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PART 1
RESONANT NONLINEAR OPTICAL PROCESSES
IN LOWER DIMENSIONAL ELECTRONIC SYSTEMS




ABSTRACT

RESONANT NONLINEAR OPTICAL PROCESSES
IN LOWER DIMENSIONAL ELECTRONIC SYSTEMS

Optical bistability is a quantum optical realization of a first order phase transition
far from equilibrium. A nonlinear optical material contained in an optical cavity
driven resonantly by an external coherent optical field undergoes a first order phase
transition to a new nonequilbrium stationary state of broken symmetry. Resonant
and nonresonant nonlinear optical response of w-electron excitations in conjugated
electronic structure provides the nonlinearity essential to the onset of bistability.
Electronic correlation effects in reduced dimensions are responsible for nonresonant
nonlinear optical responses. Saturable absorption studies of glassy polymer films
consisting of quasi-two dimensional conjugated disc-like structure of silicon naph-
thalocyanine demonstrate that on-resonance the system behaves as an optical Bloch
system with an intensity dependent refractive index of 1x10~* cm?/kW. Based on
the results of these studies, electronic absorptive optical bistability is obeserved on
a nanosecond time scale in a nonlinear Fabry-Perot interferometer employing the

saturable absorbing silicon naphthalocyanine film as the nonlinear optical medium.




TABLE of CONTENTS

Abstract . . . . . L. L. oL e i
Table of Contents . . . . . . . . . . . .. e e e e Coe il
List of Tables . . . . . . . . .. e e e e e e e iv
List of Figures . . . . . . . . . . . . . . . . ... <
Chapter 1. Introduction . . . . . . . . . . . .. ... ... L1
References; Chapter1 . . . . . . . . . .. e e e e e e e e e 8

Chapter 2. Nonequilibrium Phase Transition: Optical Bistability . 9

2.1 Optical Bistability as a Nonequilibrium Phase Transition . . . . . . . 11
2.2 Optical Bloch System inside a Fabry-Perot Cavity . . . . . . . . . . 32
References; Chapter 2 . . . . . . . . . . . . . .. .. ... ... .39
Figure Captions; Chapter2 . . . . . . . . e e e e e 44

Chapter 3. Nonlinear Optical Processes: Resonant and Nonresonant 63

3.1 Microscopic Description of Second Order Hyperpolarizability . . . . . . 63
3.2 Conjugated Linear Chains . . . . . . . e e e e e e e e 66
3.3 Conjugated Cyclic Chains . . . . . . . . . . . . . . ... .... 68
3.4 Resonant x3) Processes . . . . . . . . . . e e e e e e e e 73
3.5 Bloch Equation; Transient Behavior . . . . . . . . . . . .. . .. 71
3.6 Steady State Solution of Bloch Equation . . . . . . . . . . . . .. 81
3.7 Nonlinear Susceptibility; Intensity¢dependent Refractive Index . . . . . 83
References; Chapter3 . . . . . . . . . . . . ..o 000 87
Figure Captions; Chapter3 . . . . . . . . . . e e e e e 89
id

----------q



Chapter 4. Optical Excitations in Random Glass Media:

Linear Optical Properties . . . . . . . . . . ..

4.1 Linear Absorption Spectrum of Silicon-Naphthalocyanine

4.2 Lineshape Function . . . . . . . . . . .. C e e e e e

4.3 Line Broadening in a Projection Operator Formalism . . . . . . . .
4.4 Perturbation Expansion in the Memory Function

4.5 Line Broadening in a Crystalline Field . . . . . . . . . . . . ..
4.6 TLS-Glass Model for Amorphous Systems . . . . . . . . . . . ..
4.7 Line Broadening in a TLS Glasss Media . . . . . . C e e e e e
References; Chapter4 . . . . . . . . . . . . ... ...

Figure Captions; Chapter4 . . . . . . . . .
Chapter 5. Nonlinear Optical Excitations: Saturable Absorption

5.1 Saturable Absorption and Resonant Nonlinear Refractive Index n,

5.2 Dynamical Transmission . . . . . . . . e e e e e e e
5.3 Intersystem Crossing . . . . . . . . . ..

5.4 Saturable Absorption Experiment

5.4.1 Light Source and Detectors

(A) Stimulated Raman Scattering- Raman Cell

(B) CW Dye Laser . .

(C) Light Detectors . . . . . . . . . . . .. e e e e e e
5.4.2 Experimental Layout . . . . . . . . . .

5.4.3 Measurement and Analysis

5.5 Dispersion of Saturable Absorption

References; Chapter 5

Figure Captions; Chapter 5

Chapter 8. Absorptive Optical Bistability

155

156
159
161
165
165
165
167
168
172
174
176
178
180

216




6.1 Fabry-Perot Interferometer . . . . . . . . . . . . . . ... ..
6.2 Optical Bistability in Steady State . . . . . . . . . . . ... ..
6.3 Optical Bistability; Various Regimes . . . . . . . . . . . . . ..
6.4 Optical Bistability; Transient State . . . . . . . . . . . . . ...
6.5 Optical Bistability Experiment . . . . . . . . . . . . . . .. ..
6.5.1 Instrumentations . . . . . . . . . . . ... L. L
(A) Ti:Sapphire Laser . . . . . . . . . . . ..o
(B) Laser Diode . . . . . . . . . . ..o 0oL oo
(C) Light Detectors . . . . . . . . . . . . . . o . . ..o
(D) Oscilloscope . . . . . . . . . . ..o e e e e
(E) Fabry-Perot Interferometer . . . . . . . . . . . . . . .. ...
6.5.2 Experimental Layout . . . . . . . . .. .. L0 0L
6.5.3 Measurement and Analysis . . . . . . . . . . .. ... L.
References; Chapter 6 . . . . . . . . . . . . . ... ... ..
Figure Captions; Chapter 6 . . . . . . . . . . . . .. .. .. ...

Chapter 7. Conclusion . . . . . . . . . . . . . ... .. ...

Appendices . . . . . . ... Lo L Lo
Appendix (1); Second Quantization of Electromagnetic Field . . . . . .
Appendix (2); General Response Theory including Nonlinear Response
Appendix (3); Canonical Transformation of the Interaction Hamiltonian
Appendix (4); Orthogonal Transformation of Bloch Equation . . . . . .
Appendix (5); Linear Response Theory . . . . . . . . . . . . .. ..
Appendix (6); Formal Solution for the Line Shape Function . . . . . . .
Appendix (7); Intersystem Crossing . . . . . . . . . . . . . . ...

Appendix (8); Kramers-Kronig Relation . . . . . . . . C e e e

Bibliography . . . . . . . . . .00 L Lo




LIST of TABLES

Chapter 2
Table2.1; Phase Transitions . . . . . . . . . . . . . . . . . . . ... 45

Chapter 3
Table3.1; The Symmetries, Energies, and Selected Transition Dipole Moments
of the Calculated Low-Lying States of Trans-Octatetraene . . . . . . . . .9

Table3.2; The Symmetries, Energies, and Selected Transition Dipole Moments

of the Calculated Low-Lying States of Cyclo-Octatetraene . . . . . . . . . 91
Chapter 4
Table4.1; Comparison of Physical Properties of Crystals and Glasses . . . 142
Chapter 5
Table5.1; Various Phthalocyanines . . . . . . . . . . . . . . .. .. 182
Table5.2; Raman Lines from Hydrogen Gas and Mehtane Gas . . . . . . 183




LIST of FIGURES

Chapter 2

Figure2.1; Nonlinear Fabry-Perot for Optical Bistability . . . . . . .
Figure2.2; Multiple Quantum Structures . . . . . . . . . . . . ..
Figure2.3; Hybrid Optical Bistabality . . . . . . . . . . . . . . ..

Figure2.4; Optical Bistability in a Nonlinear Optical Thin Film

Figure2.5; Phase Diagram for Liquid-Gas . . . . . . . . . . . . ..

Figure2.6; Landau-Ginzburg Potential F(¢,T) for

a Second Order Phase Transition . . . . . . . . . . . « . . . ..

Figure2.7; Landau-Ginzburg Potential F(¢,T) for

a First Order Phase Transition . . . . . . . . . . . . . . . . ..

Figure2.8; Hysteresis Behavior of Order Parameter as a Function of

Negative Temperature . . . . . . . . . . . . . .. ...

Figure2.9; Landau-Ginzburg Potential F(#,T) in the Presence of
an External Field . . . . . . . e e e e

Figure2.10; Hysteresis Behavior of Order Parameter as a Function of

the External Field . . . . . . . . . . . ..

Figure2.11; Entropy Production Rate at a Steady State . . . . . . .

Figure2.12; Entropy Produc‘ion Rate as a Thermodynamic Potential

Figure2.13; Critical Slowing Down near Phase Transition . . . . . . .

Figure2.14; Landau-Ginzburg Potential for Optical Bistability (C=3)

with Various Input Amplitudes (3, 6, 9,12, ..., 30)
Figure2.15; Landau-Ginzburg Potential for Optical Bistability (C=35)

with Various Input Amplitudes (3,6,9,12,...,30) . . . . . . . ..
Figure2.16; Landau-Ginzburg Potential for Optical Bistability (C=10)

with Various Input Amplitudes (3, 6,9, 12, ..., 30)

Figure2.17; Landau-Ginzburg Potential for Optical Bistability (C=20)

. 989

. 60

. 61



with Various Input Amplitudes (3, 6, 9, 12, ..., 30)
Chapter 3

Figure3.1; Schematic Diagram of Cyclo-Octatetraene
Figure3.2; Density Matrix Diagram for Cyclo-Octateraene
Figure3.3; THG Dispersion Curve for Cyclo-Octateraene
Figure3.4; Bloch Vector in Pauli Matrix Space .

Figure3.5; Bloch Vector in a Rotating Frame
Chapter 4

Figured.1l; Schematic Diagram of the Molecular Structure of
Silicon- Naphthalocyanine with a Polymer Tail

Figure4.2; Schematic Diagram of the Molecular Structure of
Silicon- Naphthalocyanine . . . . . . . . . . . . . ..

Figure4.3; Linear Absorption Spectrum of Liquid Solution

Figured4.4; Linear Absorption Spectra of Thin Films; Pure Dye (:olid curve)

and Solid Solution (dashed curve)

Figure4.5; Linear Absorption Spectrum of Pure Dye Thin Film
at Various Temperatures (1)

Figure4.6; Linear Absorption Spectrum of Pure Dye Thin Film
at Various Temperatures (2)

Figured4.7; Optical System in Interaction with a Thermal Bath
Figured4.8; Phonon Scattering Process in Crystalline Media
Figure4.9; Schematic Diagram of Two-Level-System (TLS)
Figured.10; Homogeneous and Inhomogeneous Broadening
Figured.11; Phonon Emission Process in Random Glass Media (I)

Figure4.12; Phonon Emission Process in Random Glass Media (II)

Chapter 5

. 62

143

144
145

146




Figure5.1; Input Pulse Shape for a Numerical Analysis of

Dynamical Transmission . . . . . . . . . . . . . . . . ... ...

Figure5.2; Output Pulse Shapeforr=10* . . . . . . . . . . . . ..

Figure5.3; Output Pulse Shapeforr =10 . . . . . . . . . . ..

Figure5.4; Output Pulse Shape for» =102 . . . . . . . . . . . . ..

Figure5.5; Qutput Pulse Shapeforr=10 . . . . . . . . .

Figure5.6; Output Pulse Shapeforr=30 . . . . . . . . . . . . ..
Figure5.7; Output Pulse Shapeforr=1.0 . . . . . . . . . . . . ..

Figure5.8; Output Pulse Shapeforr =05 . . . . . . . .

Figure5.9; Outpui Pulse Shapeforr=0.1 . . . . . . . . . . . . ..
Figure5.10; Output Pulse Shape forr =003 . . . . . . . . . . . ..
Figure5.11; Output Pulse Shape forr=001 . . . . . . . . . . . ..
Figure5.12; Output Pulse Shape for»=0.001 . . . . . . . . . . ..

Figure5.13; Numerical Analysis of a Dynamical Transmission . . . . .

Figure5.14; Intersystem Crossing . . . . . . . . . . . . . . ..

Figure5.15; Auto-Correlation Measurement of a Raman Output . . . .

Figure5.16; Transmission Spectrum for the 810 nm Spike Filter . . . .

Figure5.17; Acousto-Optic Modulator . . . . . . Coe e

Figure5.18; HP-2-4200-140 Photodiode and Diffusor Box . . . . . . .
Figure5.19; Charge Amplifier Circuit Diagram . . . . . C e e e
Figure5.20; MRD 510 Photodiode; Negative Polarity . . . . . . . . .

Figure5.21; MRD 510 Photodiode; Positive Polarity

Figure5.22; Electrical Signal Splitter for 50 Ohm Cable (I) . . . . . .

Figure5.23; Electrical Signal Splitter for 50 Ohm Cable (II)
Figure5.24; Circuit Liiagram for Avalanche Photodiode (RCA C30902 E)
Figure5.25; PMT Voltage Divider Cir.cuit

Figure5.26; Experimental Layout for Saturable Absorption . . . . . .

Figure5.27; Transmission Spectrum of Pellicle Beam Splitter




Figure5.28; Thermolcouple Circuit . . . . . . . . . . . . ... ... 211

Figure5.29; Saturable Absorption Data for Thin Film Sample . . . . . . 212
Figure5.30; Saturable Absorption Data for Liquid Sample . . . . . . . . 213
Figure5.31; Experimental Layout for Dispersion of Saturable Absorption . 214
Figure5.32; Dispersion of Saturable Absorption . . . . . . . . . . . . 215
Chapter 6

Figure6.1; Electromagnetic Waves in a Fabry-Perot Interferometer . . . . 239
Figure6.2; Transmission Function of a Fabry-Perot Interferometer . . . . 240

Figure6.3; Contour Diagram for Optical Bistability (A = atomic detuning,

¢ = inintial cavity detuning, C = cooperativity) . . . . . . . . . . .. 241
Figure6.4; Ti:Sapphire Laser Oscillator Design . . . . . . . . . . .. 242
Figure6.5; Multi Longitudinal Modes from Ti:Sapphire Laser . . . . . . 243
Figureb.6; Single Longitudinal Mode from Ti:Sapphire Laser . . . . . . 244
Figure6.7; SHG YAG Pumping and Single Mode from Ti:Sapphire Laser . 245
Figure6.8; Fabry-Perot Interference Pattern for an Empty Cavity . . . . 246
Figure6.9; Experimental Layout for Nolinear Interferometry . . . . . . . 247
Figure6.10; Experimental Layout for Optical Bistability Experiment . . . 248
Figure6.11; Fabry-Perot Interference Pattern with Sample inside the Cavity 249
Figure6.12; Absorptive Optical Bistability with Zero Cavity Detuning . . 250
Figure6.13; Absorptive Optical Bistability at Cavity Detuning . . . . . . 251

Figure6.14; No Optical Bistability wiht Either Cavity Detuning

at Maximum Refractive Index Change . . . . . . . . . . e e e 252
Figure6.15; Experimental Layout for Optical Bistability Experiment;

Long Pulse Regime . . . . . . . . . . . . . ... ... ... 253
Figure6.16; Thermal Dispersive Optical Bistability

with Long Pulse Duration . . . . . . . . . . . ... ... .... 254




CHAPTER 1
INTRODUCTION

Nonequilibrium systems may exhibit instabilities that are analogous to phase
transitions in thermodynamic equilibrium systems. Thus, when an open system is
driven far from equilibrium by an external source, it may change either continuously,
or discontinuously, from an initial disordered state of independent atomic motion to
a macroscopic ordered state of cooperative motion. This instability occurs only in
the presence of nonlinear interactions between the atoms and the external field. A
major physical realization of such instability phenomena is bistable transmission in
a nonlinear optical system where an external coherent optical field resonantly drives
a nonlinear optical material contained in an optical cavity to new nonequilibrium
stationary states of broken symmetry.

Optical bistability can be generally understood as quantum optical analog
of a first order phase transition of a thermodynamic equilibrium system, and the
two dimensional Ising spin system in an external magnetic field has an almost
identical formal analogy to optical bistability. According to the mean field theory
of a ferromagnetism, the Ginzburg-Landau potential F(¢) is given by

kT -J kT

4
> - (1.1.1)

F(¢)=-Ho +

where H is the external magnetic field, ¢ is the magnetization (order parameter), J
is coupling constant, and v the number of nearest neighbors. The state equation for

a ferromagnet in an external field is determined by minimizing the potential F(¢).
kT
H=kKT-T)¢+ —3—¢’ (1.1.2)

with T. = Jv/k. Below T., a first order phase transition takes place, and the mag-
netization (order parameter) shows hysteresis behavior upon increase and decrease

of the exeternal field.




Certain nonlinear optical systems in Fabry-Perot cavity configurations may
exhibit a similar phase transition when resonantly driven by a coherent optical field
from a disordered fluorescent state to a macroscopic ordered, coherent state. The
output field intensity transmitted through the system shows hysteresis behavior
upon change of the incident light intensity. A quantum optical instability, however,
is not a phase transition in a thermodynamic equilibrium system in which a Gibbs
ensemble can be introduced and a thermodynamic potential can be defined. In-
stead, optical bistability is one example of a phase transition that occurs far from
equilibrium, where a nonlinear interaction between the system and external field
is essential to the onset of the instability. This can be illustrated by the nonlinear
optical response of an optical Bloch system to a coherent optical field, where the

Bloch susceptibility, x{w), is expressed as

agc A+
47rw)(1 + A? +I/I,)
where A = (w — w,)T2, the difference between the optical frequency and atomic

x(w) = ( (1.1.3)
resonance frequency. As appears in the denominator, the dipole moment induced
in an optical Bloch system is a nonlinear function of the incident light intensity.
In contrast to a thermodynamic equilibrium phase transition, the absence in a
nonequilibrium system of a thermodynamic potential, such as a free energy, makes
it difficult to describe a phase transition far from equilibrium. In a quantum optical
system such as the optical Bloch system, however, a generalized Ginzburg-Landau
potential can be defined through a Fokker-Planck equation which is equivalent to a
Maxwell-Bloch equation describing a resonant nonlinear optical processin the Bloch
system contained in a Fabry-Perot cavity. In steady state, a bistable transmission
in a nonlinear optical system can be described by a generalized Ginzburg-Landau
potential, F(z).

F(z) = 3{%(2-—y)2+0’ln(1+22)} (1.1.4)
where the transmitted output optical field amplitude z is the order parameter, the

incident coherent optical field amplitude y is the external field, C is the cooperativity

2




of the nonlinear optical system, in analogy to temperature in an equilibrium system,
and ¢ is a measure of stochastic force destroying the macroscopic long range order
of microscopic optical dipole moments. The corresponding state equation is then

2Ct ;
=22 (1.1.5)

y=z+

For a nonlinear optical system with a large enough cooperativity, which is analogous
to an Ising spin system at a temperature below 7., the transmitted output field
amplitude z (order parameter) can be either in a low transmittance state or in a
high transmittance state for a given incident light intensity depending on whether

the incident light field intensity y (external field) is increased or decreased.

The first experimental observation of optical bistability was made in sodium
vapor in a Fabry-Perot cavity.l!l?] Since then, optical bistabilty studies have flour-
ished to become one of the main subjects of study in nonlinear optics. Bistable
behavior has been experimentally observed in various forms of materials that in-
clude atomic gases, semiconductors, Kerr liquids, and liquid crystals. Each material
system provides a special condition or regime of bistability. Many theoretical stud-
ies are currently focused on the connection with nonlinear dynamics, and optical

bistability is providing superior experimetal realizations of theoretical modeling for

nonlinear instabilities such as bifurcation and chaos.

The major studies of this report are experimental and theoretical studies of
optical bistability phenomena mediated by a resonant third order optical response
function of random glassy polymer films. These studies have led to the discovery of
the important case of absorptive optical bistability occurring through the nonlinear

electronic excitations in a random solid medium. The medium consists of quasi-two

dimensional conjugated discs randomly distributed in a glassy matrix. The report

1s thus organized as follows.




Chapters 2 and 3 combine to describe a quantum optical phase transition.
In Chapter 2, a thermodynamic phase transition in both equilibrium and nonequi-
librium states is reviewed. In a linear nonequilibrium system, no phase transition
can take place according to the minimum entropy production theorem. When a
thermodynamic force acting on a nonequilibrium system is increased, a nonlinear
response of the system to a thermodynamic force should be accounted for, and a
nonlinear interaction gives rise to a phase transtion, causing the system assume
a new, ordered, symmetry broken state. A detailed description of nonequilibrium

phase transitions is presented in Sec.2.1.

In Sec.2.2, this understanding is applied to a nonlinear optical system, and
optical bistability is discussed in analogy to a two-dimensional Ising spin system.
Maxwell-Bloch equations describing the resonant nonlinear interaction between an
optical Bloch system and coherent optical field are introduced. In adiabatic follow-
ing, where the microscopic atomic dipole field follows a macroscopic optical field
(order parameter), the Maxwell-Bloch equations can be reduced to a single Langevin
equation for the macroscopic optical field (order parameter) and the incident coher-
ent optical field (external field). When the stochastic force is assumed to be white
noise, the Langevin equation can be reformulated into a Fokker-Planck equation
for the probability distribution function of the order parameter for the given ex-
ternal field. In a stationary state, the generalized Ginzburg-Landau potential can
be introduced to describe a phase transition far from equilibrium. A cooperative
parameter, C, is found to be equivalent to the temperature in a thermodynamic
equilibrium system. For C larger than 4, a phase transition is allowed, resulting in
bistable transmission behavior upon increase and decrease of the external coherent

optical field.

In Chapter 3, a microscopic many-electron description of third order opti-
cal susceptibilities of conjugated organic structures is reviewed for one dimensional

chain and extended to two dimensional cyclic chain structure. In a nonresonant

4




regime, a quantum mechanical perturbative expansion of the response function is
allowed, leading to an analytical expression for the microscopic nonlinear optical
susceptibility. Virtual excitations of highly correlated 7-electrons are found to be
responsible for unusually large nonlinear optical responses. For a cyclic chain struc-
ture, it is found that the isotropic, averaged value of the third order suscpetibility is
much smaller than the corresponding linear chain, simply because of the reduction
in the effective length for m-electron motion. The discussion then turns to a resonant
nonlinear optical processes in Sec.3.4-7. In a resonant process, a real population of
excited state occurs, and the change in population of the ground and excited states
is actually a nonlinear optical response which can be described by a Bloch suscep-
tibility. The Bloch equation of motion is derived, and transient processes of optical
Bloch systems are reviewed. In steady state, a simple Bloch susceptibility can be
defined, which leads to an intensity dependent refractive index n;. In quasi-two di-
mensional conjugated structures, we demonstrate that resonant w-electron optical

excitations exhibit exceptionally large value of n;.

In Chapter 4, we first present the results of experimental and theoretical
studies of the linear optical excitations of random glassy polymers. After a linear
absorption spectrum is described in Sec.4.1, a study of an optical line broadening
is presented based on irreversible statistical mechanics. Line broadening in a solid
comes from the interaction of an optical site with phonons. The microscopic line
broadening mechanism is manifested in the characteristic temperature dependence
of the homogeneous linewidth. In order to obtain an analytic expression for a ho-
mogeneous linewidth, a general line shape theory is discussed in terms of projection
operator formalism, in Sec.4.2-3. With a specific stochastic process, the charac-
teristic line shape is obtained; for example, in a Markoffian process, a Lorentzian
line shape results. When the short mémory approximation is taken as in Sec.4.4,
the memory function which is directly related to the line shape can be expanded

in the interaction Hamiltonian between an optical site and the phonons. In later




sections, a specific example of line broadening is presented. First, the temperature
dependence of the homogeneous line width is calculated for an optical site in a crys-
talline field in order to show that in a random glassy medium, the line broadening
mechanism is quite different from the crystal case. Low excitation energy TLS’s
(two level system) are distributed in the random medium and are responsible for
the characteristic physical properties of glassy systems such as a glass or polymer
matrix. The TLS model is described in Sec.4.6, and an analysis of the temperature
dependence of the linewidth for optical sites in a random glassy medium is presented

in Sec.4.7.

Chapter 5 addresses the major subject of nonlinear optical excitations in ran-
dom glassy polymers. First, the results of numerical simulation studies of dynami-
cal transmission in a saturable absorber are presented in Sec.5.2. Then intersystem
crossing between electronic states in conjugated organic structures is discussed.
Spin-orbit coupling is responsible for the intersystem crossing between singlet and
triplet manifolds, and the strength of intersystem crossing depends on the atomic
number of key atoms in our molecular structure. Experimental results for glassy
polymer films of the silicon- naphthalocyanine (SINC) disc-like structure are pre-
sented and discussed in Sec.5.4-5. Saturable absorption experiments are perfomed
on three different forms of samples (pure SINC thin film, SINC solid solution thin
film, and SINC liquid solution) at various laser pulse widths. In the short pulse
regimes of picoseconds and nanoseconds, a gas Raman cell was utilized to generate
a coherent light near sample linear absorption peak, while an acousto- optical modu-
lator processesed CW dye laser was employed in the long pulse regime (microseconds
to seconds). The measured saturation threshold powers for thin films at different
pulse widths are found to agree with the theoretical predictions from the dynamical
transmission calculations. From the measured threshold power for saturation, the
intensity dependent refractive index n; was obtained. The experimental nhserva-

tion of the same saturation behavior of a pure SINC film and a SINC solid solution
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film at picosecond time scales lead to the important conclusion that the on-site
7- electron excitations of individual molecule sites are responsible for the resonant
nonlinear optical response of SINC thin films. The dispersion of saturable absorp-
tion was also measured throughout the inhomogeneous, site-broadened, Gaussian
absorption band, and was analyzed by Kramers-Kronig relations to obtain the real
part of the nonlinear optical susceptibility.

In Chapter 6 after a standard Fabry-Perot interferometer is briefly described,
steady state optical bistability in the dispersive and absorptive regimes is discussed
in Sec.6.2-3 based on the general analytical expression of the transmission function
of a nonlinear Fabry-Perot cavity containing an optical Bloch system. Transient
behavior of optical bistability is briefly described in connection with nonlinear dy-
namical studies. In Sec.6.5, the optical bistability experiments perfomed on SINC
thin films are presented. In the optical bistability experiment, a single longitudinal
mode of a laser pulse was essential to directly observe a hysteresis behavior of the
transmitted light intensity that results from the nonlinear electronic excitations in
SINC thin films. A Ti:sapphire laser was found to be ideal for this purpose, and
is described in Sec.6.5.1. The observed absorptive optical bistability at nanosecond
time scales is discussed based on the physical model for optical excitations in a
random glassy medium introduced in Chapter 4. Also presented are results in the
long pulse regime for thermal effects. In the long laser pulse regime, a local heating
of the thin film sample is responsible for the observed dispersive bistability, which
is completely different from the short nanosecond pulse, electronic behavior.

Chapter 7 is the concluding chapter. Appendix contains detailed mathemat-

ical formalisms appearing in the text.




References: Chapter 1

(1] Gibbs, H.M., McCall, S.L., and Venkatesan, T.N., Phys. Rev. Lett. 38, 1135
(1976)

'2] For a general reference, see, for example, Gibbs, H.M., Optical Bistability -
Controlling Light with Light, Academic, New York (1985)




CHAPTER 2
NONEQUILIBRIUM PHASE TRANSITION: OPTICAL BISTABILITY

Optical bistability (O.B.){}~4l is a third order nonlinear optical process due
to changes in the intensity dependent refractive index of a nonlinear optical material
contained inside a Fabry-Perot (F-P) cavity. A F-P interferometer with a cavity
spacing tuned to the incident light frequency becomes detuned when the light inten-
sity inside the cavity is increased because the change in the refractive index causes
an additional phase change in the propagation of optical wave. The transmission

of the nonlinear F-P is a highly nonlinear function of the input light intensity with

initial cavity phase setting, the atomic detuning, and the temporal response of the
nonlinear optical medium.

0O.B. has been one of the main subjects of study in nonlinear optics in recent
years. Szoeke et al.l®! and Seidal(®! were the first to propose that a saturable absorber
inside a F-P cavity(Figure 2.1) can exhibit an Q.B. behavior. The first observation
of bistability was made in sodium vapor in 1976.!"! Sodium vapor has well-known

sharp atomic transitions called D-lines ( Dy; 589.6 nm, D,; 589.0 nm ), and when a

single longitudinal mode of a CW dye laser is tuned near resonance of these lines, the

sodium vapor can be treated as an effective two-level system exhibiting a nonlinear

the actual functional form depending on several important parameters such as the '
optical response. The transmitted power through the nonlinear F-P containing .
the sodium vapor showed bistable behavior upon the increase and the decrease of .
the incident power. Because the maximum bistable effect was observed with the

initial cavity detuning set to a nonzero value, it is attributed to the dispersive effect .

of the nonlinear susceptibility, and is thereby refered to as dispersive bistability.
The search for nonlinear optical matefials related to the optical bistability lead to

the study of various forms of materials including ruby crystal, (8] liquid crystals,
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2.2), (181-(25] Kerr liquids, (281-(2%] and liquid solutions of organic dyes. (301-(32]
Immediatly after the suggestion of utilizing the standard nonlinear F-P con-
figuration for O.B., different configurations were explored. One is the hybrid, or
electrooptical O.B., [331-133] where the feedback of the light intensity into the non-
linear optical material is provided through an electrooptical crystal rather than
through F-P mirrors (Figure 2.3). Another proposed configuration is a thin film of
nonlinear optical material (Figure 2.4). (36/-(41] When the incident angle is set at
the critical angle for total internal reflection, a change in the refractive index takes
place for the high intensity, and the critical angle changes accordingly, destroying
total internal reflection.[*®] Upon decrease of the incident light intensity, multiple
reflections between the nonlinear optical thin film boundaries provide a feedback
mechanism, resulting in hysteresis behavior. In this thesis, we restrict our discussion

to the standard nonlinear F-P cavity configuration.

Multistability and hysteresis behavior of physical systems are well-known in
statical physics of phase transitions, and they are general features of the first-order
phase transition. One simple example is the well-known case of Van-der-Waals
gas. Below the critical temperature for the first-order phase transiton, the molar
density is a bistable fuction of the pressure between p; and p, (Figure 2.5), and
the metastable state such as supercooling can be observed easily in the experiment.
Quite strikingly, O.B. also can be understood in terms of the nonequilibrium first-

order phase transition, which will be discussed in Sec.2.1.

The nonlinear optical response of the optical Bloch system inside a F-P in-
terferometer is discussed in Sec.2.2 by showing the solution to the Maxwell-Bloch
equation and the transmission function characteristic of bistable behavior. The
bistable behavior is most clearly described by a generalized Ginzburg-Landau po-
tential which can be introduced through a Fokker-Planck equation, equivalent to
the Maxwell-Bloch equation in an adiabatic following approximation. A physical

condition for the realization of optical bistability is also examined.
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2.1 Optical Bistability as a Nonequilibrium First Order Phase Tran-

sition

In this section, we discuss the analogy between quantum optical processes
and thermodynamic phase transitions. In optical processes, we can make distinc-
tion between spectroscopy and quantum optics, the difference between them lying
in the fact that in spectroscopy the optical properties of an individual molecule
are studied independent of the other nearby molecules, while in quantum optics
there is a characteristic cooperative effect coming from the coherent dipole radi-
ation of many molecules mediated through an intense, coherent, monochromatic
optical field. These quantum optical effects, which include laser threshold, super-
fluorescence, parametric or Raman-Stokes oscillators, and O.B., belong to a station-
ary nonequilibrium state with a broken symmetry, and there exists a close formal
analogy with thermodynamic equilibrium phase transtions.!4?

First, we briefly review equilibrium thermodynamic phase transitions.43]—{44]
The second law of thermodynamics states that an isolated closed system at ther-

modynamic equilibrium will be in a state of maximum entropy. The system in

nonequilibrium evolves to the maximum entropy state in time.
dS >0 (2.1.1)

The maximum entropy state means that the system is in its most disordered state,
and, hence, we cannot expect any macroscopic ordering or coherence for an isolated
system. When a system is allowed to exchange energy with a heat reservoir, the

closed system at equilibrium has a minimum Helmbholtz free energy F,
F=U-TS (2.1.2)

and the probability that the system is at an energy hetween E and E + dE is given

by the canonical distribution.

E

) (2.1.2)

P x g(E)exp(—
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where g(E) is the density of states. The canonical distribution in equilibrium cor-
responds to the maximum entropy state under the restriction that the temperature
is kept constant through energy exchange with the heat reservoir. That is, for a

closed system in equilibrium,
dsequilibrium closed system = 0 (213)

or equivalently,

1
dS = —TdFIT.Vr'O (2.1.5)

Even if the system reaches the maximum entropy state in equilibrium, we find
that there is a possibility of realizing a macroscopic ordering or coherence in the
system in a canonical distribution when the temperature is lowered. The canonical
distribution states that as the temperature is decreased, the energy levels with
lower energy has a larger probability to be occupied than the energy levels with
higher energy, suggesting that the system will be in a less disordered state because
a fewer number of the energy levels are occupied. If we look at the free energy F',
we find that the contribution of the entropy term in the free energy decreases as
temperature is decreased, which permits a phase transition from a disordered state
(where the entropy term is dominant) to an ordered state (where the internal energy,
or the interaction between the molecules comprising a thermodymanic macroscopic
system, is dominant). From these considerations, we find that a phase transition in
a thermodynamic equilibrium comes from a competition between the intermolecular
interactions and the entropy. In another words, the emergence and maintenance of
a macroscopic ordering, or coherence, in a closed system at equilibrium is a result
of the cooperative effect of intermolecular interactions winning over the disorder
favored by the maximum entropy. From this consideration, we can draw some
important conclusions that a closed sy¢tem with an infinite entropy cannot undergo
a phase transition at finite temperature as long as the intermolecular interaction

is short range (this corresponds to a one-dimensional Ising spin system), and a
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system having no intermolecular interactions cannot undergo a phase transition
because cooperative effects between molecules are absent (this coresponds to an
ideal gas).

One of the best known examples of an equilibrium thermodynamic phase
transition is the Ising model for a spin system where the spins can be either up N;
or down N| and the interaction between spins are restricted to nearest neighbors.
When an Ising system is placed in an external magnetic field H, the Hamiltonian

for the ferromagnetic system is

E=-JY S:8§;-H)S; (2.1.6)

where J > 01is the coupling constant between spins. In the mean field approximation
(in fact, this corresponds to the zeroth approximation,) the expectation value of an
individual spin is replaced by the averags value of the spins. With the average value

of the spin defined as the order parameter ¢ of the system,

¢ = NT =5 Z S; (2.1.7)

the internal energy E coming from the nearest neighbor interaction is
N
E= —J—21¢2 _NH$ (2.1.8)

where N is the total number of spins, and « is the number of nearest neighbor spins
for a given spin. The entropy of the system can be accounted for just from a simple

combinatorics.

N!
{FO+{F1 - o)}

Substituting the internal energy and the entropy into the free energy and expanding

S =kln (2.1.9)

F in the order parameter ¢ up to fourth order, we get the free energy, F', as follows.

(1+¢) (1-¢)

F o Jy,
-ﬁ_——2-¢ Hé + kT{ In(1 +¢) + —5—In(1 - ¢) - 1a 2}
— _H¢+ M¢2 + E¢4 + ... (2110)
2 12
13




The expression for the free energy shows that there is a competition between the
internal interaction energy (cooperative effect) and the entropy (maximum disor-
der). As will be discussed later, the coeflicient for the term which is second order
in the order parameter ¢ determines the transition behavior of the system, and in
this case, the critical temperature is simply the product of the coupling constant,
J, and the number of the nearest neighbors, y. We see that for strong coupling
or a large number of nearest neighbors, the critical temperature is high, which
means that large cooperative effects between the spins increase the critical tem-
perature. It is well known that the mean field approximation is quite misleading
in the one-dimensional Ising spin system since an exact calculation shows that no
phase transition occurs in the one-dimensional Ising system, where only nearest
neighbor, or a short range interaction is assumed to exist. The one-dimensional
Ising spin system is exactly soluble by transfer matrix method, and no spontaneous
magnetization occurs in the 1-D Ising spin system except at T'=0. In the mean
field approximation, however, the existence of a long range interaction is assumed
in the beginning when an order parameter is introduced, thereby predicting a phase
transition at a finite temperature, and the mean field approximation gets better as
the dimensionality increases. In a physical system with the spatial dimension larger
than one, the local statistical fluctuation of spin alignment becomes uncritical in
determining the macroscopic thermodynamic order parameter, simply because, in
the thermodynamic limit, the number of spins involved in the fluctuation becomes
negligible compared to the total number of spins.

According to classical Landau theory of phase transitions, the macroscopic
state of a physical system is described by an order parameter ¢, and the equilibrium
value of ¢ is determined through minimizing the Landau-Ginzburg potential F, or
equivalently maximizing the probability distribution function f below and above

the critical temperature T.. The probability distribution function f is defined as

f(8,T) = N exp(—F(¢,T)/kT). (2.1.11)
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The generally accepted (until the development of modern theory of critical phenom-
ena initiated by Kadanoffi*3! and Wilson!*#}) assumption is that the free energy F
is analytic function of the order parameter ¢, and hence, can be expanded in terms

of ¢ near the phase transition temperature, yielding

F(¢,T)=F(0,T) + 1)

5 &+ﬂ9&+ﬂ?¢+“. (2.1.12)

3

For an equilibrium stable system, 3 is always positive, while « vanishes for a second-
order phase transition, and is non-zero for a first-order phase transition. Since the
order parameter ¢ corresponding to the minimum of F changes as the sign of a
changes, the transition point is determined by the equation «(T) = 0, and, near

this point, a(T) can be expanded as an integral power of T — T..
a(T) x (T -T.) (2.1.13)

As shown, for example, in the case of a second order phase transition in Figure(2.6),
the free energy curve flattens as T approaches T, continuously, leading to a bifurca-
tion and breaking of inversion symmetry of the system below T,. For T just above
T., the flattening of the free energy curve means that the susceptibility x7 of the

system diverges,

1 _@&F
xT  0¢?

resulting in a critical slowing down. That is, when a small external field is applied to

Ip — 0 (2.1.14)

the system, a macroscopic large scale fluctuation takes place in the order parameter,
and the system cannot return quickly back to the equilibrium state. As shown
earlier, the well-known example of a second order phase transition is the spontaneous
magnetization of an Ising spin system, or the paramagnetic to the ferromagnetic
phase transition. When the mean field approximation is adopted and the average
value of the spin magnetization is assumed as the order parameter, the free energy

has the Landau-Ginzburg potential form.
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In a first order phase transition (v # 0), the order parameter changes abruptly
as the temperature is lowered below the critical temperature, and the entropy, or
equivalently the first derivative of free energy, is discontinuous(Figure 2.7). There
are abundant examples of first order phase transitions in equilibrium statistical
mechanics. The best-known example, of course, is the gas-liquid phase transition.
When the order parameter is plotted against temperature and the path of the order
parameter is studied as a function of temperature, it is easily seen that a hystere-
sis behavior occurs between temperature and free energy as shown in Figure(2.8).
For a fixed temperature below T.(a < 0), there exists a hysteresis relation for an-
other set of parameters; that is, between the order parameter and the parameter
describing the external force, for example, pressure for the gas-liquid phase transi-

tion.(Figure(2.5))

It is well-established that the properties of a phase transition change when a
thermodynamic system is subject to an external field whose action depends on the
value of the order parameter ¢. The application of an external field is accounted for
by introducing the perturbation Hamitonian into the free energy. In general, the
perturbation Hamiltonian is linear in the value of the order parameter, and because
a linear term is present, the system undergoes a first order phase transition when
the temperature is lowered. However, the apprearance of a linear term in the free
energy means that ¢ is nonzero for any magnitude of the field, however weak, for
all temperatures. Thus, the symmetry of the system is always broken as long as
the external field is present, and the difference between the two phases for T > T,
and T < T, disappears. Consequently, there is no discrete phase transition and the
first order phase transition is smoothed out. In our discussion, we shall see that,
most remarkably, the case of a ferromagnetic system in an external magnetic field

has an almost identical formal analogy with O.B..[6°](¢1]

We recall that according to the mean field theory of a ferromagnetism, the

probability density f(¢) of the magnetization ¢ for a ferromagnet placed in an
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external magnetic field H is the canonical distribution.
f(¢) = N exp(—F(¢)/kT). (2.1.15)

where the Landau-Ginzburg potential F(¢) is given by

B

F(¢)=-Hé + §¢’ + 24! (2.1.16)

and is plotted in Figure 2.9. The ensemble average of the magnetization is defined

as the expectation value of ¢ with respect to the probability density f(¢).

@) = [ 816148 (2.117)

In the classical theory of phase transitions, the average value of the order parameter
is assumed to be identical to the most probable value of the order parameter which
corresponds to the minimum of the Landau-Ginzburg pctential. Therefore, the
state equation for a ferromagnet in an external field is determined by putting the

derivative of the potential with respect to the order parameter equal to zero,

i
3_(¢—)F((¢)) =0 (2.1.18)

From Eq.(2.1.16) the state equation is then simply

H = a{¢) + B(¢)° (2.1.19)

or,

kT
3

with T, = Jv/k. Above T,, a > 0, the system exhibits paramagnetism, and there

H = KT - T.)(¢) + —(¢)° (2.1.20)

exists only one value of (¢) for a given H. That is, the order parameter is mapped
to the external field one-to-one. Below T., @ < 0, a first order phase transition
takes place, and the order parameter shows hysteresis behaviour upon increase and

decrease of the exeternal field. See Figure (2.10).
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Similar symmetry changing phase transitions are observed in systems far
from thermal equilibrium./47/=(3%] In a system in contact with more than one heat
reservoir each having a different temperature, the reservoirs impose external forces
and energy fluxes on the system, preventing it from reaching a thermal equilibrium
state. In such systems, a macroscopic structural change takes place toward a lower
symmetry state, such as, spatial anisotropy, when all of the states belonging to a
high symmetry (for example, homogeneity and isotropy) become unstable.

In order to understand the phase transition mechanism in a system far
from thermal equilibrium, we shall recall a few key thermodynamic properties of a
nonequilibrium system. In a nonequilibrium closed system, the entropy change is
not zero, and the system changes to the maximum entropy state in time through
the exchange of energy with the heat reservoir. The system is said to be undergoing
an irreversible process because the entropy of the system keeps on increasing; that
is,

dsnoncquil. closed system single ru.>0 (2.1.21)

The nonequilibrium state is unstable in the sense that the system cannot remain
in nonequilibrium indefinitely. When the system is perturbed by a thermodynamic
fluctuation, it reestablishes the thermodynamic equilibrium.

Now suppose that we have a system in thermal contact with more than one
heat reservoir, each having a different temperature. The heat reservoirs keep the
system from reaching thermal equilibrium, and there occurs an energy flow through
the system from one heat reservoir with a high temperature to another heat reservoir
with a lower temperature. The heat reservoirs exert a generalized thermodynamic
force, X, on the system, called an affinity, giving rise to a corresponding flux,
Jr. For example, when only energy flow is allowed, the temperature difference
between two heat reservoirs is the thermodynamic force, and the energy flow is
the corresponding flux. In some cases, we can consider a system where matter

flow as well as energy flow is allowed, and the affinity and the flux are defined
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accordingly. The flux flow through the system causes a change in the entropy of the
system. Equivalently, it can be said that in time ¢, the entropy is produced inside

the system through a dissipating process.
0;S
P=—= / V> T X (2.1.22)

In contrast to a closed system in thermal contact with only one heat reservoir, a
system in thermal contact with more than one heat reservoir is always in nonequi-
librium, and the macroscopic state of the system is strongly affected by the energy
and/or matter flow. The total entropy change in the system comes from both the
entropy flow into the system and the increase of the entropy inside the system

through a dissipative irreversible process; that is,

dsnonequil. closed system, many reser. = des + d;S (2123)

where d.S is the entropy flow into the system, and d;S is the entropy produced

inside the system. The total entropy change in time can be written as

05 _ 3.5 &S
ot ot ot
= —/ dS e J, + /dVZJkX,, (2.1.24)
surface

where J, is the entropy current into the system from the heat reservoirs, X, is the
affinity, and J; is the flux corresponding to the given affinity. The entropy change
through an irreversible process from inside, d;S5, is greater than zero because the
system itself is in nonequilibrium. A system is said to be at a steady state if the
thermodynamic state variables do not evolve in time. This means that in steady

state, the total entropy change dS is zero, or from Eq.(2.1.23)
dS=-d;S<0 (2.1.25)

We find that in order to maintain a npneqilibrium steady state, it is necessary to
have a continuous, negative entropy flow into the system that is equal to the value

of the internal entropy production inside the system.
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Now we discuss the thermodynamic stability of a nonequilibrium steady state.
A system with an affinity much smaller than the thermal energy is called a linear
system. When only energy flow is allowed between the system and a heat reservoir,
this corresponds to the case that the temperature gradient is much smaller than the
average temperature. In such systems, the flux can be approximated to be linearly
proportional to the affinity. For example, the heat conduction in a linear system is
given by
J,=—-kV.,T = NT2V(%) (2.1.26)

For a linear system, from Onsager’s reciprocity theorem and the linearity, it can
be shown that the entropy production from inside the system is minimum when
in a steady state. This is called the ‘minimum entropy production’ theorex. It
implys that the system prepared not in steady state evolves toward the steady state
by producing entropy at a rate always larger than the entropy production rate
for the final steady state. In another words, the production rate is largest in the
beginning, and gets smaller as the system approaches the steady state. As shown in
Figure(2.11), when the entropy production from inside the system is plotted in time,
it approaches to the minimum entropy production rate corresponding to the steady
state value. If we recall the role of a thermodynamic potential the minimization
of which determining a macroscopic state of a thermodynamic system, the entropy
production rate, P = 9;5/0t, can be viewed as an appropriate thermodynamic
potential in determining the stability of a linear system. Say the system has a
disordered configuration {qo} in a steady state, and then perturbed by a small
linear fluctuation to a new configuration {q}. The entropy production, P({q}),
corresponding to {q} is alﬁvays larger than P({qo}), and the system reestablishes the
steady state by minimizing the entropy production P (Refer to Figure(2.12)). That
is, the steady state with the maximum entropy (dS = 0) and with the minimum
entropy production from inside (P = 0;5/0t = minimum) is stable against any

linear thermodyanmic perturbation that pulls the system from steady state, because
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the entropy production is always large enough to return the system back to the
steady state. This means that a disordered state cannot evolve to an ordered state
as long as the system deviates from equilibrium only through fluctuations or random
perturbations. Morover, in a system obeying linear laws, a spontanoeus emergence
of order in the form of spatial or temporal patterns differing qualitatively from

equilibrium behavior cannot take place.

However, in a nonlinear system, where the affinity is on the order of or larger
than the thermal energy, the minimum entropy production theorem does not hold
in general. Therefore, a systematic change of one of the thermodynamic parameters
or the increase of the affinity ( for example, the increase of a temperature gradient)
might force the system to find another steady state with a new configuration. This
means that the steady state which is stable in a linear regime becomes unstable in
a nonlinear regime, and evolves in time toward a new stable state which possesses
different thermodynamic values. This new stable state becomes a steady state, and
exhibits completely new macroscopic behavior. In many of cases, the nonlinearity
works to provide a positive feedback to the system, allowing a macroscopically or-
dered state as a steady state. Therefore, it is possible to have a nonequilibrium
phase tr.ansition from a disordered to an ordered state. The fundamental differ-
ence from an equilibrium phase traasition is that the nonequilibrium system should
be kept far from thermal equilibrium by energy flow through the system in order
to maintain the macroscopic ordering achieved by a phase transition. The actual
evolution pattern to a new stable state is different from one physical system to
another physical system, depending on the interaction Hamiltonian. The stability

has been studied in nonlinear dynamics, and even an apparently simple nonlinear
system shows a whole variety of instabilities. The nonequilibrium phase transi-

tion behavior can be understood by reducing the problem to a nonlinear dynamics
problem.

Hydrodynamics, chemical reactions, and laser threshold are only a few ex-
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amples of physical systems where a symmetry breaking phase transition takes place
when the system is maintained far from equilibrium. Thus, a fluid layer in gravity
heated from below develops a regular convection pattern called the Benard insta-
bility. This formation of a pattern in the fluid is in fact a symmetry breaking phase
transition from a homogeneous, isotropic state to a well-formed, anisotropic state.
The fluid is an open system where there is an energy flow from the bottom hot
plate to the top air. The convection pattern persists as long as the temperature

difference is maintained, allowing an energy flow across the boundaries of the fluid.

Another example can be found in a chemically reacting system which is closed
to mass flow but open to energy flow across its boundary. The chemical reaction
between N;O4 and NO; under illumination is known to show multiple stationary
states of VO, concentration. When an equilibrium mixture of NO; and N;0q
is irradiated with visible light, the light is absorbed only by NO; and most of the
absorbed light ultimately convert into heat. The increase in temperature accelerates
the production of NO;, resulting in an increased light absorption, and, hence an
increased temperature, which in turn produces even more NO;. As long as the
incident light intensity is strong enough, the mixture of NO; and N,04 undergoes

a phase transition to the pure NO,.

As these examples illustrate, we can expect a symmetry broken ordered state
in system far from equilibrium. The emergence of order and coherence extending
over scales much larger than the characteristic scales of the individual molecules in
a system far from equilibrium reminds us of the order-disorder phase transition in
thermal equilibrium. Similar to the equilibrium phase transition, the cooperative
effects between molecules (the detailed form of the cooperativity depending on the
intercation Hamiltonian of the system) inside an open system is the single most
important fact in giving a macroscopie, long range order. Even if these two phase
transitions share a formal similarity, there is a fundamental difference in the origin

for the phase transition. The origin of the thermal equilibrium phase transition
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can be traced back to the competition between the interaction erergy and the
entropy, these two comprising the free energy of a closed system. In contrast, a
structural phase transition in an open system far from equilibrium originates from
nonlinear interactions inherent in the Hamiltonian of the system, and the ordered
phase can be maintained only in the presence of energy and/or matter flow through
the sytem. The stability and the origin of bifurcation in nonequilibrium system
have been studied in nonlinear dynamics, and it has been found that a nonlinear
interaction term in the Hamiltonian is responsible for the onset of instability. The
nonlinear source can be easily identified once a suitable microscopic description of
the system is obtained. In hydrodynamics, a term of the from v e V# in the fluid
velocity v appearing in the Navier-Stokes equation is the nonlinear source, ;Jvhile
in the NO; — N20O, chemical reaction, a temperature dependent nonlinear reaction

rate constant k gives rise to the instability

The last example is the case of laser threshold which is directly relevant to
the overall discussion. In laser threshold, a stimulated scattering process occurs
between two mirrors of F-P cavity, [5¢~159] and laser threshold is an important
example of second order phase transition of a stationary nonequilibrium system.
As illustrated in Figure(2.13), the electric field amplitude E is taken as the order
parameter that describes the macroscopic state of the system, and A is the optical
pumping intensity which determines the inversion population. For very weak op-
tical pumping, the system may be considered as being in a nonequilibrium state
with a finite relaxation time fluctuating from thermal equilibrium, and the order
parameter is zero. With increased pumping, the nonlinear interaction of light with
matter leads to the onset of instability. Critical slowing down takes place, and the
system cannot be appoximated to be near thermal equilibrium any more. Instead,
the system is understood to be near astationary nonequilibrium state as indicated
by the infinite relaxation time. For A > A, where A, is a threshold pumping inten-

sity, a new branch of states is found to be stable with a non-zero order parameter
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and a finite relaxation time. The two different branches of state have different sym-
metries, which is the phase of the electric field amplitude in this case. For the zero
amplitude branch, the phase of each microscopic dipole is random, and there ex-
ists a complete phase angle rotation invariance. This phase symmetry is broken on
the finite amplitude branch, and the broken symmetry implies the existence of long
range order in space and time. In other words, the microscopic dipoles with random
phase were undergoing spontaneous emission process in the zero amplitude branch,
and above threshold pumping, the microscopic dipole moments are strongly corre-
lated through stimulated emission leading to an ordered coherent emission. The
random phase of individual dipoles is then slaved by the non-zero order parameter,

or the resultant laser light, to possess an arbitrary but fixed phase.

For this quantum optical phase transition to take place, there is a critical
number density of the molecules similar to the critical temperature in the thermo-
dynamic phase transitons. In laser threshold, for example, the electric field can be
taken as an order parameter and the population inversion as the temperature, and
above the critical population inversion the system composed of the photons and the
molecules undergoes a second-order phase transtion breaking the spatial symmetry,
i.e., from the disordered phase to the ordered phase. The nonequilibrium phase
transition, however, is not in thermal equilibrium, and energy is constantly flowing
through the system. The system is an open system with respect to the number of
photons present. But there does exist a concept corresponding to thermal equilib-
rium. For example, in laser threshold, there exists a photon flux equilibrium. In
fact, in all quantum optical processes, flux equilibrium is achieved rather than ther-
mal equilibrium, and a generalized free energy can be defined. The minimization of
the generalized free energy for a given number density of the optical sites determines
the macroscopic state of the system. ptical bistability can be understood in the
exactly same way. The state equation describing the nonlinear Fabry-Perot inter-

ferometer has a close formal analogy with to the state equation for a ferromagnet
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in an external magnetic field. O.B. is a quantum optical analogue of the first-order
phase transition, having a well-defined generalized Landau-Ginzburg potential. The
incident laser intensity corresponds to the external magnetic field, the output light
intensity to the order parameter (magnetization), and the cooperative parameter
to the temperature.[®%(Table 2.1)

A complete description of a nonequilibrium phase transition requires the in-
iroduction of the Langevir equation for the order parameter and the corresponding
Fokker-Plank equation describing the time evolution of the probability distribution
function of the order parameter. A Markovian process is commonly assumed. The
stationary solution of the Fokker-Planck equation(®2/(¢3] js directly obtainable, and
the generalized Landau-Ginzhurg potential can be defined.

Here we briefly review for illustration the Langevin equation and obtain the
corresponding Fokker-Planck equation by using the simple physica.l example of a
Brownian particle. When a large particle is immersed in a viscous fluid, the particle
is subject to a continuous, random bombardment from the incessant thermal mo-
tion of the fluid molecules. The thermodynamic system is defined as the Brownian
particle plus the viscous liquid. The system is isolated from its surrounding. The
Brownian particle is in simple thermal contact with a single large heat reservoir
which is the viscous liquid. In thermal equilibrium, a probability distribution of
velocity of the Brownian particle is a canonical distribution. But here we are inter-
ested in the nonequilibrium state of the Brownian particle where the dissipation of
kinetic energy of the Brwonian particle and the collision of the Brownian particle
with the viscous liquid should be considered explicitly. The nonequilibrium micro-
scopic processes are best described by stochastic theory. For example, the equation

of motion of the Brownian particle is given by Langevin equation,

d
‘-1% = —yv + F(1) (2.1.27)

where v corresponds to the velocity of the particle, —yv is the frictional force linearly

proportional to v with v the dissipation rate, and F(t), called a Langevin force,
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describes the random, fluctuating forces acting on the Brownian particle. In order
to properly take into account the random fluctuations of the Langevin force F(t),
a themodynamic ensemble of the system is introduced. In the thermodynamic
ensemble, the Langevin force varies from system to system, and only the ensemble
averages of the force are "\nown. The macroscopic behavior of the Brownian particle
can be described only in terms of these ensemble average values of the stochastic
Langevin forces which are assumed to be time-correlated in a specific way depending
on the actual form of the stochastic prcesses. The ensemble average of F(t) should
vanish

(F(t)) =0 (2.1.28)

because the average velocity (v) of the Brownian particle decays exponentially. In
most cases, the collision of the particle with the fluid molecules takes place in
a very short time compared to the relaxation of the velocity acquired from the
collision. Two successive Langevin forces acting separately in a time longer than
the collision time are independent, and under this condition, the ensemble average
of the Langevin forces is zero. When the collision is assumed to be instantaneous,
or, equivalently, the correlation time of the Langevin forces are zero, the Langevin

force is said to be delta-function correlated; that is,
(F()F(t')) = Qé(t - t') (2.1.39)

Q is the magnitude of the auto-correlation of the Langevin force, and is a measure
of the noise strength. A delta-function correlated Langevin force is called white
noise because the spectral distribution obtained from Fourier transformation of a
delta-function is constant, independent of frequency. When the spectral distribution
has a frequency dependence, it is called colored-noise, one typical example being a

Gaussian-correlation. .

1|O

(F(t)F(t')) = —exp{-|t - t'|/7} (2.1.30)
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For colored-noise, the general solution of the Langevin equation is obtainable by nu-
merical methods. Keeping our discussion simple, we will consider the case of white-
noise and recall the physical implications of the time-correlation of the Langevin

forces.
The Langevin equation Eq.(2.1.37) for a Brownian particle is linear be-
cause the frictional force on the particle is linear in v and the magnitude of delta-

correlation is independent of v. In the case of a linear Langevin equation, the

analytical solution of v(t) is
t
v(t) = vo exp(—7t) + / F(t')exp{—7(t — t')}dt". (2.1.31)
0

Most of the physical properties of the Brownian particle can be obtained from
Eq.(2.1.29) and Eq.(2.1.31). For example, the mean kinetic energy of the Brownian

particle can be immediately derived

2
= %(1 — exp(—2+t)) (2.1.32)

E = r_n<v(t)2) = %A ./o (F(t1)F(t3)) exp(—2+t) exp(yt17t2)dt 1 dt;

After a time much longer than the inverse of the dissipation rate (t >> 1/7), the
Brownian particle will be in a thermal equilibrium with the fluid molecules, and the

kinetic energy of the Brownian particle is 3kT'/2 from the equipartition theorem,

My =T 3
E =) = > = 54T (2.1.33)
or
o = S1kT (2.1.34)
m

This shows that the magnitude of the noise is related to the friction, which is the
simplest example of the fluctuation-djssipation theorem. Furthermore the time-
correlation of the Langevin force has been identified with other mac-oscopic quan-

tities, the dissipation rate, 4, and the temperatue of the heat reservoir, T. In
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principle, the noise strength @ can be derived rigorously from the equation of mo-
tion for all microscopic variables. Here, however, we have resorted to the physical
argument through the equipartition theorem to find the physical implications for
Q.

Now we consider the diffusion of the Brownian particle. The diffusion is de-
fined as the mean displacement of the Brownian particle as a result of the stochastic
collisions with the fluid molecules, and can be viewed as a macroscopic physical
manifestation of the microscopic stochastic processes. Once the velocity correlation
is known, the diffusion of the Brownian particle in time is directly obtained by

integration.

{(z(2) — z0)?) = [/ v(t1)dt]?) // (21)v(tz))dt, dt;
9, 2Dt

= 2 = (2.1.35)
where the velocity correlation is approximated as
1
(ot o)) = 25 (F(ta)Flta)) = 6t = 1) (2.1.36)

which corresponds to neglecting the transient velocity change because we are inter-
ested in the diffusion in thermal equilibrium. From Eq.(2.1.34) and Eq.(2.1.35) we
get the well-known Einstein relation.

_Q _ %T
D= = (2.1.37)

The important conclusion is that the diffusion of a Brwonian particle inside a viscous
fluid is related to the correlation of the Langevin forces, or in other words, the
prccess of diffusion is nothing but a random walk at a molecular level.

In general, the Langevin equation is nonlinear, and the analytical form of
the ensemble average of the velocity is not easily available. The general Langevin
equation with white-noise is expressed by the relation

d:c

= = K(z)+ F(t) (2.1.38)
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(F(t)) =0, (F()F(t')) = Q(z)8(t - t') (2.1.39)

where now z is a general variable. The ensemble average of the variable z is Jiffi-
cult to obtain for a general nonlinear Langevin equation just because the analytic
solution is not known except for a trivial case. Rather than trying to obtain the
rigorous solution of the Langevin equation, we find a differntial equation for the
probability density, or the probability distribution function, f(z,t), of finding the
variable z in the interval (z,z + dz) at time ¢. In principle, once the probability
distribution function is known, the ensemble average can be obtained immediately
just by integration. Then the question comes down to whether the Langevin equa-
tion can be reduced to an equation for the probability density in a simple way.
Fortunately, for the case of white noise, it is known that the Langevin equation
can be reformulated to a differential equation for the probability density, called the
Fokker-Planck equation first derived to describe Brownian motion. Furthermore, as
will be seen later, the reformulation of the Langevin equation by the Fokker-Planck
equation is important in providing a thermodynamic potential concept that is very
useful in studying a nonequilibrium phase transiton. The thermodynamic potential
concept, which is even applicable to a system far from equilibrium, allows us to
make an analogy between the nonequilibrium phase transition and the equilibrium
phase transition.

In the case of delta-correlated white noise, which is a Markovian process,
the derivation of the Fokker-Planck equation is rather simple. The Fokker-Planck

equation corresponding to the general Langevin equation Eq.(2.1.38) is

2
et _ 2 gt + s o)) (2.1.40)

which is an equation of motion for the probability distribution function f(z,¢). Here
K is refered to as the ‘drift’ term, and Q the ‘diffusion’ term. The Fokker-Planck

equation can be expressed as a contim.‘\ity equation for the probability.

g 0 a
_a_{ = (K - %an) = _%j(z,t) (2.1.41)
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where j(z,t) is the probability current. Thus, the change of the probability density
f(z,t) in time is equal to the negative of the divergence of the probability current
j(z,t). When the drift term is absent (K'=0), Eq.(2.1.40) is a diffusion equation,
and for constant @, the time dependent solution is

(z —?30)2

f(z,t) = \/—2;1—{ CXP{——z'@—}

Without a ‘drift’ term K, the probability density f(z,t) gets broadened in time,

(2.1.42)

which eventually becomes flat. In a real physical system, the drift term is manifested
as a restoring force which keeps the probability density from spreading out tempo-
rally while the diffusion term appears as a stochastic force which makes the prob-
ability density broaden in time. One standard way to reduce the time-dependent
Fokker-Planck equation to a time-independent equation is to change the equation
into an eigenvalue equation. The time dependent part can be separated by assuming

the following product function
f(z,t) = e**¥(z) (2.1.43)

The spatial part Fokker-Planck equation becomes

2
A¥(z) = —%K(z)‘l’(z) + %C(z)‘l’(z) (2.1.44)

N -

Once the eigenvalues of Eq.(2.1.44) are obtained, the probability density f(z,t) is
expressed as a linear combination of the linearly independent solutions.

o0

flz,t) = D emt¥p(z) (2.1.45)

m=f)

The stationary solution corresponds to A\ = 0. There are various ways to solve
the time dependent Fokker-Planck equation, but the nonlinear differential equa-
tion itself causes a lot of difficulty in obtaining an analytic solution. Even the one

dimensional problem cannot be solved without using a numerical method. In the
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steady state ({ — o), the two competing terms balance out, and there is no tempo-
ral change in the probability density f(z,t) exhibiting a stationary behavior. The
stationary (steady state) solution is quite simple. Neglecting the time derivative in

Eq.(2.1.41), the stationary probability f(z) is simply

N K(®) 42y = Y exp(—F(z
f(z) = o) exp(2/ Q(:c)dz) Q(z)e p(—F(z)) (2.1.46)

F(z) introduced in Eq.(2.1.46) is the generalized Landau-Ginzburg potential for
a stationary state, which is an important concept for understanding the physical
behavior of the system. Let’s look at the Brownian particle one more time to
understand the physical implication of the Landau-Ginzburg potential. For the

Brownian particle, the stationary solution is

_ K(v) _ _ _2_71: _ mv?
F(v) = -2 Qv )dv /7vdv = 2kT (2.1.47)
and the probability density is given as
2
m mv
f(v) = Nexp(-F(v)) = kT exp(— 2IcT) (2.1.48) ‘

The ensemble average of the kinetic energy is then simply given by
o2 = __‘?_111 / = -1
5\ ) 7 Rl A f(v)dv 2kT (2.1.49)

We find that the probability density follows the Maxwell distribution, the standard
deviation determined by the temperature, or the magnitude of stochastic force.
Now let’s look at the potential, Eq.(2.1.47). The potential is of a parabolic form,
and the stationary state can be visualized by considering a point particle in the
parabolic potential well. The thermal fluctuations (more precisely the stochastic
Langevin force) from the fluid molecules keep pushing up the point particle along
the potential well (note a large Q means a flatter parabola), and the frictional force

(or the drift term) attract the point particle down to the minimum position of
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the potential well (note a large frictional force correspond to a sharper parabola.).
We note that a small Q corresponds to a deep potential well, or a sharp peak
in the probability density f(z), implying the stationary state is well-defined. A
Brownian particle has been chosen to elucidate the idea behind the Fokker-Planck
equation. The Brownian particle was in the thermal equilibrium with the viscous
fluid, and the diffusion was found to be linearly proportional to the temperature
of the heat reservoir. However, the application of the Fokker-Planck equation is
not restricted to systems near thermal equilibrium. For an open system far from
thermal equilibrium, once the Langevin equation describing the time dependence
of the order parameter is identified from an equation of motion for the relevant
nonequilibrium physical system, we can build the Fokker-Planck equation with an
appropriate delta-correlated stochastic force. This then allows a definition of the
generalized Landau-Ginzburg potential in the stationary state. By examining the
Landau-Ginzburg potential, the phase transition behavior of the nonequilibrium

state can be studied.
2.2 Bloch Saturable Absorber System inside a Fabry-Perot Cavity

With this background, let’s consider a system composed of resonant atoms
in an F-P cavity. The F-P cavity contains N two-level Bloch type atoms with the
transition frequency w,. The mirror spacing of the F-P cavity can be varied. For
a given mirror spacing, the cavity mode w, is determined simply by the standing
wave condition. We now send in a coherent laser light of optical frequency w, that
is in complete resonance with the atomic transition frequency w,. The cavity mode
w. is tuned to the incident laser frequency w, which corresponds to the setting of

the F-P cavity at the maximum transmission peak. Thus,

W= We = Wy
]

This corresponds to the condition for purely absorptive O.B.. The interaction of a

Bloch system with an electromagnetic field is described by a Bloch equation as will
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be discussed in Chapter 3. When the incident light frequency is resonant with the
atomic frequency, the Bloch equation Eq.(3.5.26-28) reduces to

v = %ew —yLw (2.2.1)
W = -%‘sv — (w0 — weg) (2.2.2)

Now we need an equation of motion for the electromagnetic field, which is, of course,

the Maxwell equation. The wave equation is

H? 1 6% - 47 82

(577~ Z 5w Eat) = 355 P (2:2.3)

Since the rotational wave approximation (RWA) was used in deriving the ﬁloch
equation (Refer to Chapter 3, Sec.3.5), a rapidly changing part of the electric field
and the polarization field does not affect the atoms appreciably, and the reaction
of the atoms back on the electric field is slow. The slowly varying envelope approx-

imation (SVEA) for the fields is, thus, satisfied. Setting
E(z,t) = E(z,t)expi(kz — wt), P(z,t) = P(z,t)expi(kz — wt) (2.2.5)

we find a linear wave equation in SVEA neglecting the second order derivatives as

follows.

9E L %8 _ismwp (2.2.6)

ot 0z

The polarization of the Bloch system is given as (see Eq.(3.7.1))

<|=

P=—p(u-iv)= —i%Nv (2.2.7)

for perfect tuning of the laser frequency with the atomic transition frequency (w=

wa). The macroscopic parameters are cedefined as,

Nv 1 Nw
S = -5 A= §(N; -MN;) = - (2.2.8)
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where S is related to the macroscopic dipole moment, and A is half of the population
difference between the ground state (N;) and the excited state (N;). The Maxwell-
Bloch equations Eq.(2.2.1) (2.2.2) (2.2.6) reduce to a set of coupled Langevin equa-
tions Eq.(2.2.5)-(2.2.11) when the spatial average is taken for the electromagnetic
field. (See Appendix Al for a derivation of Maxwell-Bloch equation in the second

quantization formalism)

E = -gS ~ x(E — E;/VT) + Fg(t) (2.2.9)
§= %E’A — 418+ Fs(2) (2.2.10)
A= —%ES—'y"(A— %)+FA(t) (2.2.11)
where
- C_(I_Z_Rl, g= i";“i (2.2.12)

x is the cavity damping constant, or the life time of photons inside the F-P cavity,
and g is the dipole coupling constant between the atoms and the electric fields in
the cavity modes. Fg, Fs, and Fp are the fluctuations responsible for the diffu-
sion constant.[%8/(6®] The Maxwell-Bloch equations can be reduced to the Langevin
equation for the optical field F in the good cavity limit (x << v1,%)) where the adi-
abatic following of the atoms to the electric field can be assumed, in which case the
time derivatives in Eq.(2.2.10) (2.2.11) can be ignored because the temporal change
of the microscopic dipole moments is slaved by the macroscopic Maxwell optical
field (order parameter). More explicitly, substituting Eq.(2.2.11) into Eq.(2.2.10)

in the adiabatic following assumption gives

s=-L EA
ﬁn
—F(— - —ES 2.2.13
hn (2 M" ) ( )
or NE
S = ﬁf;_g : (2.2.14)
1+ (——ELEy
Y A
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Substituting Eq.(2.2.14) into Eq.(2.2.9) yields the Langevin equation for the electric
field.

: 2547 - F
lE =E;/VT - E - —<! "12‘“ + Fg(t) (2.2.15)
K K 2
l+(———<F)
VLT A
Introducing the Rabi frequencies (see Chapter 3 Sec 3.5)
Q= hE = F R Q= —\/T_—h (2.2.16)

and defining the scaled amplitudes z and y for the transmitted and the incident

fields, and the scaled time ,

z= ﬂnfﬂ y= 3‘7“ . r=nt (2.2.17)
Eq.(2.2.15) reduces to a simple form
%:__’ —y-—z- 125”2 + F(t) (2.2.18)
where \ L L
- _—% _ % 41r:cp % T, = 2(;"0_ = (2.2.29)
YR *;9;: 2";’:;1\, (2.2.20)

C is called the cooperative parameter, and is the ratio of the superfluorescent decay
rate(yr) to the spontaneous decay rate, or a measure of the cooperative effect of
atoms relative to a non-cooperative individual atomic effect. As will be seen below,
the cooperative parameter C plays a role analogous to the critical temperature in

the thermodynamic equilibrium phase transition. Note that the stochastic Langevin

forces is rescaled.

1
F(t) = = Fg(t (2.2.21)
()= a5 Fs(0)
In the stationary state, Eq.(2.2.18) reduces to the state equation for the system.
2Cz
= 2.2.22
y=z+1 5 ( )
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The state equation can be solved in an analytical form, and there exists one real
root for the output field amplitude z which is the order parameter for the system,
for a given input field amplitude y for C < 4. But for C > 4, there are three real
roots of z for a given y exhibiting a bistable behavior. A comparison of the state
equation for O.B. to that for 2-D Ising spin system (Eq.(2.1.20)) shows a one-to-one
correspondence of the thermodynamic variables clearly. The input electromagnetic
field amplitude y corresponds to the external magnetic field H, the output electro-
magnetic field amplitude z to the total magnetization (¢), and the cooperativity C
to the temperature 7T'.

In order to understand (i) the phase transition behavior, (ii) the temporal
change of the order parameter z upon the change of the external field y, and (iii)
the effects of fluctuations, we need to find the Fokker-Planck equation. The mag-
nitude of the stochastic Langevin force can be found from the Heisenberg equation
of motion of the microscopic variable. There are many sources for the fluctuations,
for example, the fluctuation in the external field amplitude itself, or the fluctuation
in the polarization of the electric fields. But the most dominant contribution to the
noise is from the decay of the photons either in the coherence through the sponta-
neous radiation and the homogeneous broadening or in the numbers through a cavity
leaking (i.e. a finite life time of photons inside F-P cavity). The quantum statistical
analysis of O.B. identifies the corresponding thermodynamic parameters(T.,a,8,...)
in terms of the optical parameters of the atoms and cavity.[41-(¢%] The Fokker-Plank

equation corresponding to Eq.(2.2.18) is

%f = —%K(z)f + %%Q(t)f (2.2.23)
with
K(z)=y-2 - 125:2 (2.2.24)
Q=) = q(3 :1:2 )’ (2.2.25)
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C 2rhw , uiN
g= — =2 2.2.26
N, ( V R’yi‘y“ ( )
%4
= b (2.2.27)

where N, is the saturatuion photon density appearing in the quantum mechanical
description of superfluorescence.["("!] The stationary solution of the Fokker-Planck

equation (2.2.23) is straightforward leading to

f(z) = Nexp(2/ %dm)

= chp(%/K(z)dz)
2V (z)
q

= N exp(— ) (2.2.28)

where g is assumed to be small, and the generalized Landau-Ginzburg potential
F(z) is

F(z) = 2v(=) = %{%(z - y)? + Cln(1 + z%)} (2.2.29)

with

V(z) = —-/K(:c)dz = %(:L‘ -y)? + Cln(1 + z%) (2.2.30)
In Figure(2.14-17), we plotted the above potential F(z) as a function of the order
parameter z, which is the output field amplitude, for various values of cooperative
parameter C in a fixed input field amplitude y. It is evident that the first order
phase transition occurs at C' = 4, and there exist a hysteresis relation between the

output and the input field amplitudes only for

QoL .
= — > 4. 2.2.31
C=i-Rm " (2.2.31)

Let’s look at the plot for C' = 20 (Figure 2.17). At a low input amplitude, the output
amplitude (order parameter z) is neag zero, say z;, and as the input intensity is
increased, a new local minimum of the potential F(z) starts to appear at another

positive value of order parameter, say z,, greater than the original value z,. For

37




a large enough input amplitude, the potential F(z) at this new value of order
parameter, 23, becomes the global minimum, but the system still assumes the order
parameter z; corresponding to the local minimum, because the potential barrier is
high enough to prevent the system leaking through to the global minimum z;. Once
the input amplitude exceeds threshold value corresponding to the disappearance of
the local minimum with the order parameter value z;, the nonlinear Fabry-Perot
switches over to a high transmission state having a new order parameter z;, and
stays there. When the above process is reversed, that is, as the input amplitude
is decreased, the potential F(z) shows a similar behavior upon the change of the
input intensity. But this time the role of z; and z; is reversed because the system is
already in a state with the order parameter value z,, that is, in a highly transmittant
state. As the input amplitude is kept being decreased, the potential F(z) at the
order parameter value z; starts to become a local minimum and evolves to the
global minimum, but the system is still in a highly transmittant state untill the
local minimum at z; disappears. Therefore the nonlinear Fabry-Perot can assume
two different macroscopic states (low transmittant z; and high transmittant z;)
depending on the history of the preparation of the given input amplitude.

When the output field amplitude is plotted as a function of the input field
amplitude from the state equation Eq.(2.2.22), it is easy to see that for C less than
or equal to 4, the output field amplitude is a nonlinear function of the input field
amplitude as can be seen from the stationary state equation Eq.(2.2.22), but still

they are mapped by one-to-one without any bistability.
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Figure Captions: Chapter 2

Figure 2.1; Nonlinear Fabry-Perot for Optical Bistability

Figure 2.2; Multiple Quantum Structures

Figure 2.3; Hybrid Optical Bistability

Figure 2.4; Optical Bistability in a Nonlinear Optical Thin Film

Figure 2.5; Phase Diagram for Liquid-Gas

Figure 2.6; Landau-Ginzburg Potential F(¢,T) for a Second Order Phase Transition
Figure 2.7; Landau-Ginzburg Potential F(¢,T) for a First Order Phase Transition
Figure 2.8; Hysteresis Behavior of Order Parameter as a Function of Negative Tem-
perature

Figure 2.9; Landau-Ginzburg Potential F(¢,T) in the Presence of an External Field
Figure 2.10; Hysteresis Behavior of Order Parameter as a Function of the External
Field

Figure 2.11; Entropy Production Rate at a Steady State

Figure 2.12; Entropy Production Rate as a Thermodynamic Potential

Figure 2.13; Critical Slowing Down near Phase Transition

Figure 2.14; Landau-Ginzburg Potential for Optical Bistability (C=3) with Various
Input Amplitudes (3, 6, 9, 12, ..., 30)

Figure 2.15; Landau-Ginzburg Potential for Optical Bistability (C=5) with Various
Input Amplitudes (3, 6, 9, 12, ..., 30)

Figure 2.16; Landau-Ginzburg Potential for Optical Bistability (C=10) with Various
Input Amplitudes (3, 6, 9, 12, ..., 30)

Figure 2.17; Landau-Ginzburg Potential for Optical Bistability (C=20) with Various
Input Amplitudes (3, 6, 9, 12, ..., 30)
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Optical Bistability in a Nonlinear Optical Thin Film
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Potential F(x)

Landau-Ginzburg Potential for Optical Bistability ( C=3)
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Potential F(x)

Landau-Ginzburg Potential for Optical Bistability ( C=5)
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Potential F(x)

Landau-Ginzburg Potential for Optical Bistability ( C=10)
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Potential F(x)

Landau-Ginzburg Potential for Optical Bistability ( C=20)
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CHAPTER 3
NONLINEAR OPTICAL PROCESSES: RESONANT AND NONRESONANT

Conjugated w-electron organic and polymer structures are now well known
(1-(8] to exhibit exceptionally large nonresonant second order xi?i( —W3jwy,ws),
and third order xs,)e,(—w‘.;wl,wg,w;) nonlinear optical susceptibilities, and their
microscopic origin and mechanisms can be successfully described by quantum field
theory of many electron systems in one and two dimension.. In this description,
as the spatial dimensionality of the many-electron system is effectively lowered, the
motion among the many electrons becomes highly correlated.”! Electron correla-
tion plays a major role in determining xgj,)‘(—w:,;wl,wg) and X(,';})gl(—(-Uﬁwl,wg,w;)
in conjugated w-electron systems, and its effect cannot be neglected in properly
accounting for the nonlinear optical properties of conjugated structures.(S!(6]

In Sec.3.1 a direct summation method in calculating Xg,)d(—w.;;wl,wg,.ws)
from the transition moments of electronic transitions and the energy states in a
molecule will be presented. A linear conjugated hydrocarbon chain structure is
chosen as a simple system to study the importance of the electron- correlations in
the third order nonlinear optical properites, which is discussed in Sec.3.2. In Sec.3.3,
the theoretical analysis is extended to a quasi-two dimensional conjugated structure,
and one model system is cyclic octa-tetraene (COT). The theoretical calculation of
third harmonic generation dispersion for COT is presented, and compared with the

linear chain case.

In Sec.3.4-7, a resonant nonlinear optical response is presented in terms of

Bloch susceptibility.

3.1 Microscopic Description of Second Order Hyperpolarizability

The macroscopic nonlinear optical properties of organic molecular and poly-

mer structures in condensed states are best described starting from the individual
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responses of isolated molecular, or polymer chain, units. In the lattice gas ap-
proximation, if the nonlinear susceptibility of an isolated molecule is known, then
xE?Z(—wg;wl,wg) or x(‘.;zl(-—w‘g; w1,wsz,ws3) of the macroscopic ensemble of molecules
is determined by the orientational distribution function of the independent units.
Local field factors must also be included to account for the effect of the dielectric
environment on the electric field strength at the molecular site. The macroscopic

frequency-dependent second and third order susceptibilities xi?i(-ws;wl,wg) and

(3)

X;jki(—wa;w1,w2,w3) can then be expressed in terms of the molecular susceptibili-

ties Bijk(—ws;wi,wz) and vijri(—wq; w1, wz,w3) as
c
2
Xh(—wsiw1,w) = No 3 Rl Rl Rbyr £23080 5 (—wsiwr,w2) fik fiod, (3.1.1)
=1

and

c
Xm(—waiwi,w2,ws) =Ny S Rip Rl Ri o RE £,
s=1

x 7:'j'k'l'(“"’4;‘-‘-’h‘-"%ws)f;::ﬂf;:o' 27;' (3.1.2)
where N, is the number of unit cells per unit volume, the summation is over all
molecules in the unit cell, R is a rotation matrix describing the orientation of each
molecule in the unit cell, and f is the frequency dependent local field factor. The de-
scription of the macroscopic nonlinear optical response is thus reduced to an under-
standing of the microscopic second and third order susceptibilities 3;jx(~w3;w;y,w2)
and 7vijki( —wq;wi,w2,w3) and knowledge of the orientational distribution of the
molecular units in the condensed phase. As special cases, isotropic gases and lig-

uids reduce Eqs. (3.1.1) and (3.1.2) to simpler forms. For example, for an isotropic

ensemble
Xit(—waswr,wz,ws) = N f f1 £ fory (—wg;wn,wz,ws) (3.1.3)
where N is the number density of molecules and v, is the isotropically averaged

susceptibility defined by

1 1
Vg = E[Z Yiiii + 5;(%5”’ + Yijij + Yijji)l (3.1.4)
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where the indices i and j represent the Cartesian coordinates z, y, and z. The above
formalism is strictly appropriate only for gases such that the mean intermolecular
distance is large enough for the interaction between molecules to be negligible. The
fact that the intramolecular interaction energy is much stronger than the inter-
molecular interaction energy in organic molecular crystals, liquids, solutions, and
polymer thin films means that the starting point for understanding the macroscopic
nonlinear optical properties of these various condensed phases lies in an accurate
description of the microscopic response from an isolated molecular unit.

The general theoretical expression for the components of the microscopic
third order susceptibility tensor v;jri(—w4; w1,w2,ws) is derived from time depen-
dent, quantum electrodynamic perturbation theory. In order to avoid secular diver-
gences that would occur when any subset of the input frequencies sums to zero, the
Bogoliubov- Mitropolsky method of averages (®l®l is employed. Owing to disper-
sive effects, v;;ki(—w4q;w1,wz,ws) is dependent on the input and output frequencies
iavolved for each of the various possible nonlinear optical phenomena. For the

particular case of third harmonic generation, for example, one obtains

1 e
Yijri( 3w w,w,w) = 3—'(4—53)[
' Piti[ron, Thon, Tagn, Thd) Pkt ons FransThany Tnyg)
M;,M((an = 3w)(Wnyg = 2w)(Wnyg —w)  (Wnyg + W)(Wnyg — 2w)(wn,g — W)
Pjkir)n, Fryn, Trany Thyg) N PikilT)ns Ty, Pran, Tnyg) )
(Wnag + Wl Wnyg + 2w)(wWnyg ~w)  (Wnyg + W) (Wnyg + 2w)(wn,g + 3w)
kgl ] ijl[r';nzrfhgr;nlrfhg]

5 (o Pl g
S (“’n:g - 3“")(“’“29 - w)(wﬂly - “") (wngg - “’)(wnxg + w)(wﬂxg - “")
] k ) { j k 1 ]
Pik‘[r;n:rnzgr;"x rnxg] Pj“[r;ﬂzrnzyrgﬂtr:ug]

* (wnag + 3“")(“’nzy + w)(wn,g +w) * (Wnyg + w)wnyg — wiwn,g + “’))]
(3.1.5)

" . . 1 . _i _ i .
where r}, | is the matrix element (ni|r'|n;) with 7, =7, . — 7., hw is the

excitation energy of state n, the prime on the summations indicates the ground
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state is omitted, and Pji; denotes the sum over all permutations of those three
indices. We will be concerned here with the case where all of the optical frequencies
are above the molecular vibrational and rotational modes but below the electronic
excitation energies so that the nonlinear optical response is strictly electronic in
origin. In addition, for conjugated organic structures, v is dominated by the delo-
calized m-electron contributions which in general have both larger transition dipole
moments and lower transition energies than the o- electron excitations. Thus, with
an accurate description of both the excitation energies and transition moments of
the 7- electron manifold, one can calculate the frequency dependence of each of the
different third order nonlinear optical processes using expressions such as Eq.(3.1.5).

The theoretical method employed to achieve proper description of the =-
electron manifold of conjugated organic molecular structures for calculation of
Yijei( —wajwi,wz,ws) consists of a multiply - excited configuration interaction cal-
culation (SCF-MO-SDCI) performed on a molecular orbital basis obtained through
self- consistent field theory in the rigid lattice CNDQ/S approximation.

For a general discussion of symmertic properties of macroscopic nonlinear

optical susceptibilities, refer to Appendix A2.
3.2 Conjugated Linear Chains

We briefly review here the origin of the microscopic third order susceptibility
Yijkli(—wa;wi,wz,ws3) in prototype conjugated linear chains. In particulaf, we con-
sider the linear polyenes which are hydrocarbon chains in which each carbon site
is covalently bonded to a hydrogen and its two nearest neighbor carbons. The re-
maining valence electron of each carbon atom contributes to a delocalized, strongly
correlated w-electron distribution along the carbon chain. The ground state of this
system is a spin-singlet, broken-symme'try state in which the carbon lattice possesses
a single-bond/double-bond alternation.

Because the polyenes are members of the C,5 symmetry group, all of the
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w-electron states must possess either Ay or B, symmetry. Within the centrosym-
metric C;, group, these two symmetries are of opposite parity leading to optical
dipole selection rules. The ground state is always ! 4,, and therefore the ! B, states
are one-photon allowed transitions observable in the linear absorption spectrum.
The excited ! A, states, on the other hand, are one-photon forbidden and are con-
sequently known as two-photon states. Experimental and theoretical studies of
one-photon and two-photon resonant processes in finite polyenes have shown that
below the first optically allowed, dominant 1! B, state is located a strongly electron
correlated two-photon 2! A, state.1?1=(13] The symmetries, energies, and relevant
transition dipole moments of the ten lowest calculated excited states of trans- OT
are listed in Table (3.1). The columns uf ; and u} ;5 refer to the z- components
of the transition dipole moment of each state with the ground state and with the
1! B, state, respectively. The optical selection rules are observed in the vanishing
transition moments p7 , for all the ' 4, states and p | g for all the ' B, states. It
is also seen that the 1! B, state has by far the largest u} , and the 6' A4 state has
the largest Ba1B- As a result, these two are the primary contributors to v;,., as

will be described below.

[t is instructive to consider the individual terms in the sum over states pertur-
bation expansion. Based on Eq.(3.1.5) and the symmetry selection rules described
above, it is evident that the r-electron states in a third order process must be con-
nected in the series ¢ —»! B, —! 4; —! B, — g. For centrosymmetric structures,
third order processes necessarily involve virtual transitions to both one-photon and
two-photon states. For trans-OT, there are (153) terms involved in the summations
of Eq.(3.1.5). However, two of these terms are an order of magnitude larger than
all the others and constitute 70% of 4::.;. The remaining terms to a large extent
cancel one another resulting in a muth smaller net contribution. In both of the
dominant terms, the only ! B, state involved is the dominant low-lying one-photon

1! B, m-electron excited state. In addition to its low excitation energy, this state
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is important because its 7.8 D transition dipole moment with the ground state is
more than three times larger than any other ground state transition moment. One
of the two major terms comes from the double sum of Eq.(3.1.5) with both of the
intermediate states being the 1! B,. In the case of the double sum, the middle inter-
mediate state is always the ground state. This term makes a negative contribution
to ¥:zz:z below resonance, since both the numerator and denominator are positive
but the double sum has an overall negative contribution. The other major term is
from the triple sum with the 6' A4, state as the middle intermediate. This state,
calculated at 7.2 eV, has a large transition moment with 1! B, of 13.2 D. This term
makes a positive contribution to ;... and is larger than the first leading to an over-
all positive value for v;.--. Importantly, the 6! 4, consists of 60% double-excited
configurations indicating it is highly correlated. SCI calculations obtain a negative
value for v;:2z because they do not adequately describe this state and therefore
omit its large contribution.

The transition density matrix p, n, is defined through the expression
(B} = —e/r‘pn,m(r‘)dr‘ (3.2.1)
with
pn.n(f1) = /‘I!;(Fl,f'z, o TM)¥ni(F1, T2, T )T - - - AT (3.2.2)

where M is the number of valence electrons included in the molecular wavefunction

.
3.3 Conjugated Cyclic Chains

In this section, we extend the microscopic description of 4., for one dimen-
sion to two dimensions and consider a specific example within the class of conjugated
cyclic structures known as annulenes. As a major case, we consider the planar struc-

ture of cyclo-octatetraene (COT), the cyclic analog to OT with N=8, illusirated
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schematically in Figure(3.1).) Although the geometrically-relaxed ground state of
COT is known to be a non-planar, bent structure, we will examine only the planar
structure of COT in this section. The purpose is to explore the effect of dimension-
ality on the microscopic features of «;;ri( —w4; w1,w2,ws). Because the inclusion of
the geometrically-relaxed distortions of the physically observed COT structure un-
necessarily complicates comparison of cyclic structure results with those described
above for linear chains, we consider only the planar structure. Analogies and con-
trasts between linear and cyclic structures are clearest when the only distinction is
the increase in dimensionality from one to two so that ome need not be concerned
with decoupling dimensionality from non-planarity effects. For linear chains, since
the z-component of the transition dipole moments is much larger than the y- and
z- components, the isotropically averaged susceptibility v, is effectively determined
by the ¥,.2. component while all components involving transverse fields make neg-
ligible contributions. This reduces Eq.(3.1.4) to

1
Yo = '5'7'::::: (331)

But for cyclic structures, since the in-plane z- and y- directions are equivalent,
Yzzzz and Yyyyy should be of equal magnitude. Furthermore, components such as
Yz-yy Will also be significant since they involve these two directions as well. The
corresponding non-negligible terms of Eq.(3.1.4) are

1 1
79 =~ -[78223, <+ 7yyyy + 5(7zzyy + 7zyzy + 7zyyz + 7yyzz + 'Yy:yz + 7?22?)] (3.3.2)

[,

It seems, therefore, that one might be able to enhance 4, by moving from linear
to cyclic conjugated structures and opening pathways for new components of the
vij&i tensor to contribute. We shall demonstrate below, however, a most striking,
opposite finding. We show that, becausc of the relevant length scales involved in
the two problems, the conjugated cydic structure wil. necessarily have a smaller
~4 than the corresponding conjugated linear chain with an equal number of carbon

sites.
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Our planar model of COT is a member of the dihedral D4, symmetry group
which is non-Abelian and, hence, has two- dimensional irreducible representations
denoted as E classes. The allowed state symmetries for w-electron excitations are
Ayg, Azg, B2y, and E,. Of these, only states of ! E, symmetry are one-photon al-
lowed excitations from the ! 4;, ground state. The ! E, states are doubly degenerate
with the two representations related by a 7/2 rotation about the z-axis perpendic-
ular to the molecular plane. All of the remaining symmetries listed above describe
nondegenerate, two-photon states. These two-photon states can be classified into
two types, i.e., symmetric and anti-symmetric, according to the symmetry property
under the exchange of the electronic states in the matrix elements.(141-(18] A typical
feature of conjugated cyclic molecules, including phthalocyanines and porph&rins,
is the exsistence of a relatively low frequency absorption in the visible or near ul-
traviolet and a higher frequency absorption deeper in the ultraviolet. This feature
appears in our model COT with the weak low frequency 1 E, state at 4.4eV and
the much stronger frequency 2'E, state at 6.4eV. In the case of phthalocyanine,

however, it is always the low frequency band which is stronger.

In Table(3.2) we list the symmetries, energies, and relevant transition dipole
moments for the nine lowest calculated excited states of COT. A total of 153 states
are calculated. The third and fourth columns list the z and y-components, respec-
tively, of the transition moment between a given state and the ground state while
the column labeled u7 ,p lists the z-component of the transition moments of the
state with the two degenerate representations of the 2! E, state; the y-components
are given in the u] ;p column. Although the z- and y-directions are equivalent
in COT, it is seen in the table that these components of the transition moments
are not always equal, and this is a direct result of the double degeneracy of the
E, states. Transition moments involving any degenerate pair of ! E, states with a
two-photon state are clearly related by a /2 rotation or z — y, y — —z. Thus,

the appearance of negative signs in some of the transition moments merely reflects
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the choice of basis and has no physical meaning. By choosing an appropriate basis
for the degenerate pair, the magnitudes of the z and y components can be made

equal, although this is not necessary as illustrated in Table (3.2).

The first one-photon doubly degenerate 1! E, state has very small transition
moments with the ground state and a correspondingly small oscillator strength.
The 2 E, doubly degenerate state, on the other hand, has a maximum transition
moment of 4.6D in this z — y basis and is a large oscillator strength in analogy to
the 1! B, stat of OT. Thus, the transition moments of the two-photon states with
the 2! E, state determine their importance for v;jri(—w4;w1,w2,w3) and are also
listed in Table(3.2) for the lowest-lying states. Analysis of the various terms in the
summations of Eq(3.1.5) for COT reveals much similarity to the linear chain analog.
Asin OT, there is one dominant term in the double summation which is due to the
state with the largest oscillator strength, in this case, the 2! E, state. The dominant
contributions from the triple sum also all involve the 2! E, state, but rather than just
one term, there are several significant contributions for COT. Each one is smaller
than the dominant negative term from the 2!E, state, but together they again
lead to positive values for the nonresonant tensor components v;jx;. The significant
contribution from several terms involving different intermediate two-photon states

is similar to what was found for the linear polyenes longer than OT.

In Figure(3.2), the transition density matrix pn ' is shown for the ground
state with the two representations of the 2! E, state. The /2 rotational relationship
of the two representations of 2! E, is also clear here as in Table(3.2). The charge
redistribution for this transition is fairly modulated as it is for the linear chains.
In the particular basis shown for the representation of the doubly degenerate 2! E,
state, the transition moments along the z and y directions are comparable as seen in
the Figure(3.2). The calculated dispersion of the isotropic third order susceptibility
v, is given in Figure(3.3). The nonresonant value is quite small compared to the

linear chains. Very sharp resonances occur at 1.47 eV due to a 3w resonance to 1' E,,
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and 1.60 eV due to a 2w resonance with 2 4;4. Since both of these states have very
small transition moments in Table (3.2), they only make significant contributions
directly on resonance. Calculations including imaginary damping terms to account
for the finite width of the electronic excitations show that these resonances become
completely washed out and the dispersion remains flat in this part of the spectrum.
Experimental dispersion measurements, therefore, likely would not observe signifi-

cant resonant enhancement until the 3w resonance to the 2! £, state which occurs

at 3.16eV.

The calculated values of v;jxi(—3w;w,w,w) for COT at the nonresonant fun-
damental photon energy of 0.65 eV are ¥,;2,=0.75 and 7yyyy =0.21 x 1073% esu.
Because of the Dy, symmetry, ¥zzz:=7yyyy, and Yzzyy is equal to all other com-
ponents that involve two z- component fields and two y- component fields. This
equivalence between the z and y- directions is in contrast to the linear polyene case
where the v;;2; component dominates all others. Furthermore, the 4;,:» compo-
nent of OT (13.5x1073%® esu) is far larger than any of the components of COT.
However, since COT has significant components in both the z and y directions, it is
more reasonable to compare values of the isotropically averaged susceptibility. For
COT, v,= 0.38x1073¢ esu as compared to 3.4x1073¢ esu for trans-OT. As in the
case of comparing values for the trans and cis conformations of linear polyenes,

here also we must consider the actual length scale involved in the problem.

The important length for nonlinear optical responses is the largest length over
which charge can be separated due to the presence of an optical electric field. For
the linear polyenes, that length is the distance along the conjugation axis separating
the end carbons. For COT, the equivalent length is between two points on either
end of a diameter of the ring. Additionally, since m-electron motion is constrained
along the carbon lattice, the relevant length is one-half of the circumference of the
molecular structure. This distance is 3.3 A for COT. For comparison, for trans-HT

(N=6) 74= 0.75x107%% esu at Aw=0.65 eV and the end-to-end length L is 6 A.

72




Thus, for these two very different structures where the relevant lengths are nearly
equal, we find that the calculated values of v, are also comparable. In the case of
cyclic structures, the length which determines the magnitude of v, appears to be

one-half of the circumference.
3.4 Resonant x(*) Processes

According to the microscopic description of nonlinear optical processes in
conjugated organic materials, highly correlated r-electrons are responsible for the
unusually large nonresonant nonlinear optical response of these novel structures. In
the nonresonant regime a nonlinear optical response results from virtual excitations
of the w-electrons, and response function can be obtained directl; from quantum
electrodynamics giving the microscopic, molecular hyperpolarizabilities 3;;; and
vijei. However, as the light frequency approaches one of the w-electron optical exci-
tations, the response function is resonantly enhanced and the perturbation theory
employed to describe the nonlinear optical response at off-resonant regime does not
hold anymore. In the resonant optical excitations there occurs a real population of
the excited state and a depletion of the ground state accordingly, which depends
on the incident light intensity. Therefore the optical response function of the sys-
tem depends on the light intensity, which can be viewed as a third order nonlinear
optical response.

In the resonant regime, the w-electron excitation resonant with the incident
light can be modeled as a two-level system. A quantum mechanical description of a
two-level system with the resonant excitation is well-known, especially from nuclear
magnetic resonance experiments (NMR)!}"l where a permanent magnetic dipole
moment driven by a coherent radiofrequency magnetic field shows a characteristic
resonance behavior revealing the microscopic properties of the local environment.
The same mathematical formulation developed by Bloch(!®! to describe NMR is

applicable to the two-level electronic system resonant with an applied field.2%!(29]
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The two physical systems directly map one for one, except for the difference in
scaling of the relevant physical parameters. In NMR, for example, the wavelength
of the radiofrequency is large compared with the sample size; hence, the absorption
length is long and the propagation effect is negligible. In the coherent optical case,
however, the optical wavelength is much smaller than the sample dimension, and
coherent propagation effect takes place within the sample.

In the subsequent sections, we review the Bloch equation in a density matrix
formalism and discuss coherent optical transient effects. The steady state solution
of the Bloch equation is studied next, leading to the definition of the intensity

dependent refractive index.
3.5 Bloch Equation; Transient Behavior

Let’s consider a non-degenerate two-level system with eigenstates |1) and |2).

Hol1) = —%hw,ll) (3.5.1)
Hol2) = +%hw.,|2) (3.5.2)

The time dependence of the wave function ¥(t) of the system interacting with the
external field V can be described by expressing ¥(t) as a linear combination of |1)

and [2) with the time dependent coefficients.
W(t) = a(t)e' 1« Y1) + b(t)e Tw*|2) (3.5.3)

The time-dependent Schroedinger equation for the full Hamiltonian H = Ho + V

leads to a pair of equations, i.e., from the orthogonality of |1) and|2),

thd—‘z(tt—) = a(t).V“ + b(t)e""""V,z (354)
lhd?i(tt) = a(t)ei‘“‘tV21 + b(t)ng (355)

where V;; are the matrix elements of V. The Eq.(3.5.4) and (3.5.5) describe the

time evolution of a two-level system.
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The time dependence of a two-level system in an external field can be de-
scribed in a density matrix formalism following Feynman et al.,21 which gives a
simple geometrical representation of the temporal behavior of the resonance re-
sponse. The density matrix p of a two-level system is 2x2 matrix, hence, can be

written as a linear combination of the identity matrix and Pauli matrices.

p(t) = (I +7F(t)F o &) (3.5.6)

Ny —

where the 3-vector 7% is the linear coefficients of the Pauli matrices and is uniquely
determined in terms of matrix elements of p. In the same way the full Hamiltonian
H can be expressed as
)
H= -z-hQF °; (3.5.7)
where the 3-vector QF is the linear coeffieients. The equation of motion for the

density matrix p is

i# S p(t) = (H, o(0)] (3.5.8)

The left hand side of Eq(3.5.8) is

. d L d1 F oo
lh?d? () —lﬁd—ti(1+ﬂt) e7)=1h

while the right hand side of Eq(3.5.8) is

(H, p(t)] =[%hﬁp ° 7, %(I + 7(t) 0 7)]
=§[nﬁf o5, 7t) 0 5]
=§((hﬁ’ o 7)(7(t) o &) — (7(t) 0 7)(AGF 0 5))

=§2i(nﬁ" < 7{t)) o & (3.5.10)

where the following identity of Pauli matrices was used

-

(AeG)Bed)=AeB+i(Ax B)ed. (3.5.11)
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Substitution of Eq.(3.5.9) and (3.5.10) into Eq.(3.5.8) transforms the equation of

motion for p to the equation of motion for #¥ in terms of #* and QF,
d -
&—t—f'(t)p = 0F x fA)F. (3.5.12)

Eq.(3.5.12) describes the rotation of the 3-vector 7¥ around the rotational axis
defined by the 3-vector 2F, as is well-known in the newtonian equation of motion
for a rotating rigid body. The 3-vectors 7(t)F and IF are related to the matrix

elements of p(t) and V in the following way.

P12 + p21
AT = (‘*‘i(Pn - Pu)) (3.5.13)
P22 — p11
. 1 Hiz + Hp 1 Viz + Vo
QF = 5 +i(Hzy — Hy2) | = Y +i(V21 - Vi2) (3.5.14)
H; — Hn Va2 — Vi1 + hw,

Now we consider the interaction of the two-level system with a resonant

incident light. For 1e linearly polarized light with the frequency w,

E =é-(ce™™ 4+ "e*™) = Re{éce ™"}, (3.5.15)

N} -

the interaction Hamiltonian in the dipole approximation is (Refer to Appendix A3)

V=cieE=—Feéz(ce ™ 4 ettty (3.5.16)

-

Eq.(3.5.14) becomes

~ 2
QF = (——’r:—€-coswt,0,w,,)

= (~kKe coswt, —Ke sinwt, 0)

+ (—Ke cos wt, +resinwt, 0) (3.5.17)
[ ]

+ (01 O,wﬂ)
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where
_(Udeé2) 4

QF is composed of three vectors, 7¥ processing around it. Q+F(Q1-F) is a vector
with magnitude x¢, lying on the 1-2 plane and rotating around 3-axis with angular
velocity w(—w), while Q°F is a constant vector along 3-axis with magnitude w,. Ac-
cording to Eq.(3.5.12) 7¥ is processing around (F with angular veocity |{F| x w,
(noting k€ << wg). In the rotating wave approximation (RWA), Q-F is ignored
since §-F rotates with the angular frequency w + w, & 2w relative to 77, hence,
this rapid oscillation averages out in time and does not give an accumulative van-
ation in amplitude. That is, in RWA, which is equivalent to ignoring e**“* part in
Eq.(3.5.16),

QF = Q+F 4 Q°F = (—ke coswt, —xesinwt,w,) (3.5.19)

As shown in Figure(3.4), QF is a 3-vector rotating with angular frequency —w
around axis 3, and we make an orthogonal transformation to the frame where Q.

is stationary.

/[ u coswt sinwt 0 rF
r=|v | =| -sinwt coswt 0 rf (3.5.20)
w 0 0 1 r¥
. coswt sinwt 0 .
Q=| —sinwt coswt 0 |QF
0 0 1
coswt sinwt 0 —Ke coswt —KE
=| —sinwt coswt 0 —-Kkesinwt | = 0 (3.5.21)
0 0 1 Wa Wa
df 4
— = —+44d 3.5.22
&t @Y (3.5.22)

Refer to Appendix A4 for another way to make an orthogonal transformation. In

the new frame (see Figure(3.5)) the Schroedinger equation has the same form as

Eq.(3.5.12), o
7t

dt

o]

X 7 (3.5.23)




- —RKRE —KE
Q= ( 0 ) = ( 0 ) (3.5.24)
Wy — W A
10 = Q = /(re)? + A? (3.5.25)

Eq.(3.5.23) is the Bloch equation when the damping is ignored, essentially equivalent
to the time-dependent Schroedinger equation Eq.(3.5.4) and (3.5.5). The precession
frequency Q, called Rabi {requency, depends on the light intensity as well as the

detuning A. The Bloch equation in an explicit form is

i=—Av— % (3.5.26)

b= Au+ kew — — (3.5.27)
T,

W = —Kev — = ‘Tl’”" (3.5.28)

Here the phenomenological relaxation times T) (longitudinal) and 7, (transverse)
are introduced to account for the population decay and the coherence decay re-
spectively. The macroscopic coherent superposition state decays out in time either
through the spontaneous emission (T;) from the excited state ending up with the
equilibrium population corresponding to w., or through the dephasing (73) be-
tween the microscopic dipole moments, resulting in zero polarization even for a net
inversion of population during the time shorter than 7. T, is the inversion of the
homogeneous broadening contribution to the optical linewidth. There are various
contributions to the dephasing, one main contribution coming from a spontaneous
decay of the excited state itself, 1/2T,. More explicitly, from Eq.(3.5.3) we can
find the time dependences of the polarization p(t) and the polpulation n(t). The

polarization p(t) is given as an expectation value of dipole moment.

p(t) = (2(t)z]1(2)) ="e~t/2Trp*(t)a(t)e™* ¢(2]z|1) (3.5.29)
n(t) = (2(t)[2(t)) — (1(t)]1(t)) = e~ /T2 (t)b(t) — a”(t)a(t) (3.5.30)
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We find that the finite lifetime of the excited state affects the lifetime of a micro-
scopic dipole moment, setting a limit on the dephasing time. Pure depahsing, not
originating from a finite lifetime of the excited state, comes from various sources de-
pending on the microscopic line broadening mechanism. In gas, collisions with other
gas atoms or molecules are mainly responsible for a dephasing, while a phonon scat-
tering with an optical excitation is accountable for the line broadening. Sometimes,
these pure dephasing rates are called T} to distinguish it from the inhomogeneous
contributions, called T}, coming from a Doppler broadening or a site broadening.
The relaxation times can be calculated theoretically once the microscopic relax-
ation mechanism is known. The temperature dependence of the relaxation rates for
a two-level system in an amorphous medium will be discussed in Chapter 4.

A rigorous solution of the Bloch equation Eq.(3.5.26)-(3.5.28) is available,(??!
but here we consider a simple transient case when T} and T3 are long enough or
during the time the system did not relax to equilibrium. When the damping is
ignored, the equation can be solved analytically. According to Eq.(3.5.24) Qis a
3-vector in the 1-3 plane. Now we make transformation to a coordinate where Qis
along the 1-axis. The transformation matrix is

A cosf 0 siné
R(6 = arctan —) = 0 1 0 . (3.5.31)
—RE —sind 0 cosé

The Bloch vector is affected in the same way yielding
7 (t) = RA(t). (3.5.32)

In the new frame the Bloch equation is in the same form again as Eq.(3.5.12),

, 0 0 ©
drdit)zﬁ'xr"= 0o 0 Q| (3.5.33)
0 -0 0
with s
Q
Q={o0]. (3.5.34)
0




The solution of Eq.(3.5.33) is straightforward since 7' is rotating around the 1-axis

with the angular frequency Q.

u'(t) 1 0 0
(t) = (v'(t) ) =0r(0)=| 0 cosQt -—sin Qt) 7 (0) (3.5.35)
w'(t) 0 sinQt cost

“J.

Now transforming back to 7(¢),

u(t)
r(t) = (v(t) ) =R7'7(¢t) = R7'OQ7(0) = RT*QRR 7 (0) = R"!QR+(0)

w(t)
(K¢)3+§’cosﬂl 28 sin Ot —7—'3"‘(1 — cos (t) u(0)
= —3— sin 1t cos (1t & sin it v(0) (3.5.36)
=8re(1 —cos ) &€ sin Nt ﬁﬂ%’,ﬁ& w(0) '

This is called the Rabi solution[*®)(23} and describes the interesting transient resonant
behavior of a two-level system interacting with a radiation field. Let’s consider a
couple of special cases of Eq.(3.5.36). First we assume that at time t = —oo the
two-level system was in the ground state (wo = w(0) = —1) and in an incoherent
state (ug = u(0) = 0,vp = v(0) = 0). If the light frequency is on resonance with the
two-level system eigen frequency, i.e. A =0, the vector (1 is on the l-axis and the
solution is quite simple as can be seen directly from the geometrical representation.
With the given initial conditions the Bloch vector 7{t) rotates around the 1-axis on
the 2-3 plane, starting from the negative 3-axis. It is useful to define the area (t)
of the incident pulse at time ¢,(24l

t

0(t) =/ kedt'. (3.5.37)

~o0
After the time corresponding to 6(t) = 7, a complete inversion of population occurs,
the Bloch vector along the positive 3-axis. At time corresponding to 27 the two-level
system restores back to the initial configuration where all the molecules are in the
ground state. When a coherent optical pulse with total pulse area of 27 propagates

through a Bloch system, the coupling of Maxwell equation to Bloch equation leads
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to a self-induced-transparency, as the excitation of the two-level system by the first
half (area 7) of the pulse is followed by a coherent deexcitation by the second half
(total area 27) resulting in no net absorption by the absorber.(2%-(29]

In the original frame the vector Q is rotating with the optical frequency w
(~ 10'3 Hz) with the Bloch vector 7 precessing with the Rabi frequency 2 (~
10® Hz on resonance for the light intensity 100W/cm? and the dipole moment
10~2Debye, 1 Debye = 10~ '%esu c¢cm). The precession is damped out in time from
the relaxations of T and T3, similar to a spinning top precessing around a fixed axis
damping through the friction. For a step-function light pulse this precession shows
up as an intensity modulation near the leading edge, and the decaying modulation
can be observed for many cycles when the Rabi frequency is much higher than
the dephasing frequency, easily achievable with a sufficiently high incident light
intensity. This phenomenon is called optical nutation,3°)~132] after the similar well-
known nuclear magnetic resonance effect of transient nutation. Other interesting
coherent transient effects include free induction decay(**! and photon echo,(?41-{37]
the basic physical idea of which is easy to understand from the geometrical picture
discussed above. Nonlinear optical process can be combined with the coherent

resonant optical process to give a Raman echo or trilevel echos.[*8]-(41]

3.8 Steady State Solution of Bloch equation

Now we examine the steady state solution of the Bloch equation. In steady

state, the time derivative vanishes, and the solution is staightforward.

nETzATz

- _ . 3.6.

Y IR AT+ WLt f (36.1)
K.CTz

—_ . 3.6.2
v 1+ AT? + Ty Tynte? (362)
w 1+ AT 3.6.3
( )

= w
1+ AT? + Ty Ton2e?

81




In order to get a physical understanding of the Bloch equations, let us con-
sider a classical Lorentzian oscillator. A comparison of the classical oscillator with
the quantum mechanical oscillator gives a better understanding of a Bloch equation.

The equation of motion for a classical Lorentzian oscillator is

dzz‘zd:: 2. € i 364
dtzﬁ—‘ydt,.uaz:-mse (3.6.4)
The steady state solution is
1 e .
z = —
w2 —w?+22ywm
1 S e€
‘[(wz o 47%2] 0 e (3.6.5)
with
2
tan = — — 1= (3.6.6)

2 _ 2
wg w

Now we solve Eq.(3.6.4) by a similar method empolyed to solve a quantum mechan-

ical two-level system. Let
z(t) = (u(t) +iv(t)) e (3.6.7)

Keeping terms up to first order, which is sufficient for studying resonance behavior,

t=-Av—yu=-Av -~ - (3.6.8)
T,
. € € v
v—Au—‘yv—;é;—Au—ns—E (3.6.9)
with
= (3.6.10)
K= g .6.
The steady state solution is
RETgATz
= — .6.11
u=g AT (3.6.11)
KETz
= - 3.6.12
1+ A2T2 ( )
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Comparision of Eq.(3.6.11) and (3.6.12) with Eq.(3.6.1)-(3.6.3) shows the difference
between the classical Lorentzian oscillator and the quantum oscillator described by
the Bloch equation. First, the term T, T; ,x2e? in the denominators for the quantum
oscillator comes from the coupling between v and w and there is only a phase
relaxation time in the classical oscillator while there are two kinds of relaxation
times in the quantum oscillator. It is obvious that in the limit Ty — 0, w = w4 and
there is no difference between the classical and quantum oscillators. Second, if we
set w = weq = —1, the Bloch equation Eq(3.5.26)-(3.5.28) reduces to the classical
oscillator equation Eq(3.6.8)-(3.6.9), which means that the characteristic nonlinear
response of the quantum oscillator comes from the real population of the upper

state of the two level system.

3.7 Nolinear Optical Susceptibility; Intensity-dependent Refractive

Index

In order to get the nonlinear optical susceptibility of the Bloch system to the

external external field, we calculate the expectation value of the polarization.

N{u(t)) =Ntr(p(t)p) = Npu(p12(t) + p21(t))
=NurF(t) = Np(u coswt — vsinwt)

=Re{Nu(u — iv)e "'} (3.7.1)
Introducing a complex susceptibility x(w),

N{u(t)) =Re{xE} = Re{(x' +ix")ee™*"}

=(x' coswt + x" sin wt)e. (3.7.2)

Comparing Eq(3.7.1) and Eq(3.7.2), the complex susceptibility x can be expressed

in terms of u and v.

xX =N

R

u, x" = —Ni—‘v (3.7.3)
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Substitution of Eq.(3.6.1)-(3.6.3) into Eq.(3.7.3) leads to the steady state suscepti-
bilities x' and x".

2
; _ H'T28N,g AT,
X = B 1+ AT} + T\ Tys?e? (3.7.4)
2
n _ H T26N, 1
X = R 1+ AT + T' Ty r2e? (3.7.5)
1+ A?T?
= §N, 2 7.
N o + A?T2 + T Ty n2e? (3.7.6)
where
§N = Nw, 6Ny = Nu,,. (3.7.7)

The complex susceptibility can be written in terms of the linear absorption coeffi-

cient on resonance. Noting

n+ic = Ve +ie" = /1 +4ny' +idmx" (3.7.8)

and the following relation of the linear absorption coefficient gy to the imaginary

part of the susceptibility

4
ap =262 = 412 x"(A = 0,6 — 0) = —— NTu? (3.7.9),
c c ke

we get the complex susceptibility of a Bloch system in steady state from Eq.(3.7.4),
(3.7.5), and (3.7.9).

( )_(aoc)( AT2+i )
X e T AT T L ()
apc A+
= 3.7.1
(47rw)(1+A2+I/I,) (3.7.10)
where
c h 2
I, = — 3.7.11
8,(” ,-—T’Tz) ( )
and A is redefined as
A = AT = (w — w,)T>. (3.7.12)
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To get the third order nonlinear susceptibility x(*) or n,, we find the linear

coefficient of the term that is linear in intensity when the Bloch susceptibility is

expanded.
Qg A A

4r )(1 + A% + I/I,) (3.7.13)

n=1+2rx"=1+(

Now
dn apA A

ng = ;17“:0 = _(471‘[,)(1 LA (3.7.14)

The term depending on the detuning, ﬁTAE’TT’ has the maximum value when A

equals to :}—-5 Therefore, the maximum value available for n, is

Y
ny = ¢0.0265[—. (3.7.15)

A remark is necessary for the physical units of the third order susceptibility.
The refractive index is a dimensionless physical quantity either in cgs units or in

MKS units. The intensity dependent refractive index n; is defined as
n =ng + nal. (3.7.16)

The incident light intensity is the absolute value of the Poynting vector S. For the
linearly polarized light as denoted in Eq.(3.5.15),

I(esu) = || = Zc?r'tﬁ x H|l= <—Zle,[Ze| = —%nolelz (3.7.17)

[(MKS) = %cnoeolslz (3.7.18)

The dielectric constant ¢ is related to the susceptibility and the refractive index in

the following way.

e=n’= (no + leI)2 = n% + 2ngny [l

=1+4nry =1+ 4vrx(1) + 41rx(3)ee (3.7.19)
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In cgs units the susbstitution of the intensity from Eq(3.7.17) into Eq.(3.7.19) leads

to the following relation.

-

1 4x
ny(esu) = ;(a)zx(”(esu) (3.7.20)

In MKS units the relation between the susceptibility and the dielectric con-

stant is different.

nr=S=Liasy (3.7.21)
€9 €p

Taking Eq.(3.7.18) into Eq.(3.7.21) gives

n(MKS) = 1(—1—-)><<3>(MK5). (3.7.22)

€ Nyé€g

In a real experiment, the units of cm?/kW is often used for n,. Noting
na(esu)l(erg/cm?sec) = 10~ ny(em? /kW)I(kW/em?), (3.7.23)

we then have

10

4

na(em?®/kW) = 10'°n,(esu) = l9—(—-75)2)((3)(@:.1;11.) = l(4—7'.)2)((3)(esu). (3.7.24)
c N ng

For . semiconductor, n; in ¢m?/kW has value similar to x(®) in esu units.
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Figure Captions: Chapter 3

Figure 3.1; Schematic Diagram of Cyclo-Octatetraene
Figure 3.2; Density Matrix Diagram for Cyclo-Octateraene
Figure 3.3; THG Dispersion Curve for Cyclo-Octateraene
Figure 3.4; Bloch Vector in Pauli Matrix Space

Figure 3.5; Bloch Vector in a Rotating Frame
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The symmetries, energies and selected transition dipole

moments of the calculated low-lying states of trans-octatetraene

Symmetry

21Ag
1B,
2lB,
3la,
alag
slag
3lp,
als,
6lag
51B,

Energy (eV)

4.15
4.42
4.79
5.19
6.00
6.07
6.47
7.01
7.16
7.30

Table 3.1
90

Mg @ Ky 5 @)

0.00 2.82
7.81 0.00
0.86 0.00
0.00 0.07
0.00 2.84
0.00 1.11
0.01 0.00
1.11 0.00
0.00 13.24
1.14 0.00




The symmetries, energies and selected transiticn dipole

momaents of the calculated low-lying states of cyclo-octatetraene

Symmetry Energy(eV) u;,g(D) ug’g(D)

11A 2
21A1g
11E,
1E,
11B2g
1!Bg
21E,

21E,

2.24

3.19
4.41
4.41
5.21
5.94
6.48
6.48

0.00
0.00
0.05
0.03
0.00
0.00
4.58
3.04

0.00
0.00
-0.03
0.05
0.00
0.00
-3.04
4.58

Table 3.2
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un2eD) ki 26(D)

-1.60, 2.40 -2.40,-1.60
0.14, 0.09 -0.09, 0.14
0.00, 0.00 0.00, 0.00
0.00, 0.00 0.00, 0.00

-0.33, 0.50 0.50, 0.33
1.03, 0.68 0.68,-1.03
0.00, 0.00 0.00, 0.00
0.00, 0.00 0.00, 0.00




Schematic Diagram of Cyclo-Octatetraene
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Figure 3.1
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Density Matrix Diagram tor Cyclo-Octatertaene

Figure 3.2
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THG Dispersion Cur 3 for Cyclo-Octaietraene
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Bloch Vector in Pauli Matrix Space
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Bloch Vector in a Rotating Frame
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Figure 3.5
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CHAPTER 4

OPTICAL EXCITATIONS IN RANDOM GLASS MEDIA:
LINEAR OPTICAL PROPERTIES

A major purpose of this study is to investigate optical instabilities in random
glassy polymers resonantly driven by intense laser fields through the intensity de-
pendent refractive index. The nonlinear optical excitations in random glass media
and experimental study of the intensity dependent refractive index are presented in
Chapter 5.

In this chapter, we first address the linear optical excitations of glassy poly-
mer ultrathin film consisting of quasi-two dimensional disc-like structures randomly
distributed in a glassy matrix. A major result is that the optical absorption consists
of an inhomogeneous, site-broadened band of very many narrow homogeneous lines
from the on-site optical excitations of the conjugated discs. A physical model for
the linear optical excitations of the glassy films is presented based on theoretical
description of random glass media by Anderson, Halperin, and Varmal*!l, which is
an insightful approach focused on the microscopic mechanisms for broadening of
optical excitations.

Optical linebroadening occurs when an optically active atom is disturbed by
its interactions with other atoms, or excitations. In a gas, for example, the spectral
line is broadened through the collisions with the other atoms in the gas, which is
called ‘pressure broadening!!=3l, At a very low pressure, the emission spectrum
of an atom has a narrow bandwidth corresponding to the excited state life time for
an optical transition. As the gas pressure is increased, there occurs non-negligible
collisions between the atoms which destroy the coherence of the dipole radiation.
When we focus on the dipole moment.of a single atom, all the other atoms in the
gas can be viewed as a heat reservoir acting as a noise source giving stochastic and

random collisions to the atom of interest. The collision distorts the electron wave
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function for both the excited and the ground state of the atom of interest, and the
distorted wave functions are not the eigen-states of the isolated atom. The dipole
radiation from an excited state to the ground state of an atom with a distorted wave
function is different from the dipole radiation coming from an isolated atom. When
a frequency spectrum of the dipole radiation is examined, the line width appears
broadened and the peak maximum shifted. Similar effects can occur in a condensed
matter. Optically active ions embeded inside a crystalline lattice exhibit a different
optical spectrum depending on the lattice temperature. Here the phonons in the
lattice interact with the optical dipole moments of ion. The phonon bath acts as
a noise source for the stochastic collisions. Without these stochastic collisions, the
atom is isolated from the environment, and the spectral line width is determined

by the natural radiative decay rate coming from spontaneous decay.

A physical picture of linear optical excitation of 7- electrons in optical sites
randomly distributed inside a polymer matrix is neccessary for the proper under-
standing of nonlinear optical processes in the same molecules. Quasi-two dimen-
sional disc-like structures as the optical sites provide a number of important features
and properties for sucessful studies of resonant nonlinear optical processes. Pri-
mary among these is the presence of optically intense low and high frequency bands
in the visible and ultraviolet generally observed in large diverse classes. Among
such classes are the well-known, large ring porphyrin and phthalocyanine struc-
tures which exhibit well-defined intense Q and Soret bands in the visible and near
uv, respectively, and in addition, possess important secondary material preperties
such as thermal and chemical stability and ease of fabrication and processing. Free
base porphyrin, for example, has long been identified as an analog of 18-annulene
which possess nine double bonds, so that the microscopic description of the linear
and nonlinear optical excitations for cyclic chains such as COT may be extended

to these larger structures.

First, the linear optical properties of thin films of naphthalocyanine will be
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described in Sec.4.1. Next, we present a formal description of a homogeneous line
broadening mechanism from a view point of the linear response theory. After re-
viewing spontaneous decay for an isolated optical atom or molecule, a line shape
function is defined in Sec.4.2. The problem of line shape change through interactions
with other excitations is addressed by statistical mechanical methods. The bath,
however, is not just a heat reservoir but a source of interactions which should be
considered explicitly to determine the effects on the system. This is an irreversible
statistical problem, where there are couple of different approaches. One approach
will be a Brownian particle-like description where the stochastic forces are accounted
for explicitly in the equation of motion. This approach is conceptually clear but
lacks a systematic method for a higher order perturbation calculation. We adopt a
projection operator method which is widely used in solving the irreversible statisti-
cal mechanical problems. Here the quantum mechanical equation of motion for the
system is expanded in the interaction Hamiltonian, but the bath is assumed to be
unaffected by the interactions and always in a thermal equilibrium. The projection
operator technique will be presented in Sec.4.3. In Sec.4.4, the general formula for a
homogeneous line width of an optical site embeded in a medium will be derived by
use of projection operators. The general scheme for the derivation of homogeneous
line shape will be a perturbative expansion of the transition matrix in the interac-
tion Hamiltonian, which follows the standard procedure used to find the scattering

amplitude in quantum mechanical perturbation theory.

In Sec.4.5, the formula obtained in Sec.4.4. is applied to find a homogeneous
line width for an optical site in a crystalline medium where elastic phonon scattering
is responsible for the line broadening. The amorphous material exhibits completely
different physical behavior compared to a crystalline system. A physical model for
an amorphous glassy material is presented in Sec.4.6, where a low excitation TLS
{two-level-system) is introdued to explain the characteristic physical properties of

an amorphous system. In Sec.4.7, the homogeneous line broadening of an optical
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site in an amorphous medium is calculated by combining the results of Sec.4.4 and

Sec.4.6. The results are discussed in connection with experimental measurements.
4.1 Linear Absorption Spectrum of SINC

A phthalocyanine (PC) molecule possesses an intense absorption peak in
the visible wavelength, called a Q-band. The naphthalocyanine (NC) molecule is a
derivative of the PC molecule, naphthalene attached on the sides of the central nitro-
carbon conjugated ring rather than benzene. The absorption peak of NC is shifted
toward IR, and the exact position of absorption peak depends on the solvents. In
general, PC molecule has a very low solubility (order of 10™* mole/liter), therefore,
it is very difficult to prepare a thin sample with an appreciable optical density.
By susbstituting a silicon atom into the middle of the two-dimensional 7-electron
ring of a PC molecule and attaching a polymer tail to the remaining electronic
sites of silicon atom, the solubility of PC molecule can be enhanced. That is,
the free volume of PC molecule can be controlled by changing the polymer tail.
Our sample consists of silicon-substituted naphthalocyanine (SINC) as shown in
Figure(4.1) and Figure(4.2). SINC is easily soluble in the solvent cyclohexanone
(density 0.947kg/liter) and 10% weight concentration is readily available. By spin-
coating the high concentrate SINC liquid soluticn on an optical flat, a good optical
quality thin film can be readily obtai~ed. Two kinds of thin films were made, that
is, a pure dye film and a solid solution film diluted in polymethyl-methacrylate
(PMMA) matrix.

In Figure(4.3) a linear absorption spectrum of a liquid solution of SINC in
cyclohexanone is shown. The molar concentration was 0.5umole/liter with optical
path 1.0mm, and the Q-band peaks at 770 nm. Also seen are the phonon lines of
the Q-band at 735 nm and 690 nm. We find that the zero phonon line at 770 nm
is the strongest in absorption, which means that the Franck-Condon effect is much

reduced in this large molecule. Figure(4.4) shows the linear absorption spectrum of
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SINC pure dye film (a; solid curve) and SINC solid solution film (b; dashed curve).
The optical spectrum exhibits an intense Q-band centered at near infrared (810nm
(a) and 774nm (b)) with a linewidth of 0.1 eV. The films obtained by spin coating
do not possess either positional or orientational long range order. Because of this
random distribution of SINC molecules in the films, the excitations are strictly
on-site m-electron transitions, which have a typical absorption coefficient a of 105
cm~!. The on-site m-electron optical excitations in an isolated molecule have an
intrinsic, temperature independent natural linewidth on the order of 0.1 to 1 GHz

with corresponding radiative decay lifetime of 1 to 10 ns. [4—{7]

The Q-band behaves as a Gaussian shape inhomogeneous line consisting of
many narrow homogeneous lines. The large linewidth of the Q-band observed in
Figure(4.4) is primarily due to inhomogeneous broadening. This site broadening
in the thin film has a Gaussian shape which is a consequence of the statistical
distribution of resonance frequencies of the optical centers due to a variation in
local environment in the polymer matrix. Within the inhomogeneous broadened
Gaussian envelope of the Q-band are a series of narrow homogeneous broadened
resonances where the characteristic temperature dependence of the linewidth de-
pends on the microscopic broadening mechanism. Each homogeneous line under
the Gaussian envelope is approximated by a Lorentzian function, and the width is
related to the temperature dependent population and phase relaxation rate of the
excited state by Fourier transformation. The amorphous material surrounding an
optical site can be considered as an ensemble of noninteracting TLS flip-flopping
between two eigenstates as they emit or absorb acoustic phonons. The homoge-
neous line broadening in amorphous media comes from the dipole coupling of the
optical sites with the TLS’s, and the line width can be expressed in terms of the
TLS lifetime (or flip-flopping rate), the temperature dependence of which is de-
termined from the coupling between the TLS and the strain field manifested as

acoustic phonons.
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As discussed in Sec.4.7, temperature dependence of homogeneous linewidth
in amorphous matrices is well explained in terms of TLS glass model. In this way,
the line width of optical sites in the amorphous media is predicted to have T'*¢
(0< § <1) dependence, and the absolute magnitude can be obtained once all the
physical parameters for the TLS are known. For various organic molecules in differ-
ent polymeric matrices, the theoretically predicted temperature dependence of the
homogeneous linewidth is in good agreement with spectral hole burning data. (%
According to photochemical hole burning data on porphyrins and phthalocyanines
in various glasses and polymeric matrices, (1°! the homogeneous linewidth of the
naphthalocyanine oligomer at room temperature is estimated to be between 10 and
100 GHz. For SINC films, comparison of the homogeneous linewidth (100 GHz)
with the inhomogeneous width (0.1 eV) shows that the Gaussian envelope contains

on the order of ten thousand Lorentzian broadened resonances. (11112l

Linear absorption spectrum at a various substrate temperature was measured
to find out a possible thermo-chromic effect in the SINC thin film. Refer to Fig-
ures{4.5) (4.6). A SINC pure dye film was positioned inside a spectrophotometer
(Hitachi Model 330) sample compartment, and a hot air is blown onto the thin
film to increase the substrate temperature which was monitored by a thermocou-
ple. Upto 75°C, the absorption spectrum does not change, but at 100°C, the peak
gets higher, and the peak shifts toward a shorter wavelength. But still the linear
absorption spectrum exhibits an intense Q-band. The changed spectrum did not
recover back to the original spectrum, as the temperature is decreased, that is, the
changed spectrum remained the same. This suggests that the polymer tail attached
at the silicon atom affects the inhomogeneous broadening strongly, changing the
peak absorption magnitude and position. w-electron optical excitation shown up as
Q-band, however, is very stable up to :he measured temperature. The thermochro-
matic effect is important in saturable absorption experiment on a thin film sample

to identify any heating effect, which will be discussed in Chapter 5 later.
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4.2 Lineshape Function

The spontaneous decay rate of an excitation is well understood in quantum
electrodynamics. According to Fermi’s golden rule, the transition rate from the

initial state |t) to the final state |f) is given as
27 12
wing = U fIE)PS(Ey ~ Ei - hw) (42.1)

where H; is the dipole interaction Hamiltonian. The total transition probability

per unit time is obtained by averaging over the initial states and summing over the

final states

T(w) =) piwi_g (4.2.2)
i, f

where p; is the probability that the initial state |1} is occupied. Now we calculate
the power of the emitted light of frequency between w and w + dw. The emitted

power is
Vdik

P (4.2.3)

dP(w) = hwl(w)

where Vd®k/(27)® accounts for the number of states allowed for the photons with
energy hw. Noting the phase space of photons and the following identity for Dirac-

delta function,
Vdik _ Vk2dkdQ _ Vw?dwdQ

(2r)3 — (27)3 T (2m)33 (4.2.4)
6(3) = 51; [_cc eiutdt (4'25)

and the normalizatoion of the electromagnetic field in second quantization (See

Appendix Al),

» ok | |
E(z,t)= =iy ,/—’iv—“i(b;ae““‘—’") — byl wtmka))y (4.2.6)
A
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the angular spectral cross section of the emitted power is

dP(w)
dQdw
2 2 Vuw?
fwzf T (FIH:1[3)|°8(Ey — E; — M)W
1r21rﬁw L Vw?r o1 * ,
= Xf: (2| f){f |z|z)m-21r—h [m dtexp{i(w — w; + wy)t}
62 ""3 1 iwt wet —tw;t
=t o | dte Zp, (i|z| f)(fle™! tze™ it ]s)

e w1 *®
he 2me? 2_7r

dte‘“‘c,,(t) (4.2.7)

C::(t) is auto-correlation function of dipole moments. The power spectrum is com-
posed of the photon energy, the phase space factors, and a Fourier transform of the

dipole auto-correlation function. *3/=117) The lineshape function F(w) is defined as

F(w) = 517;/ dte'C.. (1) = Re;lr-/; dte™tC,,(t) (4.2.8)

Noting that |:) and |f) are the eigen-states of the unperturbed Hamiltonian Hy, the

auto-correlation function can be rewritten as follows:

Cez(t) = ) pililz|f){fleHot/ M zemtHot/M )
if

= 3 pililzetHet/gemiHot/A;)
= Z pi{ilzz(t)}i) = Tr{pozz(t)} (4.2.9)

where we used the Heisenberg equation motion for z, and a density matrix py defined

as
pPo = ZP:JI Jl ZP:‘StJ‘ (4'2'10)

has been introduced. The auto-correlation function is a quantum mechanical aver-

age value of the product of the dipole moment at time 0 and the dipole moment at
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time t. We see that if the interaction Hamiltonian commutes with the unperturbed
Hamiltonian Hy, the correlation function is independent of time, and the transi-
tion probability is zero. A time independent correlation function means that the
dipole moment does not change in time and maintains coherence in time. But in
the optical transition, the dipole interaction Hamiltonian does not commute with
the unperturbed Hamiltonian Hg, and the dipole interaction causes a change of
dipole moment in time; therefore the dipole moment is not coherent with the inital
moment any longer. This incoherence shows up as a finite life time of the excited
state. For a general discussion of linear response theory, see Appendix A5.

For later use, we write the correlation function in another form employing
a Liouville operator Ly, or a Liouvillian.!®l The quantum mechanical equation of

motion for the density matrix of a system with a Hamiltonian Hj is given as

n 220 _ (8, po(0)] = Lopol) (4.2.11)

and can be solved formally to give

po(t) = e *Hot/A o (1 = 0)etiHot/h — g—ilot/hp (4 — () (4.2.12)

The Liouvillian can be understood to be a superoperator acting on an operator in
Hilbert space, or, in a reverse way, an operator in Hilbert space can be viewed as a
vector in a Liouville space with the Liouvillian as an operator acting on the vectors.
The quantum mechanical equation of motion for the density matrix in Liouville
space can be interpreted as an equation describing a rotation of the density matrix
‘vector’ upon the application of the Liouvillian. The bases of the Liouville space

can be formed from the bases of the Hilbert space,
1l = lij)) = ({73 (4.2.13)

where we introduced the Ben-Reuven notation.[1?1-12% In Liouville space, the den-

sity matrix is a vector with components p;;.

p-Zp,,t (Gl = Zp.,lu o)) (4.2.14)
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A quantum average of an operator in the Hilbert space is expressed as an inner

product of the density matrix and the operator.

(Q)av = Tr{pQ} = D _ pi;Qji = {(pIQ)) (4.2.15)

ij

With these notations, the correlation function is expressed as

C:(t) = Tr{pozz(t)} = Tr{poze'Hot/tge~tHot/H}
= Tr{ze—iHot/h(poz)eiHot/h}
= Tr{ze """ (poz)} = ({zle™***(po2))) (4.2.16)

Substitution of Eq.(4.2.16) into Eq.(4.2.8) yields the lineshape function F(w) in

terms of the Liouville operator.

F(w) = ;lr—Re/o dte™ Tr{ze ‘Lot (poz)}

IL (poz))) (4.2.17)

= —lImTr{z
™ W — L

——(poz)} = ~~Imi(a|

W —= Lo

When the system is in thermal equilibrium with a heat reservoir, the density matrix

is given by a canonical distribution.

_ exp{-BHo} _ exp{~BE} ..
P =7r exp{-BHs} Z > exp{—BEj}I )Gl (4.2.18)

4.3 Line Broadening in a Projection Operator Formalism

Now we consider a system composed of two subsystems interacting with each
other. One subsystem is supposed to be much smaller than the other subsystem,
and the small system is called ‘system’ and the large system ‘bath’. The bath is in
thermal equilibrium with a canonical distribution. The Hamiltonian of the entire

system is
H=H;+H{+V (4.3.1)
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Because of the presence of the interaction between the system and the bath, a
direct product of the eigen-states of the system and the bath is not an eigen-state
of the entire system. Furthermore, when the correlation function of an operator is
considered in studying the response function of the system upon the application of
an external field, we need the density matrix of the entire system, i.e., system plus
bath, and the density matrix of the entire system is not just a direct product of the
individual density matrices. Even if the exact solution form of the density matrix
p(t) for the entire system is required to describe the time evolution of the correlation
function, most of the important physical properties of the sytem of interest can be
obtained without complete information on the density matrix of the entire system
including the bath. Usually the bath is assumed to belong to a thermal equilibrium
canonical ensemble, and, hence, the density matrix of the bath is given by the
canonical distribution. That is, the bath has a fixed density matrix obeying the
canonical distribution, and, at the same time, is a source for an interaction with
the system. This role of the bath is in accordance with the councept of a bath. The
system is affected by an interaction with the bath, and the time dependence of the
density matrix for the system is determined by the interaction Hamiltonian, but
the effect of the interaction on the bath is ignored so that the bath is always in a

thermal equilibrium.

In general, we are interested in the response function of the system rather
than the entire system, which means that when we take a quantum average of a
correlation function, the bath variables can be eliminated by taking a trace over
the bath states. As a specific example, we consider an optical dipole moment
interacting with lattice vibrations. See Figure(4.7). The entire system is composed
of an optically radiating dipole moment and a phonon bath. The phonon bath
is in thermal equilibrium belonging ® a canonical ensemble, which means that
the phonon bath follows the canonical distribution. When we are interested in

the optical properties of the entire system, the optical response comes from the
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optical dipole moment only, and there is no optical response from the phonon bath.
However, through the interaction between the dipole moments and the phonon
bath, the optical property of the system is affected by the physical properties of
the phonons. These considerations allow us to define a projection operator such
that the tath variable is averaged out and replaced by a value weighted with the
thermal equilibrium density operator for the bath. For example, the relevant part

of the density operator for the entire system is
p1(t) = p°Tr®p(2) (4.3.2)

The projected density operator is still an operator acting on the entire system, but
the bath part cf the density operator is explicitly given by the canonical distribution.
Once the projected density operator is known, the quantum average value of an
operator that pertains only to the system can be obtained by using a density matrix

for the system which is defined to be
p*(t) = TrPpi(2) (4.3.3)
For example, the macroscopic polarization from the entire system 1s given as

P(t) = NaTr{p(t)p’} = NaTr{ps(t)p"}
= NTr{pb Trb {p()u'} = NaTr*{Tri{p"}Tr* {o(t)} 1"}
= NaTr* {Tr*{p1()}n’} = NaTr* {p*(H)p*} (4.3.4)
Similarly, the lineshape function F(w) for the entire system depends on the corre-
lation function of the dipole moments of the system. The auto-correlation function
is given as a quantum average over the entire system. But the relevant operator
depends on the dipole moments of the system only.
Cez(t) = Tr{z’ e *H P pzt /M) = Tr{z’e ™" o2’}
=Tr{z’D(t)} = Tr{z’ D:(t)} = Tr{z’p*Tr’D(t)}
= Tr*{z’Tr*{D,(t)}} = Tr*{z*D,(t)} (4.3.5)
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where D(t) is an operator related to the correlation of the dipole mements, defined

as
D(t) = et (pz*) (4.3.6)

This can be understood as a formal solution for the time evolution of pz’. The
projected operator for D(t) is denoted as D;(t), and only this projected opera-
tor determines the time evolution of the correlation function of the optical dipole
moments. D(t) is given as

Di(t) = p*TrD(2) (4.3.7)
Now the lineshape function can be expressed in terms of the projected operator
D;(2).

[= -] [~ -}
F(w) = L Re / dte’tC,.(t) = %r-Re / dte**Tr* {z* Tr*{D,(t)}}
0 0

7

1 sf.8 b * wt R 1 sf..9 b
= ;ReTr {'Tr*{ dte’*Dy(t)}} = ;ReTr {2'Tr°{Dy(w)}}

0

1
= ;ReTr’{:z:’D,(w)} (4.3.8)
With the above examples, we find that the projector operator, which is important in
the description of the interaction between the system and the bath, is the summation
over the bath variable and the multiplication of the canonical distribution density

matrix for the bath. The explicit form of the projection operator!?1-(23 is given as
P{A} = p*Tr*{A} (4.3.9)

with .
5 e PH

P = Trbe-BH® (4.3.10)

In the Ben-Reuven’s notation useful in a real calculation,

P = p"){(1% = p") D {{eal (4.3.11)

@
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It is easy to see that the projection operator defined above is indeed a projection

operator, i.e., P? = P.

b

2 _ bpnb — b bg € b
P {A}—pTT {P{A}}-—p Tr {WTT A}

= p’Tr®A = P{4} (4.3.12)

Furthermore we see that the projection operator defined above commutes with the

unperturbed Liouvillian of the entire system.

PLo = |p"))((1°)(L§ + L) = |p"))((1°|L§ = L3P (4.3.13)
and
LoP = (L§ + L)e") (1% = L31p*))((1® (4.3.14)
That is,
[P,Ly] =0 (4.3.15)

Now that the projection operator is given in an explicit form, let’s look at the
physical properties of the projected part of an operator for the system. At ¢t = 0,
the system can be approximated to be independent of the bath. That is, we assume
that the interaction between the system and the bath started at ¢t = 0. This means
that the density matrix at ¢ = 0 can be approximated to be a direct product of the

density matrices of the system and the bath.
p = p'p (4.3.16)

Furthermore, the bath is in a thermal equilibrium with the heat reservoir, and the
density matrix is given by a canonical distribution with the energy levels determined

by the eigenvalues of the bath Hamiltonian.
Lp® =0 (4.3.17)

The fact that the initial state is in a thermal equilibrium means that the density

operator is an eigen-state of the projection operator with the eigenvalue 1. That
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is, the density operator at ¢ = 0 is already assumed to be a direct product of each

density operator.
Pp(t =0) = Pp’p’ = p"Tr*{p*p’} = p*p° (4.3.18)

or in another words

p1(0) = p(0) (4.3.19)

It is easy to see that if the density operator satisfies the approximation in Eq.(4.3.16)
the operator D(t) introduced in Eq.(4.3.6) is also an eigen state of the projection

operator at t = 0.
PD(0) = p*Trb{pz*} = p*Tr’{p*p’z*} = p®p’z’ = D(0) (4.3.20)

or

D,(0) = D(0) (4.3.21)

Now we present a powerful perturbation method, originally developed by
Zwanzig to describe an irreversible thermodynamic process. It is called a projection
operator techniquet?¥={23] for the reasons that will be explained later. We give a
general formalism first, and then by identifying the corresponding quantities in
the dipole radiation process for an optical site embeded in a medium, an explicit
form for the lineshape function is obtained. Say that the total Hamiltonian of the
entire system is composed of the unperturbed Hy and the perturbation H'. The
unperturbed Hamiltonian is again composed of the Hamiltonian for the system and
the Hamiltonian for the bath. Let f(t) be an operator in Hilbert space, or a vector

in a Liouville space. The Liouvillian is
L=Lo+L =L+ LS+ L (4.3.22)
The equation of motion for f(t) is sim‘ply given as
e )
TSLA (4.3.23)
ot
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Suppose that there exists a projection operator P such that
Aty =Pf(t), fo(t)=(1-P)f(t) = Qf(t) (4.3.24)
with the initial conditions

f1(0) = £(0), f2(0) =0 (4.3.25)

Breaking up the operator f in two parts with the given initial condition can be
understood in this way. When a projection operator is used, we have a ‘relevant’
part and an ‘irrelevant’ part in mind. The relevant part pertains to the system of
interest, while the irrelvant part refers to the remaining part. To calculate a specified
quantity of a system of interest we need information on the relevant part only. At
t = 0 the vector f contained all the informations on the system, and as time goes by
the information leaks and gets lost into the irrelevant part. Our goal is to get the
time evolution of the relevant part of the operator f(t) in terms of the interaction
Hamiltonian by projecting out the relevant part, or by projecting away the irrelevant
part. Usually the relevant part will be the system and the irrelevant part will be the
bath. If we think of the density matrix as f, the projected part can be thought of as
the density matrix for the system with the bath in a thermal equilibrium, and the
unprojected part as the density matrix for the bath. But because of the interaction
between the system and the bath, the density matrix cannot be separated as a
direct product of each matrix. The time evolution of the density matrix for the
system can be obtained only by projecting the relevant part of the time dependent
total density matrix. Since the time dependence of the total density matix cannot
be obtained without resorting to a perturbation method, the basic idea behind the
projection technique is that the eqution of motion of the density matrix is written
for the relevant and the irrelevant part separately, and solve for the relevant part
.

by eliminating the irrelevant part but keeping the projection operator.

mg%ﬂ = PLf\(t) + PLf(t) (4.3.26)
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6f2(t)
ot

Eq.(4.3.26) can be solved in a strightforward way, yielding

= QLA(t) + QLf(2) (4.3.27)

ZQL

fz(t)=CXP(—iQLt/ﬁ)ﬁ(0)+/ dt' exp(—1QL{t - t')/h)( Vu(t)

0

zQL

= /0 dsexp(—iQLs/h)(——)fi(t — s) (4.3.28)

where the initial condition f2(0) = 0 is used. Substituting Eq.(4.3.28) back into
Eq.(4.3.26) gives the equation of motion for fi-

,-hi%(}_) = PLfi(t) + PL /ot ds exp(~iQLs/h)(—— zQL)fl(t ~3)
= PLf(t) +/0t dsR(s)fu(t - s) (4.3.29)
where K(s) is defined as
R(s) = —%PL exp(—iQLs/5)QL
= —%PL' exp(—iQLs/h)QL' (4.3.30)

where the assumption that the projection operator commutes with the unperturbed
Liouvillian is used. In the freqency domain the relevant part of the operator f is

given by a Fourier transformation.
wfi(w) —if1(0) = PLfi(w) + K(w)fi(w) (4.3.31)

with

K(w)=PL'- QL' (4.3.32)

QL

Now we can put the interaction Hamiltonian part into a function M(w) called a
L]

memory function.

wfi(w) = ifi1(0) = P(Lo + Mc(w))fr(w) (4-3.33)
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with
1
w—-QL

M (w)=L'+1L' L (4.3.34)

In order to understand the idea behind the memory function M.(w), we study
Eq.(4.3.33) in a time domain. Making use of the relations in Eq.(4.3.13) and the
definition of a projection operator, P? = P, the relation for the projected part of

the operator f(w) in Eq.(4.3.33) can be rewritten as
wfi(w) = if1(0) = (L + PM.(w)P)f1(w) (4.3.35)

Noting that

PM(w)P = |p"){(1*|Me(w)lp*))((1°] = |p")) T {Mc(w)p" H(1®
= p"))(Me(w))((1°] (4.3.36)

and taking a sum over the bath states, an equation for the system part of the
operator f can be obtained. Simply taking an inner product of Eq.(4.3.35) with
((18] yields

wf'(w) = if*(0) = (Lg + (Me(w))) fo(w) (4.3.37)

where (M.(w)) is a quantum average of memory function M.(w) over the bath state,

that is,
(Mc(w)) = Tr*{Mc(w)p’} = ((1°1Mc(w)]p"))(4.3.38)
Solving Eq.(4.3.37) for f*(w) gives

1 ry)
e (Mc(w))f (0) (4.3.39)

frw) =i~

Transforming Eq.(4.3.37) back to the time domain yields the following equation of

motion for the operator f*(t). ‘

af(;t( / ds(M, (t—9) (4.3.40)




This is a quantum mechanical equation of motion for the operator f?(t) pertaining
to the system. While the first term in the r.h.s. describes the unperturbed motion,
the second term describes the effect of stochastic noises from the bath to the system,
where the integration over time represents the memory effect of the bath, that is,
the time evolution of an operator in the system at time ¢ depends not only on
the Hamiltonian of the system but also on the value of the operator at a previous
time through an interaction with the bath. The effect of the bath at a previous
time is still at work on the system. Actually the memory function itself is a time-
correlation function of stochastic forces acting on the system. Short memory means
that the temporal overlap of two random noises are small. In a Markovian process

the stochastic forces are delta-function correlated, or
(M.(t —t')) = —i2wAS(t — ') (4.3.41)
and in a frequency domain the memory function is independent of frequency,
(M (w)) = —1A (4.3.42)

where A is a complex quantity. The freqency dependence of the operator f*(w) is

simply obtained from Eq.(4.3.39).

1

—r T TENT f(0) (4.3.43)

filw) =1
In a real physical problem the memory function is approximated by truncating up
to the first nonvanishing order in the interaction Hamiltonian, and the dependence
of the response function of the system on the bath can be seen explicitly. The

memory function defined in Eq.(4.3.34) satisfies a Lippman-Schwinger type relation

in a Liouville space.

1
w— Lo

M.(w)=L'+L' (1 - P)M.(w) (4.3.44)
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Eq.(4.3.33) with an iterative relation Eq.(4.3.44) for a memory function M.(w) gives
the Fourier transformed relevant part of an operator in general. The Lippmaa-
Schwinger relation allows us a perturbation expansion in the interaction Hamilto-
nian. In an application of the above results to a particular irreversible thermody-
namic process in a real system, all we need to do is to find a proper projection
operator such that the assumptions made to derive Eq.(4.3.33) are satisfied. The
assumptions are the initial condition for the operator f and the commutatibility of
the projection operator with the unperturbed Liouvillian.

Now going back to the lineshape function we find that the we can make an
identification of D*(w) and D*(t = 0) = p*z’ as f*(w) and f*(¢t = 0) respectively.
The part of the operator D(w) relevant to the system is obtained from Eq.(4.3.39)
as

D'(w) =1

1 s bza
T 0 L (4349)

Substituting the above expression into Eq.(4.3.8) yields the line shape function F(w)

in the final form as

F(w)

i

|

|
5
~

-~
™Y
A

2]
“

(p’z")) (4.3.46)

4.4 Perturbation Expansion in the Memory function

A comparison of Eq.(4.3.46) with the lineshape function Eq.(4.2.17) defined
for an unperturbed system shows that the effect of stochastic interactions with the
bath are taken into account implicitly in the memory function (M. (w)). At t =0
the system and the bath are viewed to be independent of each other, (Eq.(4.3.16)),
and at a later time the time evolution of the dipole-dipole correlation function is
described by the Heisenberg equation of motion with the full Hamiltonian including

the interaction (Eq.(4.3.5)). The final form of the lineshape function (Eq.(4.3.46))
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can be interpreted as a Fourier transform of the Heisenberg equation of motion
(Eq.(4.3.5)) where the effect of the bath is put into a memory function. Now we
examine how the presence of the memory function (M.(w)) changes the lineshape
function of the system. The trivial case is when (M (w)) vanishes. Without any
interaction with the other excitations the lineshape function reduces to Eq.(4.2.17),
which means that the optical linewidth is determined only by a natural radiative
decay time explained in Sec.4.2.

For a nontrivial case of nonvanishing (M.(w)), we need to calculate the inner

product of Eq.(4.3.46) in a Liouville space.

F(w)=—lIm((z’|w _1<Mc(w))(p 2)

2’1 1 i t *z’
= im0 (@ I | A6 (44

Since the bath states are already summed, we find that Lj is diagonal operator in
the Liouville space of the system. In general {M.(w)) is nondiagonal, and there
is a probability for a crossing between the different bases of the Liouville space of
the system. If the off-diagonal components of (M.(w)) is much smaller than the
transition energy differences, the memory function can be assumed to be diagonal.
Physically this corresponds to the case where the optical transition energy levels of
the system are well separated. Under this approximation, the lineshape function

reduces simply to

Fw) = ’%Imz z*lif)){ =G —I(Mc(“’)) o
= —%Im ; l25:l"pi 5 wif ~ (IMC(W))if.if
= -—%Imz |z},.]2p:w oy ~ 61(w) + iy(w)
= —Z L ';((:))}2 +7(w)? e
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where the real and imaginary part of the memory function is separated.
5((.0) = Re(]VIc(w))if,,-f (4.4.3)

Y(w) = —Im(M.(w))if,if (4.4.4)

We find an important result that the real and the imaginary part of the mem-
ory function (M.(w));s correspond to the peak shift and the linewidth of the line-
shape function respectively. In a Markovian process (M.(w)) is independent of w
(Eq.(4.3.42)) and the lineshape function is a Lorentzian function. The Fourier trans-
form of the lineshape function F(w) is straightforward resulting in an exponential

decay behavior, as it should.
F(t) « e teiwir =)t (4.4.5)

When a short memory approximation is made, which corresponds to a short cor-
relation time between stochastic noises, (M.(w)) is a slowly varying function near
w = wiyf, and in a first order approximation the incident light freqeuncy depen-
dence of the memory function can be replaced with the atomic resonance frequency

dependence.

(M(w)) = (MC(“’if)) (4.4.6)

Therefore we have a Lorentzian line shape under two assumptions. First the off-
diagonal elements of the memory function is assumed to be much smaller than the
transition energy differences. Second the bath is assumed to have a short memory,
or the duration of each collision to the system is much shorter than the collision
time between two separate collisions. These two assumptions hold in most of the
interesting cases, allowing us to approxiamte a homogeneous line shape a Lorentzian.
We find that the peak shift and the linewidth depend on the resonance frequency
wif, but for a Markovian process where the stochastic forces are delta-function

correlated the memeory function does not have frequency dependence leading to a
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frequency independent peak shift and the linewidth. The lineshape function which
is a macroscopic response function of a system upon an optical excitation reveals a
microscopic process of the system-bath interaction, and as will be seen later, this
Lineshape function can be used as a probe for the charateristic physcal properties of
the bath itself because the memory function contains the interaction Hamiltonian
between the system and the bath and for the different baths the interactions are
different imparting a characteristic optical response to the system.

Now the problem of lineshape is reduced to finding the matrix element of the

memory function.

§ = Re((if[{Mc(w))igiflif)) (4.4.7)
¥ = —Im{(i fl{Mc(w))ig,irlif)) (4.4.8)

with
(M.(w)) = (L') + (L' = _1L0 (1~ P)M.(w)) (4.4.9)

The memory function can be expanded in the interaction Hamiltonian up to the
first nonvanishing order, and the linewidth 7 can be obtained up to the same order
by calculating the matrix elements for the states involved in the optical transition.
However, the calculation of the matrix elements of a memory function in a Liouville
space is quite cumbersome, and it would be convenient if we could express all the
relations in a Hibert space which is more familiar to us. The problem comes down to
finding a relation in Hibert space equivalent to Eq.(4.4.9). Because of the projection
operator (1 — P), it is quite formidable to recast Eq.(4.4.9) into a Hilbert space
relation. When a memory function M(w) satisfying a Lippman-Schwinger relation
is introduced (See Appendix A6), it can be shown that there exists a corresponding

operator T(w) in a Hibert space. )

(M(w)) = (L") + (L' M(w)) (4.4.10)

w—Lo
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The corresponding opertor called a transition operator satisfies the usual Lippman-

Schwinger relation.
1

T(w) = V+Vw—HoT (4.4.11)
M.(w) is related to M(w) in the following way.
1
M (w)=(1+ M(w)P YM(w) (4.4.12)
w— L}

We find that M, is equal to M in the lowest order approximation. Once we take
the approximation of the equality of M. to M, the lineshape is determined by §

and v given as

& = Re((if|[(M(w))igislif) (4.4.13)
1 = —Im((i f|(M(w))ig,iflif)) (4-4.14)

After a lengthy manipulation we can express the matrix elements of M(w;¢) in

terms of the transition operator T.

(M (wig))ig,iflif)
=Y o2 {(ia|T(wi + wa)lia) - (fa|T(ws + wa)lfa)*}

+2mi Yy pb(ia'|T(wi + wa)lia)(fa'|T(ws +wa)|fa)"§( Ea — E.) (4.4.15)

ot
Once we have an expression in Hilbert space it is easy to see the microscopic pro-
cesses responsible for the line broadening. In order to make the microscopic pro-
cesses more transparent we change Eq.(4.4.15) making use of an important property
of the transition operator. In a scattering theory an S matrix is defined to describe
the change in the wavefun.tion of the particle due to a potential well. This scat-
tering matrix S should be unitary in order for the probability of the particle to be
conservered. The transition operator, T', is defined to be the part of the scattering

matrix deviating from the identity.

S =1-2mi6(E — Ho)T (4.4.16)
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The unitarity of the scattering matrix S provides an important relation for the

transition operator T.

S'S = (1 4+ 2mi8(E — Hy)T)(1 — 2mi8(E — Ho)T)
=1-2ni§(E - HoT - T') — {2mié(E — Ho)}*T'T
=1 (4.4.17)

or,

T-T'= —{2mié6(E - H)}T'T (4.4.18)

The above relation is called the optical theorem i1 scattering theory. In terms of

matrix elements the optical theorem can be rewritten as

(ia|T - Tlia) = ~27i Y_|(i'e'|T}ia)*6( Evar — Eia) (4.4.19)

-

With the above identity the linewidth v is given in a final form as

g
Y= T
= ~Im((if|(M(wif))is.islif))
1 1 1 1

-~ = —_ 4.4.20
2 Tn f) * T:eph ( )

where we introduced the decay times Ty;, T}, and T.f" A

131‘ 203" 3 b1 eI T(wa +wi)lia)?6(Be + Bar — Ei — Ea)  (44.21)

a a't'#

.1%_ =20 3 AAfa!T(wa + w)lfa)P8(Es + Ear — Ey — Ea) (4.4.22)
a a'f'#f

leeph = n‘Zpal ia'|T(wi +wa)lia) - (fa'|T(ws +wa)|fa)?6(Ex — Eq) (4.4.23)

2 aa'

There are two different contributions to the coherence decay for the atomic dipole

moment. T); and Ts represent the loss of coherence when the atom makes an
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inelastic transition out of the energy levels : and f through interactions with the
bath. The population decay of the atoms in an energy eigenstate c-uses the loss of
coherence just from the decrease of the number of the dipole moments contributing
to the dipole radiation. T;"’h comes from processes in which the atomic dipole
moment returns to its original energy state : and f with its dephasing interrupted
during interaction with the bath, and this is energetically elastic process for the
system. The homogeneous line width (FWHM) from a pure dephasing process in a

Lorentzian line shape is denoted as Aw, given as

1

4.4.24
oD (4.4.24)

Aw =2 x

or,

Aw = 2{ D e fP I T(ws +wp)| £P) — (i |T(wi + wp)lip) *8(Ep ~ E) (4.4.25)
p'p

where | f) and |i) are the excited and ground states of the molecule, |p) and |p') are

the thermal bath states, p: is the occupation probability of bath state [p), and T

satisfies the Lippman-Schwinger equation!?®!

1

T (1.4.26)

T(w)=V+V

This relation shows that the dephasing rate is related to the anisotropy of the
transition matrix; that is, the difference between matrix elements of T in the ground
state and the excited states. Once the interaction Hamiltonian V is known, Aw can
be obtained to the same order by perturbative expansion of the Lippman-Schwinger

equation in V.
4.5 Line broadening in a crystal field

Now we apply the result for the temperature dependent optical dephasing
rate to a specific physical system. The first example will be th. optical site em-

beded in a crystalline surrounding. The periodic lattice structure of the crystal
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can be represented as a phonon system and the interaction of the optical site with
the phonons broadens the optical absorption or emission line width. At a very
low temperature the line width is limited by the natural decay time, but for the
increased temperature the collision of the phonons with the optical site gives a tem-
perature dependent broadening. The Hamiltonian of an optically active molecule

in a crystalline field can be written as,

H = H, + Hy, (4.5.1)
1
Hy = 60\1’5‘110 + E]‘I’I‘I’l -+ Zﬁwq(nq + 5) (452)
q
Hiz = UiV + VPe?) 4+ #10,(VVe + V{Pe?) (4.5.3)

where Hj is the noninteracting Hamltonian of the molecule and the phonons; H;;
is the interaction Hamiltonian coming from the coupling between the molecule and
the strain field of the lattice, and is expanded in terms of the strain field, &. When

the Lippman-Schwinger equation (Eq.(4.4.26)) is expanded, it can be written as

1 1
V+V 14 V+... .5.
H o—He w—H, (4.5.4)

Identifying the interaction Hamiltonian Hj; with V, matrix element in Eq.(4.4.25)

T(w)=V+V

is

(1p'|T(w; + wp)lip) = (Wong|T(wo + wn, )| ¥ony) (4.5.5)
In the first order of the Lippman-Schwinger equation we have two terms contributing
to the matrix element, one linear in the starin field and the other quadratic in the

strain field. The interaction Hamiltonian for the ground state, for example, gives
(Wong|¥3¥o(Vy e + VyVe?) Wony)
= (olVy V1) {mglelng) + (¥olVy o) (ngle’n) (4.5.6)
Using the second quantization, the strain field can be written in terms of the phonon

creation and annihilation operators.

hq, '
£ :12 2qu —an) (4 .

(@4 ]
-1
—
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2 -2 q; q? 4 '
e = ?;’ 2Muw,, 2qu; (aq, aq,)(aq; - aq;) (4.5.8)
54,

We find that the linear process representing a single phonon creation or annihilation
does not conserve energy unless the optical states of the molecule change. That is,
the term linear in the strain field vanishes for a pure dephasing process where only
elastic scattering is involved. On the other hand, the interaction quadratic ir the
strain field gives a Raman-like contribution in the line-broadening inside a lattice. In
another words, for a pure dephasing process we need to consider only a two-phonon

process in the first order of the Lippman-Schwinger equation.
(Tong|ViP & ¥yn,) (4.5.9)

Another two-phonon process can take place when the Lippman-Schwinger equation
is expanded up to the second order in which case the linear strain field can appear

twice and gives a contribution which is second order in €.

1
(‘I’onq[Vo(l)e———jf—Vo(])e‘,‘I/onq) (4.5.10)
0

A linear sum of two two-phonon processes (Eq.(4.5.9) and Eq.(4.5.10)) reminds
us of the photon scattering process in quantum electrodynamics, where the light
scattering off atom is expressed in Kramers-Heisenberg formula.l"] In the light
scattering, different regimes are classified to distinguish the characteristic scatter-
ing behavior. When the scattering is elastic and the photon energy is much smaller
than the optical transition energy of the atom, it is called Rayleigh scattering.
Since the phonon energy is much smaller than the optical transition energy of the
molecule (Aw << € —¢€p), two-phonon scattering is in a similar regime, hence, called
a Rayleigh-like process. When two matrix elements (Eq.(4.5.9) and Eq.(4.5.10))
are compared, the term coming from the second order expansion of the Lippman-

‘Schwinger equation involves a square of coupling constant Vo(l), and is negligible
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compared to the term involving Vo(z) . That is, the first nonvanishing main contri-
bution to the line broadening in the optical spectrum of a molecule embeded in a
crystalline field can be accounted for by calculating Eq.(4.5.9) only. Substituting
the strain field Eq.(4.5.8) into Eq.(4.5.9) yields the following nonvanishing terms,

Y (Plajag + aqaliip)
9'q

=Z(V ng 1\/71—(#("?'1’"?'1"" IMpisMpyyt et sg + 1,00 ,mg — 1,0 04)
q'q

+/Mg\/ng + l(npfl,nplz,--- |np1,np,,---,nq -1,--yng + 1,---))
=23 /g 1y/gbpq bpgr (4.5.11)
q'q

The above process can be represented in a space-time diagram shown in Figure(4.8).
For acoustic phonons the Debye model can be adopted for the dispersion relation
of phonons. Then the density of phonon states is simply given by the phase space
factors. More explictly, the line width is

Aw
=T s (g, Mgy + DI VP 91) = (%Y (%0)8( By, — Ey)
P)P; P Ps
_471’ h 2 N V(Z)\I, ¥ V(z)‘I’ 2
=+ (557 NEIVTIE) = ($lV5 7|0}
'2
x/d3q(;—)(nq)/d3 ¢(E)ing + 1)5(Ey, - Eg)
) q
4r  h
= (e POV I0) = (%ol Vy ™| %0)
y “de(v 4 w (w/c)z) 1 et/ T
(2”)3 c.‘! w hw/kT -1 ehw/kT -1 -
et.)/T 6 2
77 / i ‘1) (4.5.12)

As expected, the temperature dependence of the line width is solely determined by

the density of states of phonons and Bose-Einstein statistics. There are abundant
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experimental data confirming the above theoretical results. One well-known exper-
iment is the line width measurement of ruby.l?®! The spectrum of Cr*3 ion inside
sapphire crystal (Al;O03) suffers the shift and the broadening of R; and R, lines
as temperature is varied. The Debye temperature for sapphire is 760K, and the
line width changes from 1.8 x 10!°Hz to 4.6 x 10?2 Hz for temperatures 20K to
300K. The experimental data agree very well with Eq.(4.5.12), and it is concluded
that the Raman processes are mainly responsible for the temperature dependence
of the optical spectrum and that the inelastic scattering of phonons gives almost
zero contribution.

For optical phonons!?®, the Einstein approximation can be taken because the
dispersion of the optical phonon can be neglected, and all the phonons have a single

fixed frequency wop. The line width coming from the optical phonon is simply

Aw x (n)(n + 1)

1 ehwop /kT
T huep /KT _ 1 hwep/RT _ |
x g~ hwer/ kT (4.5.13)

where the last approximation holds for a low temperature, kT << hw,p. This
process is called the Orbach process, and has been observed for a molecule in a

molecular crystal field where localized resonance states are supposed to exist.
4.6 TLS-Glass Model for Amorphous Systems

It is well-known that the thermal properties of amorphous insulating solids
are different from their cystalline conterparts at low temperature.*®) For a periodic,
ordered lattice structures, the Debye model gives a good explanation for the specific
heat behavior. In the Debye model the phonon density state is determined simply
from the phase space volume because a linear dispersion relation is assumed. A

3-dimensional lattice, therefore, has a density of state quadratic in T leading to the
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T? dependent contributions to the specific heat, while the electrons give a linear

T contribution. At low temperature the electrons are below Fermi surface giving

a negligible contribution to the spacific heat, and the phonon contribution is dom-

inant. The long wavelength acoustic phonons that can be thermally excited even

at low temperature, are responsible for the 7° dependence of the specific heat. We

might expect that the behavior of specific heat at low temperature of amorphous,

disordered system will not be much different from the Debye prediction on the

grounds that the structural ifregula.rities and random disorders in an amorphous

system become less important as the phonon wavelength increases for a lowered
temperature. Most remarkably, experimental measurements at low temperature
show that the specific heat of a fused silica (oxide glass) has a linear temperature
dependence, and is much larger than the value for a crystalline quartz. A system-
atic study has been performed by Zeller and Pohl®*}{32] on the thermal properties
of various amorphous solids, leading to the conclusion that not only oxide glass
but also inorganic and organmic polymer have a specific heat linear in T, that is,
this anomalous thermal behavior is a universal property of amorphous, disordered
random systems. Other physical properties of the amorphous systemns have been
studied including the thermal conductivity, the optical line width of an optical site,
the acoustic attenuation, and the dielectric constant variations. As shown in Table
4.1 the temperature dependence of the important physical properties are distinctly
different for amorphous and crystalline systems. Several microscopic pictures have
been proposed for the amorphous system to explain the experimental observations.
The most decisive experiment in determining the microscopic picture was the acous-
tic attenuation.1331-14%) The experiments showed that the magnitudes of the thermal
conductivity in oxide glass can be deduced from the scattering of acoustic phonons,
and also that the acoustic attenuatign saturates at a high intensity of acoustic
wave. This implies that the Debye-like phonons do exist in oxide glass, and most

importantly, are scattered by the additional resonant excitations. These low energy
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excitations also participate in the heat capacity of an amorphous, disordered ran-
dom system. By assuming a large number density of these low excitations with a
constant density of states, Anderson et al.[*1~(42] explained the anomalous spe-
cific heat behavior of glass. The experimental results of acoustic studies support
TLS-glass model proposed by Anderson et al. over some other models introduced
to explain thermal behavior only.

Our main interest will be the optical line broadening mechanism of an optical
site surrounded by an amorphous medium. The presence of low excitation energy
TLS inside amorphous, glassy media changes the temperature dependence of the
optical line width drastically from that predicted by the Debye model presented
in Sec.4.5. Before we go into the line broadenig problem, we define a low excita-
tion energy TLS system and study the interaction of TLS with a resonant acoustic
phonons.[431-#5] TLS is defined to be a two-level system with a nonvanishing tun-
neling probability between two eigen states. This can be pictured as a double-well
potential as shown in Figure 4.3. The well-depth and the separation of two wells
determine the tunneling probability represented as an off-diagonal matrix in the
Hamiltonian. The noninteracting Hamiltonian of TLS can be written simply as,

Ho = % (v%' _":;) (4.6.1)

Vd?
W =hwe™, A= 2mn2 (4.6.2)

where W is the tunneling frequency, A the tunneling parameter, and A the energy

where

splitting between two wells. Refer to Figure(4.9) for a schematic diagram for TLS.
V is the barrier height between two wells, and Awy is the zero point energy. As we
see, W is a measure of the tunneling probability between two wells, and vanishes for
a double-well with a large separation and a large depth. In order to describe an in-

teraction with the phonons it’s better to work in a new basis where the Hamiltonian
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of TLS is diagonalized. Defining

A
sin 260 = ———VK——, €05 20 = ———— E=+vA*+W?2 (4.6.3)

AT W VAT W
and introducing an orthogonal matrix A,
cosf siné
4= (sinO —cosG) (4.6.4)

the Hamiltonian and the wave function can be transformed into a diagonal form.

H’_—.AHA—l, ¥ = A0 (465)
That is,
" _ Ef1 0 _ 1
B=3\0 -1) =35 (4.6.6)
v _ [ ¥1cos@ + ¥ysiné
v= (‘I’l sinf — ¥, cose) (4.6.7)

In a new basis TLS has a well-defined energy state. Now we consider the interaction
of TLS with phonons. At a low temperature the amorphous system can support a
long wavelength phonons which is simply an elastic wave in a continuous medium.
This long wavelength elastic wave gives rise a strain field introducing a deformation
in the double-well, and the deformation can be represented as an interaction between
TLS and phonons. The interaction is assumed to be diagonal in the original basis

of TLS without losing any generality.
1 0
Hint = 7€ (0 _1) (4.6-8)

In order to see the effect of phonons on TLS it is better to go to the new basis
where TLS is diagonalized. Transforming the interaction Hamiltonian, H;n¢, to a

new basis ¥’,

H

snt

A A=l _ cos28 sin 26
=AHin A" =1e ( sin20 — cos28

=7cos20<(1) _()1)€+7sin20 ((1) (1)> €

D B
—--2—016 + EU;E (469)
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where
£2)- = ycos20 = ‘7% (4.6.10)
§=~,sinze=7%,— (4.6.11)

we find that the elastic wave in amorphous system can induce either a shift in
the TLS eigen energy, E, via D (diagonal coupling) or a transition between the
eigen states of TLS via B (off-diagonal coupling). Since the off-diagonal coupling
allows a transition between the eigen states of TLS, TLS in the amorphous system
at finite temperature keeps flip-flopping by emitting and absorbing the resonant
energy phonons.[™ This resonant excitation of TLS with an acoustic wave can
give all the Bloch-type resonant phenomena. In fact, the saturation in the acoutic
attenuation was the clue leading to the conclusion of the existence of TLS. Similar
to the photon echo in an optical Bloch system, phonon echo has been obeserved for
TLS in amorphous system reconfirming the microcsopic picture.

Now we calculate the TLS relaxation rate as a function of TLS parameters
and the temperature for later use. The one-phonon relaxation probability can be
obtained in a straightforward way from Fermi’s golden rule.

W 8= Y ines + 1 Hln 09 E)i(he — E)
phonon pol., a
(4.6.12)

The matrix element can be calculated using a second quantization form of a strain

field. (Eq.(4.5.7))
B :
{(npa + l‘yl"é‘fo’zlnph‘l’z)

B
==2 (npn + Lleaglnpn) (¥} 02| })

h
L Y e (4613)

2pwy

_B
=3 -

Adopting Debye density of states for phonons, the phase factor is given as

2 1% W, dw V 4rE?
(2")3 4wk dk = (2”)3 471'(;) —C_ = (2#)3 ,i:;cs

dE (4.6.14)
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or, the energy densty of states g(E) is

V 4rxE?
E)= — .6.
9(E) Zr)F Boes (4.6.15)
And at temperature T the Bose-Einstein statistics gives
1
Tlph(E) = ;E_/.ﬁ (4.616)

Substituting Eq.(4.6.15) and Eq.(4.6.16) into Eq.(4.6.12) leads to the transition

probability
h V 4rE?
‘I" P y=2_ k
vt =) (2) 2oy v oM E) Y )G a5
B, E? 1
(?) c3 2mpht ( GE/FT _1 T 1) (4.6.17)

Similarly,

E? 1

o (Er—7) (4.6.18)

B
W — ) =(5)°

The relaxation rate of TLS is, then, given as

Pl =W(¥, - ¥ )+W(\I!’ — ¥h)
B
; ) pepeT ~———— coth(E/kT) (4.6.19)

1l

where a = [, t designates the phonon mode (longitudinal and transverse), c, is the
appropriate sound velocity, and p is the mass density of glass. We find that the
relaxation rate of TLS depends on the temperature of the bulk amorphous medium,

and the relaxation rate of TLS becomes larger for an increased temperature.
4.7 Line Broadening in TLS Glass media
¢

Figure(4.10) shows a schematic diagram for two classes of line broadenings.!4®!

Figure(4.10.a) is called a homogeneous line broadening, while Figure(4.10.b) is
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called an inhomogeneous line broadening. Based on our linear and nonlinear op-
tical measurements, the linear absorption spectrum of a SINC thin fim is found
to actually consist of many Lorentzian homogeneous lines under a Gaussian enve-
lope. Similar behavior was found in independent optical hole burning and photon
echo studies of related amorphous structures. The Gaussian distribution is a conse-
quence of the statistical distribution of resonance frequencies of the optical centers
due to a variation in local environment in glassy and amorphous matrices. Within
the inhomogeneous broadened Gaussian envelope are a series of narrow homoge-
neous broadened resonances where the characteristic temperature dependence of
the linewidth depends on the microscopic broadening mechanism. The linewidth
of the homogeneous broadening in amorphous medial*”1~(#% can be accounted for
using the TLS(two level system)-glass models introduced by Anderson, Halperin,
and Varma which have been fairly successful in accounting for many of the phys-
ical properties (e.g. specific heat, thermal conductivity, ultrasonic absorption) of
disordered systems such as glasses and polymer-like matrices. The temperature de-
pendent optical dephasing rate can be expressed directly in terms of vhe transition

matrix,
Aw = °-hl Y Wl £P'|T(ws +wp)lfP) ~ (ip'IT(ws + wp)ip) *8(Ep — Bp) (4.7.1)
pp

where |f) and |t) are the excited and ground states of the molecule, |p) and |p')
are the thermal bath states, W, is the occupation probability of state |p), and T

satisfies the Lippman-Schwinger equation

1
w — Hy
This relation shows that the dephasing rate is related to the anisotropy of the

T(w)=V+V T (4.7.2)

transition matrx; that is, the difference between matrix elements of T in the ground
state and the excited states. Once the interaction Hamiltonian V is known, Aw
can be obtained to the same order by perturbative expansion of the Lippman-

Schwinger equation in V. The homogeneous line broadening of optical centers in
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polymeric matrices is another example of a physical property where TLS-glass model
is adopted for disordered system. The amorphous material surrounding an optical
site can be considered as an ensemble of TLS flip-flopping between two eigenstates
as they emit or absorb acoustic phonons. The Hamiltonian of the thin film on a

substrate can be written as

H=Hy+ Hyy+ Hays (4.7.3)
Hy = eqWiWo + 6,010, + %Eo" + ;hwq(nq + %) (4.7.4)
Hyp = % Za: Vew!lwao® + -;- }_; Vew!lw, oo (4.7.5)
Hys = %; freo™ (4.7.6)

where Hj is the noninteracting Hamiltonian of the molecule (the difference £; — ¢,
corresponding to the Q-band absorption), the TLS, and the phonons; H,, is the
electrostatic dipole interaction between the molecule and the TLS; and H,; is the
interaction between the TLS and the phonons, i.e., the strain field ¢ is coupled
to the TLS. With the TLS and phonons as a thermal bath, for example, we can
write the phonon emission process as |ip) = |¥o Tn,), |ip/) = |¥o [ ng + 1), |fp) =
W1 Tng), Ifpl) = ¥ mg +1).

When the Lippman-Schwinger equation is expanded, it can be written as

1 1 1
VvV 1.
A +Vw_H°Vw_H0V+ (4.7.7)

Now putting V equal to H;; + H,3, we get for a phonon emission process

T(w)=V+V

(ip'|T(w: + wp)lip)
=(Wo [ ng+1{T(wo + wt + wn,)[{¥o Tny) (4.7.8)

The first order terms are identical for the ground state and the excited state since

only H,3 is involved in the first order process, i.e.,
(Yo lng+1{(Hiz + H23)|¥o Tny)
=(Wo [ ng+1|H23|¥o Tny) (4.7.9)
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(1 lng+1{(H1z + Hzs)|¥1 Tng)
=(¥) | ng+1|Has|¥yTng) (4.7.10)

The second order terms are as follows.

1
wo +wt + wn, — Ho
=(Wo lng+1{V|¥o Tng+1)

1
wo + Wt + wn, — H,

(‘I’Olnq*llv V“I’oan)

[Wo Trg+1)(¥o Trg+1[V|¥o Tny)

1
UJO +WT +qu—H

(‘I’oan+ll

+{(Wo lng+1{V|¥o [ ng)(¥o [ gl |Wo lng) (o lngl V¥, T ng)

=(Wo lng+1|H12| ¥ Tng+1)
1
v Hos| ¥
(wo + wr + wny) — (wo +Ur+wn.,+1)< o Tng+1{Ha¥aTn)
1

(U"O + wr +wn,) — (wo +w + wnq)

Ve (-i)lf‘(nqnlelnq) + Ve = 1wl(—%)f‘(nq+lle\nq>

2

+<‘I’olnq+1'H23|‘I’olnq) (‘I’olanHui\I’oan)

!
2
1 2z

~2- (—-)f (nq+1|e|nq) (4.7.11)
The interaction Hamiltonians H;; and H,3 do not commutate with each other:
therefore, we have two terms in Eq.(4.7.11) with a different ordering of H;,; and
H,3. The second order process involving phonon emission can be represented as a
diagram shown in Figure(4.11) and Figure(4.12). H;; is responsible for a flipping of
TLS, while H,; is responsible for a phonon emission. In Figure(4.11) H3; appears
first, and H;2 comes later, and the ordering is reversed in Figure(4.12). Both terms

contribute equally in the line broadening, and keeping up to the second order, we

find that

(fPIT(ws + wp) fp) = (ip'|T(w; + wy)lip)
(¥, lnq+1)T(w1 + wt +wn')|‘ll1 Tng) — (Yo lng+1{T(wo + wt + wn, )| ¥ Tny)

N

=5 (V7 = V)= ) g+ ) (4.712)

L3l N ad
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For a phonon emission process, the occupation probability W), for the thermal bath

is simply given from the Boltzman distribution.

W, = Win,
exp(—E/2kT) _ exp(~E/2kT)

~ exp(E/2kT) + exp(~E/2kT) ~ 2cosh(E/2kT) (4.7.13)

where E is the difference in the eigen energies of TLS. Substituting Eq.(4.7.12) and
Eq.(4.7.13) into E1.(4.7.1), we get the homogeneous line broadening upon a resonant
phonon from TLS. Since TLS in an amorphous medium has its own characterist:-
statistical distribution of double-well depths, widths, and transition probabilities,
we need to integrate over TLS states in order to get the homogeneous linewidth. As
in Eq.(4.6.8), when the interaction of TLS with the optical sites and the acoustic
phonons are assumed to be diagonal in the original basis of TLS, the TLS flipping
process depends on B/2 or W/ E, while TLS non-flipping process depends on D/2
or A/E. (Refer to Eq.(4.6.9)) In the second order process involving both the optical
sites and the acoustic phonons, Eq.(4.7.11) shows that H;; (or V4 ) flips TLS, and
H33 (or f*) does not flip TLS. For a particular TLS with the zero point energy wy,
tunneling parameter )\, and the energy splitting A, the coupling constants of TLS
should be redefined to account for the differences in TLS. That is,

hwo _, 5 -
VE = —Eﬂe AW (4.7.14)
ff= %f‘ (4.7.15)

With the new coupling constants V and f, the homogeneous line broadening due

to an acoustic phonon emission is given by integrating over TLS states.

. 2
Awtmission _ _ﬁ- Z /duodAdAdfP(wo, A4, f)
q.

1h - X7 — 1A £z 4
< [zpre 0 =V 55 P oz |(me + Uelna)l
exp(—E/2kT) 7
X g cosh(E/sz—)'s(E — hw,) (4.7.16)
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where P(wq, A, A, f) is the probability distribution of TLS satisfyng the normaliza-

tion condition.70I-(73I

/P(wo,/\,A,f)-’uod/\dAdf =1 (4.7.17)

A similar expression for the transition matrix element can be obtained for a phonon

absorption process.

(fp'iT(ws +wp)lfp) ~ (iP'|T(wi + wp)lip)

1 1 2
==(V7 = Vi) (=2)f* +—(ng,—1lejn,) (4.7.18)
2 1 0 2 h“"q 9 q

In the phonon absorption process TLS is in the lower eigen state in the beginning,

having a different weight factor of the probability for the thermal bath. That is,

Wp = Wl.nq
B exp(+E/2kT) _ exp(+E/2kT) (4.7.19)
~ exp(E/2kT) + exp(~E/2kT) ~ 2cosh(E/2kT) o

The distribution function P(wg, A, 4, f) in Eq.(4.7.17) is assumed constant

in the ranges of Apin < A < Apngz and 0 < A < Apngz, and to vanish outside these
ranges. Carrying out the A integration for TLS, and summing over ¢ while assuming

the Debye dispersion relation, we find that
ze
1 —e22

The homogeneous linewidth of an optical site in an amorphous medium shows a

o/T
Aw(T) x T? / dz (4.7.20)
0

quadratic dependence at a low temperature, distinctly different from the T7 depen-
dence tor a crystalline medium. The homogeneous line width of an organic molecule

in a glassy matrix has been measured by optical hole burning and by photon echo

experiments. [5¢1-(85L(T3] Iy generally follows the power law

Aw(T) x T (0<6<1) (4.7.21)
with the exact value of § depending on the charateristics of TLS in the particular
glassy matrix. In fact, by assuming a non-trivial distribution of TLS, the experimen-

tal value of Aw(T) can be fit, which then allows us to understand the microscopic

structure of a glassy medium responsible for the homogeneous line broadening.
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Figure Captions; Chapter 4

Figure 4.1; Schematic Diagram of the Molecular Structure of Silicon- Naphthalo-
cyanine with a Polymer Tail

Figure 4.2; Schematic Diagram of the Molecular Structure of Silicon- Naphthalo-
cyanine

Figure 4.3; Linear Absorption Spectrum of Liquid Solution

Figure 4.4; Linear Absorption Spectra of Thin Films; Pure Dye (solid curve) and
Solid Solution (dashed curve)

Figure 4.5; Linear Absorption Spectrum of Pure Dye Thin Film at Various Tem-

peratures (1)

Figure 4.6; Linear Absorption Spectrum of Pure Dye Thin Film at Various Tem-
peratures (2)

Figure 4.7; Optical System in Interaction with a Thermal Bath

Figure 4.8; Phonon Scattering Process in Crystalline Media

Figure 4.9; Schematic Diagram of Two-Level-System (TLS)

Figure 4.10; Homogeneous and Inhomogeneous Broadening

Figure 4.11; Phonon Emission Process in Random Glass Media (I)

Figure 4.12; Phonon Emission Process in Random Glass Media (II)
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COMPARISON between CRYSTAL and GLASS

Physical Property Crystal Glass
Specific Heat 13 T
Thermal Conductivity 73 T2
A® 17 T1-2
Acoustic Attenuation No Yes
Table 4.1
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Schematic Diagram of the Molecular Structure of
Silicon-Naphthalocyanine with a Polymer Tail
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Schematic Diagram of the Molecular Structure of
Silicon-Naphthalocyanine

Figure 4.2
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OPTICAL DENSITY

Linear Absorption Spectrum of Liquid Sofution
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OPTICAL DENSITY

Linear Absorption Spectrum of Thin Films;

Pure Dye (solid curve) and Solid Solution (dashed curve)
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OPTICAL DENSITY

Linear Absorption Spectrum of Pure Dye Thin Films
at Various Temperatures (1)
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OPTICAL DENSITY

Linear Absorption Spectrum ot Pure Dye Thin Films

at Various Temperatures (2)
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Optical System in Interaction with Bath
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Phonon Scattering Process
in Crystalline Media
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Schematic Diagram of Two-Level-System (TLS)

Figure 4.9
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Phonon Emission Process
in Random Glass Media
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Phonon Emission Process
in Random Glass Media
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CHAPTER 5

NONLINEAR OPTICAL EXCITATIONS: SATURABLE ABSORPTION

Resonant nonlinear optical processes of an electronic system such as saturable
absorption can be described by a Bloch susceptibility. A Bloch-type two level sys-
tem resonant with incident light shows characteristic dispersive and absorptive third
order nonlinear optical responses. While the real part of the Bloch susceptibility
accounts for the intensity dependent refractive index, the imaginary part is respon-
sible for saturable absorption. The saturation threshold power is directly related
to the resonant nonlinear susceptibility, n,. The resonant n; has been discussed in
Sec.3.7 in connection with a Bloch susceptibility introduced in Chapter 3.

After reviewing the resonant nonlinear optical susceptibility briefly in Sec.5.1,
we shall discuss the dynamics of saturable absorption, in terms of a pair of rate
equations, one for the number of excited state molecules, and the other for the light
intensity. By introducing a normalized pulse shape function, the pair of equations
can be reduced to one rate equation for the pulse shape function, which can be
solved numerically. The results of our numerical calculations will be presented in
Sec.5.2.

According to the dynamical transmission results, the threshold power for
saturable absorption is related to the molecular absorption cross section and the
radiative decay time of the excited state. In large conjugated structures, a given
triplet state is quite close in energy to the corresponding singlet state, and there
occurs appreciable intersystem crossing affecting the effective decay time from the
first excited singlet state. The intersystem crossing rate is intimately related to spin-
orbit coupling because it involves a transition between different spin manifolds. The
intersystem crossing will be reviewed il Sec.5.3 leading to the important conclusion
that the central atom determines the intersystem crossing rate for a two-dimensional

n-electron system such as a phthalocyanine.
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In Sec.5.4 we present the experimental measurements of the nonlinear optical
properties of the SINC thin films. Since our main interest is the resonant behavior
within the Q-band located in the near IR, different types of coherent light sources
tunable in the near IR are fully described in Sec.5.4.1 along with the detection sys-
tem used in the experimental measurement. In any nonlinear optics measurement,
the light detectors should be carefully specified because the detector itself might
behave nonlinearly. The principal results of saturable absorption experiments are
presented in Sec.5.4.3. In order to fully characterize the resonant nonlinear op-
tical excitations in the Q-band,the dispersion of saturable absorption throughout
the Gaussian absorption band was measured. A Kramers-Kronig analysis is used to

obtain the real part of the intensity dependent refractive index, presented in Sec.5.5.

5.1 Saturable Absorption and Resonant Nonlinear Refractive Index

n2

Saturable absorption is a resonant nonlinear optical phenomenon in which
the absorption coefficient decreases for an increased incident light intensity. At a
low incident light intensity, the absorption coefficient of an optical system is related
to the imaginary part of the linear refractive index, which in turn is related to
the linear susceptibility of the system in an electromagnetic field.[!]=11% According
to linear response theory, as shown in Chapter 4, a Lorentzian susceptibility re-
sults when a stochastic force, either an electromagnetic fluctuation manifested as a
spontaneous decay, or a thermal bath responsible for a temperature dependent line
shape function, is approximated to be near Markovian, or has a short memory. A
Markovian stochastic force disturbs the time-correlation of dipole moments leading
to a finite relaxation time. But a basic underlying assumption of linear response
theory 15 that the interaction of the system with the external field is small, thus
allowing a perturbation expansion of the response function. In quantum mechanical

terms, once the interaction of the system with an external field is introduced in the
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total Hamiltonian of the system, the wavefunction of the system can be divided into
two parts: the unperturbed part from the system without the interaction and the
perturbed part caused by the interaction. When the time evolution of the system
interacting with a perturbing field is considered, the Hamiltonian operator describ-
ing a unitary transformation of the wavefunction of the system should be the total
Hamiltonian, which operates on the full wavefunction.

In linear response theory, the change in temporal evolution of the wavefunc-
tion is assumed to be the sum of the product of the unperturbed Hamiltonian and
the perturbed part of the wavefunction, and the product of the perturbing Hamil-
tonian and the unperturbed wavefunction. That is, the product of the perturbing

Hamiltonian and the perturbed part of wavefunction is ignored.

L O0U(t) .0
1 ——bt—— = lhat(‘l’o(t) + §‘Il(t))

—HU(2) = (Ho + Ha)(¥o(t) + 5¥(1))
=HoWo(t) + Ho6%(t) + H,Wy(t) + H,6¥(2) (5.1.1)

270
at
=Ho8%(2) + Ho¥o(t) + Hab%(t)

~Ho89(t) + HoWo(t) (5.1.2)

ih

When the perturbing field is very intense, or the interaction of the system
with the perturbing external field becomes comparable to the unperturbed Hamil-
tonian of the system, for example, through a resonant enhancement, the response
of the system becomes large and the approximation taken in linear response theory
is no longer valid. The perturbation etpansion is not justified, and the optical sus-
ceptibility cannot be obtained simply from the time-correlation function of dipole

moments. However, as discussed in Chapter 3, the resonant interaction of a system
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with an intense coherent optical field can be described in terms of a Bloch equation.
The Bloch susceptibility is intensity dependent, and for a light intensity above the
threshold critical intensity, which is related to the population and the phase decay
times, the system exhibits a characteristic nonlinear response, saturable absorption
being one of them. As seen in Eq.(3.7.10), the threshold intensity is the same for
the real and the imaginary part of the suscpetibility, which allows us to determine
the intenisty dependent refractive index n,. n; is related to the real part of the
susceptibility from an experiment that measures the effect of the imaginary part of
the susceptibility.

Sometimes saturable absorption is described by rate equations for the dif-

ferences in the number of resonant atoms in the upper state (n;) and the lower

state(n,; ). J
N _ _ _ -72
L = —R(na —m) - (5.1.3)
M R(ng —n)+ 2 (5.1.4)
dt T,

By subtracting Eq.(5.1.4) from Eq.(5.1.3), we find the rate equation for the popu-

lation, w,

dw w+1
DY S 5.1.
I 2Rw T (5.1.5)

It is easy to see that the above rate equation corresponds to the Bloch equation for
the population when the dephasing time T is assumed to be short. As can be seen
in Eq.(3.5.26)-(3.5.28), for a short T2, the polarization described by u and v in the
Bloch equations assumes a steady state value of v = 0 and v = xkeThw for A = 0,
yielding a self-contained equation for the population w. Comparison of Eq.(5.1.5)
and Eq.(3.5.28) identifies the induced transition rate R as x?¢?T3/2. In terms of
the threshold intensity, I,, for a Bloch susceptibility introduced in Eq.(3.7.11), the

rate equation Eq.(5.1.5) can be rewtitten as follows.

dw I w w+1

= 5.1.6
dt I, Ty T, ( )
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From saturable absorption measurements, we can estimate the nonlinear re-
fractive index nz. The nonlinear optical susceptibility x(w) for a Bloch type system

is given by
QoC A4

x(w) =g T7ar s I/I,)

where ag is the linear absorption coefficient, A is the atomic detuning, (w — w,)73,

(5.1.7)

and I, is the saturation intensity. The nonlinear refractive index n; is the derivative
of the intensity dependent refractive index n with respect to the intensity I, so for

this model

_-_2(3)__an A
Tl2"‘3(n0)x - (47TI,)((1+A2)2)

The maximum n; occurs for an atomic detuning, A = 1/v/3, and the corresponding

(5.1.8)

ny is simply £0.026Aa/l,. Once the saturable absorption threshold intensity is

measured, we can obtain the vaiue of n, in a straightforward way.
5.2 Dynamical Transmission

The pulse duration dependence of the saturable absorption threshold inten-

sity is well explained in terms of a two-level molecular system interacting with

resonant incident light.!11-{12]

dn(z,t) n(z,t)

5 = —I(z,t)o [n(z,t) — (No — n(:z:,t))] i (5.2.1)
51‘(9::,0 - —I(z,t)d[(No - n(z,t)) - n(z,t)] (5.2.2)

where Ny is the total number of molecules per unit volume, n(z,t) is the number
of molecules in the excited state at the depth z and time ¢, ¢ is the absorption
crosssection per molecule, and 7, is the radiative decay time of the molecular excited
state.

The above two equations can be reduced to one equation for the transmission
T(z,t). Taking the time derivative of I.Zq.(5.2.2),

9?1 __31(:,t)
otdr ot

(Ng —2n)o+2I(z,t)%§a (5.2.3)
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Substituting Eq.(5.2.1) and Eq.(5.2.2) into Eq.(5.2.3) yields

T, lenI+ s 81 1 Olnl
Noo 0Otoz No 0z  Nyo Oz

+1=0

Integrating Eq.(5.2.4) in z, we get

T Olnl(z,t) dlnI(0,t)y 7 -
e T AL A R )
1

* g Inl(z,t) ~In1(0,1)) + = = 0

Now let the incident pulse shape f(t) normalized by the intensity, i.e.

I(O’t) = IOf(t)

(5.2.4)

(5.2.5)

(5.2.6)

As the light pulse passes through the absorbing molecule, the pulse shape expe-

riences distortion as well as attenuation. The change in the pulse shape can be

expressed by defining a transmission function T(z,t) at the depth z and at time ¢,

1.e.,

I(z,t) = I f(t)T(z,1)

Now the dynamic transmission can be written in terms of T(z,1),

ME’—t) + —l—ln T(z,t) = 201 f(t)(1 — T(z,t)) — Mooz
ot T, T,

Noting that the transmission at low intensity is given as

we get the final expression for the dynamical transmission.

0InT(z,t)

6(t/‘r,) +1n T(z,t) = 26T,Iof(t)(1 - T(I,t)) + lnTo

(5.2.7)

(5.2.8)

(5.2.9)

(5.2.10)

where Iy is the incident light intensity, T, is the low intensity transmission, and

f(t) 1s the incident light pulse profile. For an incident light pulse with a temporal

shape of the following form (Figure 5.1.),

27
f(t) = —12~[1 - cos(T—t)]
P
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a numerical solution of Eq.(5.2.10) is obtained for various incident intensities, /g,
and pulse widths, 7,. The low intensity transmission, Ty, is taken as 107%% or e=?8,
The output temporal shape is shown for various pulse widths in Figure(5.2)-(5.12),
with the intensity 8 = Iyor, varying over 1000, 500, 300, 100, 50, 30, 10, 5, 3, 1,
0.5, 0.3, 0.1. Each figure corresponds to a fixed pulse width with each intensity

maximum (top) and minimum (bottom).

Figure(5.13) shows the results of a numerical analysis of the dynamic trans-
mission equation describing an interaction of a two level system with the incident
resonant light for various pulse widths, where the estimated radiative lifetime of the
excited state is 1 ns. We find that the threshold power for saturable absorption de-
creases for an increased pulse width. But this trend saturates as shown for the ratio
10 and 10%. This can be accounted for by considering the total number of photons
incident on a Bloch type system. For a light pulse with pulse width much shorter
than the excited s*ate radiative decay time, what really counts is the total number
of incident photons because all the incoming photons can be stored in the excited
state. In the case of a long pulse with a pulse width longer than the radiative decay
time, the saturable absorption can be understood as a balanced state of absorption
and emission in a steady state, and, therefore, there is not much difference between
a long pulse and a very long pulse. The dynamical transmission behavior itself can
be used as an indirect way to estimate the radiative decay time. Once the threshold
intensities for two short pulses with different pulse widths are known, the ratio of
the experimental threshold intensities can be compared with the ratio obtained from
the numerical analysis result, which can be simply read off from Figure(5.13). As
will be discussed in Sec.5.4.3, the estimated life time of the excited state obtained
in this way is in a quite good agreement with the independent measurements of the

radiative decay life time for phthalocyenine molecules.

5.3 Intersystem Crossing
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When the energy of the singlet and the triplet states are degenerate, the
triplet state has a lower energy than the singlet state. This, of course, is the
Hund’s rule, and the physical explanation is simple for a two-electron system. In
the triplet state, the spin-wavefunction is symmetric and the spatial wavefunction
is antisymmetric. In the relative coordinate the antisymmetry means that it has
odd parity under the inversion operation, i.e., ¥ = —7. Then the antisymmetric
wavefunction has node at the origin, or the wavefunction in the relative coordinate
vanishes near the origin. Equivalently, the wavefunction of each electron has the
least overlap, therefore the Coulomb repulsion is smaller and the total energy is
lower than the singlet state. This idea holds even for a many-electron system. In
most stable molecules the ground state is singlet and the lowest excited state is
triplet. (One well-known exceptional example is the oxygen molecule, which has

the triplet ground state.)

The energy states of molecule can be classified by the parity symmetry. States
with parity even under inversion are called g (gerade) states, while states with panty
odd under inversion are called u (ungerade) states. Both the singlet state and the
triplet state have a series of different spatial parities associated with them. In
general the ground state is singlet with g parity (So). Once the molecule is excited
to the first excited singlet state (S;, this has u parity owing to the dipole selection
rule ), it can decay only to the singlet states with g parity through the dipole
radiation since the dipole interaction has no spin flop in it. But if there is spin-
orbit coupling present, this can give a first-order perturbative admixture of singlet
states to the triplet state allowing the dipole transition from the singlet u state to

the triplet g state.

Let’s consider the spin-orbit coupling in more detail.1*I=(2%] An electron with

spin 1/2 has the magnetic dipole moment.

i=-285§ (5.3.1)




where g is the gyro-magnetic constant. The interaction Hamiltonian is

~ome?
1 > 1 - -
=3 2(IeIE xp)leS = 2m2c2(vv x p)eS
1 10V = 1 10V - 3
—2m2c2;—67(r xp)eS = 2mic? ;EL. S
=(LeS (5.3.2)
where the potential is assumed to be central
V=V) (5.3.3)
F=¢E = —IeIE
- V. ovr
_—VV—-?T—T———BT; (534)
and £ is defined as
1 18V(r) -
{r) = 2mictr Or (5:45)
For a multi-electron system we have a similar interaction Hamiltonian
1 0V (r;
Mm g S (LS Eea - S erien 639
(5.3.7)

L1 18v(n)
{(ri) = 2m32cdr; Or;

with
In order to estimate the magnitude of the spin-orbit coupling, we note that the

radial wavefunction £(r) has the form,
Ze? 1
&(r) = Smic 73 (5.3.8)
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Then the magnitude is given

(at = BHR(P)ut€(7)| B(r)mt) = B2 / R*(r)mib(r)rdr (5.3.9)
Noting
(Rntr P|Rut) = (r7%) = 23 (RP(I+ 1)1 + %)1)-l (5.3.10)
2
Cni i Z (5.3.11)

T 2m2erad nd(l+ (1 + 1)l

Therefore the magnitude of the spin-orbit counling has Z* dependence, i.e.,
(H1)nt  nt x 2Z* (5.3.12)

The coupling of the triplet state to the differnt singlet states is determined by the
group properties of the angular wavefunctions. For a discussion of the selection rule
in the intersystem crossing for a multi-electron system, refer to Appendix A7.

In the absence of intersystem crossing (ISC), the spin singlet states and triplet
state are completely independent manifold of states where no overlap of wavefunc-
tion can occur. But a nonvanishing matrix element between singlet states and
triplet states through spin-orbit coupling means that there is another decay chan-
nel for an excited singlet state. (Figure 5.14) The decay rate from S; to T, is much
larger than the decay rate from T, to Sy, the reason being that the ground state
"o has no life-time line broadening while S; and T, are already broadened from a
finite life-time. Usually ISC between S; and T, affects the effective decay time of
the excited state S;. A large ISC corresponds to a short effective life time, and a
heavy atom substituted molecule shows a dramatic change in the radiatve decay
time. One well-known example is bis (4-dimethylamino-dithiobenzil) nickel (BDN)
dye..2+'22. When dissolved in 1-2-dicHloro-ethane, the principal optical excitation
state (singlet S;) of BDN dye has a relatively long life time, which allows BDN

dye as a Q-swiching dye in Nd:YAG laser. However, in iodine-ethane solvent, ISC
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is enhanced by a heavy atom substitution effect, resulting in a short life time of
S; state, which allows BDN dye as a mode-locking dye as well as Q-switching dye.
The phthalocyanine molecule is another example, where the central atom deter-
mines ISC rate. For a various phthalocyanines with different central atoms, refer to
Table5.1. Compared to BDN dye, the heavy atom substitution effect is smaller, but
still ISC allows one to control the effective radiative decay time and the saturation

threshold power.

5.4 Saturable Absorption Experiments
5.4.1 Light Source and Detectors
(A) Stimulated Raman Scattering Cell

In order to study the saturable absorption property of SINC we need an in-
tense coherent monochromatic light source. Because the absorption peak positions
in the near IR, we need a tunable light source. For a pulsed laser we employed a
Raman cell pumped by a picosecond or a nanosecond Nd:YAG laser. Various wave-
lengths available through stimulated Raman scattering from hydrogen molecules
and methane molecules are listed in Table5.2. For a pure SINC film with peak
maximum at 810 nm, the first anti-Stokes line 813 nm from a methane Raman
cell pumped with a fundamental Nd:YAG was used, while for a solid solution and
a liquid solution SINC the second Stokes line 770 nm from methane Raman cell
pumped with a SHG of Nd:YAG was close to the absorption maximum. At a 300
psi pressure of u#thane gas in a 1 meter long 1 inch diameter stainless steel Raman
cell with 1 inch thick fused quartz windows at both ends, the needed Raman line
was easily available for 30 picosecond and 10 nanosecond Nd:YAG laser pumping.
The pump beam was gradually focused in the middle of Raman cell to increase the

interaction length for Raman conversion.
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A mode-locked and Q-switched Quantel YAG501 picosecond laser system
provides a typical pulse with energy of 30 mJ per pulse, bandwidth of 30 GHz,
and pulse width 30 ps. By varying the output resonant reflector (etalon) the pulse
width of YAG501 laser can be varied from 30 ps to 200 ps, and the laser bandwidth
is determined by the convolution of the uncertainty principle and the intrinsic gain
medium band width. With this picosecond pumping a Raman output with energy
of 200 uJ per pulse with the same bandwidth and a pulse width shortened by a
nonlinear Raman process by a factor of square root 2 was obtained at 813 nm, and
770 nm. The autocorrelation of the picosecond Raman output 813 nm was taken
to make sure the picosecond pulse width. A nonlinear optical material transparent
at doubled Raman output was used, and a simple alkaline photo-cathode PMT was
used. The autocorrelation trace is shown in Figure(5.15), where one division in the

horizontal scale corresponds to 30 picosecond.

For a nanosecond laser pulse, the Quanta-Ray DCR Nd:YAG laser was em-
ployed providing a Q-switched, 10 ns pulse with a typical energy of 100 mJ per pulse
and bandwidth of 30 GHz. The DCR laser is designed for an unstable resonator for
a maximum power out of the laser oscillator, hence, the laser in‘ensity has a large
fluctuation. The Raman ccnversion efficiency was lower for a nanosecond pulse

giving a typical output of 20uJ at 813 nm.

The Raman line used in the experiment was singled out by an interference
filter commercially available. Figure(5.16) shows the transmission spectrum of the
spike filter from Ealing Optics (35-4407) at normal incidence. The peak transmission
position can be continuously varied by tilting the interference filter, and for 770 nm

Raman line selection we used the same filier just by tilting slightly.

770 nm and 813 nm is near IR, and human eye loses senitivity there. For
the beam alignment purpose RCA CCIV camera (120 VAC, 60 HY, TC 1500) was
employed because the silicon detector inside the camera has the spectrai senitivity

far down near 1 um. Sometimes a fluorescent paint (Flurescent Poster Color, 520-
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Orange, Liquitex) on a paper can be used to find infrared light.
(B) CW Dye Laser

Although a methane Raman cell is appropriate for the saturable absorption
study near absorption peak, it doesn’t provide a continuously tunable wavelength
for the study of the frequency dependent saturable absorption. We employed a
C.W. ring dye laser for a tunable light source. Spectra-Physics 380B Ring Dye laser
provided a stable monochromatic frequency between 790nm to 860 nm when LDS
821 (another name; Styryl 9) dye was used. The molecular weight of LDS 821 dye is
515.1, and the concentration of dye for Ar* pumping is 920 mg/liter in the solvent
of 150 ml prophylene carbonate and 850 ml ethylene glycole, which correponds to
1.8x107% mole/liter. When pumped with an 8.0 Watt of Ar* laser, LDS 821 dye
operated Ring dye laser gave nearly 200 mW output.

An acousto-optic modulator (AOM) driven by an AM-FM modulator can
deflect the C.W. beam providing micosecond pulses. (23124 Refer to Figure(5.17).
The deflected laser beam after AOM crystal is upshifted or down shifted in the
frequency. By AM (amplitude modulation) the intensity of the deflected light is
modulated, and by FM (frequency modulation) the frequency of the laser beam is
shifted by the driving frequency. Acousto-optical modulator from NRC is AOM
tellurium dioxide (TeQ;) crystal (N23080) and the driver for that is model N21080-
1SAS. The driving frequency is 80 £ SM Hz.

In the AOM the diffracted angle depends on the acousto-optical properties

of crystal, which is given as follows,

. -1 Af Af
~ =sin7' 2 x 4.
2nA s 2nv 2nv (5.4.1)

where A=v/ f is the spacing between nodes of a standing sound wave inside AOM

6g = sin™!

crystal, n is the refractive index of the medium, v is the phase velocity of sound, and
f is the driving sound frequency. The diffraction efficiency depends on the material

parameters, and TeO; is ‘ound to have the largest figure of merit.
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A function generator (Wavetek model 275, 12 MHz, programable arbitrary/
function generator) was used to provide a triangular wave form to the AOM driver
after the negative part of triagular wave was filtered by a Shottky n*-n diode (HP
5082-2835).

(C) Light Detectors!?3)

In Figure(5.18) is shown the circuit diagram of photodiode and a schematic
sketch of a diffusor box used in a saturable absorption experiment. Usually a stimu-
lated Raman scattering output from a Raman cell has an appreciable fluctuation in
the beam direction. A non-uniformity in the photo response along the photodiode
surface itself can give an artifact signal shown up as a nonlinear optical response of
the sample. In order to get rid of this problem, we made a diffusor box such that
the laser beam does not hit the photodiode directly. Once the laser beam is scat-
tered by the beam blocker, it bounces off the inside wall of magnesium (Mg) coated
box and only a small fraction of the incident power hits the photodiode. During
bouncing off the inside wall, the light beam loses its information on the original
incident beam direction. With this design the fluctuation in a signal caused by the
fluctuation in the beam direction was reduced dramatically, allowing an intensity
measurement insencitive to the beam direction fluctuation. The signal level after
a diffusor box is too low to be integrated and read in a CAMAC charge integra-
tor. A high bandwidth preamplifier was designed to amplify the signal from the
photodiode. Circuit diagram for the preamylifier is shown in Figure(5.19).

A typical PIN photodiode circuits are shown in Figure(5.20) for a negative
polarity and in Figure(5.21) for a positive polarity. A silicon photo diode junc-
tion (typical active area of 0.5 mm?) has a quantum efficiency of 70% (0.7 elec-
tron/photon) at 810 nm, which corresponds to the sensitivity of 0.7¢/1.5 eV = 0.5
A/W. The quantum efficiency can be used as a reference for the estimate in the

power measurement of a laser light. For example, 1 Volt signal output at 50 Q load
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resistor with a FWHM of 1 ns corresponds to 20 mA 0.5 A/W x 1 ns = 4x 10~}
Joule. The corresponding energy density will be 4x 107! Joule/0.5 mm? = 8 x
10~° Joule/cm?.

When another calibrated power meter is available such as Coherent power
meter model 212, a particular photo diode can be calibrated. Given a C.W. light
source such as HeNe laser, an average C.W. power can be read from a simple digital
voltmeter (for example, Fluke multimeter, which has an input resistance 10 M )
connected to a parallel load resistor for a photo diode. For example, 1 Volt reading
at Fluke meter across 1 MQQ load resistor gives a photo current of 1.0 V / 0.9 MQ2
= 1.1 pA. (Note that the voltage ( = 1 V) should be much smaller than the bias
voltage ( = 20 V) ) At HeNe frequency, a quantum efficiency 70 % corresponds to
0.37 A/W. Therefore 1.0 V reading at a Fluke meter corresponds to 1.1 pA + 0.37
A/W = 3 uW. Accounting for the beam size of HeNe ( say 0.5 cm? ) and the photo
diode active area ( 0.5 mm? ), the C.W. power of HeNe measured by a photo diode
will be 3uW x 0.5 cm® + 0.5 mm? = 300 uW. This value can be compared with a
value measured by a calibrated power meter, giving us the calibration for the power

measurement at a pulsed laser experiment.

The resistor value at the bias voltage is determined by the current limit
for the photodiode. For example, with a 20 V bias voltage and 10 k{2 resistor the
maximum current allowed is 2 mA in CW operartion, and the maximum dissipation
CW power allowed is 40 mW. For a typical 10 nsec laser pulse with a 10 Hz repetition
rate, the maximum of 4 mJ/10 nsec peak power, or order of 10 V can appear in
a 500 load resistor. For a very weak light with a photo current on the order of
nA, a large impedence load resistor (1M{2) is required to get an observable signal
on a scope. In a short pulse experiment where time response of each pulse is
monitored, the load resistor shoud ba 5002 to get rid of any ringing coming from
an impedence mismatching. Some electrical dividers for 50 impedence cable are

shown in Figure(5.22) (5.23).
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In a pulsed operation of a PIN photodiode, we need a quick response of the
detector. The capacitor works as a temporary battery to follow a surge in the
current drawn by the photodioide upon the incident photons. The magnitude of a
capacitor is chosen such that the relaxtion time for the RC circuit (load resistor 50
2 and the capacitor connected serially to the load resistor) should be longer than
the pulse width. A typical RC relaxtion time is 50 2 x10nF = 500 nsec, allowing the
circuit shown in Figure(5.20) (5.21) good for a picosecond pulse experiment. Note
that it is better to use a high-voltage rating capacitor (for example, 5nF of 0.005P,
1kV, Z5U ) to prevent the capacitance from changing upon a large current drawing
for a short time, which results in ringing. It is also important to use a BNC cable
along the signal path (RG 174) and to insulate photo diode and BNC connector
(UG-657, or RG-58 A/U, RG-58 C/U, 5002 cable) for signal from the housing box.

A PIN photodiode can be used with a zero bias voltage, in which case there
is no dark current, allowing a high sensitivity. Once the right load resistor is used,
it can measure a signal as small as the dark current. But in the absence of a
bias voltage the response time is very slow, on the order of 10usec. A no-bias-
voltage configuration is ideal for monitoring a weak CW power, and the circuitary
is basically th same as that of a solar cell. In fact a commercial Coherent power

meter (model 212) makes use of a no-bias-voltage configuration.

When a higher gain is needed without complicating circuitary, another type
of photo diode is available. An avalanche photo diode has a gain of order of 200,
compared to a regular PIN photodiode which has no gain. It can be operated in
either a normal linear reverse biasing mode (Vyeverse <Vireak down(x 240 V) )
or Geiger mode (Vi everse > Vireak down). A typical circuit diagram is shown in
Figure(5.24). The resistor value is determined from the maximum C.W. current
rating, which is 200uA typically. In 3 50 Q scope, the maximum size of signal is

only 10 mV, which means it needs a voltage amplifier.

For a detection of a very weak optical signal, it is necessary to use a photo
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multiplier tube (PMT). The quantum efficiency of a photo cathode for a PMT is
much lower compared to that of a PIN photodiode. Usually it peaks near UV
(400 nm), differently from photodiode. But the photocurrent is amplified with a
gain of order of 10° at dynode stages. There are different kinds of materials for
photocathodes, and the right one should be chosen depending on the individual
applications. S1 photocathodel?8~(2%! has a nonvanishing quantum efficiency (less
than 0.1 %) even down to 1.2 um, and is useful for an infrared applications. It is
mainly composed of overlayer of C's (cesium) on silver and oxigen. Even if C's has
the photoelectric response only up to 800nm, a surface enhancement(*®} due to silver
particle makes S1 photocathode sensitive down to 1.2um. GaAs (Cs) semiconduc-
tor photocathode (for example, RCA C31034 series) has a rather broad spectral
response (185 nm to 930nm), and is a popular PMT photo cathode. However, one
disadvantage of a semiconductor photocathode is that the qunatum efficiency is
highly sensitive to temperature changes, and a rather large dark current should be
decreased by cooling the PMT housing. When a relatively large current is drawn
from dynode stages, it is important to separate dynode resistors from the photo-

cathode to prevent a temperature rise.

When a large dynamical range of light intensity is covered by a PMT, the
linearity of anode current (I,) and the divider current (I;) should be checked care-
fully. In Figure(5.25) is shown a typical voltage divider circuit for a D.C. and
pulsed operation of PMT. In a D.C. operation the capacitor (C; and C;) should
be removed. Anode ground configuration eliminates the potential difference be-
tween the external circuit and the anode, and allows the use of the load resistor
as a current-to-voltage converter. [, is the anode current, while [, is the divider
current. In a normal operation of PMT, I, is much smaller than I;. At the bottom
of Figure(5.25) is shown a linearity curve for the ratio of anode current to divider
current versus the photon flux. In a region A, it is linear, and PMT output voltage

appearing across the load resistor Ry is linearly proportional to the incident light
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intensity, because the anode current I, is negligible compared to the divider current

I. For a higer light intensity (region B), I, increases and becomes nonnegligible

compared to I,. Hence, the voltage between the last dynode and the anode de-

termined by the current Iy - I, decreases, resulting in a higher H.V. distribution

among the lower dynodes. This shows up as an apparent increase in the PMT gain,

yielding a nonlinear current amplification. When the light intensity is further in-

creased (region C), the voltage across the last dynode and the anode is almost zero
because Iy - I, is almost vanishing. The electron collection efficiency of the anode
is saturated, and the current is lower than it should be. In order to maintain the
operation in region A, the maximum practical anode current, [,, is less than 1/20
of the divider current, I, where the divider current is simply determined by the
magnitude of the total serial divider resistances. A typical total value of resistor is
500 k€ at a 10 stages dynode. The corresponding divider current is 200 pA, and
the maximum allowed anode current will be 10 uA. A typical maximum rating for
the anode current is 1uA, still one ord . of magnitude below the maximum allowed
current. When a higher anode current is needed, one can increase the divider cur-
rent by reducing the divider resitor. But in this case care should be taken to get
rid of the heat generated from the power dissipation in divider circuit, since the
increased temperature increases the dark current of PMT. In a pulsed operation, a
capacitor should be connected at the last couple of dynode stages to provide current
surge at a short time period. A typical PMT circuit is designed for a scintillation
counting detector, in which case the pulse width is order of usec with a very low
duty cycle. The maximum current that can be drawn from the capacitor is of the
order of CV/100. For example, the capacitance of 0.02uF for C; at a 100 V last
stage voltage can allow upto 0.02 uCoulomb of electrical charge.

5.4.2 Experimental Layout *

Saturable absorption behavior of individual 7-electron optical excitations
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within the Q-band of the thin films was investigated as a function of the pulse
duration and wavelength of the incident beam. The experimental layout for sat-
urable absorption measurement of SINC thin film is shown in Figure(5.26). Either
the fundamental or the SHG line of a Nd:YAG (either nanosecond or picosecond)
pumped methane Raman cell was used to produce Raman lines near absorption
peak maxima (813 nm for pure dye and 770 nm for solid solution). Polarization
of the pump beam was controlled by a half-wavelength wave plate to give an s-
polarization configuration. In s-polarization the electric field is perpendicular to
the optical plane at the pellicle beam splitters (Ealing Optics 22-8916), and no
Brewster angle exists at the beam splitters, giving a much less scattering in the

beam direction after reflection off the beam splitter.

A pellicle beam splitter is preferred to a glass slide beam splitter because
the interference between reflections from the front and the back surfaces of a thin
pellicle beam splitter (thickness of 8um) is widely spaced. In Figure(5.27) is shown
a transmission spectrum measured at a spectrophotometer. The inteference patfern
is clearly visible, and the thickness of pellicle beam splitter can be readily read off
from this interference pattern. One thing that we have to be careful in using the
pellicle beam splitter is that it is birefringent in general, and it is necessary to orient

such that the optical axis of the beam splitter is along the beam polarization.

The light intensity is varied by rotating a variable neutral density filter, and
also by moving in and out of the focus of the focused beam inside a pair of positive
lens. In this way a large dynamical range of light intensity could be covered. At a
fixed position of beam waist, the intensity was varied by a variable neutral density
filter, and the reversibility of saturable absorption was checked carefully. A CAMAC
charge integrator (LeCroy 2249W ADC) with a CAMAC controller (KineticSystems
3912 Unibus Crate Controller) in a CAMAC crate (KineticSystems 1510 Power
Crate Unit) was connected to a PDP-1123 microcomputer to get a digitized signal.

Part of a fundamental beam was fed into a discriminator (LeCroy Model 121) to
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generate a gate pulse for the charge integrator. The reference and the sample
analog signal from the respective photodiode/preamplifier were integrated over the
gate pulse width (= 40 ns), and were stored in the microcomputer. The ratio was
taken and plotted.

The laser power was measured by a Scientech power energy meter (model
362), and also was checked with a power .neter made of 4 thermocouples (Fig-

ure(5.28))
5.4.3 Measurement and Analysis

Figure(5.29) shows the incident light intensity dependence of the absorption
coefficient aL in pure dye film for 30 ps (circles, pure SINC dye; triangles, SINC
solid-solution) and 10 ns (squares, pure SINC dye) pulses, respectively. The change
in the absorption was reproducible through many cycles of increased and decreased
incident light intensity. Data points for 10 ns are more scattered owing simply to
power fluctuations in Nd:YAG pump laser. Here if the light intensity was increased
more than the maximum of the data points, i.e. 30 MW /cm? for 30 ps pulses and
200k W /cm? for 10 ns pulses, an irreversible change was observed in the film, which is
apparently from the mass transportation of the dye film along the substrate surface.
When compared with a pure dye film, we can see that the solid solution thin film
shows exactly the same saturable absorption behavior, but no irreversible change
was observed upto the incident intensity of 4GW/cm?. Saturable absorption is also
studied ‘n a liquid solution sample. Figure(5.30) shows the saturable absorption
observed in a liquid solution for 30 ps pulse.

In Figures(5.29) and (5.30), the solid lines are least square fits to a Bloch-type

saturable absorption

aoL
1+ I/1,

where I, is the threshold intensity for the saturation, agL gives the low intensity

a(I)L = +apl (5.4.2)

linear absorption, and a gL is the unsaturable background absorption. Importantly,
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apL was found to be zero for both films. In case of the pure dye film, the threshold
intensities for saturation were 100MW/cm? and 440kW/cm? for 30ps and 10ns
pulses, respectively. The threshold intensity for 10ns pulse is lower than that for
30ps pulse, but this trend saturates at or near the 10us scale. The difference in
the threshold intensities for saturation can be easily understood in the dynamical
transition analysis discussed in Sec.5.2. Recalling that the saturation intensity
I, can be obtained for a given pulse width 7, and excited state life time 7, from a
numerical simulation of the dynamical transmission equation, the ratio of saturation
threshold for two given pulse widths can be used to determine the excited state
radiative decay time 7, uniquely. Using 230 as the ratio of threshold intensities at
30 psec and 10 nsec as determined from our experiment, we find the exited state
life time to be 5 nsec, in good agreement with previous independent relaxation

measurements on related structures, as discussed in Sec.4.1.

For the solid solution thin film, the threshold power for 30ps pulse was 100
MW /cm?2, which is the same value as that of the pure dye film. The fact that
the saturable absorption behavior is identical for both pure dye and solid solution
film can be accounted for by the absence of any positional, orientational and phase
coherence between molecular sites in the thin film phase, and from this we can
conclude that the on-site m-electron excitations of the Q-band in individual molec-
ular sites are responsible for the large resonant nonlinear optical response. A least
squares fitting for the liquid solution data gives the threshold power of 30MW /cm?
for a 30 ps pulse, which is lower than the threshold power for thin films. There
may be couple of explanations for that. First of all, the homogeneous broadening
mechanism in a liquid solution sample is diffefent from that in a thin film, and the
laser light with a given bandwidth might work more efficiently for a liqiud solution.
Another possibility might be that the effective radiative decay time might be longer
for a liquid solution sample, reducing the threshold power for saturation. At any

rate the data shows that there is a zero unsaturable background absorption in a lig-
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uid solution, which reconfirms our understanding of the optical excitation in SINC
molecule as an on-site m-electron excitation at the individual molecule.

Once the saturation threshold intensity is measured, the nonlinear refractive
index n, can be obtained in a straighforward way by substituting all of the material
parameters in the expression for nz, Eq.(5.1.8). For a SINC pure dye thin fim, the
linear absorption coefficient, ey, is ~10% cm~? at A= 810 nm. For a C.W. saturation
intensity, we can interpolate from nanosecond data as 400 kW/cm?. From these

experimetal values, we obtain a value of n; for the pure SINC dye film of 1x10~*
cm?/kW.

5.5 Dispersion of Saturable Absorption

To fully characterize the nonlinear absorption properties of the thin film,
we measured the dispersion of the Q-band saturable absorption. A tunable (790-
860 nm) 10 us pulse was obtained by chopping an Ar* pumped cw ring dye laser
output (LDS 821 dye opreration) by an acousto-optic modulator. The first order
of deflected light can be tailor shaped by amplitude modulating the radiofrequency
acoustic wave at AOM driver. A relatively long (order of usec) pulse was readily
obtained by a function generator, and the beam was focused on the thin film sample.

Refer to Figure(5.31).

The dispersion of the saturable absorption of the pure dye thin film for the
fixed incident intensity 80kW /cm? is compared in Figure(5.32) with the linear ab-
sorption spectrum. It is clear that the change in the absorption is maximum on
resonance and is decreased in moving away from the peak. The dashed lines are
a least squares fit to a Gaussian envelope model for the linear absorption, and
the dispersion was derived from the Kramers-Kronig relations. For a discussion of
Kramers-Kronig relation, refer to Appendix A8. The dotted lines are the fitted

curves for the saturable absorption and dispersion. We can see that the maximum
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change of refractive index as obtained from Eq.(5.1.8) occurs at A = 776 nm, and the
maximum nz at A = 776 nm results from a linear superposition of the refractive in-
dex change of each homogeneously broadened resonance with the inhomogeneously
broadened envelope.

In conclusion, we have demonstrated that a quasi-two dimensional 7-electron
structure such as SINC can be designed as wide area, spin coatable nonlinear op-
tical films and that these can be represented as a microscopic composite system of
molecular optical sites in a TLS-glass random medium. The resonant nonlinear op-
tical properties of homogeneously broadened lines contained in the inhomogeneously
broadened Gaussian envelope were directly investigated by standard saturable ab-
sorption measurements. These results showed for the SINC pure dye films that
saturable absorption occurs at the peak maximum of the low frequency Q-band
near 810nm with essentially zero unsaturable absorption background and that on-
site w-electron excitations of the Q-band in individual molecular sites are responsible

for the large resonant nonlinear optical response n; of 1 x 10™* cm?/kW at 810nm.
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Figure Captions; Chapter 5

Figure 5.1; Input Pulse Shape for a Numerical Analysis of Dynamical Transmission
Figure 5.2; Output Pulse Shape for r = 104

Figure 5.3; Output Pulse Shape for r = 10°

Figure 5.4; Output Pulse Shape for r = 10?

Figure 5.5; Output Pulse Shape for r =10

Figure 5.6; Output Pulse Shape for r = 3.0

Figure 5.7; Output Pulse Shape for r = 1.0

Figure 5.8; Output Pulse Shape for r = 0.5

Figure 5.9; Output Pulse Shape for r = 0.1

Figure 5.10; Output Pulse Shape for » = 0.03

Figure 5.11; Output Pulse Shape for » = 0.01

Figure 5.12; Output Pulse Shape for » = 0.001

Figure 5.13; Numerical Analysis of a Dynamical Transmission
Figure 5.14; Intersystem Crossing

Figure 5.15; Auto-Correlation Measurement of a Raman Output
Figure 5.16; Transmission Spectrum for the 810 nm Spike Filter
Figure 5.17; Acousto-Optic Modulator

Figure 5.18; HP-2-4200-140 Photodiode and Diffuser Box
Figure 5.19; Charge Amplifier Circuit Diagram

Figure 5.20; MRD 510 Photodiode; Negative Polarity

Figure 5.21; MRD 510 Photodiode; Positive Polarity

Figure 5.22; Electrical Signal Splitter for 50 Ohm Cable (I)
Figure 5.23; Electrical Signal Splitter for 50 Ohm Cable (II)
Figure 5.24; Circuit Diagram for Avalanche Photodiode (RCA C30902 E)
Figure 5.25; PMT Voltage Divider Circuit

Figure 5.26; Experimental Layout for Saturable Absorption
Figure 5.27; Transmission Spectrum of Pellicle Beam Splitter
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Figure 5.28; Thermocouple Circuit

Figure 5.29; Saturable Absorption Data for Thin Film Sample

Figure 5.30; Saturable Absorption Data for Liquid Sample

Figure 5.31; Experimental Layout for Dispersion of Saturable Absorption

Figure 3.32; Dispersion of Saturable Absorption
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Various Phthalocyanines

Chemical Name Molecular Weight

Free Base Phthalocyanine  HyPC 514.55
Cobalt Phthalocyanine CoPC 571.47
Iron Phthalocyanine FePC 568.38
Nickel Phthalocyanine NiPC 571.24
Vanadyl Phthalocyanine VOPC 579.48
Zinc Phthalocyanine ZnPC 577.91
Silicon NaPhthalocyanine SINC 1546
Vanady! 6-Petra-T-Butyl VONC
NaPhthalocyanine 1004.141

Tabl? 5.1
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RAMAN LINES

Hydrogen Molecule; Hp

Raman Shift; vibrational 4155 cm-1

Pumping; Nd:YAG fundamental 1064nm
+2; 565nm
+1; 738 nm
-1; 1.91um

Pumping; Nd:YAG SHG 532nm
+2; 369nm
+1; 436nm
-1; 683nm

Methane; CHy

Raman Shift; vibrational 2916cm-!

Pumping; Nd:-YAG fundamental 1064nm
+1; 813nm
-1; 1.54um

Pumping; Nd:YAG SHG 532nm
+1; 460nm

-1; 629nm
-2; 770nm

Table 5.2
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Output Pulse Shape for r = 104
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Output Pulse Shape forr = 102
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Numerical Analysis of a Dynamical Transmission
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Saturable Absorption Data for Thin Film Sample

2 3 4 3 6 7 8 3 ‘0
10 10 10 10 10 10 10 10 10
"g TSRO A ST NS T R ST T N 1| VR r N a s i) Lol ] , lidad L U STWELSI N LiiL "P_
3] s
-t — b
3 a
1 a L
s =3 =
1 ¥ L
M L7
- -
o [~
= - =
Q- -2
o ] [ @
Q (]
4 - ©
3 <
™~ ] ~
S \a =)
J -
o a ]
Q - S
0 ] 0
S B
4 8. L <
- :
. a - S
o 2o I
M ] )
S [ ©
1 o
N N
S =)
S -S
Q] B
S - EBAMU LI B R T UL AL AL ISR ML A AL NRALMEREL B e ©

ERSBA MM
¢ o} o o ¢ 10° 10°
¢ o POWER IN (WATT/CM*CM)

Figure 5.29

212

E &R R R G . S G S TR T an A B G am &y W s
ALPHAY




ALPHAH

0.000.15 0.30 0.45 060 0.75 0.90 105 120 135 150 165 180 195 210 225 2.40

Saturable Absorption Data for Liquid Sample

i I 1 1 i S | i 1 1 | 1 1 1

i

T IIIHIr T f:uITHr 1 lcc”FT]’leInrrﬂ[ R NEELRER] 11 FTOR
10} (0] o4 o] 0 10° 0"
POWER IN (WATT/CM*CM)
Figure 5.30
213
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CHAPTER 6
ABSORPTIVE OPTICAL BISTABILITY

The interpretation of O.B. as a nonequilibrium first order phase transition
was obtained from a quantum statistical description of the electric field and micro-
scopic atoms as shown in Chapter 2. The mathematical formulation for the most
general case (nonzero detuning of the cavity and the atomic resonance different
from the cavity mode) is quite complicated and does not provide a perspective in
understo~1ing various kinds of O.B. phenomena. There are different ways to de-
scribe U.5. in a steady state in a relatively phenomenological way. One way is to
introduce the complex nonlinear eikonal appoximation,i!}~(3! which will not be dis-
cussed here. Another simple way to describe a steady state O.B. is that the electric
field inside a F-P cavity forms a standing wave satisfying the appropriate boundary
conditions, and the average field intensity induces an intensity dependent refractive
index change resulting in a nonlinear transmission function for F-P.4/=#] The sec-
ond approach will be adopted here to derive the steady state equation describing
the most general case of O.B., allowing the analysis of the transmission function for
different initial conditions to classify the different regimes of O.B.. These analyses
are based on the steady state behavior of the system corresponding to the case w .en
the relevant time scales of nonlinear Fabry-Perot interferometer are much shorter
than the light pulse duration.

After the linear response of Fabry-Perot interferometer is briefly reviewed in
Sec.6.1, the steady state nonlinear response of an optical Bloch system contained in
a Fabry-Perot cavity is discussed in Sec.6.2. In the steady state case, the mathemat-
ical analysis allows us to classify O.B. as either dispersive or absorptive, depending
upon the major contribution being the real part or imaginary part of the nonlinear
susceptibility, respectively. Various regimes of O.B. are, then, discussed in Sec.6.3.

Transient behavior of O.B. is briefly discussed in Sec.6.4. In order to describe the
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transient response of a nonlinear F-P interferometer, which occurs when the rele-
vant time scales for the interferometer is much shorter than the light pulse width.,
the problem of the time evolution of a nonequilibrium phase transitoi.a should be
addressed, but unfortunately it is quite formidable. In real experimental situations.
a transient thermodynamic instability, such as one that corresponds to tunneling
through a Ginzburg-Landau potential well, does not take place, hence, the transient
behavior of optical bistability can be accounted for by nonlinear dynamical studies.

In Sec.6.3, the optical bistability experiments perfomed on SINC thin films
are presented. After the requirements on the light source and detectors for the
measurements of optical bistability are discussed, the observation of electronic ab-
sorptive optical bistability at nanosecond time scales is presented, and the results
are discussed based on the physical model for optical excitations in a random glassy
medium introduced in Chapter 4. Also presented are results in the long pulse
regime for thermal effects, which shows a hysteresis behavior completely differnt

from electronic, absorptive bistability.

6.1 Fabry-Perot Interferometer

A
|

First we review a F-P interferometer.?l =10 Let’s consider a F-P cavity with
two plano-mirrors of reflectivity R as in Figure 6.1. The transmission function of a
F-P cavity can be obtained either by considering multiple reflections of the electric
field at the cavity mirrors, or by simply solving a boundary value problem with
Maxwell equations. We adopt the second approach because it gives a much better
physical picture when we consider a nonlinear optical response in the next section.
The two mirrors of the F-P ¢ ity provide a boundary condition for the electric

fields, and we can solve the the boundary value problem easily. At z =0,

£2(0) =v1 — Re;(0) — VRe,(0) (6.1.1)
£1(0) =V/Re1(0) + V1 — Reh(0) (6.1.2)

217

----—--—----1




:‘3(“ :\/‘vl —sz(l) (613)

(1) = = v Rey(l) (6.1.4)

where z, are defined in Figure(6.1). From Eq.(6.1.4), the fields at = = 0 can be

obtained
2h(0)e Tk = —v'Rz3(0)et ™k (6.1.5
or,
£3(0) = =V Rez(0)e* (6.1.6)
with
6 = 2nkl (6.1.7)

where n is the refractive index, k is wavenumber, and [ is cavity length. Substitution
of Eq(6.1.6) into Eq(6.1.1) gives the reflected and transmitted fields as well as fields

inside the cavity.

22(0) =1l-_%——c%51(0) {6.1.7)
£(0) = — ‘/f—_“_}i‘ff “2,(0) (6.1.8)
1(0) :IT\/%E“ - €'%)e,(0) (6.1.9)
es(1) =11{£3e"%51(0) (6.1.10)

Now the ratio I(¥)/I(") of the transmitted intensity to the incident intensity is

¢ jesf _ 1=R 4n
I® Tjey(0)27 ~ '1- Re® |
_ (1-R)? _ (1 - R)?
= T = -
1+ R 2R cosé (1—R)“¢4Rsin2;
1 1
_ - - (6.1.11)
. 2 -
1-‘—(1_R)25|n 5 1+F5)n
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with
0 =2Mm—-6=2Mmr —2nkl
4R
C(1-R)?

where 6 is the cavity detuning in modulo 27. The finesse F is defined by

f=2—rr=7r\,2/?

where = is the FWHM of the transmission function. Eq.(6.1.11) describes the trans-

(6.1.12)

m

mission function of an empty F-P cavity. First we find that the output intensity is
linearly proportional to the input intensity for a given finesse F and cavity detuning
8. Second, we find that the transmission function has a maximum value of 1 for
zero cavity detuning (4 =0), and that the transmission function depends on the
finesse for nonzero cavity detuning, low finesse corresponding to larger leaking of

light through F-P as illustrated in Figure 6.2.
6.2 Optical Bistability in Steady State

We now consider the electric field of the light wave propagating through the
Fabry-Perot cavity which is filled with the Bloch system resonant with the light
frequency. The Maxwell equation for the electromagnetic field inside the nonlinear

medium with susceptibility x(Z,t) is readily obtained.

- = 168

F=—--— 2.
V x > (6.2.1)
. - 10D

H=-— 2.2
V x - (6.2.2)

The constitutive relation is
D(Z,t) = e(Z,t)E(z,1) = (1 + 4nx(F,1))E(£,t) = E(Z,t) + 4rP(Z,t)  (6.2.3)

From the Egs.(6.2.1), (6.2.2) and (6.2.3), we get the wave equation for the electric

field inside the dielectric medium.

(V- = 2B t) = =L B(7,1) = = o (x(,1)B(7,1)) (6.2.4)




For transverse light with frequency w, the wave equation can be simplified to the

expression

2 w2

(55 + (1 +4nx(z) 5 )e(z) = 0 (6.25)

For a Bloch system, the susceptibility x(z) is a function of the light intensity as well

as the coordinate z. rom Eq.(3.7.10), the Bloch susceptibility inside the cavity is

_ac A+
T dnw 1+ A2 +g(2))?

x(z) (6.2.6)
The optical bistability phenomena can be explained by solving Eq.(6.2.5) with the
Bloch susceptibility Eq.(6.2.6) in the proper boundary conditions determined by the
cavity. The field inside the cavity has both a slow variation from the linear absorp-
tion and a rapid variation from the interference of the forward and the backward
waves, and the Eqgs.(6.2.5) and (6.2.6) can be solved numerically for the individual
experimental configurations.

An analytical ~<pression is available when a reasonable approximation is
made. Because the interference of the forward and the backward waves forms a
standing wave in the F-P cavity, we can take a spatial average of the field intensity
inside the cavity and get the spatial-averaged nonlinear susceptibility which explains
the nonlinear phase shift leading to a nonlinear transmission function of F-P. Taking
the spatial average of the field inside the cavity, the nonlinear susceptibility is simply

given as

ac A+

XD = (x(= 1) = f= e (6.2

To find the electromagnetic field inside the cavity, we note that the forward and the

back. ard waves at the coordinate z are

_ VI_R inkz .

sp(z) =<,(0)e™* = IR £1(0) (6.2.8)
' —inkz 1- R\/ﬁ i§ —inkz
ep(z) =€5(0)e™ k" = --____Vl_weée *221(0) (6.2.9)
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where e and £p are the forward and backward propagating light wave, respectively.

Taking the approximation R = 1, the field inside the cavity is

e(z) =er(2) + €B(2)
VI=R ( ine: s —inkz
_W<e — € € )51(0)
-if . L
_ € (eznkz _ ezée—lnkz)ss(l) (6210)

"VI-R

Now taking the spatial average of |e(z)|?,

(le(2)]?) = 1_1R4(sin2 nkz)les(!))* = 7 f =les() (6.2.11)

Substituting Eq.(6.2.11) into Eq.(6.2.7), the spatially averaged nonlinear suscepti-
bility can be written in terms of the transmitted intensity.
ac A+

x(I) = (x(z,1)) = (6.2.12)
Ml rat+ - lees(z)P

Now recall that from Eq.(6.1.11) the ratio of the transmitted intensity to the incident

intensity is
|€3(1)‘2 — 1-R i82 _ l_R 2
ler(0)2 \1 —Re®¢ "= ‘1 — Reié([)l (6.2.13)

where §(I) is the intensity dependent nonlinear phase shift. The Bloch system

inside the cavity has an intensity dependent refractive index, n(z) = n(z,I), and
the transmission function of Eq.(6.2.13) has the intensity dependence through x(I)

as shown in Eq.(6.2.12). More explicitly

8 = 2nkl = 2(1 + 2rx)kl = 2kl + 47 xkl (6.2.14)

While keeping terms up to first order, we can expand the phase factor e*.

ei6 = e—i8€i4txkl =1+ 1(47I’Xkl - 0) (6.2.15)

A

where § = 2Mn — 2kl is the cavity detuning in the modulo 27 and is assumed to

be small relative to 27. This assumption is reasonable since most of the optical
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bistability experiments are performed near, or on, the cavity resonance. From
Eq.(6.2.13) with Eq.(6.2.15) we can get a nonlinear transmission through the Fabry-
Perot cavity containing a Bloch system. Substitution of Eq.(6.2.15) into Eq.(6.2.13)

leads to the ratio of the output intensity to the input intensity as

les()* | 1-R 2
€1(0),2 Tl T Rets(D !
| 1 2
2| |
1 -1 R(47rxkl -9)
1
3 : f (6.2.16)
. R A+
1-2 (al 9
1_R 1 Az l 2
U]

Eq.(6.2.16) is the most general expression describing steady state bistable behavior
of a nonlinear Fabry-Perot cavity. We find that the transmission through a Fabry-
Perot cavity containing an optical Bloch two-level system is a multi-valued function
of the output intensity. In another words, the output intensity can assume one
or three different values depending on the input light intenisty. In the following

section, the various regimes of a steady-state O.B. will e discussed.

6.3 Optical Bistability: Various Regimes

In this section, we discuss different kinds of O.B. by considering various
cases of the parameters specifiying the system. The nonlinear transmission function
Eq.(6.2.6) describes the steady state O.B. in a general case. Taking the absolute
value of the right hand side of Eq.(6.2.6)

les(1)|?
le1(0)]?
| 1 ;
~; alR . alR A }
1+ I-R )—i( I-R’ -———GE—)
2 —_
' 1+4A%+ n _Riis(l)l2 1+ A%+ 1—_§|€3(1)52




1
- {6.3.
alR 2 N t6.3.1)
) o)
| 2 | 2 1-R
L= A%+ —les()? 1+a%+ —— ()P
Defining the parameters as follows,
X 2 l 3.2
X =\ 1zl (6.3.2)
Y =y : £1(0) (6.3.3)
“Vi-R™? 3.
alR
6R
Eq.(6.3.21 can be rewritten!”!
2C 2CA
2 _ 2 2 _ 2
YP_X(O+1+N+X”'H1+N+X? M) (6.3-6)

X and Y are the normalized transmitted and the incident electric amplitudes, re-
spectively. We can define the normalized transmitted and incident light intensity

in the same way.

L=X* I=Y? (6.3.7)
In terms of the intensities Eq.(6.3.6) can be rewritten as

2C
1+ A2+,

y (o8 ¢)2) (63.8)

I =1, (1 ~
<(+ 1+ + 1,

Eq.(6.3.8) is the steady-state state equation for the nonlinear F-P in a general case.
For specific values of the cooperative parameter C and initial cavity detuning ¢,
the state equation can be plotted in 3erms of the input intensity and the output
intensity. The cooperative parameter C is a measure of cooperativity between

microscopic dipole moments, already introduced in Chapter 2. Optical bistability
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cannot be observed for the cooperativite parameter of value less than 4, which is
analogous to the absence of ferromagnetism at a temperature above the critical
temperature, as discussed in Chapter 2. Let’s consider a couple of interesting cases.

First we check the empty cavity case, where C vanishes because there is no

absorption inside the cavity. The state equation reduces to
I = I,(1 + ¢%) (6.3.9)

which implies that the output intensity is linearly proportional to the input intensity.
For comparison, we find the transmission function Eq.(6.1.11) derived for an empty

F-P cavity when the detuning 0 is to be small. From Eq.(6.1.11)

I, = I(1 + F sin? g) =IL(1+ (Ti_}%)? sin® 6)
4 0 0
zft(l-{'—(l——_—R—).;(i) ) = It(1+(———) ) = L(1 + ¢%) (6.3.10)

We simply reproduce the state equation for the empty case, Eq.(6.3.9).

The next simplest case is when the cavity is tuned on the maximum trans-
mission, $=0, and the atomic detuning is zero, A=0. This case is called absorptive
O.B.. From Eq.(6.3.8), we get

I—1———2 3.
L(+1+L) (6.3.11)

Noting the definition of the normalized amplitudes (Eq.(6.3.7)), we find that the
state equation Eq.(6.3.11) is identical to the steady state solution of Fokker-Planck
equation shown in Sec.2.2.(Refer to Eq.(2.2.22))

2CX
Y =X+ -lj—x—z (6.3.12)

For absorptive O.B. with a detuned cavity in which A=0, ¢ #0, we find

I = 1«1+T:Zf+¢} (6.3.12)
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I; can be a multiple function of I; only for the cavity detuning ¢ less than some
®maz as will be seen shortly.
In a most general case of nonzero A and ¢, a contour diagram can be drawn

for a given C where a bistability can take place. This is shown in Figure (6.3).
6.4 Optical Bistability: Transient State

The transient state of O.B. can be properly described by solving the time de-
pendent Fokker-Planck equation introduced in Sec.2.2. Here we have to be careful
to distinguish two different kinds of time dependence. The Fokker-Planck equa-
tion describes the time evolution of the probability distribution function, and it is
useful when we are particularly interested in the stability of the metastable state.
According to our assumption of the smallness of q in Eq.(2.2.28), the system in
the meatastable state does not decay into the stable state (true minimum) rapidly.
The dynamical behvior of O.B. has been studied theoretically by solving the Fokker-
Planck equation numerically.(!2/~{?3] One interesting question is how fast the system
decays into the stable state once it is put in the metastable state. This corresponds
to the negative slope region in the state diagram. This problem is closely related
to the quantum mechanical tunnelling probability of a Brownian particle. Accord-
ing to the numerical calculations, the time required to penetrate the potential well
varies for different potential depths and widths, as expected, but is much longer
than the other relevant experimental time scales; Hence, in fact the system can be
approximated to be in a stationary state. In another words, the relaxation time to
the true minimun is much longer than the relevant time scales such as the pulse
width of the incident light and the material relaxation time.

The real transient behavior of O.B. should be studied when the external input
field changes in time. Now the problem reduces to the calculation of the particle
trajectory for the time dependent Ginzburg-Landau potential. Here we can see that

the important parameter in the shape of the probability distribution function is the
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diffusion constant g, which depends on the spontaneous decay time of the material
and the cavity decay time.

The transient behavior can be understood by solving the Newtonian equation
of motion describing a particle in the Ginzburg-Landau potential with the time-

dependent external field.

d*¢ oF
iz~ " 3g (6.4.1)
For the ferromagnets in the magnetic field,
¢ =ap+ 34 + Hsinwt (6.4.2)
a<0, (>0 (6.4.3)

Eq.(6.4.2) is known as Duffing equation, which describes a driven nonlinear oscillator
allowing a phase transition. The analytic solution of Eq.(6.4.2) is not available, and
the transient behavior can be studied only by numerical method. For O.B., we need
to solve the equation

2Cz
14 z2

2
T=—-{-z- + yo sinwt} (6.4.3)
q

The dynamical behavior for the on-set of O.B. has been studied numerically.
(14]' A numerical analysis of the dynamical behavior of O.B. shows hysteresis behav-
ior rather than complete switch-on and switch-off. It is important to characterize
the dynamical behavior of a first order phase transition far from equilibrium sep-
arately from a steady state behavior. One approach in studying the dynamical
behavior is to look at a double-well potential, and study the particle motion in a

various regimes of the physical parameters.(?%/-(1°]

6.5 Optical Bistability Experiment

6.5.1 Instrumentations
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(A) Ti:Sapphire Laser

We used a single mode pulsed T'i : 41,03 laser (2%~ 24l pumped by a doubled
Nd:YAG laser. The pump laser was a Q-switched nanosecond laser with 10 Hz
repetition rate, from which 50 mJ of SHG with 20 ns pulse duration was readily
available. In the Ti : Al;O; laser cavity, mirrors with reflectivity of 95% and
flatness of A/10 were used. A typical configuration of T: : 4l;0; laser oscillator
configuration is shown in Figure(6.4). The SHG power from a Nd:YAG laser is
controlled by a thin film polarizer and a half-wave plate assembly. A T : 4/,0; rod
has a typical damage threshold of 4 Joule/cm?. The titanium doped sapphire rod
is end-pumped with the pump beam polarization along the optical axis of sapphire
rod, and the operating frequency of the laser was selected by a birefringent filter
made of quartz plates.(?5! A multiple longitudinal mode operation of T : Al;O; laser
is shown in Figure(6.5). The cavity spacing was 36 inches, and it is clearly seen
that the separation of each mode is 6 nsec corresponding to the round trip time of
the given cavity spacing. When a resonant reflector (etalon) was substituted for the
output coupler, we could get a single longitudinal mode output pulse. In single mode
Ti: Al;O; laser gave a typical energy of 80uJ per pulse with 40 ns pulse width when
pumped with 35 mJ of SHG. The band width of single mode T'i : Al,0; laser was
measured to be less than 1 GHz. The laser frequency of 77 : Al,O; laser was tunable
between 700nm to 1.0um by a birefringent filter. In the bistability experiment, a
smooth, stable, reproducible temporal shape of the laser pulse is essential to show
a direct display of the hysteresis arising from the nonlinear response of polymer
dye inside Fabry-Perot cavity, and single mode T'i : Al;O3 laser gave a satisfactory
temporal shape, which is due to the long storage time of fluorescence from Ti*3 ion
inside sapphire crystal field. A typical temporal shape is shown in Fugure(6.6) Also
shown in Figure(6.7) is the temporal pulse shape of SHG of YAG pumping (left)

and single mode T'i : Al; O3 laser output (right).
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(B) Laser diode

A laser diode is o convinient light source providing a stable output. 2% In
a tvpical semiconductor laser diode, an active semiconductor layer of thickness of
0.3um is sandwiched by p and n type semiconductors. The laser operational wave-
length depends on the active medium. and can be varied from 300nm to 1.5um.
The most readily available laser diode is a GaAs laser having an operating wave-
length near IR. typically 840nm. Since laser operation in a semniconductor occurs
upon recombination of electron-hole pairs generated by the injected current. the
conversion efficiency is highly dependent on the temperature of the active medium.
The natural reflectivity of the semiconductor surface is used as the laser cavity, and
a typical size of the laser emitting facet is 0.5x 2.0um*® with cavity length 100um.
Laser light comes out from both facets of the active layer, with one used as the
output coupler, the other coupled to a photodiode tc monitor the laser power. In
an index-guide configuration, the output light has 2 single transverse mode, while
a gain-guided configuration gives muitiple transvers modes. The output light is

linearly polarized along the facet strip.

Compared to other gas or solid lasers, laser diodes have a rather high laser
conversion efficiency, which depends on the laser head temperature. At 25° C, 1.5
mW /facet is easily available with 25 mA operational current in an index-guided
configuration. Once the operational current is above the threshold current. the
output power is linearly proportional to the operational current up to the breakdown
point. In CW operation, the temperature of the laser head and the operational
current can be well controlled, giving a very stable output power. A laser diode can
also be operated in a pulsed mode, but the varying temperature and current usually
cause a much worse operation in the laser spectrum. In fact, even in CW operation
the short cavity length (order of 100um) can support many longitudinal modes.
and much technological effort has been focused on reducing the broad line width

of output optical spectrum. In a real application of a laser diode as a light source.
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good collimation optics is needed to collect large diverging light, which comes from
the diffraction of light itself. A typical diverging angle is order of 40°-60°, and a
microscopic objective lens can be employed as a collimating optics.

A Mitsubish single mode laser diode (ML 3401) with an operational wave-
length of A=319 nm was successfully employed at the early stage of the saturable
absorption experiments. While a couple of milliwatts is a typical output power
available form a single mode laser diode, a couple of hundred milliwatt of laser
power can be obtained from a phased-array of diodes, which is commercially avail-
able (Spectra Diode Labs; SDL 2422-111 CW laser diode, 200 mW, TO-3 window,
SDL 800 laser diode driver, SDL 800-H finned heat-sink, mount for TO-3). One
main difficulty in using the phased-array laser diode in the optical bistability exper-
iments has besp the light collimation in a long optical path through a Fabry-Perot

interferometer.

(C) Light Detectors

In the O.B. experiments, the hysteresis behavior of the transmission from a
nonlinear F-P interferometer upon increase and decrease of the incident light inten-
sity is detected by a light detector. In standard nonlinear optical experiments, such
as the optical Kerr effect or third harmonic generation, a time-convoluted optical
signal is integrated over the entire pulse duration in order to obtain the nonlinear
optical response. In O.B. experiments, in contrast, the detailed temporal change
experienced by an incident light pulse passing through the nonlinear optical F-P in-
terferometer contains all the information on the dynamical processes resulting from
nonlinear optical response. Therefore, it is very important to work in a light inten-
sity range where the light detectors have a completly linear photo response. In order
to achieve such a condition, the light intensity impinging on the detector should be
quite decreased without introducing any change in beam profile. However, in order
to observe O.B., we need to deal with a light intensity strong enough to induce a

sufficient nonlinear optical effect. With these considerations, it is found that a pho-
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tomultiplier tube is not an appropriate detector in an O.B. experiment. A simple
Motorola MRD 510 silicon PIN photodiode was employed in O.B. experiments. For
a discussion of PIN photodiode circuits, see Sec.5.4.1 (C).

(D) Oscilloscope

In a nonlinear optics experiment where a short optical pulse is used, a large
bandwidth oscilloscope is essential to monitor a real time fast signal. Tektronix
7104 1GHz is an adequate oscilloscope for an expeiment involving picosecond and
nanosecond pulses. 7104 scope can house 2 amplifier plug-ins and 2 time base
plug-ins. With 7B10 time base plug-in, the rising time resolution can be up to 200
ps. This scope can also be operated in X-Y mode, that is one amplifier plug-in
at either left or right vertical slot and the other amplifier plug-in at B-horizontal,
with a time base at A-horizontal. In option B version of 7104, “a horizontal delay
line is attached to the instrument (at B-horizontal) permitting signal phase cor-
rection between the vertical and horizontal deflection system”, which is important
in a nanosecond optical bistability experiment. Tektronix TA29 amplifier plug-in
with option 4 features a variable delay (£500ps), which is useful in adjusting the

synchronization between input and output signals in optical bistability experiment.

(E) Fabry-Perot Interferometer

In the O.B. experiments, a Fabry-Perot interferometer is used with a nonlin-
ear optical material inserted between two mirrors. A standard Fabry-Perot interfer-
ometer operation is described here. The Fabry-Perot interferometer(271 (28] consists
of two parallel mirrors mounted on a super-invar bar supported base. The cavity
length, or the mirror spacing, is adjustable by moving one mirror along a super-
invar bar. The finsesse of the Fabry-Perot interferometer is affected by a couple of
instrument parameters. That is, the iflverse square of instrumental finesse is given
as a sum of inverse squares of the reflection finesse, mirror flatness finesse, and pin

hole finesse.
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The reflectivity of the mirror determines the reflection finesse, Fr= 2r/¢
= n\/ﬁ/_(l———R). When absorption occurs inside the cavity, it can be taken into
account by redefining an effective reflectivity, R, = R x exp(—aL). The mirror
flatness finesse, F r, is simply M/2 for a mirror with the flatness of A/M. The pin
hole finesse, Fp, is determined by the power of the collimating lens and the pin
hole diameter; that is, Fp = AM{€/D€, where D is the pin hole diamter, f the

focal length of collimating lens, and d the cavity spacing.

For a given fixed cavity length d, the free spectral range (F.S.R.) of a F-P
interferometer is given as c/2nd, where ¢ is the velocity of light, n the refractive
index of material inside the cavity, and d the cavity spacing. The instrumental
linewidth (¢) is the ratio of F.S.R. to the finesse. Thus, a large finesse correpsonds
to a smaller instrumental linewidth, or higer resolution of the instrument. For a
given finesse, the instrumental linewidth can be reduced by reducing the F.S.R., or
by simply increasing the cavity spacing, d.

A piezo-electric transducer (PZT) allows a fine control of the mirror position
(2.21u/1000 V). A PZT itself has a hysteresis behavior between the position and
the applied high voltage, which has to be taken fully into account when an absolute
position of the mirror is measured. By applying a high ramp voltage across PZT. a
Fabry-Perot interference pattern can be scanned. A typical interference pattern is

shown in Figure(6.8).

A Fabry-Perot interferometer can be used not only for optical bistability
experiments, but also for nonlinear optical interferometry experiments(?? ~i3%] a5
shown in Figure(6.9). An intense, pulsed, pump beam induces an intensity depend-
edent refractive index change, resulting in a temporary phase shift. The resulting
shift in the Fabry-Perot interference pattern can be. probed by a CW probe light
source. Since a transient Fabry-Perot interference pattern is difficult to observe, it
is important to employ a pump laser having a pulse duration longer than the cavity

round trip time.
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6.5.2 Experimental Layout

The optical bistability experimental layout (Figure6.10) was basically the
same as the arrangement used for measuring the dispersion of saturable absorption.
The laser output was partially reflected by a pellicle beam splitter to a reference
silicon detector, and the transmitted beam was tightlv focused on the thin film
which had been spin coated directly onto the front mirror. The output fringes were
collimated and passed through a 300 pgm pinhole, and a sample silicon detector
monitored the intensity at the central part of the Bull's eye interference fringe.
Silicon PIN photodiodes were used for reference and sample arms, and the out-
put intensity versus input intensity was directly displayed on a 1 GHz oscilloscope
operating in the x-y mode and externally triggered. At nanosecond time scales,
initial measurements were attempted at 813 nm using the output from the Nd:YAG
pumped methane Raman cell as the laser source, but later, more stable amd smooth
pulses at 799 nm from a single-mode pulsed Ti:Al; O3 laser pumped by a frequency
doubled Nd:YAG laser were used.

The free spectral range of cavity spacing bewteen two mirrors was set at 2.3
GHz. The 752 nm line of C.W. Kr* laser was employed to align Fabry-Perot inter-
ferometer. After the alignment of Fabry-Perot is asssured, Ti : 4l,O3 laser output
was gradually focused by f = 2.0m lens and passed through the pin holes to follow
the same beam path of Kr* laser. The maximum incident light intensity at the
front mirror of Fabry-Perot was 160kW/cm?. The light intensity was controlled by
the variable neutral density filter in front of the polarizer. Silicon PIN photodiodes
were used for reference arm and sample arm, and the signal, i.e., output intensity
versus input intensity, was directly displayed on the 1 GHz oscilloscope in X-Y mode

with external triggering.

6.5.3 Measurement and Analysis

The SINC thin films were simply spin coated as a wide area (2 - 5 cm In
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diameter) films of approximately 80 nm thickness on the front dielectric mirror of
the Fabry-Perot interferometer (Burleigh RC-110). The free spectral range of the
cavity was adjustable and set at 12.5 GHz. Initial cavity detuning was adjusted by
varying the h.... voltage applied to PZT annular ring that held the output mirror
(the PZT had total motion of 2.21 pum/1000 V), and when this output mirror was
scanned, a Fabry-Perot interference pattern with a finesse of 2 was obtained with

the sample in the cavity. Refer to Figure(6.11).

Figure(6.12) and (6.13) shows the bistable hysteresis behavior observed when
40 ns pulses with intensity 160 kW /cm? at 799 nm were incident on the nonlinear
F-P. We found that for zero cavity detuning (¢=0.0) (Figure(6.12)) the bistable
behavior was the largest, while when the cavity was detuned (¢=m) (Figure(6.13)),
the shape of the hysteresis curve changed and the effect became much smaller.
In each case, the data were reproducible through many cycles of increased and
decreased incident light intensity. Further, the data were also reproducible when
focussing at different areas of each film sample. This kind of initial cavity detuning
dependence is typical of absorptive OB, which results from saturable absorption
and a subsequent change in the loss of the F-P cavity, enabling higher transmission
than is possible at low light levels. However, the greatly reduced effects observed

for nonzero cavity detuning indicate a very small dispersive contribution.

The incident laser wavelength was moved to 780 nm corresponding to near op-
timum conditions for possible dispersive contributions to the bistability. The same
measurements were repeated, and under all conditions no bistable behavior was
observed (Figure(6.14)). The absence of any bistable behavior at 780nm, where a
large dispersive effect is expected from the Kramers-Kronig relation analysis, means
simply that the relatively broad Q-band is not one single homogeneously broadened
line but an inhomogeneously broadened envelope for many homogeneous lines. and
supports the microscopic picture of the glassy polymer SINC film introduced in

Chapter 4. Thus, near maximum saturable absorption at 810 nm, naphthalocya-
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nine thin films exhibit primarily absorptive optical bistability at nanosecond time
scales. The above analysis is based on steady state conditions for optical bistability
because of the relevant time scales (pulse width: 40ns; relaxation time: 3ns; and
cavity roundtrip time: 1ns), but transient effects may also play some role in the

observed hysteresis behavior, which continues to be examined in on-going studies.

Since purely absorptive optical bistability is rarely observed, a systematic
series of studies of possible thermally-induced refractive index changes in the thin
films were performed as a function of increased pulse duration from 107¢ to 2 sec-
onds. The laser source used in these studies was the AOM chopped, Spectra-Physics
CW ring dye laser described above. Refer to Figure(6.15) for the experimental lay-
out. Figure(6.16) shows an example of the optical bistability observed; the pulse
width was 2.0 sec and the duty cycle 20%. When the cavity was tuned on reso-
nance with the incident light wavelength (¢=0.0, lower right in Figure(6.16)), no
hysteresis loop was observed, indicating the lack of an absorptive bistability effect,
and this was true even when the dye laser output frequency was resonant with the
linear absorption peak of the sample. However, for a negative ¢ (-1.0, left in Fig-
ure(6.16)), bistable hysteresis with a counterclockwise circulation was observed, and
for positive ¢ (0.75, upper right in Figure(6.16)), the bistable hysteresis had clock-
wise circulation. With the pulse width and the resonant wavelength near the linear
absorp*ion peak of 810 nm, the bistable behavior is due to a thermally-induced
dispersive intensity dependent refractive index change. Most importantly, this be-

havior is distinctly different from the fast pulse bistability observed at nanosecond

timescales.

The bistable loops do not show a complete switching on and switching off.
The reason for this is that eventhough the resonant n, value of the naphthalocya-
nine oligomer is fairly large, the film thickness (80 nm) is so small that the nonlinear
phase shift experienced by the light inside the etalon is not large enough for com-

plete switching to occur. According to the Ginzburg-Landau potential description
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of O.B.of Chapter 2, the magnitude of hysteresis effect depends on a number of
the physical parameters. Among these paramters, the cooperativity C is the most
important factor in determining the size of the hyteresis loop. In our experimental
conditions, the cooperative value C is approximately 10 corresponding to the con-
ditions shown for Figure (2.16). As can be seen from the figure, these conditions
lead to a relatively low contrast loops as observed. Current experiments in our
laboratory are focused on this issue and measurements are being performed as a

function of film thickness, optical density, cavity length, and pulse widih.
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Figure Captions; Chapter 6

Figure 6.1; Electromagnetic Wave in Fabry-Perot Interferometer

Figure 6.2; Transmission Function of a Fabry-Perot Interferometer

Figure 6.3; Contour Diagram for Optical Bistability (A = atomic detuning, o =
initial cavity detuning, C = cooperativity)

Figure 6.4; Ti:Sapphire Laser Oscillator Design

Figure 6.5; Multi Longitudinal Modes from Ti:Sapphire Laser

Figure 6.6; Single Longitudinal Mode from Ti:Sapphire Laser

Figure 6.7; SHG YAG Pumping and Single Mode from Ti:Sapphire Laser

Figure 6.8; Fabry-Perot Interference Pattern for an Empty Cavity

Figure 6.9; Experimental Layout for Nolinear Interferometry

Figure 6.10; Experimental Layout for Optical Bistability Experiment

Figure 6.11; Fabry-Perot Interference Pattern with Sample inside the Cavity
Figure 6.12; Absorptive Optical Bistability with Zero Cavity Detuning

Figure 6.13; Absorptive Optical Bistability at Cavity Detuning

Figure 6.14; No Optical Bistability at Either Cavity Detuning at Maximum Refrac-
tive Index Change

Figure 6.15; Experimental Layout for Optical Bistability Experiment; Long Pulse
Regime

Figure 6.16; Thermal Dispersive Optical Bistability at with Long Pulse Duration
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Transmission Function of a Fabry-Perot Interferometer

Figu;e 6.2
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Contour Diagram for Optical Bistability
(D= atomic detuning, f, = initial cavity detuning, C = cooperativity)

Figuré 6.3
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Multi-Longitudinal Modes from Ti:Sapphire Laser

=

Figure 6.5
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Single Longitudinal Mode from Ti:Sapphire Laser

Figure 6.6
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SHG YAG Pumping and Single Mode from Ti:Sapphire Laser

Figure 6.7
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Fabry-Perot Interference Pattern for an Empty Cavity

SU=  4>508=
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Experimental Layout for Nonlinear Interferometry
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Experimental Layout for Optical Bistability Experiment
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Fabry-Perot Interference Pattern with a Sample inside the Cavity
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Absorptive Optical Bistability at Cavity Detunlﬁg
Qutput Power
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CHAPTER 7
CONCLUSION

The presence of large oscillator strength w-electron bands in the visible and
near ultraviolet characteristic of conjugated quasi two dimensional structure pro-
vides attractive conditions for studying resonant y(®) processes, especially in ph-
thalocyanine related structures. A physical model for the thin film that a mi-
croscopic composites system of molecular optical sites distributed in a TLS glass
random medium is presented. The resonant nonlinear optical properties of homo-
geneously broadened lines contained in the inhomogeneously broadened Gaussian
envelope were directly investigated by a standard saturable absorption measure-
ments. These results showed for the SINC films that saturable absorption occurs at
the peak maximum of the low-frequency Q band near 810 nm with essentailly zero
unsaturable background absorption and that on-site w-electron excitations of the Q
band in individual molecular sites are responsible for the large resonant nonlinear
optical response n; of 1x10™* cm?/kW at 810 nm.

Optical bistability is a quantum optical example of a first order nonequilib-
rium phase transition. A nonlinear optical material contained in an optical cavity
driven resonantly by an external coherent optical field undergoes a first order phase
transition to a new nonequilibrium stationary state of broken symmetry. A care-
ful experimetal study of optical bistability in thin film etalon demonstrated that
near the peak maximum of the saturable Q band centered at 810 nm. SINC thin
films exhibit primarily electronic absorptive optical bistability at fast time scales
(nanoseconds). At long time scales (seconds), thermally induced dispersive bista-
bility occurs. which is entirely different and distinct from the observed fast time

behavior. .

o
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Appendix 1. Second Quantization Expression of Maxwell-Bloch

Equation

The vector potential for a electromagnetic field is expressed in a second quan-

tization form as follows.

. 2rh . (.
A(z,t) = Z ,/V’;X c(blarne(wtmrz) 4 pyaqetletmre)) (AL.1)
A

The atoms are described by the wavefunction |¥,) and |¢,) when in the excited

and the ground state respectively. In the second quantization the atomic state at

postion z, is described by aL and a,,
1) = alive), %) = auivh) (41.2)

According to the minimal coupling

e _ - e 2 - -
Hine = P A= —ﬁ;\/ hwa(t/n!eA ® pjv2) (41.3)

The Hamiltonian of the system composed of a field and a matter in the dipole

approxiamtion is

H =Y hoablbr+ D heala, +£) (hy,alb, +hec) (A1.4)
A » BA
where
e 2w - -
h,_“, = —; thV<wl(e’\ .ﬂ‘lﬂz) (‘410)

According to the Heisenberg equation of motion

db!
d_; = iwybl + iz he,al (41.6)
. [
da! ‘ ' _
< _—:u:aL —th“ybxa“ (AL.7)
A
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oy = aLa“ - a“a.L (A1.8)

The above equations are true when there is no optical pumping. If the external
driving field is present, the population inversion ¢, is not a constant but time-

dependent.

d 1 ‘
_;.ti = ~ (04 = 00) + 2i(a, Y huabl — hc) (A1.9)
A

For simplicity we assume that the F-P cavity support only one single mode resonant

with the atomic frequency.
Wy =w=¢ (A1.10)

Introducing the harmonic time-dependence, the Maxwell-Bloch equation reduces to

1
R T (A1.11)
n
-Ei_ = —Ea# - lh“b Tu (A112)
‘.ig_t‘: - -117(% ~ 00) + 2i(h,a,b! — h.c.) (A1.13)
1
Reference

Haken, H. and Sauermann, H., Z. Physik 173, 261 (1963)
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Appendix 2. Nonlinear Optical Response

Now the interaction Hamitonian is known as Eq(Al.1). Adopting the con-

vention for the electric field as follows,

—

E(t) = Re{éce™ ™'} = %é(ee“"‘” — e (A2.1)
The dipole moment induced by the external field is
Pit) = [P (E (- e
+ /ow X (r, 7' )Ej(t — T)Ei(t — 7')drdr’

+/ Xi;ZI(T’T,’T”)Ej(t - 7)Ee(t — T)Ei(t — 7" )drdr'dr"
0
+... (A2.2)

Here the induced dipole moment is a real quantity and the external field is real,
hence, the response function x{!(t) is a real quantity. First we consider the linear

response. Define the Fourier component of the polarizability.

o
W)= [P mem ey (42,3
0
From the definition itself it follows one important property of the polarizability.

@) = P (-w) (A2.4)

In the physical process we are intersted in the light frequency of the dipole radiation
from the induced dipole moment. We need to calculate the Fourier components of

the induced dipole moments.
PO = [ POE( -y
0
w .
=/ x((7)Refe;e "D} dr
0
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1 [ w(t=1) (tmr)
—_— —~tw(t—-r s _+itw(t—7r
_5/ XzJ ( )( +€je )dT

1 . ,

23‘2_‘/ XE;)( e I Tdw'(¢; e Wt €;e+“"('—"))d1’

1 | |
:;)— / dw' x;] ) je-xuté(wl _ CU) - XE;)(W’)€;€+'Wt5(w’ + u))]

1
=§[Xij (U-’)EJ —iwt + X(l)( LU)E‘ +uutj
_Re{x( ( )EJe—zut} (A25)

That is,
PPw) = X} (~wiw)ey (A42.6)

This relation describes most of the linear optics phenomena. Now the problem

has been reduced to calculating the microscopic susceptibility X( )(—w;w) from the

microscopic description of the system.

Let’s go to the second order processes. We follow the identical steps allowing

upto the 2nd orders. The Fourier components are

2 2 iw ] -
Xim(w,wa) = / X3t t2)e™r B 1t d (42.7)
0

Pi(z)(t) =/ XE;:(T,T’)Ej(t — 1)Ei(t - r')drdr'
0

1 1 —iwlr —iwl
=) [ Xk i

1 —{wy+w
=(2) [XE:Z(M,wz)ejs,,e (wi+wsz)t

+fo,),( —wy,wy )€ Eke

(2)
+X|]k(w1 ’ w;)e,s,‘e

2 e i
x(l]:( —Wi, —W2)€]ske+‘( '1+W3)t]

—i(—witwsy)t
+i(—witwy)t

_—.—R {X,Jk(—‘W] - W2;w1,w2)€j(wl )Ek(wz)e—i(w1+u:)t

+X£,Z(W1 — wy; —wy,w2)€; (wy )ek(wz)e—'(—”‘+“”)‘} (A42.8)
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Eq(A2.8) describes the 2nd order nonlinear optical processes. For the degenerat=
photons, it represents the second harmonic generation and the optical rectification,
and for the non-degenerate photons, the sum frequency generation and the difference
frequency generations are possible. Similarly, in a 3rd order process, the Fourier

compornents are

(e o)
x’,jﬁz(m,uz,%):/ Xt o, ty ) e e s d i iy (A2.9)
0
(3) 1., (3) ey )t
P () =(§) Re{Xijkz(_Wl — w2 —w3iwy, w2, w3 )Ej(wy )er(wr)er(ws)e

(3) —i(—wtwa+ws)t
:

X k(W1 — w2 —wii —w,we,wa e (W )er(wz )ei(ws e

(3)

+X;’jl¢1(_w1 +wy — w3 wy, —we, w3 ) (W) )EZ(Wz)Q(Ws)e_i(ul_wﬁw’)t

-+-x$;z,(—u1 ~ wy + w3 wy,we, —w3 )€ (wy)ek(wr)e] (w;;)e-i(“’”"""‘”’)t}

(A42.10)

The 3rd order prcesses are very interesting, and we can have nonlinear phenomena
that are not realizable in the 2nd order processes. Before we discuss the individ-
ual nonlinear processes, we consider the svmmetrical porperties of the nonlinear
susceptibility tensors.

First, for a non-dissipative system the susceptibilities are symmetric under
the permutation of the tensor indices with the tensor arguments permuted similarly.

For example,
(2) . _ (2) .
Xijk(—““""l’“’?) = Xlkj(—whwﬁwl)

(3) . _ . .
X;‘J‘k[(_wdawlv"‘n,“}J) - K;kj[(“w4sw2,“}17“"3)

(3) ] (3) ] ,
= xa,‘j(—w‘,,w;,wz,wl) = Yuzk(“wuw],ws,wz)

3) (3}
= Y{Uk(—“’ﬁ“’h“’hw?) = szlj(—“)‘i;w?’“":!"“"l) (42.11)

The above symmetry can be seen easily from the symmetric property of xifl(r,r')

(3)

and X ki

(r,7',7") in Eq.(A2.2). The symmetric property can be extended to the
q P
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index i, which is an important property of the nonlinear susceptibility tensor and

can be proven by the energy conservation consideration in a non-trivial way.

(2) L _ . {2) .
Xg]k(—w:l’“)l’wz) - X‘];k(wl! _“’)3?“‘12)

Yijlz(—wudh*’%*\'&) = X(Jf;lz("’l? —wy, w2, ws) (A2.12)
Eq.(A2.11) and (A2.12) lists most of the intrinsic symmetry properties of the non-
linear susceptibility tensors, and the independent number of the tensor components
in a particular nonlinear process can be reduced by imposing this symmetry rules.

Secondly there is another syinmetry relation called the Kleinman conjecture,
which says that in the far off-resonance regime, the nonlinear suceptibility tensors
are completely symmetric, i.e., symmetric under the permutation of the tensor
indices with the tensor arguments fixed. This is a very strong symmetry rule,
and can be seen from the static limit of the nonlinear optical response, where the
distiction between different frequencies, w; w;,w3,wq, vanishes. But in real systems,
there exists a slight dispersion even at the far off-resonant regime; therefore, the
Kleinman symmetry does not hold rigorously.

Thirdly, we can list the symmetry property of the nonlinear susceptibility ten-
sors under the point group. Physical systems, in general, possess a spatial symmtry
which can be expressed in terms of a point group, and the nonlinear optical response
of the system should obey the same symmetry governed by the point group. From
the tensoriai '-~nsformation property under a particular point group operation. a
relation between the tensor components can be obtained, and the independent com-

ponents can be found for a general nonlinear optical processes. For example, in an

isotropic medium,

(3) . (3) .
‘(111,(—#4.~d1-~d2~~03) = ‘(,m(—dq-whdz,u}s)

3 , N ,
11220 ~¥a Wi, w2, W) = x””(—w.,,.ul,.uz,wg)

(1) 13)(

g1z —waiwrwaowy) = v, (—waiwy W, wy)




(3)

X1221(—wejw1,w2,w3) = XE;J)'i('W4:W1,w2,W3)
X(131)11(‘W4§“’1a“-’2aw3) = x(132)12(—w4;w1,w2,w3)
'T‘X(lz)zl(‘%ﬁwl,wz,ws)
+ X(131)22(“w4;w1,~02,w3) (A2.13)

Now let’s consider an individual 3rd order process. For example, if there is
only one frequency of photons, i.e. w; = w; = w3 = w, we have the third harmoric

generation and the self-focusing processes as examples. For self-focusing we have

w) 1
P‘_( ) —_—Z{xstz(—W: —w,w,w)ej(w)er(w)e(w)

L, (3) .
X —wiw, —w,w)ej(w)e (w)er(w)

3 - —-—lw
-,‘-xﬁj,ll(—w;w,w, —w)ej(w)er(w)ef (w)e ™" (A2.14)
In another example of the optical Kerr eflect, we have w; = w3 = w, wy = ',

w' 1 . 4
P =il —w, 0 w)e (@ )en(w)ei(w)

.‘-xtjzl(—w'; w,w', —w).ﬂ:](w)e‘;(w')sz(w)}e-i“’lt (A2.15)
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Appendix 3. Canonical Transformation of Interaction Hamiltonian

Here we show the equivalence of the minimal coupling formed by replacing

the momentum p with p — %-I to the dipole interaction Hamiltonian defined by

—pge E.
H=—(5- 247 + V(2)
T 2m P= 3 T
= . 2
=P L ve)- L Ao+ _ded (43.1)
2m mc 2mc?
Hamilton's equation of motion for the Hamiltonian is
dz . OH p e -
i =L£_" ] ,
;=" op m me (43.2)

—-m# - V(z) + z-a?uf (A3.3)

Since the equation of motion is invariant evenif the Lagrangian is changed upto a

total derivative of an arbitrary function, we transform the Lagrangian by adding

2(25e A).

T dt

L(Z,7) =L(Z,7) - dit(fz. A)
c
=g;mz - V(z) - z(:c o Ft—) (A3.4)

Now we make the Legendre transformation back to get the Hamiltonian. The

. — . —..
canonical momentum p conjugate to 7 is

o (43.5)
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The new Hamiltonian is

s P _m Py €z, 4

_.pom 2(m) +Vi(z) + (.‘codt)

P Lo e d4

_2m + V(:c) -+ c.’l: ] _dt (.‘136\

The vector potential 4 is a fuction of time and space, and the total time derivative
1s given as

dA 04 - -

— =——+(ve V)4 A3.7

The electric field can be expressed in terms of the vector potential.

= 1
-2

-5 (A3.8)

In the dipole approximation the vector poteniial has no spatial dependence, i.e.,

Eq.(A3.7) is related to the electric field.
dA 94 .
— = — = —~cFE A3.
i ot ¢ (43.9)

Plugging Eq(A3.9) into Eq(A3.6), the total Hamiltonian in Eq(A3.6) is

—q -
BE ) =2 +V(e)-ezoE = Hy + Hi(2) (A3.10)

Hi(t)= —ece E(t)= —Ze E (A3.11)
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Appendix 4. Orthogonal Transformation of Bloch Equation

Here we present another way to transform to the rotating frame. In the

rotating frame of reference where Q¥ is stationary.

d i - W 44.1
dt dt Y (44.1)
H =0HO™!
.Uz 1 ~ .Yz
=exp(z%0)§(1 +hQF e a)exp(—z%—ﬂ)
=%I + 7’1exp(i%’-O)(Q*'Fd+ +Q Foe + Qopaz)exp(—ig{-ﬁ)
=%1 ROt £ QFem 0 4 0% g,) (44.2)

where the Pauli matrices are defined as follows;

0 1 0 —: 1 0
a,_(l O)’ cry—(i 0), az—<0 __1) (A44.3)

1 . 0 1 -1 : 0 0
+_ 2 ] = (g, — =
ot = 2(0, + 10y) (0 0) , o 2(0, i0y) (1 0> (44.4)

The last step in Eq(A4.2) follows from the transformation properties of ¢™ and o~

under the rotation along the 3-axis.

Oc*t0~! = exp(i%z-e)a+ exp(—i%ﬂ)

=(cos 5 + 10, sin g)a+(cos g — 10, sin g)
=ote"? (A4.5)
00~ 07! =g~ (A4.6)
since octo, = -0", o0 =a"
o o, =07, 0,0 = -0~ (A4.7)
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Noting
Qes
=Qz0; + Qyoy + N0,

=Q (07 ~07) = (=1)Qy(c7 —07) ~Q.0,

r-dir4

=(Q, —1Q,)e" ~ (Q: ~ Q)0 ~ N0, (A4.8)
N fF=q,- i), = —Kccoswt — ikesinwt = —kee " (A4.9)
QF=q,+ i, = —Kecoswt — ikesinwt = —kee ™t (A4.10)

and substituting Eq.(A4.9) and (A4.10) into Eq.(A4.2) leads to the same result as
Eq.(3.5.23).
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Appendix 5. Linear Response Theory

We review the linear response theory. The total Hamiltonian is
H = Hy - pE(t) (A5.1)

The eqution of motion for the densty matrix is

ih?% = [H,p()] (45.2)

Now we suppose that the interaction is much smaller than the unperturbed Hamil-

tonian Hy, and we expand the density matrix in the small quantity.
p(t) = po + ép(t) (45.3)

Then the equation of motion for the change in the density matrix is

- 900()

5 = Hobp(t)] = E(t)[p, po] (A45.4)

To make the calculation easier, we introduce a Liouville operator L.
LA =[H,A] (A5.5)

In terms of the Liouville operator the equation of motion for the density matrix is

L, Op(t)
1’17 = Lp(t) (456)
., 08p(t . -
h gt( ) = (Lo + La)(po + 5p(t)) = Lo&p(t) + LaPO (A5l)
With the initial condition that
p(t = —o0) = po (A5.8)
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Eq.(A5.7) can be solved in a straightforward way.

. .
-1 —t(— —1 Yy .La.
p(t) = e tLolt=t==N/hg 5 o) -+—/_ dt'e Lot ‘)/h(—-z—h—)po

e <]

= [ dte O B (), o
/ dt'[—pu(t —t'), po  E(t') (A5.9)

Now let’s consider the change in the dipole moment due to the interaction. The
change in the dipole moment can be accounted for by the change in the densty

matrix.

bp(t) = Tr{ép(t)n}
- % /_w dt'Tr{{u(t — '), po]u} E(t')

- / A Tr{plu e~ £ ECE) (45.10)

The susceptibility is defined

=/ dt'x(t - £)E(t) (45.11)

We find that _
x(t) = = = Tr{polu, u()]} (45.12)

The Fourier transform of the susceptibility gives the information on the spectral

structure.
w .
x(w) = / x(t)e'tdt (45.13)
0
Let's look at the imaginary part of the susceptibility which is related to the dissi-
pation of the system.

L}

(w) = /0 dt sin(wt)x(t)

1

-1 / dt sin(wt)Tr{plu, u(t)]}
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= %/0 dtsin(wt)Tr{pup(t)} —/0‘ dtsin(wt)Tr{pp(t)u}

. poo 0
= -;;/0 dtsin(wt)Tr{pup(t)} +/_°° dtsin(wt)Tr{pu(—t)u}
=+ | _dtsintn)Tr (ot}

= —;L—Im/ dte™* Tr{ppu(t)}
where the following identity has been used.

Tripu(-t)u} = Tr{pe-iHot/hlue+iHot/h#}

=T7‘{p.e+iH°t/h,up0e—iHot/h} — TT{p,U./J,(t)}
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Appendix 6. Formal Solution for the Line Shape Function
We find a formal solution for the line shape function.

Flo) = 1Re/ dte™' C,.(1)
0

T

1 o -
= —Re/ dte' ' Tr{z*e L pz*}
0

m

1 s 1 )
= ;ReTr{z I——pT }

= —-l-ImTr{z:’ ! (1+ M(w) ! jpz’} (46.1)
T w— Ly w— Ly
where the identity of operator has been used.
1 ! \
w—-sz—Lo(1+l (w)w—Lo) (46.2)
with
1
M(w) =L, + L, M(w) (A6.3)
w - Lo

From the initial conditions Eq.(4.3.25) the densty matrix of the bath appears only in
the inteaction Hamiltonian, and the Liouville operator for the unperturbed Hamil-
tonian changes to the Liouvilles operator for the system only.

1
w— L

7 (1 + (M(w))

W-Lo

F(w) = —;I;ImTr’{zz‘ p'z'} (A6.4)

where the operator M(w) containing the interaction Hamiltonian appears as an

average value over the bath variables.

(M(w)) = Tr*{M(w)p"} (46.5)
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Appendix 7. Intersystem Crossing in a Many-electron System

Now let’s look at the selection rule more carefully. In a polyatomic molecule
we have more than one center ion, therefore we have to consider the interaction of
each electrons with all the different centers.

N 1 oV(r -
2m2c2 Z Z Br,k ik o Sk

Tik

—ZAlos,—ZH' (47.1)

=1

For a multi-electron molecule the wavefunction should be properly antisym-

metrized. For example the singlet state is expressed in Slater determinant.

V2

and the triplet states are

S = — ( (filledMO)aa, b3, | — |(filledM O)aB ba:i) (AT7.2)

T+ =|(filledMO)aa;caz|

i
V2

J

(;( filledMO)aascBa| + filledMO)aBlcagi>
=i(filledMO)aB; c5| | (47.3)
Let’s look at the matrix element between S, and Tj“.
(Sk|H'\T)
=5 laasbs | - aBsbal | H' (o caz)

=-\—}_—2-((aalb/32|(H;+H£)|(aa,co<2)) (aazbB31|(H; + Hj)|(aaycaz))

— (afrbaz|(H, + Hy)|(aaicaz)) + (aBzbayi(Hy + H;)}(aalcaz))>

1
=— ((acn jaa1)(b3:|Hj|caz) — (b311Hylaay)(aaz caz)

V2
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— (afy|H} laa1){baz caz) + {ba{aaﬁ(aﬁﬂH%lcaﬂ)

(bﬁle:,_z -~ H;: - H'zz?cag)

MI'_‘ &l“

G

v

.k A
(<b~‘421,,c>§ - <b§_421y;c>l?>

1
ZE(WH"“& - i(biH{yEc)) (AT.4)

In the same way,

(Sk|H'|T)
= — (blAzlz,¢)

o S

-1
n
—

= - (blH}, ) (4
(SWH'IT;)

(—(blAzz:,m% + <b|Azly.1c>f§>

%\"“ §|"‘

(—(b\H,’g]c) + i(blH{,\c)) (A7.6)
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Appendix 8. Kramers-Kronig Relation

From causality and the linear response theoy we can get the Kramers-Kronig

(K-K) relations. The relation between the real part and imaginary part of the

dielectric constant €(w) satisfies the following Kramers-Kronig relation.

e(w) = €(w) + 16" (W)

el(w)_lzlp/oo 6”(13)‘1:

™ L — W/
1 [ <] ! -
€Il("") —_ - ;P/ e(_z)___ldx
—oo I — W

Or, in terms of the susceptibility

w) =1+4rx(w)

Y (w) —IP/OO x"(:z:)dz

T Ji T —W

‘\n(u)) - _ %P/ X (I) dzr

o T W

(A8.1)

(A48.2)

(A8.3)

(A48.4)

(A8.3)

(A8.6)

Now in order to change the integration intervals we make use of the symmetric

properties of the dielectric constant in frequency domain.

Taking a Fourier transformation to the time domain,

D(t) :/?o D(w)e™*“"dw

— 00

E(t) =/°° E(w)e ™ *'dw
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(A8.7)

(A8.8)

(48.9)




Since D(t) is a real function,

D*(¢) :/w D™ (w)e™*tdw

=_/ D*(~w)e "' dw

:/ D" (—w)e = du

:th) (A2.10)
Therefore
e (—w) = e(w) (A8.11)
€(w) —ie"(w) = €(-w) — i (-w) (A8.12)
Or,
lw) = (), €'(w)=~€"(~w) (48.13)
(@) =x'(-w), x"(w)=-x"(-w) (A48.14)

In conclusion € is an even function of w, while " is an odd function of w.
Now using Eq.(A8.14) we can get another form of Kramers-Kronig relation.

x'(w):lp/ X (I)d:c

m r — W

- 00

=%P/ X(I)2+wd2

T —WwZz+w

o0 " 3 o0 "
:lP(/ IX (x)d:t+/ X (I)dz)
e feo T W oo T —wW
2 oo I’(
:_p/ X ‘z)zdz: (A8.15)
T 0 I — W
and,
2 e o] w !
(w) = ——P/ X(z) (A8.16)
7:. 0 1:' —u)2

Eq.(A8.2) and (A8.3) are 2 pair of K-K relation, and Eq.(A8.5) and (A8.6)

are another pair. The integration interval can be changed to (0, ) leading to a
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K-K relation Eq.(A8.15) and (A8.16). There exist another form of K-K relation
between the imaginary and the real part of the linear refractive index. This is the
most useful relation enabling one to get the frequency dependent refractive index
from the linear absorption curve. We make use of a linear relationship between the

magnetic fleld and the electric field.

H| = VeE|l=n|E| = (n+ir) E| (48.17)
Let
n(w) = n(w) + ik(w) = Ve(w) = Ve +ie” (A48.18)
¢ =19t —Kk? ¢ =2k (A8.19)
2 T zx() ,
nw)—-1= ;—/ o R— dz { A8.20)

Now the absorption coefficient a(w) is related to the imaginary part of the refractive

index x(w).
a(w) = 2x(w)= (A8.21)
c
Substituting Eq.(A8.21) into Eq.(A8.20) leads to
)-1—5°° az) 4 (A48.22)
e N A )

0
Now we look at the qualitative behavior of susceptibilities from the K-K rela-

tion. From Eqs.(A8.15),(A8.16) we can get a qualitative properties of the Kramers-
Kronig relation. Integrating Eq.(A8.15) (A8.16) by parts,

o0 e [ <] n
/ 2= "(z)dz =In|z? ——wzix"(z)] ~/ In jz? —uzldx (z)d::
0 0 dz

2 — 2%
0
o0 d n
=+/ I 1“)2( Xdi ) 4 (48.23)
* 2w z+w,dx'(z)
/0 zz_wzx(x)d:c-—lnl .x(z] z—w‘ = dz
(e o} w )
=~/ lnlz_w| dz dz (48.24)
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where the first term vanishes from the boundness of physical fields.

, _l (> <] dX”(Z) 1
X (w) == /; T ln 27 = u.)2)d:z: (A8.25)
1 o0 !
X'(w) =~ = / 2) 125 g, (A8.26)
T Jo dr z—-w

Since both the logarithmic function in the integrand have peaks at z = w, which
means that the derivatives of susceptibilities at £ = w have the most of the contri-
bution to the integrals. Or in another words x'(w) peaks at the frequency where
x"(w) has the largest positive slope, and x"(w) peaks at the frequency where \'()

has the largest negative slope.

For example, for the Lorentzian absorption curve,

n A -
X (w) = T (A8.27)
(v —wo)? +(3)°
2
the real part of susceptibility peaks at
1T
w=w0i7§§ (A8.28)
For a Gaussian absorption curve
22
x"(w) = xoe™ o7 (48.29)
the real part of susceptibility peaks at
w +Z (A48.30)
=Wy = —= Ad.
V2

For a Lorentzian absorption line shape the Kramers-Kronig relation is trivial and
the real part and imaginary part of the complex refractive index satisfies the K-K
relation trivially. But for the Gaussian absorption line shape it is not trivial to
find the real part of the complex refractive index. The Gaussian lineshape has been

studied long ago in the development of NMR.

x"(w) = xoweTpe~ T2 (wo=w)?/= (A48.31)
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then

where

X' (w) = xowo T2

v

Ty (wo — w)

—

vT

F(z) = e / e’ dy
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(A8.32)

(A8.33)
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