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Chapter 1

Motivation and Introduction

Fundamental concepts and various mechanisms responsiblefor optical limiting
in various classes of materials are described. The materials chosen for the present study
and the motivation for choosing these materials are explained. Chapter wise division of
the thesis is given.

11 Optical Limiting

Lasers have caused revolutionary changes in many fields of science and
technology. Since 1960, six orders of magnitude, from 10™ to 10" seconds,
have been added to time-resolved observation of fag phenomena. New subfields
of science, including femtochemistry and femtobiology, have been created. In
addition, the domain of power flux densities has been extended from 10'2to 10"
Wem? by the use of short focused pulses. This has given experimental access to
new phenomena, including ultrafast phase transitions in electronic structure,
above-threshold ionization of atoms, and high-order harmonic generation and
acceleration of relativistic electrons by light pulses. Some representative
examples of transient Ramaen scattering and of impulsive and displacive
excitations in molecules and crystals illustrate the usefulness of picosecond and
femtosecond pulse techniques [1]. Even though lasers revolutionized mgjor
fields of science, the dramatic advances in semiconductor and solid-state lasers
that are far more portable, compact and efficient are finding application in the
relm of laser weaponry [2]. High-power diode-pumped solid-state lasers
promise the military the same advantages they offer industry. With such an
advent of high power laser sources over wide range of wavelengths and pulse
durations, the necessity for protection of sensors and eyes has enormoudy
increased over the last few years. In this context, optical limiters have received
significant attention. An ided limiter exhibits a linear transmission below a
threshold and clamps the output to a constant above it, thus providing safety to
sensors or eye.  The minimum criteria identified for a materia to act as an
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effective optica limiter are (1) Low limiting threshold and large dynamic range
(2) High optical damage threshold and stability (3) Sensitive broadband response
to long and short pulses (4) Fast response time (5) High linear transmittance
through out the sensor band width, optical clarity, and robustness [3]. Wide
verietiy of organic and inorganic materials are being studied to achieve efficient
optical limiting [4]. Various approaches have been developed towards better
optical limiting based on, eg., eectro-optical [5], magneto-optical [6], and dl-
optical [7] mechanisms. The all-optical limiters rely on materials that exhibit one
or more of the nonlinear optical mechanisms. Two-photon absorption (TPA),
Excited State Absorption (ESA), Free carrier absorption, Therma defocusing and
scattering, photorefraction, nonlinear refraction, induced scattering [8]. Coupling
two or more of these mechanisms has aso achieved enhancement in optica
limiting, like self-defocusing in conjunction with TPA [9], TPA of one molecule
with ESA in another molecule [10]. Different experimental geometries like
cascaded limiters [11] are also studied to achieve large figure of merit and
dynamic range.

12 Processes leading to optical limiting

The firg experimental demonstration of optical power limiter reported by
Leiteet al. {12] is based on the laser induced thermal lens effect using 488 nm cw
Ar” laser beam as incident light and nitrobenzene as the linearly absorbing
medium with an aperture in front of the detector. Though the change of power
through the aperture was only 3% of the total input power change at high input
levels, the original idea and setup is till the basis of most popular optical limiting
designs using organic dye solutions [13], semiconductors [14] and other materials
[15] as linearly absorbing media. Optical limiting can be achieved by means of
various nonlinear optical mechanisms, including self-focusing, self-defocusing,
induced scattering, induced-refraction, induced aberration, excited date
absorption, two-photon absorption, photorefraction and free-carrier absorption in
nonlinear optical media [16). Although there is a great variety of optica limiting
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devices most of them can be divided into two categories. One is the energy-
spreading type of devices and the other is the energy-absorbing type of devices.

13  Energy-spreading type optical limiters

For energy-spreading type of devices, the key requirement is to place an
aperture or pinhole in front of a detector. The limiting of the detected laser beam
is based on the fact that, after passing through a nonlinear medium, the spatia
energy distribution of the transmitted laser beam has changed. When the input
laser intensity (or fluence) increases, there will be more portions of the incident
laser energy spreading to a wider solid-angle range; as a result the portion passing
through the aperture will decrease accordingly.

Detector
(a)

Self-focusing

:- (b)

Self-defocusing

. o

Induced scattering

B o

Induced refraction

| /*I:- ©

Induced aberration

Figure 1.1: Schematic illustrations of energy-spreading type of optical limiters
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In these cases the observed limiting behaviour depends not only on the
input laser intensity (or fluence) and the nonlinear medium, but also on the
pinhole size and the geometric configuration of the optica system for a given
device. For most of this type of devices, thermaly induced refractive index
change plays a major role. Typicd designs for the energy-spreading type of
optical limiting devices are schematically shown in Fig 1.1. In dl these cases the
opening size of the aperture is chosen such that for a very low input fluence (or
intensity) level, the transmitted laser beam after passing through the medium can
just totally pass through the aperture without blocking.

In Figs 11 (@) and (b) the design based on sdf-focusing and sclf-
defocusing are shown. In both the cases at high input levels the detected energy
portion can be significantly reduced due to the energy spreading in the aperture
plane. Fig 11 (c) shows the optical limiter based on laser-induced and intensity
dependent scattering. In this case, the limiting medium is a system of linearly
absorbing particles randomly distributed in a transparent host material. For a
weak input light beam, the temperature and refractive index changed due to the
particles absorption in the system are negligible, whereas for strong laser beam,
the absorption-induced temperature change of the particles is no longer negligible
and each particle forms an individua hesting center. As a result of this loca
heating effect, the medium becomes highly inhomogenous and the considerable
portions of the energy will spread out into a wider spatial range and the portion of
the light passed through the aperture will be limited [17]. The device shown in
fig 11 (d) uses a similar idea, where the medium is a mixed system composed of
two microscopic components that have the same dtatic refractive index but are in
a different phase states, e.g. onc in liquid and other is solid. If one component is
transparent and the other is linearly absorptive to the incident laser beam, as a
result of selective opto-heating process, the whole system becomes
inhomogenous in the boundary between the two components [16]. Another
mechanism shown in fig 11 () is based on induced aberration. It is well known
that the induced refractive index change is a function of the loca intensity
distribution of the laser beam inside the medium. An irregular spatial distribution
of locd light intensity may lead to a random refractive index change at higher
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intensity levels, which may cause severe aberration influences on the wavefront
of the transmitted laser beam. By keeping a small pinhole in the focd plane of a
focusing lens, the portion of the laser energy passed through the pinhole will
decrease as the induced aberration becomes greater [18]. Although, al optical
limiting devices of energy spreading type are based on the laser induced
refractive index change and featured by using an aperture, in some experimental
devices no aperture is used, the limited sensitive area of the detector ill plays
the role of aperture.

Comparing with al other nonlinear optical effects related to refractive
index changes, the opto-thermal effect induced refractive index change is
considered to be important, even it has a dow tempora response. The specific
origins that cause thermally induced refractive index changes can be given as
following: (1) The presence of smdl amount of impurities or external particles
giving rise to a nonzero residud linear absorption in transparent and non-
resonantly absorptive medium. At higher input laser intensity (or fluence) the
smal residua linear absorption might be strong enough to create a remarkable
thermally induced refractive index change. (2) For a resonant and linearly
absorbing media such as dye solution or semiconductor crystal, thermaly
induced refractive index change will be significant even for a weaker cw laser
beam or low fluence pulsed laser beam. (3) An aperture involved in front of a
detector, while working with a nonlinear absorbing materia working with RSA
or TPA mechanism, the contribution from the therma effect may be more
responsible for the observed optical limiting behavior than the contribution from
pure nonlinear absorption.

14 Ener gy-absorbing type optical limiters

Nonlinear absorption is another type of mechanism that is employed for
optical limiting. In this case no aperture or pinhole is necessary, and the optical
limiting relies on the fact that the transmission of nonlinear absorbing media
decreases when the input laser intensity (or fluence) increases. The mgor
nonlinear absorption mechanism employed for optica limiting is RSA [19]. The
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optical limiting devices based on this mechanisn can be caled the energy-
absorbing type of optical limiters and figure 12 (a) shows the common design for
optical limiting devices for this type of limiters. In this case the processes
leading to optical limiting can be one of the following: two-photon absorption
(TPA), excited state absorption (ESA), and free-carrier absorption (FCA). ESA
is the process leading to nonlinear absorption in organic molecules and a similar
process in semiconductors, metals and metal nanoparticles is called FCA. In this
thesis, mechanisms that use RSA are discussed in detail.

out

Nonlinear absorption

JF h 4
Yy

Bistable device

Figure 12 (a) Schematic of opticd limiting device based on nonlinear absorption and
(b) optical bigtability.

Materials showing RSA become more strongly absorbing as the input
optical intensity (or fluence) is increased. This nonlinear optical response can be
exhibited when chromophores have a weak ground-state absorption over some
spectra range and strong excited-state absorption in the same wavelength range.
Although a variety of materids and mechanisms have been and are being
explored for use in optical limiting, interest in reverse saturable absorber
chromophores is increasing for many reasons, few of which are listed here. First,
for chromophores having large ratio of excited-state to ground-state absorption
Cross sections (o./o, »1) there is a potential for achieving large nonlinear
atenuation and maintaining high linear transmittance. Second, since optical
energy is absorbed and converted to heat as opposed to being spread, as in
nonlinear refractive or scattering media, the limiting may be more reliable and
may be applied in fast (highly convergent) optical systems. Third, chromophores
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with prompt singlet excited-state absorption and long-lived triplet-state
absorption may be effectively used to optical limiting of a wider range of pulse
widths (sub-picosecond to microsecond duration). Finaly, the ability to modify
systematically the photophysical properties of chromophores through rational
changes in molecular structure enables molecular engineering approaches to the

development of chromophores with enhanced limiting responses [20].

15  Reverse Saturable absorption

Reverse saturable absorption was first observed by Giuliano and
Hess[21] who were studying various organic dye molecules (e.g. Indanthrone
and Sudanschwarz B) for potentia applications for the Q-switching of a laser
cavity. They noticed that under intense laser pulses, these organic dyes did not
show bleaching (saturable absorption) as expected, but became darker a high
intensities.

Chromophores exhibit reverse saturable absorption when an excited state,
which is populated by optical excitation, has an absorption cross-section, .,
which is larger than the ground-state absorption cross-section, ¢,, over a certain
spectral range. If an optical pulse passes through a medium containing such
molecules, the transmittance decreases as the pulse intensity or fluence increases.
Fig 13 shows smplified version of the nonlinear absorptive response for reverse

saturable absorbers. At low incident pulse energies, the transmittance is

governed by the ground-state absorption and can be written as £, — ¢ and
after excitation the initia ground-state population is transferred to the excited
state, the transmission drops and approaches a value governed by the excited state
cross-section 7, — e ', The rae constant for opticd pumping of
population from the ground state to an excited state depends on the irradiance /,
the photon frequency v, and the photon flux ¢ and is given by
K. =0,0/hv=0,¢. Thusto produce a large excited-state population o, must
be sufficiently large during the pulse. In order to get a strong optica limiting
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response it is necessary to have a large vaue ,of o/c, and to rapidly and
efficiently transfer the ground-state population to the excited state. Large ground
state absorption can often lead to saturation of absorption, which is an unwanted
mechanism for optical limiting devices, though it is useful for saturable absorbers
that are used for passive mode-locking of lasers. The saturation of absorption can
be reduced and can be effectively manipulated in certain cases to enhance RSA
by the following phenomenon. (1) By exciting the population to further higher
excited states (2) by relaxing the population back to the ground state very rapidly
i.e, timescales much shorter than the excitation pulse width, (3) by transferring
the population sufficiently fast to the levels from where further excitation is
possible. Thus the population dynamics of the molecule plays a crucial role in
deciding the capability of the materia as opticd limiter.

60

T=exp \‘”L.N.]L]
40 |- \

0
T=exp (vsmNUL)

20 /

10 -

Output Fluence (arb. units)

e e L T S | DS |

0 10 20 30 40 50 60 70

Input Fluence (arb. units)

Figure 13: lllustration of the nonlinear absorptive response of a reverse saturable
absorber.
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The population dynamics of reverse saturable absorbers under laser pulse
excitation can be described by smple rate eguations neglecting the coherence
effects as in many systems investigated for nonlinear absorption / optica limiting
applications since dephasing is usudly ultrafast (on a sub picosecond time scal€)
under the conditions where large-molecules are usualy applied [22]. Generd
energy level scheme to explain the population dynamics in relevance to nonlinear
absorption and optical limiting in RSA chromophores is given in Fig 14
Detailed description of the rate equations and methodology for evauating the
cxcited stale cross sections is given in the Chapter 2 of the thesis.

Figure 14: Schematic energy level diagram for a chromophore with a singlet ground
state.

The populations of the various states of a chromophore can attain vaues
that become independent of time during the pulse when the time constant for
return of population to the ground state is shorter than the pulse duration, which
is the case of "fast-absorbers' which is the steady-state condition for the
populations [22]. To illustrate the steady-state behaviour, consider a system
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comprised of So, S; and S, states where, in addition to having ultrafast relaxation
from S, to Sy, the relaxation time from S; to S is shorter than the pulse duration.
At sufficiently high intensity the response time of the "fast" reverse saturable
absorber is essentidly instantaneous. As a result of this fast response, there is
minimal change in shape of the pulse after passing through the reverse saturable
absorber. Molecules having two-photon absorption can be considered in this
category. Using TPA as optical limiting mechanism exhibits the advantage of (1)
negligible linear absorption loss for weak signal, (2) extremely fast temporal
response, and (3) retaining beam qudlity for the transmitted signal. TPA-based
devices are suitable not only for optical limiting but also for other application
purposes such as optical power stabilization, optica pulse reshaping and optica
spatial-field reshaping [23]. When the return of population to the ground state is
dow compared to the pulse width, reverse saturable absorber is considered to be
"slow". Molecules that alow formation of triplet states via intersystem crossing,
which dows down the relaxation to ground state, like porphyrins,
phthalocyanines, fullerenes having dominant excited state absorption from the
triplet states come under this category.

The important parameters (figures of merit) characterizing the response of
RSA chromophores are the saturation fluence, which control the excited-state
population, and the ratio of the cffective excited-state to ground state absorption
cross-section, (o;/o0y). When there is a triplet-triplet absorption contribution, the
intersystem-crossing rate is aso important, and for strong pumping, the triplet
population is controlled by the product xi.x(o> /an). The optical bandwidths
associgted with the linear transmittance and the excited-state absorption of
reverse saturable absorbers is aso important in evaluating materials for optica
limiting [24].

16 Free carrier absorption

Free-carrier absorption is a phenomenon that is analogous to excited state
absorption in organic molecules. It has similar qualitative characteristics to ESA.
In semiconductorg/band gap materials like photorefractives, the absorption of a
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photon with energy gresater than the band gap will promote an eectron to the
conduction band, where it is a free carrier and can contribute to current flow
when a field is applied. The excited electron will rapidly thermalize and relax to
the bottom of the conduction band. From there it will recombine with an excited
hole in the valence band after a characteristic recombination time. However, at
aufficiently high intensities, it can with high probability absorb another photon
while it is in the conduction band. This process is called free carrier absorption.
Once free carriers are generated in semiconductors, they may experience phonon-
assisted absorption to higher lying (lower-lying) states in the conduction
(valence) band. In the wesk absorption regime, the attenuation can be described
by

“ﬁi =—a,/ -0, N.(DI (1.1)

where N.(I) is the intensity dependent carrier density, and o, is the free

carrier cross-section given by

e’
o =- — =
Enem*w T

(1.2)

where m* is the effective carrier mass, « is the optica frequency and ris
the free-carrier decay time (mean collision time). It has the //w* dependence of a
high-frequency conductivity and thus is mogt important for infrared radiation in

semiconductors. The free-carrier dengity is governed by rate equation given by

ON I N
@Y o2 e 1.3)

o he T,

where 7. is the freecarrier relaxation time due to €lectron-hole
recombination and carrier diffuson. In general, egns. (1) and (3) have to be
solved numericaly to determine the transmittance of the material. When the
incident pulse is short compared to the carrier relaxation time, second term in
Egn (3) can be neglected and Eqgns (1) and (3) can be integrated over time to
obtain the fluence attenuation given by



12 Motivation and /ntreduction Chapter 1

B—F*fa 'l+ K F 1.4
74 O 2F (2.4)

where F =hw/ o, isthe saturation fluence.

17  Two-Photon assisted excited state absorption

When TPA is particularly strong in a materia, it can lead to significant
population of a two-photon alowed state. Often there are dlowed radiative
transitions from this state to higher-lying states of the system, i.e., ESA can ensue
from the two-photon pumped state. This occurs both in polyatomic molecules
and in semiconductors, especially when excited with ultrashort pulses. The
attenuation and excited state population can be given by

/ 1
& - I -oNI (1.5)

-

- oN_f* N
ar 2he 1,

(1.6)

where « is the linear absorption coefficient for impurity absorbers, and r;
represents the lifetime of two-photon excited states. These equations are solved
numerically to determine the nonlinear transmittance of the system. The detailed

procedure to solve the equations is explained in chapter 2 of this thesis.

18 Materials for Optical limiting

Varieties of materials are studied for optical limiting purposes based on
different processes. Improved nonlinear materials with more sengitivity and less
linear loss are being developed to incorporate them into optical systems and their
ability to protect rea sensors. More attention focuses around pulsed lasers in the
visible and near infrared bands, in view of the importance and vulnerability the
eye [25]. In the UV-near IR transmission band, suspensions lead to optica
limiting using scattering mechanism [26]. Dyes lead to OL in selected portion of
the visible band because of nonlinear absorption and refraction. The most
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extensively studied materials are the macrocyclics including phthal ocyanines and
naphthalocyanines [27], porphyrins [28] and fullerenes [29] and their derivatives
in which long-lived triplet excited state can be produced copioudly. Liquid
crystals are another class of materials studied in the visible to mid IR region via
refraction and TPA [30]. Various other materias like, photorefractive materias
[31], photonic band gap materids [32], nanomaterials and nanotubes [33],
nonlinear absorbers doped in xerogels and sol-gel films [34], glasses [35], filters
[36], organic/inorganic clusters [37], layered systems [38] and bacteriorhodopsin
[39] are studied for their optical limiting properties.

Out of various materials discussed in the literature, some show low
limiting thresholds with CW beams and ns/ps pulses and low damage thresholds
as well. Some of the materials show very high damage thresholds but high
limiting thresholds. Some materials have a broadband spectra response with
high 1, and some have narrowband response with lower 1,,. Our am has been
to study both organic and inorganic materias to bring some of these in tandem to
achieve eye-safe limiting thresholds as well as high damage thresholds for ns and
ps pulses with in the visible region of the spectrum. In pursuit of this we studied
porphyrins, photorefractive materials and nanoclusters, which have low limiting
thresholds and high damage thresholds and can be very easily modified to
enhance limiting behaviour.

19 Outline of the thesis

This thesis is an attempt to identify new materiatls for all-optical limiting
mechanisms based on RSA and ams a a detailled investigation of the basic
nonlinear optical processes leading to optical limiting properties and to move
towards the eye-safe limiters. Chapter 2 of the thesis explains the experimental
geometries and the genera properties of the materials studied.

Porphyrins, a class of tetrapyrrolic chromophores, are among the most
effective optical limiters in the visible region known to date [28]. Of the various
processes leading to optical limiting, ESA plays a very important role for optical
limiting in porphyrins. The contribution of structural modifications to optical
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limiting in Phosphorus (V) tetratolylporphyrin based materials with axial chlorine
and azoarene subunits are addressed in Chapter 3 of this thesis.

Optica limiting properties of ‘axial-bonding' type hybrid porphyrin arrays
- dimer, trimer and hexamers based on a Tin (IV) scaffold are studied to
understand the effect of different metal atoms substituted at different positions in
the porphyrin oligomer structure on optical limiting and optical nonlinearity.
Chapter 4 of the thesis gives the details of the optical limiting and nonlinear
optical properties.

Photorefractive materials are one of the promising candidates for optical
limiting. Photorefractive crystals are studied for their optical limiting properties
using the photorefractive nonlinearities, photo-induced lensing and light
controlled electro-optic effect [31]. Photorefractive crystals possess large number
of donor sites and trap levels, which can be manipulated by appropriate doping,
the absorption from which plays an important role at higher intensities. The
experimental results on optical limiting in BSO and BSO:Fe under high power
nanosecond laser excitation at different wavelengths have shown that these
materials can be used for broadband optical limiting applications in the visible
region. Chapter 5 of the thesis describes the nonlinear absorption properties of
these materials in detail.

Recently nanomaterials are emerging as a new class of optica limiting
materials. Some metd and semiconductor nanoparticles have been found to
exhibit excellent optical limiting responses toward nanosecond pulses [7,33].
Chapter 6 of the thesis presents the optical limiting properties of co-doped Ag-Cu
nanoclusters with Cu/Ag molar ratio of 12 and 3 respectively deposited on silica
glass by the sol-gel process. These films are characterized at different excitation
wavelengths in order to find out the contribution of surface plasmon resonance
towards OL.

The find chapter (7) of the thesis summarizes the work carried out on the
materials described above. Various processes and structural modifications
leading to optica limiting, enhanced RSA and optical nonlinearity are
summarized. Future attempts towards the widely acceptable optical limiter to
arrive a the demanding low damage threshold for eye are proposed.
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Chapter 2

Experimental techniques and fundamental details of
the materials studied

This chapter presents the details of the experimental techniques employed for
different studies carried out, A brief introduction to Degenerate Four Wave Mixing
(DFWM), Z-scan technique, and OL setup and their applicability to nonlinear
absorption and dynamics are given. A brief introduction to the fundamental properties of
the materials studied in this thesis is presented.

21 Introduction

The magnitude and response of third-order nonlinear susceptibility are
important parameters in characterizing and determining the applicability of any
material as a nonlinear optical device. There are severd techniques [1-8] for
measuring these parameters that include

1. Degenerate Four Wave Mixing (DFWM): For messurement of both
meagnitude and response time of the third-order nonlinearity.

2. Third Harmonic Generation: For mcasurement of magnitude of third-order
nonlinearity only.
Z-scan: For measurement of sign, magnitude of third-order nonlinearity.
Electro-Absorption technique: Dispersion studies of third-order nonlinearity.
Time-resolved Optical Kerr Effect and Transent Absorption techniques: For
the study of photo-physical processes determining the nonlinearity.

6. Time Correlated Single Photon Counting (TCSPS) technique to measure the
radiative (fluorescence) lifetimes

Among which DFWM and Z-scan are widely used techniques.

22 Degenerate Four Wave Mixing (DFWM)

A Four Wave Mixing experiment can be considered as an interaction of
three optical fidds in a medium leading to the generation of fourth field, via third
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order polarization. The presence of a third-order optical nonlinear susceptibility
x® leads to the creation of various components of material polarization, giving
rise to new optica fields. If the phase-matching condition is fulfilled (i.e. the
phase relation between the waves emitted by different parts of the nonlincar
medium leads to constructive build up of the resulting wave), new beams of light
are created. If the fields are of identica frequencies, the process is caled
Degenerate Four Wave Mixing and the output beam will have the same
frequency. The time resolution of the FWM measurements depends on two
parameters. The first is related to the time duration of the laser pulses and the
second is related to the coherence time of the laser pulses.

DFWM provides information about the magnitude and response of the
third-order nonlinearity. In this process, three coherent beams incident on a
nonlinear medium generate a fourth beam due to the third order nonlinearity.
The strength of this fourth beam is dependent on a coupling constant that is
proportional to effective ¥ and hence measurements on observed signal will
yield information about the 3™ tensor components of the medium [9]. DFWM
can be employed in backward (or generally called the Phase Conjugate), forward
or boxcar configurations, with the choice on the experimenta conditions and the
requirements. Using different polarizations of the three beams it is possible to
measure al the independent % tensor components of a material. Some of the

several advantages of this technique are

1. The Phase Conjugate (PC) signal is distinguishable from others by simple
spatial separation and the signa has a characteristic dependence on the input
intensities, which can be used for verification of the experiment.

2. The sample could be in any form (isotropic) and al the independent tensor

components of ¥

can be measured in a single experiment.
Beams other than true Gaussian modes can be employed.
The time dependence of the probe beam gives information about the response

times of the nonlinearity.
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2.2.1 Phase Conjugate Geometry

The backward wave geometry is also caled the Phase conjugate
geometry. In this geometry two counter-propagating waves called forward and
backward pump beams interact with a third wave called the probe beam in a
nonlinear medium. The probe beam is incident a a smal angle with respect to
the pumps. As aresult of the interaction a fourth wave called the phase conjugate
or signa beam is generated. A smplified schematic of the experimental set-up
used with 6ns pulses is shown in Fig. 2.1.

M Frequency doubled
Nd:YAG, 6ns 10 Hz

\)/ BS1

BS 2

M - Mirror
BS — Beam splitter

BS 3

L - focusing lens

k\-kz - counter
propagating pumps

k; - probe beam

k, - Phase Conjugate
signal

8 ~10°

k

|

|

|

|

PC signal :
q |

|

|

|

-
PD |i] ﬂ/ﬂ
M2

Figure 2.1: Simplified experimental setup of Degenerate Four Wave Mixing using 6ns
pulses.

The beam is initidly collimated using two convex lenses and an aperture
is used to cut the scattered background and achieve good spatial filtering of the
beam. Two beam splitters (30-70, 50-50) are used to obtain three beams of
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amost equa intensity. All the three beams have a diameter of ~ 25 - 3 mm,
which could be, varied further using an iris. In the phase conjugae
configuration, beam 1 is fixed whereas beams 2 and 3 pass through variable
delays. Beam 1 (k;) is designated as forward pump, beam 2 (k) is backward
pump and beam 3 (ks) is the probe. Beam 2 passes through a variable delay (a
micrometer screw). Beam 3 passes through another delay line mounted on a
micrometer screw to adjust the delays between the pumps and the probe. The
angle between the forward pump and the probe is ~ 10°. All the beams are
focused into the sample taken in 1-mm thick quartz cdl using lenses of focd
length of ~ 20 cm. The beam waist a focus measured using knifc-edge
technique, a low power densities of the laser beam, is ~ 705 u. The
polarization state of each individual beam is controlled using a Haf Wave Plate
(HWP). Proper care is taken to ensure that the counter-propagating and the probe
beams are overlapped in the sample, both spatialy and temporally. Using a
pinhole a the sample position and maximizing the transmission through pinhole
facilitates spatial alignment. Temporal overlap is accomplished by varying the
path length of each of the beams to maximize the PC signa in a standard sample
like CS,. The phase conjugate signa (in -ks direction) is isolated using a beam
splitter and is passed through an aperture (to reduce the scattered background)
and focused on to a fagt photodiode (PD, FND 100, rise time ~ 1 ns). Various
neutral density filters (NDF) are used for attenuating the probe and the signa
beams. The signal collected using the fest photodiode is observed on an
oscilloscope (Tektronix TDS 210, 60 MHz) to ensure the PD does not get
saturated.

The whole process of four wave mixing can be looked in another way and
treating it as creation of the transient gratings by interference of pairs of waves
and Bragg diffraction of the other wave from the grating formed in the materia
by it's nonlinear response to spatially modulated light intensity. At the crossing
of two beams, the spatid modulation of their eectric fields varies due to
constructive and destructive interference. The molecules in the interaction region
experience varying eectric field intensities according to their position and this

leads to the formation of a transient grating of polarized molecules in space. The
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formation of the grating does not require that the two crossing beams coincide in
time as long as the coherence is maintained in the sample. Based on the relative
timing of the three fields one can envision different gratings formed as shown in
Fig. 22 [1]. The grating formed by k, and k, waves gets diffracted by ki beam
to yield the output at ks +(k; - k;). The one formed by k; and ks gets diffracted
by k; to yield the output at k; + (k; - k3). They areillustrated in the Fig. 2.2 for
the special case of k; = - k. The output waves are expected in the directions - ks
and k3 + 2k;. The generation of output in - k3 direction is phase-matched, and is
known as phase conjugate signal, while in the other directions is not. Thus
usualy only the output a ks = - k; needs to be considered for measuring the
nonlinearities.

) \\\\\ 'k = ::, + Zk
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Figure 2.2: Different gratings formed with interference of any two beams.

In the phase conjugate configuration, the backward pump is delayed with
respect to other to observe the decay of the grating. For smal values of 9 the
grating 'written' by the forward pump and probe pulses will have a large spatia
period A = \/(2ny Sin(0/2)). When the pulses coincide in time two other gratings
are dso formed, a smal period grating generated by the interaction of the
backward pump and the probe pulses and a two-photon tempora coherence
grating. However the spacing of the small-period grating (given now by A -
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AM(2ny Sin((n-6)/2))) is considerably smaller than the large-period one. In our
case the spacing of the large-period grating is found to be ~ 2-3 u (depending on
the angle 9 and the refractive index of the solvent) and for the small-period
grating it is calculated to be 0.2-0.3 p. If diffusve processes are present the
small-period grating washes out rapidly. The contribution of the two-photon
greting is usudly negligible, and can be observed under specia conditions of

strong enhancement due to two-photon resonance.

The expression for the induced nonlinear polarization corresponding to
the generated field is given by

P () = x i (—0; @, 0,~0E (@)E (0)E] (to) @.1)

The wave equation with the nonlinear polarization above can be solved
using dowly varying envelope approximation, which considers that the features
of the pulse (the envelope and instantaneous phase) vary little during an optical
period, and assuming that there is no pump beam depletion. The efficiency of the
DFWM/OPC is described by the reflectivity R = I,/I,. The solution of the wave
equation is given by

(")_‘ (3) 2 2
[ — |2 [ I_,.!,,[P (2.2)
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Irand I, are the intensities of the strong forward and backward pumps and
I, is that of the weak probe. This result is valid under the assumption that there is
no linear or nonlinear absorption, no pump depletion, and low reflectivity.  If
three input beams are derived from the same fundamental beam, then it is clear
that the phase conjugate signal shows a cubic dependence on the fundamental
intensity. However at very high input intensities achieved using ultrashort pulses
and with materials having strong nonlinear absorption the phase conjugate signa
shows higher order dependencies on the fundamental intensity like fifth and
higher.
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The applications of Four-Wave Mixing (FWM) can be divided into three
categories. First, the creation of a dynamic grating via a material excitation and
the subsequent probing of the grating using another beam alow us to study the
material excitation processes. Such a spectroscopic technique is versatile and
extremely powerful, and has found many applications in various disciplines
[9,10]. Second, under specific conditions with the cregtion of a static grating, the
output of FWM is a phase-conjugate (PC) signd. This is the red time
holography and can be used in red-time image construction in different
applications like optica image and data processing. Third, the possible
generation of new frequency components in FWM permits the extension of
coherent light sources to new frequency regions in the IR, UV, and XUV where
there are not many available.

222 Measurement of <y> using DFWM.

The vaue of the cubic hyperpolarizability <y> is calculated using the
equations [11]:

1
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where n is the refractive index, 1 is the length of the sample, A is the coefficient
of the cubic term of a least square fit to the plot of PC signal versus input
intensity, a is the absorption coefficient (cm ). L is the local field correction
factor. We have taken the value ofy"*’ for the reference sample CS; as 1.7 x 107"
esu for ns pulses and 4.0 x 10" esu for ps pulses [12]. N is the number density
of the solute molecules in solution. Both concentration and intensity dependent

studies are done to measure the second hyperpolarizability <y>. For a solution of
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non-interacting particles, the effective x* assuming a pair wise additive mode
[12] isgiven by

(3) = T4
X!o!mrrm - [’ [NA(J[\‘['HI ymh’l'{'ﬂ.‘ + N.\nim’r y.sm‘uh'] (25)

where Nyoiures Nsoven:  @re the number densities of molecules of the solute and the
solvent respectively. For dilute solutions with:

AxC ;
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with 'A’ being the Avagadro's number, 'M' being the molecular weight and 'C the
concentration of the solute in g/ml. For lower concentrations x| of the solution
follows a linear relationship with respect to the concentration of the solute. ¥
may have both real and imaginary components originating from the solute as well
as solvent. The red part is responsible for the nonlinear refraction whereas the
imaginary part is responsible for nonlinear absorption. SA, TPA or ESA. The
real part can be positive or negative.

2.2.3 Degenerate Four-Wave Mixing with 25 ps pulses (DFWM-PS)

The experimental set-up for the ¥’ measurements and time-delayed four
wave mixing using the ps pulses is shown in Fig. 2.3. The input beam is from a
hybrid mode-locked Nd: YAG laser emitting 532 nm and the pulses are of 25 ps
duration a 10 Hz. The maximum pulse energy is ~ 30 mJ. The input beam is
passed through an aperture to get a spatialy filtered beam of ~ 7 mm diameter.
Using a beam splitter a part of it is split and used for the backward pump (beam
3, which goes through a microprocessor controlled, high precision delay line) and
is focused using a Im lens. The rest of the beam is again split using another
beam splitter. The second beam, which is the probe, (beam 2) goes through a
delay line (micrometer screw) and comes at an angle to the forward pump. Beam
1 (forward pump) reaches the sample at a fixed delay and is focused onto the
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sample using a 2m focd length lens. All the beams have neutral density filters in
their paths to change the intensities accordingly. The angle between the forward
pump (beam!) and the probe (beam 2) is ~ 5.1°. A haf wave plate (HWP) is
introduced in the probe beam to change its state of polarization. A part of the
forward pump is picked up by a photodiode (NRC 818J-09B) to monitor the
pulse-to-pulse fluctuations. All the samples, in the form of solution, are placed in
al-mm quartz cuvette.

M Mirror
BS  Beam Splitter
NDF Neutral Density

Kk,
Filter NDF PD2
L,.L, Lenses
RR  Retero-Reflector
A Aperture
HWP Half Wave Plate
PD  Photo Diode
GP  CGilass Plate

" 2 BS /

P

35 psec,
532 nm, 10 Hz

4 » - N\ |
Nd: YAG y }
I: [

Figure 2.3: DFWM-PC stup with 25 pspulses

Schematic of the time-resolved DFWM setup is shown in Fig 2.4. Beams
1 and 2 are focused using a 2m lens and beam 3 is focused using a Im lens.
Beam 2 is the probe for the measurements. PC signd is recorded by delaying the
beam 2 with other beams a zero delay. The pesk intensities incident on the
sample are limited to about 200-600 MW ¢m™. The delay line is in the probe
beam is microprocessor controlled and has a resolution of 1.3 um corresponding
to 87 fs (with a retro-reflector). The DFWM s€gna picked up by a fest
photodiode is fed to a digita storage oscilloscope where it is averaged over
successive pulses before recording. Appropriate neutral density filters are used to
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attenuate the probe beam and the PC signad to avoid saturation of the
photodetector. The ratio of the intensities of the beams 1, 2 and 3 are 1.021

respectively.

0.9
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Figure 2.5: Phese conjugate sgnd with CS,. The line shows the fit to Gaussian of width
34.9 ps corresponding to pulse width of ~ 25 ps.

Autocorrelation trace for CX2 is shown in Fig 2.5. Open circles are the
experimental data and the solid line is the fit assuming the Gaussian profile of the
pulse. Since the two orientationa relaxation times of C2 are 200fs and 2 ps
[13], which are smaller than the haf-width of the pump pulse i.e. 25 ps, the CS,
signd serves as an auto-correlation trace of the pump pulse.
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2.3 Optical limiting setup

Optical limiting properties are studied by keeping the sample at the focus
in f/5 geometry. This geometry is used as a standard, because human eye is
equivaent to f/5 optical geometry [14]. The input energy is varied using
calibrated neutrd density filters, while the output is collected using a calibrated
fest photodiode (FND 100). Typical OL setup is shown in Fig 2.6.

@

Input beam

BS V

Figure 2.6: Optica Limiting test bed 5 geometry: 1.1,L2 - Lenses, S - Sample, BS -
Beam Splitter, F - Neutrd density filter, PD - Photodiode.

The input energy where the transmitted output becomes half of the linear
trangmittance is called the limiting threshold (1,,) of the materid and an
important factor for choosing a materia as optical limiter. Each experimenta
point shown in the OL curves is an average of 128 laser pulses to get a better
dgnad to noise ratio. The experiments are repeated to ascertain the
reproducibility and to determine the error. An experimental error of 5-10% is
observed due to the modification while preparing the solutions for the required
linear transmission of 70 -75 %.

24 Z-scan

The Z-scan technique is a single beam technique, which alows the
determination of the rea and imaginary parts of the susceptibility [8]. Fig 2.7

shows a typical Z-scan experimental setup. This technique is a Simple, sensitive,
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single beam method that uses the principle of spatiad beam distortion to measure
both the sign and the magnitude of refractive nonlinearities of optical materials.
The experiment uses a Gaussian beam from a laser in tight focus geometry to
measure the transmittance of a nonlinear medium through a finite aperture in the
far field as a function of the sample position Z, from the focd plane. In addition
to this, the sample transmittance without an aperture is also measured to extract
complementary information about the absorptive nonlinearities of the sample.
The transmittance characteristics of the sample with a finite aperture depend on

i F PD
e Tem——
/ )
—— //
F _ J— &

=r ‘
C———+ 1 F
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Figure 2.7: Z-Scan setup: L1, L7 - Lenses, BS - Beam Splitter, S - Sample, F - Neutral
density filter, PD - Photodiode

the nonlinear refractive index, as elucidated below.

— K

Input beam

This technique has several advantages, some of which are:

» Simplicity: No complicated alignment except for keeping the beam centered
on aperture.

e Simultaneous measurement of both sign and magnitude of nonlinearity.

e Dataandysisis quick and simple except for some particular conditions.

* Possible to isolate the refractive and absorptive parts of nonlinearity unlike in
DFWM.

» High sensitivity, capable of resolving a phase distortion of A/300 provided the
sample is of high opticd quality.
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Some of the disadvantages include:

e Stringent requirement of high quaity Gaussan TEMoo beam for absolute
measurements.

* For non-Gaussian beams the anadysis is completely different. Relative
measurements against a standard samples alows relaxation on requirements
of beam shape

» Beam walk-off due to sample imperfections, tilt or distortions.

* Not suitable for measurement of off-diagond elements of the susceptibility
tensor except when a second non-degenerate frequency beam is employed.

The Z-scan technique has been used extensively to study different
materials like semiconductors, nanocrystals, semiconductor-doped glasses, liquid
crystals, organic materials, biomaterials etc. To enhance it's sendtivity and
applicability new extensions have been added. A much more sensitive technique,
EZ-scan (eclipsed Z-scan), has been developed which utilizes the fact that the
wings of a circular Gaussian beam are much more sengitive to the far-field beam
distortion. A reflection Z-scan technique was introduced to study the optical
nonlinearities of surfaces. Z-scan with top-hat beams, eliptica Gaussian beams
has adso been performed. The dud wavelength (two-color) extension of the
standard Z-scan technique has been used to messure the non-degenerate
nonlincarities. This has been further used to time-resolve the dynamics of the
nonlinear process by introducing a delay between the pump and probe beams. A
comprehensive review of different techniques of Z-scan could be found in the
references listed in [15].

24.1 Closed-aperture Z-scan for sign and refractive nonlinearity

Consider, for instance, a material with a negative nonlinear refraction and
of thickness smaller than the diffraction length (mwo*/A) of the focused beam
being positioned at various positions along the Z-axis (fig. 2.7). This Situation can

be regarded as treating the sample as a thin lens of variable foca length due to the
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change in the refractive index at each position (n = ny + nyl). When the sampleis
far from the focus and closer to the lens, the irradiance is low and the
transmittance characteristics are linear. Hence the transmittance through the
aperture is fairly constant in this region. As the sample is moved closer to the
focus, the irradiance increases inducing a negative lensing effect. A negative lens
before the focus tends to collimate the beam. This causes the beam narrowing
leading to an increase in the measured transmittance at the aperture. A negative
lens after the focus tends to diverge the beam resulting in the decrease of
transmittance.  As the sample is moved far away from the focus the
transmittance becomes linear in Z as the irradiance becomes low again. Thus the
curve for Z versus transmittance has a pesk followed by a valey for a negative
refractive nonlinearity. The curve for a positive refractive nonlinearity will give
rise to the opposite effect, i.e. avaley followed by a peak.

2.4.2 Open-aperture Z-scan for absorptive nonlinearity

In the above discussion a purely refractive nonlinearity was considered
assuming that absorptive nonlinearities are absent. The presence of multi-photon
(two or more) absorption suppresses the pesk and enhances the valley, while
saturation of absorption produces the opposite effect. The senditivity of the
experiment to refractive nonlinearities is entirdly due to the aperture. The
remova of the aperture will meke the Z-scan sensitive to absorptive
nonlinearities alone. Thus by doing the Z-scan with and without aperture both
the refractive and absorptive nonlinearities of the sample can be studied. Z-scan
studies of al the samples are performed using broadband source ns / ps pulses.
Spatialy filtered input beam is focused using a lens of focd length ~ 80 mm. For
Z-scan with ps pulses a longer focd length lens is used since the pesk intensities
are large compared to ns pulses. The sample is scanned across the focus using a
stepper motor controlled by PC. A part of the input beam split using a glass plate
is monitored using a PD to know the fluctuations in the input laser beem and is
used to trigger the boxcar averager used for data collection. The transmitted light

is then collected using another large area lens of f ~ 100 mm and another fast
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photodiode. The output beam is again split using a beam splitter and one part is
used to get for closed gperture information and the other for open aperture. For
the closed aperture Z-scans an aperture of known size is placed after the sample
and the light passing through the aperture is collected using a similar photo-
diode. Different neutral density filters are used for attenuation to ensure that the
photodiode does not get saturated. The photodiode output is fed to a lock-in
amplifier (SRS 830 or Princeton Applied Research) or a boxcar averager/gated
integrator and is finally recorded. In the boxcar averager the gate width is fixed
a 25 ns and the signa coming from the PD's is synchronized to fdl within the
gate, which reduces the noise level. The number of averages from in boxcar is
varied accordingly to obtain a good signal to noise ratio. The averaged signd is
then sent to an interfaced ADC card and then to a compuiter.

Experimentally one first obtains a closed aperture Z-scan for a reference
sample of CS- in order to establish empiricaly the radius of the focd spot and
thereby the intensity at the focd plane. Furthermore, the value of the red part of
tf>> for the unknown sample can be readily obtained by simply comparing the
observed AT,.. (the difference between transmittance of pesk and valley in closed
aperture Z-scan) for CS, with that of the sample obtained under identica
conditions.

AT, . .n )
(N (R} (‘7 A=) 0 sample

L sample = A re ( )“‘ 2.7
A ipl )’ f -'\TJ‘ r--'f(._'_j ( )

The normalized transmittance for the open aperture Z-scan is expressed

2 [ g, (2)]
= (m+ l)""2

where g, (z)=pl,L, /(l + :g_;,-:i_; ) (29)

T(z,8=1)= for |qo(0)] <1, (2.8

By numerical simulations to the open aperture Z-scan data one can obtain
TPA coefficient 3 and other contributions like excited state absorption. The
values of n, and ¥ are related in MKS units by
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Re V= 2ni eycy (2.10)
Im?¥ = (A2mni e c B (2.11)

In general nonlinear absorption arises not only due to two-photon
absorption but also from processes like ESA, TPA, Multi-photon absorption and
TPA generated ESA in organic molecules, free carrier absorption in semi
conductors, surface plasmon absorption and inter/intraband transitions in case of
nanoparticles. In such a case a generdized rate equations that are appropriate to
the materia under study have to be solved in order to estimate the nonlinear

absorption.

25  Time Correlated Single Photon counting (TCSPC) Techinique:

Fluorescence lifetime of the fluorphores is measured using various
methods among all, time correlated single photon counting (TCSPC) is rated as
the best. TCSPC is a digital technique, which counts the photons that are time
correlated with the excitation pulse. The heart of the method is a time-to-
amplitude converter. The schematic of the experimental setup is given in Fig 2.8.

The mode locked Tsunami picosecond laser second harmonic (405 nm,
FWHM ~1.2 ps) operated at 4 MHz is the excitation source. For decay
measurements fluorescence lifetime spectrometer (Model 5000U, IBH, UK) is
used. The excitation beam is focused in the sample and fluorescence is collected
a right angles to the excitation beam and is detected by a MCP-PMT
(Hamamatsu R3809U) after passing through a monochromator. Signa from
PMT is fed into the discriminator and output from discriminator served as a stop
signa for TAC (Time to Amplitude Converter). The start signd was derived
from the high-speed silicon detector (Thor Labs Inc., DET210). The photodiode
signa was converted to TTL by pulse converter (IBH, Modd TB-01) and the
output was used as dtart pulse for TAC. The TAC output was fed to the MCA
card (Oxford Corp., UK). Repetitive laser pulsing and emitted photon collection
produced a histogram of time versus counts representing the fluorescence decay.
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The data analysis was carried out by the software provided by IBH (DAS-6),
which was based on reconvolution technique using iterative nonlinear least
sguare methods [16].
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Figure 2.8: Schematic of the picosecond laser and TCSPC setup.

26 Nonlinear scattering measurement for nanoclusters

Frequency doubled Nd:YAG laser (532 nm) with 6 ns, 10 Hz repetition
rate is used for this experiment. Nonlinear scattering experiments are carried out
using /30 geometry and scattering curves are collected at different angles (6 )
from the axis using a fast photodiode, which is connected to data acquisition
system consisting of boxcar averager and computer. The experimental setup is
shown in Fig 2.9.



B Experimental techniques ... Chapter2

PD
PD

Frequency doubled

______ 57 AR (Y SRS 2o, W | /o) A L5 0 ) . B IR 21 o
Nd:YAG, 6ns, 10 Hz

Figure 2.9: Nonlinear scattering setup L1i, L2, L3 - Lenses, S - Sample, BS - Beam
Splitter, F - Neutral density filter, PD - Photodiode. 6- angle at which scattered light
was collected.

27 Laser Systems

The experiments with nanosecond pulses are performed using second
harmonic a 532 nm from Nd:YAG laser Continuum 660 B-10, 10 Hz, 6 ns
FWHM, 100 mJ/pulse and Spectra-Physics INDI-40, 10 Hz, 500 mJ/pulse. These
sources are used to in turn pump Raman shifter and RhB dye laser, which were
explained in the sections 2.7.1 and 2.7.2 respectively. Experiments with 25 ps
pulses were done using a hybrid mode-locked Nd: YAG laser emitting 532 nm at
10 Hz repetition rate with maximum pulse energy of ~ 30 mJ.

271 Raman Shifter

Second harmonic of the Nd:YAG laser is used as the pump source for the
Raman shifter. Fig 2.10 shows the schematic of the Raman shifter used. The
Raman cell is made of stainless stedl and is 30 cm long. Input laser beam is
focused into the Raman cell with a plano-convex lens of 30 cm focd length and
is collimated back using another 30 cm plano-convex lens. The Stokes and anti-
Stokes lines are separated by means of a Pellin-Broca prism mounted on a
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rotating stage. The cdl is filled with H, gas after evacuating it with a rotary
pump. Since the vibration mode of H, is 4155 cm™', the first stokes line for 532
nm a 683 nm (14642 cm’') and the first anti-Stokes line at 435.7 nmM(22952 cm’™)
are used for the optical limiting studies [17].
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Figure 2.10: Raman shifted lines from a H, gas cell. § and AS, are first Stokes and
Anti-Stokes lines respectively.

272 RhB Dve Laser

Fig. 2.11 shows the schematic of the dye laser {18] set-up used for optica
limiting studies. It has an oscillator and a single stage amplifier. Rhodamine B
(RhB) in methanol (107 mg/lit) is used as the gain medium and a pump is used to
circulate the liquid (at the rate of 1 litre/minute) to minimize the laser scattering
and reduce the possibility of decomposition during the experiment. 8% of the
frequency doubled Nd: YAG laser power split by a plane glass plate, is first
expanded by a plano-concave lens of focd length ~ 50 mm and then focused by a
cylindrical lens of f ~ 50 mm into the dye cell of approximately 3 mm (diameter)
x 15 mm (length) dimensions. The oscillator cavity consists of a 100% R mirror
and ~ 8% R glass plate which produces output of maximum bandwidth. The total
length of the oscillator cavity is ~ 17 cm. With both the high reflectivity mirror
and the output coupler window being parale, the resonator cavity is barely stable
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and hence the alignment has to be made very carefully to avoid any spurious
feedback and intensity fluctuations. Necessary care is taken to avoid mechanisms
leading to the formation of cavity modes, which leads to undesirable structure in
the laser spectrum. The output pulses from the oscillator are amplified using the
remaining 92% of the power. Concentration of solution used for amplification is
37.4 mg/lit. Maximum average power that could be achieved after amplification
is approximately 20 mW. The output hasaFWHM of ~ 7 - 8 nm.

Oscillator Amplifier
Mirror
(R~99%) 3!%5 Iris Iris
Dye Cell Vedge
[—l H h I Dye laser Output
— - J = | - 600 nm, 6 ns, 10 Hz
Pump Beam %
at 532 nm Beam Mirror
Splitter (R ~99%)

Figure 2.11: Home built RhB dye laser.

28 Photophysics of porphyrins

In molecules, the absorption of electromagnetic radiation results in the
excitation of an electron from a lower to a higher molecular quantum state. The
electronically excited molecule is energeticaly unstable with respect to ground
state. If the molecule does not rearrange or fragment it will find some way of
losing its excitation energy to the ground state. In fact, there are number of
different possible de-excitation pathways and the ones that are most favourable
depend on the type of molecule and the nature of electronic states involved [19].
The de-excitation pathways are often characterized by very repid rates. One of
the most interesting properties of electronically excited molecules is their
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tendency to re-emit radiation on returning to the ground state. The absorption of
ultraviolet or visible light by an organic molecule causes the excitation of an
electron from an initidly occupied, low energy orbitd to a high energy,
unoccupied orbital. The energy of the absorbed photon is used to energize an
electron and cause it to jump to a higher energy orbital. Two excited electronic
states derive from the electronic orbital configuration produced by light
absorption in a molecule. In one state, the electron spins are paired (anti-parallel)
and in the other state the electron spins are unpaired (paralel). The state with
paired spins has no resultant spin magnetic moment. A state with paired spins
remains a single state in the presence of a (laboratory) magnetic field, and is
termed as singlet state. A state with unpaired spins interacts with a (Iaboratory)
megnetic field and splits into three quantized states, and is termed as triplet state.
An energy diagram is a display of the relative energies of the ground state, the
excited singlet states, and triplet states of a molecule for a given, fixed nuclear
geometry.

An encrgy level diagram characteristic of a typical porphyrin molecule is
shown in Fig. 14. The electronic ground state of the molecule is a singlet state,
designated as So, which spans a range of energies determined by the quantized
vibrational and rotational excitation of the molecule. The typical energy between
the vibrational levels is of the order of 100 cm '. The rotational levels provide a
near continuum of states between the vibrationa levels. The higher singlet states
are denoted as S, and S,. Each electronic state has similar broad continuum of
levels and the optical transitions between these continua leads to broad absorption
and emission spectra.  Transition between singlet states are spin-allowed, giving
rise to strong absorption bands. When a laser pulse is incident, the molecules are
excited from the lowest levels of the ground state S, (Sio) to the highest
vibrational states of S, (Si,). The decay from S, to S is non-radiative and
occurs within few ps. From S,, the molecules can relax back to the ground state
radiatively or non-radiatively to the ground state or crossover to the triplet state
(Intersystem Crossing). The radiative decay, which is spontaneous, from S, to So
is known as Fluorescence and is governed by the lifetime of the S, state.  For
organic molecules the lifetime is typicaly of the order of few ns. The energy
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difference between absorption and emission processes is taken by the non-
radiative decay in the S, and S, states and the relaxation of the molecules from
S1o to the lowest triplet state T, is governed by the intersystem crossing rate. The

intersystem-crossing rate constant is typicaly 10" to 10° s™

due to spin
restriction factor. Another important process of de-activation of the S, state is the
Internal Conversion, which is the non-radiative decay of Sy to So. The decay
from T, to So can be radiative or non-radiative and is termed as Phosphorescence
if it is the former type. Typical phosphorescence life times are in the range of ms
to us. The lifetime of the triplet state T, is generally large since the triplet-singlet
trangition is dipole forbidden. In the first excited singlet and triplet states, under
speciad experimental conditions (higher intensitics), the molecule may be
promoted to the higher states S, and T, respectively. These higher states relax
back to the S; and T, on a very fast time scale (few hundred fs) and in the process
generate a vibrationally excited state (Kasha's rule). Higher triplets can dso be
populated by intersystcm crossing from higher singlet states if the rate constants
are competitive for internal conversion and intersystem crossing in the upper
states. Thus, although direct absorption from ground singlet to triplet state is
forbidden by selection rules, it can be populated indirectly. We will be using
vibrational relaxation time aso to represent the dephasing time for the S, and §
states. This is so because of band of vibrational levels, closaly spaced, in the S,
states leading to very fast dephasing time T,. Since the vibrational levels in §
state are far more separated, the dephasing (t.ib) is expected generaly dow
compared to that of in the S, states. Electronic spectra of metalloporphyrins are
not only senditive to the porphyrin structure and the nature of the central atom of
the metal, but aso depend on what axia ligand is added to the metal. The
absorption spectra of al the samples have been presented in Chapter 3 & 4. The
S, sate for al the samples fdl in the spectral region of 500 - 650 nm
corresponding to 20,000 cm ™' - 15400 em” and S, state fal in 390 - 450 nm
region corresponding to 25,640 cm™ - 22222 ¢cm™'. The excitation at 532 nm

corresponding to 18,797 cm ' is off resonance with linear absorption pesks in

some porphyrins and will match the lower levels of the S; in some cases.
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29 Photorefractive materials

Using a generd definition, a photo-refractive effect is every effect that
produces a change of the refractive index of a material under illumination. In this
sense, every refractive index change of a materid that is due to large light
intensities can be caled photorefractive. In this category we find the optical Kenr
effect, light induced absorption and changes of linear optica properties through
thermal effects, or light induced change of the polarisability of a materia. 1In
clectro-optic materials, large refractive index changes can be obtained through
internd  electric fields that are due to light-induced charge redistribution.
Although these kinds of photorefractive effects can be found only in materials
that are both photoconductive and electro-optic, it has the advantage of large
changes in refractive index aready at comparatively low light intensities.

The photorefractive effect was observed for the first time in 1966 at Bell
Laboratories [20] as an undesired local refractive index change in LiNbO; and
LiTa0; caused by intense blue or green laser beams focused into the crystals.
This index inhomogeneity leads to distortions of the wavefront of transmitted
beams, and to dccollimation/fanning and scattering of light. Since it hindered the
use of these materias in this spectra region it was first referred to as a "laser
damage effect”. Later it was found that the crystals can be returned to their initial
homogenous state by briefly heating them to above 200°C, and that the origin of
the effect is quite different from the irreversible catastrophic damage which
occurs at much higher intensities. Although the refractive index change observed
was not permanent, it influenced the phase matching condition for second
harmonic generation in an unpredictable way. However, the potential of the
photorefractive effect was soon redlized [21]. Many experimental and theoretical
studies were undertaken in the next ten years [22-24], which led to a better
understanding of the mechanisms of the photorefractive effect and to the proposal
of a number of new applications [25]. The theoretica studies culminated in the
work of Kukhtarev and co-workers that presented a complete band-transport
modd in 1976 and 1979 [26]. For a more detailed review of the photorefractive
effect and its history, see Refs [27]. Here, we briefly present the basic building
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blocks of the band transport model, focusing on their general significance.
Photorefractive materials are defined as electro-optica materials in which photo-
induced space-charge fields via the electro-optic effect change refractive indices.
With the development of highly photosensitive electro-optic and photoconductive
crystals such as Bi2Si0y, Bij2GeOyo, reduced KNbO; various applications in
red time devices, and the possibility of correcting distorted laser wavefronts by
four-wave interaction have been achieved [28].

Impurities, vacancies or defects in the crystal act as charge donors and
acceptors, these extra charges are rearranged when light strikes the crystal.
Present models propose that the charges, cither clectrons or holes or both, are
excited by light to the closest energy band, where the charges drift, diffuse and
eventually become trapped in the crystal. Another possible mechanism is light-
assisted tunneling or hopping, directly between trapping sites. Whatever the
transport mechanism, if the charges arc illuminated continuoudly, they eventually
arrange themselves into an equilibrium pattern. When the light is turned off, the
charges stay put (if the crystal is a good insulator in the dark), so that they
"remember" the light pattern. Even though the charges may be present in very
smdl concentrations, typicaly one part per million, their electric fields can
digort the crystal lattice dignificantly. If the crysta lacks the inversion
symmetry, then the electric field surrounding each charge can cause a large, first-
order change in the crystal's index of refraction. An interesting difference
between photorefractive materials and amost everything else is that if the crystal
is good insulator in the dark, its optica nonlinearity is independent of the
intensity of the optical beams, thereby permitting spectacular nonlinear effects
even with weak laser beams. The optica intensity determines the speed but not
the magnitude of the nonlinearity. How fast a photorefractive crystal responds to
light and builds up its charge pattern depends on the rate a which photons hit the
crystal. To create the static electric fields observed in these crystals requires the
rearrangement of about 10'® charges per cubic centimeter. Even if esch charge
required only one photon to move from its initial to fina location in the crystd, it
would take a few milliseconds to supply sufficient photons, assuming an incident
light beam with an intensity 1 Wem™. Using high intensity pulsed lasers, which
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increases the photon arrival rate, increases the speed of photorefractive effect
from few seconds to few picoseconds [29].
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Figure 2.12: Qualitative representation of the intra band-gap energy levels introduced by
an impurity atom.

The first step in the photorefractive interaction between light beams is
photoexcitation of charge carriers in the material. In an insulator electrons
completely occupy the valence band, which is separated from the empty
conduction band by a forbidden energy gap. For many transparent dielectrics like
BaTiO;, KNbO; or Bi2SiOz, this gap is roughly 3 eV wide and direct
photoexcitation of electron-hole pars is possble for ultraviolet light
(wavelengths smaller than approximately 400 nm). Visble light can excite
charge earners if impurities introduce energy levels in the band gap that can act,
depending on the valency of the dopants, as electron acceptors or donors. In the
firg case an electron can be photoexcited from the valence band to the impurity
level (photoexcitation of holes), while in the second case an impurity electron can
be excited to the conduction band (photoexcitation of electrons). Fig 2.12 gives
view of smple band explaining basic PR effect.
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2.10 Nanomaterials

Between the well-established and conventional domain of the atomic &
molecular physics and that of the physics of condensed matter, there is an
intermediate region dealing with the properties of smal aggregates, clusters or
small particles, which are neither quite microscopic nor quite macroscopic. The
study of the systems in this intermediate region is rather important from a
technological point of view for the understanding of problems related to aerosols,
catalysis, chemisorption, powder metallurgy etc. From a more fundamental point
of view, the study of this state of matter, intermediate between that of a molccule
and a solid, generally known as nanomaterial, seems to be crucial and very
interesting because it touches on some of the basic points of physical principles,
usualy concealed if one deals with infinitely large systems [30]. Availability of
various kinds of fabrication and characterization techniques revolutionized the
field of nanoscience and technology. Varieties of materias like meta and
semiconductors have been studied as nanoparticles/ nanocrystallites dispersed in
dielectrics, to name afew. Since a smal particle is necessarily surrounded by a
dielectric, the interface of between the particle and dielectric leads, through the
surface-plasmon  resonance, to the dielectric anomaly that is the origin of the
beautiful colours of meta colloids [31]. It was adso observed that the width of
the absorption band of such a colloid, which is roughly proportional to the
imaginary part of the susceptibility, increases when the sze of the particle
decreases [32]. This effect was accounted for classicaly in terms of limited free
path [33] or quantum mechanicaly in terms of the quantum size effect [34].
Despite their disparity, al the materials that are formed by uniformly dispersed
metd and semiconductor crystallites in a liquid or solid transparent dielectric
share two important features that have essential impact on their properties in the
optical frequency range. First, in the metd or semiconductor nanocrystals or
microcrystals, the otherwise, delocalized vaence electrons in the bulk can find
themselves confined in regions much smdler than their delocalization length,
which is infinite in the ideal meta and of the order of severa tens to a hundred

Angstroms in a perfect semiconductor; this drasticaly modifies their quantum
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motion as probed by optica beams but also their interaction with other degrees of
freedom. Second, because the size of the crystallites is much smaler than the
wavelength and their dielectric constant is very different from that of the
surrounding transparent dielectric, the electric field that acts on and polarizes the
charges of these crystalites can be dragticaly different from the macroscopic
Maxwell field. These two-effects, the first quantum-mechanical and the second
classica are known as quantum and dielectric confinements, are particularly
striking in the optical frequency range [35]. In chapter 6 of the thesis, we discuss
the effect of laser excitation on metal nanoparticlcs.

211 Rate equations

The contribution of different nonlinear optical processes leading to RSA
and thus OL are found by writing rate equations describing various processes and
by solving them numerically. Egs 10-16 describes the processes leading to
nonlinear absorption in porphyrin molecule with singlet states So, S| & S, and the
triplet states T, and T,. o is the ground state absorption cross-section, o, and o>
are the excited state absorption cross-sections from S, and T, states respectively,
f3 isthe two-photon cross-section, No, Ny N2 N3 and N4 arc the populations in So,
Si, Sa. T|, and T, states respectively.

dNy_ ol Ny BV N N

(2.12)

dt ho 2 T, T,

Ej_\}leM.q.g"i.fh - & __ﬂﬁj & (2_13)
dt ha haw L Tie T

aN, _olN, B N, (2.14)
dt ha 2ha T,

dN, _ o,JN, N, N N, (2.15)
dt haw Ti The T

dN, o,/N, N, (2.16)

dt haw T,
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and the intensity transmitted through the sample is given by

di

d—:-a‘,lN[,-(r,IN]-JEJN]-[H" (2.17)
with
2 2 9% p
I=Iy x (?—U) XEXP(—I—I)XGXP(—%) (2.18)
@ (z) T, w’(z)
and

1
(z)=wyq1+ - i T
Z, A

T, T2, 13, and 14 are the lifetimes of the excited states Sio, S, T1, and Ty
respectively. zp is the Rayleigh range, wo is the beam waist & focus, 1, is the
input pulse width used, and 1isc isthe intersystem crossing rate. | is intensity as
a function of r, t, and z, loo is peak intensity at the focus of the Gaussian beam.
The differential equations are first de-coupled and then integrated over time,
length, and along the radia direction, are solved numerically using Runge-Kutta
fourth order method. Assuming the input beam to be a Gaussian, the limits of
integration for r, t, and z are varied from 0 t0 oo, -00 t0 o0, and 0 to L (length of the
sample) respectively. Typica number of dices used for r, t, and z are 60, 30, and
Srespectively. oy, 62 (3 and usc are then estimated through least square fit of the
experimental data [36]. The rate equations are different for porphyrins and
photorefractive materias as the energy level structure varies. Rate equations are
written accordingly to describe the processes leading to OL. Same rate equations
are aso used to fit the OL curves.
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Chapter 3

Axial ligated
Phosphorus (V) Tetratolylporphyrins

This chapter explains optical limiting characteristics of Phosphorus (V)
Tetratolylporphyrins (P (V) TTP's) with axial chlorine atoms, leading to heavy atom
effect and with axial azoarene subunits which introduces charge transfer states. Heavy
atom effect exerted by the two axial chlorides is found to lower the limiting threshold by
30 times in the ns regime and by three times in ps regime. The introduction of axial
azoarene groups into the phosphorus porphyrin structure is found to reduce the limiting
threshold by a factor of two in the ns regime. In the ps regime these molecules show
saturation of ESA at higher intensities. The experimental results on the measurement of
third order optical nonlinearity in the ns and ps domain, in these porphyrin molecules
(TTP), using degenerate four wave mixing (DFWM) and Z-Scan techniques are also
discussed. Timeresolved studies indicate an ultra-fast temporal evolution of the
nonlinearity in these molecules.

31 Porphyrin media for NLO applications

Porphyrins are macrocyclic aromatic molccules having four pyyrole rings
occupying the position at four corners of a square and connected by unsaturated
methane bridges to complete the macrocycle. Metaloporphyrins are highly
colored molecules with strong absorption in the visible region due to the cyclic
conjugated tetrapyrrole chromophore. Various porphyrin systems are considered
as being derived from the simplest parent ligand called porphine. Porphyrins and
related macrocycles provide an extremely versatile synthetic base for a variety of
materials applications. The exploration of metalloporphyrin assemblies as
building blocks for tailored materials has found rapid growth during the past
decade [1]. The interest in metalloporphyrins is many-fold. In particular they
have strong electronic transitions (gmax = 10 - 10' M" cm’) in the visible and
near infrared (NIR), whose energies can be shifted, both by chemically modifying
the ring and by changing the coordinated metal. Because these transitions are
unusually sharp (FWHM = 500 -1500 cm™) [2], the nonlinear susceptibilities
may be enhanced near resonance, without incurring significant linear absorption

losses. These are chemicaly and thermally robust surviving to over 400°C in
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some cases [2] and are stable under intense optical irradiation.  Strong
nonlinearity and fast response times, are the desired criteria for making
porphyrins useful for photonic devices [3]. Because of the two-dimensiona
delocdlization of the n-electrons throughout the macrocycle ring, porphyrins are
interesting chromophores for second and third order NLO properties. Porphyrins
have been studied extensively for their second order NLO properties using
various techniques like HRS, EFISHG etc [4]. Third-order NLO properties are
aso studied in variety of porphyrin molecules, like tetraphenylporphyrins (TPP)
[5], tetrabenzoporphyrins (TBP) [6], tetrakispentadecylphenylporphyrins [7],
octaethylporphyrins (OEP) [8], Octaphenyltetraazaporphyrin  (OPTAP)[9],
baskethandle porphyrins [10], conjugate polymers [11], tetratolylporphyrins
(TTP) [12] to name a few. These molecules are among the most effective third-
order NLO materials possessing high second hyperpolarizabilities. Porphyrins
were aso studied as composites with Cgp in thin films using various techniques
like DFWM, Z-scan and THG [13]. Porphyrins, owing to strong ESA from both
singlet and triplet states, are among the most effective optical limiters in the
visible region known to date [14]. Since the mechanism of limiting in such
materials depends on the absorption of excited molecules. it is important to
characterize the excited state dynamics and evaluate parameters like excited state
absorption cross-sections, lifetimes etc. so as to optimize their properties for the
redlization of a functional device [15]. Sudy of the optical nonlinearity and
elucidation of the dynamics associated with excited states of such molecules is
therefore important from a fundamental as well as technological point of view.
One way of atering the excited state properties is by changing the structural

geometry and hence electronic structure of these macrocycles.

Structural modifications to the porphyrin ring can be expected to result in
molecules with diverse photophysical and photochemical properties that will in
turn affect their optical nonlinearity. This would possibly lead to a desirable
change in a variety of excited state processes including enhanced interna
conversion and intersystem crossing (1SC), ion-association, excitation energy
transfer (EET), photoinduced electron transfer (PET) etc. One of the key
structural modifications in this regard, is the introduction of heavy atoms in the



Chapter 3 Axial ligated Phosphorus (V) Tetratolylporphyrins 55

porphyrin ring, which in turn, due to faster ISC rate reduces the fluorescence
yield, increase triplet formation and hence further enhancing absorption from T,
— T,. Photoinduced eectron transfer (PET) is another phenomenon that comes
into play due to the presence of additional donor/acceptor units in the molecule.
Such effects can be conveniently harnessed to enhance the third order
nonlinearity, limiting performance and hence to develop promising materials for
opticd limiting. This chapter explains the effect of structural modifications like
internd heavy atom effect and the introduction of charge-transfer states on the
limiting behavior of phosphorus (V) tetratolylporphyrins.

32  Heavy atom effect in 5,10,15,20-(tetratolyl) porphyrinato
phosphorus(V) dichloridc

321 Heavy atom effect and its relevance to Nonlinear Optics

The transition between two given energy states in organic molecules are
governed by selection rules. The rule governing the transitions between the states
of like multiplicities is most stringently obeyed. A transition is alowed only
when the selection rules are obeyed; otherwise it is called a forbidden transition.
In an ideal situation, transitions between singlet and triplet state are strictly
forbidden. But under the influence of intramolecular and intcrmolecular
perturbations, these transitions do occur, which mixes the pure singlet and triplet
states. These perturbations arc functions of the magnetic fidd near the nucleus
and are therefore a function of atomic mass coming into play due to the presence
of heavier atom in a molecule (intramolecular) or in the surrounding
(intermolecular or external) are governed by the heavy atom effect [16].

The hamiltonian operator, which causes mixing of the states of unlike
multiplicities, is expressed as

Hy, =KE(LeS) (3.2)
where £ is a function which depends on the fidd of the nucleus, (LeS = a cos6)
is the scalar product of orbital and spin ahgular momentum vectors respectively
and K is the constant for the molecule. The wave function obtained on such spin-
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orbit coupling interactions which cause mixing of the pure triplet wr and pure
singlet w5’ isexpressed as
Wso = l,r/r” T AU/.\‘U (3.2

where X indicates the degree of mixing and is given by

P IW? Hgp W? dr . Vo (33)
|Es| |Est

EST is the energy gap between the singlet and triplet states and V5o is the
interaction energy that flips the electronic spin. Thus, smaller is the energy gap
Esr the larger is the mixing coefficient X. Vso will be large dso if the molecule is
paramagnetic. Therefore, under spin-orbital coupling interaction the transition

moment M is given as

'3 wa LSy?dr

Mo
| £yl

(3.4)

and is seen to be directly related to ¢ and inversely to the energy separation
between the singlet and triplet states. £ is a function of the potential field near a
nucleus and has a high value for an orbital, which can penetrate close to the
nucleus.

Heavy atom effects in the transitions between singlet and triplet states are
usualy interpreted in terms of the coupling of the relativistic magnetic fidd of
the motion of a nuclear charge around an electron considered to be fixed, and the
magnetic field of the electron-spin motion (spin-orbit coupling). Those effects
are proportional to the (square of the) spin-orbit coupling factor, &, of an atom
with a high atomic number, Z, that outweighs &l the other atoms (& ~ Z*) [16].
Heavy atom effect in organic molecules is one of the very important phenomenon
to modify the spin-orbit interactions [17], which in turn modify the singlet and
triplet state properties like lifetimes of the states, fluorescence and
phosphorescence emission. In order to maximize the quantum yield for triplet
formation one usualy resorts to an internal heavyatom effect [16]. This
systematic study of heavy-atom effects is rationalized through the use of a model
for radiationless transitions in large molecules [17]. Additionally, just like other
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radiationless transitions in the wesk-coupling limit [18], intersystem crossing
rates present an inverse relationship with the difference in energy, Esr, of the
singlet and triplet states and are proportional to the relative number of vibrational
modes, 77, involved in the transition [19]. Thus, even if the nature of the excited
states is not affected by the heavy atom substitution and symmetry characteristics
do not reduce heavy atom/porphyrin orbita overlap, intersystem crossing rates
are afunction of &, Esr and 7.

When the halogen atom is an integral component of the molecule (i.e.
present as a substituent) the effect is termed interna heavy atom effect. Heavy
atom effects due to halogens are aso observed when they are present externally
in the neighborhood (as counter ions in solvent for example), known as externa
heavy atom effect. Both these effects show a dramatic enhancement of ST
trangition, which is said to borrow intensity from S—»S transition. A quite
extensive research has been undertaken on the study of both internal and external
heavy atom effects in halogenated porphyrins and metalloporphyrins [20-24].
The role of haogen atoms in promoting spin-orbit coupling is fairly well
established. Studies of the photophysics of condensed aromatic and heterocyclic
molecules have shown that the enhancement of spin-orbit coupling through the
heavy atom is indirectly observed in the shortening of the triplet state lifetime and
in an increase in the phosphorescence yield upon increasing the atomic weight of
the halogen [23]. In this section, we explain the nonlinear absorption and optical
limiting properties of 5,10,15,20-(tetratolyl) porphyrinato phosphorus (V)
dichloride ([(TTP)PVCl,]™), with introduction of heavy CI” in place of (OH)" in
5,10,15,20-(tetratolyl) porphyrinato phosphorous (V) dihydroxide
[(TTP)PY(OH),]". With the substitution of CI" in place of OH", significant
variaions in the singlet state are observed. The fluorescence yidd (¢n), the
singlet (ts;) and triplet lifetime (t7/) for these molecules in dichloromethane
given in Table 3.2.1, show the effect of halogenation. Singlet state properties
measured in different environments dso showed a similar behavior where ¢y has
reduced considerably and s is faster.
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322 Molecular structure and linear optical properties

Samples of [(TTP)PVCly]" and [(TTP)PY(OH),]" are synthesized and
purified according to the reported procedures in the literature [25]. Each sample
is subjected to a column chromatographic purification process prior to the
measurements. In al experiments, sample solutions in chloroform are taken in a
quartz cel of 1-mm path length. The molecular structure and absorption spectra
of these molecules are shown in Fig. 321 and 3.2.2 respectively. This molecule
shows linear absorption features of typical metalloporphyrins, namely the high
energy B (Soret) band and the low energy Q band(s).

X=0H [(TTP)PY(OH),]*
=Cl  [(TTP)PVCL)'

Figure 3.2.1: Molecular structure of 5,10,15,20-(tetratoly 1) porphyrinato phosphorus (V)
dichloride

- Ts1 @ T11
|(TTI‘)P\‘(()|[]3]' 1 ns (27),3.45(72) 0.056 68 us
__i_(fFTP)i‘_\_'_(".;]' ~ 0.7ns (87),3.5(12) (),0_}9 17 us

Table 3.2.1: Fluorescence yield, singlet and triplet state lifetimes.
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Figure 3.2.2: Absorption spectra of [(TTP)P¥(OH),]” and [(TTP)PYCl,]*

F o ((TTP)P'(OH),]'
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Figure 3.2.3: Fluorescence decays of [(TTP)PY(OH),]' and [(TTP)PVCl,)"
Fluorescence lifetimes and the percentage contribution of each lifetime

are given in Table 3.2.1. The decay curves are shown in Fig. 3.2.3 and both these
molecules show abi-cxponential decay representing both sow and fast decay. In
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the reference porphyrin [(TTP)PY(OH),]" the Sower decay has more contribution
(72%) and with chlorine introduction the faster component has more contribution
(87%), which is a well-expected effect of heavy atom effect.

3.23 Third order nonlinear optical properties

Freguency doubled Nd: YAG lasers with 25 ps and 6 ns pulse widths, 10
Hz repetition rate are used for the experiments. We have employed standard
backward DFWM-PC geometry for the measurement of y™®. Optical limiting and
open aperture Z-scan studies are carried out by focusing the input beam on to the
sample with linear transmission of approximately 75% at 532 nm using lenses of
500 mm and of 125 mm foca length to 60 urn and 30 um spot size at focus in
case of 25 ps and 6 ns pulses respectively, and the transmitted light is collected
with a fast photodiode. The pesk fluences used in the Z-scan experiments with
25ps and 6 ns pulses are approximately 0.25-1.3 Jem? and 0515 Jem™
respectively. The optica limiting and Z-scan studies are performed a the same
concentration of ~10"* M ensuring identical experimental conditions for both ps
and nsregimes. The sample remains stable even after exposure to laser pulses for
a long period of time, which is confirmed from indistinguishable absorption
spectra recorded before and after the measurements.

Intensity dependence curves of the phase conjugate (PC) signd for
[(TTP)PVCL]" and the reference [(TTP)PY(OH),]" shown in Fig 3.24 clearly
indicates the large enhancement in the PC signal. At higher intensities we have
not observed any higher order nonlinearities for this molecule. The log-log plot
of PC signd to the input intensity gives a dope of 32 + 0.2, indicates that the
nonlinearity is predominantly third order.  Effective microscopic second
hyperpolarizability <y> measured with 25 ps pulses and 6 ns pulses for
[(TTP)PY(Cl),]" is (8.49 +0.46) x 107 esu and (17448 + 7.2) x 107 esu
respectively. These values are found to be greater than the corresponding values
of [(TTP)PY(OH),]" by one order in ps regime and by three orders in ns regime
respectively [12].
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Figure 3.2.4: Intensity dependence of the PC Signd with 35 pulses. Solid lines show the
cubic fit to the data

The ratio of the signas for the conjugate beam in nanosecond DFWM
experiment for parallel and perpendicular probe polarizations dropped down by
just about 1/3, indicating that the nonlinearity is predominantly electronic in
origin. Large enhancement in <y> a nanosecond timescale is attributed to the
contribution of excited triplet state. Greater polarization emanating from
electronegative chlorine in the phosphorus porphyrin structure was shown to lead
to a rise in the measured <y> values. Similar enhancement of <y> with axia
electronegative ligand subgtitution by one order has been reported earlier in TPP
systems [26].

324 Optica limiting and nonlinear absorption

Significant reduction in the limiting threshold level for [(TTP)PVCl,]*
compared to [(TTP)PY(OH),]", with 6 ns pulses can be seen in Fig. 3.25. The
limiting threshold (1;2) has reduced by 30 times, from 3 Jem™ to 0.1 Jem™ in ns
time regime, and by three times from 0.264 Jem™ to 0.0884 Jem™ in ps regime.
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ESA is the most important mechanism leading to optical limiting in porphyrins
[27]. Heavy atom effect in brominated porphyrins [28], a class of group Il and
group IV metdloid porphyrins [29], and halogenation and akylation [30] is
known to enhance RSA. Third order nonlinearities [31] of thiophene
homologues due to heavy atom effect are also reported. Enhancement of optical
limiting in heavy atom containing phthal ocyanines due to spin-orbit coupling and
nonlinear absorption is found to increase with Z [32]. Heavy atom effect has
been reported in metalloporphyrins like TPP and ZnTPP with planar shape,
H,OBP with saddle [33] and ZnOBP with ruffled saddle conformation [34]. Ring
nonplanarity increases the matrix element (S, | H | TP, alowing for mixing of
no* and arc* triplet states with S (nn*) and "free rotor effect”, simultaneously
shortening the intersystem crossing and triplet lifetimes [35,36].

s [ .
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Figure 3.2.5: OL curves of [(TTP)P¥(OH),]' (0) and {((TTP)PYCl,]" (+) with 6ns pulses.
Line represents 75% linear transmission.

Metals forming complexes with porphyrins are classified into three types:
closed shell metals, open shell paramagnetic metals, and open shell diamagnetic
metals [37]. In OBP's with open shell paramagnetic ions the nonlinear
absorption efficiency scaled as ZnOBP > CdOBP > H,OBP > PbOBP > CuOBP
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= CoOBP a trend reflecting the spin state of the metals. Both Cu®' and Co*" are
open shell paramagnetic ions with unfilled d orbitas. Whereas, in the closed
shel metd OBP saries a reverse trend zZn®* > Cd** > Pb>* appeared [28].
Contributions to spin-orbit coupling coming from the centra meta ion, the
peripheral bromines, and the distortion of the porphyrin ring are found to be the
factors that increase the intersystem crossing rate and decrease the triplet lifetime
[36].

Normalised Transmittance

Figure 3.2.6: Open aperture Z-scan curves of [(TTP)PY(OH),]" (o) and [(TTP)PYCl,]"
(0) showing RSA at low fluences (a) with 25ps pulses with peak fluences of 0.35 Jem™
at focus and (b) with 6ns pulse widths. Solid lines show theoretical fit generated using a
five level model.

Among the various factors that can be invoked to explain improvement of
the optical limiting performance of ((TTP)PYCL]" in the ns time regime, faster
intersystem crossing rate due to the axia chloride substitution due to heavy atom
effect is the most important as it plays a significant role by enhancing the
population of the triplet state. The long lifetime of the T state compared to the
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ns pulse duration, leads to larger effective ESA from T, — T,, leading to
reduction in optical limiting threshold and enhancement in <y>. Though
anomalous heavy atom effect on optica limiting performance is reported in
lanthanide diphthal ocyanines [38] and in some of the porphyrins [28], we have
not observed any anomaly in our case, as the chloride substitution is in the axial

site.

04}

1.0 |

0.8

0.6

Normalised Transmittance

0.4

Figure 3.2.7: Open apearture Z-scan curves of [(TTP)PY(OH),]" showing SA fdlowed by
RSA with 25ps pulse widths. Pesk Intengity Iy, is&so shown.

In order to estimate the limits to which these molecules would be showing
the limiting behavior due to RSA is seen by recording the Z scan curves a
different fluences for the ps and ns regimes. With 25 ps pulses, both the
molecules have shown RSA till the fluences of 0.40 Jem™ (Fig. 3.2.6 (8)). But
above this fluence level, both the molecules show a gradua transition to SA near

focus due to the saturation of ESA from S, to S, with increasing input fluence.
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The Z-scan data with ns pulses (Fig. 3.2.6 (b)) shows only RSA even a high
fluences. We observed stronger RSA with the introduction of CI" both in ps and
NS regimes.

We have aso observed saturation of absorption in RSA at fluences larger
than 0.5 Jem™ with picosecond pulses. Saturation in absorption at high fluences
based on higher excited state absorption is reported in cadmium texaphyrin
solution [39], 1,I',3,3,3',3-hexamethylindotricarbocyanine iodide (HITC1) [40]
and in chloroaluminium phthalocyanine dye [41]. Fig. 327 and 3.2.8 show the
open-aperture Z-scan curves at different fluences above 0.40 Jem™? with
picosecond pulses showing SA followed by RSA for [(TTP)P¥(OH),]* and
[(TTP)PVCl,]' respectively. The symmetrica traces indicate that no other
processes such as scattering, photo degradation or damage occur. The fluence at
which the saturation of excited states has started (Sy,) is given in Table 3.2.2.
Saturation of the excited states is more in [(TTP)PYCI,]" compared to that in
[(TTP)PY(OH),]".
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Figure 3.2.8: Open aperture Z-scan curves of [(TTP)PCL,]" showi ng SA followed by
RSA with 25ps pulse widths. Peak Intensity Iog is also shown.
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The enhancement in the nonlinear absorption with nanosecond pulses and
the saturation effects with picosecond pulses at higher fluences are investigated
by a generdized five-level model and the rate equations describing different
mechanisms, like ground state absorption from Sp— S;, ESA from S; —» S, Ty —>
T, and different relaxation times in the molecule. The rate equations are solved
numerically using Runge-Kutta fourth order method as explained earlier in
section 2.11 of chapter 2. In the ps regime, the singlet levels So, Sy and S, play a
mgor role. Hence the five level modd effectively becomes a three level moddl,
neglecting the ISC from S; — T, as the pulse duration is much shorter than Tisc.
While modeling the ns data, we observe that S, —> S, absorption shows
insgnificant contribution, which is due to large population in the T, state due to
stronger intersystem crossing from S, —> T\.

From the theoretical fit to open aperture Z-scan curves with 25ps pulses,
the ESA from S; — S, (o)) and the lifetime of the higher singlet dtate ts, are
estimated. The ESA cross-section (o;) from T, — T, and ISC rate (tisc) are
estimated from the theoretical fit of the ns data. Excited singlet state S, will have
different decay channels: (1) radiative decay measured using picosecond time
resolved fluorescence measurements typicdly few nanoseconds, (2) the
population relaxation measured using DFWM-PS typicaly few tens to hundreds
of picoseconds and (3) the vibrational relaxations with in the singlet states which
is typicaly in few picoseconds. The contribution from al these processes is
taken as the effective singlet lifetime used in the rate equations. The estimated
vaues from the theoretical fits, the widely used figures of merit, the ratios o/,
G2/06, Where oq is the ground-state cross section along with the parameters used
for the estimation of these parameters are shown in Table 3.2.2. t’s are the
lifetimes of the levelsand @4  is the fluorescence yield. The higher figure of merit
av/ag for [(TTP)PYCL,]' than [(TTP)PY(OH),]" confirms that enhancement in the
nonlinear absorption a lower fluences with picosecond pulses is more due to
ESA from Si — S, In case of [(TTP)PVCl,]", though the onset of saturation
started at dightly higher fluences than [(TTP)PY(OH),]" , saturation of the

excited states is more predominant even with dight increase in the input fluence.
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This is due to the longer lifetime of the high lying excited states S, [42] leading
to saturation in the absorption from the first excited singlet state S| a higher
fluences.

[(TTP)PY(OH),]”  [(TTP)P'CL]"

. 450 fs 600 fs
/0, 2.67 3.56
® &a/op 2.086 12.15
® i I ns 100 ps
®Si 0.560 Jem™ 0.618 Jem™

Table 3.2.2; Calculated figures of merit for optical limiting. * estimated from ps data and
® nsdata

Faster 1SC rate observed in [(TTP)PYCL,)' isin agreement with. a similar
observation made earlier for halogenated porphyrins [22,23], the difference being
that in our case the substitution is in the axial site. The heavy atom effect arising
from the spin-orbit coupling decreases the fluorescence quantum yield (On),
hence increasing 1SC. Even though the triplet lifetime is reduced, the ESA from
triplet states is not reduced, as its lifetime (t1,) is much larger than the exciting ns
pulse duration.

325 Population relaxation - DFWM-ps results

Methods for the study of vibrational relaxation dynamics of excited state,
fluorescence [43] from high lying states in a variety of porphyrins like TBP [44],
OEP [45], TPP [46] and many other molecules include transient absorption
spectroscopy, pump-probe studies and Raman spectroscopy [47].  Different
relaxation pathways as well as the effects of solvent, temperature and metal-ions
have been extensively studied using picosecond [48] and femtosecond [49] laser
pulses.

Fig 3.2.9 (a) and (b) show the DFWM-ps signa for [(TTP)PY(OH),]" and
[(TTP)PYCI,]" respectively. Since the two orientationa relaxation times of CS,
are 200 fs and 2 ps [50], which are much smaller than the haf-width of the pump
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pulse, the CS, signa serves as an auto-correlation trace of the pump pulse. Open
circles (0) are the experimental data for the samples and the solid line in Fig 3.2.9
is correlation curve with the reference sample CS2. Inset in Fig 3.1.9 shows the
decay component and the fit for the decay. For both the molecules there is an
obvious dower component in the decay. The decays are fitted to single
exponential, from which the value of population relaxation time (TO is estimated.
T, values are 46.95 + 16 ps and 485 + 27 ps for [(TTP)P'Cl]" and
{(TTP)PY(OH),]" respectively. Tempora evolution of the signd has been
checked at longer time delays (> 600 ps) also, and no thermd contribution was
observed, as reported in certain other porphyrins (e.g. basket handle porphyrins)
[51]. The values of T, are dightly faster than that of the other TTP's with
different central metd atoms reported earlier {15]. No change is observed with
the halogen substitution in these time scales.
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Figure 3.2.9: DFWM-ps relaxation of (a) [(TTP)PV(OH)Z]‘ and (b) [(TTP)PVCL,]". Inset
shows the fit to the decay part of the signal.
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326

Consglusions

Greater polarization emanating from electronegative chlorine in the
phosphorus porphyrin structure lead to arise in the measured <y> values.
Enhancement in <y> values by one order in ps regime and by three orders
in ns regime respectively.

Large enhancement in <y> at nanosecond timescale due to the excited
triplet state.

Reduction in the limiting threshold (1,2) by 30 times and 3 times with
nanosecond and picosecond pulses respectively due to variation in the S;
state because of heavy atom effect.

Greater reduction in I,,, with the nanosecond pulses is due to faster ISC
and enhanced ESA from triplet states.
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33 Effect of charge transfer states on optical limiting: azoarene
appended phosphorus (V) tetratolylporphyrins

331 Photoinduced Electron Transfer (PET) and Excitation Energy Transfer
(EET), Relevance of Charge-transfer states to Nonlinear Optics

The basis of the photochemically active compounds (chromophores) is
that following absorption of a photon of light they enter a long-lived
electronically excited state. Of course dl chemica compounds are in principle
capable of electronic transitions in which an electron is promoted to a higher-
energy state usualy a HOMO—LUMO trangition but in the vast mgority of
cases the excited state collapscs very quickly back to the ground state, with
evolution of heat as the eectronic energy is converted to increased vibrational
motion of the molecule. However, if the electronic excited state of the molecule
survives for long enough, there is a possibility that it can interact with another
molecule before it is deactivated, and the reactions of molecules in ther
electronically excited state are completely different from those which they under
go in their ground state [52]. If no such interaction occurs then the excited state
will be deactivated thermally, or sometimes by emisson of photon
(luminescence). Luminescent complexes are particularly useful as they tend to
have long-lived excited states, and the loss of luminescence (quenching) is an
obvious sign that the excited state complex is reacting with another group rather
than undergo radiative decay.

The two main mechanisms by which an eectronically excited molecule
can pass its energy on to another molecule (a quencher) are electron transfer and
energy transfer. These are illustrated schematically in Fig 3.3.1. It will be seen
that promotion of an electron from a filled orbital to higher-energy empty orbita
means that in the excited state the molecule is simultaneoudy a stronger
oxidizing agent and a stronger reducing agent than it was in the ground state.
The promoted electron is in a high-energy orbital and can transfer out to an
electron poor quencher; i.e. it acts as a reducing agent. Alternatively, the low-
energy hole left by the promoted electron can accept an electron from an
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electron-rich quencher; i.e. the excited-state chromophore acts as an oxidizing
agent. The type of electron transfer that occurs depends on the nature of the
species that is interacting with the chromophore. In electron transfer, the excited
state can be an electron donor or acceptor. In electron transfer, the energetics are
dictated by the redox potentials of the donor and acceptor, as well as the energy
of the excited state.
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Figure 3.3.1: Electron transfer and energy transfer quenching of a chromophore excited
state.

Energy transfer, in contrast, involves no net eectron transfer; instead the
excited state energy of the chromophore is transferred to the quencher, which
itself enters an electronically excited state. This is more likely to occur if the
quencher has a low-energy excited State avalable and is not amenable to
oxidation or reduction. In energy trandfer, the excited dtate is exclusively an
energy donor. Energy transfer can operate by a dipole-dipole (coulombic)
mechanism involving the mutual interaction of electrons. Since the mutua
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contact between the reactants is not required, the dipole-dipole mechanism can be
operative over large distances, sometimes grester than 50 A. Energy transfer by
electron exchange, however, requires a closer approach of the reactants to alow
for the mutual exchange of electrons. In this respect, energy transfer by electron
exchange is similar to electron transfer. Efficient energy transfer requires that the
excited-state energy of donor exceed that of acceptor. The media showing PET
and EET are generally called as donor-acceptor (D-A) systems.

The phenomenon of photoinduced eectron transfer (PET) is a result of
one of the remarkable achievements of photochemistry. Certain molecules
become powerful electron donors or acceptors on photoexcitation.  This
phenomenon of PET has attracted the interest from many fidlds. Interest in PET
has uncovered novel pathways for synthesis of organic molecules [53],
development of solar energy storage and conversion systems utilizing transition
metd complexes [54], photosynthesis and electron-transport in biological
systems [55], design of molecular computing devices, imaging, chemical sensors
and photonic devices [56]. In PET, an electron migrates between a photo-excited
and ground-state species. According to this concept, PET can be classfied as a
quenching pathway. In fact, like quenching by energy transfer, PET aso involve
a dynamic interaction between a photo-excited statc and neighboring ground-state
species.

Porphyrins and its arrays are one of the well-known media for PET and
EET processes [57]. Donor-acceptor systems containing azulenic molecules are
reported to show optical limiting properties [58]. Straightforward to synthesize
and stable, porphyrins have an extended aromatic n-electron system that supports
reversible electron transfer at accessible redox potentials. The HOMO-LUMO
gap is in the visble region, making photoexcitation convenient in these
molecules. A wide range of metal ions can be inserted into the porphyrin
macrocycle, forming robust complexes that till have axial coordination sites
avalable for simplistic ligand chemistry. In view of these properties,
photoexcitation of the porphyrin nn* electronic transitions can be harnessed to
ussful catalytic reactions via transient reduction or the oxidation of the centra
metal. Transition metals can introduce d orbitals a energies within HOMO-
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LUMO gap, resulting in the availability of ligand—metal charge transfer (CT),
metd — ligand CT, and/or dd excited states a energies below the lowest wrn*
state, and therefore accessible to photoexcitation via the strongly alowed nn*
trangitions. The CT dtates have meta ions that are transiently reduced or
oxidized, while the porphyrin is transiently oxidized or reduced. Redox reactions
of coordinated ligands can therefore be envisaged for CT states of
metalloporphyrins. Because the recombination between the redox partners in
intimate contact is facile, these states are usualy short lived.

In this section, studies on a family of new class of phosphorus (V)
tetratolylporphyrins with axial azobenzene chromophores are reported. In these
porphyrins, donor/acceptor levels and a charge transfer (CT) state is introduced
due to the introduction of azoarene (AZT = 4-hydroxy, 4'-methyl azobenzene,
AZB = 4-hydroxy azobenzene, AZN = 4-hydroxy, 4'-nitro azobenzene) subunits
in place of H in axia (OH)" in 5,10,15,20-(tetratolyl) porphyrinato phosphorous
(V) dihydroxide ((TTP)PY(OH),]' without any chargetransfer states. An
intramolecular PET from the axia azoarene donors to the singlet-excited state of
the basal phosphorus (V) porphyrin is responsible for quenching of fluorescence
in these complexes [61]. We observed stronger RSA in the ns regime with the
introduction of axid &.oarcnc units. We aso observed saturation of absorption
of the S, states at higher fluence in the ps regime whereas, no such saturation of
absorption behavior is observed with nanosecond pulses. The observed nonlinear
absoiption and the phenomenon leading to such behavior is explained using a

self-consistent rate equation model.

332 Molecular structure and linear optica properties

The samples are synthesized and purified according to the procedures
reported in the literature [59]. The molecular structures and absorption spectra of
the axial azoarene appended phosphorus (V) porphyrins are shown in Fig. 3.2.2
and Fig 3.2.3 respectively. These molecules show linear absorption festures
typical of metalloporphyrins, with the high-energy B (Soret) band and the low
energy Q bands. Each new molecule shows an additiona moderately intense
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absorption band in the UV region (~350nm) due to the axid azoarene
chromophores. This band is absent in the spectrum of [(TTP)PY(OH),]'. The
negative free energy change AG calculated using cyclic voltammetry [60] is an
indication to the photoinduced electron transfer and the presence of the CT states.
Each sample is subjected to a column chromatographic purification process prior
to the measurements. In al experiments, sample solutions in chloroform are taken
in 1-mm quartz cuvettes. The compounds remain stable even after long exposure
to laser pulses for a long period of time, which was confirmed from the identical
absorption spectra recorded before and after the exposure.
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Figure 3.3.2: Molecular structure of Phosphorus (V) azoarene porphyrins

Fluorescence decay curves are shown in Fig 3.34 and dl these three
molecules show dow as well as faster components. The lifetimes are tabulated in
Table 3.3.1. The fluorescence yield has gone down with the introduction of
azoarene subunits.  The fluorescence lifetimes varied quite considerably
compared to the reference porphyrin [(TTP)PY(OH),]". For [(TTP)PY(AZB),]'
the faster component is more dominant and for the other two molecules, the
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dower components are dominant. A clear dowing down of the decay is observed

as expected.
Porphyrin Amax (nM) b AG(eV) Ts1 ns, (%)
[(TTP) I’VZAZ.N)Z]+ 630,679  0.069 -0.17 0.53 (30), 2 (33),4.39 (36)
[(TTP) PY(AZB),]" 630,682  0.015 -0.16 0.26 (88), 2.33 (11)
[(TTP) PY(AZT),]" 631,680  0.003 -0.13 0.87 (31), 3.35 (68)

Error limits: Aem, £210M; ¢, 110‘% “

Table 3.3.1: Fluorescence yields (¢) and the singlet state lifetimes

Absorbance

1.8

0.6

0.0

[(TTP)P(AZT),]

300

400 500 600 700

Wavelength (nm)

Figure 3.3.3: Absorption Spectra of Phosphorus (V) azoarene porphyrins
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Figure 3.3.4: Fluorescence decays of axial-azoarene appended P* TTP's.

Frequency doubled Nd: YAG lasers with 25 ps and 6 ns pulse widths, 10
Hz repetition rate are used for the experiments. We have employed standard
backward degenerate four wave mixing (DFWM) geometry for the measurement
of third order optical nonlinearity x'. Optical limiting studies are performed
using /5 test bed and open aperture Z-scan studies are carried out, by focusing
the input beam onto the sample with linear transmission of approximately 75%
using lenses of 500 mm and of 125 mm focd length in case of ps and ns pulses
respectively. The transmitted light is collected with a fast photodiode. The pesk
fluences used in the Z-scan experiments with 25 ps and 6 ns pulses arc
approximately 0.25-1.2 Jem™” and 34 Jem™ respectively. The studies are
performed at the same concentration of ~10™* M ensuring identical experimental

conditions for both ps and ns regimes.
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3.3.3 Third order nonlinear optical properties

The intensity dependence of phase conjugate signal with 25 ps pulses is
shown in Fig. 3.3.5. Concentration dependence of the PC signal is shown in Fig.
3.36. The enhancement in the DFWM signal is quite obvious with the
introduction of axial azoarene subunits. Solid line gives the fit to the cubic
dependence of this signal with input intensity. The ratio of the signals for the
conjugate beam in nanosecond DFWM experiment for parallel and perpendicular
probe polarizations dropped down by just about 3 times, indicating that the
nonlinearity is predominantly electronic in origin. The values of the effective
microscopic second hyperpolarizability <y> with 25 ps pulses and 6 ns for the
samples arc given in Table 3.3.2.

8 4
A [(TTP) P'(AZT),]
® [(TTP) PY(AZB),]
—_ [(TTP) P(OH),I
8 6+
g
=
e
E 4t

PC Signal
N
\g ¥
\'\

Input Intensity(MW cm”)

Figure 3.3.5: Intensity dependence of the PC Signa for Azoarene porphyrins with 25ps
pulses. Solid lines show the cubic fit of the input intensity to the PC signal.

The second hyperpolarizability of these molecules is higher than that of
the reference molecule [(TTP)PV(OH)ZT without CT states [12], by one order of

magnitude in ps regime and by two orders of magnitude in the ns regime. This
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clearly indicates that introduction of the azoarene groups into the phosphorus
porphyrin structure leads to a rise in the measured <y> vaues. Similar
enhancement in the hyperpolarizabilties is reported in CT complexes of Ceo with

aromatic amines [61].

Enhancement in <y> due to the multidirectiona

intramolecular charge transfer transitions from the periphery to the center (PC-
CT) [62] and due to nitro group in bis(N-phenyldithiocarbimato) Ni(ll)

complexes [63] iswell reported.

O [TTP PYAZN),]
¥ [TTP P(AZB),]'
® [TTPP(AZT),)

26

24|

PC signal (arb. units)

Concentration (x 100 M)

Figure 3.3.6: Concentration dependence of the PC signa of Azoarene porphyrins with 6
ns pulses. Solid lines show the cubic fit of the input intensity to the PC signal.

h-i (J/em®)

Porphyrin <y> (*10%su)  <y> (*10esu)
25 ps 6 ns 6ns
[(TTP)PY(OH),]' 0.286 C 3.2550 300
(TTP)PY(AZT),]" 3.1340.2 123.42+12 2.02
[(TTP)PY(AZB),]' 1.60+0.2 149.56:16 1.52
[(TTP)PY(AZN),]' 4.01£0.3 252.94420 1.30

Table 3.3.2:  Second hyperpolarizabilities of phosphorus (V) azoarene porphyrins with
25 ps pulses and 6 ns pulses. |y is the limiting threshold.
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334 Opticd limiting and nonlinear absorption

The optica limiting curves for these molecules with 6ns pulses are shown
in Fig. 3.3.7 for a linear transmission of 75%. The limiting threshold is reduced
in azoarene-appended porphyrins by a factor of two as can be seen from the
threshold values 1, given in Table 3.3.2. Figure 3.3.8 shows the optical limiting
curves for one of the representative azoarene molecules (TTPPY(AZT),] a
80%, 60% and 40% linear transmittance. The clamping levels can be seen to
reduce linearly with increasing ground state absorption. Photoinduced electron
transfer from the excited state of conjugated polymers onto Ceo [64] and in
porphyrin-viologen dyads [65] is reported to enhance nonlinearity and optical
limiting performance. In these molecules the population from the first singlet
state S, can relax to triplet T| or to ground state So via non-fluorescent CT state in
additionto S;—S, and S;— T, transitions.
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Figure 3.3.7: Optica limiting curves of azoarene porphyrins at 75% linear transmittance
with 6ns pulses.
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Figure 3.3.8: Optical limiting curves of [(TTP)PY(AZT),]" at linear transmittances of
80%,60% and 40%.

Fig. 3.3.9 shows the open aperture Z-scan curves with 25ps pulses. The
open aperture Z-scan curves with 6 ns pulses for these molecules are shown in
Fig. 3.3.10 with a normalized transmittance at focus (To) of 0.431, 0.476 and
0521 for [(TTP)PY(AZN),]", [(TTP)PY(AZB),]’ and [(TTP)PV(AZT),)
respectively. Pesk fluences used for the experiment are also shown in Fig.
3.2.10. In the ns regime open aperture Z-scan curves shows only RSA even at
high fluences indicating the dominance of ESA from T;—T, through 1SC from
CT-T,.

In our attempts to explain the results of the 6 ns and 25 ps experiments, a
six-level model explaining various mechanisms occurring in these molecules has
been used (Fig. 3.3.11). A self-consistent theoretical analysis, based on the rate
equations describing the different mechanisms in the molecule and the output
transmittance is developed. The rate eguations are solved numericaly using
Runge-Kutta fourth order method as explained in section 2.11. Solid lines in the
figures with Z-scan curves show the theoretical fits.
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Figure 3.3.9: Open aperture Z-scan curves of (ab) [(TTP)PY(AZN),]' and (c,d)
[(TTP)PY(AZB),]" with 25ps pulses at different pesk fluences(Fy). Solid lines show the
theoretical fit using energy level diagram.

Laser light excites molecules from the ground state S, into one of the
manifold of vibrational-rotational states in the first excited singlet state So— S,
(do), which relaxes very rapidly (~ ps) to the lowest level of this electronic state.
This level relaxes either by nonradiative decay into the CT state and from there to
firgt triplet state (ISC), or by both radiative and nonradiative decay within the
singlet system. ESA can occur from the singlet state Si up to a higher singlet
state S, (a,) and from the triplet state up to a higher triplet state Tn(c2). For ps
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pulse excitation, triplet level contribution to the nonlinear absorption can be
neglected due to the dower intersystem crossing rate and absorption due to the
CT dates is included in o, cross section. Whereas with ns pulse excitation the
triplet levels play an important role. In the ps regime only three singlet levels (So,
S, and S,) dong with the charge transfer levd (CT) play a major role and hence
the six-level moddl effectively becomes a four level modd. In the ns regime, So,
S, Ty, T, and charge transfer (CT) states including ISC from CT — T, will play a
dominant role.
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Figure 3.3.10: Open aperture Z-scan curves of azoarene appended PYTTP’s with 6 ns
pulses. Solid lines show the theoretical fit using energy level diagram. Peak fluence(Fy)
is also shown.
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The parameters leading to enhanced limiting performance and nonlinear
absorption with ns pulses and ps pulses, aong with the parameters used for the
estimation are given in Tables 3.3.3 and 3.3.4. Lifetimes of higher excited singlet
state and the I1SC obtained from theoretica modeling are aso given. The fluence
a which the saturation of excited states has started, saturation threshold (Sw),
which is one of the important parameters in deciding the capability of a material
as optical limiter, is aso given in Table 3.3.3. Sy, (0.628 - 0.802 Jcm‘z) for the
these molecules is found to be higher than that for [(TTP)PY(OH),]" (0.56 Jem™).
The figures of merit (oi/co and ty/oo) for our molecules are compared with
reference porphyrin [(TTP)PY(OH),]" (Table 3.3.4). The enhancement in o1/c¢
and o5/0, due to the presence of additional CT state can be clearly seen compared
to the reference porphyrin. The values of 61/0p and o2/c, for these porphyrins
was found to be higher than some of the earlier reported molecules and
comparable to some of the porphyrins, dyes [40-42,67,44] and fullerenes and

fullerene derivatives [68].

Figure 3.3.11: Energy level diagram of phosphorus (v) azoarene porphyrins
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The presence of CT state, and internal conversion from CT state to singlet
So and intersystem crossing from CT to triplet T, plays a significant role in
enhanced RSA in ns regime. In the ps regime, as population from S; can relax
faster to So, via CT dtates, the saturation of ESA in S — S, transition, which
leads to SA in RSA a higher intensities is aso reduced considerably increasing
Sth.

Porphyrin g, (f5) *Tiee (PS) *Sp(Jem™)
[(TTP)PY(AZB).] 440 750 0.802
[(TTP)PV(AZT),]" 415 620 0.628
[(TTP)P¥(AZN),]" 375 500 0.712

Table 3.3.3: Lifetimes of higher excited state, ISC times and saturation threshold of the
phosphorus (V) azoarene porphyrins. Estimated from Z-scan curves with *25 ps pulses
and from 6 ns pulses. S, is the saturation threshold.

Porphyrin ci/og
[(TTP)P¥(OH),]’ 2.67 2.086
[(TTP)PY(AZB),]" 2.93 4.76
[(TTP)PY(AZT),]" 2.88 8.44
[(TTP)PY(AZN),]" 3.07 9.28

Table 3.3.4: Figures of merit for optica limiting for the phosphorus (V) azoarene
porphyrins, estimated from Z-scan curves with 25 ps pulses and from 6 ns pulses. Values
for [(TTP)PY(OH),]" are aso given for comparison.

335 Population relaxation - DFWM-ps results

Porphyrins have been at the center of the intramolecular electron transfer
using covaently attached electron donor acceptor molecules because of the
convenience of photoexcitation in initiating the electron transfer [69]. Donor-
acceptor groups have been attached to the periphery of the porphyrin ring, and
porphyrin-based molecular triads, tetrads and pentads have been created and
reported to support quite long charge-separated states [70]. By covalently
attaching one or more donors or acceptors, it might be possible to further transfer
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the electron or hole locdized on the porphyrin in a CT state before it recombines
with the hole or éectron on the metal ion resulting in the extended lifetime of the
charge-separated state.

Regular metal porphyrins display a strong transition around 420 nm
denoted by soret band. Upon absorption, the S, state of the porphyrin is
populated. The energy difference between the S, and S, state is dmost 1 eV.
This large energy difference contributes to make the lifetime of the S, dtate
relatively long, according to the energy gap law. Electron transfer reactions from
different excited states in porphyrins and the effect of changing the energy of the
link connecting the donor and acceptor are well studied. When an electron
acceptor was attached to the porphyrin, electron transfer was reported to compete
with S, to S; relaxation. Porphyrins have been used in number of synthetic
modd systems for photosynthetic reactions and electron transfer has been
demonstrated to occur on a subpicosecond time scale [71,72]. These studies have
al considered clectron transfer reactions from the S, state. Despite the large
number of porphyrin donor-acceptor studied, reports on reactions from the S,
state are relatively less [73]. Energy transfer from the S, state of a Zn-porphyrin
linked to Ru(bpy)s** was reported [74] with a lifetime of few ps for the S, state,
electron transfer reactions could occur prior to internal conversion to S, if the
donor and acceptor are strongly coupled.

The presence of donor-acceptor subunits is reported to vary the
relaxations considerably and population relaxation has varied considerably with
the axia azoarenc subunit (Fig.3.3.12). The porphyrin with AZN subunit has a
longer relaxation of 126.19 = 491 ps compared to the porphyrins with AZT and
AZB subunits having faster relaxations of 45.08 + 142 ps and 52.1 + 11 ps
respectively. Donor-acceptor porphyrins having a CT state are well studied using
various techniques like ps transient absorption spectroscopy and pump-probe
spectroscopy. Electron transfer demonstrated by pump-probe spectroscopy in
water-soluble ZnTPPS* to methyl viologen (MV**) is very fast (< 200 fs) in the
complex where as in the absence of MV, the lifetime is 13 ps [73]. In
Co(Il)porphyrins [75], the ground state recovery time was estimated to be less
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than 50ps. Similar studies in Co" and Co™" octaethylporphyrins (in toluene) [76]

revealed two distinct time scales with different spectral signatures.
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Figure 3.3.12: DFWM-ps curves for (a)[(TTP)P™) (AZT),]", ()[(TTP)P™ (AZB),]" and
(©) [(TTP)PY (AZN),]". Inset shows thefit to the decay part.

In Co" porphyrin the mixing of the state, which is due to the unpaired
electron with the normal singlet and tiplet states produces doublets and quartets.
The ground state becomes a doublet; the lowest excited states become the
singdoublet [ZQ(Tr,n*)], the tripdoublet [*T(m,7*)], and tripquartet [*T(m,1%)).
The two lifetimes of the former were estimated to be <10 and 10-20 ps, which
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were attributed to the deactivation of the >T(r,n*) and the CT state. The lifetimes
for Co™ sample was found to be ~ 5ns.  Femtosecond dynamics in solvents of
varying polarity and structure [77] for Co(I)TTP revealed the relaxation time-
scales to be 0.2,2,20-200 ps in different solvents. The longest component is
found to be different for each of the solvent: benzene (16 ps), dichloroethane (23
ps), pyridine (40 ps) and piperidine (190 ps) due to the presence of a CT state. In
excited Cu(ll) protoporphyrins the ground state recovery time increases rapidly
from highly polar solvents like pyridine (~ 45 ps) to nonpolar solvents like
benzene (~ 400 ps) due to the presence of CT state involved with the axia
coordination of more polar solvents [77]. For Cu(ll) porphyrin, after ps
excitation a Frank-Condon state of %S, is populated which decays into the T,
within 8 ps. This state relaxes with time constant of ~450 ps to the °T; state and
*T, equilibrium state from which phosphorescence is emitted [79]. In Cu(l)TPP
and OEP ring-to-metal CT date is found to have lifetime as long as 30-40 ns [80]
In case of water soluble Cu porphyrin, the relaxation dynamics of the excited
states to be completed within 100 ps and the different timescales observed were
100 fs, 1.2, 4 and 25 ps due to the split triplet states and a new quenched state
[81]. In case of Cu it is well understood that the unpaired electrons split the
singlet S, and triplet T, thereby creating new pathways of relaxations including
the presence of a CT state or metal state.

336 Conclusions

» Enhancement in <y> due the appended axiad azoarene subunits to
porphyrin ring

» One order higher in ps regime, greater than that of some
Tetrabenzoporphyrins.

» Higher nonlinearity in ns regime by two orders is predominantly
electronic in origin.

» Enhancement in optica limiting performance is due to enhanced excited
state absorption from T,—T, because of fader intersystem crossing from
CT state to T, due to charge transfer states.
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> Limiting Threshold has lowered by a factor of 2.

» Faster relaxations from the excited states become slightly longer with
higher electronegative AZN subunit.

> Saturation of ESA has reduced considerably compared to porphyrin with
axial (OH) and chlorine substituents

> Can be easily doped into polymers to increase the stability.
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Chapter 4

Axial-Bonding Type Hybrid Porphyrin Arrays with
basal Tin (IV) Tetratolylporphyrin Scaffold

Optical limiting properties of ‘axial-bonding’ type hybrid porphyrin arrays -
trimers and hexamers based on a Tin (IV) scaffold are studied. The effect of different
central metal atoms substituted in the adjacent porphyrin ring in the oligomer structure
is discussed in the nanosecond and picosecond regime. In the nanosecond regime the
optical limiting performance has increased considerably with increasing number of
porphyrins in the array and ESA from singlet and triplet statesfound to play a major
role. However, in theps regime the higher order nonlinear processes takeover at higher
intensities leading to interesting switching behaviour of nonlinear absorption. The
second hyperpolarizability <y> is three orders of magnitude higher compared to the
monomer Sn""TTP.

41 Conjugated molecules/ arrays for NLO applications

Organic materials with delocalized electrons have got a great ded of
importance because of their large nonlinear optical susceptibilities, architectural
flexibility, and ease of fabrication. The relation between the molecular structures
and the third-order nonlinear optical susceptibilities (') has been the main
interest in these molecules [1,2]. Generaly the delocalization of an electron in
the molecular frame will enhance the optical nonlinearity and it has been one of
the most successful strategies for designing the molecules. The optical and
electronic properties of many oligomeric conjugated systems have been
thoroughly investigated [3] for better understanding of both the basic physics in
small, well-defined molecular systems as well as to determine structure/property
relations applicable to the corresponding polymers. Conjugated organic materials
have been widely investigated in search of suitable chromophores for al-optical
applications like switching, and limiting [4]. Simple conjugated polymers such
as poly(p-phenylene) and poly(p-phenylenevinylene) exhibit useful properties,
like semiconductivity and eectroluminescence [5]. Metalloporphyrin and
metallophthalocyanines form an important class of electronic materials because

of the large rc-éectron system with two-dimensional conjugated molecular
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structure [6]. At the same time, another class of organic systems, conjugated
polymers, shows promise as suitable materials due to an expected large
nonlinearity that is caused by one-dimensionally delocalized electrons [7].
Interest in advanced electronic and photonic materials recently has led to the
exploration of conjugated polymers of more complex units, such as porphyrins
[8]. The high polarizability and optica oscillator strength of the porphyrin
macrocycles gives these materials remarkable nonlinear optical (NLO) behaviour,
making them potentially useful for ultra-fast switching technologies. High values
of the nonlinear refractive index, n» (which is proportiona to the red part of the
third order susceptibility, x'’) are essential for electro-optical and all-optical
switching [9], whereas high nonlinear absorption coefficients, /# (proportiona to
the imaginary part of ) are important for optical limiting [10]. High values of
x® are associated with |arge, polarizable n-systems, long conjugation lengths and
smal HOMO-LUMO gaps [11], makes porphyrins good building blocks for such
materials. The possibilities of substitution around the porphyrin periphery and of
varying the metd at the center of the porphyrin provide extra ways of optimizing
the performance of these materials [12]. Although number of studies have
focused on the third-order nonlinear properties of porphyrin based materias [13],
the mgority of these involve macrocycle chromophores that arc electronicaly
uncoupled or weakly coupled to one another. Severd akync-linked [14] and
edge-fused [15] conjugated dimers and trimers have been investigated [16]. In
this chapter we discuss the optical limiting and nonlinear optical properties of
‘axial-bonding' type hybrid trimer and hexamer arrays based on Sn'VTTP
scaffold; in which photoinduced electron transfer (PET) and excitation energy
transfer (EET) play a significant role in modifying the singlet state properties.

42  Molecular Structure and linear optical properties

The molecular structures of monomer and dimer are shown in Fig. 4.1.

The nomenclature of monomer and dimer molecule is meso-5,10,15,20-
(tetratolyl) porphyrinato tin(IV) dihydroxide; [(TTP)Sn'V(OH),} and [p-[5,10,15-
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Tri(p-tolyl)-20-{4-[2-[4-[10,15,20-tri(p-tolyl)-5-porphyrinyl] phenoxy] ethoxy]
phenyl]porphyrinato]] ~ di(tin)  (IV)Tetrahydroxide;  [(TriTP)-Sn'V(OH),]-
O(CH2),O-TriTP)Sn (OH),] respectively. Dimer molecule has two monomers
linked at meso position with ethoxy spacer. Monomer and dimer are synthesized
following the procedure reported in the literature [17,18]. For the sake of
simplicity we mention them as SNTTP and Sn-Sn(TTP), in this chapter. Sn'¥
porphyrin based, "axial-bonding" type hybrid trimers and hexamers are
congtructed by employing 'building-block’ approach. The approach involves
smple inorganic reactions such as axiad bond formation of main group element
containing porphyrins and insertion of metal/metalloid ions into the porphyrin
cavity. The architecture of the trimer arrays [19] is such that Sn" complex of
meso-5,10,15,20-(tetratolyl)porphyrin forms the basd scaffolding unit, the free-
base, Ni porphyrins occupy the two axid stes via an aryloxy bridge. The
nomenclature of the porphyrin trimer arrays discussed here is as follows: (free-
base porphyrin); (tin(1V)porphyrin) = [(TTP)-Sn" (H,TriTP(Q)),] and (nickel (11)
porphyrin); (tin(IV)porphyrin) s [(TTP)-Sn™(NiTriTP(Q));]. For simplicity
these trimers are referred as Sn-(H,)2(TTP); and Sn-Niy(TTP); respectively.

CH, CH,
g 4
g

" §—<_\\,o CH,-CH, 0@& ~SnT §_QCH‘_

0
4
CH, CH,

OH OH
Sn(IV)TTP dimer

Fig. 4.1: Molecular structure of Sn'" monomer and dirtier
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The scheme of construction of hexamer arrays employs a synthetic
protocol involving sequential "organic" and "inorganic" reactions conducted,
respectively, at the peripheral meso- phenyl ring and the central Sn' ion of the
porphyrin scaffold. The architecture of hexamers [ 18] are based on a covaently
linked Sn' porphyrin dimer, with each of the two Sn'" porphyrins centers trans-
axidly ligated to two free-base, zinc(ll) porphyrins. The nomenclature of the
hexamers is given as follows: [(TTP)-Sa'Y(H,TriTP(0)),]-O(CH,),0-[(TTP)-Sn'"
(H:TriTP(O))3] and [(TTP)-Sn™(ZnTriTP(0)),]-O(CH;),0-[(TTP)-
Sn™v(ZnTriTP(0));). These arrays are referred as Snp-(Hz)a(TTP)s and Snp-
Zny(TTP)s arrays. The molecular structure of the trimers and hexamers are
shown in Fig. 4.2 and 4.3 respectively. UV-VIS absorption spectrum of al these
molecules is shown in Fig. 4.4.

X = 2H,Ni(ll)
PET

EET

Fig 4.2: Molecular structure of "axial-bonding"-type tin (IV) trimers. Arrows indicate
the PET and EET.
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A comparison of the UV-VIS spectrum of a given trimer and hexamer
with the spectra of the corresponding monomeric porphyrins suggested that the
Amax Values of these array are in the same range as those of the reference
compounds. In addition, the molar absorptivities at the pesk maxima (€) values
of the bands due to trimers and hexamers are nearly equa to the sum of those due
to their constituent monomers. Minor variations in the spectral features of the
trimers with respect to the corresponding monomers are ascribed to the
'substituent effects i.e, differences in the axial ligands of Sn' porphyrins and
the meso subgtituents of the free-base porphyring/ metalloporphyrins.

PET .
Trans-axial

energy transfer

X = 2H, Zn(ll)

Fg 4.3: Molecular sructure of Sn,-(H.), hexamers

These indicate that there is minimd perturbation of the electronic
structures of the individual macrocyclic 7systems in these arrays. Specificaly
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there exists no indication of the presence of exciton coupling between the
porphyrin rings i.e., basa-basal, basal-axial, or axial-axia interaction in these
arrays. Their redox potential data are adso close to those of the corresponding
constituent monomeric species. On the other hand, the singlet state activities of
these oligomers are quite different from those of the precursor reference
compounds as probed by steady-state fluorescence.
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Fig 4.4: UV-Vis spectra of Sn(1V) oligomers.

In the case of trimers, fluorescence due to both the basa and axia
porphyrins is considerably quenched in comparison with that due to the
monomeric chromophores. Whereas, the spectral shapes and the wavelengths of
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maximum emission for the individua chromophores of these arrays remains
close to those due to the corresponding monomeric entities. Thus, the singlet
state energy values (Eoo values of Ha, Zn" and Sn' porphyrins are 1.94, 2.07 and
2.04 eV respectively) of the individual components of these arrays are assumed to
be essentially similar to those of their congtituent monomers.

In the case of hexamers, strong quenching of fluorescence is observed.
The percent quenching is close to 100, with the band that is characteristic of Sn'
porphyrin emission being totally absent in the spectra. Thisisin contrast with the
partial quenching observed in case of trimers. In trimer molecules, PET occurs
from the axial porphyrin to the basal Sn' porphyrin and EET occurs from basal
Sn' porphyrin to axia acceptors. In the case of hexamers, in addition to the EET
from the basal Sn" porphyrin to its own two axia free-base acceptors, additional
energy transfer from a given Sn' porphyrin to the free bases ligated at the
neighbouring Sn' centers i.e.,, “trans-axial” energy transfer is likely to occur
leading to more efficient quenching. A very high efficiency of energy transfer
from the basd Sn' porphyrin to the axia acceptors is observed in these axial-
bonding type donor-acceptor hexamer assemblies {18].

421 Fluorescence lifetimes

Fluorescence lifetimes and the respective quantum yields are given in
Table 4.1. All these molecules have bi-exponential decays for ts; representing
dow and fast decay. For ShTTP the lifetime is between 0.562 to 1 ns. In the
case of trimers, ts; has increased to 0.74 - 593 ns in Sn-(Hz), (TTP); trimer and
with metal substitution in case of Sn-Ni> (TTP); 151 is ~ 0.62 - 213 ns. As the
aray is becoming larger, the contribution of dowly decaying (long lived)
component has increased. In case of Sny-(Ha)s (TTP)s S lifetime is 0.454-7.25
ns whereas for Snp-Zns (TTP), it is 0.663-1.73 ns. The lifetimes of the first
excited singlet state have varied considerably with the meta substitution in
hexamers. Substitution of Zn as centrd meta atom in porphyrin ring is reported
to vary the singlet state properties and triplet state formation quite significantly
[18,19]. As the excitation pulse is 6ns, the longer Si lifetime of Sna-(Hz)s (TTP)s
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will help in enhanced ESA and ISC, which lead to better optical limiting
performance. Fluorescence decay curves for monomer, trimer and hexamer are
shown in Fig. 4.5(a) and 4.5(b) respectively.

Porphyrin 15 08, (% fluorescence yield)
Sn(TTP) 0.562 (71), 1 (28)
Sn-Sn (TTP); 0.57 (95), 4.94 (5)
Sn-(Hz), (TTP), 0.744 (71), 5.93 (28)
Sn-Ni; (TTP)s 0.62 (70), 2.13 (29)
Snap-(Ha)s (TTP), 0.454 (28), 1.95 (23), 7.25 (47)
Sny-Zn, (TTP), 0.667 (30), 1.73 (69)

Table 4.1: Fluorescence lifetimes and % yields of Sn(1VV) TTP oligomers
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Fig 4.5: Fluorescence decay curves for (a) Sn(IV) TTP monomer, Sn-(H,), trimer and
Sn-(H;)4 hexamer and (b) Sn,-(H;)s hexamer and Sny-Zn, hexamer.
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Excitation energy transfer (EET) and photoinduced electron transfer
(PET) are found to be responsible for the observed variation in the singlet state
properties. The number of acceptors (free-base porphyrins) in the neighborhood
of a given donor (Sn(IV) porphyrin) increases as one moves from the lower
homologue to the higher donor-acceptor assemblies. Thus in the case of hexamer
arrays additional energy transfer, cdled trans-axia energy transfer, from a given
sn' porphyrin to the free bases ligated at the neighboring Sn'" centers is likely to
occur in addition to the EET from the basal Sn'" porphyrin to its two axia free-
base acceptors which is the case with trimers. PET from ground-state free-base
porphyrin to the singlet-state Sn' porphyrin leads to a charge transfer state of
Sn"VP—H,P" and involves free-energy changes leading to formation of charge
tranfer dtates (Fig. 4.6). These charge transfer states lead to localization of
singlet states and the spread in the dnglet states is quite large and the
fluorescence emission wavelength is red shifted quite considerably.

- EET ™\ ¥ Zn
i Sn 7r
&l W,  PEY ]\
——y 4 \ PET /
Sn™_(H,)”
Sn-Zn*
1.0
(eV)
— ——h it e ———
v H, Sn Zn

Fig 4.6: A generdized energy level diagram illustrating the singlet state dynamics and
charge transfer states pertaining to the photoactive arrays of trimer and hexamer. The
effect of PET, EET and the CT states formed in these oligomers are found to vary the
singlet state properties and in these effects were considered while estimating the figures
of merit.
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43 M easurement of <y> and higher order nonlinearities

DFWM-PC geometry is used to measure the second hyperpolarizability
<y> of these oligomers using 25 ps pulses. In the case of Sn(IV) oligomers <y>
has increased from monomer to dimer, trimer and hexamer arrays. However <y>
saturates for trimer arrays and decreases as one moves on to hexamer arrays.
The <y> value is three orders of magnitude higher for hexamers compared to that
of monomer [20]. For dimer molecule, in which two SnTTP monomers were
edge linked via ethoxy spacer, the <y> value is four orders of magnitude higher.
The log-log plot of input energy and phase conjugate signd for dimer and Sn;-
Zns (TTP), hexamer are shown in Fig. 4.7(a) and 4.7(b) respectively.

These molecules show log-log dope of ~ 3 at lower intensities (<10 GW
¢m™) and above that the Sope approaches ~ 5, suggesting contributions from the
higher excited states and the presence of higher order nonlinearities to the
observed nonlinearity. For dimer molecule higher order slope appeared a a
relatively lower intensities (~ 9 GWcm™) compared to that for trimer and
hexamer (~ 15 GWcem?) molecules. The values of <y> measured from cubic fit
of the phase conjugate signa at lower intensities where the dope is ~ 3 are given
in Table4.2.

The chain length dependence of ¥ for several molecular arrays and
polymers has been investigated earlier and it is known that the magnitude
depends on the number of monomer unit N [1, 21]. Usudly it is a function of
power of the chain length [1],

yoc NN (4.1)

For conjugate compounds with a smal monomer unit such as
polythiophene, a(N) is amost constant in an intermediate region (3-7 units) and
findly a(N) becomes less than unity which indicates the saturation effect. For
instance, in the case of thiophene oligomers, reported by Hein et al. absolute
value of ¥ was enhanced with increasing the thiophene unit; however, y per
monomer unit was saturated at about 4 units. It is aso reported that the
saturation of the oligothiophenes occurs at about 7-8 units [1]. It is interesting to
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note that for the oligomers and arrays of larger monomer unit such as porphyrin,
the enhancement is more drastic and it saturates at a much shorter length [22].
Effects of alternation and saturation of y have been reported earlier for cyanines
[23].
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Fig 4.7: Log-log plot of phase conjugate signa and the input energy for (@) Sn-Sn dimer
and (b) Sn,-Zn, hexamer with 25 ps pulses.
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Porphyrin <y>(x 10 esu)
(TTP) 0.368 x 10°
S (TTP), 299+ 04
Sn-(H,),(TTP); 0.9328 + 0.06
Sn- NiTTP); 0.6142 +0.04
Sny-(Hy)a(TTP)g 0.333 £ 0.02
Sny-Zny(TTP), 0.385 + 0.03

Table 4.2: Second hyperpolarizability <y> of Sn(IV)TTP oligomers

Large third-order electronic polaraizabilities in porphyrin oligomers
[22,24] and polymers [25] are reported earlier. The deviations from the cubic
behaviour of the phase conjugate signa where the log-log slope approaching ~ 5
are observed earlier in tetramer, pentamer and polymers of porphyrin [25]. In
isolated molecules in solution, strongly coupled pairs of excitations created by a
TPA or ESA processes would create a two-photon grating that would produce a
scattering proportional to the fifth power of the laser intensity, and an effective
% process. The nonlinearity would be expected to be rapid on the time-scale of
the pulse duration because S, excited states of organic molecules commonly
decay rapidly to S,. Ultrafast measurements [26] of the dynamics of S» —> S, in
analogous meso-linked ethynyl bridged porphyrin oligomers show the relaxation
occurs in a sub 100 fs timescale. Similar results of the fifth-order nonlinearity are
reported in stilbazolium derivative [27] due to TPA and TPA generated ESA.

Four-wave description of the DFWM interaction specifies only the
number of beams involved and does not constrain the interaction to a third-order
nonlinearity. The most general form of the third-order polarization density for
the backward DFWM geometry can be expressed as

PO= 0 (G E0E, + 1ulfit - E)E, +2Cx)(E; E)E, (42)

The first two terms are identified as spatia grating terms and the third

term corresponds to the scattering of the probe wave from a spatialy uniform
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two-photon coherence. The susceptibility C isusually negligible unless there is a
strong resonant enhancement from a two-photon transition. Depending on the
polarization state of the input waves and the conjugated signa different terms
contribute to the nonlinear polarization. In our experimental setup al the four
waves are linearly polarized and &l the three terms contributing to P will be
present [28]. The order of the susceptibilities and the specific terms that
contribute significantly to the DFWM signal, depend on the nonlinear interaction.
For instance, when the nonlinear mechanism is due to two-photon transitions,
terms involving both third order and fifth order nonlinear susceptibilities will
generaly be significant and the dominance of one over the other will depend on
details such as the two-photon transition probability, the dephasing rate of the
two-photon coherence. Even for the case of a single-photon transition, terms of
higher than third order may contribute, but such conditions are usualy negligible
unless significant population changes are involved.

The polarization density terms leading to DFWM can be written as
P™(co) - P+ PP + (higher - order terms) 43)

In contrast to the single-photon resonant terms in PY, in two-photon resonant
media a much more significant contribution to the net polarization density P**
may occur from P and higher order terms, even when the population changes
are negligible. For DFWM interaction some of the terms that are phase matched
to radiate in the conjugate-wave direction are shown in table 4.3 below.

In the presence of an intermediate state one can expect term 7. to
dominate, owing to the formation of a relatively long lived intermediate state
population. If this intermediate State is already well saturated at the light
intensities of interest, this term essentially reduces to a third order term. If the
population relaxation times for the states are generaly longer than the dephasing

times of the coherences 7., 7" be significantly longer than z.”

and z.”, and
the corresponding polarization terms may be expected to result in DFWM signals

comparable to the third-order 2w coherence term. Each term in P? has
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functiond dependence on the amplitudes of the input waves. For instance 2"

has a cubic dependence on the intensity of the backward beam. With appropriate
polarization selection, and by intensity and angular dependence experiments, it is
possible to study the individua contributions of these terms to the DFWM signal.

Typical term in P (@) Physical sequence in the nonlinear
polarization density
Y= O, e | 2w cohe e at1
b [( i )L!' .L{!Lh 2w coherence — spatial grating
S (= = === crence S 1 atl
zh l("f -E, JE; -, Jgh 2w coherence — spatial grating
)= Tl 1 e i e : state —
x! l(éf “E ).5’ -E, Jgn Population of intermediate state —

spatial grating

Xd
Sz = .= F
Xe l(gj "€ )e_! Ag‘,}g‘"

Table 4.3: Nature of P terms in two-photon resonantly enhanced materials

(5) [("AI -, )‘Tr ngE 2@ coherence only no spatial grating
‘ »

2w coherence only no spatial grating

The population distribution of porphyrins with 25 ps pulse excitation can
be explained by the following rate equations

dN, _ o N, BI* N, (4.4)
dt he 2he 1, ’
dan, _ G’U]N”_O’JNE-L'\;,jLi 45)
dt ha he T, T '
Ny _ o N I N, @)

dt he 2he T,

As the relaxations from the excited singlet state S, are very fast compared
to the excitation pulse width the population N> can be assumed to be not changing

at very high intensities

N, alIN, +,811

4.7
: 28 ha 2hw “.7)

Le., dN>/di=0. =

Substituting this in to egn (4.6), gives
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_dﬁll = O'[,] NH NL ] /f!‘

= - 4.8
dt ho T, 2ho “8)
The effective population describing the nonlinear property
dN, Ny _ 0l N, N BT
di dt heo 7, 2hw
(4.9)

3 My o Ylar + 0] ~Lnv, +n0]
(3 T

P eff
r\ I 1

Where Ny = N, - Ny is the effective population contributing to the nonlinear
polarization and N,;’- N; + N, isthe population at zero field, which is a constant
No.

The effective population density leading to the nonlinear polarization
properties can begiven by

dNy o N, 1 {N”‘ ; N‘,} 9 B (4.10)

dt he T 2hew

The resulting nonlinear polarization source term P** is proportional to EN,;z. At
higher intensities the two-photon term have dominant contribution to the

nonlinear polarization is

N g @ [ 13dr (4.11)

At higher intensities assuming TPA to be the dominant process and in the DFWM
geometry 12 - (E; + £, + E,)°. Concentrating only on the terms which contain
EE,* and neglect the terms in |E,I’E,* since |E,| « |EL|Es] . Then the
component of |2 producing a grating leading to the DFWM signal is Iy ° X (1E4’
+ 2|Ey))[2EE,* + c.c]. Notetha whilel. is real, it has been broken down
into the sum of two complex conjugate terms. The first gives rise to the
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conjugate signal, the second to a term, which radiates with a wave vector of ky, -
2kf and is not phase matched.

Assuming the phase distortions on E, to be small, E,* = E,g exp{+ik, (z
cos@+xsin6)} and Ey = Ep {—ikrz},s0 that N rcan be written as

ef)

N g <2c0s(K x] [ |E,()'|E, (e’ (4.12)

where K, = ks - k, isthe grating wave vector. In the limit of small G, K, ~ 2rn6/A,
where A is the free-space wavelength. Since  E,, o« P, the total irradiance

dependence of the DFWM signd is

Lkl T (4.13)

b p

The observed fifth-order nonlinearity can be considered to be arising from
a sequential ¥ : %" nonlinearity. Such sequential nonlinearities leading to fifth
and seventh order contributions to phase conjugation are reported in
semiconductors [29]. In case of Sn-Sn dimer the log-log slope of the phase
conjugate signal to the input energy varied as 2.83 = 0.10 and 492 + 011 a
lower and higher intensities respectively. Where as for trimer and hexamers the
dopes are higher than 3 and 5 at lower and higher intensities respectively. At
higher intensities slopes higher than 5 observed in trimers and hexamers may be
due to the additional localization coming due to the presence of PET and EET,
which localize the singlet states, in turn changing the population densities
contributing to nonlinear polarization. Whereas in dimer molecule the possibility
of PET and EET is absent and only conjugation is present. In general for a
medium that is m-photon resonant (m>l) the lowest-order term that may
contribute significantly to a DFWM signa is of order 2m - 1, whereas the lowest-
order term with a spatial modulation is of order 2m +1 [29].
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44  Optical limiting and nonlinear absor ption

Optica limiting and nonlinear absorption studies are performed for these
samples both in ns and ps regime. The nonlinear absorption behaviour observed
in these hybrid arrays is totaly different a ns and ps timescales. In the
nanosecond regime al these molecules show good RSA even a higher
intensities. However, in the picosecond regime the behaviour switches from RSA
to SA and then again to RSA as the intendity increases.

441 With 6 ns pulses

Optica limiting studies are done using 6 ns pulses with 10 Hz repetition
rate from frequency doubled Nd: YAG laser. We have employed f/5 geometry.
The linear transmission is approximately 70-75% for 1-mm path length of the
sample. The input iluence is varied in the range of 30uJem™ to 70em™. OL
curves for monomer SNTTP, trimer Sny-(Hy); (TTP); and hexamer Sny-(Hj)s
(TTP)s & ~75% linear transmission at 532 nm shown in Fig. 4.8 clearly indicates

the enhanced limiting behavior as one moves to higher homologues.
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Fig 4.8: Optica limiting curves of Sn(IV) TTP monomer, trimer and hexamer a 75%
linear transmission with 6 ns pulses. Lines show the fits to the limiting curves.
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Figure 4.9 (a) and (b) show the variation in the limiting curves for SNnTTP
and Sn-Sn(TTP), at different linear transmissions of 85% and 70%. These
oligomers start showing considerable limiting performances from the
concentrations corresponding to 75% linear transmission a 532 nm and the
limiting performance increases with increasing concentration (decreasing linear
transmission at 532 nm).
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Fig 4.9: OL curves of (@) Sn(IV)TTP monomer and (b) Sn-Sn dimer at 85% and 70%
linear transmission. Sold lines show theoretica fits.
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Fig 4.10: OL curves showing (a) the effect of heavier mctalloporphyrin with in hexamer
arrays.  Solid lines show theoretical fits. (b) OL curves showing the effect of
concentration in Sny-Zng(TTP), array.

However, with the introduction of heavier metalloporphyrin in the axial
position in place of free-base porphyrin, in trimer and hexamer donor-acceptor

homologues, lead to slightly reduced limiting response. OL curves for hexamers
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with free-base and Zn porphyrins in axiad position are shown in Fig. 4.10.
Though the limiting threshold has not varied greetly the onset of limiting is
certainly at lower input fluences for the oligomers with freebase porphyrin.
Throughput fluences from these hybrids are as low as 35 - 52 mm"? with input
fluences in the range of ~ 26 - 74 Jem™ making them very good optical limiters at
higher intensities. Decreasing linear transmission to ~ 60%, we are able to
achieve much better limiting performance in dl these molecules. With increase
in the concentration the ESA increases, thercby leading to improved nonlinear
absorption behaviour. At higher concentrations we have not observed any
scattering due to therma blooming of the solution as reported earlier in
suspensions of carbon black and ink [30]. No aggregation in the porphyrin
solutions is observed even at higher concentrations.

Limiting threshold values for the oligomers with 6ns pulses are shown in
Table 4.4. Figure of merit (c../co), which describes the capability of a material
for optical limiting, and ts¢ estimated from the theoretical fits is also given in
table 4.4. The contribution from al the processes like PET and EET and both the
radistive and nonradiative processes towards the lifetimes are taken as the
effective singlet lifetime used in the rate equations. The values of o./c, ae
estimated using a generalized fivelevel modd and from the rate equations
explained in section 2.11 of this thesis. The lifetime of the higher excited singlet
state S, (tsa) and triplet (trs) are taken as ~ 100 fs and the lifetimes of the first
excited singlet state is taken as given in table 4.1.

Porphyrin lin0em?)  Gu/op T (PSEC)
ShTTP 12.30 324 1000
Sn-Sn (TTP), 0.16 21.53 1X0
Sn-(H,)(TTP); 291 7.26 3X0
Sn-Niy(TTP), 3.46 6.21 550
Sny-(H2)o(TTP)s 0.46 19.45 220
Sny-Zny(TTP), 116 6.73 600

Table 4.4: Limiting threshold with 6 ns at 75% linear transmission at 532 nm.
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Singlet state lifetime and the ESA from S,—S, in addition to T,—»T, are
found to be responsible for the enhanced limiting performance of higher
homologues. Simultaneous occurrence of strong EET and less prominent PET
lead to a drastic change and stabilization of S, states in these molecules, making
the S\ state metastable in comparison with the excitation laser pulse width. The
effective ESA cross-sections from both singlets and triplet states is taken as ..

Even though the contribution due to ESA from S, to S, is present in these
molecules as the lifetime of S; is longer and comparable to laser pulse width, due
to the low fluorescence yields most of these molecules seem to transfer to T; with
atime given by the longer decay. However high triplet yields in these molecules
indicates that intersystem crossing plays an important role in these systems at the
nanosecond timescales. Such a longer intersystem crossing has been reported in
the unaggregated solutions of edge linked zinc porphyrin oligomers [31] and in
monomer, dimer and polymer films[32]. The intersystem crossing time obtained
from the theoretical fits is around 180 ps to 600 ps for these oligomers. Similar
decay times arc reported in zinc porphyrin oligomers [32] obtained from pump-
probe measurements using a 0.8 ps pulse. Highly efficient triplet-triplet energy
transfer and enhanced intersystem crossing is reported in rigidly linked metal and
frce-base porphyrin hybrids [33] and aso in porphyrins linked via Ruthenium
complex [34]. As the excitation pulse is of 6 ns duration, the longer lifetimes of
S in these arrays will help in enhanced ESA from the S, states, in addition to the
ESA from the triplet states, which lead to better optical limiting performance.
With the introduction of ZnTTP in case of hexamer and NiTTP in case of trimer
in the place of the freebase TTP, we have observed reduced limiting
performance of the molecule, due to the variation in the singlet state properties.
When compared with the H,TTP, NiTTP and ZnTTP monomers these oligomers
show a better limiting performance under the similar experimental conditions.
Substitution of Zn as central metal atom in porphyrin ring is reported to vary the
singlet state properties and triplet state formation quite significantly [35].
Population relaxation times studied using DFWM-ps technique has been reported
to have faster relaxations for ZnTTP and NiTTP compared to that of SnTTP and
H,TTP [36]. Population relaxation times studied using DFWM-ps technique has
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shown just the autocorrelation trace that is similar to that obtained for CS, shows
that the relaxations are certainly fagt < 25 ps.

442 With 25 ps pulses

With 25 ps pulse excitation the nonlinear absorption behaviour is
completely different compared to that observed with 6 ns pulses. SnTTP
monomer shows a regular RSA behaviour at lower concentrations (corresponding
to 75-80% linear transmission a 532 nm) and at lower intensities. At higher
intensities the ESA saturates and SA followed by RSA is observed as shown in
Fig.4.11 (8). At higher concentrations the nonlinear absorption shows a sudden
transition to RSA at higher intensities within SA behaviour (Fig.4.11 (b))..
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Fig 4.11: Sn monomer at (a) low (~14 GW cm®) and (b) high input intensities
(~38 GW cm) at lower concentration. Solid line is guide to the eye.
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In the case of dimer a lower intensities only RSA (Fig. 4.12 (9)) is
observed and as the intengity increases, the switching of the nonlinear absorption
from RSA to SA and then back to RSA (Fig. 4.12 (b)) with intensity is observed.
As the intensity increases the SA behaviour after RSA goes down as the RSA
behaviour becomes more dominant (Fig. 4.12 c).
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Fig4.12: Shdimer a low concentration, & (8) 56 GWem™ (b) 19 GWem? and
(c) 46 GW cm®. dlid linc is guide to the eye.

In the case of trimers, a lower concentrations and a lower intensities
RSA is observed and with increasing intensity saturation of the ESA is observed.
The saturation has increased with increasing input intensity. The open aperture

Z-scan curves for Sn-(Hy), (TTP); are shown in Fig. 4.13. For Sn-Ni; (TTP)s, the
substitution of NiTTP in axid position in place of H.TTP |ead to a total reversa
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in the nonlinear absorption behaviour. At lower concentrations and at lower
intensities SA is observed (Fig 41 a). With gradua increase in the input
intensity the RSA phenomenon started taking over as RSA followed by SA is
observed (Fig 4.14b) and a higher intensities pure RSA was observed (Fig
4.14c). At higher concentrations (60% linear transmission at 532 nm) the
behaviour remained pure RSA similar to as shown in Fig 4.14c. As the intensity
is increased the behaviour of RSA (Fig 4.14 (b)) started to take over and at higher
intensities completely RSA dominates (Fig 4.14 (c)) probably due to TPA
assisted ESA.

Normalised Transmittance

Fig 4.13: Sn-(H,), trimer at low concentration and at (a) 26.2 GW cm* and
(b) 445 GW cm™ . Solid line is guide to the eye.

For Sn-Niy(TTP); with 532 nm excitation that fals in the edge of the
absorption band, we have observed SA behaviour (Fig 4.14 (a)) a lower
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intensities. With 532 nm excitation, the lowest of the S, energy levels get excited
and therefore one expects more locdization of the energy [37], which thereby
leads to saturation at lower intensities. When the pump excitation is into the
lower side of the absorption band, there is more localization of the energy before
it decays to the ground state, leading to resonant TPA.
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Fig 4.14: Sn-Ni, trimer at low concentration and at intensities (a) 4.5 GWcm?
(b) 24.3 GW cm"? and (c) 47.5 GW cm*?

In the case of Sn-(Hy); (TTP)s and Sna-(Ha)a (TTP)e, both at lower and

higher concentrations and at higher intensities saturation due to the excited states
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is observed (Fig 4.13 and 4.15). At higher intensities the saturation has increased
quite considerably. However in Sny-Zns(TTP)s a lower concentrations and at
lower intensities a transition from SA to RSA due to two-photon/multi-photon
absorption is observed (Fig 4.16). At higher concentrations and at lower
intensities saturation of absorption due to excited states is observed (Fig. 4.17
(@). As the intensity incressed to ~ 525 GWem'? RSA is observed after
saturation of absorption due to the excited states (Fig 4.17 (b)).
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Fig 4.15: Sn,-(H,)s hexamer at 75% linear transmission and at Iog ~ 22.5 GWem"?
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Fig 4.16: Sn,-Zn, hexamer at 75% linear transmission and at Iop ~ 27.0 GWem™, Solid
line is guide to the eye.
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Fg4.17: Sn,-Zn, hexamer a high concentration (60% linear transmission) at intensities
of () 285 GW cm? and (b) 525 GW ami respectively. Sdlid lineis guide to the eye.
Depending on the input pulse duration, nonlinear absorption in these
materials normally occurs through transitions from So — S, sates by
instantaneous TPA or from So — S, — S, states by a two-step resonant ESA (if
S, — S, occurs after vibrational transitions or diffuson within the singlet states)
orT;— T, states by means of ESA. From the equilibrium level S, the molecules
may relax radiatively or nonradiatively to the ground state or transfer to the lower
level of triplet manifold, T,. Efficient RSA for picosecond pulses requires that
the recovery rate from the S, state be dow compared to the optical pumping rate.
Intra-band Vibrational relaxation times dso play an important role for RSA. The
higher excited states of the singlet manifold relax to the lower vibrationa states,
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leading to absorption of the pump from the lower singlet level to the higher
excited states through ESA. At the intensities and the pulse width used one need
to consider the effect of multi-photon absorption (MPA) process also. Two-
photon and Three-photon processes leading to optical limiting are well reported
in various organic compounds [38]. Presence of MPA is generally resolved using
upconverted fluorescence [39], transient absorption [40] using pump-probe and
four-wave mixing experiments with femtosecond pulses {41]. For porphyrins the
intersystem crossing time (tsc), which is of the order of few nanoseconds in
genera and few hundreds of picoseconds in some specific cases, is of minor
consequence because of the 25 ps pulse width of the laser. For the ps excitation
we therefore can neglect intersystem crossing and hence the contribution of the
T, state, which makes the singlet states responsible for the observed behaviour at
these time scales.

At the wavelength of excitation, 532 nm, the lowest of the S, energy
levels get excited, and therefore one expects more locdlization of the energy,
which thereby leads to saturation at lower intensities. As the intensity increased,
the behavior switched to RSA, as shown in Fig. 414 (b)&(c). The intensities
used are 45 x 10° and 24.3 x 10° Wem'"? for a concentration corresponding to
70% linear transmission at 532 nm. For increasing intensities (>34 x 10° Wem'?)
the behavior shows a complete switchover from SA to RSA, which could
probably be due to either TPA or step-wise ESA, TPA generated ESA or multi-
photon absorption. At very large intensities the behavior was completely
dominated by RSA.

Behavior of RSA followed by initid SA has been observed earlier for
zinc meso-tetra (p-methoxyphenyl) tetrabenzoporphyrin  (ZnmpTBP) [42],
polymethine dye [43], and coordination compounds [44] and in Rhodamine B
[45]. In ZnmpTBP [38] the behavior was attributed to the excitation of
population into higher excited states (T) at higher intensities, giving rise to RSA,;
and the SA behavior was given as due to the saturation of the T, state. In
polymethine dye [43] this behavior was attributed to irreversible damage induced
by the input pulses. For ruthenium and osmium complexes of modified

terpyridines [44], the saturation curve was explained as being due to the
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compounds and the RSA portion as being due to TPA of the solvent. In RhB [45]
the cross over from SA to RSA is observed with increasing concentrations and
intensities in methanol when excitation is at near resonance with the absorption
band and for RhB in water trangition from RSA to SA is observed. The cross
over is attributed to the formation of aggregates at higher concentrations that vary
the singlet state lifetimes greatly. Zhan et al. [46] observed a transition from
RSA to SA in a chargetransfer sat of with increasing intensity that was
attributed to the fifth-order nonlinearity, as the excitation wavelength was 1064
nm and absorption peaked near 532 nm for their sample. Transition from RSA to
SA with intensities and concentration depends on the higher excited date
relaxation times. The mogt plausible explanation for the observed behavior in our
case is that due to the PET and EET processes occurring simultaneously the
excited singlet states become more and more localized thercby causing
considerable changes in the absorption from the S, to the S, states, which follows
the square law for intensity dependence, leading to enhanced TPA. Though PET
is reported to lead to saturation of excited states, the contribution from the
lifetimes also plays a crucial role [47].

45  Ultrafast relaxation - DFWM-ps results

Population relaxation from the excited states becomes very important
parameter in these molecules. Relaxation of the molccules out of the excited
states occurs rapidly (<Ips) into an equilibrium level in the highest singlet S;
state. The relaxation of S, state would be unresolvable in our case due to the
laser pulse width being larger than the expected lifetime. Population relaxation
times studied using DFWM-ps technique has shown just the autocorrelation trace
that is similar to that obtained for CS, shows that the relaxations are certainly
fagter < 25 ps. The recovery of the ground-state population can occur in times
shorter than the measured fluorescence decay times under high laser tluence.
This has been attributed to exciton-exciton annihilation. The rapid ground state
recovery is common for porphyrin and phthalocyanine based systems in which
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the excitons are strongly coupled [32]. This process could aso lead to a rapid
excited-state nonlinearity.

Ultrafast relaxations of the order of few hundred femtoseconds are well
known in porphyrin-acceptor systems due to electron transfer [48]. Photoinduced
charge separation, therma charge recombination electron transfer due to
porphyrin localized charge transfer character in adirectly linked pyromellitimide-
(porphyrinato) Zn(I1) complex and similar donor-acceptor systems are reported to
be in the timescales of 770 and 5200 fs [49]. Competition between interna
conversion and energy transfer in the upper excited singlet state of the porphyrin-
ruthcnium complexes are aso reported [50]. Lammi et.al. [51] reported energy
and charge transfer between the adjacent states leading to excited state quenching
a timescales < 11 ps and between different sites by super exchange assisted
energy transfer at timescales of < 55 ps in diphenyl ethyne linked porphyrin
dyads and triads and the relaxation rates can be tuned using the porphyrin-linker
connection motif. Ultrafast excitation energy transfer processes are reported to
be in the order of 12 + 3 psin Zn(Il) porphyrin box [52]. Increasing number of
porphyrin units has also reported to accelerate the relaxation dynamics of the
lowest excited states from 4.5 ps for dimer to 0.3 ps for hexamer [53]. O’Keefe
et. al. [54] reported a two-component decay, of approximately 700 fs and 170+50
ps due to exciton-exciton annihilation and ecxciton diffuson to recombination
centers on the polymer chan from femtosecond transient photoinduced
transmission measurements on Zinc conjugated porphyrin polymer. Similar
faster decay of 13 + 5 ps is aso reported for dimer [54] due to the rotational
diffuson of the excited molecule in solution. Relaxations of ~ 6 ps are dso
reported in ethylene bridged side-to-side OEP porphyrin dimer [55]. Excited-
state energy transfer is reported to be operative at timescales of 35 ps and 10 ps
in p-phenylene linked porphyrin dimers [56], which varies with the bridge linker.
Ultrafast fast kinetics of a hexameric benzo-porphyrin compound investigated by
femtosecond transient absorption spectroscopy shows that in the hexamer a 20 ps
decay component is present which is attributed to an intramolecular
interchromophoric excited-state process [57]. In cofacid lanthanide porphyrin

macrocycles two relaxation processes with time constants of ~ 15 and 10 ps are
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reported [58]. Energy transfer to the nearest porphyrin in chelate assembly
separated by approximately 15-185 A is reported to occur in ~ 10 ps, which
varies with the separation [59]. The transition from SA due to the excited states
to RSA observed in the Sn" oligomer arrays at higher intensities and the
contribution from different nonlinear absorptive processes can be better
understood with the help of relaxation/decay dynamics from the higher excited
singlet states/energy transfer in these molecules.

4.6 Conclusions

> |n the ns regime OL peformance increases as one moves to higher
homologues.

»  Within trimers and hexamers, substitution of heavier metalloporphyrin
reduced limiting performance dightly.

» Linearly linked Sn-Sn dimer shows a better OL performance than the
axial-bonding type trimers and hexamers,

> In the ps regime thesc molecules show SA a higher intensities after
initially showing RSA at lower intengities. At very high intensities RSA
again takes over.

» Higher order nonlincarities in the ps regime indicate the presence of two-
photon/ multi-photon absorption process.

» Ultrafast relaxations show a very fast relaxation < 25 ps in these

molecules.
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Chapter 5
BiuSiOzo and Bi;;SiO,q:Fe CryStaIS

Optical limiting characteristics of Bi;»5i0,(BSO) and Bi,»SiOz: Fe (BSO.Fe)
crystals at different wavelengths in the visible region at 435, 532, 600 and 683 nm in the
nanosecond regime are presented. Studies reveal the contributions of both two-photon
absorption (TPA) and charge carrier absorption from the traps, leading to nonlinear
absorption. Pump-probe studies with 25 ps pulses revealed ~ 60 ps relaxation of excited
carriers. The effect of relaxation of excited charge carriers on the nonlinear absorption
behavior is also discussed.

51 Photor efractive materials for NLO applications

Electro-optic  photoconductive materials present many interesting
phenomena, one among them is the photorefractive effect with a variety of
potential applications in nonlinear optics and photonics which include phase
conjugation, optical interconnections, opticad spatial solitons, and optical signa
processing [1]. The phenomenon of photorefraction arises on the nonuniform
illumination of such materids and with the diffuson of the ensuing
photogencrated carriers towards lesser-illuminated regions with the associated
electric fidds that, through the Pockels effect, cause localized changes in the
refractive index. This photoionization occurs from relatively deep energy levels
within the bandgap that are not normally thermally ionized. The light induced
absorption due to the photoinduced charge transport has been studied widely in
the field of photorefractive nonlinear optics because it plays an important role in
the construction of passive optical limiters and optica threshold elements in
optical processing systems [2].

In photorefractive materials, a higher input intensities, the mechanism of
charge carrier generation and trangport process involve impurity levels which
leads to the greater possibility of the combined effect of trap assisted charge
carrier absorption (TACCA) and TPA [3]. Here the former is an accumulative
nonlinearity, which requires time for energy transfer from field to medium and
hence depends on energy density deposited in the medium. This nonlinearity can
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also be nonlocal due to the drift or diffusion of photogenerated charge carriers in
the medium and hence can in principle only depend on the input fluence. The
later is an instantaneous nonlinearity, which depends on the input light intensity,
can be effective over broadband of the spectrum and for very short pulses. TPA
can dso act as a significant loss mechanism when a materia is subjected to a
strong beam of photons of energy ftco, with fao < E; < 2hw, where E; is the energy
gap of the material. High sendtivity optica storage by the photorefractive
process using multi-photon absorption was demonstrated in LiNbQO; and in KTN
[4]. Permanent and reversible changes of refractive index of pure and doped
LiNbO; have been obtained by multi-photon absorption that results in increased
sengitivity for optica storage and holography [5].

In this chapter, we compare the optical limiting behavior exhibited due to
combined effect of TPA, free carrier absorption and trap assisted charge carrier
absorption (TACCA) in photorefractive crystals of pure and iron doped BSO in
the visible spectral range using nanosecond pulses at 435, 532, 600 and 683 nm.
An excellent passive limiting behavior is demonstrated for the first time using
these crystals in visible region. In our qualitative modeling of the effect, we
account the absorptive changes due to combined effect of TACCA and TPA.
Conscquently, we present the precise role of the internal defects due to impurity
centers present in the crystal lattice, to help in the understanding and obtaining
optimum samples for enhanced optica limiting from these photorefractive

materials.

52 Bi;;Si029 and Bi;2Si0y: Fe

The sillenite family crystals, in particular, BSO is considered attractive
candidate for applications due to its strong photorefractive properties like high
sensitivity, fast response time, comparable electro-optic coefficient with other
crystals of the family and interesting piezoelectric, optically-active and many
other interesting properties like beam deflection, switching, holography, phase
conjugation and optical memories [6]. It has been reported that out of three non-
zero electro-optic coefficients rai, rs2, and re3, the element rq; is important for
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device applications [7]. BSO has cubic symmetry, belonging to point group 23.
In BSO the standard photorefractive effect is based on the absorption of photons
by impurity levels. One can improve the performance by means of increasing the
impurity levels by doping. In BSO, a large number of trap levels in the energy
gap predicted from the spectral response of the photoconductivity [8] and the
traps with high concentration were observed experimentally [9]. In addition to
distinguishable shallow trap levels reported, there appears to be many
overlapping levels that are not distinguishable at decp energy levels below the
conduction band [10]. Attard [11] predicted the Fermi level shift in BSO via
photon induced trap occupation. The shift of Fermi level is dependent on the
density of trap sites in the bandgap, the radiation induced occupation density, and
the energy levels of the traps. Investigations report that photorefractive materias
doped with iron leads to favourable photorefractive properties such as small
response time and high sengtivity [12]. It is aso shown that optical properties
and light induced absorption changes are affected due to iron doping [13].
Invegtigations on the possibilities for practical applications of sillenites have
revealed that doping can conveniently be used to modify the absorption in a way
suitable for the particular application. In BSO too, doping with various elements
leads to significant changes in the electrical, photoelectricd and optica
propertics. Nagao and Mimura [14] have investigated the influence of a large
number of transition metals on the transmission and photoresponse of BSO. The
general concluson made about photoresponse is that the transition metd
impurities in BSO crystals quench the photoconductivity.  An intuitive
explanation proposed for the quenching is the formation of recombination centers
[15]. When the light intensities are strong enough, effects that are caused by
TPA can become important [16] and can aso be enhanced by the existence of
intermediate energy levels inside the forbidden bandgap because of the
impurities. It is found that addition of significant amount of Fe* ions as
impurities can easily change the valence state and may play a critica role in
charge carrier mobility as well as intensity dependent absorption. Recent study
of this effect [7] in pure BSO crystal examined the CW recording under applied
eectric fidd a low intensities of a CW laser. Optica limiting has been studied
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in BaTiOs by using photorefractive nonlinearities [17] and by utilizing the photo
induced lensing in BSO [18] at low intensities of a CW laser. Light controlled
electro-optic power limiter has also been demonstrated in BSO crysta [7].
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Figure 5.1: Absorption spectra of BSO and BSO: Fe.

Since the revelation of polymorphy of bismuth trioxide [19] various
efforts were made for the growth and characterization of BSO single crystals
[20]. An undoped BSO crystd bought from Fujian Castech Crystals Inc., China
with dimensions of 10 mm x 10 mm x 5 mm, and a Fe-doped BSO crysta
obtained from Alabama University, USA [21] with dimensions5 mm x 4 mm x 4
mm, are cut to have thickness of 1 mm aong c-axis are used for optica limiting
and nonlinear absorption studies. The surfaces of the crystal were polished to
minimize the scattering. Optical limiting studies are aso done with 4 mm thick
crystals. The amount of iron incorporation in the crystd is determined using
Inductive Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES). The
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result has shown that 150-ppm Fe is incorporated in the crystal as impurity. In
principle, during the growth Fe can replace Bi as well as S in BSO. But from
ICP - AES study it is aso found that the doped crystal grown from melt having
no S deficit. Hence it can be assumed that Fe atoms incorporated only on the Bi
Sites in our sample.

The absorption spectrum of the crystals used in this study is shown in Fig
5.1. The absorption spectrum shows a very large absorption above 36V and
matches well with that reported in literature [10,22]. As one can see from the
absorption spectrum a long tail in the absorption edge goes al the way to 900 nm
(1.38eV). This implies that the crystal possess large number of donor sites. The
absorption centers/traps responsible for the absorption in the above region are
reported as due to either silicon vacancy complex or bismuth substituting for
silicon or Fe'™ impurities. And these are raised to conduction band by opticdl
excitation with photons in energy region 1.7eV to 3.5€V.[I 1]. The change in the
absorption spectrum with various metds as dopants and different growth
conditions has been reported earlier in various photorefractives like BaTiOs,
LiNbO+ and in PbBaNb,OQ, [23] with mgor variation in the visible region.
Doping of impurities like iron [10], cobalt [15] and transition metals [14] has
been reported to change the optical absorption spectrum in the visible region.
The crystal structures of both pure and iron doped BSO are studied using single
crystal X-ray diffraction technique revedled body centered cubic structure with
lattice constants of (10.0935 + 0.003) A and (10.0335 + 0.006) A respectively.
The result shows that the lattice constants are dightly varied due to doping
process without change in crystal structure and are in good agreement with
earlier reports in the literature [20].

53  Energy levels due to iron impurity in BSO

The energy levels of iron are spread in the energy gap below the
conduction band of BSO. This is a very important result for the understanding of
the excitation (both thermal and light induced) and recombination processes and

their influences on photorefractive measurements. In any case, it canot be
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assumed, as in the case of a semiconductor like silicon, that the dopant introduces
a single, well-defined energy level in the band gap. An impurity aom with a
certain valence can capture an electron and change its valence accordingly if the
newly created state is stable. For example the Fe** centre can capture an electron
in the reaction Fe** + &' — Fe’*. On the other hand, an electron of Fe** can be
photoexcited leading to a Fe** centre and an electron in the conduction band. The
Fe ** centre has both empty and occupied levels near mid gap. The centre Fe

cannot capture an electron because the Fe** center appears to be unstable: its
upper occupied energy level has energy higher than the energy of the lowest
conduction band states. This centre becomes stable if the unit cell is dightly
more distorted than assumed. It can aso be stabilized by loca charge
compensation. The higher the ionicity of the impurity is, the lower are its energy

levels. Thisisageneral rule.
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Figure 5.2: Qualitative representation of the intra band-gap energy levels introduced by
Fe impurity. Each level represents a photoionisation energy. The ability to trap an
electron and to obtain a centre with such a photoionisation energy is indicated by a line.
The presence of a photoexcitable electron is indicated with a grey dot. The levels are
labelled with the photoionisation transition they represent.

When the nominal ionicity of the impurity increases, the d states of the
transition metal (in the above example iron) move down in energy with respect to
the valence band (oxygen 2p orbitals). Under illumination the impurities with
lower ionicity (e.g. Fe?*) behave more as electron donors, and the impurities with
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higher ionicity (e.g. Fe**) tend to be electron acceptors, or hole donors. Another
general result valid for the S ion as wdl as for the subgtituent Fe ion is that the
environment of the meta atom (S or Fe) has a strong influence on its energy
levels: a low symmetry of the environment produces a splitting of degenerate
energy levels and a generd downward shift in energy. This effect can be
produced by a phase transition to a phase with lower symmetry or by a
modification of the local environment of the ion.

Fig. 5.2 is a schematic representation of the level structure of an impurity
Fe atom in different valence states. Here Fe** is assumed to be stable and to have
two occupied energy levels with different energies inside the band gap. For this
band diagram, we adopted a simplified notation that is useful in the context of a
thermodynamic discussion. The energy levels that correspond to a certain
ionization process (e.g. Fe* — Fc’' + ¢) are identified by a series of horizontal
bars (labeled Fe?* / Fe**). The energy difference between a level and the lower
edge of the conduction band represents the minimum energy that is necessary to
photoexcite an electron from the impurity state to the conduction band. A solid
dot is present if an electron exists with such ionisation energy. Absence of a
solid dot means that the level is able to bind an eectron and act as an eectron
trap. There arc two levels labdlled Fe* / Fe* in Fig. 52 because there are two
dectron sates with different ionisation energies. An electron can be
photoexcited from both states to create a centre Fe’'. A solid dot in the upper
Fe* | Fe* level represents the centre Fe**, with the ionization energy of the
upper electron given by the position of the level in the energy diagram. An
empty line in the upper Fe** / Fe®* level represents a Fe®* centre which is able to
trap an electron to become the centre Fe*'. The centre Fe*' has two occupied
energy levels with different energies insde the band gap and has therefore two
ionisation energies. The level corresponding to the electron with higher
photoionisation energy is aso drawn in Fig. 5.2. Photoexcitation of an electron
from one of this two levels leads aways, after thermalisation, to the formation of
the centre Fe*'. In Fig. 5.2, when empty levels are drawn, they can aways
capture an electron; their energy corresponds to the photoionisation energy of the
captured electron. The levels that correspond to excited states of an impurity that
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are present inside the conduction band are not drawn. The method used to draw
energy levels concentrates more on the photoionisation and recombination
process, that are of primary importance to the photorefractive effect rather than
on the possible electronic states in the band gap.

Note that the centre Fe**, which represents an empty site in the Fe** / Fe**
level, is shown as a full site in the Fe* / Fe* level. In the band diagram of Fig.
5.2, empty levels appear to have the same energy as the filled ones, but a the
same time they can be interpreted as donors a a lower energy in the band
diagram (with a higher photoionisation energy). The occupation of the ionisation
levels (i.e. the valence sate of the impurity atom) is connected with the
difference between the Fermi energy and the energy of the particular ionisation
level. When the Fermi level is below one particular level, that levd will be
essentially empty and when the Fermi level is higher, the level will be primarily
filled. For aleve to be partialy full (that is, for an impurity atom to appear at the
same time in two valence states that act as donor and acceptors), the energy of the
Fermi level must be close to the energy of the impurity level. An important
conclusion, which is valid, dso if there arc many different impurities, is that in
thermal equilibrium there can be only one partidly filled level for any particular
vadue of the Fermi energy (the distance between different levels is generdly
greater than kgT). This means that in therma equilibrium a certain impurity
centre is expected to appear in the host crystal in a most two valence states.

Above we have described only the photoexcitation of electrons to the
conduction band. The symmetric case of photoexcitation of an electron in the
valence band to an empty level like Fe** is also possible. This transition is often
described as photoexcitation of holes and Fe'' acts as a "hole donor*. The
changes in level occupation induced by this transition are analogous to what was
described above in the case of transitions to the conduction band and we do not
describe them any further. In Fig. 5.2 three possible electron photoexcitation
trangitions are drawn. Which transition will be favoured under illumination
depends on the photoionisation cross section of the impurities and on the
wavelength of the light. As an example, photoexcitation of Fe** in Fig. 52 (Fe**
1 Fe** level) requires light with a shorter wavelength than photoexcitation of Fe?*.
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Thus, the concentrations of active photorefractive acceptors or donors are
determined by the extent to which each leved is filled or empty and by the
wavelength of the light. The number of filled centres that can be photoexcited
using a certain wavelength gives the number of active donors. The empty levels
give the number of active traps. In the example shown in the diagram of Fig. 5.2
the centre Fe * (in the upper Fe*' / F¢*' level) acts as a trap with small ionisation
energy. This trap disappears if Fe*' is photoionised to produce Fe**. The centre
Fe*" (in the lower Fe” / Fe** level) is an dectron trap with much larger
photoionisation energy. {One can adso say that photoionisation of Fe*
transforms a trap with smal ionization energy into a trap with higher ionisation
energy.} The total number of trap levels available for electron recombination
increases with the ionicity of the impurity (in the example of Fig. 5.2.the centre
Fe'' can trap two electrons: Fe*' + 2 € — Fe'). Since the ionicity of the
impurity atoms is connected with the position of the Fermi level, the number of
electron donors and trgps aso depends on the Fermi energy. We assume all
donor impurities are identical and have exactly the same energy and lie in the
middle of the bandgap. Absorbing photons ionizes these donor impurities and as
a result ionization electrons are generated in the conduction band leaving empty
trap states behind, which are capable of capturing electrons. The impurities due
to the presence of Fe atoms may be in the form of Fe’' or Fe?* states.

54  Optical limiting and Nonlinear absorption

Optical limiting and nonlinear absorption measurements are performed
with <110> direction of the crysta coinciding with the Z-axis of the beam
propagation. Open aperture Z-scan studies are done with 1 mm thick crystals and
OL curves arc recorded with both 1 and 4 mm thick crystals. The sample
satisfied the " thin" sample condition L < ngzo, where L is the sample thickness, ng
the linear refractive index and z, the diffraction length of the focused beam for Z-
scan studies. No externa electric fidd is applied across the crystal. Beam
fanning is observed in the far field from BSO:Fe while performing Z-scan and

OL measurements. Proper precautions are taken to collect al the transmitted
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light by bringing the collecting lens closer to sample and by using large diameter
lens for collecting the output. Beam fanning is well known phenomenon in Fe
doped photorefractive crystals arising from scattering due to the impurities within
the crystal [24]. At room temperature BSO behaves as a two-photon absorber at
532, 600 and 683 nm as the band gap obey hw < Eg < 2hw . Wefind, from the

theoretical modeling, that the nonlinear absorption is due to TPA assisted by free
carrier absorption and trap assisted charge carrier absorption from TL to CBy.
Absorption from trap levels has been discussed earlier for BaTiOs [25] and BSO
[26]. The excitation of charges from shallow traps to the conduction band is also
reported [27]. The domination of photogenerated carrier absorption with
nanosecond pulsed lasers is reported earlier [28] in direct band gap
semiconductors.
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Figure 5.3: Optical limiting response of BSO (0) and BSO: Fe (¢) at (8) 532 nm and (b)
600 nm with 4mm thick crystals.
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The transfer of the conduction electrons to trap levels and the
recombination with the VB holes increases with the number density of excited
electrons in the CB. This leads to more absorption of the electrons from the trap
levels to the conduction band. However, for very short pulses (ps), transitions
from lower conduction band to trap levels can be neglected. Pure TPA is
reported in another crystal of sillenite family Bi;2GeO, (BGO) at 532 nm using a
16 ps pulse width Nd: YAG laser [16]. Opticd limiting behavior of BSO and
BSO: Fe at 532 nm and 600 nm with 4 mm crystal is shown in Fig.5.3.

The damage threshold is identified as the intensity a which a strong
scattering appeared a the output followed by the darkening and then damage
formed on the crystal. The optica limiting performance and the damage
threshold have increased considerably with the presence of iron impurity. The
limiting and damage thresholds of the crystals are given in table 5.1. Fig 54
shows the open aperture Z-scan curves of BSO and BSO: Fe a 532 nm with
different peak intensities. Open aperture Z-scan curves of BSO: Fe appear
dightly broader compared to that of BSO and nonlinear absorption has increased
quite considerably even at lower intensities. At dl the excitation wavelengths
similar increase in nonlinear absorption is observed. Open aperture Z-scan
curves of both the crystals at 600 nm is shown in fig 5.5.
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Figure 5.4: Open aperture Z-scan curve of (@) BSO and (b) BSO: Fe a 532 nm, 6ns
pulses. Solid lines show the theoretical fits generated using the model explained in
section 5.5.
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The solid lines are theoretical fits generated using the model explained in section 5.5.

Aex Limiting Threshold (Jem™)  Damage Threshold (Jem?)
- BSO BSO: Fe BSO BSO: Fe
532 nm 3.38+0.4 1.29+0.2 9.640.3 15.6£0.2
600 nm 5.88+0.5 3.29+0.3 6.4+0.2 10.6£0.3
683 nm -- s 4.7+0.2 7.7+0.3

Table 5.1: Limiting and damage thresholds of BSO and BSO: Fe with 6 ns pulses with

1 mmecrystal.
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Figure 5.6: Open aperture Z-scan curves of BSO and BSO: Fe at 683 nm.
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Open aperture Z-scan curves of these crystals a Raman shifted
wavelength of 683 nm are shown in Fig 5.6. As we move towards the red side of
the spectrum, the nonlinear absorption has reduced dlightly. But the overal
contribution of TPA has remained almost same at the excitation wavelengths. It
is the contribution from the trap levels and the FCA playing a very significant
role in the nonlinear absorption. As one moves towards the longer wavelength
region more contribution from the TPA can be expected.

The limiting threshold (1/2) is decreasing and the damage threshold
increases with iron incorporation in these crystals. As one moves towards the
longer wavelengths the 1;, increases gradually and the damage threshold
decreases. This may be due to the fact that a the longer wavelengths the
contribution from the trap levels and free carrier absorption may be decreasing,
where as the contribution of TPA remaining amost constant.

541 Open aperture Z-scan and Pump-probe and measurements with 25 ps
pulses

Open aperture Z-scan experiment is performed with 25 ps pulses a 532
nm and a good nonlinear absorption is observed (Fig 5.7). Pump-probe
measurements are done to find out the relaxation of the excited carriers at these
timescales. The ratio of the intensity of the pump to probe beam is 1000:1.
Pump energy is 300 puJ and the probe is kept a 0.3puJ. At the probe energy used
no nonlinear absorption is observed for BSO. Probe is delayed with respect to
pump and its transmittance is monitored with delay. Probe transmittance has
reduced considerably at the zero dedlay and as the probe moves away the
transmittance starts to increase back to the linear transmittance (Fig. 5.8). In the
pump-probe experiment, probe transmittance reduced in the presence of the pump
pulse for a large range of delay times. The measurements showed that
photoinduced absorption could occur even within a picosecond time scale. From
the curve we can see that there is no originad induced absorption before pump
excitation (~ -300 ps). Also for a delay (~ 200 ps) there is saturation in the
transmittance. We observed that the induced absorption reaches its maximum
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within the first 70 ps and then decays dowly. And for longer delays the induced
absorption is till present.
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Figure 5.7: Open aperture Z-scan curve of BSO at 532 nm, 25 ps pulse width. Circles
represent experimental data the theoretical fit is shown by solid line obtained using the
model explained in section 5.5.

The inset in fig 5.8 shows the decay of probe absorption ~ 60 ps, which
gives the relaxation of the excited charge carriers.  Similar photoinduced
absorption has been observed in BariC>3 which gives the hole recombination time
of ~ 60 ps with secondary centers [29]. Measurements done with 1 ps pulse
excitation a 596 nm [30] revealed two digtinct features, first one is a pronounced
rapidly recovering induced absorption a zero delay with a width
indistinguishable from the width of the pulse duration consistent with an
absorption process that depends on the instantaneous irradiance in the crystal
which is attributed to TPA and the second is a long-lived induced absorption at
positive delays. There are two processes that can contribute to the long-lived
induced absorption: free-carrier absorption and redistribution of charge among

the impurity levels. Although the relative contributions of these two processes
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cannot be determined uniquely, long decay time of the induced absorption
suggests that charge redistribution plays a significant role.
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Figure 5.8: Temporal response of excited carriers from Pump-probe experiment for BSO
a 532 nm, with 25 ps pulses. Insct shows the fit to get the relaxation of the excited
carriers.

55  Modd for optical limiting

The early model of photorefractive effect, i.e., the single level deep-trap
model [31], assumes that only one donor level in which the charge carriers can be
excited and trapped by both donor and acceptor levels in a crystal. The model
predicts that the optical absorption, beam coupling gain coefficient, and the
effective Debye screening length are intensity independent.  According to this
model, the response time increases linearly with intensity if the dark conductivity
is small compared with the photoconductivity, and the magnitude of the two-
beam coupling coefficient is the same whether a beam is depleted or amplified.
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However, many anomalous behaviors have been observed in photorefractive
crystals. For example, a sublinear relationship between the response time and the
optical intensity has been found [32,33]. The intensity dependence of the
photorefractive beam-coupling gain coefficient and the effective Debye screening
length [34], and the intensity dependence of the absorption coefficient [25,35] are
inconsistent with the single-trap model. An asymmetry in the two-beam coupling
strength when the weak beam was amplified or depleted has also been observed
[36]. Subsequently, severa photorefractive models were proposed. Strohkendl
et al. [37] and Valey [38] proposed a mode involving electron-hole competition
from a single level. This model explained the change of sign in the two-beam
coupling gain coefficient observed in BaTiO; a 442 nm by Klein and Valley
[39]. Motes and Kim [35] showed that part of the asymmetry between gain and
depletion in the two-beam coupling is caused by the bulk light-induced
absorption in the crystal. Brogt et al. [25] showed that light-induced absorption
requires more than one active level in the crystal. The sublinear dependence of
the photoconductivity of BaTiO; was explained using a modd that included an
additional trap level [33]. Tayebati and Mahgerefteh [27] analyticaly solved the
charge-transport eguations for a photorefractive crystal with shallow and deep
traps. They thcorctically explained the light induced absorption, the sublinear
dependence of photoconductivity on optica intensity, and the intensity
dependence of the two-beam coupling strength and the effective Debye screening
length in photorefractive crystals. Cudney et al. [in Ref. 34] theoretically solved
for more general cases, in which multiple levels [40] are involved in charge
distribution process in a photorefractive crystal. They obtained an anaytica
solution for absorption gratings from the band transport equations [31), taking the
trap gratings into account [41] assuming that the polarizability of a filled trap
differs from that of an empty one, i.e, the trapping sites themselves alter the
susceptibility of the crystal. In dl these modes explaining different
photorefractive properties two beams are applied, whereas in our case we used
only a single beam to study the optical limiting properties.

The photoionization occurs from relatively deep energy levels within the
band gap that are not thermally ionized. A variety of techniques such as
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photoluminescence or thermdly stimulated conductivity (TSC) are used to
establish the presence of deep energy levels and their position inside the bandgap.
Many TSC measurements have shown that deep trap levels are invariably present
in sillenites such as BSO [42]. The deep energy/defect levels are attributed to
arise from the specific crystaline defect or from a particular residua impurity
that is introduced during the growth process. Various experimental studies have
been performed on sillenite crystals to exactly find out the origin and position of
the defect levels leading to photorefractive and photoionization process. Even
with occasiona variations in the growth parameters, such as deviating from the
exact stoichiometric melt composition, provided remarkably similar TSC spectra
and photoconductive properties [43]. The role of traps has been widely used for
restoration of holographic images in BSO [44]. Considerable redistribution of
impurity level populations, leading to varying lifetimes of mobile carriers, thus
changing the dynamics of holographic recording with irrediation at different
wavelengths in BSO has been reported [45]. Observations done on the decay
dynamics of laser-induced phase gratings have been reported to be consistent
with the assumption of multiple shalow and deep trap levels. From these studies
three mgjor types of trapping centers, one electron trapping center with a very
short decay constant, a second electron trapping center with a longer decay time
constant and a hole trapping center with a gtill longer time constant are found to
be present [46]. Further photoconductive properties investigated reveaded
different mechanisms out of which hopping mechanisms appear to be important
[8]. Evidence for the existence of multiple traps and the trapping mechanisms in
BSO is described in detail in literature [46,47]. The electron mobility has been
modulated 3-4 orders of magnitude due to trapping [48], where the filling of traps
increased the mobility. Comparison of the photorefractive and photoconductive
effects demonstrated that charge transport processes could not be explained by
the effective-mass approximation to the "nearly free electron in the conduction
band" model. The calculated drift length for the electron based on the
photorefractive and conductivity measurements is inconsistent with the drift
length required to explain the photoconductive measurements and charge
transport via phonon-assisted tunneling (hopping model) is suggested as a maor
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contributor. Krainak and Davidson [49] investigated two-wave mixing in BSO
with applied alternating electric fields and presented evidence that supports the
hopping model for charge transport. All these earlier reported theoretical and
experimental investigations provides a base for the band model used to explain
the optical limiting behavior in BSO and BSO: Fe.
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Figure 5.9: (8 Band model and (b) the equivalent five level diagram used for the
modeling.

The energy band structure [8, 50] and the equivaent five level energy
diagram used to explain the nonlinear absorption arc shown in Fig. 5.9 (a) and (b)
respectively. The following assumptions are made to explain the observed
optical limiting and nonlinear absorption behavior explaining various properties
of in these crystals:

» Extrinsic silicon-vacancy center is taken as donor level

* All the shallow and deep trap levels from which light induced absorption
is possible are considered to be originating from a single trap level (TL).

* Recombination rate with valance-holes from the deep leve of the crystal

is exceptionaly small [51].

» Thermal excitation/decay effects are neglected in the modeling as they are

of the time scale of few ms to sec.
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* Two paths of TPA are taken into consideration; one from VB to CB and
the other from donor level to CB.

In fig 5.9(b) VB is the valence band, TL is the trap level, DL is the donor
level, CBL is the lower energy levels of the conduction band and CBy is taken as
the high energy levels of the conduction band. The extrinsic center (silicon-
vacancy complex) is considered as N, from where the photo absorption is
possible. The shallow traps, deep traps and secondary photorefractive centers are
taken as TL (N,). CTI.H and <, represent the contributions of free-carrier absorption
coefficient and recombination times respectively inside the levels of conduction
band.

The rate equations for the five level model assumed to explain the
observed nonlinear absorption are given below:

dNU _ ﬂ\ﬁ N:’.

2 51
dt 2heo 1, (61)

N Bt el N

5 5.2
dr 2hw he T4 (52)
: b 7
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where gy is the absorption cross-section from the donor levels, S, is the two
photon absorption coefficient from the valence band to the conduction band, g, is
the two photon absorption coefficient from the donor levels to the higher
conduction band leading to an effective two photon absorption coefficient, g = g,
+ B4, or is the charge carrier absorption cross-section from the trap levels (TL)
to the lower conduction band (CBL), oy is the free carrier absorption cross-
section within the conduction band to the intraband absorption. Both these
absorptions are effectively considered as oy 5« N;’s are the corresponding carrier
densities in different states, r,'s are the lifetimes of the states, and 1/z¢r is the
crossing rate to TL from conduction band, 1/z¢y is the crossing rate from CB.to
VB, VTCD is the crossing rate from CBy to DL. Rclaxation of the excited charge
carriers obtained from the pump-probe experiment with 25 ps pulses is taken as
tcr. The refractive index ny of BSO at 532, 600 and 683 nm and is taken as 2.6,
255, and 252 respectively [52]. The differentid equations arc solved
numerically using Runge-Kutta fourth order method as explained in section 2.11.
The carrier density [53] of the extrinsic absorption center N, is taken as ~ 10"
am*®. Ground state absorption cross-section oy is calculated from the absorption

spectrum shown in Fig.5.1, and is given in table 5.2.

At higher intensities, BSO has shown nanosecond timescale relaxation rates
[54]. Nanosecond and picosecond recombination rates were also reported for
KNbO; [55] and BaTiO; [29,30] at higher intensities. Since the intensities used
in the present study are very high (>10° Wem?), the following relaxation
(recombination) times, 7; = O.Ipsec, s = 10 nsec, and z., =10 nsec [56,57] are
used for the theoretical modeling. The excited charge carrier relaxation ., is
taken as ~ 60 psec from the pump-probe measurements. The solid lines in the

figures 5.4, 5.5, 5.6 and 5.7 are the theoretical curves generated using the above
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mentioned relaxations and the values of B and oyegare then estimated through
least square fit of the experimental data and are given in the Table 5.3. The effect
of 7 = 4 nsec [58,59] and different S,z on the nonlinear absorption is shown in
Figs 5.10 to 5.12.

A (nm) oy (x 107 cm?)
BSO BSO: Fe

532 9.15 853

600 3.30 6.34

683 249 5.34

Table 5.2: o, cdculated from the absorption spectrum for BSO and BSO: Fe

Aex (nm) Bep BSO BSO:Fe
(cm/GW)  Intensity Olef Intensity Oleff
(GWem™)  x 10" (em?)  (GWem-?)  x 107" (cm?)
532 447 021 15 0.36 41
0.70 21 0.67 91.8
123 43
600 5.02 054 16.8 0.43
0.98 394 094 54
683 4.36 031 80 0.26 105
0.52 110 041 165

Table 5.3: oy calculated at 532, 600 and 683 nm at different input intensities with 6 ns
pulses for BSO and BSO:Fe.

From the pump-probe and open aperture Z-scan curves with 25 ps pulses
the relaxation of the excited charge carriers and TPA coefficient are evaluated.
These values are used to find out the contribution of TACCA in these crystals
with ns pulse excitation. With ns pulse excitation various processes will come
into picture and the data can be fitted using al the effects TPA, FCA, and
TACCA or any one of them and with the relaxation times of the excited carriers.
The effective TPA coefficient, which is a sum of the effects from valence bands
and donor levels; is 4.47 cm/GW. From the theoretical considerations given by
earlier reports [66] the TPA value is nearly around K ~ 1940 cm/GW (eV)™?,
value given assuming the two level band model. Ratio of oy /0s, Which is

considered as one of the figures of merit for optical limiters is found to increase
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with increasing input intensity as can be seen from table 5.3. In iron doped
crystal the contribution from the trap levels is found to be more, which increases
with increasing intensity. Intensity dependent absorption is observed in PR
crystas with low-intensity CW beams [25,35]. The effect is attributed to the
photoinduced shift of the carriers from a primary trap with a lower absorption
cross-section to a secondary trap with a higher absorption cross-section. Motes et
al. [35] showed that this is not a photorefractive effect. It exists in unpoled
crystals, can be induced at one wavelength and observed at a second wavelength,
and has a rise time of the induced absorption that is an order of magnitude fester
than the grating formation time. The contribution of the thermal effects is also
ruled out as the absorption decreases with increasing temperature [60]. Similar
induced absorption due to resonant TPA occurring in steps and free carrier
absorption due to the trgp levels is dso reported in BSO [26]. Intensity
dependent absorption and light induced absorption (LIA) have been studied in
various doped and undoped photorefractive crystals like BaTiOs [61], LiNbO,
[62], KNbO; [63] and in sillenites Bi ;TiOy [64]. In dl these crystals, LIA and
intensity dependent absorption are explained using the contributions from
shallow and deep trap levels. In the doped crystals the contribution of the
shallow levels is reported to be more.

Out of the two mgjor phenomenon contributing to nonlinear absorption in
these materials, TPA plays a decisive role in these materias with ultrashort
pulses. There have been two basic approaches to the calculation of degenerate
TPA coefficients in a crystalline solid. First, second order perturbation theory
can be used to calculate the transition rate from valence band to conduction band
(resulting from the absorption of two photons). Second, first-order perturbation
theory can be used with electronic wavefunctions that have been dressed to
include the acceleration of the electrons as a result of the ac light field developed
by Keldysh and is often termed as tunneling theory [65]. Fermi's golden rule
derived from the second-order time dependent perturbation theory provides the

form of the two-photon transition rate:
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.
T orr] W( A)) Vfﬂf(ﬂ-‘r—! Y ‘ (£, (F)-200) (58

HUM :{ngl;’ (59)

mc

H,p is the optical interaction Hamiltonian applicable to solids;, y. () is the
bloch wave function for the conduction (valence band) and E., is the energy
difference between the bands. The sum over al possible intermediate states ; and
over dl possible transitions starting from a filled and ending a an empty state
(usually valence band to conduction band for an intrinsic semiconductor), i.e.,, a
um over bands and the electronic wave vector.

We have compared our experimental results and the fits with smple two-
parabolic band model describing both semiconductors and dielectric materials.
The energy-gap dependence of the TPA coefficient was determined by
measurements on a variety of materias with gaps ranging from 14 to 3.7 eV
[28,66,67] predicting a scaling relation for the degenerate TPA coefficient given
by

‘ B, [ho)
A=K, R = | (5.10)
noEy N\ Eg )
Where
3 5
Fy =(2x-1) l/(z_\-)' for2x > 1 (5.11)

is the dispersion function for the TPA, and is only a function of the ratio of the
photon energy to £, i.e, opticaly coupled states. E; being the bandgap of the
material and E,, is the Kane momentum parameter

E =2 L"i‘,r

P

~2leV (5.12)

m,

D18 the interband momentum matrix element given by

po=r [a@r vi(k,r)v v (E.r) (5.13)
h
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Ky isameaterial independent constant:

; 2% e’
AP (5.14)
5 myc”

which has a value of 1940 in units cm/GW (eV)*? such that £ is in cm/GW and
E, and E, are in eV. A wedth of experimental and theoretical work regarding
TPA in semiconductors and crystalline materials exists. The best fit to the data
[28] using equations (10), (11) and (13) gave K,» = 3100 c/GW (eV)*%. While
second-order perturbation caculation for a four-band modd gave K, = 5200
cm/GW (eV)*? for parabolic bands neglecting any coulomb interaction [68]. The
value of g obtained from the open aperture Z-scan curve with 25 ps pulses and
a 532 nm is in close agreement with the value obtained using £, = 21eV, and K5
= 1940 cm (eV)**/GW. These values are used to cstimate the absorption from the
trap levels and the free carriers.

The energy gaps are taken as 325 eV and 2.65 eV for the caculation of
v and B4 respectively. The vaues of the estimated TPA values for 3, and B4 and
the effective theoretical TPA coefficient By, is given in table 5.4.

Aex (Nm) P Bo B
532 1.801 2.766 4.567
600 1.701 3.328 5.029

683 0.956 3510 4.466

Table 5.4: Estimated values of 3, differentwavelength excitations used with £, = 21 eV
and K,,,=1940 cm (eV)**/GW. Bhas units of cn/GW.

From table 5.3, it is clear that TPA plays a dominant role and the
intraband processes inside the conduction band and the excitation of the carriers
from the trap levels to the CB assist TPA for reverse saturable absorption. TPA
coefficient is evaluated in various photorefractive crystals like BGO [16], BaTiO;
[30] and LiNbO;3 [68], at different wavelengths and pulse widths. In al these
reports a large deviation from the value calculated using equations (5.10) - (5.14)
has been reported. Boggess et al. [30], with 1 ps excitation in BaTiO; found that
the estimated value is an order of magnitude higher than the measured value and
Adinadlfi et.al. [68], found almost 50 % variation in LiNbOs. With ps and shorter
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pulses only TPA is playing a mgor role. Though pump-probe studies show
approximately 50-60 ps decay of the excited carriers, the contribution from the
traps is negligible compared to TPA. With ns pulses TPA as well as TACCA

comes into picture.

o
T
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0.8 © exptdata
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T =4ns
L 1 L 1 e N T | L 1 L
2 -1 0 I 2
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Figure 5.10: Effect of 7oy on nonlinear absorption at constant f.; = 12.24 cm/GW
(correspondingtoK,, = 5200) and a7y =  8x107"°cm?

By considering (1 (with K, = 5200 cm/GW (eV)*?) we are able to fit with
high TPA only at higher intensities and at lower intensities more contribution
coming from TACCA; which is not matching with the earlier reported theoretical
and experimental observations in literature. Whereas with low TPA in the ns
regime (with K,; =1900 cm eV¥*GW); with increasing intensity TACCA
increases, which matches well with the earlier secondary center models.
Theoretical fits with two different 7., (4 ns and 60 ps) and different values of S
(with K, =1940 and 5200 cm (eV)**/GW) are shown in Fig 5.10 to fig 512 to
give an idea of the effect of these factors on nonlinear absorption in these

crystals.
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Figure 5.11: Effect of z» on nonlinear absorption a constant f.,; = 4.43 cm/GW
(corresponding to K, =1900 from the ps data) and o= 21 x 10"° cm?

<
o

=)
o

=
o

Normalized Transmittance
o
(9%

O expt data
F1,=123 GWem'”
fit 1
T A | R fit2
B,y = 12.24 em/GW B, = 443 cm/GW
RN [N NN ST SN NN S
-2 -1 0 1 2
Z (cm)

Figure 5.12: Effect of TPA coefficient £ nonlinear absorption at constant z¢r (= 60 ps)
and gy (= 43x 107" cmz)



Chapter 5 Bi;,8i0jand Bi;;Si05: Fecrystals 159

5.6 Conclusions

> Broadband response in the visible wavelength region

» The crystals are found to have a very strong nonlinear absorption with
major contribution from TPA assisted by intraband carrier absorption and
charge carrier absorption from trap levels.

» In the ps regime TPA plays a dominant role and in the ns regime
absorption from the trap levels and free carrier absorption also come into
play.

» Low limiting thresholds and high damage threshold with iron doping
makes the material suitable for limiting purposes even for short pulse
duration and high energy sources over broadband region.

> Relaxations of the excited carriers in the timescales of ~ 60 ps and TPA

make these crystals very good materials for ultrashort pulse applications.
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Chapter 6
Ag-Cu nanoclusters co-doped in Si0, Sol-Gel films

Role of surface plasmon resonance (SPR) on optical limiting properties of Ag-
Cu nanoclusters co-doped in SiO, matrix, prepared by Sol-Gel technique with Cu/Ag
molur ratio of 1,2 and 3 respectively is presented. Excitation near SPR of Curesulted in
enhanced optical limiting behaviour with increasing Cu concentration. No such
concentration dependence is observed when excited near SPR of Ag. However, limiting
threshold has reduced approximately /0-/7 times. Excitation at wavelengthsfar below
the SPR of Ag and Cu has not shown any optical limiting behaviour. The major
contribution towards optical limiting is observed to be from interband absorption and
from a possible energy transfer within the higher unoccupied states of Cu and Ag.
Although nonlinear scattering is observed at higher intensities its contribution isfound
to be very less in comparison to that of nonlinear absorption assisted by energy transfer.

6.1 Metal nanoclusters/particles

A nanocluster or nanocrystal is a fragment of solid comprising
somewhere between a few atoms and a few tens of thousands of atoms. Over the
past few years huge advances have been made both in the synthesis of size-
tunable, monodisperse nanoclusters of various chemical compositions and in the
development of techniques for their assembly into well-ordered nanostructured
solids. Alongside the advances in nanocluster synthesis, spectroscopies capable
of studying individual clusters have been developed and these together with more
conventional structural, electronic and optica probes have produced detailed
information on and key insights into the properties of single clusters, cluster
ensembles and cluster-based materials [1]. Metd nanoparticles have been the
subject of growing interest both theoreticaly and experimentally over the years
due to the fascinating electrical and optical properties that are different from bulk
meaterials [2]. Most of the optical properties of metal nanoparticles are different
from those of the bulk materids because of the dielectric and quantum
confinement effects, which arise due to the reduction in particle size to few
nanometers. The quantum confinement gives rise to discrete energy levels in an
otherwise continuous band. However, such size effects are significant only for
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particles of sub-nanometer (<Inm size). On the other hand, dielectric
confinement effects can be observed even in bigger particles. These effects are
also found to enhance the nonlinear susceptibilities to a great extent [3].

A very important festure of amal metal particles is the existences of a
strong surface plasmon band in the UV-visible region of the spectrum. Surface
plasmons are coherent fluctuations in electron density occurring at a "free-
electron” metal/dielectric interface. Mie theory and Maxwell-Garnet theory
explained SPR in terms of higher moment oscillation and particle size [4]. On
decreasing the particle size, the energy level spacing increases as a result of
quantum size confinement of the electron wave function causing changes in the
electronic absorption spectrum [5]. The surface plasmon resonance (SPR) band
in metal nanoparticles arises from the oscillations of the free electrons in the
conduction band occupying energy states near the Fermi level. Although in the
dipole approximation SPR is independent of the particle size, it has been found
that the width and pesk postion of the SPR depends on the particle size, shape
and environment [6]. In case of metas, when particle size is reduced, the
plasmon peak of the bulk (usualy in the degp UV region) gets down shifted in
energy to near UV or visible region.

Mectal nanoparticles are used in variety of applications due to their small
size, large surface area and surface plasmon resonances. The small size shortens
the average diffusion time for charge carriers to migrate onto the surface and
increases the efficiency and yield of charge transfer and surface reactions. The
large surface area is highly desirable in applications such as heterogeneous
catalysis. Nanometer sized metal and semiconductor particles are used as
fundamenta building blocks of advanced electronic and optoelectronic devices
[7] and in biotechnology [8]. SPR in nanoparticles is being used in diverse areas
aimed at making real-time biomolecular interaction analysis possible like bio and
imaging sensors [9]. Metal clusters and nanoparticles are promising materials for
different nonlinear optical processes like optica limiting [10], optical switching,
and computing because of their ultrafast nonlinear optical response [11].
Interaction of light with noble metal nanoparticles has been a significant stimulus

for scientific research. Out of various metal nanoparticles Cu [12] and Ag [13]
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are extensively studied in semi-continuous thin films, colloids, and in different
glass matrices for their nonlinear optica properties. Different metad aloy
nanoclusters and composites are also studied in this aspect [14,15]. Preparation
and characterization of the nanoparticles for nonlinear optica studies is a
challenging task where lot of progress has been made [16]. Sol-gel method of
making glasses with different matrices is one of the emerging techniques [17].
Different nanoparticles [18], organic nanocrystals [19], fullerenes [20] doped in
sol-gel glasses are well studied for nonlinear optica and optical limiting
applications. In this chapter, optical limiting and nonlinear optical properties of
Cu-Ag nanoclusters with Cu/Ag molar ratio of 12 and 3 respectively, deposited
on silica glass by the sol-gel process are presented.

6.2  Ag-Cu codoped metal nanoclusters

The composite materials formed by Ag and Cu nanoclusters embedded in
silica glass matrix are prepared by sol-gel technique. A constant (Ag+Cu)/SiO;
molar ratio of 0.175 is maintained while preparing the films. The synthesis and
properties of the films used in this study are reported elsewhere [21]. The films
were reheated a 600°C for 1 hour in 8%H, - 92% N, atmosphere to remove any
oxidation of silver and copper metas embedded in the film. No noticesble
change in the absorption spectra is observed before and after heat treatment. The
AFM images revealed that the films exhibit same surface characteristics and
films have not deteriorated with time. The samples having the Cu/Ag molar
composition of 1,23 are called as 1 AgiCu, 1 Ag2Cu and 1 Ag3Cu respectively.

All these films show reasonably homogenous distribution of clusters
throughout 150+10 nm thickness and the Ag/Cu atomic ratios are well
maintained. The size and distribution of the clusters is clearly dependent on the
composition of the film. A distribution of small clusters of 5 nm and 40-50 nm in
diameter is observed in 1AglCu films, where as in case of 1Ag3Cu sample the
diameter of clusters is 520 nm with more homogenous distribution.  With

increasing concentration of Cu, the clusters became more spherica in shape. In
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IAg2Cu film relatively larger clusters are spheroid and in case of IAg3Cu the
clusters are spherical [21]. The properties of these films used for this study are
givenin Table 6.1.

Optical Density

200 300 400 500 600 700

Wavelength (nm)

Figure 6.1: Absorption spectrum of Ag-Cu nanodlusters co-doped in SiO, ol-gel matrix.
Arrows indicate the excitation wavelengths usad.

Surface plasmon resonance bands corresponding to both Ag and Cu are
clearly seen in Ag-Cu codoped films, indicating that these nanoclusters are not
forming aloys and retaining their individuadity. In case of dloy formation, a
single surface plasmon resonance should come between the position of surface
plasmon band of Ag and Cu as reported earlier in case of Au-Cu system and also
in Au-Ag system [Kreibig and Vollmer in 4, 22]. In TEM/ED studies we
observed both spots corresponding to Ag and Cu fec phases indicating the
presence of Ag and Cu mixed nanocrystals. The surface plasmon band, which

arises from the oscillations of the free electrons in the conduction band occupying
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energy states near the Fermi leve is shifted in these samples compared to that of
pure Ag and Cu nanoclusters embedded in SiO,.

Figure 6.2: TEM micrographs of (8) 1AglCu, (b) 1 Ag2Cu and (C) 1 Ag3Cu films

The pure Ag and Cu samples show surface plasmon bands at 403 + 1 nm
(3.08 eV) and about 562 nm (2.21 eV) respectively. The shift increases with Cu
concentration.  SPR reaches 384 £+ 1 nm (3.23 €V) for IAg3Cu sample with
Cu/Ag ratio of 3. Since the Ag clusters are too large to show SPR peak at a
wavelength less than 400 nm, the blue shift may not be due to the size effect. On
the other hand, Ag colloids are good eectron acceptors, therefore the large blue
shift of Ag SPR can be attributed to electron transfer to the Ag clusters filling up
its 5s band [23]. The increase of the s-clectron density gives rise to the
increasing of fermi energy of the plasmon frequency. The increasing blue shift
with increasing Cu/Ag ratio could be due to an interaction between Ag and Cu
clusters, which should depend on the cluster concentration and the cluster
separation [24]. The distance between the clusters decrease with increasing Cu

concentration and is much smaller than the wavelength of analysing light.
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Molar ratio  Size (nm) Shape Linear transmission (%)
Ag:Cu 532 nm 435 nm
11 40-50 Spheroid 77.5 585
12 25-35 Spheroid & spherica 75 495
13 15-20 Spherical 72 47.2

Table 6.1: Size and shape of the nanoclusters in Ag-Cu:SiO; films. Linear transmission
at Aex ~ 532 and 435 nm are aso given.

Three different excitation wavelengths are used to study the contribution
of SPR for optical limiting. Frequency doubled Nd:YAG laser (532 nm) with 6
ns, 10 Hz repetition rate, the first Stokes line for 532 nm at 683 nm (14642 cm’™')
and the first anti-Stokes a 435.7 nm (22952 cm™") generated from a Raman cdll
filled with H, gas (vibration mode 4155 cm™") are used as excitation wavelengths.
The pump, Stokes and anti-Stokes lines are separated by means of a Pellin-Broca
prism mounted on a rotating stage. Optica limiting studies are performed using
/30 geometry for excitation at 532 nm and f/15 geometry for excitations a 435
and 683 nm. Intensity dependent scattering measurements were done
simultaneoudly at different angles (9) from the axis of propagation. Input fluence
is varied from 30 pJem™ to 60 Jem'? for 532 nm excitation and from 10 [iJem"? to
23 Jem™ for Ae, ~ 435 nm. Open and closed aperture Z-scan studies are done by
focusing 532nm laser pulses on to the sample using a lens of 80 mm foca length
with beam waist of 40 um at focus leading to pesk intensities in the range of 0.38
-1.2GWem™.

6.3 Nonlinear Optical Properties

The peak-valley trace in closed aperture Z-scan shows that these films
have self-defocusing (negative, n,<0) nonlinearity. Though earlier reports
(Hamanaka et al, Haglund et al, Ballesteros et al) with femtosecond and
picosecond pulses have ohserved positive nonlinearity (valley-peak trace) using
closed aperture Z-scan technique, for Cu nanoclusters, nonlinear absorption

measurements using open-aperture Z-scan did not give detectable changes of the
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transmitted intensity with femtosecond pulses at high fluences. Whereas, we
have observed good nonlinear absorption with nanosecond pulses. Though
permanent sample colour changes due to laser pulse induced deformation [25]
and change in the sign of the nonlinear refractive index n, with increasing
incident intensities are reported earlier in Ag nanoparticles in soda lime glass [26]
we have not observed any such change. Closed and open aperture Z-scan curves
for the IAg2Cu sample are shown in Fig.6.3. The nonlinear refractive index is
calculated from the difference between the normalized peak-valley transmittance
AT,., in closed aperture Z-scan.
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Figure 6.3 Closed and open agperture Z-can curves of 1Ag2Cu:SiO, films a pesk
intensities of Im ~ 0.52 GWem?
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The nonlinear refractive index n; is defined in terms of the ordinary linear
index no and the complex third-order nonlinear dielectric susceptibility tF>~ in
Gaussian units [27] by n - np + nal

0.0395 (9

n,(csz'l):b,—
- "y

(esu) (6.1)

where / is the laser intensity. Estimated values of n, and x® for different films
with ns are given in Table 6.2. For a fixed value of S, with increasing input
intensity, the value of AT,., has increased with dominating valley in the closed
aperture Z-scan curve, indicating the presence of nonlinear absorption in these
films. The values ofn, measured for AT,., ~ 15% are of the order of 10° cm*/W
for dl the three films. The closed aperture Z-scan curves with the undoped slica
film shows a transmission variation AT,., < 15 - 2%, whereas for the doped glass
samples the variation is > (15-20) + 2 % which increases with increasing laser
intensity. With increasing copper concentration we observed that the nonlinear
refractive index reduced, but the nonlinear absorption increases. Table 6.2 adso
gives the normalized transmittance at focus (T,-0) for open aperture Z-scan
curves at the peak intensities 1yo at focus. Nonlinear refractive index n, values
measured with 6 ns and 25 ps pulses [23] a 10 Hz repetition rate are nearly the
same. Further both ns and ps measurements show a decrease in the value of n;
while going from a film with low absorbance of 0.225 (1Ag1Cu) to afilm of high
absorbance of 0.28 (1 Ag3Cu). This result clearly shows that #; is predominantly
electronic in origin rather than due to therma nonlinearity. If the thermal
contributions were to be dominating, then we would have seen an increase in n,

with increase of absorption.

Then: vaues measured with 25 ps pulses show higher valuesthan with ns
pulses. These values also match with the earlier measurements with 6 ps, 15.2
MHz repetition rate pulses [21]. Therma loading effects were reported only at
high repetetion rate of 76 MHz leading to an increase in the nonlinearity by an
order of magnitude [21,28]. The figure of merit for the third order nonlinearity
x™/o. measured using two-beam degenerate four-wave mixing configuration by
Uchida et al. {11] shows an increase with the particle size of Cu as well as Ag,
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with aratio of 17 for 40 nm to 15 nm Cu particles. Our values measured from
closed aperture Z-scan match well with theirs for ns data, but give a ratio of 11
for psdata [29]. We therefore attribute the steady increase inthe n, values to the
i

increase of rf>~ as afunction of particle size from IAg3Cu to |AglCu.

Sample Tr(;] 0? em’ /W) 7Y (x 107 esu) Tz-0, loo (GWem™)

IAglCu 3.08+04 1.65 +0.21 0.86, 1.14
|Ag2Cu 214 £ 02 1.15£0.12 0.83, 0.93

1Ag3Cu 1.66+0.3 0.89+0.16 0.88,0.72

Table 6.2: Measured values of nonlinear refraction from closed aperture and normalized
transmittance from open aperture.

64  Optical limiting properties

The limiting curves for the Ag-Cu nanoclusters at 532 nm laser excitation
are shown in Fig. 6.4. It clearly shows that the increasing CW/AQ ratio enhances
limiting property. Optical limiting curves of these nanoclusters excited at 435 nm
are shown in Fig 6.5. Excitation a 435 nm has shown good optica limiting
properties for dl the three films however no specific enhancement in the limiting
property with incressing Cu/Ag ratio is observed. At 532 nm excitation the
limiting threshold has decreased with increasing CW/Ag ratio, from 47.22 Jem™ to
27.88 Jern™. Whereas, at 435 nm excitation the limiting threshold was reduced to
~2.74 Jem, but no concentration dependence is observed. Excitation at 683 nm
has not shown any optica limiting behaviour in these films. The limiting
threshold (/;;) values are given in Table 6.3. The reason for a drastic change in
the limiting properties at 435 nm, could be due to the contribution of SPR of both
Ag and Cu nanoclusters towards nonlinear absorption, as the excitation energy is
above the SPR of Cu and closer to SPR of Ag. It becomes difficult to exactly
find out the individual contribution from Cu and Ag a 435 nm. No observed
variation in the limiting threshold with increasing Cu concentration at this

excitation energy gives an indication to this fact.
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Figure 6.4: Optical limiting curves of Ag-Cu films excited a 532 nm. OL curves of
pure Cu and Ag nanocrystals are aso shown for comparison.
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Figure 6.5: Optical limiting curves of the films at 435nm
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Different processes like transient absorption, nonlinear absorption due to
interband / intraband transition [30], photogjection of electrons [31] and nonlinear
scattering [32] are reported to be operative in nanoclusters leading to optical
limiting. The possible processes are depicted in fig 6.6. In our case as the
excitation energy is closer to the interband transition threshold of one of the
congtituents Cu, interband transitions play a mgor role in optical limiting. A
laser pulse can cause an interband or intraband absorption in the metd
nanoparticle system, depending on the excitation wavelength and incident
intensity. While considering the interband/intraband absorption one needs to
consider the electron dynamics in meta nanoparticles [33] occurring in severd
steps, whose behavior is different from the one observed in the corresponding
bulk meta. Initialy the energy is transferred to the electrons by absorption of
photons via interband and intraband transitions. During this quasi-instantaneous
process, the phase memory is conserved between the electromagnetic fidld and
the electronic states, and the density of excited states depends on the spectral
shape of the laser pulse leading to non-therma distribution. The next step
involves electron-phonon coupling, which leads to an equilibrium of the electron
and lattice temperatures, which takes place with in a few picoseconds time scale.
The two mechanisms are not entirely independent. The nonthermal regime is
accompanied by an acceleration of the energy transfer to the lattice. In addition
to these processes, the heat transfer to the surrounding medium should also be
considered in metallic nanoparticles. The relaxation dynamics of metal
nanoclusters depends on the energy absorbed by the nanoparticles, size of the
nanoparticles and the surrounding matrix and the excitation wavelength [34].
The relaxation time decreases with the particle diameter, by which further
excitation of the free carriers is possible. The relaxation time is reported to show
an increase a the surface plasmon resonance. In case of Cu nanoparticles
electron-electron and electron-phonon relaxations are around few picoseconds; 1-
4 ps and 0.7 ps respectively and in Ag nanoparticles they are around ~ 500 fs to
14ps [35-38]. The faster relaxations make further excitation of the relaxed
electrons and further transfer of energy via electron-electron and electron-phonon
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interaction possible as the excitation 6 ns laser pulse is present over much wider

time scales compared to the relaxation times.

High lying states M High lying states
Bontroum ofsiites \ /l Continuum of states

To $i0, matrix

Free-carrier absorption

1¥ excited-state

1% excited-state
Conduction band

Conduction band

Cu SPR
2.21eV({562 nm)

1

1

|

|

i

& Ground-state

| Conduction band

| Interband transition,
.

Ag SPR

Plasmon absorption
3.08¢V(406 nm)

Ground-state
Conduction band

S SRS EEREE

I

d-band
Silver Copper
E,, =3.99 eV(310 nm) Eyp =2.17eV (571 nm)

!
E,. = 3.85 eV (322 nm)

Figure 6.6: Scheme of electron dynamics in Ag-Cu nanoclusters for laser excitation. The
down arrows, and filled block arrows represent the electronic relaxations, and
plasmon/free-carrier absorption respectively. The broken arrows represent weaker
interband and two-photon transitions.

In the case of Cu, SPR is situated near the interband transitions d—=p (Ey,
= 217eV or 571 nm) from the filled d band to the unoccupied states in the p
conduction band and for Ag, SPR is situated well below the interband transition
thresholds d— p (E4, = 3.99 eV or 310 nm) and p— (E,, = 3.85 €V or 322 nm)
from the occupied p states to the unoccupied s states. With 532 nm (2.33 ¢V) and
435 nm (2.86 €V) excitation in Ag nanoclusters only plasmon absorption from
SR is possible, whereas in Cu both interband transitions and plasmon absorption
are possible. When excited a 532 nm and 435 nm the electrons in the filled d
band of Cu will get excited to the unoccupied states in the p conduction band.
These excited electrons are free carriers possessing both kinetic and potential,
immediately after the absorption. The potential energies are those of the formerly
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unoccupied states within the conduction band. This excitation leads to the
bleaching of the ground-state plasmon band.

This process is accompanied by the nascent excited state showing a
transient absorption due to the free carrier absorption. Now the hot electrons
(excited electrons) will exchange energy with each other to form an internally
thermalised distribution. These electrons lose their energy further by electron-
electron coupling which takes place in few hundreds of femtoseconds and aso by
externaly thermalising with the lattice through electron-phonon interactions.
This electron thermalization with the lattice is synchronous with a substantial
recovery of the ground-state plasmon absorption band, so that the fast phase of
the transient absorption phenomenon is over within a few picoseconds from the
point of laser excitation. Because of the phonon-phonon relaxation process that
follow, therma energy will be dumped into the surrounding dielectric, thereby
influencing plasmon frequency of the nanoclusters. The result is that the full
recovery of the ground-state plasmon band is delayed further, which is reported
to be ~ 90 ps for 40-60 nm diameter Ag colloids [31].

At 532 nm excitation, with increasing Cu concentration more free carriers
are generated and these excited carriers can relax to the conduction band or SPR
of Ag via electron-electron interaction, electron-phonon coupling and energy
transfer leading to further bleaching of the Cu surface plasmon band, as the
excitation energy is closer to the SPR and interband threshold of Cu. This
possible mechanism explaining the processes leading to optical limiting is shown
in Figure 6.6 and forms the basis for obtaining the theoretica curves for the
optica limiting data. The solid block upward arrows show the strong SPR
absorption and free carrier absorption and dotted lines show a weak interband and
two-photon absorption. Block arrows at an angle show the dissipation of energy
to the surroundings. Similar energy transfer coupling of two-photon absorption
from one molecular system to reverse saturable absorption in another molecular
system, leading to enhanced optica limiting is reported in organic systems [39].
At 435nm excitation, in addition to the processes occurring at 532 nm excitation,
the contribution from the SPR of Ag nanoparticles also need to be considered.
No drastic variation in the limiting threshold with increasing Cu concentration
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may also be considered to explain the contribution of Ag nanoparticles to OL, as
the excitation energy is closer to the SPR of Ag. The contribution of SPRs of
both Ag and Cu nanoclusters towards nonlinear absorption with major
contribution from Ag bands could be the reason for a drastic reduction in the
limiting threshold at 435 nm.

6.5 Nonlinear Scattering

In addition to the processes mentioned above, we have also observed
nonlinear scattering a high energies from these films, which is clearly observed
in the far field. Nonlinear scattering is a well-known process leading to optical
limiting in colloidal suspensions of dlica particles {40], carbon particle
suspensions [41], fullerenes (42] and nanoparticles [32]. The nonlinear
transmittance and scattering collected a an angle of 3.3° from the beam axis for
|1Ag2Cu are shown in Fig. 6.7.

Different mechanisms are reported to lead to nonlinear scattering. In a
medium consisting of two components at low energy, the medium is rendered
homogenous by a good refractive index matching between the two components,
whereas at high energy, the intense laser light propagating through the medium
makes it a heterogeneous scattering medium because of the photoinduced
refractive index mismatch between the two components. In case of nanoparticles,
nonlinear scattering phenomenon is proposed to be due to the induced pseudo-
absorbance to the vaporization or the fragmentation of the meta nanoparticles
inducing a large light-scattering center around the initia particles.  Such
vaporization or fragmentation induced by a therma effect has been reported
earlier [43]. The energy concentrated in each particle and available to form the
scattering centers is more in the nanoclusters of larger size, and the size of the
induced scattering centers increases with time to reach a maximum, leading to
more nonlinear scattering. In case of nanoclusters suspended in solutions at high
fluences the scattering centers produces more numerous fragments confined in
the same scattering center. This increases the probability of recombination with
the solvent and a more efficient cooling of the scattering centers.  Such effects
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can be efficient in case of nanoclusters in solution state, where as in thin films
such a process can lead to an irreversible damage, which was observed a higher
energies. We have observed surface damage at the fluence around 75 Jem™
where the transmission has reduced drastically and the films undergo irreversible
damage. Observed scattering is therefore due to the metal nanoparticles not due
to the damage to the film. Sol-gd films are well known to remain stable upto the
very high fluence, as high as 300 Jem™ in the nanosecond regime [44].
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Figure 6.7: Nonlinear transmittance and Scattering of 1 Ag2Cu:SiO; film.

Size effects on optical limiting are observed in case of gold nanoparticle
systems [32] where optical limiting effects are observed at lower intensities for
larger particles (~15 nm), where as smaller particles ~ 2 nm does not show any
limiting effects. Nonlinear scattering recorded at different angles from the axis of
propagation (8) reduced with increasing angle. Fig 6.8(a) shows the scattering
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curves for 1 AglCu film at 6 ~3.3° and 10°. At higher angles the scattering starts
reducing drastically and for 0 > 27° scattering is not observed. Fig 6.8(b)
compares the scattering from two films IAg2Cu and IAg3Cu. Though the
nonlinear scattering has decreased with decreasing particle size from 1AgICu
(40-50 nm) to IAg3Cu (1520 nm), the optica limiting performance has
incressed with increasing Cu concentration and reduced particle size. This
implies that the nonlinear absorptive processes contribute more to the optica
limiting performance. This is due to the fat that the excitation wavelength is
closer to the SPR of Cu nanoclusters (565 nm) as surface palsmon band is
sensitive to laser excitation.
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66  Surface Plasmon Band and Mode for Optical Limiting

In a crystalline solid, electrons occupy effectively continuous energy
bands with the occupation, width and separation of these bands determining the
fundamenta electrical, optica and magnetic properties of the solid. At the other
end of the length scale, for individua atoms and molecules the electronic state
density is discrete, resulting in, for example, intrinsicaly sharp spectra
linewidths. In some respects the electronic structure of a nanocluster or
nanocrystal might be said to fdl somewhere between these two extremes. A
striking property of a colloidal solution of noble-metal nanoclusters is its intense
colour. It was the dependence of solution colour on Au colloid size that
prompted Mie [4] to apply Maxwell's equations, with the appropriate boundary
conditions for spherical particles, to the calculation of the absorption spectra of
smdl Au clusters. A key feature of the absorption spectra of noble-metal
nanocrystals is the presence of a strong band in the visible region, arising from
the collective oscillation of conduction electrons (i.e. surface plasmons) in
response to the externa electromagnetic fidd [4] (Bohren and Huffman 1983).
As discussed by, for example, Link and El-Sayed [6], athough the total
extinction cross-section for the particles, x due to both absorption and scattering,
arises from a summation over al electromagnetic multipole oscillations for
nanocrystals which are smal compared to the wavelength of the exciting
radiation (<0.11) the dipole approximation may be used. Mie theory leads to the
following expression for « [45] of the composite can be expressed in terms of the
complex dielectric function of the metal nanoparticles e(@)=¢, (w)+ie,(@) as

e we,(w)

m

& [(.‘,(ru)+ 25:,"]2 + z:,?(m)

K (6.2

where ¢, is the dielectric congtant of the dielectric matrix and will be
assumed frequency independent and real, V is the (spherica) particle volume, w

the angular frequency of the exciting radiation, &,,the dielectric constant of the
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medium surrounding the particle and ¢,and ¢; the real and imaginary parts of
the dielectric function of the particle materia respectively. The absorption is
resonantly enhanced close to the frequency, minimizing the denominator, which
is the condition for the surface plasmon resonance. This resonance is associated
with enhancement of the electric field of the optical wave inside the particle as
compared to the applied field.

From the above equation, Mie theory predicts that the bandwidth and
peak height of the plasmon resonance (which occurs when €, (w)=-2¢,, if
g is small or weakly dependent on co) are determined solely by &,. Thus, on the
basis of egn. 6.2, there should be no dependence of resonance position or width
on particle size, only a volume-dependent variation in resonance intensity.
However, a large number of experimental studies [46] have clearly demonstrated
that as nanoclusters size decreases there is a dramatic increase in the plasmon
resonance bandwidth, which maybe accompanied by shifts in the resonance
position [47]. To account for these findings, the basic Mie theory has been
extended [4] to include the fundamental assumption that the dielectric function of
metal nanoparticles is size dependent, thus explaining the dependence of
resonance bandwidth on particle radius.

Following the model given by Qu et a/. &(w) >0, &(w) <0, and |&(w)|
« |&(w)], we can omit &°(w) in the denominator of the extinction coefficient.

Again, &w = n’(w) = [n'(co) +in”"(w)’

= n“(w) - n"*(w)+ i2n'(co)n " (w),

E(w) = n*(w)-n"*(w), &gl(w) = 2n{wn”(w (6.3)

The refractive index n'(w) and attenuation index n” (w), are related to the
input intensity /. Now assuming that the refractive index, n'(®), is unchanged
with the increasing intensity, while the attenuation index, n” (®»), changes with /

the real and imaginary parts of the dielectric can be written as

&(wl) = e(w) + Ag(l)
= nz(w) -[n"(co) + An ”(1)]2
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2 w2 At 2
=n"-n"°"=-2n"An" - (An")", (6.4)
&fwl) = g(w) + Ag(l) =2 n'n”"+ An") (6.5

let An"= B + f° + ..., where > and p; are the first and second order
nonlinear attenuation coefficients. For the input intensities used we can neglect
(An") , A:I* and the parts containing the higher-order powers of/.

By substituting (6.4) and (6.5) into (6.2) the modified extinction
coefficient containing the nonlinear attenuation at higher intensity is given by

n"__ (6.6)

where f.I describing the nonlinear attenuation performance is comparable
with the nonlinear attenuation index, n", for the strong nonlinear absorption.
Substituting the above equation into the light transmission equation dl/dz = -al

and integrating, we obtain

!‘ 1+(2n"/ b)
1+ ‘{"' ) W
I =Txl =T, — L. (6.7)

Where 7, =¢*"isthe linear transmittance of the films

5% 5 5
9NVe, “n" n'c-n""+2¢,
= = b= and
An'* ' 2n'

Using the above equation optical limiting curves for Ag-Cu nanoparticles
are fitted. This is valid to describe the optical properties of small meta particles
for the SPR and also for interband and wesker intraband transitions. The
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theoretical fits for the Ag-Cu clusters a 532 nm and 435 nm are shown in Fig
6.9(a) and (b) respectively. The fitting parameters are tabulated in Table 6.3. At
532 nm the increase of B»/n" from |AgICu to 1Ag3Cu film and no variation at

435 nm clearly explains the observed results.
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Figure 6.9: OL curves with theoretical fits (solid and dashed lines) for Ag-Cu metal
nanoclusters in Sol-gel matrix at (@) 532 nm and (b) 435 nm from Raman shifter.
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Molar ratio  Limiting threshold, Iz (Jem™) Ba/n” (cm?/J)

Ag:.Cu 532 nm 435 nm 532 nm 435 nm
11 48.2 137 0.00275 0518
12 355 135 0.01114 0.520
13 27.88 137 0.01388 0521

Table 6.3: Limiting thresholds and the interband transition coefficients for Ag-Cu:SiO,
films.

B2/n"” gives the measure of the interband transition coefficient.
1+(2n"/b) is taken from the best fit to the data where the ¥ is minimum and [+(2n"/b) ~
1575 and 1.113 for A, ~ 532 nm and 435 nm.

6.6 Conclusions

» Optica limiting properties of Ag-Cu codoped nanoclusters are
investigated at three different wavelengths that are in resonance with the
SPR and below the SPR.

> Excitation closer to the SPR (532 nm) of Cu nanoclusters resulted in
reduction of limiting threshold with increasing Cu concentration.

> Excitation well above the SPR of Cu and nearer to that of Ag (435 nm)
resulted in reduction of limiting threshold approximately by 10-17 times.

» Excitation a 683 nm has not shown any nonlinear absorption.

» Though the nonlinear scattering has decreased from 1AgICu to IAg3Cu,
the optica limiting performance has increased with increasing Cu
concentration and decreasing particle size.

» The nonlinear absorptive processes associated with energy transfer among
the high lying states of Cu and Ag found to contribute more to the optical
limiting performance.
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Chapter 7

Summary and future perspective

To summarize, we have studied three different classes of materias:
tetratolylporphyrins, pure and doped photorefractive crystals and co-doped metal
nanoclusters to identify new materias for all-optical limiting mechanisms based
on Reverse Saturable Absorption (RSA) that lead to optical limiting in the visible
waveleggth region.

In porphyrins, two classes of modified tetratolylporphyrins are studied.
First class of porphyrins has central phosphorus (V) atom with different axia
ligands, like (OH), Cl, and azoarene units and is studied for heavy atom effect
and the presence of charge-transfer states. Second class of porphyrins are axial-
bonding type hybrid porphyrin arrays, dimer, trimers and hexamers based on
tin(lV) TTP scaffold and with free base and Ni and Zn in the periphery.

In P (V) TTP's with heavier axial chlorine substitution in place of (OH)
group, has lead to a fadter intersytstem crossing and high excited date
coefficients from the triplet states in the ns regime and limiting threshold has
decreased drastically by ~ 30 times. In the ps regime where only the singlet
levels play arole in the nonlinear absorption, at lower intensities ESA is observed
and the limiting threshold has decreased ~ 3 times. However, at higher intensities
ESA duc to the excited singlet states get saturated leading to saturation of
absorption (SA) behaviour &fter initid RSA. With axia azoarene substitution
photoinduced electron transfer and the charge transfer states come into play. The
limiting threshold has lowered by approximately a factor of 2 in the ns regime.
However in the ps regime at higher intensities SA due to the excited singlet is
observed. But compared to the heavy atom substitution, the saturation of ESA in
the excited singlet states has decreased as the population can decay rapidly from
the higher singlet states to ground state via CT states. Both the axia chlorine and

azoarene substitutions lead to variation in the vibrationa relaxations of the singlet
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states. With the axial chlorine substitution the throughput fluences are as low as
100 mJm"? are achieved.

In 'axial-bonding' type hybrid arrays based on Sn (IV) TTP scaffald, the
limiting threshold has decreased as one moves to higher homologues. But within
the trimer and hexamer hybrid arrays, replacing the free-base porphyrin with
metallo porphyrin has lead to reduction in the limiting threshold and the figure of
merit. Linearly linked Sn-Sn dimer shows a better limiting performance than the
axia bonding type arrays. Though the limiting thresholds are dmost same as that
of P (V) TTP's the onset of limiting is at lower fluences and the throughput is as
low as 35 mdm™? at fluences of ~70 Jem™. In al these hybrid arrays excitation
energy transfer dso plays an important role in addition to the PET. All these
hybrid arrays show higher order nonlinearities and ultrafast relaxations in the ps

regime.

Pure and iron doped Bi,SiO crystals are studied and both the crystals
show good optical limiting and nonlinear absorption properties at three different
wavelengths in the visible region. The crysta is found to have a very strong
nonlinear absorption with maor contribution from TPA assisted by intraband
carrier absorption and charge carrier absorption from trap levels. The damage
threshold has increased a al the wavelengths with Fe doping. Ultrafest
relaxations of the excited carriers with ps pulses excitation are found to make
these crystals good optical limiting materias over a wide range of wavelengths
and time scales.

The effect of surface plasmon resonance on the optical limiting response
in Ag-Cu nanoclusters codoped in SiO, sol-gel matrix is studied. Optical limiting
properties are investigated at three different wavelengths that are nearly in
resonance with the SPR and below the SPR. Nonlinear absorption and nonlinear
scattering are observed to be present in these films. Though the nonlinear
scattering has decreased with decreasing particle size from 1AgiCuto I1Ag3Cu,
the optical limiting performance has increased. Excitation closer to the SPR (532
nm) of Cu nanoclusters resulted in reduction of limiting threshold with increasing
Cu concentration and excitation well above the SPR of Cu and nearer to that of
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Ag (435 nm) resulted in reduction of limiting threshold approximately by 10-17
times. Whereas, excitation below the SPR a 683 nm has not shown any
nonlinear absorption. The nonlinear absorptive processes associated with energy
transfer among the high lying states of Cu and Ag found to contribute more to the
optical limiting performance.

Since the mechanism of optical limiting in dl the three classes of the
materials depends on the absorption of excited molecules/electrong/carriers and
the nonlinearity, it is important to characterize the excited state dynamics in order
to exactly evaluate parameters like TPA coefficients, lifetimes/relaxation times of
the high lying states, bands etc. to optimize them in making a rcalistic device,

Higher order nonlinearities, presence of two-photon/multi-photon
absorption and ultrafast relaxations in the porphyrin arrays can be resolved using
fs pump-probe, transent absorption and PWM experiments. In meta
nanoclusters the energy transfer mechanism in the codoped clusters can be better
understood from the fs transient asorption and pump-probe studies. All these
studies will give better insight into the processes leading to nonlinear absorption

and optica limiting phenomenon.
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