrin or phthalocyanine [24]. Nevertheless, until now, only Tran-Thi [25-27],
Gaspard [28, 29], and Xu [30, 32] have synthesized porphyrin phthalocyanine
dimer/heterodimer and made observations on energy transfer and charge separation
processes.  Gaspard and Xu found that these are related to the molecular
configurations.  Tran-Thi, through the research on Langmuir-Blodgett films of
porphyrin phthalocyanines, found that the dimer/heterodimer have a face-to-face
geometry, in which there is a strong excitonic coupling between the porphyrin and the
phthalocyanine. Compared with the studies on the other polymers of metallo organics
and on the metallo monomers of porphyrin and phthalocyanine, the research on metallo
multimers ( dimer / heterodimer and trimer / heterotrimer ) of the porphyrin
phthalocyanine, is just at its beginning.

Though research on the optical nonlinearity of organometallic complex is very
active, the relationship between the structure and the nonlinear optical properties are
still unclear. Unlike the design of second-order nonlinear optical materials, which
follows some well defined guidelines, models for the synthesis of third-order species
are much less developed. Presently, research on the third-order nonlinearities of
porphyrin phthalocyanine is focused mainly on the monomers and on the effects of
replacing the central metal ion on the optical nonlinearities. A systematic research on
the third-order nonlinearities of porphyrin phthalocyanine dimer/heterodimer and
trimer/heterotrimer systems has not yet been undertaken.

In this work, we present a third-order nonlinear optical study of sublimated and
Langmuir-Blodgett thin films of lanthanide porphyrin  phthalocyanine



dimer/heterodimer and trimer/heterotrimer systems using a non-degenerate time-
resolved four-wave mixing technique.

Chapter 1 introduces some important general consideration in the experiment:
(1.1.) ultrafast time-resolved spectroscopy, (1.2.) prototype model system used in the
experiment, (1.3.) two important experimental phenomena encountered, and (1.4.) the
outline of our research work. Chapter 2 presents the theoretical and experimental
basics for this work, especially of four-wave interactions. Chapter 3 describes the
experimental system. Chapter 4 presents and discusses the experimental results.
Finally, Chapter 5 makes a conclusion on this research work.



Chapter 1

General Consideration

This is an experimental research work on nonlinear optical dynamic behaviours of
the sublimated and Langmuir-Blodgett thin films of lanthanide porphyrin
phthalocyanine multimers. Time-Resolved Non-Degenerated Four-Wave Mixing
(TRNDFWM) has been used as a major experimental technique in this work.
Nonlinear optical responses of the lanthanide porphyrin phthalocyanine dimers,
herodimers and trimers have been investigated by TRNDFWM.

This chapter will give some detailed aspects of the experiment techniques,
description of the materials used, and motivation of this research work.

1.1. Ultrafast Time-Resolved Spectroscopy

TRNDFWM is one of the most useful ultrafast coherent spectroscopy techniques.
Coherent spectroscopy implies investigations both in the time and frequency
domains, yielding information on dynamic processes as well as line widths and line
positions of the molecular systems under investigation.

Initially started in the mid-sixties, coherent spectroscopy is intimately connected
with the development of intense coherent light sources which, as already mentioned,
are prerequisite to the study of nonlinear optical effects.

Until about the mid-sixties, the performance of the time-resolved techniques was
limited to the microsecond region in the case of absorption spectroscopy and to the
nanosecond region in the case of fluorescence. During the late sixties, the
appearance of giant pulse lasers brought the time resolution into the nanosecond
range. A major advance in the generation of ultrashort optical pulses happened after



the invention of mode-locking techniques [33, 34]. Passive mode-locking of the ruby
laser by Mocker [35] opened a new era for ultrashort optical pulse generation.
Shortly thereafter, the generation of the first optical pulse in the picosecond range
with a Nd:glass laser was reported by De Maria [36]. Since that time, there followed
a number of dramatic advances in ultrashort laser pulse generation as shown in Fig.
1.1.0.1. . The shortest optical pulse width available at a given year fells at an

exponential rate. Each reduction in pulse width has always been accompanied by an
advance in technology [37].

Until now, using colliding pulse mode-locking (CPM) [38 - 40], pulse
compression [41 - 49], and other techniques, one has been able to reduce the optical
pulse width to six femtoseconds [50, 51]. This approaches the ultimate limit in the
visible region set by the uncertainty principle.
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Figure 1.1.0.1. Plot of the Logarithm of the Shortest Available
Optical Pulse Width versus Years.

The ability to generate ultrashort light pulses has extended coherent spectroscopy
to real-time measurements of rapid dynamic processes on picosecond and
femtosecond time scales. Most of the time-resolved spectroscopy investigations are
concerned with such processes in condensed phases. The progress in the



experimental capabilities has stimulated theoretical investigations and improved our
understanding of the interactions in liquids and solids.

1.1.1. Time-Resolved Spectroscopy

While different sub-Doppler techniques aim at higher spectral resolutions, time-
resolved spectroscopic techniques target on higher time resolutions.

The generation of extremely short and intense laser pulses has opened the door to
the study of fast transient phenomena. Picosecond and femtosecond light pulses
make it possible to investigate ultrafast processes occurring during the excitation and
the deactivation of molecular states in solvents and solids.

Optoelectronic detection systems, such as fast photodiodes and sampling
oscilloscopes, have reached a time resolution of 10° s, or 100 ps. This is still too
long to resolve many fast transient events on a picosecond and subpicosecond time

scale. Thus, in picosecond and sub-picosecond spectroscopy, one had to develop a
series of new techniques to measure the durations and the profiles of the light pulses,
and to probe the ultrafast relaxation processes.

Except for the streak camera which can reach time resolutions of a few
picoseconds, most of the methods used to measure pico- and subpico-second
phenomena are based on optical delay lines and on some nonlinear optical effects,
such as SHG. In optical delay line systems, as shown in Fig. 1.1.1.1., an ultrashort
laser pulse is divided by a beam splitter into two, or more if necessary, replica pulses
which travel different path lengths before they are recombined. Hence, the
measurement of a time interval At has been converted into that of a path difference
Ax = cAt, where c is the light velocity. For example, in our experiment, the
minimum spatial interval available for the delay line system made by KLINGER of A
Xmin = 0.2 micrometer, is equivalent to the time interval At = Ax /c = 0.2 mic x
3.3564095 fs/mic ~ 0.7 fs, which is still shorter than the pulse width of the shortest
light pulse presently available in the visible region, i.e. 6 fs. Therefore, the resolution



of most detecting systems is now only limited by the pulse duration of the laser
source that is used, rather than by the delay line.
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Figure 1.1.1.1. Optical Delay Line, White Continuum

Generation and Time—Resolved Spectroscopic Measurement
with Probe—Pump Technique in Transient Absorption.

1.1.2. Pump - Probe Technique

Most of molecular fast relaxation processes are between the nanosecond to
picosecond ranges, as shown in Fig. 1.1.2.1. [52]. Thus with ultrashort laser pulses,
the limiting factor for time resolution is no longer the pulse duration but the response
of the detection systems.

The limitation of the detection system can be overcome by a pump and probe
technique. A single ultrashort laser pulse is divided into a group of strong pump
beams and a weak probe beam, which can be monochromatic or white continuum.
The delay At between pump and probe can be controlled by varying the length of the
optical path difference between the probe and the pump beams. Strong pump beams



create an excitation in a molecular system and the probe beam probes the relaxation
of the excitation as a function of the delay time At. Now, the time resolution is
limited only by the pump and the probe pulse duration. One of the applications of
pump-probe technique is the measurement of the decay times of short-lived excited
states, as shown in Fig. 1.1.2.2. (a). When the probe pulse has a path difference x,
(<0 ) with respect to pump pulse (Fig. 1.1.2.2. (a)), the probe pulse will spend less
time [t, = x, /c| to arrive at the sample than the pump pulse does (Fig. 1.1.2.2. (b)), and
this corresponds to a negative delay time 1, (probe-to-pump) (Fig. 1.1.2.2. (c)). At
this moment, since when the probe pulse arrives there is no excitation in the sample,
the system will give no response at all. If the probe pulse arrives at the sample with a
longer light path x, (> 0 ) with respect to the pump pulse, the probe pulse will spend
more time t, = x, /c to reach the sample than the pump pulse does and this
corresponds to a positive delay time 1, ( probe-to-pump ). At this moment, the probe
pulse arrives at the sample in a time 1, after the excitation has been created (Fig.
1.1.2.2. (b)), the energy level 1 has been populated with a non-zero population N, , so
that the probe pulse will feel the decay of this population. Therefore, if delay time
scans from the negative delay (negative light path difference between probe and
pump) to the positive delay (positive light path difference between probe and pump)
in steps, then the detecting system will directly measure the response curve point by
point, shown as in Fig. 1.1.2.2. (¢).

Although numerous techniques refer to pump-probe methods, the most powerful
one is based on white continuum generation.
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1.1.3. White Continuum Generation

White continuum generation is a particularly spectacular application of nonlinear
frequency mixing. When a strong laser beam is focused within a glass or within a
liquid such as CCl,, water or phosphoric acid, there is an emission of a pulse of white
light whose duration is comparable to that of the pump pulse.

People now generally agree that this continuum originates from two superposed
phenomena. First, high intensity optical pulses propagating through a medium will
distort the atomic or electronic configurations and change the refractive index
appreciably. The refractive index becomes time-dependent so the phase of the
optical wave is altered. This generally leads to a broadening of the spectrum. This
process is called self-phase modulation [52, 53]. Second, in isotropic liquids, there is

a supplementary spectral broadening due to four photon parametric interactions [54 -
57].

In fact, white-continuum generation is one of the crucial techniques in ultrafast
spectroscopy. The spectrum of the continuum extends from the near ultraviolet to the
infrared and thus provides a versatile coherent light source for a huge range of
spectroscopic studies. Without it, many ultrafast spectroscopic applications would
not be available.

1.1.4. Basic research Opportunities
for Ultrashort Time-Resolved Spectroscopy
From various time-resolved coherent techniques, we can obtain the following
information [58]:
1.whether a transition is homogeneously broadened or not;

2. the decaying times of homogeneously or inhomogeneously broadened spectral
features;

3. the dominant line broadening mechanisms;
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the pure dephasing times;

the energy relaxation times;

the mechanisms and paths of energy relaxation;
the collision times;

the nonresonant susceptibilities;

W ® N 0 oA

transition frequencies within conjugated spectra regions;

10. precise frequency differences of vibrational modes separated by up to 10 x 10!2
Hz =10 THz ( 10 tera Hertz, At-Av ~ 1 = Auv~1/At, At>100fs=10"13s —> Av
< 103 Hz).

A particular technique gives only one or few of the above. A combination of
different techniques is usually necessary for obtaining more information.

1.1.5. Transient Grating Method

Among the time-resolved spectroscopic methods which pump-probe techniques,
we chose the transient grating method [59] to detect transient responses of our model
systems.

1.1.5.1. Formation of the Transient Grating

In this technique, two pump (excitation) pulses arrive simultaneously at the
sample. The two sychronized pump beams interfere with each other and produce a
spatially modulated field which is called an interference grating. When a material is
placed into the interference region of the pump waves, some light-matter interaction,
such as absorption, creates a corresponding spatial modulation (grating) of some
material properties, such as.:

1. the population of excited electronic states,

2. the conduction electron density ( in semiconductors),
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3. the space charge and the accompanying field (photorefractive materials),
4. the temperature,
5. the molecular orientation (fluids), and

6. the concentration (mixtures).

Thus a transient grating ( because it will disappear in a finite time after the
excitation) is formed due to population or phase redistribution which occurs under
strong light fields. Most of these changes can be described by the population of one,
several, or a whole continuum of excited (e.g. electronic, phonon) states of the
sample material. Therefore, the corresponding gratings are also termed as population
gratings in a general sense.

1.1.5.2. Detection of the Decay of the Transient Grating

In order to make time-resolved measurements of the dynamics of the transient
grating, a third beam called probe needs to be used. When arriving at the sample, the
probe beam is deflected by the light induced grating, producing a signal beam. The
intensity of the signal beam is measured as a function of the time delay between the
pump beams and the probe beam which contains information on the dynamics of the
system. This Bragg scattering from the light induced transient grating, in terms of
nonlinear optics, is viewed as a four-wave interaction (FWI) or four-wave mixing
(FWM) process. This will be discussed in details in the following chapters.

The decay of the grating is commonly detected by diffraction of the probe light
beam. The diffracted light can either be recorded directly or heterodynedly with a
split-off beam from the probe light. The former is simple but requires higher pump
and probe power to get sufficiently strong signals. The latter is more sensitive but the
setup more complicated. In our experimental setup, we use only direct detection
scheme.

For ideal plane waves, the diffraction efficiency 7 for the first order diffracted
beam can be expressed [60]:
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where 4#, An, Ax are changes in the complex refractive index and its real and
imaginary parts in the sample due to transient grating, d is the thickness of the
sample, and Lygomes Lorose are the intensities of the diffracted beam and the probe
beam. This formula is valid for a grating with a sufficiently small |47 = |An+idxf?
and a low absorption material, i.e., kd << 1.

probe

Very small refractive index changes An and optical path changes And can be
measured, typically, with a diffraction efficiency n ~ 10-'5, corresponding to an
optical path change ~ A/1000. The phase shift in that extreme case has to be
measured with interferometric sensitivity.

Amplitude (An = 0) and phase (Adx = 0) gratings can be differentiated by
illuminating the sample with a parallel beam and observing the self-image appearing
at different distances behind the grating [61], or alternatively by heterodyne
detection.

1.1.5.3. Comparison of the Transient Grating Method
with the Transient Absorption Technique

In this work, the post-excitation-dynamic processes of the porphyrin
phthalocyanine dimer/heterodimer trimer/heterotrimer have been measured by time-
resolved four-wave mixing (TRFWM), or equivalently called time-resolved transient
grating (TRTG) method. The transient absorption (TA) results obtained on the same
samples provide reference data since they give us information about the energy levels
(bands) and their related lifetimes. It is therefore useful at this point to compare
some crucial aspects of these techniques.

Table 1.1.5.3.1. lists the major differences between the transient absorption and
the transient grating methods.
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Table 1.1.5.3.1. The Major Differences Between the
Transient Grating Method and the Transient Absorption

Technique
Terms Transient Transient Grating
Absorption
1. Pump Beams 1 2
2. Probe Beams 1 1
3. | Nonlinear Optical Process 2nd-order 3rd-order
4. Spatial Modulation Homogenous Grating-Like
Sinusoidal
5. Coherence No Yes
6. Phase-Matching No Yes
7. Detection Transmission Diffraction
8. Sensitivity oc A, = 2koAk o |An+iAk]?
9. Transport Phenomena Non-Detectable Detectable
10. Information Extracted Bands, Life Time ¢ L1fe. Time z, Diffusion
Time 1,4 ...... , etC.
11. Response to Non— No. Yes.
Resonant Excitation
12. Response to Resonant Yes. Yes.
Excitation

From the table it can be seen that there are only three beams involved in transient
absorption, while there are four in the transient grating. The former is a second-order
nonlinear optical (NLO) process and the latter is a third-order NLO process.
Technically speaking, the latter is more difficult to implement because it involves
more beams and needs higher pumping and probing powers. Furthermore, transient
absorption measures the change in absorption coefficient, while transient grating
detects diffraction efficiency which is in proportion to the square of the change of the
complex refractive index. Therefore TRTG is more sensitive than TA in probing
dynamic processes occurring after the excitation is produced.
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Due to the difference between the modes of excitation, any transport process with
charge transfer or and energy transfer occurring during the de-excitation can only be
picked up by the grating-like modulation of TRTG, and not by TA which has
homogeneous excitations. Hence, the diffusion processes are detectable only for
TRTG and not for TA.

When the frequency of the pump light is not in an absorbing region of the material
(non-resonant excitation, NRE), TA systems will get no signal at all, but TRTG
systems will still give a response through the phase grating caused by virtual electron
excitations. The signal of the NRE contains information about the pulse duration of
the pump pules and the probe pulse. A

In the resonant excitation case, TRTG systems can also feel the relaxation
processes that TA systems will feel for the same material. But the TRTG systems
may not yield exactly the same response as the TA systems do, because the response
of the TRTG system is sensitive to any de-activation process in contrary to the TA
system.

In short, TRTG is a more sensitive and more useful technique to probe the
dynamic processes of de-excitation than TA, although the former needs the important
information from the latter about the bands and the life times of the materials under
investigation.

Of course, suitable materials have to be available for research in nonlinear optics
and various kinds of applications.
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1.2. Prototype Model Systems Used in the
Experiment

1.2.1. Nonlinear Optical Materials

All materials, including all forms of matter, gases, liquids, and solids, have
nonlinear optical properties. But, the intensity of the optical field needed to make
these effects observable, varies over many orders of magnitude. This depends on the
detailed nature of the electronic structure, the dynamic behaviour, as well as the
symmetry and details of the geometric arrangement of the atomic and molecular
components of the medium. From the device point of view, the most important
nonlinear optical materials are in solid form and should meet a wide variety of
auxiliary material requirements, including extraordinary stability with respect to
ambient conditions and to high intensity light source, processability for pattern and
shape definition, and integratibility with additional different materials.

There are a lot of materials possessing nonlinear optical properties: inorganic and
organic crystals, polymers, semiconductors, composites and metal-based systems.
However, none of these has proven to be the "silicon" of nonlinear optics because
each material not only has properties that are advantageous for certain applications,
but it also has properties that are disadvantageous for others. Therefore, there is still
a need for the development of materials satisfying the critical requirements of devices
for information processing, optical frequency conversion, integrated optics, and
telecommunications.

We can roughly divide nonlinear optical materials into two major types:
molecular materials and bulk materials.

For the first type, the materials consist of chemically bonded units which interact
in bulk through weak Van der Waals forces. Many organic crystals and polymers
belong to this class of materials. Nonlinearities in this kind of materials originate
primarily from the molecular structure. The micro-nonlinearities in form of the
hyperpolarizabilities of constituent molecules can be related to macro-nonlinearities
in form of bulk nonlinear optical susceptibilities. The first step to optimize optical
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nonlinearity in this class of materials is at the molecular structure level. For this, one
needs to understand the relationship between the molecular electronic structure and
the induced molecular nonlinear polarization.

In the second class of materials, nonlinearities are regarded as arising from quasi-
free electrons like those in metals and semiconductors. The electronic characteristics
of the bulk medium determines the optical nonlinearities. The origin of the
nonlinearities for this type of materials needs a different theoretical framework.
Examples of this kind of materials are: quantum well structures derived from GaAs
and II-VI semiconductors, e.g. CdSe, inorganic crystals in which no single molecular
unit in the ionic lattice can be identified, like KDP (potassium dihydrogen phosphate)
and KTP (potassium titanyl phosphate).

Compared to inorganic nonlinear optical materials, the development of organic,
or, more generally, molecular nonlinear optical materials is quite recent. Organic and
other molecular materials are being more and more recognized as the promising
materials for the future. These materials are interesting because their various
molecular characteristics and their synthetic versatilities can be used to vary and
optimize molecular structures in order to maximize nonlinear response, or to optimize
the auxiliary properties like mechanical and thermal stability, and laser damage
threshold. Organic materials can be cast into thin crystalline films, layer by layer,
using the Langmuir-Blodgett technique and other deposition techniques, e.g.
sublimation. ~ These films show highly oriented structures and optimized
nonlinearities. Some of the prominent advantages of many organic materials and
high-performance polymers are high mechanical strength as well as excellent
environmental and thermal stability, which can be many orders higher that those of
inorganic materials. The unique n-bonding chemical structure of organic molecular
materials leads to extremely large nonresonant ( non-absorptive ) optical
nonlinearities, in many cases much higher than those of their inorganic counterparts.
Devices with nonresonant electronic optical non-linearities will have the fastest
response times limited only by the width of the driving laser pulse while also
eliminating heat dissipation, beam depletion, thermally induced nonlinearities and
other disadvantages of inorganic nonlinear optical materials. The considerably lower
dielectric constant of organic materials yields a low RC time constant. Thus, the
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electrooptic modulating devices made from these materials can operate with band-
widths greater than 10 GHz ( G = 10°).

Aside from its potential technological interest, research on nonlinear optical
materials also offers challenging opportunities for a fundamental understanding of the
physics of nonlinear optical interactions. Before one can firmly control the molecular
structure in order to enhance optical nonlinearities, there are still many things that
must be done to understand completely the relationship between molecular structures
and microscopic optical nonlinearities.

One of the most important type of organic nonlinear optical materials is porphyrin
phthalocyanine metal complex systems.

1.2.2. Porphyrin and Phthalocyanine

The prototype model systems used in our experiment is based on porphyrin and
phthalocyanine metal complexes. Porphyrins and the corresponding metal complexes
function as electron transfer agents in many biological systems and play a very
important role in many biochemical processes. Porphyrins contain a tetrapyrrolic
macrocycle which can be chelated with most metallic ions, even some non-metallic
ions, to form corresponding complexes.

The simplest porphyrin, called porphine, is shown in Fig. 1.2.2.1. .

The natural part of porphyrins can be obtained when the positions  and B’ = 2, 3,
7, 8, 12, 13, 17, 18 of the pyrrole cycles in Fig. 1.2.2.1. are replaced by substitutive
groups [62, 63]. There also exist a number of synthetic porphyrins which depend on
the nature of the substitutive groups and on the exact replaced positions in the
porphine frame. One of the complete artificially synthetic examples of porphyrins is
phthalocyanine (Pc), shown in Fig. 1.2.2.2. .

Phthalocyanines have a similar structure to porphine, which consists in replacing
four carbon atoms at position a, B, y, & in Fig. 1.2.2.1. by four nitrogen atoms, and
substituting B’ position (B’ = 2, 3, 7, 8, 12, 13, 17, 18 in Fig. 1.2.2.1.) on pyrrole
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cycles by benzene cycles. This compound was discovered in 1907 by Braun et al.
[64], but was not identified until 1933 by Linstead et al [65, 66]. ‘

Other artificial synthetic examples of porphyrins are tetrapyrrole complexes of
mono-, bis-, tris- lanthanide porphyrins which were used in our work. These will be
discussed in detail in following sections.

Figure 1.2.2.2. Molecular Structure of Phtalocyanines.
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1.2.3. Lanthanide Porphyrin Phthalocyanine
Dimeric/Heterodimeric Trimeric/Heterotrimeric
Prototype Model Systems

In recent years, the research on optical nonlinearities of organic materials has
attracted much attention both in the fundamental aspects to clarify their origins and
mechanisms, and in their applications to develop optical devices being capable of
processing optical information [67 - 71], etc., using the different frequency-mixing
schemes offered by various orders of nonlinearity. Organic materials offer a number of
advantages over mineral compounds. First, they are of superior flexibility in
processing and manipulation, which enables us to improve particular optical
characteristics by engineering the molecular properties. Moreover, they have large
nonlinear optical susceptibility, ultrafast response, thermal and chemical stability. In
order to increase the magnitude of the third-order susceptibility 7, several methods
have been proposed: multilock 'conjugated polymerization based on organic
superlattices, donor-acceptor substitution on n-conjugated linear chains and use of -
conjugated molecules having symmetric structure [72 - 79]. In particular, conjugated =
-electron systems have been known to have large optical nonlinearities and ultrafast
optical responses [80 - 86]. Their nonlinear optical properties can be studied using
various techniques such as, second harmonic generation (SHG), third harmonic
generation (THG), four-wave mixing (FWM) and transient absorption, etc. [86 - 100].

Many organic materials containing delocalized m-electrons have been observed to
have large optical nonlinearities and ultrafast responses [101, 102]. Most other third-
order nonlinear optical compounds feature m-electron conjugation along a backbone
and are pseudo-one dimensional systems. Those materials show limitations in their
optical nonlinearities. This had led to considerable interest in the two-dimensional -
conjugated porphyrin [103] and phthalocyanine [104] systems, especially the
complexes with a wide variety of metals. Among these systems, stacked and highly
conjugated ones, such as lanthanide bis-/tris-porphyrins and bis-/tris-phthalocyanines,
are interesting in many respects. These share the common properties for most
porphyrins and phthalocyanines, i.e., chemical and thermal stability, versatile and
flexible to make modification in properties by changing the central metal ion or the side
groups at the edge of the macrocycle. They are of technological importance for the
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manufacture of pigments, exhibiting unique characteristics such as catalyst,
electrocatalysis, xerography and medical properties [105]. The delocalized n-electron
in these systems can serve as source of charge carriers and is the origin of photoelectric
properties directly related to primitive charge separation processes in photosynthesis
and optical nonlinearities. In this aspect, they provide a series of model systems to
study photoinduced electron transfer reactions occurring on ultrafast time scales in
photosynthetic reaction centers both in theory and in experiment [86 - 91, 106 - 117].
Their sharp absorption bands in the visible and in the near infrared can be used for

resonance enhancement of third-order susceptibility . This makes them promising
materials for third-order optical nonlinearities. The compounds are receiving increased
attention. However, very few studies have been done on electrostatic mixed dimers
obtained by covalently bonding porphyrin and phthalocyanine moieties bearing
oppositely charged substituents [118 - 121].

3 5 7

L

Figure 1.2.3.1. Constitution of Octacoordinated Metal
Monotetrapyrroles M(P)Ly and Configurations with
A: Monotetrapyrro B: Bistetrapyrroles M(P)z and
C: Tristetrapyrroles M2(P)s, M = Lanthanide Metal Ion

We chose the lanthanide porphyrin dimer/heterodimer and trimer/heterotrimer as
prototype model systems in which to study dynamic processes such as electron
transfer, energy transfer, related nonlinear optical properties, and their relationship to
the molecular structure.
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Table 1.2.3.1. Specifications of Porphyrins

No. | Pin Name of the Pin M (P )L, R m position 2~20 in
M(P)L, Fig. 1.2.3.1.
0 p a general porphyrin,
- phthalocyanine
1 Pec phthalocyanine Nin §, 10, 15, 20; CH,
in 2/3, 7/8, 12/13, 17/18
2 | TTP |[5,10,1520-tetra(p-tolylporphyrin | P CHs CeHain 5,10, 15,
20
3 OEP 2,3,7,8,12,13,17,18- C,H.in2,3,7,8, 12, 13,
octaethylporphyrin 17, 18
4 TPP 5,10,15,20-tetraphenylporphyin CH.im 5, 10, 15, 20
5 TCIP 3,10,15,20-tetra(p- pCICH, in 5, 10, 15, 20
chlorophenyl)porphyrin
1,2,3,4,8,9,10,11,15,16,17,18 22.2 (CH.),in2/3, 7,
6 HBP 3, 24,25,—hexadecahyrotfetrabenzo 12/13, 17/18
[b,g . q}porphyrin
7 OMP 2,3,7,8,12,13,17,18- CH;m 2, 3,78, 12, 13,
octamethylporphyrin 17, 18
" TAP 5,10,15,20-tetra(p- p CH,OCH, in 5, 10,
anisyl)porphyrin 15, 20

A complete understanding of the photophysical behaviour of porphyrins and
related chromophores within the Van der Waals distance will provide us with a deep
nsight into how the electron donor in photosynthetic reaction centers influences the
initial stages of charge separation processes [122. 123]. Moreover this knowledge
will enable us to modify molecular systems in a controllable manner so as to
maximize their nonlinearities. This is needed by photonics and various kinds of other
applications.

Lanthanide porphyrin dimers/heterodimers and trimers/heterotrimers represent a
series of ideal molecular systems which can be used to study the electronic structure
and dynamics of strongly interacting porphyrins. These metalloporphyrin complexes,

24



consisting of a lanthanide ion sandwiched between two porphyrin macrocycles, are
distinguished by their rigid structure, ~ 3 A inter-ring separation, unusual electronic
absorption spectrum, and a prominent near-infrared band for the oxidized species
[124 - 131].

The detailed synthetic processes for some of the lanthanide porphyrin monomers,
dimers, heterodimers, trimers and heterotrimers, are explained in ref. [129]. The
molecular structures, the specifications of porphyrins, and related abbreviations of
these mono-, bis- and tris-porphyrinate and their unsymmetric counterparts, are
shown in Table 1.2.3.1. and Fig. 1.2.3.1. .

The electronic structure of porphyrins and phthalocyanines is basically an
aromatic one with a system of eighteen conjugated mn electrons. Therefore, the
macrocycles of pyrroles are very often planar, though there might be some distortion
if the size of the central metal ion can not be adapted to the central cavity determined
by the four nitrogen atoms [132, 133].

When porphyrins and phthalocyanines are stacked and bridged by a covalent link
via lanthanide ions, a face to face geometry is favoured in these dimeric
/heterodimeric trimeric/heterotrimeric systems due to the coulombic attraction and
the strong n-x interaction of the two highly conjugated tetrapyrrole macrocycles. As
a consequence, dramatic changes occur in the spectral and photophysical behaviour
of the dimers/heterodimers trimers/heterotrimers as opposed to the mixtures of the
corresponding unsubstituted monomers. In these former systems, there is a spatial
face-to-face arrangement of the monomers which gives rise to the following
interesting features:

1. The extraction of an electron from the porphyrin © orbit is easier than from the
corresponding monomer, which means the devices with these systems will need
less driving power than those with corresponding monomers.

2. The fluorescence of bis-tetrapyrroles  is quenched contrary to the
monotetrapyrroles and thus there are smaller light losses.

3. The oxidized bis-tetrapyrroles show a strong near-infrared absorption band at
about 1300 nm.
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4. These double-deckers show analogies to the electron donor dimer in photo
synthetic systems in green plants and photosynthetic bacteria, in regard to
structure and electron configuration [126, 129, 134 - 136]. Thus, they provide a
series of structural and spectroscopic model systems [126, 128, 134, 136, 137]
for the original charge separation processes in the reaction center of
photosynthetic systems [138 - 140].

5. When one of the rings is oxidized into a radical [141], these sandwich systems
may serve as molecular metals [142] or intrinsic semiconductors [143].

6. Porphyrins and phthalocyanines are two classes of very chemically versatile
compounds. By varying the central metal ion or peripheral substituents and
incorporating two different kinds of tetrapyrrole ligands, one can obtain a great
deal of different molecular systems having a wide range of different redox
properties, photophysical characteristics, and optical nonlinearities. This feature
gives us more freedom to select a suitable model system that will provide more
detailed information about how electrons and energy are transferred, about how
the processes are related to molecular and electronic  structures. This  will
ultimately enable us to control/govern and alter/modify the properties of a
molecular system precisely and arbitrarily.

7. The association of different tetrapyrrole macrocycles results in a wide range of
donor-acceptor complex systems. In these cofacial dimers or heterodimers,
charge transfer can efficiently compete with the excitation transfer process [144].
Accordingly, by a discreet and prudent choice of the donor and acceptor, one can
direct the transfer process to be of energy or electron type.

8. They can serve as organic semiconductors. For example, one of these
complexes, lanthanide bis-phthalocyanines LnPc,, shows electrochromatic
properties: in solution or deposited as thin films, they exhibit different colours
according to the applied potential [145 - 148]. This makes them promising
‘materials for visual displays.

9. Pc,Lu is reported as the first molecular semiconductor [149 - 151] and the first
stable free radical phthalocyanine [152].
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When two phthalocyanine rings are linked by a single metal ion with valence of
+3 [153], a bis-phthalocyanine is formed, as in the case of neodymium here, NdPc,,
and the three electrons are shared between the two phthalocyanine rings to make
charge neutrality. These metallobis-phthalocyanines belong to a class of mixed-
valance compounds with low-lying intervalence charge transfer transition [154 -
156]. D. Markovitsi and T. H. Tran-Thi et al. [157] interpreted the structure of the
compounds as Pc2Nd™Pc7l, such that the charge is localized on one ring and the
intervalence transition corresponds to electron hopping from one ring to the other.
Later analysis showed that the unpaired electron is substantially delocalized over the
two phthalocyanine rings. This is supported by a theoretical calculation {158] on a

completely delocalized structure model of bis-phthalocyanine (Pc, )3. Therefore,
these molecules may be considered as a three-dimensional delocalized m-electron
system involving an intervalence charge transfer transition. The electron structure of
the trimer is Pc2"Nd3*TPP2~Nd3*Pc?, where the six electrons are shared between
the phthalocyanine rings at the two sides and porphyrin at the center.

All in all, these molecular cofacial complex systems are highly desirable for both
fundamental and applied studies of various kinds of electrical, optical, and
optoelectrical materials.

From the device point of view, the most important kind of nonlinear optical
material is solid. There are two sorts of techniques available to make highly ordered
solid molecular assemblies: the Langmuir-Blodgett technique and the sublimation
technique, which were both used in our research work. Theoretically speaking, the
former should be better than the latter as far as the uniformity of the'system is
concerned. But in our experiment, we have observed that it was not always so.
Sometimes the Langmuir-Blodgett samples gave us too intense diffused light to make
it impossible for us to extract the signal from the noise background. |

Previous NLO studies of third-order susceptibilities on bis-phthalocyanine [106 -
117] involve the effects of substitution of metal atoms, most of them in solutions, few
on solid film, using third-harmonic generation and degenerate four-wave mixing in
the near-infrared or in a region near strong absorbing Q band in the visible. Recently,
efforts have been put on the effect of peripheral substituents [159], additional
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conjugation such as naphthalocyanine [159, 160], central metal atom chelater [161] and
spin coated multilayer film by DFWM on ¥® [162]. There have been a number of
reports on the third-order nonlinear optical properties of porphyrin derivatives [163,
164] and phthalocyanines [165]. However, most of these reports involve third-
harmonic generation and degenerate four-wave mixing measurements in solutions.
There are few experiments using materials in solid state, which is viable for optical
devices. '

None of the above reported studies were performed by time-resolved non-
degenerate four-wave mixing, even though TRNDFWM is a more useful and more
sensitive technique to probe the dynamics of third-order nonlinearities. Coherent four-
wave mixing excludes many different types of nonlinear optical phenomena depending
on the phase-matching condition and on any encountered resonance . Its time-resolved
form provides one of the most versatile means of studying the microscopic and
macroscopic dynamics of a system. Depending on the time ordering, polarization,
frequencies and pulse duration of the incident fields, one might detect the rotational
/librational vibrational, or electronic structure/dynamics of a chromophore/bath system
in the condensed phase. One of the most commonly seen forms of the time-resolved
four-mixing uses two (or one) pump pulses to excite a system by the action of the two
fields on a relevant state. Following the excitation, the third delayed probe pulse
interrogates the evolved system and generates the fourth wave exiting as a function of
the delay time. The forth diffracted signal contains abundant information about the
system.

Because we are interested in investigating the dynmamics of electron transfer
processes in lanthanide dimer/heterodimer and trimer/heterotrimer systems, which are
accompanied by many ultrafast relaxation processes in the picosecond or
femtosecond range and many related nonlinear optical effects, the ultrafast time-
resolved spectroscopy technique seems one of the best tools. Some of the important
experimental phenomena we have encountered are Electron transfer and
photorefractivity.
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1.3. Two Important Experimental Phenomena
Encountered

1.3.1. Electron Transfer

There is a lot of studies [166, 167] showing that the electronic contribution to
optical nonlinearities dominates the frequency range from DC to optical ones. This
also appears to be a property common to optical nonlinear organic solids. In
lanthanide porphyrin phthalocyanine hetero-multimer systems, molecular relaxation
processes always accompany electron transfer process, which is also an important
sources of electronic contributions to optical nonlinearities.

Electron transfer (ET) is a term common to physics, chemistry and biochemistry,
which describes electron migration between electron donors and electron acceptors.
The electron transfer concept takes its origin in redox processes involving the transfer
of electrons: the removal of one or several electrons from a species is called
oxidation, whereas any gain of electrons is called reduction. The electron transfer
process can be intermolecular or intramolecular. If the electron transfer is from one
primary bond to another, one calls it out-sphere electron transfer or non-bonded ET.
If it is within a single primary bond, one calls it inner-sphere electron transfer or
bonded ET [168 - 170]. A generalized ET step between donor (D) and acceptor (A)
can be expressed in the following schemes:

D+Ao  (DA) —>[ DA & D™ A" r - (DA") © D"+ A",
precursor complex successor complex

(1.3.1.1)
recombination -

(1.3.1.2)
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where the symbols "+e" and "-e" denote positive and negative radicals, and "#"
indicates that the process is an indifferent equilibrium one.

, Ep

excitation

Mb ligand distance

Figure 1.3.1.1. Potential Energy versus Metal-ligand Bond

Length for Binuclear Complexes Containing a Reducing Metal
Ion and an Oxidizing Metal Ion:

ed hv red
M Lo MOK By MO o e M

red: reductant
ox: oxidant
L: bridging ligand between Mo and Mp

In our case, we are interested in both intermolecular and intramolecular electron
transfers, especially in photoinduced charge processes.

Conventionally, one often assimilates photon induced electronic transitions and
intramolecular transfers [171 - 173], as shown in Fig. 1.3.1.1. and Fig. 1.3.1.2. .

In Fig. 1.3.1.1,, the dashed line shows the path taken by the electronic excitation
of the molecule, representing an electron that is transferred from one part of the
molecule to another. The dotted curve corresponds to a thermal intramolecular
electron transfer.
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Figure 1.3.1.2. Electronic Transitions in a Diatomic Molecule.
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Figure 1.3.1.3. Simplified View of Forward and Backward

Electron Transfers Involving (a): an Excited Donor, and
(b): an Excited Acceptor.
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The major difference between these two cases is the value of AE. The magnitude
of the value AE in Fig. 1.3.1.2. precludes a thermal pathway except in those very
special cases where the fundamental state is very close to the electronically excited
one. One often refers to ligand-to-metal and metal-to-ligand charge transfers
(LMCT, MLCT) [174, 175], in Fig. 1.3.1.1. and to metal-to-ligand charge transfer
(MLCT) [176, 177}, in Fig. 1.3.1.2..

Generally, the term photoinduced intramolecular electron transfer is used to
describe the transfer of an electron or a hole from an excited chromophore to the
lowest unoccupied molecular orbit (LUMO) or the highest occupied molecular orbit
(HOMO) of another chromophore in its fundamental state. If the donor and acceptor
chromophores are part of a structure that constantly holds them in strong interaction,
which may be a stable one (cyclophane) or a transitory one (electron donor-acceptor
complex), one can view the excitation as first inducing an electron transition in one
of the partners and then transferring the electron to the other partner: That is
specifically what is in the lanthanide porphyrin dimeric or heterodimeric prototype
model systems we are interested in, in photosynthetic systems in green plants and in
photosynthetic bacteria.

A simplified electron transfer scheme is shown in Fig. 1.3.1.3. [178].

1.3.2. Photorefractivity

A photorefractive (PR) material is a medium in which an external light beam
induces a change in the refractive index. It is perhaps the least well understood
mechanism in nonlinear optics. It represents one of the areas of greatest current
activity for physicists and chemists. There are very few materials known to be
photorefractive [179] as listed in Table 1.3.2.1.1. . There are only two families of
organic materials known: doped organic crystals [180] and doped organic polymers
[181 - 183]. There is no organic multimer ( dimers etc. ) photorefractive material
ever having been found and reported.
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Photorefractivity was first discovered [184] as an optical damage effect in LiNbOs.
The effect is similar to optical phase conjugation (in fact, it is sometimes called self-
pumped phase conjugation.). During the process, which occurs in crystalline materials,
patterns are developed in the index of refraction by interference of the light as it is
reflected internally throughout the crystal. A phenomenological description of the
photorefractive effect can be found in reference [185] and a theoretical one in reference
[179].

For the last thirty years since photorefractivity was discovered, it has been
associated with changes of the refractive index caused by the following sequence of
phenomena: the photo-excitation, the transport and trapping of electric charge carriers,
the establishment of an internal electric field originating from the trapped charge
distribution, and the existence of an electro-optic Pockels effect.

A general review of photorefractive materials was given in ref. [186]. The detailed
theory, physical characterization and practice of the use of known photorefractivities
can be seen in ref. [187], and most recently in ref. [179].

Three classes of inorganic PR materials dominate, as shown in Table 1.3.2.1.1.:
1. ferroelectric oxides, such as LiNbO,, BaTiO;;

2. sillenite family of oxides, exemplified by Bi,, SiO,, (BSO), Bi,, TiO,,
(BTO) and Bi,, GeO,, (BGO); and

3. compound semiconductor, for instance, GaAs, InP.

The semiconductors are sensitive only in the infrared, while the other materials
work in the visible.

Functional organic photorefractive crystals are not actually known. The only
example of an organic PR material (OPRM) previously known is pyndinium ylide
[180] which experiences reversible photorefraction attributed to local polarization
caused by trapping of photoinduced charges at structural defects in the crystal. The
most recently discovered OPRMs are bisA-NPDA (bisphenol-4-diglycidylether 4-
nitro-1,2-phenylenediamine) [181], PVK-TNF (poly N-vinylcarbazole 2,4,7,-trinitro-9-
fluorennone) [182], and PMMA:DTNBI:C, (poly-methylmethacrylate:1,2,-dimethyl-
2,2-tetrame-thylene-5-nitrobenzimidazoline:fullerene) [183], listed in Table 1.3.2.1.1. .
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Table 1.3.2.1.1.

Photorefractive Materials

Materials

Birefringence

Optical Activity

Ferroelectrics [179]

BaTiO,

KNbO,

LiNbO,, LiTaO,

Intrinsic

Sr, ,BaNb,O, ( SBN )

KBN

No

Sillenites [179]

BSO ( Bi,,510,; )

BGO (Bi;;GeOy )

Induced

BTO (Bi,,TiO, )

Yes

Semiconductors [179]

GaAs

InP

Induced

CdTe

No

Organics

Pyridinium ylide [180]

bisA-NPDA [181]

Induced

PVK-TNF [182]

PMMA:DTNBLC,, [183]

No

where, bisA-NPDA = bisphenol-A4-diglycidylether 4-nitro-1,2-phenylenediamine;

PVK-TNF = poly N-vinylcarbazole 2,4,7,-trinitro-9-fluorennone;

PMMA:DTNBI:C,, = poly-methylmethacrylate: 1,2,-dimethyl-2,2-tetrame-

thylene-5-nitrobenzimidazoline:fullerene.

Though almost every PR experiment has been explained either by the band model or
by the hopping model, a general comprehensive model of photorefractivity has not
been published in any literature.
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1.4. The Outline of Our Research Work

We have combined the ultrashort time-resolved spectroscopy method with the four-
wave mixing process to study the dynamic behaviour of the lanthanide porphyrin
dimeric/heterodimeric trimeric/heterotrimeric prototype model systems.

From the nonlinear optics point of view, our research is a fundamental experimental
one. We are specifically interested in the four-wave mixing process in order to get
important parameters and data, such as relaxation times for different processes and
third order nonlinear susceptibility x(3), so as to characterize the nonlinearity of the
model systems.

From the nonlinear optical material point of view, we hope that the results of our
nonlinear optical research on the organic molecular model systems will be used to find
suitable organic molecular materials with which to build various kinds of nonlinear
optical devices for photonics.

Our choice of the materials is based on the facts that these dimer/heterodimer and
trimer/heterotrimer systems can be:
1. materials requiring low driving power,

materials with low power consumption,
potentially useful materials in the near infrared,

ideal structural and spectroscopic prototype systems of photosynthesis,
potentially useful materials of molecular metals or intrinsic semiconductors,
potentially useful materials for photonics,

suitable model systems for electron or energy transfer processes, and

® N L» A~ WD

potentially useful materials for visual display.

Our research work is just a first step to the systematic investigation of the
nonlinear optical properties of these multimer system.
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Chapter 2

Theoretical and Experimental Background

2.1. Basis for Macroscopic Electromagnetic Field
Theory of Nonlinear Optics

Generally speaking, all media are nonlinear. Each nonlinear optical process in the
media consists of two parts: first, the intense light ( power density > 2.5 kW/cm2 , or
field strength > 1 kV/cm ) induces a nonlinear response in the medium, which is
described by the constitutive equations ( 2.1.1. ), and then the reacting medium
nonlinearly modifies the optical fields, causing a different output with a change in

frequency, phase, polarization or path, which is described by Maxwell's equations
(2.1.2.)[188 -190]:

D=¢,E+P, P=P(E),

H-B_ M, M-M(B): (2.1.1.)
Ho
0B
VXE——’B‘—{,
VxB=u0(%l%+VxM+Jf), (2.1.2.)
VD:pf,
V-B=0.

Equation ( 2.1.1. ) and Equation ( 2.1.2. ) constitute the foundations of
macroscopic electromagnetic field theory of nonlinear optics.
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The optical response of a medium can be described by the interaction of the
electric dipole with the light field. At the microscopic level, this interaction results in
the induced dipole moment p and the Stark energy €, given as

p=po+a-E+B:EE+y:EEE+----.. , (2.13.)
1 1 1
SStaIk=-—p0-E—EE-a-E-gE-B:EE—ZE-y:EEE- ------ , (2.14.)
where
0 €5k

Po=Plg_o = 3 (2.1.5.)
E=0
is the static dipole ( permanent dipole ) moment in the absence of an electric field,

and

op 0 Esrk
g = 2.1.6.
*T8E|,_, OEOE (2.16.)
E=0
is the linear polarizability, a second order tensor.
The terms
& p o’ € Stark
= = Stk 2.1.7.
B JE OE OE OE OE ( )
E=0 E=0
and
p | ___Fewn | (2.18.)

“mm&@‘m@&mm

are called ﬁrst' and second hyperpolarizabilities. They are third and fourth order
tensors respectively, describing nonlinear optical interactions in the media.

At the macroscopic level, the bulk polarization and the Stark energy, similar to
(2.1.3.) and ( 2.1.4.), can be expressed as:

P=P,+%V -E+Y®:EE+Y®:EEE+------ (2.1.9.)
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and

€5urk =Py E-2E -0 E-1E -y :EE-{E-x® EEE-- (2.110.)
where
P, =Pl_,=— 3E , (2.1.11.)
E=0
oP €
m_v = _Y %Sk
% 58|, SEoF , (2.1.12.)
- TE=0
2 3
@ P __ 0 Bsu (2.1.13.)
OE OE OEJEJE| °
E=0 E=0
and
3 4
mo_OP o | (2.1.14.)
OE OE OE aEaEaEaE| o
E=0 E=0

are the macroscopic analogues of p,, a, B, y. P, is the built-in static dipole of the
sample. O, a second order tensor, is the linear susceptibility which describes the
linear optical response. Third and fourth order tensors @, x®, are the second and
the third order nonlinear optical susceptibilities, which are referred to as the first and
the second nonlinear susceptibilities.

The expansions ( 2.1.3. ), ( 2.1.4. ), ( 2.1.9. ) and ( 2.1.10. ) are valid in the
dipolar approximation where the wavelength of the optical field is large compared to
the dimensions of the polarizable unit. The series expansions can break down for
increased field strengths. One proves that the description is no longer valid when the
electric field strength approaches the strength of atomic fields that bind electric
charges (E ~ E, = e?/(4ng,a) ~ 108 ~ 10° V/cm ) [188]. Fortunately, most nonlinear
effects are observed at fields of 103 ~ 104 V/cm ( laser intensities in kW/cm? ~
MW/cm? range ) when the series expansion expressions ( 2.1.3.), (2.1.4.), (2.1.9.)
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and ( 2.1.10. ) are generally still applicable. These expressions are not appropriate at
or near a resonance frequency, which should be treated with care.

2.2. Macroscopic Expressions for Optical
Nonlinearities

For the macroscopic nonlinearities, one starts from Maxwell's equations ( 2.1.2.)
and constitutive equations ( 2.1.1.).

In the general case, the induced polarization P = P( E ), can be expressed as [186
-188]: |
P(r,t)=

+ 00 .
=g, % | T r—r, t =t eeeee ;r—rj,t-tj): [:IlE(rm ,t )dr, dt_ =

j=l -

+ o
=& j i(l )(r"rht“tl)‘E(rx >tl)drl dt, +

— 00

+ oo
+gg | X (r-r,t—tyr—n,,t—t, JE(r,,t,)E(r,,t,)dr, dt,dr, dt, +

— o0

+ o
+8 [ XCHr-m,t—tir—n,t—tyr—r,t—t; JE(r,t,)x

xXE (1'2 ) tz)E (1'3 , t3)dr1 dt,dr, dt,dr; dt,+------ -
=PO(r, t)+PP(r,t)+ PO (r, t)+-----.

(2.2.1.)

Let us define the following Fourier transforms:

P (k,0)=5(P(r,t)) = [e " VP(r,t)drdt=

- zje-i(k'r—ﬁ)l)l) G )(l',t) drdt = ZP a) (k , @)’ ( 2.2.2. )
j=1 i=1
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+ o0 . )
P (k, @) =F(xP(r,t))= [ e " *T=20 30 (pr t)drdt=
-
=X(j)(k1,a’1; ...... ,kj,a)-‘ = (223)

j t® w . o )
= H J' e i (Km *Em aJme)dém d‘Cm X(J)((\;I,Tl; ...... ’gj’,r_])

m=1 _

If E(r, t) can be expressed as a superposition of a finite number of monochromatic
plane waves,

E(r,t)=Y E(k,,0,)expli(k, -1-o,t)], (2.24.)

then the different powers of electric field E(r,t) appearing in ( 2.2.1 ) can also be
Fourier transformed:

J (E(r,t)) = [E (r,t)exp[-i(k -r - ot)] drdt =
= f:;l E (Ko, 04 )exp[-i((k-ky) r—(@-w,)t) ] drdt= (2235
= azl E (kalaa)al)s(k - kal) 8(0) Wy, );

7 (E(r,t) E(r,t)) = [E (r,t) E(r,t) exp[-i(k -r — 0t)] drdt =
=[ T E(Key,00) E(koz, 0:) %

X exp[-l((k - kal - ka2 ) ‘r— (a) _wal - a)a2 )t)] dr dt =
= 3 E(Ky,0q;) E(KRyy, @y5) 3(k— Koy —Koz) 8(@0 —@g; — @),

al,a2

(2.2.6.)
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7 (E(r,t) E(r,t) E(r,1)) = [E(r,t) E(r,t) E(r,t)exp[-i(k -r — ot)] drdt =
=[ % E(ka,00) Eka,00) E(ker, @0) %
X eXP[-i((K — Koy — Koy —K3 ) T = (@ — 0y — 0y — 0g3)1)] dr dt =
Y E(ky,04) E(kyy,00,) E(Kgy, @4,) %

al,a2,a3

xs(k—kal—k(ﬂ)s(w—wal—wtﬂ —waf&)’ """ .

It

(2.2.7.)

Because the j-order polarization P® in t-r space is just a t-r convolution of the
corresponding fields and susceptibilities shown in ( 2.2.1. ), the convolution of the
Fourier transform in w-k space of the j-order polarization P%’ should be the product
of the Fourier transforms of the corresponding fields and susceptibilities, i.e.,

PO (k, ®)=7 (PO(r,1)) =7 (°(r,t) ®E(r,1)) =
=7 (¥ (r,t)) J(E(r,1)) =
= xm(k: a))g;‘ E (knl’wal) 5(1( - kal) 5(&) -0, ) = (228 )

= zllm (k’ a))E (kana)m) 5(1( _kal) 5(60 —@, ) =
=x"(k=k,,0=0,)E (k,,0,),
P?(k,w)=3 (P?(r,t))=3 (®(r,t)®E(r,t)E(r,t))=

=3 (2 (r,0) J(E(r, OE(r,1)) =
=k, @) T, E (K, 0,) E (K, 0,) X

x 8(k—k,) 8k-k,,) Ho-0,) Xo-0,)=
= 5 22Kk, 0)E (Ky,0,) E (K, 0,,) X

X §(k—kal) 5(k_ka2) 5((0 —@, ) 5(0) _a)a2):

2 2
=x(1)(k =Z kaj’ a)=z a)aj)E (kal’wal)E(kal’wxﬂ)’
j=1 j=1

(2.2.9.)
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PO (k, 0)=3 (PO (r,t)) =3 (x® (r,t) (E(r,t)E(r,)E(r,t))) =
=7 (x® (r,t) )J(E(r,t) E(r,t) E(r,t)) =
= X(B) (k’ a)) Z 3E (kalswal) E (ka2’wa2) E (ka39a)a3) X

al,a2,a
x8(k—kal _ka2 _ka3) 8(a)—a)ctl — @y _@aj):
= z X(S)(ka GJ)E (kal’wal)E (ka2:wa2) E(ka3’wa3) X

al,a2, a3

X 8(k_kal _ka2 _kaB) 8(&) W) ~ Wy, _a)al):

3 3
= X(B)(k =j§lkaj’ a)=j§:la)aj)E (kal’mal)E(koaswoﬂ)E (kajs@u.i)s """ .

(22.10.)
Therefore, for the j-order nonlinear process, we have:

4 . J J J
PO (K,0)=g, 1P (k=3 kn,0=3 0,): [IE(k.,0.)  (221L)
m=1 m=1 m=1

where the

(P (k= Tk, ,0=Yw,)=

e ™ (22.12.)
= Hl | e_l(km.ém—wmtm)dgm dtp XU)(EA,TI; """ ;{'.j,‘fj)
are the linear (j = 1) and nonlinear ( j > 1) susceptibilities, which characterize the
optical properties of the medium. Proper evaluation of %() can be done only in a full
quantum-mechanical calculation which will give the microscopic expressions for the
nonlinear polarisation P") and nonlinear susceptibilities x()- These give the steadv-
state nonlinear optical response of a medium and govern the nonlinear wave
propagation in the medium.

From Maxwell's equations ( 2.1.2. ) we have

1 &°? 1 0 .
[VX(VX)-{—E—E‘atZ }E(r,t)="goczg?l)(r,l), (2.2-13.)
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using infinite plane wave (IPW) approximation:

(E(r,t) = E(k,,0,) exp[i(k, -r - o)),
1
P(r,t) = PO (r,t) + P (r,t),

o

©
1PO(r)=2P (k@) =621 (n,a)EK,a),
! !

PY(r,t)=>"PO(r,t)=>P"(k;, @)= P™(k;,»,)exp[i(k, -r — »;t)],

22 !
(2.2.14.)
we get:
o? . o ?
Vx(Vx)-=¢- |E(k,0)= —5P"(k,0), (2.2.15.)
C €EgC
where
E=g,( 147N (@) ), & =¢g( 1+%(0;) ), (2.2.16.)

E(k.0)=Ee &0 E ,0,)=E,e & 7Y,

(22.17.)
PNL (k, w)=P(}\ILei(k-r—mt) — ZPNL(J) (k,a)),
j=22 -
. - J j J
PO (K, 0) =5, i (k= £ kp, 0= 3 0,): [[E (Kn, @,).
(2.2.18.)

Equation ( 2.2.15 ) is known as the coupled wave equation which is the starting
point for solving the problem of nonlinear wave propagation in a medium.
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2.3. Jth-Order Nonlinear Optical Interaction
Processes in a Medium |

Theoretically speaking, the solution for a jth-order nonlinear optical interaction
in a medium can be obtained using the coupled wave approach. In practice only
second- and third-order nonlinear optical interactions are of interest. In the following

discussion, we will omit the superscript "NL" in P directly use the notations P®,
P®, etc. .

Let us now look at the details. Let us define the following abbreviations:

A A 2 ~ -~
D=D(w)=[Vx(Vx)—%§(w)~], D; =D(w;);

2 w2

d=d(a)=-2 d; =d(e;)=—2%; (23.1.)

€0 €2 €0
E = E(k, ), E; =E(k;,0;);
P™ =P™ (k,0), PO =P (k;,0)).
For a three wave interaction process, the coupled wave equation ( 2.2.15. ) can be
expressed, for a four-wave interaction process, as

D E =d,P® =de,5i®(k, = -k, -k, +k,, @, =~0, -0, +@, | E; EiE,,
D, E, =d,P® =de,i®(k, = -k, +k,-k,, @, = -0+ @, - @, }E{E,E},
D E =dP®=dei®(k, =k,~k, -k,, = 0,-0,-0)E,EE;,
D,E, =d,P® =d,e,%?(k, = k, +k, +k;, @, = @, +@,+o,)E E,E;.
’ (23.2.)
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where the nonlinear susceptibilities P, j=1,2,3; P®,j=1,2,3,4; play the

roles of the coupling agents which determine the energy transfer rate between the
waves.

For the jth order nonlinear optical interaction process in a medium, the energy
conservation condition

IR N (2.3.3.)

kio=3k (234.)

is not strictly required. But, it is preferred for maximization of the wave coupling.
This leads to one of the most important considerations in many NLO processes
known as the phase matching condition

Ak =

ki — ikil=0, (235.)
i=1

where AK is often called the ( phase ) mismatch.

Since the accurate solution of the coupled wave equations ( 2.2.15. ) is too difficult
to obtain, we have to resort to several simplified approximations among which are the
slowly varying amplitude approximation (SVA), the infinite plane wave
approximation (IPW), and the constant pump intensity approximation (CPI) [189 -
191].

For a plane wave propagating along the * z axis, we can write ( see ( 2.2.14.))
E (z,t)=E,(2) ei(k'z¢0)t)_ (2.3.6.)

Using coupled wave equations ( 2.2.15. ) and the SVA approximation, that is
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S2E(z) SE(z)
0"22 <<’k7 s (237)
in the steady state case, we get
O g () =212° _pN(y g-i(k2Fot) (238.)
0z 2ke,c?

for the slowly varying part. If the slowly varying part is time-dependent, we have

0, 0 | _ii @ 5NL i(kzFot)
[azivgat]Eo(z,t) i'2kaoczp (z,t)e : (23.9.)

PN (z,t) was defined in ( 2.2.14. ).

We can see that equation ( 2.3.9 ) will reduce to equation ( 2.3.8. ), if the variation
of the amplitude E ( z, t ) is negligible compared with the time T that the light takes
to travel through the interaction distance / (for thin sample, / equal to the thickness of
the sample).

-t _I'4e: (@) (23.10.)

_vg (@) c

where v (o), € ; (0) and Je ¢ (w) are group velocity, relative dielectric constant

and refractive index of the wave.

Equation (2.3.8.) and Equation (2.3.9) will be used in section 4.5. to get the
expression to determine third-order nonlinear susceptibilities of the experimental
samples.
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2.4. Third-Order Nonlinear Optical Effects: Four-
Wave Interactions

Wave interaction in a nonlinear medium causes wave mixing which, in the second-
order case, leads to sum-frequency generation ( SFG ), second harmonic generation
( SHG ), and difference-frequency generation ( DFG ) [190 - 192]. The first and the
second processes are used to extend the laser tuneable range to shorter wavelengths,
the third one to longer wavelengths. The third-order process is generally called four-
wave interaction ( FWI )[193].

The physical picture of wave interactions is like this: the input laser beams at ®,,
®,, *++, O , interact in the medium and generate a nonlinear polarization PNW =

=PO® = yO : E;E,--Ej, (j 2 2), which, as a subsource in a collection of
oscillating dipoles, produces a new radiation output at ®;,, = 2z 1L ® .

Although, in general, the output radiation can appear in all directions, the
requirement of effective energy transformation in the jth order nonlinear optical

process implies that both momentum conservation ( in form of phase matching
condition)

Pjs1 =2pyEpy e +p;, (2.4.1.)
or

Kiy=thythy oo +k;, (24.2.)
and energy conservation :

@iy =top L@y e tw;, (24.3.)

must be satisfied.

Using SVA, IPW, CPI approximations, and with the boundary condition on the

light intensity I((;z (2)l,=0, j=2,3=0, one can get the intensity of the output signal at

frequency 0j; = @1t @y -~ @), in third order processes, as [33, 37]
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S

- 2
1® = constant les-z‘”(a)s=wliw2ia)3):e1e2e3| x

(sin2KZ ) (2.4.4.)
2 1 .20,1,1
( Ak Z )2 s
2 .
where
Ask=|ks— (2hkytky k), (245.)

are phase mismatches for the third-order nonlinear optical interaction.

From (2.4.4.), (2.4.5.), we can see that the output power will be at its maximum if
phase matching ( Ask = 0) is reached. This condition has been used in our experiment
to decide the propagation directions of three input beams and one output beam.

2.5. Nonlinear Optical Experiment Requirements

From the experimental point of view, in order to get high conversion efficiency,
the following conditions should preferably be satisfied:

(1) the coupled waves are collinearly or near-collinearly phase matched (in this
way all the waves will add up instead of partially cancelling each other);

(2) the medium is nearly lossless or has low absorption at the wavelength of the
pump and probe pulses (in some extreme cases, high absorption will leave too
little light powers to drive the nonlinear optical application or the nonlinear
effects);

(3) the SVA is valid (because the energy transfer among the waves is usually
significant only after the waves travel over a distance much longer than their
wavelengths);

(4) walk-off effect is minimized (otherwise, the beams will lose their phase-
matching because birefringence will affect the different polarization of the
light);
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(5) the laser beam quality should be good ( best in TM,;, mode for the optimal
coupling between the waves ),

(6) high quality nonlinear optical samples or crystals should be used in order to
get perfect phase matching throughout;

(7) temperature should be as uniform as possible through the sample or crystal;
gradient will cause some extra unexpected effects, such as damage to the
sample.

These are the major consideration in our experiment, though in four-wave mixing
process, additional conditions, for example, phase matching and keeping intensities
of three input beams under the damage threshold of the samples, etc., need to be
satisfied.

2.6. Four-Wave Interaction and
Four-Wave Mixing

Four-wave interactions ( FWI ) include four-wave up-conversion ( FWUC ) or
SJour-wave sum-frequency generation (FWSFG ), in which ©,= ®,7®0,+®,. A special
case, ®; = 0, = O3 = Oy, (©,= 30, ) is called third harmonic generation ( THG ).
We can also have a four-wave difference-frequency generation ( FWDFG ), in which
®g =®) +®y —®3. The second case is often referred as four-wave mixing (FWM).

The wave vector diagrams for the three different situations of FWM are depicted
in Fig. 2.6.1. . If o) # 0y # ®3 #0g , FWM is called non-degenerate four-wave
mixing (NDFWM ), otherwise, it is called degenerate four-wave mixing ( DFWM ).
In the fully degenerated case, ©,= ©,= ©, = ®, (FDFWM). Obviously, there exists a
third possible case in which only two different frequencies are involved:
0] =®3, ®g =®,. This situation, referred to as partially degenerate four-wave
mixing ( PDFWM ) or often as non-degenerate four-wave mixing, is just the
situation covered by our TRFWM experiment and is sometimes termed scattering
Jrom light-induced gratings.
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1.

2. Off-Axis Geometry 2. Two-Beam Geometry 2. Co-Propagating Beams

(a) (b) (c)
ks ks ks ks ks
ki 11- k2 ki CoL h)/aé/kz
lc1 Q

0-’174(027(0% W= w:?‘wz
( Wr=wWy ; wz?{ﬁh ) ( W=, ) ( W, =W, )
(2). NDEWM: ~ (b). PDFWM: (c). FDFWM:

Co-Axis Geometry 1. One-Beam Geometry 1. Pairwise Counterpropagation

3. Four-Beam Geometry 3. Four Beams with Phase-
Mismatching

Figure 2.6.1. Wavevector Diagrams of the Four-Wave
Interaction Processes.

In our spectroscopic investigation of dimeric/heterodimeric, trimeric/hetero-

trimeric model systems we chose:

O] =03 =Dpp, O5 =) =Opy (2.6.1.)

where, pp = pump, pb = probe. For this case, equations ( 2.4.4. ) and ( 2.4.5. ) now
become

i 2
I® = constant |esx(3) (K s -9 g ):eppxeppzepb X
( sin A312( VA )2 ; (262 )
ankz v Z “Tom oo Tpo -
(=5=)

50



A3k=‘k5— (kppl_kpp2 +kpb), (263)
D, =0, — 0, + w,. (2.64.)

In our experiment, we used two pump beams with the same frequency, therefore,
the output signal beam is of the frequency

0): = (a)pumpl - a)pump2 + wprobe)la)m, = O pomp? = a)probe - ( 265)

So far, we have discussed only steady-state FWM. Nevertheless, transient effects
may become important when using pulsed resonant excitation.

2.7. Transient Response of a Medium in Four-
Wave Mixing

As in the steady-state case, the source term in transient FWM is still the third-
order polarization P® . The only difference is that P® is now a time-dependent

function of the excitation and the relaxation of the medium. Though the response I
will be a transient one, the major conclusions are similar to those obtained from
equation (2.6.2.). A quantum mechanical calculation of the transient response of
four-wave mixing in a medium, has been given in Appendix 2. Here we only discuss
transient response of four-wave mixing in a medium in a classical field theory view.
The results from the discussion have been directly used in our experimental data
fitting.

2.7.1. A Classical Field Theory View

Through a quantum mechanical calculation of the optical nonlinearity in a medium,
one obtained the relation between the microscopic molecular structure and the
macroscopic x®, e.g. for four-wave mixing processes, the third-order nonlinear optical
polarizability x®. In order to verify the correctness of a theoretical model, one has to
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compare the results or predictions made by the model with those of the experiment. To
do this, one needs to establish a link between the theoretical expressions and the
experimental observables. As discussed in the previous section, one can start from the
constitutive equation ( 2.3.1.).

We shall restrict our discussion to the situation of interest, that is four-wave
mixing,.
The polarization at the time t, which is induced by the pumping and probing fields

1 2 b . . . . . .
E"” , E"’ s E' , at the previous time 1,, 1,, and 1,, is given by the constitutive

equation:

. + . *

Pmd(t): | dTldrzdst(t_Tnt_ Tz9t_73) Eppl(rl)Eppz (Tz)pr(Ts),
(2.7.1.1.)

where R(t-1,, t — 1,,t— 1,) is the material's response to the external fields.

In our four-wave mixing system, the two pumping beams are synchronized so as to
generate a transient grating which diffracts the probing beam and yields the FWM
signal. Thus, one get:

ind + o - P 2 _pb
P™M(t)= [ drt, dt,R(t-7,, t-1;) |[E (1,)] E"(1,). (2.7.1.2.)

Because the probing beam feels only the change in the refractive index caused by
the excitation of the two pumping beams, one can write

R(t-1,,t-1,) = R(t-1,)8(t-1,) , (2.7.13.)

and thus
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ind N R P 2
PM(t)=E”(t) [dn, R(t-7) |[E (7)| . (2.7.14.)
By changing the integration variable from t - 7, to
T=t-17g (2.7.15.)
one gets
ind ) AP I P 2
P (t)=E" (t) [ dzR(7) lE (t-7)|" . (2.7.16.)

If the probing beam is delayed by'td with respect to © = 0, the instant when the
pumping beams arrived, then, changing (t—1) to (t— t,~1), formula ( 2.7.1.6. ) becomes:

2

. . +m -
.P‘;;d(t)=P“‘d(t—rd)=pr(t—rd) | d7R(7) Ew(t—rd—r)

(2.7.1.7.)

Defining the z axis along symmetric axis of the propagation direction of the beams,
and @, as the angle between the polarization of the probe beam and the x axis, then the
two components of the induced polarization can be expressed as

. +
Plz,dx(t)=pr(t—Td) Jd7Rxox(7) 17 (t- 74— 7) cOS@p, (2.7.18.)
. + o0 ] :
P (1)=E" (t-74) _ISTRW(t) 17 (t— 14— 1) sin @ (27.19.)

In the general case, the response of the material to the induced external fields has
the form

R(1)= X 8(1) T2 27 R (7), (2.7.1.10.)
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where &, and x{* are third-order nonlinear susceptibilities corresponding to the

virtual electron transitions and to the ith relaxation component, respectively.

Therefore, one has

+o0
. pp i jyy pb
PR, (1) ={X°lecmm IV (O+ JdeTag, Ri(DT (t-1 )} E™ (t-tq)cosopp ,

-00 1

(2.7.1.11.)

+o0
i pp i pp pb )
plyngd(t)=[xe1ectron1 (t)+ jdr Zx‘szi(t)I (t—1 )} E™ (t-1q)sinepy, .

-0 1
(2.7.1.12.)
Let us define
electron PP e i PP
RP, (t)=1x I (t)+ JdTZXunRi(T)I (t-1)=
o ! (2.7.1.13.)
lectr PP +o P
= xSRI () + [dt Ry (1)1 (t-1),
electron PP oo i PP
RPy(t):x " (tH+ JdTZXnuRi(T)I (t-t)=
< (2.7.1.14.)

+o00
= yeleetron [ (4) + [t Ry(v) 1" (t—1).

When detecting the FWM signal, a Wollaston prism can be used to separate
different polarization components. If the polarization axis of the Wollaston prism
makes an angle ¢, in respect to the x axis, then the four-wave mixing signal parallel or

perpendicular to the polarization axis of the prism, Sy and S,, can be expressed as

(because the probe pulse has a limited duration around t,):
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+ ind 2 +o0 ind ind 2]
s,,(rd)oc_joo dt| Pind )| =‘j°o dt [P (1) cos +P™ () singy [ ,

(2.7.1.15.)

+00
S_L(‘l?d)o(l I dt

. 2 t® . . 2
P;:‘dj_(t)| = [ at |—P“ld (t) smtpw+P‘,f‘$d(t)coswwl :
-

X4
(2.7.1.16.)

These can be written as

+a
Sy(tq) < jdt { ‘ RP (1) |2 cos? P pb cos? @y +| RP .(t) |2 sin? Ppb sin? @, +

— 0
. ) b
+ [RP <()RP ;(t)+ RP;(t)RPy(t) }coscppb SINQ pp, COSPry sm(pW}I (t—1q4),
(2.7.1.17.)

and

+
S1(1q) e [dt { |RP (1) |* cos? @pp sin? o, +| RP (1) * sin @ cos? @y +

—ac

. . pb
- [RP (ORP ;(t)+ RP’ (t)RPy (t) ]COS(ppb Sin @ COS Py sm(pw}I (t—1q) .
(2.7.1.18.)
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2.7.2. Coupling Phonons

In frequency space, the third-order nonlinear response has the following form [194]:

Xijkl Xijkl
R(®,q)=——— : = : , (27.2.1.)
o - (qQ-2iyuq) o°-v(Q-2iuq)/t

where o is the system response frequency and v(q) is the phonon frequency.

The corresponding form in time is either

Rijki(t) = Xgile't”, (2.7.2.2.)

for population relaxation, or

3 -t/ sSin(ot +
Rijkl(t)=xgj}(1 e Ut——m—ﬂ, (2.72.3.)

for the coupling to the phonons without dispersion, or

. sinfo(@Q)t+¢! _mcq-q.)?
Rijia ()= [dq x{}, €/*@ [ (@) ]e m(a-90)"

(2.7.2.4.)

for the coupling to the phonons with dispersion, where m is a constant and the gaussian

form is introduced because of the existence of gaussian pump and probe pulse shapes
[193].

In our experiment, we are interested in investigating the transient response of a
system whose population is excited to a higher level and then goes through a cascade of
relaxations to intermediate levels.
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2.7.3. Population Relaxation

According to Appendix I, the analytical expression of the transient response caused
by the population relaxation of the four-level system is:

T, T, g€: En&n NT, .TT |.-tA
R(t)= [v® + @ 812 1142 +y@ 83 _8u8xn Ll y hil5 1, +
() [XI X.2 Ti ];_]12 Xa (]’; Ti ]—vz ]I_Iwzl]-i_]—;

o8 T »8:8s LTy LT, ‘t/T2+
{X2zﬂ4;“ LG 5-LG-5)°

+y® _(813__812 8s LT ) 5L T + 812 8x LT, T T e't/Ts
'L L L L-L'L-L, L, T, L-LT-T, '

(2.73.1.)

where, 7 is relative strength of different relaxation components, 7, is the relaxation
time of i-th level, 7;; is the relaxation time of the system from i-th level to j-th level,

and g,, =T;; /T, is a statistical weight factor. All these parameter are adjustable in the
fitting of the experimental results.
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Chapter 3

Experiment

3.1. Experimental Set-up

Our experimental system is shown in the block diagram of Fig. 3.1.1. It can be
divided into six subsystems:

(1) femtosecond laser generator;
(2) femtosecond laser amplifier;
(3) four-wave mixing system,
(4) detection system;

(5) data acquisition system;

(6) synchronism control system.
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Femtosecond Laser

Generator

&
Monitor

J,

Femtosecond
Laser —
Amplifier

l v

Four—Wave Mixing S — Synchronism
System Control

Detection

System

Data Acquisition |, | Figure 3.1.1.

System Block Diagram of
the Experimental System

A schematic representation of each of these subsystems is shown in Fig.3.1.2.
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Figure 3.1.2. Details of Experimental System.
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We have used the following abbreviations:

A: Absorber M: Mirror
AMP: Amplifier OS: Oscilloscope
AT: Attenuator OD: Optical Density
BD: Beam Dump ~ PD: Photodiode
BS: Beam Splitter PL: Polarizer
CL: Cylindrical Lens PM: Photomultiplier
CP: Computer | PR: Prism
CPL: Calibrating Plate PRM: Pyramid
DC: Dye Cell SG: Signal Generator
DCBS: Dichroic Beam Splitter SP: Speaker
DCM: Dichroic Mirror SP /PH: Sample / Pinhole
DL: Divergent Lens TS: Transparent Shuttle
DPG: Delay / Pulse Generator TP: Thompson Polarizer
F: Filter TLP: Taylor Polarizer
GR: Grating VD: Variable Delay
GS: Glass WC: Water Cell
I Iris WP: Wollaston Polarizer
JT: Jet WP,,,; Wave Piece ( half wavelength )
L: Lens

3.2. Femtosecond Laser Generator and Monitor

As shown in Fig. 3.2.1, the femtosecond laser generator principally consists of a
colliding pulse mode-locked dye laser (CPM), pumped by an Argon laser at 514.5 nm
to give an output at 620 nm with t ~ 60 fs, P = 1 nJ/pulse, f = 85 MHz [195 - 201].
In the center of the CPM cavity, there are a gain jet G with rhodamine 6G pumped by
an Argon laser and a saturating absorbing jet (A) with DODCI ( diethyloxa-
dicarbocyanine iodide ).

The crucial idea behind the CPM is to utilize the interaction or "collision” of two
pulses in the laser cavity, propagating in opposite directions, to enhance the
effectiveness of the saturable absorber.
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The absorber and the gain jet are placed at a relative distance of approximately
one quarter of the round trip around the ring. Thus, starting from the saturable
absorber, the two oppositely propagating pulses will profit from the gain jet and meet
again at the absorber with the same time delay corresponding to a round trip time. In
this manner, both pulses acquire the same gain, the effective saturation parameter is
increased by a factor of three over that for a conventional passive mode-locked dye
laser, and the formation of extra pulses in the cavity has been effectively reduced.

A VD
Ar 514.5m e se VD Ii&npll ;‘ PD &
—JK}—d AN Kl AMP| |
= Ty 0Ty L oS
M
PD
[ }ae || pra
To Four Stage Ampkfier

Figure 3.2.1. Femtosecond Laser Generator & Monitor.

Since the optimum performance of a femtosecond dye laser is critically dependent
on the group velocity dispersion in the optical cavity, four prisms have been inserted
into the CPM cavity to compensate the group velocity dispersion. These negative
group velocity dispersion pieces make the dispersion adjustable by moving one of the
prisms along a normal to the prism base [201, 203]. This results in a shorter output
pulse from the CPM.

There are two beams that exit the CPM from a semi-reflective mirror with R =
98 %. One beam is directed to the four stage femtosecond laser amplification system
while the other is fed into a femtosecond laser monitor system so as to get real time
information about the pulse duration of the laser pulses.

Most of the ultrashort pulse duration measurements require measuring the second
or higher order autocorrelation function [204]:
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<[(1)](1+ ) --1(t+ tj_1)>

. (3.2.1.)

W) e T )=
Gl (Tlarz: ’rj-l) <I"(f)>
In the j =2 case, one has
G (7)= UOHGL)) (3.2.2.)

1)

Experimentally, these functions can be obtained by the SHG effects. In our
monitor system, the beam coming from the CPM is divided into two by a beam
splitter. In the balance position of the microscopic displacement piece that is driven
by a speaker (SP), the two beams are adjusted to have the same time delay. Then, the
two beams are focused into a KDP crystal. By monitoring the SHG signal from the
KDP on an oscilloscope, when the speaker is on, one can observe the shape and pulse
duration, whose value can be pre~calibrated and seen directly on the screen.

3.3. Femtosecond Laser Amplifier

The output laser pulse from the CPM, although being relatively short and having
typically the power of 1 nJ/pulse, is still too low for most ultrashort laser
spectroscopy investigations. It needs to be further amplified. This is accomplished
by a four-stage femtosecond dye laser amplifier, shown in Fig. 3.3.1. .

The amplifier is pumped by a KDP frequency doubled, Q-switched Nd*3:YAG
laser at 532 nm with repetition rate of 10 Hz. It yields an output pulse at 620 nm
with 100 fs pulse duration and 0.30 mJ/pulse in energy. The first three amplifying
dye-cells (DC) are pumped transversely. Every cell is followed by a saturable dye
absorber jet A, to eliminate the spontaneous radiation which would be otherwise
added to the 620 nm beam to be amplified. After passing the previous three stages of
amplification, two grating pair systems have been introduced in order to compress the
laser entering the last stage amplifier. This amplifier has been perfected by
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Dr. Daniel Houde, who ingeniously designed it to generate two equivalent outputs
instead of just one as usually the case.

LIALIDCLAILIDCLIALIDCLI Foom Cp
MA bbb bbb _ From CPM
TR VLI
DL:-——-': SRl DL>———-: r
NdYAG 1.064um/ 532nm
M BS BS L = |
M B \
1 M
M BS
GR % ]
él o AN I S—
; DCBS  DC DCBS
- GR Y
M\
GRY > j'ﬁm_'l
DCM DCM

Figure 3.3.1. Four-Stage Femtosecond Laser Amplifier.

As shown in Fig. 3.3.1., the crucial part of the last stage amplification consists of
a pair of dichroic beam splitters (DCBS) and a pair of dichroic mirrors (DCM). The
DCBSs divide the 532 nm pumping laser beams from the Nd*3:YAG into two equal
parts while letting the 620 nm laser from the previous three stage amplifier to pass
unchanged. The DCMs totally reflect the 532 nm pumping beams but let the 620 nm
laser to pass. In the last stage amplification, two 620 nm laser beams, that come out
as +1 and -1 order diffraction from the second compressing gratings, are pumped
longitudinally in the two Sulforhodamine 640 dye cells (DC). This ingenious design
allows one to make full use of the resources of the system. It outputs two equal 620
nm laser beams having a pulse duration 100 fs, a repetition rate of 10 Hz and a
typical energy of 0.3 mJ/pulse.
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3.4. Four-Wave Mixing System

The time-resolved non-degenerated four-wave mixing (TRNDFWM) system used
in our experiment is shown in Fig. 3.4.0.1. .

From the Femtosecond Laser System \M
TFeo WP I Lyl |
P L P ¥ |
vp<___ U 1 g
CPL
SP/PH Lj” M :
il N m,
To Detecting System PLeso™ T R
. ' /
'I"%:Amphﬁer VD r/
—-c

Figure 3.4.0.1. Four-Wave Mixing System.

The amplified laser beam, exiting from one of the arms of the femtosecond laser
amplifier, is divided into three by beam splitters (BS). Two of them serve as pump
pulses, whose polarisation directions are controlled by the half wave pieces (WP,,)
and Thompson polarizer (TP or PL). The third 620 nm pulse is focused into a 60 pm
ethaleneglucol jet (JT) to generate a wide-band subpicosecond white continuum, from
which a A = 650 nm, 8A = 10 nm pulse is selected by an interference filter (Fs,).
This 650 nm pulse serves as probe. Its polarization direction is also controlled by a
half-wave piece and a Thompson polarizer. The three beams are focused by a group
of lenses onto the sample with a spot size approximately 600 pm in diameter. Pump
pulse and probe pulse are sampled by two glass pieces (GS). The sampled lights are
fed into two photodiodes (PD,, PD,) where they are converted into electric signals,
which are served as the reference for data acquisition system.
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3.4.1. Spatial Arrangement of Four-Wave Mixing
Beams.

The spatial arrangement of the beams involved in four-wave mixing is given in
Fig.3.4.1.1.

x1 sz
T sample
or
pump2 . pin hole
pumpl : probe __—+—
B
- o
—T : =
T -
yi/ﬂ____:_' _ y2 T
caﬁrating pump?2

Figure 3.4.1.1. Spatial Arrangement of Four—Wave Mixing Beams

The propagation directions of the pumps, probe and signal pulses are pre-set and
controlled by the relative position between a calibrating plate (CPL, in Fig. 3.4.0.1.)
and a pinhole (PH, in Fig.3.4.0.1.). The CPL has four holes, two used by two pump
beams and one by the probe beam. The fourth is used to calibrate the signal beam
propagation direction. The spatial arrangement leads to angles of 1.21° and 2.4°
between the probe beam and the two pump beams. Once the calibration has been
done, the sample (SP, in Fig. 3.4.0.1.) or reference crystal/glass/quartz will be put
into exactly the same position that the pinhole held before. With this specific spatial
arrangement, the diffracted FWM signal will exit in the phase-matching direction k, =
k, — k, + k,, as shown in Fig. 3.4.1.2. .
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Figure 3.4.1.2. Wave Vector Diagram of Four—Wave Mixing Process.

3.4.2. Synchronization of the Two Pump Pulses

Before starting any TRFWM measurement, the two pump pulses must be
synchronized. This is done by observing the autograting effect in the reference
crystal, SrTiO,. After carefully calibrating the wave propagation directions and
putting the reference crystal in place, one then adjusts the relative delay between the
two pump pulses by moving the variable delay line (VD, in Fig. 3.4.0.1.). Putting a
screen in the x,0y, plane, shown in Fig. 3.4.1.1., when synchronism is achieved, an
autograting pattern, shown in Fig. 3.4.2.1., will appear. This pattern can be seen
easily if the pump power is sufficiently intense.

By scanning the probe variable delay line (VD, in Fig. 3.4.0.1.) which is
controlled by a step motor and computer software, one can find a position where the
three pulses are properly synchronized. This occurs when the largest response is
observed on the screen of a monitoring oscilloscope that is connected to the channel
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0 or channel 1 output from the amplifier. Once the three beam synchronization
position has been found, one can start to scan the reference quartz or glass, and then
the sample to be measured.

Ax2

signal probe
O @
— y2
O e @ O
autograting1 pump1 pump?2 autograting2

Figure 3.4.2.1. Relative Positions of Pumpl1, PumpZ2,
Probe, Diffracted Signal, and Autograting Beams.

The maximum length of the probe delay line is 50 cm, which corresponds to a
delay time of 1.7 x 10¢ fs = 1.7 ns, and the minimum step is 0.2 pm, which
corresponds to a time interval of 0.66 fs. Because the scanning generally needs to
start from a negative delay position, for which the probe pulse will arrive at the
sample or reference earlier than the two pump pulses and thus no FWM signal will be
available ( recording of the system base line ), the longest delay time we can reach in
the experiment is about 1.3 ns.
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3.5. Four-Wave Mixing Signal Detection System

The four-wave mixing signal detection system is described in Fig.3.5.1. . The
diffracted FWM signal is first spatially selected by a group of iris (1) and lens ( L ),
then filtered in frequency by a low passing band filter starting at 650 nm (F.,,), and
finally fed into a Wollaston prism (WP) which separates the two orthonormal
polarizations of the beam. The intensity in each path is detected via two photodiodes.

The above two step selection of FWM signals and the use of a 650 nm probe
beam have greatly increased the signal to noise ratio. The 620 nm pump beam
diffusion background from the samples is suppressed. The diffused light would
otherwise in some cases, e.g. for Langmuir-Blodgett thin films, give us a serious
problem and make it impossible to extract the signal from the noise background. We
have introduced special technique called transparent shuttle,which is made of a
piece of glass (Shown in Figure 3.4.0.1., symbolized by TS), to overcome this
obstacle. After the whole system is optimized and the two pump beams are
synchronized, when starting data acquisition, first put this shuttle into the light path
of one of the pump beams. At this moment, the pump beams has not been cut off
but been de-synchronized since the transparent glass piece introduced an extra light
path for one of the pump beams, what is collected by the data acquisition system is
just the strong diffusion background B. Then, in second step, open the shuttle, let the
two pump beams pass through and arrive at the sample simultaneously, recording the
intensity A4, under this condition. Finally, the data acquisition system can get the real
signal § embedded in the strong diffusion noise background:

S=A-B. (3.5.1.)
oD wp Diffracted FWM Signal
Fvﬁ’m p | fom FWM Sysem
| R AL
oD I L1
Channel |
Chiunnel 0 To Amplifier

Figure 3.5.1. Four-Wave Mixing Signal Detection System.
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3.6. Four-Wave Mixing Data Acquisition System

The four-wave mixing data acquisition system is depicted in Fig. 3.6.1. There are
four channel signals: channel 0, perpendicular diffracted FWM signal; channel 1,
horizontal diffracted FWM signal; channel 2, pump pulse reference; and channel 3,
probe pulse reference. These are first sent into an amplifier and then collected by a
software controlled A/D card. Before starting the acquisition, a programme called
"histogram”, makes a measurement of the statistical distribution of the number of
pulses versus the intensity of the pump pulse (channel 0) and the probe pulse
(channel 1). This procedure gives the ranges in intensity of the pump and the probe
and allows proper validation of the data: when the intensities of pump and probe are
inside the premeasured ranges, then the data collected is valid, otherwise the data
should be abandoned. Every experimental data point is statistically averaged,
typically 50 ~ 150 valid pulses per data point, depending on the stability of the total
system. When finishing acquisition of a data point, the computer gives an instruction
to the step motor of the delay line to advance a certain value. According to our
experience, a step-changing scheme has to be used during the data acquisition in
order to best compromise between the shortest response time (~ 100 fs) and the
longest detectable response time (~ 1.3 ns).

—I—<—- From Vertical Channel Sighal
o —<—

chl From Honzontal Channel Signal
COMPUTER AMPLIFIER ‘ég“""bé—- From Pump Reference

From Probe Reference

Figure 3.6.1. Four-Wave Mixing Data Acquisition System.

3.7. Synchronism Control System

The synchronism control system is presented in Fig. 3.7.1. . In the CPM cavity, a
weak 620 nm femtosecond laser signal sample is reflected from the surface of one of
the prisms and collected by a photodiode (PD). The converted signal is preamplified
(AMP) and then sent into a delay pulse generator (DPG) which will in return send a

70



series of trig pulses to all the subsystems that need to be synchronized, e.g. Nd3*:
YAG, A/D card, etc. . A proper adjustment of the delays allows the total system to
work in a more efficient way.

Sampling from CPM PD |
=~ AMP DPG

Figure 3.7.1. Synchronism Control System.

3.8. Experiment Approaches

For a successful TRNDFWM experiment, the following parameters or factors
should be adjusted or decided on, being careful to keep a proper balance between
some of them:

(1) the spot sizes and shapes of the two pump beams and the probe beam,

(2) the relative intensity of the pump and the probe beams,

(3) the polarization of the three input beams,

(4) the propagation directions of the FWM beams (three inputs and one output),
(5) the type of detectors,

(6) the dynamic ranges for the intensity of the two pump pulses and the probe
pulse,

(7) the wavelength of the probe and of the diffracted light,

(8) the position of the sample, the reference crystal, the reference glass, or the
reference quartz,

(9) synchronization of the two pump pulses,
(10) overlapping distance of the three input beams,
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(11) the system's time resolution limit, pulse duration of the pump and the probe
pulses,

(12) the number of pulses per data point,

(13) the steps (in microns) and the number of steps of the delay line, in different
time scale regions,

(14) phase-matching type of the beams in the sample or the reference,
(15) phase matching angles for every possible cases,

(17) stability of the total system, and

(18) synchronism between all the subsystems.

Most of these parameters and factors have been described in previous sections.

The general procedure of a TRFWM experiment is summarized as follows:
(1) pre-adjusting the whole system,
(2) setting each of the above parameters or factors,

(3) making an acquisition for a reference sample, e.g. crystal, glass, or quartz, to
get some information about the experimental system which will be used for
data fitting and making calculations of the third-order nonlinear optical
susceptibility x®, etc.,

(4) doing a pre-scan for the sample to be measured to get the parameters
necessary for making the data acquisition,

(5) making sample data acquisition,
(6) fitting the temporal spectra of the reference,
(7) fitting the temporal spectral of sample,
(8) repeating the above procedures, if necessary.
If the results from the experiment are satisfactory one must then make a theoretical

calculation and analysis to extract the information contained in the data and attribute
them to suitable physical mechanisms.
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Chapter 4

Results and Discussion

In this chapter, we present the results of time-resolved four wave mixing
(TRFWM) studies on

1. sublimated films of cerium porphyrin phthalocyanine sandwich mixed
heterodimer, Pc?-Ce!VTPP?",

2. sublimated films of cerium porphyrin phthalocyanine symmetric trimer,
TPP?"Ce'Pc2-Ce' TPP Y,

3. Langmuir-Blodgeﬁ films of cobalt porphyrin phthalocyanine mixed dimer
CoPC,,*" / H,PcTS*,

4. sublimated films of neodymium porphytin phthalocyanine dimer
Pc2-Nd™pc®, and

5. sublimated films of neodymium porphyrin phthalocyanine trimer
Pc>"Nd"'TPP2-Ndpc?-,

The results have been compared with those from transient absorption experiments
on these samples so as to attribute the different relaxation components to the different
relaxation paths. It is found that, due to the existence of intramolecular charge
transfer and intermolecular excitonic excitation migration, degrating times of these
sample in FWM experiments are shorter than those having only population relaxation
from one excited state to the other. Third-order nonlinear optical responses of the
samples have been measured by TRFWM. The absolute values of the third-order
nonlinear optical susceptibility x® of these samples are determined by comparing the
third-order nonlinear optical responses of the samples with those of a slide of fused
quartz under exactly the same experimental conditions, taking quartz y® value as a
standard reference.
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We have performed the first TRFWM experiment on sublimated films, observed
and investigated the first two correlated phonon mode shifting phenomenon and the
first photorefractive effect in an organic multimer thin film, and made the first
identification of diffusion contribution to the degrating process.

4.1. Time-Resolved Four-Wave Mixing Study on the
Sublimated Film of Cerium Porphyrin

Phthalocyanine Heterodimer Pc 2ce"VTPP”
4.1.1. Experimental Aspects

Details of the preparation of Pc2"CelYTPP2" are given in [205, 206]. Sublimated
films of the compound were made in the laboratory of Prof. L€ Dao, in INRS-Energie/
Matériaux de Varennes, Montréal, Québec, Canada, as described in reference [207].
The ground state absorption spectra of Pc2-Ce!VTPP?- have been recorded by a
HITACHI U-2000 spectrometer. The time resolved transient response has been
detected by a four-wave mixing system, explained in Chapter 3, section 3.4., which is
similar to that used by Etchepare et al. in their transient grating experiment [207]. A
colliding pulse mode-locked (CPM) dye laser pumped by an Argon laser at 514.5 nm
and amplified by a four-stage amplifier gave rise to a 100 fs pulse centred at 620 nm
having a repetition rate of 10 Hz. The spatial arrangement of the four-wave mixing

beams is shown in Fig. 3.4.1.1. . Two pump pulses with the same wavelength A, =

620 nm and at an angle of 2.11° in respect to each other, and a third probe pulse, with a
wavelength at 650 nm and at the angles of 1.21° and 2.4° with respect to the two pump
pulses, impinge on the sublimated sample of Pc2"CeVTPP2" lying on quartz substrate
with a spot size being approximately 600 pm. The fourth diffracted four-wave mixing
signal was detected as a function of the probe pulse delay time with respect to the two
synchronized pump pulses. The two pump pulses and the probe pulse are polarized in
the same direction. The given FWM geometry gives a coherent signal that is seen in
the k, = k, — k, + k, direction as shown in Fig. 3.4.1.2. . The signal is spatially selected
by the given geometry, filtered at wavelength 650 nm by a low-pass band filter and
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then fed into a Wollaston prism linked with two photodiodes which convert the signals
into electronic ones. This arrangement allows us to get rid of the strong diffusion
background coming from the 620 nm pump beams falling on the sample, which would
otherwise in some cases give us a serious problem. The temporal shapes of the pump
and probe pulses were determined by measuring TRFWM signal in a reference glass or
fused quartz slide, then fitting the experimental data according to an appropriate
theoretical model. ‘

4.1.2. Results and Discussion

1
M(P)L4: Metallo—Porphyrin
I\

>

15

ME

:

B.

Porphyrin
Phthalocyanine

PMPc M(Pc)Ls: Metallo—Phthalocyanine

Figure 4.1.2.0.1. Constitution of Octacoordinated Metal Mono—
tetrapyrroles M(P)Ls and Configurations with A: Monotetrapyrroles,
B: Bistetrapyrroles PMPc, e.g., PcCeTPP, M = Lanthanide Metal Ion.

The structure of the heterodimer is depicted in Fig. 4.1.2.0.1. . When R in position
5, 10, 15, 20 of porphyrin are replaced by group CH,C.H,, it gives rise to 5, 10, 15, 20-
tetra (p-tolyl) porphyrin, i.e., TPP.

The absorption spectra of the ground state of the film of Pc2-Ce!VTPP?" sublimated
on a quartz substrate is displayed in Fig. 4.1.2.0.2., which shows the Soret band of the
phthalocyanine and porphyrin moieties centered at 342 nm and 423 nm [205, 206,
209]. The two visible and near-infrared absorption bands in the regions 540 - 650 nm
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and 700 - 900 nm were attributed to the phthalocyanine Q bands in the dimer, thought
the first visible band probably contains a contribution of the porphyrin Q bands. These
last bands generally appear around 540 - 630 nm in the spectra of Ce(IV) bis-
porphyrins.

T T T T T T T T
25 F N

No. nm abs nm obs
1 286.0 1.746 258.0 1.548
2 3420 2373 2.930 1.732
3 4220 1.817 393.0 1.630

4 539.0

2.0

Absorption ( a.u.)

1.5+
1.0+
05+
D‘o 1 1 1 L 1 1 1 1
300 400 500 600 700 800 900 1000 1100
Wove Length ( nm ) :
Figure 4.1.2.0.2. Ground State Absorption Spectrum of the

Sublimated Film of the Heterodimer PcCeTPP on a Quartz Substrate.

4.1.2.1. Time-Resolved Four-Wave Mixing Experimental
Results

TRFWM signals at the &, = &, — k, + k; phase matching direction are shown in Fig.
4.1.2.1.1. ~ Fig. 4.1.2.1.4. by downward triangles as a function of delay time 1,
between the two synchronized pump pulses and the probe pulse. Different time scales
of 10 ps, 100 ps, 500 ps, up to 1.3 ns are plotted. From the diagram having the smallest
time scale one can see that the shortest relaxation component is still several times
bigger than the system's resolution, i.e., the pump/probe pulse duration ( = 100 fs ),
which is determined by fitting the TRFWM data of a reference glass. The diagram
with the longest time scale shows that the sublimated heterodimer system possesses
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Figure 4.1.2.1.1. TRFWM Signal at Phase—Matching Direction as a Function

of Probe—to—Pump Delay Time for the Sublimated Film of the Heterdimer
PcCeTPP on a Quartz Substrate in a Time Scale up to 10 ps.
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Figure 4.1.2.1.2. TRFWM Signal at Phase—Matching Direction as a Function

of Probe~to~Pump Delay Time for the Sublimated Film of the Heterodimer
PcCeTPP on a Quartz Substrate in a Time Scale up to 100 ps.
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a very long response time much above the detection limit of our TRFWM system, i.e.,
1.3 ns. In section 4.5., this will be proposed to be a photorefractive effect. The
measured signals are free from coherent artifacts, which, coming from virtual electron
excitation, would have appeared as a sharp spike at zero delay. The most interesting
and the most conspicuous phenomenon that, to our best knowledge, has never been
seen and reported on a thin film sample, is the appearance of the two oscillating
components shown in Fig. 4.1.2.7.1. . Quite surprisingly, one can identify two
correlated phonon modes that shift from one to the other in a relatively short period of
time. This phenomenon will be studied in section 4.1.2.7. .

4.1.2.2. Transient Absorption Experimental Results

In order to attribute the different relaxation components of the data from the
TRFWM experiment to the appropriate physical mechanisms, it is essential to compare
the experimental results with those from transient absorption experiment. The
lanthanide bisphthalocyanine with a metal ion MY, e.g., Ce'¥, having an electron
configuration 4f15d!6s2, is paramagnetic. In the transient absorption experiment
[210], 620 nm pump pulse generates a first excited state S, with a population P, (7).
This population has a longitudinal relaxation time t, = T ™= ((7 ")~ +(T'$¢)1)!
= 1.2 ps. It relaxes with a time T<T towards a charge transfer state CT having a

population P, (7) and with a time 7€ towards an excited triplet state T; having a
population P; (t). Finally the charge transfer state relaxes towards the ground state S,
with a time 1, = T {*? = 22 ps while the triplet excited state T, does so with a time

1, =T " = 130 ps. These three values give rise to the second line in Table

4.1.2.9.1. . The related processes are depicted schematically in Fig. 4.1.2.2.1. (a) and
summarized in the following schematic mechanisms:
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Figure 4.1.2.2.1. Schematic Presentation of the Relaxation Path of
the Sublimated Heterodimer Film of PcCeTPP in the Experiment of

(a): Transient Absorption (TA), and (b): Time—Resolved Four—Wave
Mixing (TRFWM) and Two Correlated Vibration Modes w1,71 and wz,T2.

80



4.1.2.3. Fitting of Time-Resolved Four-Wave Mixing
Experimental Data

The information of the given molecular systems can be extracted from the
TRNDFWM experimental data using the theoretical calculation carried out in Chapter
2., section 2.7. . This gives the following expression which we used to fit the
experimental data:

2
Sy(ta)= jdt[IdT(Rcoupled phonon (0+ R 3 population relaxation ('C)) Ipump(t - T)] X
X Iprobe(t -14) =

2
3
=Idt[de(Rcoupledphonon (t)+Zx$)p rel., IP (T)J pump(t"'[):l Iprobe(t"’cd)
i=1

(4123.1.)

where xSl)onon and x;i; rel,i arc the third-order nonlinear susceptibilities for the
correlated phonon and for the ith component of population relaxation, Iy, and g
are the intensities of the pump light and probe light.

When treating the data without oscillation, only the response from a four-level
system which relaxes from one to the other, is needed:

1 TT, 1 1 1 7TT . TT, -t/ 1 TT
3) 3 14a ot 41 4L 4, N y 1 4L 4,
Rapopr () =L+ 20 7 e 20 Tnﬂ-Tz)ﬂ-ﬂ] [ A
1 1 I'T, T,T i 1 11 T7T | TT, 11 TIT TT Ay
3) w2 1 4L 4, ek I 14y Ly 44
"T,TL,T-TT.- T]e ”‘5[ LT LT T LT-L L T,}e
(41232.)

where, in our specific case here, 1, 2, 3 denote singlet excited state S,, charge transfer
state CT and low-lying state LS respectively; 7z, =T, is the relaxation time of the level
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1, and T,

j s the relaxation time of the system from level i to j (i, j = 1, 2, 3). In
complicated cases, more relaxation terms and more response functions can be added

into ( 4.1.2.3.1). Nevertheless, this minimal four-level model is sufficient for our aim.

The routine procedure for data processing are: first fitting the experimental data of
the reference ( usually, using glass or fused quartz slide) to get the parameters about
pump and probe pulses ( FWHM, temporal shape, either gaussian, biexponential, or
sech), then using these parameters to fit the experimental data of the sample by
appropriate models.

The TRFWM signal was measured as a function of probe delay time with
respect to the pump pulses. The experimental results are shown in Fig. 4.1.2.1.1. ~
Fig. 4.1.2.1.4., symbolized by the downwards triangles, with the different time scales
of 10 ps, 100 ps, 500 ps and 1.3 ns. The full lines in Fig. 4.1.2.1.1. ~ Fig. 4.1.2.1.4,
and a long dash line in Fig. 4.1.2.7.1. ~ Fig.4.1.2.7.8. refer to the contribution of the
three excited state populations. The dotted lines in Fig. 4.1.2.1.1. ~ Fig. 4.1.2.1.4.
represent the three population relaxation components respectively. The temporal shape
of the pump-probe pulses, determined by measuring TRFWM signal on reference glass
(quartz), is also shown in Fig. 4.1.2.1.1. ~ Fig. 4.1.2.1.4. . This shows that the time
resolution of the TRFWM system is better than 100 fs.

The fit of the oscillating part of the experimental data will be treated in the next
section. For the non-oscillating part, three relaxation components with time constants
of 0.9 ps, 84 ps and 1.3 ns (beyond the limitation of our delay line) have been
determined (the solid lines shown in Fig. 4.1.2.1.1. ~ Fig. 4.1.2.1.4., and long dash

lines in Fig. 4.1.2.7.1. ~ Fig.4.1.2.7.8.). The three components, 7{"°Y = 0.9 ps, T{T%?

= 8.4 ps and T{™ 1.3 ns, observed by fitting TRFWM experimental data, have been
listed in the third line of the Table 4.1.2.9.1. .

From the table, we can see that the first two de-excitation components from time-
resolved four-wave experiment are shorter than those from transient absorption
experiment. The last one, however, is much longer. These findings reflect two
important effects: diffusion contribution to the degrating process and the
photorefractive effect in the sublimated film.
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In order to interpret the fitted experimental results and attribute them to suitable
physical processes, in sections 4.1.2.4. - 4.1.2.6., we will propose and discuss three
possible physical models, which will be used in sections 4.1.2.7. - 4.1.2.8. to explain
the experimental phenomena.

4.1.2.4. Singlet Migration by Coupling of the Charge
Transfer State between Neighbouring Molecules

We shall now discuss the various mechanisms by which these excitations can move
in the solid state. This motion is of the Davydov type [211].

One possible mechanism, for the migration of the excited singlet state involves the
charge transfer state. The strong electric dipole associated with the latter favours a
strong intermolecular transfer coupling between the two species. In the TRFWM
experiment, ultrashort pump pulse creates a transient charge transfer state in the cerium
porphyrin phthalocyanine heterodimer Pc2"Ce™VTPP2", as indicated by transient
absorption experiment. Because there exist microscopic crystalline domains in the
sublimated film, as shown in Fig. 4.1.2.8.1., the molecules are expected to be arranged
more regularly in these domains. This favours intersystem coupling among the
neighbouring molecules. Due to the similarity between the neighbouring molecules,
the excitation can be transferred quickly and effectively from one place to the other.

As depicted in Fig. 4.1.2.4.1. (A), at the beginning, molecule a} is in the ground
state S,. When excited by the pump hv = hc/A |, _ g0 me it gO€S into the singlet excited
state S,, and its molecular configuration changed from a}: (Pc2-CeVTPP 2 )% to
a,;: (Pc2"CelVTPP2")*St. During the de-excitation, if the system makes a transition to
a charge transfer state (CT), the phthalocyanine moiety is oxidized from Pc?” into a
radical Pc’, while the cerium ion is reduced from Ce™ to Ce™. This corresponding
to transfer an electron from phthalocyaninePc® to Ce!V through ring-to-metal charge

transfer (RMCT). The molecule a,: (Pcz'CeWTPPz')"Sl has been transferred to
al: (Pc*Ce™TPP2-)*CT. The molecule looses an energy Escy =Es, —Ect in this

process. If during the transition, a neighbouring molecule is already in a charge
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transfer state a}: (Pc*Ce ! TPP2-)*CT, as a result of the ring to metal charge transfer
state coupling (RMCTSC) between the neighbouring molecules a, and a}, the molecule
aj: (Pc‘CemTPPz')"CT can effectively re-absorb this energy Egcr = Es, — Ect, and
transfer an electron back from cerium Ce™ to phthalocyanine Pc®. After that, the
molecule aj}: (Pc’CemTPP 2-)*CT  will get back to its excited singlet state

a,: (Pc2"CelVTPP2-)*S1. The above process can be summarized in the following
scheme:

a,:(Pc? -CelVTPP?* )SO —)al (Pcz'CeW'fPPZ')‘S
| RMCTSC , aj: (Pc;CemTPPz')"Cr
a;:(Pc:CemTPP2 )*CT 4
a2:(P02'C<3WTPP2')"S

u RMCTSC s

(4.124.1.)

When the process is finished, the singlet excited state has been transferred from
molecule a, to its neighbouring molecule a,, and the molecule
a,: (Pc2Celv TPP2")*S1 is ready to start another similar cycle. In this way, the
singlet excited state will migrate from molecule a, to molecule a,, from a, to --- , - to
a, from a; to a;,, etc., i.e..

o o ———— o ————_—— e —————— gy

------------
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Figure 4.1.2.4.1. Singlet Excited State Migration by

the Ring to Metal Charge Transfer State Coupling (RMCTSC)
between the Neighbouring Molecules in the Sublimated

Film of the Heterodimer Pc Ce" TPP® .

or equivalently, a distant charge state/molecular dipole has been exchanged with a
singlet excited state. We will see in the following sections, how this will contribute to
the degrating process and eventually to a photorefractive effect in the sublimed film of
the heterodimer Pc2-Ce!VTPP?".

Furthermore, the localized electron transfer during which electron moves between
phthalocyanine moiety Pc2™ and the central cerium ion Ce'¥, will cause the system

configuration changing between a,: (Pc2CeVTPP?" )i and

al: (Pc*Ce™TPP2-)*CT This is just the very origin of the two correlated phone
mode shifting phenomenon, which will be discussed thoroughly in section 4.1.2.7. .
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4.1.2.5. Charge Transfer State Migration by Spin-Orbit
Coupling between the Neighbouring Molecules

(b7): pg- b5, (0 pcT (b2): Pt
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Figure 4.1.2.5.1. Charge Transfer State Migration by Spin-
Orbit Coupling between the Neighbouring Molecules

in the Sublimated Film of the Heterodimer ls.c Ee TI’P .

The charge transfer state of the heterodimer Pc2 Ce'YTPP?"has a molecular
configuration a!: (Pc*Ce ™ TPP2-)*CT compared with all other molecular excited state

configurations (Pc2Ce!VTPP2")*. The phthalocyanine molecule in the CT state is a
radical and the whole molecule is just equivalent to a dipole p. Crystalline arrangement
of the molecules makes it possible that the wave function overlap can occur between its
neighbouring molecules. This mixing with the neighbour's excited state results in a
strong coupling between them. As depicted in Fig. 4.1.2.5.1. (A), if a molecule b, in its

charge transfer state b,: (Pc:CemTPPz')"‘Cr has a neighbouring molecule b, in its
triplet state by: (Pc2"CeYI'TPP2")* 11, then b, can make a transition from its charge
transfer state CT to its triplet state T,, by spin-orbit coupling (SOC) between the
neighbouring molecules, and molecule b, can absorb the energy emitted by b,, change

its spin and molecular configuration to b,: (Pc?Cem'I'PP2')'Cr. Now the molecule
b, is ready to start another similar cycle. In this way, the charge transfer state or
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equivalently the molecular dipole p, will be transferred from its origin to a place far
away, as summarized in (4.1.2.5.1.).

?129—)b2 & ............ ﬁ)_(_:_, bj& bj+1
Lc/p Y c/p d Lci/p N ci/p M
! i
? CT/p !

__________________________________ (4.1.2.5.1)

It is believed that this molecular dipole migration contributes to the photorefractive
effect observed in the sublimated film of the heterodimer.

4.1.2.6. Excitation Migration by Excitonic Coupling
between the Neighbouring Molecules

Even without charge-transfer-state coupling and spin-orbit coupling between
neighbouring molecules, the excitation can still be transferred by excitonic coupling
between the molecules.

Analogous to singlet and triplet excitation migration, the excitonic excitation
migration process is shown in Fig. 4.1.2.6.1., the excitation hv = hc/A | %= 620 o UM the

molecule ¢?: (Pc2"Ce!VTPP2 )% in the ground state S, into an excited one
gr 0

¢,: (Pc2°Ce™YTPP2)™St, Owing to the ordered arrangement of the molecules in the
microscopic crystalline domains, which favours intermolecular interactions and the
excitonic coupling between the neighbouring molecules, this excitation can be
transferred to the neighbouring molecule, as shown in the following scheme:

co:(Pc?"CeVTPP2 ) — 5 ¢ 1 (Pe2CeVTPP?" )" —EC 5 ¢, (Pc2Ce!VTPP2")

(4.12.6.1.)

When the process is completed, a portion of the energy E;. has been transferred
from the molecule ¢, to the neighbouring molecule ¢,. Now c, is ready to start the next

similar process, if it is feasible. In this fashion, the excitation will be transferred
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rapidly and efficiently from one molecule to the other and finally far away from its
original place, as summarized in Fig. 4.1.2.6.1. .

Exx
(c1): Pc *®* ...................................... 7 (¢): Pe N (c1): ): Pc ‘l
\\Ce/ EC \\(_?D%// EC EC \%ei/ EC \%e(/
—_—T T - > —_—
e N Exx e N Eex Epx e N Erx s .
TPP TPP TPP TPP
Figure 4.1.2.6.1. Excitation Migration by the Excitonic

Coupling between the Adjacent Molecules in the Sublimated
Film of the Heterodimer Pc Ce"TPP*.

This excitonic excitation migration will also contribute to the degrating process and
cause a shorter response in TRFWM, as we will see in the following sections. It is also
important to the photorefractive effect in the sublimed film of the heterodimer
Pc2-Ce!VTPP?.

4.1.2.7. Identification of Two-Correlated-Phonon Mode-
Shifting Phenomenon

As mentioned in section 4.1.2.1., one of the most interesting phenomena observed in
our TRFWM results on the sublimated film of the heterodimer Pc2"CeVTPP2" is that
there is an oscillatory modulation superposed on the decaying curves. This modulation
can not be fitted by any simple superposition of independent phonon modes, which
would be the natural way to treat the phonon modes in most situations.

The oscillatory behaviour we have recorded in the TRFWM experiment, is shown in
Fig. 4.1.2.7.1. . It is similar to what we have reported earlier in a crystal of conducting
polymer a-[BEDT-TTF],]1; [212] and in a crystal of ferroelectric KTa, 4;Nb, ,,0, [213,
214]. In the both cases, we observed very strong oscillations which were attributed to
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librational mode for the former and to soft-polariton mode for the latter. In this case,
we observed clearly two modulation periods, one with a lower frequency of about 30
cm! on left side of the curve (or a period of roughly 1.1 ps) and another with a higher
frequency around 40 cm-! (or a period of approximately 0.8 ps) which are shorter than
a crossover time of 3 ps. The crossover time is in line with the decay time of the S,
population or the rise time of the CT population. The amplitude of the modulation is
also consistent with the 8.4 ps decay rate of the CT state. The oscillation signal is
extremely difficult to be obtained in a sublimated thin heterodimer film compared with

those of the big crystals of the organic conductor and the ferroelectric._Since a special

noise reduction technique, called Transparent Shuttle (Figure 3.4.0.1.. and section

3.5.), has been used, and, to get the signal S, the background noise B has been

substracted from the collected light 4 (equation (3.5.1.), what we got is definitely a real

signal. Though oscillation signal of the heterodimer is not as perfect as those of the
previous two samples, it is good and strong enough to be distinguished from the

background. We confirmed this oscillation behaviour by having observed the same

phenomena reproduceably in the sublimated samples made in different time for the

same heterodimer compound.

In order to fit the results with a physically meaningful model, we first use
independent phonon mode or any combination of them as we did before in references
212 - 214. According to ( 2.7.2.2. ), for a coupling phonon mode with a frequency ®
and a damping time 1, the corresponding response of a molecular system is:

R(t)=%ijx1 € .

where ¢ is a phase factor.

(4.12.7.1.)
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Sublimated Heterodimer Film of PcCeTPP on Quartz Substrate
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Figure 4.1.2.7.1. Oscillating Part of TRFWM Signal at Phase—Matching

Direction as a Function of Pump—to—Probe Delay Time Fitted with
Two Correlated Phonon Modes Shifting from One to the Other.
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Figure 4.1.2.7.2. Oscillating Part of TRFWM Signal at Phase—Matching

Direction as a Function of Pump—to—Probe Delay Time Fitted with
a Single Phonon Mode of v = 30 cm™, Tump = 0.90 ps.
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Figure 4.1.2.7.3. Oscillating Part of TRFWM Signal at Phase—Matching
Direction as a Function of Pump—-to—Probe Delay Time Fitted with a
Single Phonon Mode of v = 40 cm™ , Tywmpy = 0.90 ps.
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Figure 4.1.2.7.4. Oscillating Part of TRFWM Signal at Phase—Matching

Direction as a Function of Pump—to—Probe Delay Time Fitted with a
Single Phonon Mode of ¥ = 30 cm™, Ta=p, = 8.4 ps.
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Figure 4.1.2.7.5. Oscillating Part of TRFWM Signal at Phase—Matching

Direction as a Function of Pump—-to—Probe Delay Time Fitted with a
Single Phonon Mode of v = 40 cm™, Tump = 8.4 ps.
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Figure 4.1.2.7.6. Oscillating Part of TRFWM Signal at Phase—Matching

Direction as a Function of Pump-to—-Probe Delay Time Fitted with a
Single Phonon Mode of v = 30 cm™, Tgmp = 1.3 ms.
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Figure 4.1.2.7.7. Oscillating Part of TRFWM Signal at Phase—Matching
Direction as a Function of Pump-to—-Probe Delay Time Fitted with a
Single Phonon Mode of v = 40 cm™, Tamp = 1.3 ns.
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Figure 4.1.2.7.8. Oscillating Part of TRFWM Signal at Phase—Matching

Direction as a Function of Pump—-to—Probe Delay Time Fitted with a
Summation of Two Independent Phonon Modes.
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Then we suppose that the oscillating components, originate from the coupling of
the excited states. During the fitting of the oscillating data, the parameters of the non-
oscillating components are chosen to be fixed. Using (4.1.2.7.1.), for the independent
phonon mode choosing v, = 30 cm!, v, = 40 cm™! (seen from Fig.4.1.2.7.1.), 1, = 0.90

ps, T, = 8.4 ps, 1, = 1.3 ns (three fitted components for non-oscillating data, the reason
for such choosing will be explained later), the different combinations of these modes
give rise to the results shown in Fig. 4.1.2.7.2. for (v,,t;), Fig. 4.1.2.7.3. for
(v,,1,), Fig. 4.1.2.7.4. for (v,,1,), Fig. 4.1.2.7.5. for (v,,1,), Fig.4.1.2.7.6. for
(vy,15), and Fig. 4.1.2.7.7. for (v,, 15). From these figures we can see that, for the
combination (v,, t;) or (v,, 1,) only one or two cycles of the experimental data can
be fitted. For the combination (v,,t,) or (v,,7,), just three cycles of the
experimental curve can be fitted, for the combination (v, t3) or (v,, 13), not more

than three cycles of the right side of the experimental curve can be fitted. Therefore, it
is clear that just one phonon mode is not enough for the fitting of the experimental
data.

For the superposition of the two independent phonon modes, the response of a
molecular system can be written as:

i +
R(t) = X(3) PRA sin(w, t+¢,)

ijkl,a H
Dy

@y

i TR (4.1272.)

nevertheless, the result of the fitting is proved still unsatisfying. For example, for the
combination of (v,, 1,) + (v,, T,), the fitted curve is shown in Fig. 4.1.2.7.8, is even
worse than those fitted with a single phonon mode. Obviously, neither a single mode

nor any combination of independent modes is an appropriate model for the fitting of
the experimental data.

However, the facts that there exist microscopically ordered domains in the
sublimated film of the heterodimer Pc2"Ce!VTPP2?" (see Fig. 4.1.2.8.1., section
4.1.2.8.) and that during the de-excitation, there is an intramolecular charge transfer
between phthalocyanine and central cerium ion in Pc2'CelVTPP?" and an
intermolecular energy transfer between the neighbouring molecules, which will change
the configuration of the system (as discussed in section 4.1.2.3. and section 4.1.2.4.),
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impel us to consider the possibility of existing of correlated vibration modes. The
previous observation of phonon modulation in TRFWM data on conducting polymer
[212] and on ferroelectrics [194, 213, 214] suggests that dipolar excitations are prone
to such effects. This shows that the CT state is definitely involved. This is not
surprising as there should be considerable distortion of the molecule in the CT state and
thus strong electron-phonon coupling. In fact, as show in Fig. 4.1.2.7.9. [210] (where

Pc

PC eommea— il 1.47 1] 1.353
1.466 -—Ge——- ——Ge——-
e CeY__ 1.832 1.922
TPP seem— il n
_— — c——Ce———
PC emee——s— TP P eeem—
P C mensm—
1] 1.66 P C em—
“m k- W 1.31
TPp 1.42 S - T
1.73
PC_
w |1.951
1.287
TPP

Figure 4.1.2.7.9. Schematic Presentation of Biplan and Triplan Mix-
turers of Ce" and Ln" (Lanthanides) with Interplanar Distances In A

"Ln" denoting lanthanide), Fig 4.1.2.2.1. (b) and Eq. (4.1.2.2.1.), the S, state, the triplet
state T, and the low-lying state LS have the configuration Pc2-Ce!VTPP?- with a ring-
to-ring (or interplane) distance of about 2.78 A while the CT state has the configuration
Pc®Ce"TPP2- and the interplane distance in this configuration is increased to 3.08 A .
Therefore it is quite reasonable to think that the molecule of a configuration
Pc*Ce"TPP2-with bigger interplane distance could have lower vibration frequency
and that of a configuration Pc2-Ce!YTPP?" with smaller interplane distance could have
higher frequency. During the de-excitation, when the intramolecular electron transfer
happens, the molecule will take one of these two configurations, and the total
population density should be conserved. Moreover, of the many TRFWM experiments
that we have performed on various organic thin film samples, it is only on this one
compound that has a CT state that we have observed such modulation, reproducibly.
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We thus believe that the phonon modulation is tied to the CT state. Since the excited
singlet S, state is only a short lived state and the fitting of the oscillation attributed to
this state has proved to be unsatisfied, the other possible state involving the oscillation
could be the low-lying state LS. The major difference between the cases in polymer
conductor [212] and in ferroelectric [213, 214] and our case is that in the former cases
the electronic transition does not cause a change in the phonon mode, nevertheless in
our case the electronic transition can change molecular configuration and give rise to a
change in vibration mode even in a fixed temperature, which in the former cases can
happen only when temperature has been changed. Therefore, in our case here, the
phonon modes are no longer independent but related to the electronic transition and
correlated to each other. This correlated-phonon mode-shifting phenomena in a
sublimated thin film is, to the best of our knowledge, a brand-new observation that has
never been reported on any atomic or molecular system.

Based on the above discussion, we now propose two reasonable models which fit
the experimental data successfully. These tacitly assume that sizable molecular
vibrations are triggered by the pump pulses through a Franck-Condon effect (Sq — S;).
To fit the two shifting vibration modes, instead of independent phonon modes, a
correlated phonon mode model should be used. They also both shun any important
direct contribution to the modulation from the S, population as its characteristic decay
time is not evident in Fig. 4.1.2.7.1. or in the preliminary fits discussed above. The first
model assumes that it is mostly if not exclusively the CT state that contributes to the
modulation (short period) while the long period oscillations are associated with the S,
population. Even though the S, vibrations need not directly be seen, their effect is
transferred to the CT oscillations through the phase: the phase of the CT oscillations is
inherited from the one of the S, oscillator at the time of its decay into the CT species.
This effectively stretches the modulation period below roughly 2 ps. One gets the
following:

Rporon =25 jdt' ‘((CT)) sinfw,, (t = 1') + (@,,t'+p,) fe ™ (4.1.2.7.3.)

l

where, x5 is the phonon third-order nonlinear susceptibility contribution of the

charge transfer state, ,, and w_, are the frequencies of phonon mode 1 and mode 2,
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@, 1S a phase constant. Note that in this modelling one has

t
P,(1) = jdt'P,(t')e"“"”” /T" . The fits can also endure some amount of direct
0

phonon contribution from P, of the form y sin(@,,t + ¢, )P,(¢). This model is

simple but requires that the Pc?"Ce!VTPP2~ configuration, with the shorter interplane
distance, have the longer twisting period. The second model assigns the longer period
to the CT state vibrations and the shorter period to the slowly rising third component,
the LS state:

t .
' sinl @ -1+ ,
Rcorrel.phon.(t) = ')C?l) Pt )dt' [ i ) ¢“1]e—(t-t Va1 4

T Dpy
? 12 _ " (4.1.2.7.4.)
@ P, (t’)dt, sin[@py (1-1") + @py | o~ (11753
n2 0 ]"23 a)n2 ’

where, ¥ and %) are the third-order nonlinear susceptibilities contributed by

nl

phonon mode 1 and mode 2, P,and P, are the populations of the excited singlet state S,

and charge transfer state CT, T}, = TP and T,; = T,®? are the relaxation times of the
system from the excited singlet state S, to charge transfer state CT and from charge
transfer state CT to low lying state LS, o_,, »,, 7,.7,, and ¢,, ¢, are the
frequencies, damping times and phase constants of the phonon mode 1 and mode 2.
The two integrations reflect the observation that phonon mode 1 shifts to phonon mode
2 but the total population keeps in constant, which is just what correlated phonon
modes mean. Note that P, (t')/ 7" is the CT — LS transfer rate. This model

presumes that the LS state contributes significantly to the modulation. This raises
questions about the nature of this state. If it is the CT state that is solely responsible
for the modulation, then the LS state has to involve metastable (deformed ?) CT
molecules having a shorter phonon period, at grain boundaries for instance. If not, the
long-lived LS state has a Pc2"Ce!VTPP?" configuration and has a strong modulating
effect.
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Both models have their shortcomings. But what clearly stands out is that the two
phonon modes have to be correlated and gradually shift from one mode to the other.

During the fitting, the two frequencies are taken as v! = 30 cm! and v) = 40 cm™!
at the beginning, and the two damping times as t}" =1, =8.4 ps and t}" =1, =13 ns.

v? and V) are roughly estimated from the experimental curve in Fig. 1.4.3.5.1. . The
reason that the damping times are taken as the de-excitation time, is that the changing
of the molecular configuration between Pc®Ce'TPP2-and Pc?-Ce'YTPP2- happens
during the de-excitation. Since 71 = 0.90 ps can not be used even to fit partially the
experimental curve by using single phonon mode, as shown in Fig. 4.1.2.7.2. and Fig.
4.1.2.7.3., the choice of the damping times should be made between the two de-
excitation times, 1, = 8.4 ps, and 1, = 1.3 ns. Because 1, = 8.4 ps is attributed to the
charge transfer state with a configuration Pc®*Ce"TPP2" which may have a lower
vibration frequency and 7, = 1.3 ns is attributed to the charge transfer state with a
configuration Pc2-Ce!VTPP?" which may have a higher vibration frequency ( see
section 4.1.2.9. for the details of the attribution ), consequently, the possible

combination of the two correlated phonon modes should be (v{ =30 cm! ,

1" =1, =84ps)and ( v; =40 cm}, 1" =1,=13ns).

Using the second two correlated phonon mode model, formulated in ( 4.1.2.7.4.),
fitting the experimental data leads to a thorough confirmation of such prediction: best
fitted two correlated phonon modes with the frequencies and damping constants 32
cm™” / 8.5 ps and 41 cm™ / 1.3 ns were obtained. The fitted curve appears as a long
dashed line in Fig. 4.1.2.7.1. . According to their damping times, frequencies and
related molecular configurations, the first mode is attributed to the charge transfer state
CT configuration, and the second mode to a low lying state LS configuration. The
correlated phonon mode presentation is completely consistent with the picture of
charge and energy transfer, discussed in section 4.1.2.3. and section 4.1.2.4. . This
phenomenon can not be just a coincidence, because we have observed reproducibly the
same behaviour using the same compound samples sublimated at different times by
different apparatus, in the TRFWM experiments at different times. This phenomenon
in a sublimated thin film, to our best knowledge, is the first time to be observed,
studied and reported. One of the characteristics of intermolecular or intramolecular
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electron transfer in the lanthanide heterodimer or heterotrimer systems is that these
processes are always accompanied with a changing in molecular configurations, which
may cause a vibration mode changes in such kind of systems. Therefore, the
correlated phonon mode shifting phenomena is only observable in a system relaxing
with a changing in molecular configuration.

One thing we should point out here is that the existence of two vibration modes 30
cm! and 40 cm! can be verified in principle by Raman spectroscopic techniques if the
symmetry of the modes allows to do that. But, these vibration modes originate from
the transient states created by the ultrashort laser pulse. Therefore, even if a high
resolution Raman sytem is available, the light source of the system will not be suitable
for such detection, because normal light source can not "create" a transient state in a
molecular system. To solve this problem, we need a combination of different
techniques.

4.1.2.8. Identification of Diffusion Contribution to the
Degrating Process in the Sublimated Film of Heterodimer

prce'TPP?

It is known that there are resonant energy transfers between excited molecules and
other excited or non-excited molecules in organic crystalline samples which are
initiated by intermolecular interactions [211]. These are equivalent to an exchange of
identity between two molecules in different excited states and thus to an effective
motion of excitations. This mechanism leads to the migration of the molecular dipoles
associated with the CT state and of other excitations from one place to the other, as
discussed in section 4.1.2.3 and section 4.1.2.4. in the sublimated film of the
heterodimer Pc2"Ce’VTPP2". The diffusion caused by such migrations may give rise
to observable effects.

However, this migration is not detectable by all experimental techniques. In the
situation at hand, the transient absorption and the four-wave mixing experiments
behave quite differently. As we have already pointed out in section 1.1.5.3., in the
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TA experiment, since the sample is homogeneously illuminated and excited, the probe
light is totally insensitive to any motion of the excitations as the sample retains its
homogeneity. Nevertheless, in the FWM experiment the two pump beams create a
sinusoidal-like excited modulation. This spatial excited modulation results in a
population grating. If the excited species move, for example a half grating spacing, the
grating will be washed out and no diffracted signal will be detected. In fact, in some
case, even before moving a half grating spacing, the "washing out" has already
happened, the excited species have lost their coherence somewhere and resulted in the
lost of the grating. In this way, diffusion will lead to degrating and to a smaller
effective relaxation rate,

In TRFWM experiment, optical pumping of an excited state leads to the formation
of a transient grating. The decay of the TRFWM signal is due to the decay of the
grating and is related to the relaxation of the excited states to the ground. There are
many mechanisms that can cause degrating, for example intersystem relaxation (energy
transfer between excited states), long-rang electron transfer processes, such as
photorefractive effects, rotational and translational diffusion, librational motion, etc..
In the sublimated film of the heterodimer Pc2'CeWTPP2', if charge transfer and
excitation migration can make a contribution to the degrating process, then, the related

temporal form of the ultrafast nonlinear optical response T (,TGj ) in the
TRFWM/TRTG experiments should be: |

(1G) _ 1 | SN
T; _(TﬁTAf)JrTﬁDf)) , J=12 (4.128.1.)

where j = 1, 2 denoting two different components.

Therefore, in addition to the longitudinal relaxation time T\, j=1, 2 detectable

by transient absorption experiment, in time-resolved non-degenerate four-wave mixing
experiment, charge transfer and excitation migration contribution to the degrating
processes related to the de-excitation of the excited states, would give rise to a

diffusion decay times Tij), J=1, 2. in respect to grating decaying time

T, j=1,2[60]:
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7o) _ ( 1 1 . AN

j=1,2 (41282.)

where D, j = 1, 2 are the diffusion coefficients, A is a space period.

By (4.1.2.8.2.), the diffusion decay times can be calculated, consequently giving the
results in the forth line of Table 4.1.2.9.1. . If the diffusion really contributes to the
degrating process, then the diffusion coefficients should be in a right order of
magnitude.

The diffusion coefficients D, j=1, 2 can be estimated as:
A2

Doan i@’

where A, in general case is interpreted as the grating spacing, which is given by:

j=1,2 (4.1283.)

A
A= Purtp (4.1.2.84.)

2n sin —
sample )

in which 6 is the angle between the two pump beams and ng,,. is the index of
refraction of the sample.

From the geometry of our TRFWM experiment, by (4.1.2.8.4.) A is estimated to be
11 pum, from which the calculated diffusion coefficients D,, D, would be much too
large. However, it is clearly seen in Fig. 4.1.2.8.1. [207] that the typical size of a
microdomain is about 0.2 pum. This is much smaller than the grating period.
Presumably, the diffusing species would get trapped or quenched at the grain
boundaries. Therefore, it is the averaged size of the microscopic crystalline domains
that should be used for A instead of the calculated grating spacing period. Using this
value, which is shown in the fourth entry of Table 4.1.2.9.1., in (4.1.2.8.3.) leads to the
estimated diffusion coefficients, D, = 2.8 cm?/s and D, = 0.74 cm?/s. These are listed in
the fifth entry of Table 4.1.2.9.1. . Compared to typical values of diffusion
coefficients [215 - 226], Do = 10 cm?/s for the charge transfer process and Dgr =2
cm?/s for the energy transfer process, the values we have obtained are quite reasonable.
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This gives credibility to our hypothesis concerning the role of diffusion mechanisms in
the degrating process.

Figure 4.1.2.8.1. Electron Microscope Image of the Microstructure of
, 2- IV 3
the Sublimated Film of the Heterodimer Pc Ce TPP .

4.1.2.9. Attribution of Different Components of the Time-
Resolved Four-Wave Mixing Experimental Data.

To attribute the experimental data to different relaxation mechanisms and paths,
comparing with the data from transient absorption for the sublimated film of the
heterodimer Pc?"Ce!VTPP?"and identifying different de-excitation mechanisms are
essential.

According to the previous analyses, the three time components observed in the
TRFWM experiment on the sublimated film of the heterodimer PcZ'CeIVTPPZ‘,
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Table 4.1.2.9.1.

Attribution of the Different Components from the Experiments of
Transient Absorption (TA) and Time-Resolved Four-Wave
Mixing (TRFWM) / Transient Grating (TG) for the Sublimated
Film of the Heterodimer PcCeTPP

Components 1 2 3
Data from transient absorption

. 7T =12 T =22 TTAD = 13
experiment, 7™ [210] ! PS4 Ps |4 0 ps

Data from TRFWM or transient
grating (TG) experiment, 7{"®
Diffusion time
t=T® =T -1/

Averaged microscopic period A
of the sublimated film

Diffusion coefficient 2 8 em?/s 0.74 cm?/s

D= (A?/4nD]r,

TTY =09 ps| TP =84ps | T >13ns

TPPP=36ps| TP =14ps

0.2 pm 0.2 pm

T, 79 and T{", and their various subcomponents can now be given a proper
assignment. We summarize these findings (see Fig. 4.1.2.2.1. (b)). In the TRFWM
experiment, the 620 nm pump pulses generate a singlet excited state S; with a

population P(¢). This population has a total natural relaxation time 7 (™" = 1.2 ps
which is composed of the relaxation time 7 ™ into a CT state with a population
P, (1) and of T {*, assumed to be much smaller than 7 ", into a triplet excited
state T ;. Because of the existence of singlet excitation migration and a diffusion time

TP to a low-lying state (LS) with long decay time, the net decay time 7 ™V is
shorter, as shown by (4.1.2.7.1. ), in Table 4.1.2.9.1. and in Fig. 4.1.2.2.1. (b). This

component thus contains some undefined element of 7 {*® from the singlet excited

state S; to the triplet excited state T, therefore the element of 7 (™ = 130 ps from
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the triplet excited state T, to the ground state Sy, and the element of diffusion T (*

from the triplet excited state T ; to the low lying excited state LS, but the experimental
data from the transient experiment do not allow to make any such kind of confirmation

of the attribution. The population P, () then relaxes with T {"? back to the ground

state Sy and, through the CT migration process having diffusion time 7 {°? to the LS

state, with a net decay time T (1T G2) | The longest component T {"®®, which is longer

than the limit of the TRFWM detecting system of 1.3 ns, is related to the decay of the
low lying excited state to the ground state. This long time response is, we believe, the
signature of a photorefractive effect occurring during the de-excitation of the grating
and, from the discussion on the diffusion mechanisms, involves the grain boundaries
(LS state).

4.1.3. Summary

In this section we have demonstrated the time-resolved four-wave mixing studies on
a sublimated film of the cerium porphyrin phthalocyanine sandwich mixed
heterodimer, Pc2"CeYTPP2". To the best of our knowledge, this is the first TRFWM
study on a sublimated film. Excited by an ultrashort laser pulse of about 100 fs
FWHM at 620 nm, three relaxation components with time constants of ~ 0.90 ps, ~ 8.4
ps, 2 1.3 ns, and two vibration modes with frequencies and damping times 32 cm!/ 8.4
ps, 41 cm!/ > 1.3 ps were observed.

The existence of charge transfer in the heterodimer causes a change in the
configuration of the molecule which gives rise to a novel phenomenon of two
correlated phonon modes that shift from one to the other. This is the first time that a
mode frequency shifting phenomenon is observed and reported on a thin film.
Because the intermolecular or intramolecular electron transfer in the lanthanide
heterodimer or heterotrimer systems is always accompanied with a variation of the
molecular configurations, this may cause a vibration mode change in such kind of
systems. Thereby, the correlated phonon mode shifting phenomena may only be
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observable in a system relaxing with a molecular configuration changing, such as
lanthanide heterodimer or heterotrimer systems.

The diffusion effects caused by the intramolecular electron transfer and excitation
migration have been proved having an important contribution to the degrating process,
giving rise to shorter response times in the TRFWM compared with the corresponding
processes in transient absorption. They can not be ignored in the analysis of the decay
process of a transient grating. Compared with the transient absorption data on the
same sample, the relaxation processes were found to be due to the combination of
relaxation, intermolecular charge transfer, molecular dipole migration and excitonic
migration. The diffusion coefficients were estimated, taking the micrdscopic structure
of the sublimated heterodimer film into consideration, to be 2.8 cm2/s and 0.74 cm2/s
respectively. These values are consistent with the typical value of the coefficients for
the charge and the excitation transfer processes. The diffusion contribution to the
degrating process is identified for the first time.

Due to the stacked formation of the heterodimer which favours the delocalization of
the conjugated n-electrons, the third-order nonlinear optical susceptibilities have been
greatly increased, compared with those of the free phthalocyanine, the mono-
metallophthalocyanines, and bis- porphyrin phthalocyanines. The migration processes
have effectively shortened the transient grating response time in the heterodimer and
caused a relatively large third-order nonlinear optical susceptibility 7, measured as
7.8 x 10710 esu taking that of fused quartz as reference. The detailed calculation of the
value of the 7 will be given in section 4.5. .

Coupling of the charge transfer states and excitation migration by the excitonic
coupling between the neighbouring molecules in the sublimated film of the
heterodimer Pc? Ce!VTPP?", are two crucial mechanisms that make intramolecular
charge transfer and intermolecular energy transfer feasible, which are normally
forbidden in organic crystals or compounds under normal conditions. The migration of
charge and excitation finally leads to a long time response which is considered to be
related to the photorefractive effect observed for the first time in an organic
multimer thin film. This will be discussed in section 4.6. .
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4.2. Sublimated Film of Cerium Porphyrin
Phthalocyanine Symmetric Trimer

TPP > Ce " 'Pc’Ce " TPP”

4.2.1. Experimental Aspects

The cerium-porphyrin-Phthalocyanine trimer, TPP2-Ce™ Pc2-Ce™ TPP2"was
synthesised by the procedures given elsewhere [227, 228]. The compound was
sublimated by vacuum evaporation under a pressure 2 ~ 5 x 10- torr and a temperature

about 450 °C, in the laboratory of Prof. Lé Dao, at /'NRS-Energie/Matériaux de
Varennes, Montréal, Québec, Canada [209].

The ground state absorption spectrum of the sublimated film was recorded by a
HITACHI U-2000 spectrometer. The sample was investigated using a time-resolved
four-wave mixing system. The whole system is the same as reported in ref. [211, 212].

The system setup, the experimental procedures are the same as discribed in section
4.1.1.

4.2.2. Results and Discussion

The molecular structure of porphyrin, TPP, phthalocyanine, and the cerium-
porphyrin-phthalocyanine trimer, TPP2"Ce™ Pc2-Cel TPP?* are depicted in Fig.
422.1. TPP, ie, 5, 10, 15, 20 tetraphenylporphyrin, is formed by replacing C in the
positions 5, 10, 15, 20 on the general porphyrin structure by group C,Hy, and Pc, i.e.,
phthalocyanine, in position 5, 10, 15, 20 by N, and in 2/3, 7/8, 12/13, 17/18 sides by
C.H¢ (benzene cycle). Because of a strong ring to ring coulombic interaction, a face to
face stacked sandwich formation occurs in the trimer.

Fig. 4.2.2.2, gives the ground state absorption spectrum from the UV, to the near-
infrared of the trimer TPP2-Ce™™ Pc2-Ce TPP2-. The spectrum can be interpreted as
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two entities of (TPP?Ce™ Pc? )", which share the central phthalocyanine that interacts

strongly with the two macrocycles [213]. Consequently, the Soret band and Q band of
the central chromophore, phthalocyanine, are less intense than those components in

heterodimer TPP2"Ce!Y Pc?", and red shifted.

The TRFWM experimental data of the sublimated film of the trimer

TPP2-Ce! Pc2-Cel TPP2, are illustrated with different time scales in Fig. 42.23. ~

Fig. 4.2.2.6. and symbolized by the downward triangles. The fit of the experimental
data was done using a three-excited-state population model This model is described in
ref. [210], discussed in section 2.7., and given in Appendix I. This yields the full lines
in Fig. 4.2.2.3. ~ Fig. 4.2.2.6.

Three measured relaxation components, 7" = 0.37 ps, T"°? = 15.3 ps and

T{" > 1.3 ns, are given in the third line of Table 4.2.2.1. A schematic representation

of the different relaxatin paths for both TA and TRFWM is given in Figure 4.2.2.7. In
the experiments, after the excitation hv = he/A| , _ 30 um » the System is in an excited

state (mw,m*) which can couple with the unpaired electrons from the Cel. Resulting
from the unpaired electron on each of the two Celll, the excited states of the trimer can

be either triplets (3 T) or quintuplets (°Q), and the ground state of the trimer is found
to be a triplet T,. In the transient absorption experiment [214], the excitation from the

ground state T, with the pump pulses at 620 nm populates a first excited state with a
population of P;(7) in an excited triplet state>T. This population relaxes with a
longitudinal relaxation time t; =T {*" = 0.7 ps towards a second excited state, a
quintuplet °Q having a population of P,(f). Then the excited quintuplet >Q
population relaxes with a longitudinal relaxation time 1, = 7 {"*® = 37 ps towards the

ground state T, , as depicted in Fig. 4.2.2.7. (a). This gives rise to the values in the

second line of Table 4.2.2.1., and is summarized in the following:
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* - -
5Q[TPP2'CemPc2'CemTPP2'] _m , ®[1pp2-Ccelpe2-CellTpp2-] .

At first glance, as shown in Table 4.2.2.1., the differences between the results from
the transient absorption experiment and those from the time-resolved four-wave
mixing, seem incompatible. Nevertheless, as we have discussed in [229, 230] for the
heterodimer and for the symmetrical dimer and trimer in [231], in the symmetric trimer

TPP2-Cel pc2-CeI TPP2- there exists energy transfer processes. Taking this point
into consideration, the fact that the first and the second components in the third line of
Table 4.2.2.1. are shorter than those in the second line of the table, is just an indication
of existence of excitation migration in this trimer. In addition to the TA relaxation

paths with decaying rate T("™# ;-1 2 the excitation migration through excitonic
coupling between neighbouring molecules contributes to the de-population processes of
the excited states and gives rise to diffusion decay times T ,(Dj) ,J=1,21in(4.1.2.82.),

yielding a total grating decaying time 7Y j=1, 2 in (4.1.2.8.1.). From (4.1.2.8.1.)
and (4.1.2.8.2.), the diffusion decay times can be calculated, consequently giving the
results in the fourth line of Table 4.2.2.1. . The diffusion coefficients D;(A), j=1, 2
can be estimated by using Equation (4.1.2.8.3.).

From the electronic scanning microscope image of the sublimated film of the trimer

TPP2-Ce™ Pc2-Ce TPP?", as shown in Fig. 4.2.2.8., it can be seen that the averaged

size of the microscopic crystalline domain is about 0.3 pm. This defines the value of A
used in (4.1.2.8.3.) and shown in the fifth line of Table 4.2.2.1. . The resulting
diffusion coefficients are given in the sixth line of Table 4.2.2.1.: D, = 30 cm?/s and D,
= 0.87 cm?/s. These values are quite typical for the diffusion coefficients [215 - 226].
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Table 4.2.2.1.

Attribution of the Different Components from the Experiments of
Transient Absorption (TA) and Time-Resolved Four-Wave
Mixing (TRFWM) / Transient Grating (TG) of the Sublimated
Trimer Film Pc(CeTPP),.

Components 1 2 3
Data from transient absorption

TTAD = 0.7 T =37
experiment, 7" [210] ! ps ! ps

Data from TRFWM or transient

grating (TG) experiment, T'{™® T =0.37ps | T7°” =153 ps | T{° > 1.3 ns
> 4y

Diffusion time
=T ™ =T/ T™)
Averaged microscopic period A
of the sublimated film - 03 pm 0.3 pm

Diffusion coefficient
D = (A*/4n2)/v,

T®Y =077 ps | T®? =262 ps

30 cm?/s 0.87 cm?/s

According to the above analysis, the three observed components in the TRFWM

experiment, 7{"°Y, T{T? and T{™ can be attributed as follows, as shown in
Fig4.2.2.7. .

The two 620 nm pump pulses generate a triplet excited state 3T with a population
Py(#). This population has two degrating channels, one with 1, =7T{*? = 0.7 ps

relaxes into a quintuplet state Q with a population P, (r), the other, related to

excitation migration, with T (1D V=077 ps relaxes towards a low lying state (LS) with a

population P3(#). The population P, (¢) in 3Q state furthermore has two degrating

paths, one with 1, = 7 (™% = 37 ps relaxes towards the ground state T, the other with

T (ID 2 =262 ps relaxes towards the low lying state LS. Obviously, the degrating in the

second path is a little faster than the first one.

112



3T

P.(t ety 1 1 =1
JT 1() T| _(_T‘(T-_M)+ T‘(m))
=0.37 ps
p(2) 1 1 )-1

1 = o=
T (TA2) T‘(u)

=151.3 ps

Ps(t)

TQ—_ To
(e) (b)
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Figure 4.2.2.8. Electron Microscope Image of the Microstructure
of the Sublimated Film of the Symmetric Trimer
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TPP Ce Pc Ce TPP .
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Finally,v the low-lying state LS, populated by 3Q state, relaxes towards the ground
state T, through excitation migration by means of excitonic coupling between
neighbouring molecules as discussed in section 4.1.2.3. ~ 4.1.2.5., with a very long

time of 7{"® > 1.3 ns. This is directly related to the photorefractive effect in the
sublimated film that will be discussed detailed in section 4.6. .

4.2.4. Summary

We have demonstrated that (TRFWM) is a very useful and very sensitive technique
with which one can detect various ¥® processes, especially, those that can not be
measured by TA experiment. The third-order nonlinear optical properties of
sublimated films of the cerium-porphytin-phthalocyanine trimer,
TPP2-Ce™Pc?-Ce"'TPP2", have been measured by four-wave mixing using 620 nm
pump pulses and a 650 nm probe pulse. The dynamics of the diffracted signal shows
that the trimer system possesses a subpicosecond response of 0.37 ps, an intermediate
response of 15.3 ps and a very long response > 1.3 ns.

Compared to the data from the transient absorption experiment on the same
compound, it is found that the response times detected by time-resolved four-wave
mixing are shorter than those by transient absorption. This is due to the existence of
excitation migration. Taking the microscopic structure of the sublimated trimer film
into consideration, the diffusion coefficients of the first two components have been
deduced to be 30 cm?/s and 0.87 cm?/s respectively, values compatible with diffusion
coefficients for energy transfer processes.

Taking the 7™ value of fused quartz as reference, the third-order nonlinear optical
susceptibility of the trimer is found to be 3.4 x 10™'® esu. This shows that this trimer is

among those compounds having the largest ™ values in the family of metallo

porphyrins and/or phthalocyanines. The detailed calculation procedure of 7 will be
discussed in section 4.5. .
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When grating spacing period is bigger than the averaged size of the microscopic
crystalline domain of the sublimated film, the latter, instead of the former, should be
used to make a correct estimation of the diffusion coefficient. There still exists long-
time response in the experimental data of the symmetric trimer

TPP2-Ce!™ Pc2-Ce™ TPP2- as we have observed in the heterodimer Pc2~CelYTPP2 ™,

This indicates that the migration of the excited species is the origin of the

photorefractive effect observed in these systems. This effect will be discussed in
section 4.6. .
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4.3 Langmuir-Blodgett Film of mixed Dimer of
CoPC,,** 1H,PcTS*

4.3.1. Experimental Aspects
4.3.1.1. Preparation of Langmuir-Blodgett Films

The mixed dimer compound was synthesized and prepared by the group of Dr. T. H.
Tran-Thi. A multilayer LB film was made in CEA, Centre d'Etudes Atomiques,
Saclay, France on a 37.00 cm by 95.60 cm custom built Langmuir-Blodgett trough
system. The trough and moveable barrier were made from Teflon. The mixed dimer
was solved in 86 % CHCl, (chloroform) and 14 % DMSO (C,HSO,
dimethylsulfoxide) at the concentration about 6.6 x 10> M. The subphase was pure
water at room temperature purified through a Millipor MilliQ System. After spreading
the prepared solution on the subphase, waiting for about 20 minutes to allow
chloroform to evaporate and the film to equilibrate, the monolayer was subsequently
compressed slowly up to the desired surface pressure. Force area isotherms were
established under the same conditions. Then the monolayer was allowed to stabilize
under constant surface pressure until the surface area remained constant in time.
Typically, this stabilization process takes about 30 minutes to 1 hour.

The monolayer was deposited onto an optical quality glass slide which was
thoroughly cleaned. We first sonicated with 5 ~ 10 % detergent in water, then rinsed
with MilliQ water completely following by sonicating with 2 g / 100 ml KOH in 50 % :
50 % (V:V) water/ethanol for about 30 minutes, then rinsing by MilliQ water many
times and sonicating in MilliQ water 5 ~ 10 minutes, and finally, sonicated again in
ethanol for about 30 minutes to get rid of the extra water on the substrate. Having
finished the above procedure, the substrate had been made hydrophilic. This would be
sufficient for the deposition of certain types of LB film. To make the substrate
hydrophobic, further treatments need to be done. After the above procedure, we
sonicated the treated substrate in chloroform for about 5 ~ 10 minutes, then changed
the chloroform and repeated the same step. Next, we treated the substrate with
CH,(CH,),,SiCl, ( octadecyltri-chlorsilane ) 1 ml in 200 ml chloroform sonicating for
about 30 minutes. Finally, we rinsed the substrate in chloroform and sonicated about 5
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~10 minutes 3 times. The treated substrate was stored in ethanol in a closed bottle.
The substrate used for depositing layers were never older than one days.

The surface pressure was measured by a spring-coil column balance linked on its tip
with a small slide of filter paper which was partially dipped onto the surface to feel the
surface pressure. The balance was carefully calibrated under the condition of clean
water surface.

The LB film was transferred onto the substrate by the repeated vertical dipping of
the substrate into and lifting-off the surface until 300 layers formed. This was done at
the constant surface pressure of 20 mN/cm and a steady deposition rate of 0.4 mm/min.
According to our experience, to get high quality samples, it is preferable to build a
sample continuously using the same monolayer until finished. Otherwise, the sample
would give us very large extra diffused light when measured by the TREFWM. This
would be a serious problem for a four-wave mixing detection system as it would prove
impossible to extract the signal from the noise background.

4.3.1.2. FWM Measurement on Langmuir-Blodgett Films

The dynamics of the third-order nonlinear susceptibility x® of the LB film of the

mixed dimer CoPC,,*" / H,PcTS* was measured by the non-degenerate four-wave
mixing using two 620 nm pulses as pump and one 650 nm pulse as probe. The
experiment set-up, similar to that given in [208], has been described in details in
Chapter 3. The experimental procedure and conditions are the same as in the cases of
the heterodimer Pc2"CelYTPP?" and the symmetric trimer TPP2-CePc2-Ce™'TPP?".
The only difference is that for LB film has higher level of diffusion light, it is much
more difficult to extract the TRFWM signals. In order to extract TRFWM signals from
the intense background noise, a special technique called transparent shutter, described
in Chapter 3 section 3.5., has been used in the data acquisition.
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4.3.2. Results and Discussion

The structure of mixed dimer CoPC,,*" / H,PcTS* is shown in Fig. 4.3.2.1. Due
to strong ring to ring interaction, the two macrocycles keep a face to face position
which favours the charge transfer and energy transfer processes between the two
moieties. The long hydrophobic tails have been attached to the porphyrin side to make
the LB deposition possible. Fig. 4.3.2.2. is the UV and the visible ground state
absorption spectrum of the LB film of CoPC,,*" /H,PcTS*, and Fig. 4..3.2.3., Fig.
4.3.24. are the ground state absorption spectra of the unsubstituted monomers,
CoPC,,*",4Br*, and H,PcTS* Na**. It can be seen that the coulombic attraction and
the n-n interaction of the two conjugated macrocycles, porphyrin and phthalocyanine,
have caused a drastic change in the absorption spectra from the unsubstituted
monomers to the mixed dimer. In the mixed dimer, the porphyrin Soret band and the
phthalocyanine Q band are severely flattened and red shifted compared with the
corresponding monomer salt absorption bands. A strong new band appears around
436.5 nm caused by a very strong interaction between the two macrocycles.

The mixed dimer of CoPC,,*" /H,PcTS* was measured by four-wave mixing
pumped at 620 nm and probed at 650 nm. These fall in the strong absorbing region of
the dimer and thus give rise to a resonant dynamic third-order nonlinear susceptibility
3 that contains abundant information about the dimer system. The observed diffraction
signals as a function of probe delay time in respect to the two synchronized pump
pulses, are given Fig. 4.3.2.5. ~ Fig. 4.3.2.8. with different time scales from -1 ~ 10 ps,
-5 ~ 100 ps, -10 ~ 500 ps and -25 ps ~ 1.3 ns respectively. The fitting was similar to
that of given in reference [229, 231, 232]. But for the best fitting, especially for the
longest response component of the case here, a four excited state population model had
to be used. The detailed formulas are given in Appendix I, Eq. ( A16. ) ~Eq. (A17.).

A standardized fitting procedure has been used in the fitting experimental results,
which minimizes the squared function between the model and the experimental data
with the following temporal form:

4
S(ra) = [A[([arY 2OPi(D) Lump (1= D] Lprore(t=10).  (432.1.)
i=1
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Figure 4.3.2.9. Four Excited State Populations in LB Film of the Mixed
Dimer CoPCzz'/H2PcTS* (a):Simplest & (b):the Most Complicated Cases.

The fitted theoretical responses correspond to the full lines in Fig. 4.3.2.5. ~ Fig.
4.3.2.8. with different time scales.

Fig. 4.3.2.9. (a) gives schematically the mechanism associated with the model. The

mixed dimer of porphyrin-phthalocyanine CoPC,,*" / H,PcTS* has four temporal
components. In the simplest case, the absorption of 620 nm pump pulses generates a
first excited state with a population P, ( ¢t ). The population P, () relaxes with a
longitudinal relaxation time 7,V = 0.22 ps towards a charge transfer state CT with a
population P, (f). Then the second population relaxes in time 7, = 9.70 ps, which
results in the intermediate response of the x®), towards a triplet state T with a
population P, ( t). In turn, the population on the triplet state T, P, ( t ), relaxes with a
time constant T, @ = 159.3 ps, which is associated with the long-time response of ),
towards a low lying state LS. Finally, the system relaxes from the low lying state LS
towards the ground state with 7,® > 1.3 ns. Because of the existence of excitation
migration as well as charge transfer processes, as commonly seen in the lanthanide
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porphyrin phthalocyanine dimer [229], there might exist other channels of relaxation
and the resulting mechanisms could be more complicated. This is illustrated in Fig.
4.3.2.9. (b). Nevertheless, the experimental data did not allow to confirm which
scheme or relaxation paths are predominant.

Compared with transient absorption experimental results on the same family of
. 4 :

compounds,  [ZnP(N*C,H,)| " /(CuPeTs)*[208),  [ZoP(N*CpH)] ")

(AICIPcTS)*"  [206], [Zn(TMPP)]** /[M(TSPc]*",M =Cu, AICI [227], and

4
especially with the TRFWM experimental results on {ZnP(N“LC22 )] * /(H,PcTS)*

[228] which give three relaxation components t, = 400 fs, 1, = 48 ps, 1, =479 ps, our
results T, = 0.22 ps, 1, = 9.70 ps, t; = 158.3 ps, 1, = 1.3 ns, have the same order of
magnitude of the data for the same family of the compounds, except the longest
component relating to the photorefractive effect. Generally speaking [205, 206, 233 -
235], for this family of compounds, there are three observed relaxation components.
The first one with several hundred femstoseconds is attributed to the charge-transfer
reaction. The second one with several ten picoseconds is attributed to a delayed
charge-separation and reorganization of a certain population of the dimers prior to
charge separation. The third varying between several ten picoseconds and several
hundred picoseconds is attributed to the charge recombination process. In TRFWM
experiments, more complicated degrating mechanisms could be involved. For example
the diffusion leads to a very long time response associated with the existence of a
photorefractive effect. Since there are no comparable transient experimental data on
Langmuir-Blodgett films of the mixed dimer CoPC,*"/ H,PcTS*, the exact
attribution of the different components in the TRFWM experimental data is impossible.
Nevertheless, from the above analysis, it is clear that the attributions of the TRFWM
experimental data the sample to the corresponding paths and mechanisms are quite
reasonable.
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4.3.3. Summary

We have performed a TRFWM study on the dynamics of third-order nonlinear
optical processes in a Langmuir-Blodgett film of the mixed dimer CoPC,,**/
H,PcTS* using 100 fs FWHM 620 nm pump pulses and a 650 nm probe pulse.

The TRFWM experimental data shows that the Langmuir Blodgett film of the
electrostatic mixed dimer obtained by pairing porphyrin and phthalocyanine moieties
bearing oppositely charge substituents, CoPC,,* / H,PcTS*, has a very short response
time compared to the experimental data on the same family of compounds. It also
contains a very long time response of about 1.3 ns, which is believed to be related
photorefractive effect in this material ( see section 4.6. ).

This LB film has a relatively large third-order nonlinear optical susceptibility
2 compared with those of natural phthalocyanine, mono-metallophthalocyanines and
bis-metallo-phthalocyanines ( see section 4.5. ). It is thus proved that time resolved

four-wave mixing is a sensitive and useful tool with which to probe the nonlinear
optical processes in LB films.

The absolute value of the third-order nonlinear optical susceptibility of the film is
estimated as 8.3 x 101! esu taking that of the fused quartz as reference. Its
determination will be explained in section 4.6. .
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4.4. Neodymium Porphyrin Phthalothyanine
Symmetric Dimer NdPc, and Trimer (NdPc), TPP

4.4.1. Experimental Aspects

The bis- and tris- neodymium-porphyrin-phthalocyanine, Pc2Nd™ Pc™ and
Pc2"Nd™ TPP2-Nd™ Pc2-were synthesized at CEA, the Centre d'Ftudes Atomiques

de Saclay, France, by the group of Dr. T. H. Tran-Thi [141]. The thin films were
sublimated using a procedure similar to the ones in ref. [229, 230]. The evaporation
was performed at a pressure of 2.5 x 10 torr and a temperature starting from 243 °C ~
360 °C in 5 minutes to 490 °C for NdPc,,.and a presure of 1.1 x 10 torr and a
temperature of 460 °C ~ 468 °C for NdPc,TPP, in the laboratory of Prof. Lé Dao at
I"'NRS-Energie/Materiaux de Varennes, Montréal, Québec, Canada.

The ground state absorption spectra of the sublimated film of the dimer
Pc?’Nd™ Pc” and the sublimated film of the trimer Pc2"Nd™ TPP2-NgM Pc?,
deposited on quartz substrates, were recorded on HITACHI U-2000 spectrometer.

The dynamics of the third-order nonlinear optical susceptibilities ™ of the samples
were measured by a time resolved non-degenerate four-wave mixing system same as in
ref. [122, 229, 230]. The experimental procedure and conditions are the same as
metioned in the references. The calculation of the third-order nonlinear susceptibility
will be given in section 4.5.

4.4.2. Results and Discussion

The molecular structure of porphyrin, TPP, phthalocyanine, the neodymium
phthalocyanine dimer Pc2"Nd™Pc® and the neodymium porphyrin-phthalocyanine
trimer Pc2"Nd™ TPP2-Nd™ Pc?", is given in Fig. 4.4.2.0. Because of a strong ring to
ring coulombic interaction, a face to face stacked sandwich formation is produced in
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the dimer and the trimer. This favours energy and charge transfer processes. In
Fig.4.4.2.0. TPP, ie., 5, 10, 15, 20 tetraphenylporphyrin is formed by replacing C in
the position 5, 10, 15, 20 in the general porphyrin by group C.H,, and Pc, i.e.,
phthalocyanine, in position 5, 10, 15, 20 by N and in 2/3, 7/8, 12/13, 17/18 sides by
CcHg (benzene cycle). As we have discussed in section 1.2.3., the electron structure of
the trimer is Pc2"Nd3*TPP2"Nd3*Pc?", where the six electrons are shared between
the phthalocyanine rings at the two sides and porphyrin at the center.
3 5 7

I\J

B: M(P)2 ;Mj C: M2(P)3 ﬁ>M§/:\;M<:
2- 3+ _ 2 m 2— W 2-
e.g.: Pc Nd Pc e.g.: Pc Nd TPP Nd Pc

Figure 4.4.2.0. Molecular Structures of Octacoordinated Metal Mono—
tetrapyrroles and Configurations with A: Monotetrapyrroles, B: Bis—
tetrapyrroles M(P)2 and C: Tristetrapyrroles M2(P)s, M = Lanthanide
Metal Ion to Form the Dimer: NdPcz and the Trimer: (NdPc)2TPP, etc.

Fig. 4.4.2.1. gives the ground state absorption spectrum from the UV to the near-
infrared of the sublimated film of the dimer Pc2"Nd™Pc®. The bands in the spectrum
can be assigned by analogy to the spectrum of LuPc, [158, 236]. The intense bands in
the visible and UV are the Q and Soret band characteristic of the phthalocyanine rings.
The intense band near 664 nm is the analogue of Q band of the monomer. The weaker
near-infrared absorption band around 1034 nm is due to the low lying intervalence
charge transfer transition, a characteristic of mixed valence compounds, in contrary to
the bis-metallophthalocyanine anions, which have the electronic structure

Pc2-M3* Pc?" having no intervalence transition and for which the spectrum shows a
broad near-IR absorption.
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Fig. 4.4.2.2, shows the ground state absorption spectrum from the UV to the near-
infrared of the trimer Pc2"Nd TPP2"Nd™ Pc?". The spectrum, similar to that of the

trimer TPP2-Ce™Pc?-Ce™ TPP2", can be interpreted as coming from two entities of
Pc2"Nd™, which share the central porphyrin that interacts strongly with the two
macrocycles [237]. Consequently, the Soret band and Q band of the central
chromophore, porphyrin, are less intense than those components in the heterodimer

Pcz'NmePP', and shifted to the red side.

Three components, 70" = 0.19 ps, T{™? = 1.98 ps and 7" > 1.3 ns for the
dimer Pcz'NdeC;, and those components 7' °Y = 0.15 ps, T (192 = 230 ps and

7T > 1.3 ns for the trimer Pc2"Nd™ TPP2"Nd™ Pc?", have been deduced from the
fits of the TRNDFWM experimental data, which gives the third line of Table 4.4.2.1.
for the dimer Pc2Nd™Pc® and that of Table 4.422. for the trimer
Pc2Nd™ TPP2-Nd™ Pc2". In order to attribute the experimental data to different

relaxation mechanisms and paths, a comparison between the TRNDFWM results and
the data from transient absorption for the dimer and the trimer is essential. Because
these data are presently not available, we have used the data of compounds in the same
family of bis- lanthanide phthalocyanine and tris- lanthanide porphyrin

phthalocyanine. From reference [229], we take the data of the dimer Pcz'PrmPc: as
the reference for the dimer Pc?"Nd™ Pc-, giving rise to the second line of Table
4.4.2.1., and take the data of the trimer TPP2 Pr'IPc2-PrII TPP2- as the reference for
the trimer Pc?>"Nd™ TPP2-Nd™ Pc2-, giving rise to the second line of Table 4.4.2.2. .

A lanthanide bisphthalocyanine with a metal ion M, e.g., Nd™ that has an
electron configuration 4f3, is paramagnetic and one of the cycles is a radical. The
singlet excited states (, ©*) and triplet excited states (n, n*) of the biplane are coupled

with single the electron from the cycle, resulting in a ground state that is a doublet S,
while the excited states are doublets *S and quadruplets *Q. In transient absorption
experiments, the excitation from the ground state 2S, with the pump pulses of 620 nm
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generates a first excited state with a population P(¢) in an excited doublet 2S. This

population relaxes with a longitudinal relaxation time 1, =7 (ITAI) towards a second

excited state of quadruplet *Q with a population P, (t), then the excited quadruplet

‘Q relaxes with a longitudinal relaxation time 1, =T (lTAz)towards the ground state

2S,. This is depicted in Fig. 4.4.2.11. (a), and shown in the following scheme:

- - - -k
S0 [pc2"NdMpe-] —, *8[p2-NgMpe-
*

_ - - -k
8[pc2-NdMpe-] —uy *Qpe2-NdWpe-

Q. 24 p.-T T S0[ 2en; M. ]
LPc Nd PcJ —I _Pc Nd Pc_.

: (4.4.2.1)

For the trimer Pc2"Nd™ TPP2-Nd™ Pc?", a symmetric tris- porphyrin
phthalocyanine, intersystem conversion will be the predominant relaxation mechanism.
Taking the results of the symmetric lanthanide tris- phthalocyanine porphyrin as

reference [210], a schematic presentation is given in Fig. 4.4.2.12. In the experiments,
after the excitation hv = he/A| , _ g0 um » the System is put into an excited state (n, n*)

which can couple with the unpaired electrons in the system resulting in excited states
being either triplets (*T) or quintuplets (°Q). With the same principle, the ground
state of the trimer is found to be a triplet T,. In transient absorption experiment, the
excitation from the ground state T, with the pump pulse of 620 nm, generates a first

excited state with a population P(#) in an excited triplet >T. This population relaxes

with a longitudinal relaxation time 1, =T (IT AD towards an excited state of quintuplet
3Q with a population P, (1), then the excited quintuplet >Q relaxes with a longitudinal

relaxation time 1, =T (ITA” towards the ground state T,. This is depicted in Fig.

4.4.2.12. (a), and shown in the following scheme:
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Table 4.4.2.1.

Attribution of the Different Components from Time-Resolved Non-
Degenerated Four-Wave Mixing (TRFWM) / Transient Grating (TG)

Experiment for the Sublimated Film of the Dimer Pc"Nd™Pc’.

Components 1 2 3
Reference data from transient T\Th=11ps | T,(TAD =67 ps
absorption experiment, 7, [a] of
the dimer in the same family
Data from TRNDFWM or transient T,(1G3)
: , T,mH=0.19 T, =198 1
grating (TG) experiment, 7,(T® ! PS 1 fy ps >1.3ns

Estimated Diffusion time

a T®n =023 ps | 7,0 =2.04 ps
1,=1,® =(1/T,(™9) -1/T,(TA)
Esfimated averagec.l microscopic 0.1 pm 0.1 um
period A of the sublimated film [b]
Diffusion coefficient D = (A?/4n2)/x, 11 cm?/s 1.2 cm?/s

[a]: ref. [210], p86, Pc® Pr' Pc* ;

[b]: estimated by the heterodimer Pc* Ce™ TPP?,

Table 4.4.2.2.

Attribution of the Different Components from Time-Resolved Non-
Degenerated Four-Wave Mixing (TRFWM) /Transient Grating (TG)

Experiment for the Sublimated Film of the Trimer Pc2"Nd ' TPP*-Nd™Pc?-

Components 1 2 3
Reference data from transient
absorption experiment, 7,TA) [c] of | T3P = 0.7ps | T)™»="78.5ps
the trimer in the same family
Data from TRNDFWM or transient T,(TG3) >
T,T6éH =015 T,(T62) = 2 30 ps 1
grating (TG) experiment, 7',(T6H ! ps 1 P 1.3 ns

Estimated Diffusion time

L | Tev=019ps | T,@»=2.40ps
1= T,® = (1/T, - 1/T,(T4)
Esfimated averagec.l microscopic 0.1 pm 0.1 um
period A of the sublimated film [d]
Diffusion coefficient D = (A?/4n?)/1, 13 cm¥/s 1.1 cm?/s

[c]: ref. [210], p.86, TPP* Pr™ Pc® Pr'™ TPP?;
[d]: estimated by the trimer TPP? Ce™ Pc* Ce™ TPP*,
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*

: 31
TO[PcZ'NmePP2'NdIHPc2' o, [PoZ‘NmePP2'Ndec2’] i
*

. 5 *
3T[Pc2'NmePP2'Nd‘“1>c2' #Q[Pcz-NmePPLNdecL], (4.422.)

5Q[Pc2'NmePP2'NdHIPc2'- i—)%[Pcz'NmePPz'Ndecz'] .

In a TRNDFWM experiment, optical pumping of an excited state leads to the
formation of an transient grating. The decay of the TRNDFWM signal is due to the
decay of the grating and is related to the relaxation of the excited states to the ground
state. There are many mechanisms that can cause degrating, for example, intersystem
relaxation (energy transfer between excited states), long-range electron transfer
processes, such as photorefractive effects, rotational and translational diffusion,
liberational motion, etc. In symmetric bis- phthalocyanine and tris-phthalocyanine-
porphyrin the predominant process, rather than being electron transfer, is excitation
migration which causes an ultrafast nonlinear optical response and gives a temporal

response time 7" as given in (4.1.2.8.1.). In addition to the longitudinal relaxation

time 7{"™?, j=1,2 detectable by transient absorption experiment, in time-resolved

non-degenerate four-wave mixing experiment, the excitation migration through the
excitonic coupling between the neighbouring molecules contributes likewise to the
depopulation processes of the excited states, which gives rise to diffusion decay times

T™, j=1,2 as given in (4.12.8.2), in respect to grating decaying time

T j=1, 2. By (4.1.2.8.6)), the diffusion decay times can be calculated,

consequently giving the results in the fourth line of Table 4.4.2.1. for the dimer and
Table 4.4.2.2. for the trimer. The diffusion coefficients D, j =1, 2 can be estimated by
(4.1.2.8.3.). |

By the given geometry in our TRFWM experiment, the space period of the grating,
A can be estimated to be 11.28 pm, with which the obtained diffusion coefficients D,,
D, would be unreasonably large. The exact data of the microcrystal domains of the

dimer Pc2Pr™Pc® and of the trimer TPP2Pr Pc2-PrIITPP2- are not available
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presently, however we can estimate them by the given data of heterodimer
Pc2"CelVTPP?- [122] and the trimer TPP2"Ce'Pc2-Ce ' TPP2- [229]. Suppose the
diffusion  coefficients of the dimer Pcz'Ndec: and the trimer
Pc2"Nd™ TPP2"Nd™ Pc?* are of the same order of magnitude of those of the
heterodimer Pc2 Ce!VTPP2" and TPP?'CePc?"CellTPP?", then the size of the
mirocrystal domain of the dimer Pc2-PrPc® can be estimated as 0.05 pm / 0.077 pm
by 2.8 cm?/s / 0.74 cm?/s of the heterodimer Pc2"Ce!VTPP2", and that of the trimer

TPP2 Pr'Pc2-Pr I TPP2- as 0.14 pm / 0.09 pm by 30 cm¥s / 0.87 cm?¥/s of the

trimer TPP2"Ce"Pc?"Ce'TPP2". For the reason of simplification and unification,
the two values are just taken as 0.1 pm. Since this estimated averaged size of about
0.1 pm, is smaller than that of the grating period, therefore, it is the averaged size of
the microscopic crystalline domains that should be used instead of the calculated
grating spacing period. This estimated averaged value is put in the fifth line of the
Table 4.4.2.1. for the dimer and Table .4.4.2.2. for the trimer, and into ( 4.1.2.8.3.)
yielding the estimated diffusion coefficients given in the sixth line of the Tables: D, =

11 cm?s and D, = 1.2 cm?/s, for the dimer Pc>"Nd™Pc®, and D, = 13 cm?/s and D,=
1.1 cm?s, for the trimer Pc2"Nd™ TPP2"Nd™ Pc?*. These values are quite

reasonable because they are of the same order of magnitude as typical values of the
diffusion coefficient: Dy, Transter = 10 €m¥/s and Dy, s = 2.0 cm?/s [215 - 226].

On the basis of the above analysis, the three observed components in our TRFWM
experiment, 7{"", T{™and T{"®, for the dimer and the trimer can be attributed as
shown in the schematic presentations in Fig. 4.4.2.11. (b) and in Fig. 4.4.2.12. (b).

In the TRNDFWM experiments, two 620 nm pump pulses generate an excited state
with a population P{(¢) ( doublet 2S for the dimer Pc>"Nd™Pc*, and triplet 3T for

the trimer Pc2"Nd™ TPP2-Nd™ Pc?- ). This population, with 1; = T‘(ITAI) (=1.1ps
for the dimer, ~ 0.7 ps for the trimer, estimated by ref. [210] ) relaxes into the next
excited state with a population P, (¢) ( quadruplet *Q for the dimer, and quintuplet
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(a)

Figure 4.4.2.11. Schematic Presentation of the Relaxation Paths of the
Sublimated Film of the Dimer NdPcz in the Experiment of (a): Transient
Absorption and (b): Time—Resolved Four—Wave Mixing.

(ren) 1 1 =
s _P(t) T P'() Ty =<;‘(a"3+ T}mu)

=0.15ps

7™)~0.7ps

P,(t :
(1) T°20.19ps

Tfm)z78ps

Ps(t)

To
(a) (b)

Figure 4.4.2.12. Schematic Presentation of the Relaxation Paths of

the Sublimated Film of the Trimer (NdPc)2TPP in the Experiment of
(a): Transient Absorption (TA), (b):Time—Resolved Four—Wave Mixing.

To |
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>Q for the trimer ), then with 1, = T(lTAz)(z 67 ps for the dimer, = 78 ps for the

trimer, estimated by ref. [210]) relaxes towards the ground state (S, for the dimer, and

T, for the trimer). Because of the existence of excitation migration, the first two

transient grating decaying times TU°" and 7{"® are much shorter than the

longitudinal life times of the excited states, as shown by (4.1.2.8.1.), in Table 4.4.2.1,,
in Table 4.4.2.2., in Fig.4.4.2.11. (b), and in Fig. 4.4.2.12. (b). The diffusion times

T®Y and T2 are related to the excitation migration by excitonic coupling between

neighbouring molecules. The longest components, 7{'°> in the dimer and in the

trimer, are related to the system returning from the low lying excited states (LS) to the
ground states. They take longer times than the limit of the TRNDFWM detecting
system, i.e., 1.3 ns. These long times responses originate from the same effect —
photorefractivity — as the other three samples discussed in section 4.1 ~ 4.3. . This
will be treated thoroughly in section 4.6. .

4.4.3. Summary

We have presented time-resolved non-degenerate four-wave mixing (TRNDFWM)
measurements on the third order nonlinear optical properties of sublimated films of the
neodymium phthalocyanine dimer Pc2'Nd™Pc®  and the neodymium porphyrin
phthalocyanine trimer, Pc2-Nd TPP2-NdPc?-,

The dynamics of the diffracted signal show that the dimer system possesses a fast
subpicosecond relaxation time of 0.19 ps, an intermediate relaxation time of 1.98 ps
and a very long relaxation time of > 1.3 ns, while the trimer system possesses those of
0.15 ps, 2.30 ps and > 1.3 ns. The longest response times are supposed to be related to
photorefractive effect which will be discussed in detail in section 4.6. .

The existence of the excitation migration has, however, effectively shortened the

response times. In the case of symmetric dimer Pc2'Nd™MPc® and the trimer,
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Pc2"Nd™ TPP2-Nd™ Pc2-, excitation migration is one of the predominant degrating
processes. Comparing with the data from transient absorption experiments on the
samples of the same family of lanthanide bis- and tris-phthalocyanine-porphyrins, it is
found that the relaxation times detected by time-resolved non-degenerate four-wave
mixing are shorter than those by transient absorption due to the existence of excitation
migration. TRNDFWM is a very effective and very sensitive technique for detecting

various %® processes, especially, for those processes that cannot be detected by
transient absorption experiments.

When the grating spacing is bigger than the averaged size of the microscopic
crystalline domain of the sublimated film, the latter, instead of the former, should be
used to make a correct estimation of the diffusion coefficient. Taking the microscopic
structure and diffusion coefficients of the sublimated film of the dimer
Pc2"Ce!VTPP?" and the trimer TPP2"CePc2-Ce'TPP?" that we have investigated
in previous sections, as references to estimate the averaged sizes of the microscopic
crystal domains of the dimer and the trimer, the diffusion coefficients of the first two
components have been estimated to be 12 cm?/s and 1.2 cm?/s for the dimer, and 13
cm?/s and 1.1 cm?/s for the trimer, which are compatible to typical values of the
diffusion coefficient for energy transfer processes.

Owing to the stacked formation of the dimer and the trimer which favours the
delocalization of the conjugated n-electrons, we will show in the next section that the
third-order optical nonlinear susceptibilities have been greatly increased as compared
to those of the free phthalocyanine and the mono-metallophthalocyanines. - The results
show that the third-order nonlinear optical susceptibility x®), measured to be 15 x 10-10
esu for the dimer and 8.8 x 10-1° esu for the trimer. Details about the x® calculation
will be given in section 4.5. .
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4.5. Determination of the Absolute Values of the
Third-Order Nonlinear Optical Susceptibilities y

In this section, we will calculate and calibrate the absolute values of the third-order
nonlinear optical susceptibility x® for the sublimated thin films of the dimer
Pc2"Ndpce, the heterodimer Pc2-Ce!VTPP?", the trimer
TPP2 Ce'Pc?-Ce'TPP?, Pc2"NAMTPP2"NdPc?", and the Langmuir-Blodgett
films of mixed dimer CoPC,,*" / H,PcTS*, by comparing the TRFWM data of these
thin films with that of reference silica glass under the same experimental conditions,
using an analysis appropriate for thin absorbing materials [238, 239].

4.5.1. The Expression of the Third-Order Nonlinear
Optical Susceptibility ;((3)

If the spatial arrangement of the four-wave mixing beams is as shown in Fig.
3.4.1.1., which gives the wave vector diagram shown in Fig. 3.4.1.2., then the pump
lights, the probe light and the diffracted signal light can be expressed as:

j(k;-r-wjt . : : .
Ej(a)j)=E0je'( JTe e ), j=12: pump, j=3:probe, j=4:signal,

(45.1.1.)
where,
Fy=kj—kox; =k -iza, (4512.)
k,=k —k,+k,, (4.5.13.)
W, =0, —0y+ @5, (45.14.)
and
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PP (w4)= %13 (04 =@, - 0y +@3).E (0,)E* (0,)E (@3) (4.5.1.5.)

Putting ( 4.5.1.5. ) into the coupled wave equation ( 2.3.15. ), with the
approximation of SVA, ( Chapter 2, section 2.3. ~ 2.4. ), one get [188]:

2 . _
ZE;i“’—zm E, =‘ii2k22 czPNL (z.t) e’ (kzFot) (4.5.16.)
¢ 0

where, (+, +, —) is for forward propagating wave, (-, —, +) for backward propagating
wave. Under the approximation of IPW, CP], and with the boundary condition:

E,(0) =0, (45.1.7.)

by coupled wave approach, we can get the solution for the forward propagating wave
as:

B 2naw}
B = Cak-e, e

1
—iAk- 542
x’.ﬁ)l(au):EUE;k E;(1-e k2 ye 2747 (4.5.1.8.)

In our case here,

|a1|=|a2|, |a3l=‘a4| , (4519)
and under phase-matching,

Ak'—‘kl—kz +k3'-k'4 =0, (45.110)

T . 1 1
—idk -z = —I(Ak—z—Z-Aa)-z=—52(a1j2 —Qy Az, tagi)=—az,

(45.1.11.)

using the relation

k=%n, (45.1.12.)
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finally, ( 4.5.1.8. ) becomes:

1
2rk - 27
Esi = G 20 (@4 ) By By Ey(1-€7% )e 277 (45.1.13.)

If the signal travelling distances in a reference and a sample are ! and /
respectively, by comparing the FWM signals of the sample with that of the reference
under the same experimental conditions, we get:

1
I, e mata’2(1-e mrhey on?
22(@4) = 2N @) | _a,,z( —— ) . (45.1.14.)
14"ef € (l"e ) aref n,?ef
If the reference is nearly lossless, therefore,
—e e e :
(i-e ) o1, (45.1.15.)
areflref
and
e ! 41, (4.5.1.16.)
in this case, we have:
1 2 I
D=0 | L [F| || al 45.1.17
X( o [I4ref] [nref / e—al/Z(l_e—al) . ( T )

4.5.2. The Calculation of the Absolute Values of the

Third-Order Nonlinear Optical Susceptibility y* of
the Samples

To get the absolute values of the third-order nonlinear optical susceptibility x® of
the samples, one needs to use the x® value of a given material whose x® is already

143



known as reference. Commonly used reference materials are CS, and fused quartz.
Because using CS, one needs to calibrate the FWM contribution from its container
(often a quartz cell), which would cause extra problems in some cases, we chose fused
quartz as a reference material, which at 620 mn and 650 nm is lossless.

In the FWM experiment, the pump power often needs to be adjusted to a suitable
level under the damage threshold of the samples, by changing the optical density of the
attenuators in the light path. Thereby, the actual formula used to calculate x® values
of the samples should be:

! n i Ig_ al
{nref] { ] }{e-allz(l_e—al)] * (4521)

In (4521.), 2% =2, =2.8 x 1014 esu [240], is the reference value of the
third-order nonlinear susceptibility x® for quartz. / . is the thickness of the silica glass
slide. 7,0 = n,,,,, = 1.457399 [241], is the refractive index of the reference quartz. /is

the sample thickness which was measured by a TENCOR profilometor, model Alpha-
Step 200. In a small angle FWM geometry, the interaction distance /, of the beams is
generally big enough to make /,>/ .and /,> /. If not, / and /_; should be replaced by
I.. The measured values of the thickness of the samples are given in the sixth line of
Table 4.5.2.1. . n is the refractive index of the sample which was measured by an
Applied Material ellipsometer model II. The experimental data on the refractive index
of the samples are listed in the fifth line of Table 4.5.2.1. . a is the absorption
coefficient of the sample at the laser wavelength of 650 nm in cm~! , which was
measured by routine transmission-absorption measurement procedures. The a data of
the samples are expressed in terms of optical density OD and have been written into

the fourth line of the Table 4.5.1.1. . 14,14, are the intensities of the TRFM signals

= Xrer 14’4/1?»@[

o 3)[ L/L

of the sample and the reference under the same experimental conditions, which appear
in the eleventh and the ninth lines of Table 4.5.1.1. . 1,1, are the signals

proportional to the source laser intensities used during the experiment. The subscript
ref refers to the reference material which is fused quartz. The reference was assumed
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to have no absorption at the pump and probe wave length 620 nm, 650 nm. Under our
given TRFWM geometry and focusing of the pump and probe pulses, the beam
overlapping distance is longer than the thickness of the reference silica glass and those
of the samples. This has been tested by recording the TRFWM signal while moving
the reference quartz slide along the symmetric axis of the four beams. Since the
thicknesses of the films are much smaller than the overlapping distance, the measured
actual thicknesses of the films in the sixth line of Table 4.5.1.1. are used to make the
calculation.  The obtained peak values of the third-order nonlinear optical
susceptibilities of the samples, are listed in the sixteenth line of Table 4.5.1.1.:

o = i @ - -10 » i
Xoecerrp = 7.8 x 1010 esu, x©) e = 3-4 X 1077 esu, ZNape, = 15 x 1010
3 — " 3 —
esu, ¥ Rarey,ter = 8.9 x 10-1° esu, and x(clm224+/H2PcTs4_ = 8.3 x 101 esu. These values

of 2 (=@ signats @ pumpi > = @ pump2> @ prose ) compared with those values of natural
phthalocyanine, mono-metallophthalocyanines, and bis-metallophthalocyanines [242 -
248], listed in Table 4.5.2.2. is among those with the largest . This is presumably
because of the stacked sandwich formation which extensively increases the
delocalization of the n-conjugated electrons and thus increases the »*® response. On
the other hand, the excitation migration and charge transfer cause much shorter

response times than those without contribution of these processes. In Langmuir-
Blodgett films, orderly molecular assemblies may also give an orientational
contribution to the z* value. Since the 620 nm pumps fall in the strong absorption
band of these samples, the resonance enhancement effect will also effectively increase
the 7 response of these samples.
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Table 4.5.2.1.
Peak Values of the Third-Order Nonlinear Optical

Susceptibilities 7.
Name of the Sample: | PcCeTPP | Pc(CeTPP),| NdPc, | TPP(NAPC), (i;’l;cglz;:/_
2 c
I, 2.048 2.252 2.099 2252 2.203
i 0.2100 | 0.8040 1.255 0.4990 0.4930
AOD = h,( 0y 2.278 1.030 0.5143 1.507 1.497
Ngample [2] 1.807 1.838 1.762 1.754 1.680
Lsampte (A) [b] 2395 1325 305 1325 11690
Aeusstrare [€] 1.445702 | 1.45702 | 1.45702 | 145702 | 1.51507
Substrate quartz quartz quartz quartz glass
Les 12780 12780 12780 4319 10540
OD,or 0.70 0.70 0.70 0.70 0.70
Lcample 2418 1149 3462 1362 2721
ODgumple 0.70 0.70 0.70 0.70 0.70
Myef 1.45670 | 1.45670 | 1.45670 | 1.45670 | 1.45670
Ler 1.25mm | 125mm |125mm| 125mm | 1.25 mm
250 (x 104 esu) 2.8 2.8 2.8 2.8 2.8
o)
X sampie (x 100 esu) [d]} 5 ¢ 3.4 15 8.8 0.83

[a]: Measured by Ellipsometer II, Applied Material Inc.
[b]: Measured by TENCOR profilometor, model Alpha-Step 200

[c]: from Melles Griot, Optics Guide 5, ISSN 1051-4384, 1990.

[d]: Calculated by ( 4.5.2.1.)
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Table 4.5.2.2.

Third-Order Nonlinear Optical Susceptibility ¥ of Some
Metallophthalocyanines

3
Compound [a] Experimental (—ay4,0),0,,03) 7 )(—04101,&)2,03) Reference
Technique (x 107" esu)
H,PcCP4 DFMW (—o,0,0,-0) 4.0 [242]
PbPcCP4 DFMW (-0,0,0,-0) 20.0 [242]
PtPcCP4 DFMW | (-0,0,0,-0) 200.0 [242]
RSiPc DFMW (~0,0,0,—-0) 1800.0 [242]
PtPc DFMW | (~0,0,0,-) 200.0 [242]
Sc(Pc), DFMW (~o,0,0,-0) 1700 [242]
ClGaPc THG (30,0, w0, ) 25.0 [242]
FAIPc THG (30,0, 0,) 50.0 [242]
CuPc THG (30, », »,®) 4.0 [242]
ClinPc THG (B0,0,0,0) 130.0 [242]
VOP¢ THG (3w, 0,0, w) 18.5 [242]
TiOPc THG (=30, 0, ®,®) 27.0 [242]
CoPc THG (HB0,0,0,0) 0.76 [242]
NiPc THG (S30,0,0,0) 0.80 [242]
CuPc(C4HsS)4 THG (Bo,0,0,) 3.7 [242]
CuPc(CyoH,,8), THG ([Bo,0,0,0) 26.0 [242]
VOPc(CgH;38)4 THG (SBo,0,0,0) 9.8 [242]
VOPc THG | (P@2.0.0) 93 [243]
A =1907 ym |
SnPc tHG | (B®29.0) 40 [243]
A =1907 ym
CoPc THG | (F®®0,0) 75 [243]
A =1.907 pm |
H,Pc THG (Ho,0,0,0) 3.0 [243]
A=1.907 pm
NiPc tHG | (Poe0.0) 23 [243]
A=1.907 ym
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(30,0, 0, ®)

TBVOPc THG 6.0 [243]
A =1.907 um
TBH,Pc THG (Ho,0,0,0) 1.9 [243]
A =1.907 ym
TBNiPc THG (S30,0,0,0) 2.0 [243]
A =1.907 ym
30,0, 0, »)
FAIP THG (B0,0,o, 50
¢ 1064 (355) nm [244]
30,0, 0,»)
CIAIP THG (3o, », o, 25
© 1064 (355) nm [244]
-30,0,0,0)
VOP THG (S30, 0,0, 190
© 1907 (636) nm [243]
-30,0,0,0)
VO(t-BuP THG (30,0,0, 75
(t-BuPc) | 1907 (636) nm [245]
-30,0, 0, ®)
H,P TH (H0,0,0, 6
a G 1907 (636) nm (245
-30,0,0,0)

H,(t-BuP THG (B0,0,0, 3 4
A(t-BuPc) 1907 (636) nm [245]
30, 0,0,)

Pc-R’ THG (HS0,0,0, 13

© 1064 (355) nm [246]

(Bw,0,w,0)

CuPc THG 1064 (355) nm 7.5 [247]
1907 (636) nm 3.4 [248]
(-3w,0,0,0) 3

Si-nPc THG 1907 (636)nm | Y =3x1077Db] | [24g)
1543 (514) nm y =5x1073°[b] [248]

CP4 = Tetrakis(cumylphenoxy),

R = (OSiMe(Ph)OH),,

VO = alkoxy derivatives of vanadyl,
R’ = Polysiloxane,

nPc = naphthalocyanine

[b]: second hyperpolarizability, defined in Chapter2, (2.1.9).
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4.6. Photorefractive Effect

Of the many nonlinear optical effects that TRFWM is sensitive to, photorefractivitf,
is one of the most interesting ones. As described in section 1.3.2., the photorefractive
effect is a light-induced change in the index of refraction of a crystalline material. The
standard model goes as follows. It normally takes place in four steps: first strong pump
fields generate a large number of charge carriers, then these carriers are transported,
afterwards trapped, and finally, by the Pockels effect, the refractive index is modulated.
Though referred to as "optical damage" when the effect was first discovered, it was
soon realized that refractive index gratings written and stored in such crystals could be
used for a wide range of optical applications. Photorefractive crystals can be used to
make up simple phase conjugators with applications in distortion correction, laser
power combining, remote- sensing, and tracking systems.  These materials may also
play an important role in various optical computing and signal processing devices such
as reconfigurable optical interconnectors, associative memories, and passive limiters
for sensor protection.

The most widely studied photorefractive materials can be divided into four classes,
as listed in Table 1.3.2.1., : ferroelectric oxides and tungsten bronze-type crystals,
oxides of the sillenite family, semi-insulating compound semiconductors, and organics.
For the organics, there are two categories are known: doped organic crystals [180], for
example pyridinium ylide [180], and doped organic polymers, for examples bisA-
DPDA (bisphenol-4-diglycidylether 4-nitro-1, 2-phenylenediamine) [181] , PVK-TNF
(poly N-vinylcarbazole 2, 4, 7, -trinitro-9-fluorennone) [182] and PMMA:DTNBI:C,
(poly-methylmethacrylate: 1, 2, -dimethyl-2, 2-tetramethylene-5-nitrobenzimidazoline:
fullerene) [183]. Up to date, photorefractive effect in organic multimer (dimer,
heterodimer, trimer, or heterotrimer, etc.) films have never been observed and
reported.

In our TRNDFWM investigation on organo-metallic systems, we have observed
long-time responses up to 1.3 ns, in all the five lanthanide porphyrin phthalocyanine

multimer thin film samples (Figure 4.1.2.1.4. for Pc2-CelVTPP?, Figure 4.2.2.6. for
TPP2-Ce'Pc2-Ce''TPP?", Figure 4.3.2.8. for CoPC,* /H,PcTS*, 4.42.6. for
Pc2Nd™Mpc®, and 4.4.2.10. for Pcz‘NmePPz'Ndecz'). Because we have
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introduced a special noise reduction technique, called Transparent Shuttle (Figure
3.4.0.1., and section 3.5.), to get the signal § free from the background noise B by
substracting B from the collected light A (equation (3.5.1.), even these long-time
response signals are not very strong, but they are clear enough to be distinguished from
the background. What we got are definitely real signals. Since even the compounds
that we got the long-time responses, are different molecular systems (dimer (DM) for
Pc2"NdWPc®, heterodimer (HDM) for Pc?'CeYTPP?", trimer (TM) for
TPP2-Ce'Pc2-Ce™TPP2" and for Pc>"Nd™TPP2"Nd™Pc?", mixed dimer (MDM)
for CoPC,,*" / H,PcTS*), and are made into different thin films (sublimated films for
the first four of the above five, Langmuir-Blodgett film of the last of the above five),
they possess the same long-time responses. Therefore, there should be something in
common which gives rise to the same phenomenon. We find what in common for these
molecular systems are that there exist microscopically ordered domains, there exist
charge and energy migration processes, which we believe to be most probably related
to a well know phenomenon, photorefractivity.

The common elements we have found in these DM, HDM, TM, HTM, MDM
systems, as we have discussed in section 4.1.3.3., section 4.1.3.4. and section 4.1.3.5,,
is that, in these systems, there always exist either intramolecular charge transfer or
intermolecular energy transfer, or both. These transport cause molecular dipoles or
excitonic excitations to migrate from one molecule to the others in the microcrystalline
domains. Any free charges, if they are produced, are thus expected to similarly diffuse.
If there exist some barriers or "trapping centers”, these moving molecular dipoles or
excitations will be expected to be held down or trapped there.

In the sublimated films, as discussed in sections 4.1.3.8. and 4.2.3.8. and as shown
in Fig. 4.1.3.8.1. and Fig. 4.2.3.8.1., the grain boundaries are natural candidates. These
microscopic crystalline domains averaged between 0.2 pm and 0.3 pm, will capture the
moving molecular dipoles or excitations and hold them there. ’ '

In Langmuir-Blodgett film, though theoretically speaking, the molecules should be
arranged more regularly. Nevertheless, according to our experiments, this is not
always the case: even in some "high quality” Langmuir Blodgett films, the diffusion
light could be so intense that the TRFWM experiment was impossible to carry out.
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There are definitely local irregularities in these films. In fact, during the deposition of
the Langmuir-Blodgett film, the molecules in the monolayer on the subphase, could be
clustered, crystallized, or polymerized. Therefore, in the resulting Langmuir-Blodgett
film, there exist some local irregulanties is just a natural thing. We have observed such
kind of irregularities on the Langmuir-Blodgett film when measuring the sample
thickness. Thus, in Langmuir-Blodgett film, moving excited species will be also held
down or trapped on the boundary between two homogeneous regions.

Now it is clear that photorefractive effect can happen in the sublimated and
Langmuir-Blodgett films of lanthanide porphyrin phthalocyanine dimer/heterodimer
and trimer/heterotrimer systems, and, it is really happening there. In these systems,
there are large number of electron donors, either porphyrin or phthalocyanine
depending on the cases, which will form molecular dipoles and excitonic excitation
when excited by laser pump. When studied by TRFWM, two strong pump pulses
create a great quantity of excited species. Due to the similarity between the
neighbouring molecules, these molecular dipoles or excitations will be quickly and
effectively transported, migrated or diffused from one excited molecule to the other by
the coupling of the charge transfer states (section 4.1.3.3.), by the spin-orbital coupling
(section 4.1.3.4)) and by excitoninc coupling (section 4.1.3.5.) between the
neighbouring molecules. The boundary of the microscopic crystalline domains in
sublimated films, as shown in Fig. 4.1.3.8.1., and Fig. 4.2.3.8,, and the boundary
between two homogeneous regions in Langmuir-Blodgett film, which play the roles as
"trapping center" in semiconductor and other crystalline matenial, will trap and hold
down the moving charges or excitations. These trapping and holding down will
eventually created new internal space charge fields, which alter the local refractive
index of the material by the Pockels effect, and give us a long time response, as shown
in Fig. 4.1.3.1.4, Fig. 4.2.3.6., Fig. 4.3.3.8., Fig. 4.4.3.6., and Fig. 44.3.10. . If the
above mechanism is correct ( and it appears established for the materials known to the
date), then, we have actually observed the first photorefractive effect in an organic
multimer thin film.

The photo-production of free carriers is unfortunately hypotheticél. We have no

direct evidence of such production other than the existence of the photorefractive
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effect. We are sure, however, that excitons are produced and also a CT state in the .
HDM system. The size of the photorefractive effect is at least four times larger in the
HDM than in any other system. This suggests that the CT dipole may play a novel role
in photorefractivity. Are dipole layers generated at grain boundaries consistent with
the phonon modulation models and could they generate internal electrical fields? Do
the dipoles transfer their energy at the grain boundaries and generate metastable excited
states or even free carriers in the bulk? Or perhaps ﬂle CT state favours the creation of

bulk free charge carriers? These questions have not been answered yet.

A thorough investigation on the photorefractive effect of the lanthanide
dimer/heterodimer and symmetric trimer thin film needs complete identification of
ionizing centers and charge species involved, knowing relative importance of electrons
and holes, detailed structure of the microscopic crystalline domains, and the
establishment of an appropriate theoretical model, especially for the organic crystals
and thin films.

Photorefractive effect is caused by free electrons which are released from donors by
the incident light. The observation of this effect needs some spatial modulation of the
light intensity. Periodic grating-like excitation, for example, four-wave mixing scheme,
is particularly well suitable for experimental observation of the photorefractive effect
and is convenient for its theoretical descriptions.

The movement of the photoexcited free charge carmiers can be affected by three
different mechanisms: diffusion, drift (when existing an external electrical field) and
the photovoltaic effect. In common cases, the free charge carriers are moving in the
lattice field of the crystal of the material. This kind of moving is generally forbidden in
organics even in crystals under normal conditions, and that is why organic
photorefractive materials are rarely seen. However, except mechanism of the free
charge carriers moving in lattice field, in lanthanide porphyrin phthalocyanine
dimer/heterodimer trimer/ heterotrimer systems, there exist the other two equivalent
mechanisms: molecular dipole migration by charge transfer state coupling, by spin-
orbital coupling and excitonic excitation migration by excitonic coupling, between the
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neighbouring molecules. These are probably one of the most efficient ways to create
photorefractive effect in organic materials.

To make organic photorefractive materials, people just followed the same thinking
as making semiconductors: doping, which gives rise to doped organic crystals and
doped organic polymers. Nevertheless, the growth of doped organic crystals is a very
difficult process because during the crystallization most dopants are expelled.
Polymers on the other hand, though relatively easier to be doped, but they need to be
doped with charge-generating and transporting agents [249, 250] to make them
photoconducting or with poling guest or attached nonlinear chromophores to make
them electrooptic [251, 252]. This will cause some extra problem as controlling the
ratio between the base, the charge-generating agents and the transporting agents, etc.
Contrary to these, lanthanide porphyrin phthalocyanine multimers (dimers,
heterodimers, trimers, heterotrimers, etc.) offer another simpler and entirely new
approach to photorefractivity: they integrate donor, acceptor and charge transporting
mechanism into one unity. The multimers themselves are donors and acceptors, thus
need no further doping. The molecular dipole and excitation migration by intersystem
couplings between the molecules of lanthanide porphyrin phthalocyanine
dimer/heterodimer trimer/heterotrimer have opened new approaches to the
photorefractive effects. Furthermore, the common deficiencies in the photorefractive
materials presently available, for examples, low sensitivity, inappropriate dimension,
etc., can be overcome by the molecular engineering. In this sense, lanthanide
porphyrin phthalocyanine dimer/heterodimer trimer/heterotrimer systems could be one
of the most promising new family of organic materials for the investigations and
applications of photorefractive effect.

In order to fully evaluate this new family of organic photorefractive materials for
photorefractive applications, the following aspects need be considered for further
studies:

photorefractive sensitivity,

dynamic range (maximum refractive index change),

phase shift between refractive index and light intensity distribution,
photorefractive recording and erasure time, |
spatial frequency dependence,

A e
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electric field dependence,
laser wavelength for inducing refractive index change,
resolution,

0 oo

signal-to-noise ratio, and
10. room temperature operation.

We have found photorefractivity in these materials.  Contrary to other
photorefractive materials, lanthanide porphyrin phthalocyanine multimers (dimers,
heterodimers, trimers, heterotrimers, etc. ) offer a simpler and entirely new approach
to photorefractivity: they integrate donor, acceptor and charge or molecular dipole
transporting mechanism into one unity. They also provide natural trapping centers: the
grain boundaries. The multimers themselves are donors and acceptors and there is
thus no need for doping. They may provide the free charge carriers usually associated
with the photorefractive effect. However, the molecular dipole and excitation
migration by intersystem couplings between the molecules of lanthanide porphyrin
phthalocyanine dimer/heterodimer trimer/heterotrimer opens new channels to the
photorefractive effect. It is hoped that the common deficiencies in the photorefractive
materials presently available, for examples, low sensitivity, inappropriate dimension,
etc., can be overcome by molecular engineering. In this sense, lanthanide porphyrin
phthalocyanine dimer/heterodimer trimer/heterotrimer systems could be a most
promising new family of organic materials for the investigations and applications of the
photorefractive effect, though there is still a long way to go to make this new family of

photorefractive materials viable to the photorefractive applications.
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Chapter S.

Conclusion

We have presented the results of time-resolved four-wave mixing (TRFWM) studies
on sublimated and Langmuir-Blodgett thin films of the lanthanide porphyrin
phthalocyanine dimer/heterodimer and the symmetric trimer systems. This is the first
non-degenerate time-resolved four-wave mixing study on sublimated films.

It has been shown that TRFWM is one of the most sensitive, most useful and most
powerful techniques for probing the dynamics of the third-order nonlinear optical
processes in materials, especially, those not detectable by transient absorption and
other ultrashort time-resolved spectroscopic techniques.

The diffusion processes play an important role in the degrating and can not be
neglected when considering the mechanisms related to nonlinear optical processes. In
the lanthanide porphyrin phthalocyanine dimer/heterodimer and trimer'heterotrimer
systems, there exist intramolecular charge transfer and mtermolecular energy transfer
processes which cause molecular dipole and excitonic excitation migrating from one
place to the other. This diffusion finally gives rise to observable experimental effects,
for example shorter de-grating time.

The diffusion contribution to degrating processes is identified and investigated for
the first time. This was achieved by comparing the TREWM results with those from
the transient absorption experiments on the same samples and making an estimation of
the diffusion coefficients. The calculated diffusion coefficients are compatible with the
typical values of the diffusion coefficient for dipole transfer and for energy transfer
processes. This confirms the role of diffusion in the degrating process.

Due to the stacked sandwich formation of the dimer/heterodimer trimer/
heterotrimer, which favours the delocalization of the conjugated x-electrons, the third-
order nonlinear optical susceptibilities in these systems have been greatly increased
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compared with those of the free phthalocyanine and the metallo-
phthalocyanines/porphyrins.

The phenomenon of two correlated-phonon mode-shifting has been observed for
the first time. 1t is related to the charge transfer process in the heterodimer. One of the
characteristics of intramolecular electron transfer in the lanthanide heterodimer or
heterotrimer systems is that these processes are always accbmpanied with a change in
molecular configuration. This causes a vibration mode change. We conclude that, the
correlated-phonon mode-shifting phenomenon may only be observable in a system
relaxing with changes in the molecular configuration.

The knowledge of the detailed structure of the microscopic crystalline domains in
sublimated films and the arrangement of the molecules in Langmuir-Blodgett films is
crucial for the attribution of the third-order nonlinear optical processes to the different
physical mechanisms. When the grating spacing period is bigger than the averaged size
of the microscopic crystalline domains of a sublimated film, the latter, instead of the
former, should be used to make a correct estimation of the diffusion coefficient.

The photorefractive effect is one of the most important nonlinear optical
phenomena, which exists in ferroelectrics, sillenites, compound semiconductors and
doped organics. The lanthanide porphyrin phthalocvanine dimer/heterodimer and
trimer/heterotrimer systems have both electron donors and acceptors. In these systems,
there always exist either intramolecular charge transfer or intermolecular energy
transfer. These intramolecular and intermolecular transport processes cause molecular
dipoles or excitonic excitations to migrate quickly and effectively from one molecule to
the others. The boundary of the microscopic crystalline domains in the sublimated
films and the local irregularities in Langmuir-Blodgett film play an important role as
"trapping center" (as in semiconductors and other photorefractive crystals), at which
the moving molecular dipoles or excitations will be held down or trapped. This may
eventually create new internal space charge fields, which alter the local refractive index
of the material by the Pockels effect, and gave a long time response in all these
lanthanide porphyrin phthalocyanine dimer/heterodimer and trimer/heterotrimer
systems. We have observed the first photorefractive effect in an organic multimer
thin film.
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Aside from the motion of free carriers in conventional photorefractive materials,
there exist the other two equivalent mechanisms in sublimated and Langmuir-Blodgett
thin films of lanthanide porphyrin phthalocyanine dimer/heterodimer and symmetric
trimer systems. The molecular dipole migration by charge transfer state coupling or by
spin-orbital coupling and excitonic excitation migration by excitonic coupling between
the neighbouring molecules, are possibly one of the most efficient ways to build up
photorefractive effect in organic materials. This photorefractive effect can be
enhanced and optimized by molecular engineering, which at the same time can
overcome the deficiencies in the existing non-organic photorefractive matenals.
Therefore, lanthanide porphyrin phthalocyanine dimer/heterodimer trimer/heterotrimer
systems offer an entirely new approach to photorefractivity and they could be a
promising new family of organic materials for the investigation and the application
of the photorefractive effect.

From the above, we can see that, in lanthanide porphyrin phthalocyanine
dimer/heterodimer and trimer/heterotrimer systems, three seemingly non-related
phenomena, diffusion contribution to degrating process, correlated-phonon mode
shifting and photorefractive effect, have a common origin: intramolecular charge
transfer (ICT), molecular dipole migration (MDM) and excitonic excitation migration
(EEM) processes occur in theses systems.

From this work; it is clear that metallo porphyrin phthalocyanine dimer/heterodimer
and trimer/heterotrimer are very versatile and have very great potential as nonlinear
optical materials. The nonlinear optical research on these materials is just at its
beginning. An improved understanding of the relationship between the molecular
structure and the microscopic nonlinearities, is essential for the development of new
molecular systems for nonlinear optics. A systematic investigation covering a diversity
of species and sequentially built structures will help to establish comprehensive
nonlinear optical theoretical models and computational methods to predict structural
requirements necessary for large optical nonlinearities.
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Appendix I

Transient Response of Population Relaxation

In order to extract the information from time-resolved four wave mixing
experimental data, we need to make a theoretical calculation to fit the data and
consequently decide the relate parameters. During this process, as we have developed
in Chapter 2, section 2.7., needs to use transient response of the population relaxation
of a system with a certain energy levels and relaxation paths. In the fitting, we need a
four-level system solution to treat the problem of three relaxation components, and a
five-level system solution to deal with the problem of four relaxation components.

Suppose we have a ten-level system, where, E, > E,>E>E,>E,, and E, to E, are
the excited states and E, is the ground state. We are going to give the transient

response for the system excited to the highest level and relaxing from one level to the
others.

The differential equations for the system can be written as

dP, P 1 1 41 1 4 4

—— ==, =7 =—(8,t2.8:) (But2.8:)=L (AL)
G T T, T BT, T, BetZE) @t

dR Pz Pn Pz P!

1 1 41 1 4
+ 2 + s T T + = 2o+ i); A2
@S T, T T, Ta T, T, e T s (A2)

3 i P

2

PP P, P, P
a1, Eep T8 T, T, T,°

13 { ) (A3.)
= 4 =__ + + =1
T3 T30 + ]’v:;‘1 ]’v3 (gJO g}A )3 (gﬁ g34) b
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a1, Swr T8 TENT T, T, T, T,
1

(A4.)
ﬁ“ﬁ”}’:gw go=1

where P; and 7; are the population and the relaxation time of the ith level respectively,
T; ; is the relaxation time of the system from the ith level to the jth level, and

8, ===, j=0,i+1,.--, 4, is the statistical weight related to the ith level and the jth

Tio
level, which could take the values between 0 and 1 depending on the specific cases.
Solving the equations under the initial conditions as

P(0)=1,P(0) =0, n=2 34, (AS.)
we can get the following population evolution equations:

P()=3 4, e n =123 4 (A6.)
1.e. -
P(t)=4,e"",

P()=4,e"" + 4, €7,

P()=A, e +4,e" " +4,e"",

P ()=A,, e"" + 4, eV v 4, eV + A, eV

7

(A7.)

where the parameter Aij are:
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A, =1, 4, =gTA ;_%,Af-/;,,, (g"A”+§3’A,,)T‘ 7;
4, = gTA TT]; Ay = (A +Ay),

4, =(gTA ‘%A +5u AH)T -

Ay = (g"‘A + 82 An)fz;

Ay = 2 fTT Ay = (A +4g + Ay),

(A8.)
Therefore, the transient response to the relaxation of the system can be expressed
as:
4 i
R() = Zx‘”P(t = Z > 24,e"s, (A9.)
i=1j=1
i.e.

R(t) =224, €'+ (4, € + A4, €7T) 20 (4, € A, € A4, e+
+x23)(A“ e—l/ﬁ +A42 e-l/Tz +A43 e—n/r; +A“ e—l/n )’
( A10).

R(t) = (Z(ls)An +Z§3)A21 +Z(33)A31 +Z(43)A4.) e-’/n +(Z(23)A22 +I§J)A32 +Z£3)A4z) e~'/72 +
+(P A+ 0A) e (R A e
(AlL)

This five-level system or four excited state population model have been used in
section 4.3.3. .

For the transient response of a four-level or three excited state system, the
population relaxation formula similar to ( A9 ) — (A10 ) are:
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3
R(t) = ZxPRi(t) = Z Z x4 e, (A12.)
i=1

i=1j=1

and

R() =204, €+ 22 (4, €77 4 4, €7 ) 4 40 (4, €77 + 4,77 + 4, €™
= (0 Ay + 2 A A, (0 Ay 204D H (0 4, )

(A13.)
where,
_8& 4 LT, _g, ITT _ & LT,
A =1 =on 4 =ou A =-A4 =-22
11 > 21 ]wl ll]’;_]’; 7; ]’;_]’;’ n 21 ]I ]-;-];S
_ & gx T, _ .8 8.8 1T, 1T
A +52 4 (& _Subén "1z
N RET T ou al  A R
A g%4TT __8:8 NT, LT
T "1, L I, ,-T,T,-T,”
_ g 8,8 LT, 1T, 8,8, 1T, T, T,
3 '(A31+A32)=_(__—“W)”‘—_ P T -
L T ,T-I,’T-T, T T, -, T,-T, (Al4.)

Substituting these into ( A8. ) one gets the final analytical expression, used in the
fitting of experimental data in section 4.1, 4.2. and 4 4., as:

LT, s Engn LT, .LT | -t/f
R(t)= [x@ +y@P 82172 4 08 _ & 8n e,
(0= [+ Prg g (G A

w8 LT 818 hlh LT |,V
X -X e +
[ L Lh-1, ¥ L, LL-LL-T|
s (g13 812 82 TITZ)T1T3 8283 L', LT e VB
I, T L Lh-L’L-I, T, L, -, TI,-11 '

(Al5.)
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Appendix II. Transient Response of Four-Wave
Mixing in aMedium, a Quantum Mechanical View

In Appendix 2, we will examine how P®(z,t) can be obtained using the density
matrix description.

‘In quantum mechanics, a system's state is governed by the Schrédinger equation

ihﬂ-‘%(—?3= Hip(t) >, (A2.1.)

where H is the Hamiltonian, lp(t)> is a state of the system. The Hamiltonian A includes

the unperturbed HamiltonianH , and the interaction Hamiltonian H,:
A=f,+4,. (A22.)
The solution of equation ( A2.1. ) is

lo(t) >= T(t,t)lo(ty) >, (A23.)

where U(t,t,) is the time-development operator.

In order to calculate the expectation value of a physical quantity Q a projection
operator P(y) has to be introduced:

() =l p(t) >< p(1), (A24.)
where |(t)> is an element of a complete orthonormal set of eigenvectors of H(t).

Putting the projection operator into the Schrodinger equation, one can get the equation
of motion for the projection operator P(y)

BT =[ﬁ, B( y/)]. (A25.)

The expectation value of the observable Q in the states y,, ¥, - , Wn, can be
expressed as the trace of the projection operator
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(0), =miBv;)0l, (A26.)

and the probable value of the operator (j when the system is in a mixture of the states
Wi, Yoo , ¥, 1s given by:

<Q>=§P,~tr{f)< wj)Q}=§rr{P,- P(y)0). (A27.)
By defining
b=‘§P,~ P(y,), (A28.)
( A2.7. ) can be written as:

(0)=rr{pd}. (A29.)
Equation ( A2.8. ) defines the density operator of the system. P; is the probability of
finding the system in the state y; at time t = — o, when 1:11 =0.

The probability P; is independent of time, and thus:

GP(VJ) (A29.)

———thP

Using the equation of motion of the projection operator ( A2.5. ), the equation (A2.10.)
becomes:

ZP [ﬁ P(w ]:{ﬁ,zpjf)(wj)}:[ﬁ,‘]. (A2.11.)

J

This is the Liouville equation for the density operator p.

Putting the Hamiltonian of the system H = H, + H, into (A2.11.), one can get

n 22 =[f, +,,5]=[A,. 2] +[1,.7] (A2.12.)
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where p can be expanded as a series:

O BT SRy, SR, Oy, O NSy, | NS =y . (A2.13.)
m=0

Therefore, we have:

in2- ziﬁ><t)=[ﬁo, zw(t)Hﬁl, Zb")(t)}- (A2.14.)
ot = =
j=0 j=0 =0
By comparing the same orders of the powers in both sides of ( A2.14. ), we can get the
differential equations satisfied by the different orders of the perturbation series as:

ihai’;))t(t) =[f,, 27 ()],

m22 O 1, 50 0]+[1,. 57 )

maia(‘;(t) _ ;ﬁo’;)(z)(t): + :ﬁl,ﬁﬂ)(f)],

~3) . T
w220 1, 5o 0] +[f1, 52 o)

w220 (11,3 0]+ [, 5 (0]

(A2.15.)
Using the time evolution unitary operator Ug(t)=U(t, t; = —0), multiplying
(A2.15.) from the left by U} (t) = U,(~t) and from the right by U,(t), and making use

of the relation U} (t)U,(t) = U,(~t)U,(t) = 1, one can get the jth-order density operator
as:
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. . t t ty tio1
PO (1) =22 fat, far, [dt,--- [at, x
(ih) % o - (A2.16.)

[ 0 [ A o [, [ [, 0 -] [0,

where
A, (t,) =07 (t,)H,(0)Uo(tn), m=12,3,-,j. (A2.17.)
For j = 3, one has
. t t t
PO (1) = ‘(JT()?— Jat, fat, fau A e [A ), [Ba), 22w U@ (a218)
1 -00 -0 -0

Once the expressions of the density operator are available through a quantum
mechanical calculation, the jth-order nonlinear optical polarization PP can be deduced
as follows.

The external field exerted on a medium introduces a polarization which we write as
P(t) =PO (1) + PP (1) + PO (t)+-- o+ PO (D) +---- -, (A2.19.)

If the volume of the medium V is small enough, and for a total electric dipole
momentum of the system D, then the different orders of the polarization can be expressed
as

PO ()= (3" (0D}, P2 (1) = (i (D),

| . ( A2.20.)
PO (1) = 1r{p” (D}, -, PO () = tr{P (DD}, -ooovv.
In the general case, the term nonlinear polarization means
PO(t)=PM™0 (1), j=2. (A221.)

PY(t) can be expressed in another form using subscripts p, @, a,, ... , @, etc. to
denote one of the components of the cartesian coordinates x, y, z:
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) +00 +o0 +o0 +o )
P,j (t)=¢, Id(‘)l Idmz _[dms"' fdwnxffl,az ------ uj((‘)l’m2’ """ ;) X
e e " ; (A2.22.)
-i ) ot

X Eal (O)I)Eaz ((DZ)E(X.J ((Dj)e m=1
Fourier transforming ( 2.8.1.22. ) while using ( 2.8.1.18. ) and H,(t) = -R(t)-E(t),

one gets for j=3

2 (a)l’ a)Z’ w3)=

ap
g 1 7§ +o0 +e0 +o . " " A 1 A
=T€—Vg J‘dtl J.d12 Jdt3 tr {A H[Dy, Da,(ti)-‘, Dp(tz )J, D;/(t3) }X (A223)

x @ Hahtoh+oy) ,
where S is a symmetric operator [33, 213 - 216].

We have now obtained the expression for the third-order nonlinear optical
polarizability 3, with which the third-order nonlinear polarization can be expressed as

PN - ¥ &) EEE. (A2.24.)

This is the source term in third-order coupled wave equation, from which the problem
of the third-order nonlinear optical wave propagation in a medium can be solved.
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