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Chapter 1 Introduction 

Chapter 1 Introduction  

 

Abstract 

 

This Chapter presents an introduction to the thesis work, mainly revealing the 

motivation of the present study and background of the investigated materials.  We discuss 

the significance and principles of different ultrafast spectroscopic techniques employed in 

this study. Various spectroscopic processes occurring in a molecule after the 

photoexcitation, along with their third-order nonlinear optical properties, are elaborated. 

We also deliberate the importance of ultrafast photophysical processes of these materials, 

as well as the significance of ultrafast spectroscopy in understanding energetic materials is 

explained. Finally, we provide a summary and outline of the thesis towards the end of the 

Chapter. 
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Chapter 1 Introduction 

 Introduction and Motivation 

Light triggers the most fundamental processes on earth, mainly photosynthesis, 

which is the primary reaction which nurtures life on earth, and photoreception or light 

reception of plants for possible vision. To drive these reactions efficiently the primary 

processes either have to be faster than dissipation of energy or to take place in a specific 

geometry that drives the reaction along the required pathway. Molecules which participate 

in such reactions (reception and transduction) are usually light absorbers with strong 

spectral properties. The optical spectroscopic techniques are powerful tools to investigate 

the molecular structure and dynamics. The absorption of light upon illumination initiates 

most of the chemical reactions, the fact that motivates several of us to study the 

photophysical and photochemical reactions of different associated molecules using a 

variety of time-resolved spectroscopic techniques. Many researchers have studied these 

reactions earlier (in the 1950-60s) using flash photolysis and photon and electron pulse 

techniques. A few of these findings were awarded the Nobel prize for chemists M. Eigen, 

G.W. Ronald, and G. Porter in 1967 for studying the fast chemical reactions.1 The 

generation of optical pulses of the order of few femtoseconds (10-15 s) brought to light new 

era of opportunities for studying the molecular reactions in the femtosecond and sub-

femtosecond time domain.2-4 Recent technologies have facilitated the development of 

ultrashort laser pulses of the order of few attoseconds (10-18 s), achieved using higher 

harmonic generation5-7, which falls under the soft X-ray regime of the electromagnetic 

(EM) spectrum. Time-resolved spectroscopies, typically utilizing 10-100 femtosecond (fs) 

pulses, provide a powerful tool, and play an active role in investigating the ultrafast 

dynamics.4 These developments were awarded the Nobel prize in chemistry for Prof. A.H. 

Zewail in 1999 for his seminal contributions to the understandings of chemical reactions 

using fs spectroscopy.8-9 These original experiments stimulated the research in complex 

reaction dynamics such as photosynthesis,10-12 and light-induced reaction dynamics of 

artificial systems.13-15 Various spectroscopic techniques such as transient absorption (TA) 

and time-resolved fluorescence are generally used to study the excited state dynamics and 

motion of vibrational wave packets in real-time.  

The effect of an intense or short laser pulse on the optical properties of the materials 

opens up new opportunities for investigations and applications in optical switching, optical 
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communications, and bio-imaging technologies. The invention of the second harmonic 

generation (SHG) by Franken et al.16  from a quartz crystal in 1961 led to the birth of the 

field of nonlinear optics (NLO). The third-order NLO properties, i.e. nonlinear refraction, 

absorption, and response, play a crucial role in the development and advancement of 

photonic device applications. The electric polarization (induced dipole moment per unit 

volume) has an essential role in the nonlinear optical properties upon illumination of the 

active optical fields (~108 V/m).  An efficient NLO process requires that the material should 

have control over the amplitude, phase, polarization, and frequency of the input field with 

high sensitivity.17-18 In this contest, a variety of complex materials are synthesized such as 

organometallic compounds and nanocrystals, etc.,  and studied by different techniques such 

as (i) Z-scan (ii) Degenerate four-wave-mixing (DFWM) (iii) Electric field induced second 

harmonic generation (EFISHG) (iv) Third harmonic generation (THG) etc..19-20 The NLO 

properties of organic materials, in particular, can be tailored by introducing metals (in the 

core) and π- conjugation backbone, donor, and/or acceptor groups. Apart from these 

materials, metal nanoparticles, mainly those of gold (Au), have been demonstrated to 

possess strong third-order NLO properties depending on their size and shape due to their 

localized surface plasmon resonance. 21-23 Recently, lead halide based Perovskite 

nanocrystals (NCs) have emerged as an excellent NLO material possessing strong two-

photon absorption (TPA) and multi-photon absorption coefficients, stronger than many of 

the state-of-the-art materials investigated thus far.24-26 The requirement of efficient NLO 

materials with fast response and large third-order NLO susceptibility χ(3)  brings the new 

technological advances in  the materials processing or synthesis in both organic and 

inorganic materials. The miniaturization of the material size up to a nanoscale level opens 

new possibilities of achieving efficient NLO materials. In this work we present our studies 

of NLO properties and excited state dynamics of both organic (porphyrins, corroles) and 

inorganic (perovskite NCs, metal nanoparticles) materials. 

Recently, metal halide Perovskites (MHPs) have also gained notable interest due to 

their versatility and applicability in diverse areas such as photonics and optoelectronics for 

preparing LEDs,27-28 lasers,29-34 and photodetectors. Because of their (a) tunable broad 

absorption capability (b) narrow emission (c) high charge carrier mobility (d) great 

photoluminescence quantum yield (PL QY).35-38 Higher-order NLO properties such as 

MPA24-25, 39-40 and saturable absorption (SA)38, 41-42 from Perovskite NCs triggered an 

extensive research resulting in a range of applications in ultrafast lasers and optical data 
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storage.43 The organometallic halide (CH3NH3PbX3, X = Br, Cl, I) Perovskite NC films 

have demonstrated NLO properties strong i.e. two-photon absorption and nonlinear 

refraction (β = 10−9 mW−1, n2 = 10−13 cm2 W−1).44 On the other hand, all inorganic CsPbBr3 

Perovskite NCs demonstrated a large two-photon absorption (2PA) cross-section values 

(∼105 GM)45 combined with stability,46 tunablity,47-48 and lasing capabilities. The 

combination of organic-inorganic halide perovskite with structural modification 

demonstrated superior NLO properties such as multi-photon absorption in NIR region 24 

and second harmonic generation (SHG).49 Recent studies of the MPA cross-section of 

organic-inorganic perovskite NCs (CsPbBr3/MAPbI3) have shown large 2PA cross-section 

values of ∼106 GM, which are one or two orders of magnitude stronger than conventional 

semiconductor (CdSe and CdTe) QDs.   

Furthermore, π-conjugated organic molecules (e.g., Corroles, porphyrins, and 

phthalocyanines,) have also demonstrated superior third-order NLO properties compared 

to other organic molecules.50-51 Particularly, organic molecules having large π-conjugation 

including corroles and porphyrins with donor-acceptor (D-π-A, D-π-D, and A-π-A) systems 

are found to be suitable for many applications such as photovoltaics52-57 and up-

conversion58 and they possess characteristics similar to the natural photosynthetic 

pigments.59-61 Likewise, their NLO properties are found to be superior to other organic 

compounds, which mainly arises from their extended large π-electron conjugation having 

large transition dipole moments in their ground and excited states.62-68 It is known that the 

organic materials having large π-bond conjugation are known to illustrate significant dipole 

moments and create a delocalized distribution of electric charges due to intramolecular 

charge transfer (ICT) resulting in high electrical polarization, which is advantageous for 

significant NLO response.69-74 

Among several organic materials porphyrins possessing incredible chemical and 

optical properties.75-77 It has been successfully proven that alteration of the macrocyclic 

structure (core and other peripheral substituents) of these molecules significantly affects 

their chemical, optical, and optoelectronic properties.56-57, 77-78 The schematic of 

unsubstituted porphyrin ring is shown in figure 1.1(a) which contains four pyloric rings 

connected through four methane bridges to form a cyclic molecule (macrocycle) with 20 

corban and 4 nitrogen atoms, which can accommodate a metal ion in the centre. The 

porphyrins are substituted on the periphery 12 positions (eight β positions, four meso 
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positions).60-70 Porphyrins are highly coloured compounds due to its complicated electronic 

structure, which possess intense absorption band in the visible region (Q-band) and more 

intense absorption band (Soret-band) in the UV region. Their optical properties are easily 

tuned by incorporating the metals or non-metals into the core and peripheral substituents. 

83-84 As a consequence, several research groups are demonstrated porphyrins in artificial 

photo-devices such as photonic devices,79 molecular switches,80 and dye-sensitized solar 

cells (DSSCs) for solar energy conversion.57, 81-82 There exists great flexibility in 

modulating physicochemical attributes by synthetic substitutions on planar π-conjugated 

porphyrin ring and central metal ion, which can be incorporated into donor-acceptor 

assemblies. In general, D-π-A porphyrin systems possess good light-harvesting properties 

and favourable electrical properties.68, 83 By amending the D-π-A design as sensitizers for 

DSSC applications to the D-π-A approach, porphyrins can be potential candidates as hole-

transporting materials for optoelectronic applications.84  

   

 
Figure 1.1  (a) Parent structure of a porphyrin molecule (b) Corrole molecule 

Understanding the excited state or charge transfer dynamics are crucial for many 

applications such as solar energy conversion, information storage, catalysis, and photonics. 

Thus, understanding their excited state properties are important for fundamental science 

and applications of such molecules. Also, the NLO properties of porphyrins was explored 

extensively arising mainly from the delocalized π-electrons, which find applications in 

many fields such as optical limiting, optical switching, storage, bio-imaging, etc..  The 

metal incorporated porphyrins offers large transition dipole moments in the ground and 

excited states for a given electric field, which is possibly responsible for the observed strong 

optical nonlinearities in these molecules.56, 85-86 The applications of porphyrins are mostly 
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associated with electronic transitions taking place in Q-band transitions.  Accordingly, it is 

important to study their excited state dynamics involving singlet and triplet absorption 

properties due to their importance in photonics applications.87-88 Also, the nonlinear 

transmission properties of these porphyrin molecules depend on the characteristics of 

excited states and corresponding energy transfer processes.  

Apart from porphyrins, corroles too belong to the tetrapyrrolic family, despite 

having one less meso-carbon.  The corroles preserve the aromaticity (18 π–electron) of 

porphyrins, as shown in figure 1.1(b). The corrole ring consists of four nitrogen atoms in 

the centre and 19 carbons atoms in the molecule. The corroles possess attractive properties 

compared to porphyrins, such as (i) higher fluorescence (ii) stability (iii) lower oxidation 

potentials (iv) broad absorption and (v) more significant stoke shifts. Similar to porphyrins, 

by adding various metals or transition metals to the corrole macrocycle, the optical 

properties can be tuned due to changes in the energy gap of the molecular orbitals.  They 

find applications in fields such as biomedical imaging, photonic devices.89-93 The addition 

of the metal/transition metal to the corrole macrocycle improves the (a) PL QY (b) 

photoinduced electron transfer process (c) triplet yields.58, 94-98 On the other hand, the NLO 

response of corroles has gained tremendous interest compared to porphyrins due to its 

highly conjugated π-electron distribution. Although the NLO response is higher in corroles 

only a few researchers have investigated the NLO response of corroles, and they achieved 

good NLO coefficients compared to porphyrins. 65, 99 The corroles macrocycle cavity is 

smaller than the porphyrin, which can accommodate the trivalent group 13 metals (Zn, Mg, 

Al and Ga) and forms metallocorroles. As a result, their photophysical and spectroscopic 

properties are efficiently tuned, such as robust PL QYs, i.e. fluorescence from S1-S0, dual 

fluorescence (S2-S0, S1-S0) and higher triplet yields, superior to that of porphyrins. These 

properties are attractive in the case of DSSCs, photodynamic therapy, and photonic devices. 

Liu et al.100 have demonstrated corroles possess a planar rigid molecular structure with 

large Frank-Condon vibration states and large S2 displacements compared to 

metalloporphyrins. Understanding these processes is essential to develop new molecules 

with dynamic optical properties.  

We further extended our studies to the electronic and vibrational dynamics of 

energetic materials (EMs) to comprehensively understand their excited and ground-state 

dynamics. EMs contains vast energy in the chemical form which can be converted to kinetic 
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energy upon molecular decomposition and used for industrial and military applications.101 

Excited-states of the EMs provide an insight into the molecular decomposition 

mechanisms.102-104 The detailed investigation of the electronic, chemical and structural 

changes of the excited states of EMs enables us to comprehend the behaviour of EMs at the 

molecular level.  Consequently, vast amount of research has been carried out to understand 

the reaction mechanisms and to enhance the inherent properties of EMs.105-111 The 

nonradiative transitions in EMs produce local heating that creates hotspots which initiate 

the chain reactions in EMs.112 Under the influence of shock waves, the EMs goes through 

a series of energy transfer (ET) processes before the disruption of their bonds. For example, 

Wu et al. have shown the energy relaxation/dissociation process in liquid nitromethane 

which occurs at a time scale of 2.56 ps by using transient grating spectroscopy as shown in 

figure 1.2.113 When an EM is influenced by a shock wave, initially, several phonons gets 

generated, and later, the low-frequency modes will be excited via phonon-vibron coupling 

known as multi-phonon up-pumping.114-115  Further, the vibrational energy transfer takes 

place from one vibrational mode to another mode via intramolecular vibrational 

redistribution (IVR). As a consequence, the distributed energies localized in one or a few 

chemical bonds, resulting in the dissociation, which initiates the ignition in EMs.106  Hence, 

IVR is believed to be directly participating in the vibrational energy transfer and breaking 

of chemical bonds in energetic materials (EMs). However, the visualization of ultrafast 

coherent phenomena such as IVR is tedious since it involves the coupling of several 

vibrational modes.116 In this context, excitation, and relaxations of vibrational modes (to 

their lower vibrational states) of EMs were performed in the UV or IR spectral range and 

typically happens in 100’s of fs duration. The EMs can be excited to higher states under 

UV laser illumination, and it leads to decomposition.117-118 Previous research studies reveal 

that the ground electronic, vibrational states of EMs have been recognized to be prominent 

in the energy transfer processes. Nitro substituted arene compounds are essential in the field 

of defense and civilian applications due to their extended energetic properties.119 However, 

the well-known polynitro arenes such as TNT, TATB, Picric acid, etc. exhibit moderate 

performance.120 Recently, it was reported that the derivatives of azole substituted polynitro-

arenes enhance densities and performance.121 Especially, the substitution of azoles such as 

triazole or tetrazole improves the positive heat of formation due to the presence of higher 

amounts of nitrogen.122-125  
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One of our main motives at ACRHEM is to understand the laser pulse interaction 

with high energy materials for designing superior energetics. To realize this, we have 

developed ultrafast time-resolved spectroscopic techniques that allow us to probe the 

molecular excited and ground-state dynamics, which are responsible for molecular 

decomposition and detonation mechanism processes. This thesis mainly focuses on the 

investigation of NLO properties of novel organic and inorganic compounds, which are 

corroles, porphyrins, perovskite NCs and metal NPs. Also, their dynamics in the excited or 

ground state were studied using degenerate four-wave mixing and transient absorption 

spectroscopic techniques. Since the last few years, our efforts have focused on setting up 

the femtosecond time-resolved Coherent Anti-stokes Raman spectroscopy (TR-CARS) to 

reveal the ground and excited-state vibrational dynamics of Ems.  It is interesting to note 

that most of the EMs tend to decompose in their ground-state by vibrational energy 

redistribution from low energy modes to high energy modes. In this regard, CARS is an 

efficient technique to probe the ground state vibrational dynamics of the molecules with 

higher temporal and spectral resolutions in both gas and liquid phases.126-133  

 

Figure 1.2  Energy relaxation path diagram of liquid nitromethane.113 
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CARS is a nonlinear spectroscopic technique that eliminates the low spontaneous 

Raman scattering cross-section. Spontaneous Raman is an incoherent process wherein the 

photons scatter in all the directions. In contrast, CARS is a coherent technique in which all 

the Raman scattered photons emerge out in one direction, similar to a laser. CARS is a 

versatile as well as a resourceful method for imaging and characterizing the materials even 

with strong fluorescence background. The employment of ultrafast lasers enables the novel 

possibilities of time and frequency-resolved spectroscopies to probe the vibrational 

dynamics that occur in the time scales shorter than the molecular vibration period ~100 fs. 

In a femtosecond time-resolved CARS (TR-CARS) experiment, several vibrational modes 

of the molecules can be excited simultaneously, and the relaxation processes can be probed 

in real-time.  TR-CARS also enables us to estimate the dephasing times and collisional 

relaxation times of the preferred vibrational modes in solutions. Additionally, TR-CARS 

can probe the excited state vibrational dynamics. However, the excitation of molecular 

vibrational modes with fs broadband pulses in CARS experiment limits the spectral 

resolution, and this could be eliminated by employing pulse shaping techniques134-136 to 

trigger selective absorptions. The analysis of TR-CARS spectra provokes the insight on 

intermolecular interactions as well as the molecular structure. Also, the advantage of CARS 

is its standoff detection capabilities due to its mechanism of coherent excitation and 

detection. The transient absorption spectroscopy provides information about the reaction or 

relaxation pathways of electronic excited-states. The CARS data provide the information 

of different vibrational modes which are involved in the energy transfer process and its 

dephasing time in the electronic ground state. We have successfully demonstrated these 

experiments in our lab and well-studied some of the organic and energetic molecules. 

Transient absorption (TA) spectroscopy is a pump-probe technique in which a pump 

pulse (t = 0) initiates the photoinduced reaction, and the next evolution could be probed by 

the probe pulse (t > 0). To understand the various ultrafast processes in molecules, 

ultrashort pulses are necessary. The advancement of lasers pulse technology is accredited 

for accessibility to the ultrafast pulses of <100 fs. Since the femtosecond pulses are shorter 

than most of the intramolecular processes timescale, they enable the measurement of the 

ultrafast processes occurring in molecular excited states, which plays a crucial role in the 

performance of the photo-biological or chemical systems. Several chemical compounds are 

investigated in which upon photoexcitation, several processes take place, or more than one 
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transient species exists. TA spectroscopy records the change in optical density (ΔOD) by 

pump-probe method, which comprises the overlapping of several processes, i.e., excited-

state absorption (ESA), stimulated emission (SE), and ground state bleach (GSB) arising 

from the different–species in the molecular excited-states. The complete description of TA 

and data analysis are discussed in chapter 2. The following sections will provide a brief 

introduction about the ultrafast process and NLO properties of organic and inorganic 

materials.  In case of organic molecules, we have studied porphyrins, corroles, and whereas 

in inorganic materials, we have studied perovskite NCs and metal (Au, Au50Ag50) NPs. 

 

1.2  Ultrafast Photo-processes in Organic Molecules 

 

Figure 1.3  Jablonski diagram representing various ultrafast photo-processes where the 

wriggly and dashed lines represent the nonradiative process, and straight lines shows 

radiative processes. 
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In organic molecules, upon photoexcitation, several processes take place while 

excited-state population while returning to the ground state. These processes can be well 

understood by the Jablonski diagram, as shown in figure 1.3. The absorption of a photon 

creates a population in the electronically excited state (Sn, where n = 1, 2…) from the 

electronic ground state (S0). The absorption is an instantaneous process that takes in the 

order of 10-15 s.137-139 Beers-Lambert’s law directs the absorption process. Under linear 

absorption, the relaxation of the excited state population to the ground state takes through 

several processes.137 The transition follows the Frank-Condon (FC) principle, where the 

position of the nucleus is unaffected in both the excited state and ground state. Vibrational 

relaxation occurs through intermolecular collision (solute-solvent interaction, reorientation 

relaxation in anisotropic molecules) on a picosecond time scale.  Further, a shift in the 

potential curve towards the right is witnessed. In the case of anisotropic molecules, the 

reorientation of individual molecules have different absorption due to the random 

distribution.139 The reorientation of molecules takes place short time, losing energy to the 

surrounding (solvent). 

If higher electronic excited states (S2) are populated the relaxation of S2 to lowest 

electronic excited state S1 occurs through internal conversion (IC). Subsequently, the 

population transfer from higher vibrational state to low energy vibrational state of S1 

through vibrational relaxation (VR) nonradiatively. The population from the low energy 

vibrational states of S1 relaxes through radiatively (fluorescence) and nonradiatively 

followed by Kasha’s rule.140  A possible transition from singlet to triplet (T) state takes 

place non-radiatively by changing the spin of electrons that are different from the S1. This 

process is entitled as intersystem crossing (ISC) and it occurs in the picosecond to 

nanosecond time scales. Further, the population from T0 states relax radiatively 

(Phosphorescence) to S0, which occurs in a time scale of few microseconds to milliseconds.  

This is because of the forbidden transition from T0 - S0; thus, it takes a longer time. Apart 

from these relaxation processes, another process takes place in concise time scales, i.e., the 

dephasing process where the loss of coherence in the excited electronic states. To 

investigate these ultrafast processes, many spectroscopic techniques emerged due to the 

slow response of conventional detectors.  
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 Ultrafast Processes in Metal Nanoparticles 

Nobel metals (Au, Ag, Cu) constitute of monovalent atoms with a similar electronic 

configuration. The atomic d-orbitals are filled (d-band) and the hybridized s-p orbitals are 

partially filled which forms p-band (table 1).141-142 The electrons in this partially filled 

orbitals are delocalized (forms conduction band), which are subject to the thermal and 

electrical properties where the filled d-orbitals (valence band) contributes less to these. 

Figure 1.4 shows the band structure of metals; Ef is the fermi level, i.e., the highest occupied 

electronic state at zero temperature. A remarkable effect called surface plasmon resonance 

(SPR) associated with a collective electron motion is evident upon the size reduction of the 

metals. This property of metals creates spatial localization and enhancement of the EM 

fields in the metal NPs.143 The metal NPs are excited through Interband or intraband 

transitions depending on the pump wavelength. The electron scattering (τ = γ−1) takes place 

in few femtoseconds upon photoexcitation.144  

 

Figure 1.4  Illustration of the band structure of metals with filled d-band (low dispersed 

valence band) and a partially filled s-p band (conduction band).  Absorption of a photon 

(solid arrow) by a d-band electron may cause a transition towards the s-p band. The excited 

electron in the conduction band relaxes through intraband transitions either by electron or 

phonon (dashed arrow) scattering. 
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The heat capacity of the electron is smaller than the heat capacity of the lattice and, 

therefore, we can selectively excite and monitor the electron dynamics in real-time. Upon 

laser pulse excitation, the electrons relax through internal thermalization by electron-

electron collision followed by electron-phonon coupling from external thermalization. In 

the case of interband excitation the generated electron-hole pairs recombine within a few 

femtoseconds. NPs are sound light absorbers can create highly excited electron-hole pairs 

and these hot charge carriers used in photocatalysis, biology and solar energy conversion 

applications.145-146 The Au NPs exhibit the surface plasmon modes in the visible region due 

to the oscillations of conduction electrons. The plasmon peak depends mainly on the shape 

and size of the NPs, as the size increases, the peak shifts to the red and broadens.147-148 

Ultrafast electron relaxation processes entangled with localized surface plasmonic 

phenomena has been demonstrated to be the basis for high performance of optical switching 

devices based on the metal nanostructures.149-150 The electron dynamics and the third-order 

NLO properties of metal and metal-alloy NPS by different spectroscopic techniques are 

well studied.151-152 

 

Table 1.1 Nobel metals electronic configuration, lattice parameters, and electron density.  

Metal  Configuration a (A0) ne(×1022 cm-3) 

Cu [Ar] 3d104s1 3.61 8.47 

Au [Xe] 4f145d106s1 4.07 5.90 

Ag [Kr] 4d105s1 4.08 5.86 

 

Metal and metal alloy nanoparticles (NPs) or colloids have unusual physical and 

electrical properties depending on their shape and size, which has a tremendous interest in 

catalytic reactions and plasmonic lasers.153 The nonlinear optical (NLO) properties of gold 

(Au) and gold-silver (Au-Ag) alloy NPs have attracted significant interest in numerous 

fields for various applications.154-155 The advantage of doping metal nanoparticles with 

semiconductors, metals can significantly tune the intrinsic plasmon band over the visible-

NIR region.  Many researchers have investigated the electron dynamics of Au and Au-Ag 

alloy of differently synthesized NPs in both solution form (colloids) as well as in a thin film 

by using fs-TAS.151-152, 156  
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The geometry of the NPs affects the NLO properties and the corresponding ultrafast 

electron dynamics in the excited states.22, 157 Following the laser pulse excitation, the 

electrons relax through internal thermalization by electron-electron collision followed by 

electron-phonon coupling from external thermalization.158-159 The non-thermal (non-Fermi) 

electron distribution following intense laser excitation above the Fermi level has been 

probed by various laser-based techniques.160-161 The electron thermalization dynamics at 

intraband and interband excitation in mixed metal NPs are mostly not explored. Recently, 

Zhang and co-workers149 have explored the interband and intraband contribution to 

localized surface plasmon oscillations in pure Au NPs, wherein they have observed a red-

shifted induced LSPR feature with 400 nm pumping.  When pumped above the threshold 

energy of 2.38 eV, it induces the electronic transition from 5d band to the 6sp band resulting 

in a transient increase of population in the conduction band. The exciting 5d electrons relax 

to plasmonic oscillation with a time delay of 1 ps has been demonstrated. 

 NLO Properties of Organic Compounds 

The search for unique materials with strong nonlinear optical (NLO) properties apt 

for photonic device applications has opened up new possibilities in materials preparation. 

In the past 30 years, specific attention was accorded to organic compounds, special glasses, 

and semiconductors, which possess strong NLO coefficients with fast response time in sub-

ps time scale. Among these, organic compounds exhibit strong NLO properties in quick 

response times, which are foremost to photonic implementations. The NLO properties in 

organic molecules are related to the electron density distribution and charge transfer 

processes.162-163 Materials with Large conjugated systems, strong intramolecular charge 

transfer (ICT), and better co-planarity are a prerequisite for strong NLO properties in 

organic materials.164-165 In conjugated systems, the orbital overlap is the main requirement; 

therefore, the conjugated systems should be nearly planar. 

Consequently, the lone pairs that engage in conjugation will mostly occupy orbitals 

of pure p character instead of spn hybrid orbitals. Also, it is possible to optimize the 

molecular structures to maximize the NLO response. This is because, in organic molecules, 

the delocalized π electrons exhibit strong hyper polarizabilities.166 Notably, organic 

molecules possessing large π-conjugation, specially corroles and porphyrins with donor-

acceptor (D-A) systems, are suitable for several applications, mainly photovoltaics52-55, 167 



 

  

 15 

 

Chapter 1 Introduction 

and up-conversion.58,59-61 They also exhibit strong NLO properties arising from its larger 

π-electron conjugation.62-67 Organic moieties with strong π-bond conjugation are known to 

illustrate stronger dipole moments and create a delocalized distribution of electric charges 

due to ICT resulting in high electrical polarization, which is advantageous for large NLO 

response.69-74 Organic moieties designed in Donor-π-Acceptor-π-Donor structure by 

attaching different electron acceptor groups to patent ring to increase the molecular π-

conjugation are found to improve NLO activity. Choosing an excellent parent ring is the 

key to impressive molecular design of organic NLO materials.168 Several compounds with 

the heterocyclic structure are typically used as parent rings of organic NLO materials, such 

as coumarin, quinacridone, benzothiazole, and benzofuran.165, 169-172 A few reports on 

natural photosynthetic phenomena of D-A systems based corroles and porphyrins are 

available in literature.173-177 Such D-A systems were designed by altering the local position 

of metal ion of the macrocycle, for example, either at the axial or at the meso-phenyl 

position. Among several organic compounds, porphyrins, corroles have been found to be 

efficient NLO materials due to their versatility in tuning the NLO properties by 

incorporating different metals or peripheral substituents to the macrocycle, this can reduce 

the energy gap and promote the ICT process. In this thesis we have studied differently 

synthesized corroles and porphyrins and having studied them we have observed strong 

NLO coefficients with fast response time. Also, their excited state dynamics were studied 

using TAS and time-resolved fluorescence spectroscopy. 

 NLO Properties of Perovskite NCs 

Recently, all-inorganic perovskite nanocrystals (NCs) gained large attention due to 

excellent optical properties (strong absorption and high luminescence yield), which can be 

synthesized by low-temperature solution processes. It has been demonstrated that these 

materials are used in light-emitting diodes, thin-film solar cells, optical switches, and lasers. 

Besides their excellent optical properties, lead halide perovskites also own unique nonlinear 

optical (NLO) properties.178 The strong quantum confinement of perovskite NCs in the 

desired direction can significantly improve optical properties. Lead halide perovskites also 

own unique nonlinear optical (NLO) properties. These exceptional optoelectronic 

properties of the perovskite NCs stem from (a) a long carrier lifetime (b) strong band-to-

band absorption (c) low densities of defects/traps (d) long diffusion lengths. The NLO 
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properties of semiconductor NCs are heavily dependent on their geometries. Scott et al. 

have shown the magnitude of two-photon absorption (2PA) cross-sections [σ(2)] of CdSe 

2D NPs and nanorods (NRs) are proportional to the square of the volume.179 The cross-

section dependence on volume is ascribed to the different degrees of quantum confinement, 

which is less for spherical NCs and high for 2D NPs and NRs. He et al. have observed a 

linear dependence of the three-photon absorption (3PA) cross-section [σ(3)] of CdSe NCs 

on their volume.180 The semiconductor two-dimensional nanoplatelets (2D NPs) possess 

strong optical properties such as room temperature narrow PL emission and considerable 

oscillator strengths.  These can be further altered by their thickness, both their linear and 

nonlinear optical properties, which are essential for high performance in photonic device 

applications. Metal Halide Perovskites (MHPs) have been demonstrated as high-quality 

optoelectronic devices. The chemical formula of perovskites is ABX3, where A is cation 

typically fixed as organic [methylammonium (MA), CH3NH3
+], or inorganic (Cesium, 

Cs+), B is a metal (typically Pb), and X is a halide (Br−, Cl−, and I−). Generally, MHPs are 

direct bandgap semiconductors that can be synthesized by low-cost solution process 

techniques in different forms, i.e., polycrystalline thin films or nanoparticles (NPs). MHPs 

have demonstrated unique properties, large carrier diffusion lengths, and low nonradiative 

recombination rates. Apart from this, these materials have also been demonstrated to be an 

excellent active medium in the construction of lasers due to their tunable and robust 

emission at room temperature. Therefore, MHPs are shown to be applicable in lasers or 

optical amplifiers and light-emitting diodes.  Currently, the current technologies have 

adapted MHP materials in amplification/photodetection functionalities. On the other side, 

their NLO properties (nonlinear absorption and refractive index n2) have potential 

applications optical limiting, data storage, and devices, switching, Supercontinuum 

generation.181  

 Outline of Thesis 

The primary objective of this thesis work is to investigate the molecular excited 

state dynamics and third-order NLO properties of novel (a) organic/inorganic molecules 

for photonic devices and biological applications and (b) energetic molecules for a better 

understanding of the EMs, thereby enhancing the possibility to achieve superior designs in 

future for real-time purposes. To realize this, we have studied (a) porphyrins (b) corroles 
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(c) metal nanoparticles and (d) perovskite nanocrystals extensively.  We have particularly 

elucidated the following:  

o Multi-photon absorption properties of CsPbBr3 nanocrystals and Cs4PbBr6 zero-

dimensional perovskite nanocrystals using the femtosecond Z-scan technique in the 

near-IR spectral region  

o 2PA and excited-state dynamics of metal and metal-alloy nanoparticles using 

femtosecond Z-scan and TA techniques  

o Third-order NLO properties and electron relaxation dynamics in porphyrins and 

corroles utilizing femtosecond Z-scan, DFWM, and TA techniques  

o The electronic and vibrational dynamics of meso and amino-substituted tetrazole 

molecules, performed to understand the vibrational energy redistribution dynamics by 

making use of transient absorption spectroscopy and coherent anti-stokes Raman 

spectroscopy techniques with fs pulses. 

This thesis has been organized into eight (8) chapters. The content of each of these chapters 

are summarized and delivered as follows: 

Chapter 1  

This Chapter provides a broad introduction and motivation to the investigated 

molecules. Mainly the following aspects are explained in detail: (a) the significance of these 

molecules over the state of the art materials existing so far with a brief literature survey (b) 

the advantage of nano-sized materials such as perovskite nanocrystals (NCs) and metal 

nanoparticles for photonic applications (c) organic molecules and their nonlinear 

characteristics (d) ultrafast electronic and vibrational relaxation processes of energetic 

molecules for a better understanding of the performance of different EMs (e) the 

importance of different ultrafast spectroscopic techniques employed in this thesis is 

discussed. 

Chapter 2  

This Chapter provides a complete description of the femtosecond lasers and 

experimental techniques used.  Further, (a) methods of ultrafast pulse generation 

(nanosecond to femtosecond) and different components used to generate these pulses in the 

cavity (b) chirped pulse amplification process (c) regenerative amplification (d) ultrashort 
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pulse propagation and dispersion effects in different media (e) pulse characterization using 

intensity and single-shot autocorrelation techniques (f) preparation of samples and steady-

state measurements such as absorption and emission experimental details are summarized. 

Experimental techniques used such as (i) Z-scan (ii) Transient absorption with global and 

target analysis (iii) Degenerate Four-Wave Mixing, and (iv) Time-resolved Coherent Anti-

Stokes Raman spectroscopies have been described in detail. 

Chapter 3  

This Chapter contains the details of all NLO studies of different molecules 

investigated, mainly results obtained from the single beam Z-scan and Degenerate Four-

Wave mixing experiments. The complete details of the NLO studies and their properties 

(nonlinear refractive index and multi-photon absorption) along with the responses of 

perovskite nanocrystals (CsPbBr3 NCs and Cs4PbBr6 zero-dimensional NCs) are described. 

We have obtained substantial two-photon absorption coefficients order of 104 GM from 

CsPbBr3 NCs and multi-photon absorption studies on Cs4PbBr6 zero-dimensional NCs 

showed strong cross-section values (two-photon absorption cross-section, ∼106 GM in the 

spectral range of 500–800 nm, three-photon absorption cross-section, σ(3) ∼10−73 cm6 s2 in 

the 900–1200 nm range and four-photon absorption cross-section, σ(4) ∼10−100 cm8 s3 in the 

spectral region of 1300–1500 nm. The DFWM measurements confirmed an ultrafast 

response.  

Chapter 4  

This Chapter presents the intra and interband relaxation dynamics of pure Au and 

Au50Ag50 laser-ablated bimetallic nanoparticles at 400 nm and 800 nm photoexcitation. The 

electron-electron relaxation was discussed for Au and Ag50Au50 alloy NPs which happens 

in <0.5 ps. Electron-phonon relaxation times (<4 ps) found to be similar in these NPs, which 

shows the homogeneity of the composite material. The obtained electron dynamics from 

these NPs are exhibiting fast response compared to other studies on Au and Ag50Au50 

nanocomposite materials. The NLO properties and time-resolved data pure Au and 

Ag50Au50 nanoparticles, prepared by using ultrafast laser ablation in liquid technique, are 

also presented. 
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Chapter 5  

This Chapter discusses the ultrafast photophysical processes and third-order 

nonlinear optical properties of porphyrins. From the transient absorption spectroscopy, we 

have obtained different decay rate and time constants, corresponding to internal conversion 

from (Sn-S1), of <1 picosecond, vibrational relaxation within S1 states in <10 ps, radiative 

relaxation of S1-S0 in nanosecond time scale, intersystem crossing from S1-T0 in ps and ns 

time scales and triplet relaxation from T0-S0 in microsecond time scale (1-100 µs). The 

third-order nonlinear (NLO) coefficients recorded with ~50 fs, 1 kHz repetition rate pulses 

at a wavelength of 800 nm. The magnitude of the TPA coefficients and cross-sections (~103 

GM) of these molecules was compared with some of the recently reported porphyrin 

moieties and were found to be superior. The time-resolved degenerate four-wave mixing 

(DFWM) measurements and the data obtained confirmed a large magnitude and an ultrafast 

response of the χ(3) in these molecules. 

Chapter 6  

This Chapter presents results from studies on ultrafast photophysical processes and 

third-order nonlinear optical properties of newly synthesized donor-acceptor based free-

base [(C6F5)3] and phosphorus [P-(OH)2(C6F5)3] corroles. The femtosecond transient 

absorption data revealed several photophysical processes such as (a) internal conversion 

(IC) in the 260-280 fs range (b) vibrational relaxation (VR) in the 2.5-5ps range and (c) 

nonradiative relaxation times (nr) in the 4.15-7.6 ns range and finally (d) the triplet 

lifetimes in the range of 25-50 µs. The NLO measurements were performed using the fs, 

kHz pulses using the standard Z-scan technique at 600 nm and 800 nm. The TPA cross-

section values were in the range of ~102 GM. Degenerate four-wave mixing measurements 

illustrated a significant third-order nonlinear optical susceptibility [χ(3)] with a magnitude 

of 6.9×10-14 esu and instantaneous (sub-picosecond) response, suggesting a predominant 

pure electronic contribution to the nonlinearity of these corroles.  

Chapter 7  

This Chapter explains and elaborates the molecular dynamics of the complex and 

nitrogen-rich amino, and nitro substituted tetrazole derivatives [2,6-dinitro-4-(1H-tetrazole-

1-yl) aniline (C7H5N7O4) and 1-(3,4,5-trinitrophenol)-1H-tetrazole(C7H3N7O6) are labelled 

as 6 and 8] with the results obtained from femtosecond Time-Resolved Coherent Anti-
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Stokes Raman Spectroscopy and transient absorption. The present study is advantageous in 

enhancing the applications of energetic materials since the tetrazole derivative 8 

demonstrated energetic properties those comparable with the secondary explosives such as 

RDX and TNT. Fourier transforms of the recorded CARS transients revealed the possible 

IVR mechanisms in tetrazole-N-(hetero)aryl derivatives. Further, dephasing times 

estimated from the CARS transients were ~137-200 fs. We have found that the low energy 

modes that are corresponding to the C-H vibrations exhibiting faster dephasing times 

compared to higher energy vibrational modes. Consequently, the C-H vibrational modes 

could be excited first upon photoexcitation and causing an initial chemical reaction. The 

transient absorption spectroscopy at 400 nm photoexcitation with the help of target analysis 

different decay rate and time constants have been discussed. The vibrational relaxation 

within S1 occurs within 0.3-0.8 ps time scale, and a possible intermediate state (S1-S
*-T0) 

is addressed in the intersystem crossing with a lifetime of 9.7 and 120 ps. The S1 state 

decays to S* with a lifetime of 2.2 to 4.7 ps and the triplet lifetime if found to in a µs time 

scale.  

Chapter 8  

This Chapter summarises the contents of the thesis. It discloses the various future 

work possibilities including (i) extension of transient absorption experiments to the UV and 

near-infrared (NIR) regime to study the structural dynamics of organic and energetic 

molecules (ii) development of femtosecond standoff CARS setup and (iii) multi-photon 

absorption studies such as five-photon and above at NIR wavelengths for biological 

applications. 
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Chapter 2 Theoretical Concepts and 

Experimental Details 

 

Abstract 

This chapter presents the details of the characterization of ultrashort optical pulses 

used in various experiments and an overview of the experimental techniques used in detail, 

such as Z-scan, degenerate four-wave mixing, transient absorption spectroscopy, and 

coherent anti-Stokes Raman spectroscopy. The details of the input laser source (LIBRA, 

M/s Coherent, USA), spectrometer (MAYA), lock-in amplifier, and the detectors employed 

in carrying out all the measurements are briefly described. The generation mechanisms of 

ultrashort laser pulses by mode-locking and following amplification of pulses using chirped 

pulse amplification (CPA) method are discussed. The details involved in optical parametric 

generation and amplification (OPA) are also briefed. The pulse characteristics (duration, 

phase) measurements of the amplifier (LIBRA) output were achieved using a spectrometer, 

intensity autocorrelation and single-shot autocorrelation (SSA) techniques.  
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2.1 Introduction  

The aim of this section is to provide a concise introduction to the different 

techniques for the generation of optical pulses. The most commonly used techniques, such 

as (a) Q-switching (b) cavity dumping and (c) mode-locking techniques, are discussed. The 

main constituents used for all the experiments, such as laser (ultrafast lasers) sources and 

their functioning, detector, and spectrometer, are elaborated.  The generation and 

maintenance of femtosecond (fs) pulses, followed by amplification based on chirped pulse 

amplification (CPA), is discussed in detail. The components of the amplifier laser are 

elaborated, such as oscillator, pump lasers, and stretch/compressor. The working and 

operation of an optical parametric amplifier (OPA) is reviewed.  The pulse characteristics 

of the amplified femtosecond pulses were measured using single shot and intensity 

autocorrelation methods and those details are discussed. The data acquisition and some of 

the initial measurements from carbon tetrachloride (CCl4) and β- barium borate (BBO) are 

presented along with. 

2.2 Cavity dumping 

Cavity dumping is a process used to generate intense short optical pulses, which 

can be combined with both Q-switching as well as Mode-locking techniques. The basic 

principle behind the cavity dumping is to maintain the cavity losses inside the laser 

resonator as low as possible until the laser energy build-up inside the resonator with 

multiple round trips.1-2 An optical switch inside the cavity is placed to extract the photon 

bursts in the form of pulses at about one cavity round trip time; this is the main advantage 

of cavity dumping. The kind of optical switches used in cavity dumping is acousto-optic 

modulator (AOM) or Pockels cell.1, 3 Whenever the AOM device is on, we see a pulse 

output for every cavity roundtrip, as shown in figure 2.1. The intracavity power (Pc) when 

AOM is turned on (t = 0) can be expressed as, 

                                                        𝑃𝑐 = 𝑃0𝑒𝑥𝑝 (
−2𝜂𝑡

2𝐿/𝐶
)                                                      (1)                        

P0 = initial cavity power 

L = cavity length 

= AOM deflection (cavity loss) 
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Figure 2.1 Working principle of cavity dumping. 

The efficiency of cavity-dumping can be expressed in terms of a ratio of output 

power to the optimum output power at steady state (CW) operation. Since the total energy 

is stored in the cavity by modulating the AOM, a very short ns pulse with high repetition 

rate can be generated in contrast to Q-switching, whereby increasing the repetition rate the 

pulse duration increases due to the stored energy is in the gain medium. 

2.2.1 Acousto-optic Modulator  

The acousto-optic modulator uses sound waves to diffract light inside a medium 

(TeO2, SiO2, quartz crystal); therefore, a shift in the frequency of light is obtained.4  As 

shown in figure 2.2 at one end of the glass material, a piezoelectric transducer is attached 

by using an external oscillating electric field that drives the transducer to vibrate. The sound 

waves which are produced from the transducer are transmitted within the material (quartz 

crystal) to the other end. The acoustic waves create a deformation in the material due to 

compression and rarefaction of the sound wave, due to which the material’s refractive index 

is modulated periodically. Within the material where the compression occurs, the incoming 

light encounters a high refractive index, and at places where rarefaction occurs, the less 

refractive index is exhibited. Therefore, the light which travelled through this material 

exhibits diffraction due to the dynamic periodic variation in the refractive index. In the case 

of Q-switching, when the pump source is ON the AOM is also kept on, so due to the 

diffraction losses, the loss in the resonator is high with low Q value, so lasing is suppressed 

inside resonator (due to the diffracted beams directed out of the resonator). Once the AOM 

is off, an intense laser pulse is generated. In cavity dumping, whenever the AOM is off, we 

are allowing lasing to take place to build up the laser energy inside the resonator, so by 
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turning on the AOM, an intense photon burst in the form of an optical pulse is generated. 

The width of pulse is determined by the cavity length (1m of cavity length can produce a 

ns pulse).3 

 

Figure 2.2  A typical acousto-optic modulator 

2.2.2 Electro-optic Modulator 

An electro-optic modulator basically a crystal that becomes birefringent on 

applying an electric field (E) across the crystal. This can alter the polarization of the 

incoming laser beam by a certain voltage applied to it.5 As shown in figure 2.3, the pulse 

generation from the electro-optic modulation mainly required polarizing component (LP), 

quarter-wave plate (QWP) and a Pockels cell. When the voltage V = 0 condition, laser beam 

through the polarizer is horizontally polarized after passing the QWP at 450
 the transmitted 

beam becomes a left circular polarized light after the reflection from the mirror the right 

circular polarized light again when it passes through QWP it becomes a plane-polarized 

light, which is orthogonal to the input polarization, so the net electric field is nullified. By 

switching on the Pockels cell (V ≠ 0), the polarization after the Pockels cell becomes 

horizontal, so the lasing takes place. There are two types of electro-optic modulators 

Pockels cell and Kerr cell. Pockels cell is mainly preferred because it works at a lower 

voltage. In the case of Q-switching, the low and high Q value is maintained by triggering 

the voltage of a Pockels or Kerr cell depending on the cavity build-up time. For Nd: YAG 
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laser, the voltage applied is 4 kV for five µs duration, and the lifetime of the population 

inversion (PI) is up to 200 µs. 

 

Figure 2.3 Generation of optical pulses using an electro-optic modulator. 
 

2.2.3 Saturable Absorber 

It is a passive switching device, which means no external electric field is required 

for the modulation of the laser cavity. At low input intensities, it acts like absorber and at 

high input intensities it saturates, therefore allowing the high intense beam.6-7 As we pump 

the gain medium, the upper laser level population is continuously increasing, down there is 

a spontaneous emission increasing while increasing population inversion, which gets 

absorbed. After a PI decays suddenly, a burst of photons will Travers to the SA, so the 

losses will be very less and high energy laser beam builds-up inside the cavity, which 

depends on the excited-state lifetime of the SA. Generally, the SA is placed very close to 

the one end of the mirror. Typically, SA is preferably organic dyes. 

2.3 Q-switching 

Q-switching is another process contrary to cavity dumping, wherein cavity dumping the 

energy is stored in the laser resonator.3, 6 In Q-switching, the energy is stored in gain 

medium itself, in the form of population inversion. In this process, the laser resonator 

quality factor ‘Q’ is defined as, 

                                    𝑄 = 2𝜋
𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 

𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠 𝑝𝑒𝑟 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑐𝑦𝑐𝑙𝑒 
                                                 (2) 

Furthermore, switching means switching between low and high Q values. By blocking the 

laser oscillations inside the resonator cavity, using a shutter for a certain period of time 
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depends on the period in which the spontaneous emission is very negligible, thereby no loss 

in population inversion in the excited state. This condition is called low Q value due to the 

cavity losses; therefore, no lasing takes place. Once enough population inversion is 

achieved which depends upon the excited state lifetime of the gain medium and pump 

source, the shutter opens at a time so that the beam can propagate between two end mirrors 

followed by a burst of photons in the form of a pulse to be generated; this is the condition 

for high Q value. The shutters which are used in the cavity mainly are electro-optical 

shutters such as Pockels cell or Kerr cell and acousto-optic shutters. Q-switched laser pulses 

are produced by storing energy in the excited state of the gain medium by a steady pump 

pulse having a duration on the order of the excited state lifetime, as seen from the figure 

2.4. There are two ways to achieve Q-switching; these are active and passive Q-switching. 

Active Q-switching, a mechanical shutter, is placed inside the laser cavity, which is 

externally controlled by electrical or mechanical processes, wherein passive Q-switch does 

not involve electrical or mechanical control; instead, we place a saturable absorber (SA), 

i.e., whose absorption decreases with intensity as described above. Passive shutters are 

mainly used for single pulse operation. 

 

Figure 2.4 Process of Q-switched laser pulse generation. 

The requirements to achieve necessary high inversion in Q-switching are (a) the upper laser 

level lifetime u needs to be longer than the cavity build-up time c so that the excess energy 

can be pumped to the upper level (b) the pumping duration p must be longer than the upper-

level lifetime (c) initial cavity losses must be high enough than the cavity gain to prevent 

the oscillations during u (d) cavity loses must be reduced instantaneously by introducing 
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high Q-value, so the laser oscillations start to build-up and extract all the energy which is 

stored in upper laser level. However, Q-switching can generate pulses of up to a few 

nanoseconds, and therefore to produce very short pulses at five fs, there are other techniques 

called mode-locking described below. 

2.4 Mode-locking 

A laser typically consists of a gain medium and optical resonator. The frequency 

band of laser oscillation is defined by the frequency band over which the gain surpasses the 

resonator losses. Generally, several modes of the resonator cavity will fall under this 

oscillation-band, so the output laser radiation comprises a number of closely spaced 

frequencies.  Thus, the output of such laser frequencies as a function of time [ω(t)] will 

depend upon the (i) frequencies (ii) amplitudes and (iii) relative phases of all these 

oscillating modes. By fixing these parameters, we can avoid the random fluctuations and 

nonlinear effects within the laser medium. If all the oscillating frequencies are having a 

fixed phase relative to each other and equal frequency spacing, the output as a function of 

time will vary in a controlled manner. Such a laser is called mode-locked (ML), it is 

possible to get continues and a periodic pulse train of light on the laser exit mirror.8 

Consider n modes with amplitude E0 and frequency ωn and phase Φn, the total field E(t) can 

be expressed as  

                                                  𝐸(𝑡) = ∑ 𝐸𝑛𝑒
𝑖[𝜔𝑛𝑡+𝜑𝑛]

𝑛 + 𝑐. 𝑐                                        (3) 

The resultant intensity is given by  𝐼(𝑡)  =  𝑁𝐸0
2 , means the N times the intensity of the 

individual modes. If Φn = Φ0 and ωn = ωN-1 – nΔω (equal mode spacing) ω0 optical 

frequency of laser output, Δω = 2π(c/2L), then 

                                               𝐸(𝑡) = 𝐸0𝑒
𝑖𝜑0{∑ 𝑒𝑖[𝜔𝑛−1−𝑛∆𝜔]𝑡

𝑛 } + 𝑐. 𝑐                            (4) 

The total intensity is defined as 

                          𝐼(𝑡) = 𝐸0
2 𝑠𝑖𝑛2(𝑁∆𝜔𝑡/2)

𝑠𝑖𝑛2(∆𝜔𝑡/2)
, Where  

∆𝜔𝑡

2
= 0, 𝜋, 2𝜋 …𝑛𝜋                               (5) 

We have pulses at interval Δtp = 
1

∆𝜗𝑠𝑒𝑝
 = 

2𝐿

𝐶
 this is the time it takes for a pulse to make one 

round trip in the cavity, as shown in figure 2.5. Therefore, the total intensity is given as  

𝐼(𝑡)  =  𝑁2𝐸0
2 increased by a factor of N when φn = φ0  



 

  

46  

 

Chapter 2 Theoretical Concepts and Experimental Details 

 

Figure 2.5 Frequency and time domain parameters of mode-locked pulses. 

The mode-locking process is categorized into two ways passive and active mode-

locking. In the case of active mode-locking, an external driven device is placed inside the 

laser cavity to modulate intra-cavity frequency or amplitude at cavity repetition rate 

frequency. The passive ML can be achieved by introducing the saturable absorber (SA) in 

the cavity. Which allows the high-intensity light due to the saturation of absorption and 

continuous wave will undergo absorption losses; therefore, the leading edge of the pulse 

saturates the absorption, and the main pulse will encounter no loss. The SA acts as a shutter 

that the pulse itself triggers with much faster modulation than electronic shutters. 

2.4.1 Kerr-lens Mode Locking 

Kerr-lens mode locking (KLM) works on the foundation of variation in nonlinear 

refractive index, entitled as self-focusing. The principle behind this process is an intensity-

dependent change of refractive index of material.3, 9 For Gaussian-shaped pulses traveling 

through a medium with more intensity at the centre than the edges, have a large change of 

refractive index at the central portion then edges due to the following equation n=n0+n2I 

(n0 is the refractive index, n2 is the ‘nonlinear’ refractive index), therefore creating a lens 

that focuses the beam inside the material. The intensity and path length defines how much 

focusing occurs. In the KLM technique, an aperture is placed at one end of the mirror; in 

CW condition, the beam encounters high loss as intensity increases due to self-focusing the 

beam starts to focus, therefore beam size reduces and less loss can be achieved than CW 
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mode. The aperture can be replaced by pumping with a smaller beam diameter pump. The 

advantage of focusing effect inside the material improves the self-phase modulation (SPM), 

it broadens the frequency spectrum of the pulse, which compresses the pulse to a shorter 

duration. 

2.4.2 Self-Phase Modulation 

Self-phase modulation occurs due to the interaction of time-dependent optical pulse 

with the intensity-dependent refractive index of a material (self-focusing effect).10-11 The 

additional frequency components are added to the pulse as it propagates within the medium 

(nonlinear). When a sufficient intensity of a laser pulse is propagating inside the material, 

it starts to focus on the material due to the intensity-dependent refractive index. The pulse 

which is propagating in such material encounters an SPM, which broadens the frequency 

spectrum of the input pulse. The physical process is as follows when the pulse is 

propagating within the material; the leading edge of the laser pulse encounters a large 

refractive index change, thereby decreasing the velocity of the beam. This decrease in 

velocity reflects the arrival time the electromagnetic waves of the rising edge at the exit 

side of the material, therefore a reduction in the frequency spectrum. On the trailing edge 

of the pulse, the index of refraction decreases, thereby increasing the velocity of the beam, 

so increase in the frequency of the trailing edge. This process is also known as frequency 

chirping or pulse chirping. 

2.4.3 Group Velocity Dispersion 

Group velocity dispersion (GVD) is a pulse shortening or lengthening technique.11 

Consider a wave of frequency ω0 with finite width Δω. The propagation constant k0 at 

frequency ω0 is varying a with frequency ω around ω0 can be expressed as 

                                               𝑘 = 𝑘0 + (
𝑑𝑘

𝑑𝜔
)
𝜔=𝜔0

(𝜔 − 𝜔0) + ⋯                                   (6) 

Fourier expansion for the electric field 

                                                 𝐸(𝑧, 𝑡) = ∫𝐸(𝜔)𝑒−𝑖(𝑘𝑧−𝜔𝑡)𝑑𝜔                                        (7) 

Insert the above equation  
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         𝐸(𝑧, 𝑡) = 𝑒−𝑖(𝑘𝑧−𝜔𝑡) ∫ 𝐸(𝜔)𝑒𝑥𝑝 {−𝑖 [(
𝑑𝑘

𝑑𝜔
)
𝜔0

𝑧 − 𝑡] ∆𝜔} 𝑑∆𝜔
+∆𝜔/2

−∆𝜔/2
                     (8) 

Where Δω = ω – ω0. The velocity of the modulated wave can be obtained by taking 

[(dk/dω)z-t]=constant; therefore, dz/dt = VG = dω/dk. VG is called group velocity (velocity 

at which the information is transferred, because which involves the modulation). A finite 

value of VG signifies a shift in velocity with different wavelengths. A medium with such 

property is known as a dispersive medium. For a nondispersive medium dω/dk = 0. The 

group velocity dispersion can be expressed as,  

                                           𝐺𝑉𝐷 =
𝑑2𝑘

𝑑𝜔2 =
𝑑

𝑑𝜔
(

1

𝑉𝐺
) =

−1

𝑉𝐺
2

𝑑𝑉𝐺

𝑑𝜔
                                             (9) 

A short optical pulse passing through a medium with significant GVD, the pulse can be 

either shortened or lengthened due to the frequency-dependent dispersion within the 

medium. For a positive GVD (VG red > VG blue) means, the group velocity decreases with 

increasing frequency components of the pulse; as a result, the pulse stretches and for 

negative GVD (VG blue > VG red) the pulse tend to shorten.8 

2.4.4 Chirped Pulse Amplification (CPA): 

Chirped pulse amplification (CPA) of ultrafast light pulses from solid-state lasers 

has allowed the generation of light pulses up to terawatt peak powers or more.3 CPA 

technology is commonly used in all-solid-state lasers for high peak powers. The CPA 

process is shown in figure 2.6, the low energy input pulses from the seed laser (100 fs) send 

it to a dispersive pulse stretcher leading to a highly chirped stretched pulse, i.e., temporally 

broadened up to larger than 200 ps to avoid the optical damage and self-focusing effects 

without affecting the bandwidth. The pulse from the stretcher is amplified either by single-

stage or multi-stage amplifiers. The stretched amplified pulse is further sent to an opposite 

(i.e., stretcher) dispersive medium; as a result, the amplified pulse is compressed to 

bandwidth limit. The chirp of the amplified pulse is controlled by introducing the group-

delay dispersion of different signs before and compression. The conventional CPA lasers 

use the diffraction gratings or prism pairs for pulse stretching/compression and their angular 

dispersion introduces the wavelength-dependent delay.3, 8 In our laser (LIBRA) the seed 

laser (100 fs, 80 MHz) pulses with nJ energy is stretched up to 200 ps thereby reducing the 

peak power up to 104 which is further amplified in the regenerative amplifier followed by 
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compression. The Pockels cell (PC) switches the seed pulses to the amplifier, which is 

synchronized to the seed laser. Therefore, seed pulses with nJ energy are amplified to ≈ mJ.  

 

Figure 2.6 Schematic of CPA process  

2.4.5 Regenerative Amplification   

In the regenerative amplification process (RGA), the pulse to be amplified is 

trapped within the cavity by using a polarization gating method.12 As shown in figure 2.7, 

during pumping of the gain medium any light emitted into the resonator by spontaneous 

emission (SE) is suppressed by polarizing the SE passing through a thin film polarizer 

rotated by 900 in double passing through the wave plate and Pockels cell (when V=0, Hence 

no polarization change), thereby amplified SE will be reflected out of the cavity.13  At the 

beginning of the amplification, the pulse to be amplified is injected into the cavity through 

a polarizer at certain polarization, so that it reflects into the cavity. After double pass 

through the wave plate, the polarization is rotated and the beam is now transmitted through 

the polarizer towards the gain medium. Before the pulse returns back the polarizer, a 

voltage is applied to the PC such that it acts like a wave plate so that no net change in 

polarization takes place upon reflection from the cavity end mirrors. Sot that the pulse is 

trapped within the cavity, which allows repeated passes through the gain medium. Finally, 

during the pulse ejection from the cavity, the PC voltage is deactivated; therefore, 

polarization is rotated by 900 at polarizer after double passing through the wave plate so 

that the pulse can reflected out of the cavity. Further PC timing is adjusted depending on 

the number of passes through the gain medium (i.e., total amplification factor). RGA is 

more advantageous than a multi-pass amplifier; it allows many passes to the gain medium 

and good overlap of pump and signal beams. However, there is a disadvantage of the RGA 

scheme for femtosecond applications, i.e., larger material path lengths, which leads to large 

dispersion effects. This makes it more difficult to achieve complete compression of the 

amplified pulse in RGA systems. 
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Figure 2.7  Schematic of the regenerative amplifier 

 

 

Figure 2.8  Timing of Pockels cell (PC) voltage and their effect in the amplification. HV1 

changes the cavity Q to high, where one pulse is trapped and amplified. HV2 changes the 

cavity Q to low, and the amplified pulse is cavity dumped. 

The LIBRA amplifier system works on the same principle, the repetition rate of the 

(Vittese) laser is 80 MHz.  This is synchronously reduced to 1 kHz and the timing for 

amplification is depicted in figure 2.8. The seed pulses initially have vertical polarization, 

which is fed into the RGA cavity. The crystal (at Brewster angle) and polarizer can transmit 

horizontal polarization but blocks the vertical polarization; however, after a double pass 

from the wave-plate, the polarization is rotated by 900, i.e., from S to P. After the pulse 

leaves the wave plate voltage is applied to PC1 (HV1) double passing through PC1, and 

the wave plate results in no change in polarization. The pulse remains p-polarized, which 

passes through an active medium (Ti: Sapphire) for multiple times (~15) during this time 

it gets amplified, which cavity Q high. All other seed pulses with S-polarization is reflected 

out of the cavity. After a certain round, trips voltage is applied to the PC2 (HV2), which 

makes the amplified pulse shift back to S-polarization, which further reflected from the 
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active medium and which dropped the cavity Q low. Typically, the gap between the seed 

pulses is ~ 13 ns. 

2.4.6 Libra, M/s Coherent Ultrafast laser system: 

 

Figure 2.9 Top view of the Femtosecond amplifier system (LIBRA) shows the essential 

modules (i) Vitesse (seed) (ii) Evolution (Pump) (iii) RGA cavity (iv) Stretcher/compressor 

region. (Image adopted from Coherent LIBRA manual). 

The Libra laser system (M/s Coherent, 50 fs pulse duration, 4 mJ of maximum pulse 

energy, operating at 1 kHz) is scientific and industrial grade amplified Ti: Sapphire laser 

system operating at a central wavelength of 797 nm. The output beam diameter is ~9 mm 

(1/e2). The optical layout of the Libra assembly is shown in figure 2.9. It mainly consists 

of four modules (i) A seed laser called Vitesse (Oscillator) (ii) evolution as pump laser (iii) 

RGA and (iv) compressor followed by Stretcher part integrated and situated into a single 

box. The un-chirped output pulse spectrum of Libra amplifier shown in Figure 2.10 with 

central wavelength ~ 797 nm, pulse duration of ~36.8 fs, and bandwidth of 18.4 nm was 

measured using spectra suite provided by Ocean optics. The spectra were measured just 

after the compressor of the Libra system.  
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Figure 2.10 Spectral and temporal filed of LIBRA output. It was measured by the Ocean 

Optics Spectra suite software. 

 

2.4.7 Vitesse (Oscillator) 
 

The Vitesse laser is classified as class IV laser based on European community 

standards EN-60825-1. It is a Verdi-pumped mode-locked laser that produces sub-100 fs 

pulses at an 80 MHz repetition rate with an average power of >250 mW at 800 nm, which 

acts as seed laser (called Oscillator) in the Libra system. It gives a bandwidth of ~ 30 – 100 

nm at 800 nm central wavelength. Vitesse laser consists of (1) Verdi laser (2) Verdi Pumped 

Ultra-Fast (VPUF) laser (3) power track mirror and, as shown in figure 2.11. All the 

individual components are sealed separately to reduce environmental contamination.  
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Figure 2.11 Layout of the Vitesse laser. 

 

Verdi laser acts as a pump laser for Vitesse laser. It consists of Nd: YVO4 

(Vanadate) gain medium, which is pumped by two diodes (5 Watt) lasers providing a 

continuous laser at 1064 nm with 2 W average power, as shown in figure 2.12 (a). The 

diode lasers are placed in the Vitesse laser head, by utilising optical fiber cables, the diode 

laser (808 nm wavelength) output is connected to the Verdi. The Verdi laser major optical 

components are Lithium Triborate, LiB3O5 (called LBO) for frequency doubling crystal 

(from 1064 to 532 nm), an etalon for frequency filter, stigmatic compensator, optical diode, 

two end mirrors, and two pump mirrors. A piezo-driven mirror is used to align the pump 

laser into the VPUF laser head’s cavity. 

VPUF laser head consists of a gain medium (Ti: Sapphire crystal) with a negative 

dispersion mirrors (NDM). The gain medium (Ti: Sapphire crystal) inside the VPUF laser 

head is pumped by the Verdi laser output at 532 nm. Negative dispersion mirrors (NDMs) 

providing the negative dispersion and multiple reflections from NDMs compensate the ND, 

this is needed to produce <100 fs pulses, as shown in figure 2.12 (b). A passive mode-

locking technique, i.e., Kerr-lens Mode locking (KLM), was utilized to get ML in Vitesse. 

Thus, the low noise ultrashort pulses < 100 fs with a bandwidth of 35 nm, an average power 

of ~ 300 mW at 80 MHz repetition rate are produced. Figure 2.13 shows the output 

characteristics of the Vitesse laser-measured using Ocean optics spectra suite software. 
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Figure 2.12  Internal schematic layouts of (a) Vitesse seed laser and (b) Verdi laser layouts. 

 
Figure 2.13 Spectral and temporal profile of Vitesse output. This was measured by the 

Ocean optics Spectra suite software. 

(a) 

(b) 
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2.4.8 Evolution-HE (Pump laser) 

The Evolution-HE is a diode (Aluminium Gallium Arsenide) pumped, Q-switched 

Nd: YLiF4, yttrium lithium fluoride (Nd: YLF) laser produces 45 W of average power and 

>45 mJ pulse energy at 1 kHz. It operates at 527 nm wavelength second harmonic from 

1053 nm, which is ideal for pumping ultrafast high-power Ti: Sapphire amplifiers. The 

Evolution-HE offers high efficiency and excellent beam quality. Which comprises mainly 

four elements (1) Optical laser bench assembly contains electrical, optomechanical, and 

cooling assemblies (2) power supply to drive the laser diodes and to maintain the LBO 

crystal temperature, (3) computer control and (4) closed-loop chiller for a heat sink. The 

specifications of the LIBRA and Vitesse oscillator is given in table (2.1). 

 

Table 2.1 Specifications of Vitesse and LIBRA systems  

 

 

2.4.9 Optical Parametric amplification (OPA) 

OPA is a well-known nonlinear optical (NLO) process takes place in second-order 

nonlinear materials consisting of energy transfer from high-frequency pump beam to low-

frequency beam known as a signal, during the energy transfer another beam is generated 

known as idler.14-15 For higher pump frequencies, the energy conversion rule is ωP = ωS + 

ωI. Optical parametric generation (OPG) often proceeds OPA. In OPG, the input is one 

light beam at frequency ωP and output is two beams with frequency ωS and ωI. The 

S. No. Parameters Vitesse oscillator Libra fs amplifier 

1 Average power 300 mW @ 2 W Verdi 4 W 

2 Pulse duration   < 100 fs ~35 fs 

3 Band width ~ 35 nm ~ 20 nm 

4 Max output energy ~ 3-5 nJ ~4 mJ 

5 Repetition rate ~80 MHz 1 kHz 

6 Beam diameter ~ 1.25 mm ~9 mm (1/e2) 

7 Polarization Horizontal Horizontal 
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wavelength of the output beams is determined by phase-matching. The output beams after 

OPG are generally relatively weak and spread-out in direction. This issue is solved by using 

OPA as a second step; in OPA, the input beams are two with frequency ωP and ωS, as shown 

in figure 2.14. Therefore, the OPA amplifies the signal beam ωS by making pump beam ωP 

weak and also generates a new beam called idler at frequency ωI. 

 

Figure 2.14  The flow of pump energy to the signal beam in OPA (b) stimulated emission 

of signal photons from the virtual level created by the pump beam. 

2.4.9.1 TOPAS-C 

 

Figure 2.15 Optical layout of the TOPAS-C. (Image adopted from Light Conversion 

Manual) 

TOPAS (Traveling wave optical parametric amplifier) is a two-stage amplifier that 

is pumped by the output of LIBRA at 800 nm. This provides a wavelength range of 1100 

nm-1600 nm with additional frequency mixers; this range can be extended to 260 nm-2600 

nm. Its basic arrangement consists of several subunits: pump beam guiding and white light 

continuum generation (WLC), pre-amplifier (PA1) stage, signal beam collimator, and 

expander (SE), and a power amplifier (PA2). These components are arranged in a single 

compact unit. All the components in this device, such as mirrors, translation stages, rotation 

of the crystals, and tuning of output wavelength, are precisely controlled by a software 
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called WinTopas provided by Ms/ Ultrafast Systems, USA. The complete layout of the 

TOPAS-C is presented in figure 2.15. 

A small amount of the input pump beam (1.3 µJ, from BS1) at 800 nm wavelength 

is used to generate WLC using a sapphire plate. The other part of the pump beam 800 nm 

(30-50 µJ) and WLC are collimated non-collinearly onto the pre-amplifier crystal (NC1), 

where the parametric amplification takes place. The advantage of non-collinear geometry 

is it’s easy to separate amplified signals from the remaining idler and pump beams. After 

the pre-amplification of the signal (PA1), the beam is collimated by a telescopic lens and 

transformed to the power amplification (PA2) stage. At this stage, the remaining high 

energy pump beam is further collimated to the power amplifier stage. Both the amplified 

signal and a high-power pump beam are overlapped collinearly into a second nonlinear 

crystal (NC2). Thus, the output from the TOPAS-C is well-collimated collinear idler and 

signal beams is achieved. The optional frequency mixer can be used at TOPAS output to 

extend the tuning range from UV to NIR. The wavelength tuning in the PA1 stage is 

attained by varying the delay between the WLC and the first pump beam and adjusting the 

angle of crystal for optimum phase-matching. Also, the wavelength tuning at PA2 stage is 

archived by primary optimizing the wavelength at the PA1 stage and then adjusting the 

second crystal angle and delay between amplified signal and second pump beam. The 

wavelength can be changed by computer dedicated software called WinTOPAS. 

2.5 Characterization of Ultrashort Pulses 

Measuring ultrafast pulses of duration <20 ps is difficult due to the limitation on the 

response time of electronic devices. Several approaches were discovered, mainly Intensity 

autocorrelation, frequency-resolved optical gating (FROG), etc. Among these, intensity 

autocorrelation technique is widely to measure the pulse width of short pulses. However, 

the phase information cannot be measured from this method. It is the pulse used to measure 

itself in the time domain. 

2.5.1 Intensity Autocorrelation 

The correlation of the pulse in the χ(2) medium is obtained in Michelson 

interferometer geometry.3, 8 The input pulse at 800 nm is split into two equal parts, as shown 

in figure 2.16. Therefore, the two pulses with an intensity I(t) and I(t+) are non-collinearly 
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overlapped into a second-order nonlinear crystal (β-barium borate, BBO) with proper delay 

line by using linear translation stage. Under the non-collinear phase-matching condition, a 

signal at the second harmonic frequency of the input pulse is generated. The autocorrelation 

signal, i.e., SHG, depends on the extent of overlapping of two input pulses in time. The 

temporal evolution of the SHG signal with respect to the delay is shown in figure 2.17. The 

intensity of the SH signal is related to the overlap of the two incoming pulses. 

The electric field of the second harmonic signal is defined as, 

                                                     𝐸𝑆𝑖𝑔
𝑆𝐻𝐺(𝑡, 𝜏) = 𝐸(𝑡)𝐸(𝑡 − 𝜏)                                                            (10) 

where ‘𝜏’ is the delay between the two incoming pulses. The resultant intensity of the SHG 

signal is proportional to the product of the two pulse intensities. 

                                                     𝐼𝑆𝑖𝑔
𝑆𝐻𝐺(𝑡, 𝜏) = 𝐼(𝑡)𝐼(𝑡 − 𝜏)                                                               (11) 

The expression for the intensity autocorrelation is given by 

  

                                                  𝐴(2)(𝜏) = ∫ 𝐼(𝑡)𝐼(𝑡 − 𝜏) 𝑑𝑡
∞

−∞
                                                         (12) 

The trace of autocorrelation provides a measure of pulse width and a rough estimation of 

the spectral width, but it says nothing about the actual pulse spectrum. Therefore, a pulse 

shape and phase must be assumed prior to the autocorrelation. The resulting pulse width 

will depend on the shape chosen. We have performed an intensity autocorrelation 

experiment of the LIBRA amplifier output and the data is shown in figure 2.17. The output 

from the amplifier is divided into two equal parts with a beam splitter (BS). A part of the 

beam is kept on a linear translational stage, and both beams are guided and focused non-

collinearly into a BBO (type 1 critical phase matching, 29.10 cut for SHG) crystal. The 

SHG signal is collected with a photodiode (PD, SM1PD2A-Thorlabs) and fed to a lock-in 

amplifier (Stanford instruments-7602). The linear stage is controlled by the motion 

controller (Newport ESP300). The SHG signal intensity was measured at each probe delay, 

and data acquisition is achieved by using a LabVIEW program. The autocorrelation signal, 

as seen in figure 2.17, was fitted by using a Gaussian equation, which yielded the full-width 

half maxima to be 174 fs. 
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Figure 2.16 Experimental setup of the intensity autocorrelation and inset shows the SHG 

signal. (M- mirror, BS-beam splitter, PD-photodiode, BBO-β barium borate crystal)  

Since the ultrafast pulse holds large bandwidth, dispersion effects need to be 

countered due to the phase change while propagation in a dispersive medium. Experiments 

were performed at 800 nm wavelength with a 2 mm thick BBO crystal. As a pulse 

propagating through a medium with refractive index n(ω) and length L the corresponding 

modified phase with the central frequency ω0 and propagation vector k is defined as, 

                                                          𝜑(𝜔) = −𝑘(𝜔)𝐿                                                                (13) 

The k-vector is expanded in Tylor series around ω0 

𝑘(𝜔) = 𝑘(𝜔0) + 𝑘1(𝜔0)[𝜔 − 𝜔0] +
1

2
𝑘2(𝜔0)[𝜔 − 𝜔0]

2 +
1

6
𝑘3(𝜔0)[𝜔 − 𝜔0]

3 + ⋯ (14) 

Here 𝑘𝑛 = 𝜕𝑛 𝜕𝜔𝑛⁄  and all the derivatives are estimated at 𝜔 = 𝜔0. The initial term 

corresponding to the phase velocity. The second term is corresponding to the (quadratic 

spectral phase variation) group velocity Vg, i.e. speed at which the envelope travels inside 

medium and third term corresponds to the group velocity dispersion (GVD), i.e., the first 

derivative of group velocity.8 The cubic spectral phase variation leads to the time variation 

to different frequency components, called frequency chirping. Thus, either the blue 

component or red component of the pulse travels faster or slower depending on the sign of 

GVD, which makes the pulse broadening. The Gaussian pulse remains Gaussian as it 
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propagates within a medium, just the pulse duration increases with length L. The extent of 

broadening can be obtained from, 

                                                  𝜏𝑜𝑢𝑡 = 𝜏𝑖𝑛√1 + (4𝑙𝑛2
𝐺𝑉𝐷

𝜏𝑖𝑛
2 )

2

                                         (15) 

Where in is incoming un-chirped pulse duration and GVD can be obtained from 

Sellmeier’s equation.16-17                                      

                                                   ∆𝜏 =
∆𝑡𝑎𝑐𝐹𝑊𝐻𝑀

1.414
                                                                     (16) 

                                                   ∆𝜏 = 123 𝑓𝑠                                    

 

Figure 2.17 Autocorrelation signal of the LIBRA amplifier system. 

2.5.2 Single shot autocorrelator (SSA)  

Single-shot autocorrelator (SSA, Coherent M/S) data provides a complete 

description of ultrashort pulses. Inside SSA, the input 800 nm wavelength (LIBRA 

amplifier output) is divide into two equal parts, and overlapped non-collinearly onto a 

nonlinear crystal KD*P (Potassium dihydrogen phosphate). The relative wave front tilt 

yields a spatial time delay in the second harmonic signal, providing autocorrelation of the 
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temporal intensity profile of the ultrafast pulse. Figure 2.18 shows the optical layout of SSA 

wherein the autocorrelation signal is usually measured with a CCD array, which is 

connected to the oscilloscope (Tektronix 1320B). A variable delay line is provided to 

ensure the spatial overlap of the input pulses. 

 

Figure 2.18 Optical layout of the single-shot autocorrelator. (Image adopted from Coherent 

SSA manual). 

As shown in figure 2.19 the cross-beam size Dz of the second harmonic beam depends on 

input pulse width t as, 

                                                            𝐷𝑧 =
𝑡𝑢

sin
𝜑

2

                                                                     (17) 

Where φ is the angle of combined beams, and u is the velocity of the light in crystal. If a 

time delay Δt is exists between the two pulses, then the centre of second harmonic cross-

distribution is shifted by an amount Z0. 

                                                            𝑍0 =
𝑢∆𝑡

2sin
𝜑

2

                                                                     (18) 

The pulse duration can be obtained from the above two equations. 

                                                               𝑡 =
𝐷𝑧∆𝑡

2𝑍0
                                                            (19) 
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Hence, by measuring the Dz, Z0, and Δt, it is possible to obtain input beam pulse duration. 

The Δt can be achieved by introducing an optical delay, and Z0 is obtained from two-

micrometer knob positions (L1 and L2), i.e., at two centres of SH energy distribution (Z01 

and Z02). For a Gaussian shape pulse, the pulse duration is obtained from bellow equation.18-

19 

                                                    𝑡 =
2𝐷𝑧(𝐿1−𝐿2)

1.414(𝑍01−𝑍02)𝑐
                                                    (20) 

 
Figure 2.19 Schematic of SSA process, the 2nd order autocorrelation of fs optical pulses 

from spatial intensity profile of SH beam generated in KDP. 

Figure 2.20 shows the SSA signal obtained at maximum of overlap between two 

pulses in KDP recoded in oscilloscope. The detailed calculation of pulse duration is 

discussed below: 

The FWHM of the of SSA signal is ≈ 2.47×10-4 ≈ 0.247 ms 

Delay stage movement = 0.04 mm 

Optical path length = 0.08 mm 

Change in optical delay = 0.08 mm / 3×108 m/s = 266 fs 

Amount of peak shift in oscilloscope ≈ 550 μs  

Calibration = 266 fs × 550 μs = 0.483 fs/μs 

                   = 0.483 fs/μs × 0.247 ms = 119 fs 
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Assuming the pulse shape to be Gaussian, the pulse duration is estimated to be 119 fs/√2 = 

84 fs. The difference in the measured pulse width (84 fs) and the input pulses width (50 fs) 

mainly arises from the temporal broadening of the two input pulses because of the 

propagation of input laser pulse in dispersive media such as KDP crystal and ND filters. 

 

Figure 2.20 SSA signal from the oscilloscope. 

 

2.6 Experimental details 

2.6.1 Introduction to Z-scan technique 

The Z-scan technique reveals the nonlinear change in absorption and refractive 

index, in solids and liquids. In the nonlinear optics community, Z-scan has increased most 

acceptance as a standard technique for measuring nonlinear absorption (NLA) and 

refractive index (NLR) separately, due to the simplicity of the technique and data 

interpretation.20-21 However, the underlying physical process which causes the nonlinear 

change in absorption and refractive index by the Z-scan technique is not possible in general. 

Z-scan Measurements with various pulse durations, repetition rate, and focusing 

geometries, etc. together with other experiments (transient absorption, Four-wave mixing) 

are needed to determine the origin of nonlinearity or nonlinear optical mechanism. Z-scan 
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experiment can be done in two ways of convention i.e. termed as open and closed aperture 

modes, which yields information about the sign and magnitude of nonlinear refractive index 

and absorption [i.e. total χ(3)]. 

2.6.1.1 Z-scan - Open Aperture  

Open aperture (OA) Z-scan measurements provide info about the nonlinear 

absorption (NLA) coefficient β of the nonlinear medium by collecting transmittance as a 

function of medium position. Figure 2.21 illustrates the process of the Z-scan experiment 

and the corresponding nonlinear transmission signals. In the OA regime, the optical 

aperture in front of the photodiode is removed, so that the transmittance of the sample 

around the focus (Z=0) is expected to be accumulated symmetrically as well as completely.  

In the experiment, the sample is traversed around the focus (Z=0) from one end (far-field) 

to the other end. In the case of far-field linear absorption is expected due to the lower 

intensity of the input field. When the sample approaches focus (Z=0), the transmittance 

either decreases or increases, forming a valley or peak. The increase in the transmittance 

forming a peak around the focus is known as saturable absorption (SA) with negative type 

nonlinearity. Similarly, the decrease in transmittance denotes reverse saturable absorption 

(RSA) with positive type nonlinearity. Using the OA z-scan measurements the NLA 

coefficient β can be obtained which is related to the imaginary part of third-order nonlinear 

susceptibility [χ(3)] by the relation,21 

                                                       𝜒(3) = 𝜒𝑅
(3)

+ 𝑖𝜒𝐼
(3)

                                                   (21) 

With the imaginary part of χ (3) being 

                                                      𝜒𝐼
(3)

=
𝑛0

2𝜀0𝑐𝜆𝛽

2𝜋
                                                            (22) 

here c is the speed of light, 𝜀0 is vacuum permittivity, n0 is the linear refractive index, and 

λ is wavelength of the input laser. Also, the NLR n2 in esu is related to the γ in m2/W as, 

                                             𝑛2(𝑒𝑠𝑢) =
𝑐𝑛0

40𝜋
𝛾(𝑚2/𝑊)                                                   (23) 

The real part of χ (3) is related to the NLR γ, 

                                                     𝜒𝑅
(3)

= 2𝑛0
2𝜀0𝑐𝛾                                                              (24) 
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From Beer’s law, the intensity-dependent NLA coefficient can be expressed as, 

                                                      𝐼(𝑧) = 𝐼0𝑒
−𝛼(𝜔)𝑧                                                          (25) 

                                                          
𝑑𝐼

𝑑𝑍
= −𝛼(𝜔)𝐼                                                           (26) 

 Where α is the linear absorption (LA) coefficient, and Z is the sample length. If NLA 

effects are included, then in the above differential equation must include the higher-order 

intensity terms 

               
𝑑𝐼

𝑑𝑍
= −𝛼(𝜔)𝐼 − 𝛽(𝜔)𝐼2 − 𝛾(𝜔)𝐼3 − ⋯                                                          (27) 

Where 𝛽(𝜔)is the two-photon absorption coefficient, 𝛾(𝜔) is the three-photon absorption 

coefficient. If a material exhibits negligible linear absorption and with strong two-photon 

absorption, then only the second-order term is crucial, and other terms are neglected.  

                                                  
𝑑𝐼

𝑑𝑍
= −𝛽(𝜔)𝐼2                                                                (28) 

This can be solved by using separation of variables20 which gives the beam irradiance I(z) 

and phase shift ∆𝜑 at the exit surface of the sample, 20 

                                            𝐼(𝑧) =
𝐼0

1+𝛽𝐼0𝑍
                                                                        (29) 

                                    ∆𝜑 =
𝑘𝛾

𝛽
ln [1 + 𝛽𝐼0𝑍]                                                                  (30) 

Where I0 is the input intensity, z is the sample length, and β is the two-photon absorption 

coefficient. Consequently, two-photon absorption (2PA) processes result in stronger 

absorption and, therefore, more beam attenuation.  

By combining the above equations, the complex filed at the exit surface of the sample is 

obtained by,                      

                                      𝐸𝑒 = 𝐸(𝑧, 𝑟, 𝑡)𝑒−
𝛼𝐿

2 (1 + 𝑞)(𝑖𝑘𝛾/𝛽−1/2),                                     (31) 

                               𝐸𝑒(𝑟, 𝑧, 𝑡) = 𝐸(𝑧, 𝑟, 𝑡)𝑒−
𝛼𝐿

2 𝑒𝑖∆𝜑(𝑧,𝑟,𝑡),                                               (32) 

A zeroth-order Hankel transformation of the above equation provides the distribution of 

field at the aperture, which yields the transmittance by  
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                                  𝑇(𝑧) =
∫ 𝑃𝑇(∆𝜑0(𝑡))𝑑𝑡
∞
−∞

𝑆 ∫ 𝑃𝑖(𝑡)𝑑𝑡
∞
−∞

                                                                   (33) 

Where Transmitted power 𝑃𝑇(∆𝜑0(𝑡)) = 𝑐𝜀0𝑛0𝜋 ∫ |𝐸𝑎(𝑟, 𝑡)|
2𝑟𝑑𝑟,

𝑟0

0
 𝑃𝑖(𝑡) = 𝜋𝜔0

2𝐼0(𝑡)/2 

Instantaneous input power, 𝑆 = 1 − 𝑒(−2𝑟𝑎
2/𝜔𝑎

2) is the aperture linear transmittance where 

ωa is radius of the beam at the aperture. So that the variation in Z-scan transmittance can 

be calculated (for S=1). 

                        𝑇𝑂𝐴(𝑍) =
1

√𝜋𝑞0(𝑧,0)
∫ ln (1 + 𝑞0(𝑧, 0)𝑒−𝑡2

)
∞

−∞
𝑑𝑡                                    (34) 

    𝑇𝑂𝐴(𝑍) =
1

√𝜋𝑝0(𝑧,0)
∫ ln 

∞

−∞
[√ln (1 + 𝑝0

2(𝑧, 0)𝑒−2𝑡2
) + 𝑝0(𝑧, 0)𝑒−𝑡2

] 𝑑𝑡                   (35) 

Where TOA (Z) is the OA transmittance (normalized), q0 = βLeffI0, p0 = (2γL’
effI00

2)1/2, and β, 

γ corresponds to the 2PA and three-photon absorption (3PA) coefficients, I00 is peak 

intensity at focus,  𝐿𝑒𝑓𝑓  = 1 − 𝑒−𝛼0𝐿 𝛼0⁄ , 𝐿𝑒𝑓𝑓
′  = 1 − 𝑒−2𝛼0𝐿 2𝛼0⁄  are corresponds to the 

effective path lengths of the sample for two-photon and three-photon absorption, 

respectively. For SA, the intensity-dependent absorption is 𝛼(𝐼) = 𝛼0/(1 + 𝐼/𝐼𝑠)
1/2, here 

Is is the saturation intensity defined as Is = hv/σg, where is an excited-state lifetime. If 

𝐼 < 𝐼𝑠 which is corresponds to the third-order nonlinear process with the absorption 

coefficient −𝛼0/𝐼𝑠.20 

For q0<1 from equation (34), the transmittance can be expressed in terms as peak 

irradiance,20 

                          𝑇(𝑧, 𝑆 = 1) = ∑
[−𝑞0(𝑧,0)]𝑚

(𝑚+1)3/2
∞
𝑚=0                                                                  (36) 

Hence, from the OA measurements (S=1), the NLR coefficient β can be determined. 
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Figure 2.21 Processes of OA and CA Z-scan measurements and their corresponding 

transmission curves. 

2.6.1.2 Z-Scan - Closed Aperture  

The closed aperture (CA) Z-scan provides the NLR of the sample, and is related to 

the real part of χ(3).21 By measuring the input electric field phase Δφ distortion as it goes 

through the nonlinear medium of length L. Under thin sample approximation (L <<Z0) and 

slowly varying envelope approximation (SVPA) L <<Z0/φ0, within-sample, the beam 

profile should not change, here Z0 is Rayleigh range φ0 is the phase distortion. The phase 

change ∆𝜑 with respect to the propagation distance Z is written as, 

                                                     
𝑑∆𝜑

𝑑𝑧
= 𝑘∆𝑛(𝐼)                                                             (37) 

Where ∆𝑛(𝐼) = 𝑛2𝐼, 𝑛2(𝑐𝑚
2/𝑊) is the NLR and k=2/where  is wavelength  of the 

input beam. By solving the equation (37) gives the ∆𝜑 as: 

                                              ∆𝜑0(𝑧, 𝑡) =
∆𝜑0(𝑡)

1+(𝑧/𝑧0)2
                                                          (38) 

Where ∆𝜑0(𝑡) = 𝑘𝑛2𝐼00𝐿𝑒𝑓𝑓 here I00 is on-axis peak intensity. The electric filed of the 

input light entering into the sample is, 

 𝐸(𝑟, 𝑧, 𝑡) = 𝐸0(𝑡) (
𝜔0

𝜔(𝑧)
) 𝑒𝑥𝑝 (

−𝑟2

𝜔2(𝑧)
−

𝑖𝑘𝑟2

2𝑅(𝑧)
) exp (−𝑖𝜑(𝑧, 𝑡))                                       (39) 
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Where 𝜔0, 𝜔(𝑧) is beam waist and radius, 𝑅(𝑧) the radius of curvature of a wave front. 

The exiting light electric field with phase change ∆𝜑 is defined as, 

         𝐸𝑒(𝑟, 𝑧, 𝑡) = 𝐸(𝑟, 𝑧, 𝑡)exp (−𝛼0L/2)exp (−𝑖∆𝜑(𝑧, 𝑟, 𝑡))                                     (40) 

The far-field pattern Ee can be obtained at the aperture plane using the zeroth-order Henkel 

transformation. The Ee is integrated spatially from zero to ra (radius of aperture) to get the 

transmitted power over the aperture. From equation (9) in the normalized transmittance at 

position Z, the S value is in the range of 0.1 - 0.5 to obtain the NLR (n2). 

2.6.2 Experimental details 

 

Figure 2.22 A typical fs - Z-scan experimental setup. 

A Ti:sapphire amplifier laser providing ~50 fs pulses at 800 nm and a 1 kHz 

repetition rate was used to perform all the measurements. A broadband seed laser (~30 fs 

at 800 nm with a bandwidth of ~35 nm and a repetition rate of 80 MHz) was used for the 

amplifier and a nanosecond Nd: YAG laser at 532 nm was used to pump the amplifier. The 

output from the laser amplifier system has a maximum of ~4 mJ energy, centered at 800 

nm wavelength, and a bandwidth of ~28 nm. In order to tune the output wavelength of the 

amplifier laser an optical parametric amplifier (OPA) was used, which gives a laser pulses 
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of ~70 fs. The output pulses from the OPA were focused usually with a 15 cm plano-convex 

lens.  The beam waists (2o) were estimated to be in the range of 50-140 µm (wavelength 

range of 500-1500 nm). The samples were placed on a linear translation stage and the 

transmission was collected using a photodiode [Thorlabs - SM1PD2A (VIS), DET10C/M 

(NIR)], the output of which was fed to a digital lock-in amplifier (signal recovery 7265). 

All the instruments were controlled using a home-built LabVIEW program.  A typical Z-

scan experimental schematic is provided in figure 2.22.          

2.7 Degenerate Four-wave Mixing (DFWM) 

The general case of third-order nonlinear interaction is four-wave mixing. 

Interaction of three input fields and generation fourth scattered beam is a formidable task. 

Degenerate four wave-mixing (DFWM) is one of its kind, where the process involves, the 

interaction of three laser beams in a medium and generation of the fourth beam with the 

identical frequency as input.22-23 The interaction mediates via third-order nonlinear 

polarization P(3). The frequency mixing can be performed in two geometries such as 

forward (i.e., BOXCARS) and backward (i.e., phase conjugate geometry); the selection can 

be made depending on the conditions.24-25 Experimentally there are two different cases 

resonant and non-resonant DFWM. In the non-resonant DFWM, wavelength far from the 

absorption band leads to optical phase conjugation, i.e., the formation of phase grating due 

to spatial modulation of refractive index. This is attained by overlapping the first two input 

beams, which writes the gating was third beam probes or reads the grating by scattering 

from it, thus generating the fourth beam in a direction determined by the phase-matching 

condition. The non-resonant DFWM provides the absolute magnitude and spectral width 

of the Kerr-effect nonlinearity (n2). The DFWM signal have contribution from both 

nonlinear absorption and refractive index from equation (41) 

                             |𝜒(3)|
2
= |𝑅𝑒{𝜒(3)} + 𝐼𝑚{𝜒(3)}|

2
                                                         (41) 

 𝜒(3) is a third-ranked tensor by using different polarization of input fields; all of the tensor 

components can be measured independently. In the case of resonant DFWM, there is a 

contribution from optical absorption due to the input frequency of light. Thereby generating 

the population grating due to spatial modulation of the excited state population. In general, 

both absorption and phase grating are present in resonant DFWM. The fourth beam contains 

more information about the sample under study. The time-resolved DFWM measurements 
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can give information about the dynamics of the induced nonlinear polarization. The 

resonant DFWM provides information about the coherent response of the optically coupled 

eigenstates of the system. The width of the diffracted pulse states the rate at which the 

physical process broadens the transition. The nonlinear polarization dies off due to the 

mechanisms such as scattering, diffusion, and population relaxation associated with 

coupled states. 

2.7.1 BOXCAR geometry  

The phase-matching concept was introduced by Girod-Maine26 in 1962. Phase-

matching is a geometrical arrangement of input beams by maintaining the conservation of 

momentum (∑𝑘𝑖 = 0) and energy (∑𝜔𝑖 = 0) there by generating a well-defined spatially 

separated output signal at maximum intensity. Eckbreth27 has introduced boxcars geometry, 

where the input beams were incident from three different directions (corners) in a boxlike 

shape. The BOXCARS geometry is more advantageous than collinear geometry was the 

input and output signal travel in the same direction mainly, the spatial separation of signal 

from background.   

 

Figure 2.23 (a) BOXCARS beam arrangement at the focus lens, (b) phase-matching 

diagram. 

In case of non-degenerate four-wave mixing (nDFWM) process such as Coherent 

Anti-stokes Raman spectroscopy (CARS) involving pump/probe beams at a frequency  𝜔𝑝, 

and a stokes beam at 𝜔𝑠. Where all the three input beams interact in a medium and produces 

a fourth beam at anti-stokes frequency ωCARS following conservation of energy 𝜔𝐶𝐴𝑅𝑆 =

𝜔𝑝 − 𝜔𝑠 − 𝜔𝑝𝑟. The CARS signal strength depends on the overlapping of three beams and 

the deference of the population between the excited state and ground state. As shown in 
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figure 2.23, the two beams pump/probe at the focusing lens are arranged in a horizontal 

plane with distance d, and the Stokes beam is impinging at a distance h above the plane of 

pump beams. 

For h much less than focal length f of the lens the optimized values for h, d is 

obtained by using the following equations24-25 

                                    𝑠𝑖𝑛𝜙𝑠 = 𝑠𝑖𝑛𝜙𝑝√2
𝜔𝑝𝑢𝑚𝑝

𝜔𝑠
− 1                                                      (42) 

                                     ℎ(𝜔𝑠) = 𝑑 × √2
𝜔𝑝𝑢𝑚𝑝

𝜔𝑠
− 1                                                        (43) 

2.7.2 Experimental details  

 

Figure 2.24 fs-DFWM experimental setup (inset shows the output signal from β-Barium 

Borate crystal). 

The input laser pulses at 800 nm were divided into three equal parts with electric 

fields 𝑬𝟏(𝒕), 𝑬𝟐(𝒕 − 𝝉) and 𝑬𝟑[𝒕 − (𝝉 + 𝑻)] [with wave vectors of 𝒌⃗⃗ 1, 𝒌⃗⃗ 2, 𝒌⃗⃗ 3] using 

appropriate beam splitters. The three beams were aligned in forwarding phase-matching 

geometry (BOXCAR).  A 20 cm plano-convex lens was used to focus the input beams. The 

signal (fourth beam) in the direction 𝒌⃗⃗ 4 was collected using a photodiode (Thorlabs 

SM1PD2A), which was connected to a lock-in amplifier.  A quartz cuvette with 5-mm 

thickness was used to hold the sample solution. The phase matching (𝒌⃗⃗ 4=𝒌⃗⃗ 1+𝒌⃗⃗ 2-𝒌⃗⃗ 3) 



 

  

72  

 

Chapter 2 Theoretical Concepts and Experimental Details 

condition was ensured by performing the DFWM measurements with (β-Barium borate) 

BBO crystal, as shown in figure 2.24.  The time-resolved DFWM measurements were 

performed by delaying one of the beams, and the signal was recorded at each delay.  The 

stage, PD, and the lock-in were interfaced with a computer and a LabVIEW program.  

 

2.8 Transient Absorption Spectroscopy 

The invention of ultrafast tunable lasers has unfolded a new attractive area of 

research towards studying ultrafast events at a molecular level. Spectroscopies base on 

ultrashort pulses have deployed to elucidate the ultrafast photophysical processes, charge 

transfer, and structural dynamics, which could not be accessed with other methods. 

Transient absorption spectroscopy (TAS) is a powerful tool to investigate the dynamics of 

photo-excited states which are probed by monitoring their absorption. In TAS, a strong 

pump beam at frequency ωp excite the molecules to higher excited states, and a low energy 

probe beam ωpr see the pump induced changes in delay time t. In general, the probe beam 

in TAS is a broadband light that ranges from UV to NIR spectral range. By taking the 

difference absorption spectrum (ΔA) of the ground state and excited state at each probe 

delay time t and wavelengths λ, i.e. (ΔA (t, λ)) are obtained. The ∆𝐴(𝑡, 𝜆) contains all the 

info about the excited state process after photoexcitation, such as excited-state energy 

relaxation, charge transfer, and vibrational relaxation. The advantage of absorption 

spectroscopy over the emission spectroscopic techniques is the evolution of the non-

radiative process can be investigated. The ΔA (t, λ) spectrum has contributions from various 

photo-processes as shown in figure 2.25, 

 
Figure 2.25 (a) typical transient absorption spectra (ESA; excited-state absorption, PA; 

product absorption, GSB; ground state bleach, SE; stimulated emission) (b) absorption 

decay curves at positive and negative ΔA spectra. 
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 Ground state bleach (GSB): Upon pump pulse excitation, a part of the molecules is 

excited to excited states. Consequently, the number of molecules in the ground state 

gets significantly reduced. This results in the ground state absorption of an excited 

state sample to be less than that of a non-excited sample. Therefore, a negative signal 

appears in the ΔA spectrum at ground state absorption of the sample. 

 Excited-state absorption (ESA): Upon pump pulse illumination, the excited states can 

further absorb the transmitted probe photons, thereby promote the population to 

achieve higher excited states. As a result, a positive signal in the ΔA spectrum 

appears. 

 Stimulated emission (SE): In case of a two-level system, Einstein absorption (A12) 

and emission (A21) coefficients are identical. Therefore, upon pump pulse 

illumination, a stimulated emission occurs from an excited state to the ground state 

when the probe pulse passes through the pump pulse excited volume. So, a negative 

signal appears in the ΔA spectrum. SE will only occur for optically allowed states 

with spectral features that of the fluorescence spectrum of the sample of interest, i.e., 

SE band is stoke shifted with respect to the GSB band. In this process, a probe pulse 

creates the SE photon from the excited state population. The SE photon travels in the 

same direction as the probe pulse; as a result, an amplified probe beam reaches the 

detector. 

 Product absorption (PA): Upon photoexcitation of the sample, mainly photochemical 

or photobiological systems, different reactions may take place. As a result, long-lived 

or transient molecular states will form, such as charge-separated states, triplet states 

and isomerized states. The product absorption will appear as a positive signal in the 

ΔA spectrum. Also, a GSB signal appears at the wavelengths where the sample 

(chromophore) on which the product state lives, has a ground-state absorption.  

Since the transient signal results from a light-matter interaction by the third-order 

nonlinear susceptibility χ (3), the ΔA spectrum can have non-resonant contributions such as 

cross-phase modulation and coherent artefacts. Such contributions can be avoided in the 

data interpretation by avoiding the initial dynamics within the pulse duration. In the 

experiment, these contributions can be subtracted from the data by recoding the TA spectra 

for solvent alone. In the case of anisotropic materials, excited species follow pump beam 

polarization in such case the probe beam (with parallel or orthogonal to the pump beam) 
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will have a contribution from both population and reorientation of the excited state species. 

This contribution is generally avoided be maintaining the angel between pump and probe 

polarization at 54.70 known as magic angle.28 

2.8.1 Principle 

The intuition of time-resolved spectroscopy is to understand the dynamics of 

molecules through their optical properties such as absorption and emission. According to 

Beer-Lamberts law, the absorbance A(λ) of a species is given by  

                                                        𝐴(𝜆) = 𝜀(𝜆). 𝑐. 𝑑                                                     (44) 

Where d is the sample length, c is the molar concentration (in M) and 𝜀(𝜆) molar extinction 

coefficient (in M-1 cm-1).  If we have many species in the sample, then the above equation  

                                              𝐴(𝜆, 𝑡) = ∑ 𝜀𝑖(𝜆)𝑖 . 𝑐𝑖. 𝑑                                                     (45) 

Therefore, monitoring the absorption changes in time not only gives information about the 

species and also their dynamic. The difference absorption of the sample at given delay time 

Δt, i.e., before (with concentration ci0) and after the absorption is given by, 

                                         Δ𝐴(𝜆, Δ 𝑡) = ∑ 𝜀𝑖(𝜆)𝑖 . Δ𝑐𝑖(Δ𝑡). 𝑑                                          (46) 

The Δ𝐴(𝜆, Δ 𝑡) gives information about the concentration changes Δ𝑐𝑖. The dynamics we 

are interested in are in ultrafast time scales; therefore, conventional electronic devices do 

not work due to response limitations (ns). The pump-probe technique breaks this condition 

by using ultrafast pulses to pump and probe the sample.29-30 The probe absorbance is 

collected at different delay times using a spectrometer. The change in absorption before 

and after the pump, i.e., by recording the probe intensity before (Inp) and after (Ip) pump 

pulse gives the differential absorption spectrum as, 

                            Δ𝐴(𝜆, Δ 𝑡) = ∑ 𝜀𝑖(𝜆)𝑖 . (𝑐𝑖(Δ𝑡) − 𝑐𝑖0)𝑑                                               (47) 

Which contains all the dynamics information about the species present in the sample. 

2.8.2 HELIOS  

HELIOS is a broadband transient absorption spectrometer (Ultrafast systems M/S) 

based on the femtosecond amplifier (LIBRA, Coherent M/S), providing ~50 fs pulses at a 

repetition rate of 1 kHz and 800 nm wavelength, is shown in figure 2.26. It comes with an 
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optical unit and PC unit containing necessary software and hardware.  The output of the 

LIBRA amplifier system was split into two parts, a part of the amplifier beam is used to 

pump the OPA, and the output from OPA was used for pump beam while the other part of 

the laser was used to generate a WLC by focusing on to a 2 mm thick Sapphire crystal. The 

probe beam was aligned through a 5 ns delay stage. A set of parabolic mirrors was used to 

compress the probe beam before it reaches the sample. The pump beam was collimated 

onto the sample with a diameter of ~ 100 µm, and transmission of pump beam from the 

sample was blocked. The pump beam was chopped at 500 Hz for achieving better signal to 

noise ratio, and the chopper input signal was drawn from a laser system at 1 kHz from PC2 

in Libra amplifier (figure 2.15 black curve).  Thus, chopper has to block one pulse for every 

other pulse, so the output from the chopper has a frequency of 500 Hz.  

 
Figure 2.26 Experimental layout of the HELIOS transient absorption spectrometer. 

The green signal in figure 2.27 is used by the software to determine the pump on or 

pump off state, i.e., the chopper phase. The transient data is collected by the following 

equation, ∆𝐴 = log (𝐼0 𝐼𝑒𝑥)⁄  Where I0 is the probe intensity when the pump is blocked on 

the sample by chopper and Iex is the intensity of the probe light when the pump is incident 

on the sample. The sample was kept on an XY-motorized stage to prevent continuous 
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exposure to the sample. The transmission of the probe beam was collected using a fiber-

coupled spectrometer.  A set of ND filters were provided to control the input power of the 

two beams before and after the sample. The complete data acquisition was carried on 

Surface Xplorer software package, as shown in figure 2.28, which is designed on a 

LabView platform. 

Instrument specifications 

 Probe spectral range –     400 - 800 nm 

 Spectral resolution -   1.5 nm 

 Time window – 5.5 ns 

 Intrinsic temporal resolution – 7 fs 

 VIS detector – fiber-coupled multi-channel spectrometer with CMOS sensor 

 Laser frequency range – up to 5kHz 

 Data acquisition – Surface Xplorer software package 

 
Figure 2.27 Trigger signals (black) laser sync signal (red) chopper sync signal that block 

every other pump pulse (green) chopper sync out signal 
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Figure 2.28 Surface Xplorer software graphical layout. The top left panel shows the ΔA(t, 

λ) surface; it contains a number of transient spectra at closely space probe time delays. The 

below-left corner shows the transient spectra at successive probe delay. The top right corner 

displays the individual kinetic profile with a probe delay. The lower right corner contains 

experimental details during the measurement. 

 

2.8.3 Data processing 

2.8.3.1 Chirp correction  

In the process of probe pulse generation, the white-light continuum (WLC) is 

chirped, i.e., different components of the probe spectrum overlap at different times at 

sample. Therefore, the WLC has intrinsic group velocity dispersion (GVD).29 The WLC 

before reaching to the sample which goes through the several optics (lenses and cuvettes), 

and this results in an increase of the GVD to several picoseconds. This can be reduced with 

a pair of parabolic mirrors for collimation and focusing on the sample.  This can also affect 

the estimation of short-lived components in the investigated sample. This dispersion curve 

can be correctly modelled by fitting the data using a quadratic polynomial function. This 

can be used for numerical correction of obtained data, as shown in figure 2.29. This process 

can be readily performed in a surface Xplorer software whereby choosing the different 

points across the wavelength region the software fits them with the following equation 𝑡0 =

𝑎√𝑏. 𝜆2 − 1 𝑐. 𝜆2 − 1⁄ + 𝑑 where a, b, c, d are fitting parameters, t0 is time zero and λ is 
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wavelength. The data is then corrected by interpolating the signal [i.e.  ΔAcor (χ, Δtcor)= 

ΔA(λ, Δt+ δt(λ)) ] for each wavelength and at new time tcor=t+δt. 

 
Figure 2.29 Chirp corrected 3D surface panel data. 

 

2.8.3.2 IRF measurement 

The instrument response function (IRF) is defined as the convolution of exciting laser 

pulse shape (usually Gaussian), and the detector response.29, 31 IRF limits the observation 

of the fastest components in the experiment. In TA, IRF can be measured by frequency 

mixing of both pump and probe in a nonlinear crystal, or by recording the TA spectra of 

pure solvents CCl4, CS2, Water, or thin glass slide. The IRF was measured in our 

experiment by recording the TA spectra of pure CCl4 (purchased from Sigma Aldrich and 

highly pure). In the IRF measurement, the output from OPA was kept at 500 nm, and the 

energy was reduced to 0.1 µJ at the sample cuvette. The TA spectra were collected from 

pure CCl4 solvent in a 1-mm thick cuvette. The kinetic trace at 500 nm wavelength was 

fitted by using a sum of Gaussian or first two derivatives of the Gaussian function, which 

yielded the full width half maximum (FWHM) of 116 fs as shown in figure 2.30. Also, we 

have verified at different wavelength regions to attain the accuracy in IRF measurements; 

the FWHM values were in the range of ~110-127 fs. 
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Figure 2.30 IRF measurement of Helios spectrometer in CCl4 

2.8.3.3 Global and target analysis  

In TAS data, the ΔA(t, λ) spectrum contains large data points, i.e., several hundred 

wavelengths and corresponding time delay points. The data can be analysed in two different 

ways in order to extract valuable information. First, plot the TA spectra at different probe 

delays; this allows us to visualize the different processes involved in the reaction. Next, we 

take the kinetic trace of a particular wavelength; this shows the rise and decay of 

populations Ci.  We fit the data with a model function and if the fit is good agreement with 

the data, the fit parameters can be used to describe the reaction.31 The model function is 

defined for n number of states as a sum of exponentials, 

                                                   Δ𝐴(𝜆, 𝑡) = ∑ 𝐴𝑖
𝑛
𝑖 . 𝑒−𝑘𝑖𝑡                                                (48) 

Where Ai is constant, and ki is decay constant. Due to the limited response of the instrument, 

the above equation is convoluted with IRF, usually Gaussian shape with width σ and delay 

time t0, which yields. 

                               𝐴(𝜆, 𝑡) = ∑ 𝐴𝑖
𝑛
𝑖 . 𝑒

−(𝑡−𝑡0)

𝜏𝑖 ⨂
1

𝜎2√2
𝑒

−
𝑡2

𝜎2                                                (49) 

We use the above equation to fit the kinetic response of the sample. A similar function is 

used in the surface Xplorer software to fit the kinetic response. We can choose a number 

of exponentials until the fitting matches with the experimental data. This can be visualized 
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from χ(2) value, defined  as the difference between experiment (ΔΑ𝑒𝑥𝑝) and theoretical fit 

(𝐴(𝜆, 𝑡)), also called residual.  

                          𝜒(2) ∫|ΔΑ𝑒𝑥𝑝(𝜆, 𝑡) − 𝐴𝑓𝑖𝑡(𝜆, 𝑡)|𝐴𝑖𝜏𝑖𝑡0𝜎|
2
𝑑𝑡                                           (50) 

The second method follows global and target fitting techniques because several processes 

take place upon photoexcitation; the single wavelength kinetic trace will not provide 

significant information. Here global fitting means all the kinetic traces are fitted 

simultaneously with same time constants but independent amplitudes. In this thesis, the 

global and target analysis is performed on a graphical user interface Glotaran based on R-

package TIMP.32  

The first step of global analysis is to fit the data with adequate number of exponential 

decays (i.e., number of components or lifetimes). The components decay independently or 

parallel, resulting in decay associated difference spectra (DADS). The number of linear 

independent components is estimated by using singular value decomposition (SVD) (i.e., 

this method filters the vast data into a rather lesser number of components or spectra). SVD 

is a Mathematical operation that decomposes a matrix Mm×n into three separate matrices 

                                   𝑀𝑚×𝑛 = 𝑈𝑚×𝑚𝑆𝑚×𝑛𝑉𝑛×𝑛                                                            (51) 

Where U (𝑚 × 𝑚) and V (𝑛 × 𝑛) are orthogonal matrices whose columns comprise the left 

and right singular vectors, and S is a diagonal matrix consists of singular values with 

decreasing weight order. Experimentally, 𝑀𝑚×𝑛 matrix means differential absorption 

Δ𝐴(𝜆, 𝑡) spectrum. Here column corresponds to the kinetic trace, and rows correspond to 

the differential spectrum, i.e., columns of matrix U and V are kinetic trace and spectrum. 

From the magnitude of singular values, the most important components n is estimated, i.e., 

S1> S2> Sncomp …= 0. 

Apart from using independent decays, another method is used where the components 

decay sequentially (with increasing lifetime), also called an unbranched, unidirectional 

model. In this process, the components are referred to as compartments. Following 

photoexcitation, the first compartment gets populated and subsequently transfers to the 

second compartment. The second compartment decays to third and so on until it reaches to 

the ground state, which yields the evolution associated difference spectra (EADS), which 
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reflects the spectral evolution as the third component rises with the lifetime of the second 

component and decays with a lifetime of the third component. 

The final method is fitting with a complete photophysical model, which is the 

combination of both parallel and sequential models called kinetic analysis. When the 

investigated system has branching and back-reactions involved between different 

compartments, the so-called linear compartmental model can be used. A compartmental 

model involves multiple compartment excitation back-reactions and branching; thus, it 

allows much flexibility in modelling the data. In the compartmental model, transitions 

between different compartments are defined by microscopic rate constants, which 

constitutes the half diagonal elements of the transfer matrix K in Glotaran software. 

Columns in the K-matric are corresponding to the compartments. The reciprocal of the 

eigenvalues of this matrix are corresponds to the lifetime of each compartment. A linear 

compartmental modal for ncop components can be described as, 

                                             
𝑑

𝑑𝑡
𝑐(𝑡) = 𝐾𝑐(𝑡) + 𝑗(𝑡)                                                       (52) 

Where c(t) = [c1(t), c2(t) … cn comp (t)]
T is the concentration of all compartments, j(t)=i(t)[X1 

X2 … Xl]
T where i(t) is described by IRF, and X1 is input to compartment l. the off-diagonal 

elements kpq of the transfer matrix K contains represents the microscopic rate constants 

from compartment ‘q’ to ‘p’. The diagonal elements provide the total decay rates of each 

compartment. A graphical user interface Glotaran based on R-package TIMP is used in this 

thesis to analyze the TAS data. 

2.9 Coherent Anti-stokes Raman Spectroscopy (CARS)  

Coherent Anti-Stokes Raman spectroscopy (CARS) is an efficient technique to probe 

the ground state vibrational dynamics of the molecules with higher temporal and spectral 

resolutions in both gas and liquid phases.33-40 CARS is a nonlinear spectroscopic technique 

that eliminates the less scattering cross-section of the natural Raman process. Spontaneous 

Raman is an incoherent process wherein the photons scatter in all the directions. In contrast, 

CARS is a coherent technique in which all the Raman scattered photons emerge out in one 

direction, similar to a laser. Coherent Raman spectroscopy is a versatile technique for 

imaging and characterizing the materials even with strong fluorescence background. 

Employment of ultrafast lasers enables the novel possibilities of time and frequency-
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resolved spectroscopies to probe the vibrational dynamics that occur in the time scales 

shorter than the molecular vibration period ~100 fs. In a femtosecond time-resolved CARS 

(TR-CARS) experiment, several vibrational modes of the molecules can be excited 

simultaneously, and the relaxation processes can be probed in real-time.  TR-CARS also 

enables us to estimate the dephasing times and collisional relaxation times of the interested 

vibrational modes in solutions. Additionally, TR-CARS facilitate to probe the excited state 

dynamics of vibrational modes. However, the excitation of molecular vibrational modes 

with fs broadband pulses in CARS experiment limits the spectral resolution, and it can be 

eliminated by employing pulse shaping techniques 41-43 to trigger selective absorptions. The 

analysis of TR-CARS spectra provokes the insight on intermolecular interactions as well 

as the molecular structure. 

Figure 2.23 shows the TR-CARS BOXCARS arrangement. The pump beam (ωp) and 

stokes beam (ωs) are overlap onto the sample and coherently excite a Raman active 

vibrational mode at the frequency difference of 𝜔𝑝 − 𝜔𝑠 in the electronic ground state of 

the molecule. This coherence can be probed by mixing a third beam called probe ωpr and 

scattered to generated the fourth signal at anti-stokes frequency 𝜔𝑎𝑠 = 𝜔𝑝 − 𝜔𝑠 + 𝜔𝑝𝑟 in 

the specific direction defined by phase-matching direction 𝑘𝑎𝑠 = 𝑘𝑝 − 𝑘𝑠 + 𝑘𝑝𝑟. The 

intensity of the CARS signal can be obtained by solving the wave equation of an electric 

filed at ω propagating in a nonlinear medium, 

                                                
𝑑2𝐸(𝜔)

𝑑𝑧2 + 𝑘𝐸(𝜔) =
𝜔2

𝑐2𝜀0
𝑃(3)(𝜔)                                        (53) 

Where c is the speed of light, n is the linear refractive index of the medium k (=nω/c) is the 

propagation constant, and ε0 is the vacuum permittivity and P(3)(ω) is the nonlinear 

polarization at the angular frequency ω. Two laser beams of frequency ω1 and ω2 are 

incidents simultaneously then 

                                         𝑃𝑁𝐿 =
1

2
∑ 𝑃(3)(𝜔)𝑒−𝑖𝜔𝑗𝑡3

𝑗=1 + ⋯                                           (54) 

Here  

𝑃(3)(𝜔1) = 𝜒(3)𝑁(𝜔1)𝐸(𝜔1)|𝐸(𝜔2)|
2 

                                      𝑃(3)(𝜔2) = 𝜒(3)𝑁(𝜔2)𝐸(𝜔2)|𝐸(𝜔1)|
2                                    (55) 

𝑃(3)(𝜔3) = 𝜒(3)𝑁(𝜔3)𝐸(𝜔1)|𝐸(𝜔2)|
2 

Where N is the density of the molecules and 𝜔3 = 2𝜔1 − 𝜔2, while χ(3) is the third-order 

nonlinear susceptibility, the last term can have a contribution from resonant and non-
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resonant processes according to Bloembergen’s notation χ(3) =  χR + χNR where (χR=χ‘ + 

iχ’’). The resonant part of the nonlinear susceptibility χR has a contribution from rotational-

vibrational resonances. The non-resonant part of χ (3) has a contribution due to the electronic 

resonances. The χ(3) is resonantly enhanced at the Raman frequency 𝜔𝑅 = 𝜔𝑝 − 𝜔𝑠. If the 

difference between pump and stokes frequency matches to any of the Raman frequency, 

the CARS will be enhanced. The principle of the CARS process is shown in figure 2.31 

with two real (|0>, |1>) and two virtual energy levels (|2>, |3>). Upon pump pulse ωp 

excitation, the molecule from ground state |0> will excited to a virtual state |2>. The second 

photon of frequency ωStokes is tuned to a transition from excited molecule to rotational-

vibrational level |1>. Upon second pump photon ωp the molecule will go to higher virtual 

level |3>. An anti-stokes frequency at ωCARS is emitted while returning back to the ground 

state |0>. The rotational-vibrational selection rules of CARS and spontaneous Raman is 

identical. For a diatomic molecule, 

             Δ𝜈 = 1,      {

Δ𝑗 = +2  𝑆 − 𝑏𝑟𝑎𝑛𝑐ℎ
Δ𝑗 = 0    𝑄 − 𝑏𝑟𝑎𝑐𝑛ℎ
Δ𝑗 = −2  𝑂 − 𝑏𝑟𝑎𝑛𝑐ℎ

}         𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝐴𝑅𝑆                              (56) 

             Δ𝜈 = 0,      Δ𝑗 = ±2   𝑂 − 𝑆 − 𝑏𝑟𝑎𝑛𝑐ℎ      𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝐴𝑅𝑆                            (57) 

where j and ν are rotational and vibration quantum numbers. The vibrationally excited 

molecule in the Q-branch gives more signals than that in the case of O or S-branch. So, 

most of the CARS experiments use the very intense Q-branch. 

The three input electric fields (pump/probe, stokes) mixing in Raman active medium to 

produce CARS signal field  

𝐸(𝑧, 𝑡) =
1

2
[𝐸𝑝(𝑧, 𝜔𝑝)𝑒

𝑖(𝑘𝑝𝑧−𝜔𝑝𝑡) + 𝐸𝑝(𝑧, 𝜔𝑝)𝑒
𝑖(𝑘𝑝𝑧−𝜔𝑝𝑡) + 𝐸𝑠(𝑧, 𝜔𝑠)𝑒

𝑖(𝑘𝑠𝑧−𝜔𝑠𝑡) +

⋯ ]                                                                                                                                                      (58) 

 

These fields induce third-order nonlinear polarization, which is the source of the CARS 

signal at anti-stokes frequency ωas. The nonlinear response of the material to the input fields 

is expressed in terms of polarization density as  

                     𝑃 = 𝜀0𝜒
(1)𝐸 + 𝜀0𝜒

(2)𝐸. 𝐸 + 𝜀0𝜒
(3)𝐸. 𝐸. 𝐸 + ⋯                                        (59) 

                     𝑃 = 𝑃(1) + 𝑃(2) + 𝑃(3) + ⋯                                                                           (60) 

Where χ(1) is the linear susceptibility this term defines the absorption, refractive index, 

spontaneous Raman scattering process,  χ(2) is the second-order nonlinear susceptibility 
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which is the source of second harmonic, sum-frequency and hyper-Raman scattering 

processes, this term vanishes medium with inversion symmetry (gases, liquids, plasmas, 

crystals with Centro symmetry).  The final term χ (3) is called the third-order nonlinear 

susceptibility exists in all media, which is a fourth rank tensor with four frequencies and 

polarizations, and it contains 81 (34) elements. In the isotropic media, this number is 

reduced to 3, and in the degenerate CARS (ωp = ωpr), there are only 2 elements. The 

intensity of the CARS signal can be calculated by using the above two equations (a, b) in a 

Maxwell equation which results in the average CARS signal intensity as, 

                          𝐼𝑎𝑠 =
𝜔𝑎𝑠

2 𝑁2

16𝜀0
2𝑐4 [𝜒(3)(𝜔𝑝 − 𝜔𝑠)]

2𝐼𝑝
2𝐼𝑠𝐿

2 𝑠𝑖𝑛2(Δ𝑘𝐿/2)

(Δ𝑘𝐿/2)2
                                          (61) 

 

Where Δk = kp+kpr-ks-kas is called the phase miss-match, L is the sample length, Ip, Is the 

intensity of pump and Stokes beams. For a perfect phase-matching Δk =0, therefore, 

kas=kp+kpr-ks is generated. 

 
Figure 2.31 (a) Energy level representation of spontaneous Raman, (b) CARS processes. 

 

2.9.1 Experimental details 

The experimental setup for TR-CARS is illustrated in figure 2.32. A Ti: Sapphire 

based laser amplifier (LIBRA M/s Coherent) that delivers ultrafast pulses of central 

maximum 800 nm, and pulse duration of ~ 50 fs at 1 kHz repetition rate was utilized in this 

experiment. The output of the amplifier at 800 nm is divided into two parts in a power ratio 

of 20:80 using a plate beam splitter (BS1). One of the divided beams is employed as a pump 

to an optical parametric amplifier (OPA, TOPAS), which generates a wide range of tunable 

wavelengths to produce Stokes pulse of our interest. The other part of the beam from the 
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beam splitter (20:80) is further divided into two equal parts, with the help of a 50:50 beam 

splitter (BS2), amongst which one part plays the role of the pump, and the remaining part 

is the probe. The probe beam is delayed with respect to the pump, stokes beams, and these 

delays are controlled by a Newport translation stage interfaced with the ESP300 Universal 

motion controller.  

 
Figure 2.32 Experimental set up of femtosecond TR-CARS. Inset depicts the CARS signal 

recorded in BOXCARS geometry for the tetrazole sample. 

 

The three beams (pump, Stokes, and probe) are arranged in a three-dimensional 

crossed beam phase matching (forward BOXCAR) configuration. The average energies of 

the pump, probe pulses, and the Stokes pulse from OPA are measured to be ~0.6 µJ. These 

three pulses are focused by a plano-convex lens of focal length ~25 cm onto a quartz cuvette 

(of path length ~5 mm) comprises the sample solution of our interest. Usage of a lens with 

longer focal length in the experiment enhances the interaction volume, and it eventually 

leads to a significant CARS signal generation. The wavelengths of the pump (ωp) and probe 

(ωpr) pulses are taken as 800 nm, whereas the wavelength of Stokes pulse from OPA is 

chosen to be 872 nm. Initially, the sample medium is pumped by the combination of both 

pump and Stokes pulses; later on, the delayed probe pulse interrogates the excited sample 

medium. Further, the pump and Stokes create the intramolecular coherence between the 

vibrational ground state and excited state that belongs to an electronic ground state. A 

delayed Probe pulse scatters from the transient grating formed by the excited sample 

medium as the CARS signal (ωCARS) when the required phase-matching condition is 
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fulfilled. TR-CARS signals by the sample at different probe delays are spatially filtered and 

allowed into a spectrometer (MAYA 2000, M/s Ocean Optics). The samples 6 and 8 are 

dissolved in acetonitrile to prepare ~1 mM solution and are taken in a 5 mm quartz cuvette 

and placed in the focal plane, as shown in figure 2.32. 
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Chapter 3 Ultrafast NLO Properties of Novel 

Perovskite Nanocrystals 

Abstract 

This chapter comprises the data obtained from nonlinear optical (NLO) studies of perovskite 

nanocrystals (CsPbBr3) and zero-dimensional (0-D) perovskite (Cs4PbBr6) thin films 

achieved from colloidal nanocrystals and prepared following room temperature, open 

atmosphere anti-solvent precipitation method.  The NLO studies were performed on the films 

of CsPbBr3 perovskite nanocubes (NCs) and nanorods (NRs) using the Z-scan technique 

from 600 - 800 nm wavelength range. Large two-photon absorption cross-sections (~105 GM) 

were retrieved.  Furthermore, a strong third-order NLO susceptibility (~10-10 esu) was 

observed in these films. At higher input peak intensities, a switching of the sign (both in NCs 

and the NRs) in the real, imaginary parts of the NLO susceptibility was observed in CsPbBr3 

NCs. Further, broadband NLO properties of phase pure Cs4PbBr6 0-D PRM were 

investigated using the Z-scan and degenerate four-wave mixing (DFWM) techniques. These 

perovskite NCs exhibited strong multi-photon absorption properties in the near-infrared 

spectral regime with (a) two-photon absorption (2PA) coefficient [cross-section, σ2 of 10-43-

10-44 cm4s equivalent to ~106 GM] in the 500-800 nm region (b) three-photon absorption 

(3PA) coefficient [cross-section, σ3 of ~10-73 cm6s2] in the 900-1200 nm region and (c) four-

photon absorption (4PA) coefficient [cross-section, σ4 ~10-100 cm8s3] in the 1300-1500 nm 

spectral region.  These multi-photon absorption processes are explained using a simple 

energy/band diagram. The Cs4PbBr6 0-D PRMs have demonstrated a large third order NLO 

susceptibility (3) (~10-7 esu). The strong values of nonlinearities can possibly be attributed 

to the strong quantum confinement resulting from spatially isolated and exciton containing 

individual [PbBr6]
4- octahedron.  

This chapter comprises data from the following publications:  

1. Krishnakanth, K.N., Seth, S., Samanta, A. and Rao, S.V., 2018. Broadband 

femtosecond nonlinear optical properties of CsPbBr3 perovskite nanocrystals. Optics 

Letters, 43(3), pp.603-606. 
2. Krishnakanth, K.N., Seth, S., Samanta, A. and Rao, S.V., 2019. Broadband ultrafast 

nonlinear optical studies revealing exciting multi-photon absorption coefficients in 

phase pure zero-dimensional Cs4PbBr6 perovskite films. Nanoscale, 11(3), pp.945-

954. 
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3.1 Introduction 

During the last few years metal halide perovskites (MHPs) have evoked a remarkable 

interest resulting in a diversity of photonic1 and opto-electronic applications such as 

LEDs,2-3 lasers,4-9 and photodetectors10 due to their (a) broad absorption (b) tunable narrow 

emission united with a high photoluminescence (PL) quantum yield (QY) (c) high charge 

carrier mobility (d) defect tolerant behavior and (e) a reduced amount of nonradiative 

recombination decays.10-13 Recently, the current technologies incorporate the MHPs into 

photo-detectors/amplification functionalities. The recent results suggest that there seems to 

be an increasing mandate of MHPs to be used in photonic technologies. Therefore, 

nonlinear optical (NLO) properties such as multi-photon absorption (MPA)14-15 and 

saturable absorption (SA)13, 16-17 from perovskite QDs have triggered extensive research 

resulting in a range of applications, for e.g. in ultrafast lasers8,17 switching,16 and optical 

data storage.18 Among several recent literature reports, organometallic halide 

(CH3NH3PbX3, where X = Br, Cl, I) perovskite NC films have been shown to possess strong 

third-order NLO properties (β = 10-9 mW-1, n2 = 10-13 cm2/W) in the mid-IR spectral 

region.19 A strong second harmonic generation (SHG) with type-1 phase matching along 

with a high laser-induced damage threshold was recently demonstrated in germanium-

based hybrid perovskite materials.20 The thickness, shape dependent optical properties of 

perovskite nanocrystals permit tuning the optical/NLO properties, such as two-photon 

absorption (2PA), SA etc.  MHPs usually exhibit large 2PA cross sections, at least one or 

two orders of magnitude larger than traditional colloidal QDs (CdSe, CdTe).21-22 On the 

other hand, all inorganic CsPbBr3 perovskite NCs exhibit strong 2PA cross sections (~105 

GM),23,24 and  stable,25 tunable26-27 lasing across the visible spectral regime (at room 

temperature) and with high-quality factors. The shape/thickness dependent variation of 

2PA coefficients was also observed in the case of CsPbBr3 NCs.28 Further, organic-

inorganic halide perovskites with multi-dimensional core-shell structure established 

superior optoelectronic and promising NLO properties such as MPA29 and SHG.20 A few 

recent reports on the MPA cross-sections of CsPbBr3/MAPbI3 NCs revealed 2PA cross-

section values of ~106 GM, which are 2 orders of magnitude larger than those observed in 

conventional semiconductors (e.g. CdSe and CdTe) QDs. Herein we have investigated two 

compounds including the NLO optical properties of CsPbBr3 NCs of controlled sizes and 

shapes [nanocubes (NCs), nanorods (NRs)] along with zero-dimensional perovskite 
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nanomaterials. The materials were prepared using a reported method of anti-solvent 

precipitation at room temperature and ambient conditions.30  All these perovskite materials 

are composed of metal bromide (e.g. PbBr6
4) octahedral units with corner shared 

connectivity and monovalent cations (Cs, CH3NH3 etc.) residing in the cuboctahedral 

voids. Among these, smaller NCs (size is Bohr exciton diameter) fall in the quantum 

confinement region but their exciton binding energy is low (typically 20-50 meV) and 

excitons can dissociate easily at room temperature.31 On the contrary, rhombohedral 

Cs4PbBr6 crystals are made of electronically decoupled [PbBr6] octahedral units and cesium 

ions bridge between them.32-34  Since, photo-excitation generates excitons in [PbBr6] units, 

excitons are in essence confined within the individual octahedron and feature a higher 

binding energy.32, 35-36 Considering the structure and electronic confinement in all three 

dimensions, this material is often termed as 0-dimensional perovskite-related material (0-

D PRM).36-38 The optical properties of Cs4PbBr6 are highly controversial and based on 

absence/presence of PL.  This material is categorized into two forms, viz. non-fluorescent 

and fluorescent.32,36-37,39 Apart from few reports in LEDs40 and photo-detector 

applications41 the use of Cs4PbBr6 material of both the forms is basically unexplored. Here, 

we have investigated a broad range of NLO studies of Cs4PbBr6 0-D PRM using 

femtosecond (fs) Z-scan and the DFWM techniques. Strong multi-photon absorption cross-

sections (σ2, σ3, and σ4) were observed in the near-infrared (NIR) spectral regime when 

compared to CsPbBr3 perovskite nanocrystals (NCs). Ultrafast dephasing times were also 

obtained using the fs-DFWM technique in the Boxcar phase-matching geometry.42 Non-

fluorescent Cs4PbBr6 0-D PRM NCs demonstrated a faster response (~81 fs) compared to 

fluorescent (92 fs) NCs with investigations performed in the colloidal form. These strong 

NLO coefficients in conjunction with ultrafast response times are qualifications for any 

material to be used in photonic device applications. 

3.2 Experimental Details 

Synthesis of Cs4PbBr6 nanocrystals: For the synthesis of Cs4PbBr6 NCs, we have 

employed two different and popular methods i.e. for non-luminescent hot injection and for 

luminescent anti-solvent precipitation techniques. 

Chemicals required: Octadecene (ODE, 90%, Aldrich), Cs2CO3 (99.9%, Aldrich), 

oleylamine (OLA, 70%, Aldrich), oleic acid (OA, 90%, Aldrich), hydrobromic acid (48% 



 

  

94  

 

Chapter 3 Ultrafast NLO Properties of Perovskite Nanocrystals 

in water, 99.99%, Aldrich), PbBr2 (99.999%, Aldrich), dimethyl formamide (AR grade, 

Fisher Scientific), toluene and hexane were purchased from Finar and distilled following 

standard procedure. Preparation of Cs-Oleate: 0.5625 gm Cesium carbonate and 5.4 mL 

oleic acid was taken in a 100 mL double necked flask and degassed for one hour at 130 C. 

Temperature was raised to150 C to prepare yellowish Cs-oleate. 

Non-fluorescent Cs4PbBr6 NCs: 0.04 gm of PbBr2, 0.2 mL oleic acid, 5 mL octadecene 

and 1.5 mL oleylamine were mixed in a 100 mL double necked flask at 130 C under 

vacuum until the solution becomes clear. The temperature of the solution was decreased to 

80 C and 0.36 mL of Cs-oleate solution was added quickly. The solution become turbid 

indicating the formation of nanocrystals (after 30 seconds). After the solution was quickly 

cooled down under water stream and centrifuged. The solid was washed with toluene 

repeatedly and finally dissolved in toluene for measurements. 

Fluorescent Cs4PbBr6 NCs: 0.011 gm of PbBr2 was dissolved in 1 mL of DMF solvent 

followed by addition of 20 L of HBr, 0.05 mL of oleylamine and 0.1 mL of oleic acid. In 

a 50 mL of round bottom flask 5 mL oleic acid, 10 mL hexane and 0.2 mL of as-prepared 

Cs-oleate solution were added. Previously made PbBr2 solution was quickly added to the 

RB in vigorous stirring condition. The solution immediately turned greenish white. Then it 

was centrifuged and purified for further spectroscopic use.   

For the Z-scan measurements thin film of the NCs were prepared by drop casting the 

individual NC solutions and drying under vacuum. The experimental details of degenerate 

four-wave mixing and Z-scan techniques were discussed in chapter 2.  

3.3 Results and Discussion 

3.3.1 CsPbBr3 NCs: 

The UV-visible absorption spectrum provided the first absorption onset of NCs at 498 nm 

and in NRs near 510 nm.  The sizes of the NCs and NRs, estimated from TEM images, were 

~12±2 nm and 80±10 nm (diameter). The HR-TEM images [figure 3.1(b) and (e)] with clear 

lattice fringes indicate high crystallinity of the material. Complete details of characterization 

of these nanomaterials were summarized in an earlier work.30 The NCs/NRs films were 

prepared by dropcasting the respective colloidal solution on a glass subtrate and subsequently 

permitting the solvent evaporation at room temperature under high vaccum [insets of figure 
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3.1(c) and 3.1(f)].  The thickness of the prepared films, measured using AFM, were estimated 

to be ~35 nm in the NCs case and ~200 nm in the NRs case.  The length of the NRs was in 

the range of 0.5-2 m. The absorbance (which was typically <0.1) was measured for these 

films at wavelengths of 600 nm, 700 nm, and 800 nm and the corresponding thickness and 

absorption coefficients were used for the Z-scan data analysis. The incident laser pulses were 

focused with a 15 cm lens and the beam waists (20 at focus) were in the range of 60-70 µm. 

The input beam diameter was 2.5-4 mm (it changes depending on the wavelength) resulting 

in a slightly different Rayleigh range (ZR) for different scans. The thickness of the samples 

was much less than ZR, which satisfies the thin sample limit.  The 800 nm beam was from 

the amplifier and has a large diameter compared to the 600 nm/700 nm beam. Therefore, this 

resulted in a smaller Rayleigh range in this case.  Typical input energies of <0.1 J were used 

and their corresponding input peak intensities were estimated to be in the range of 20 to 30 

GW/cm2.  The Z-scan measurements at 600 nm were also performed at higher peak intensities 

(~400 GW/cm2).  The open and closed aperture Z-scan measurements were performed at 

three different wavelengths of (a) 600 nm (b) 700 nm and (c) 800 nm. The transmitted light 

in the Z-scan experiments was collected using a photodiode (Thorlabs SM1PD2A, 

DEC10L/M), which was connected to a lock-in amplifier (signal recovery 7265). A 

motorized delay stage was used to control the sample movement along the Z-axis and all the 

components were synchronized using a computer based LabView program. Figure 3.2 

illustrates the Z-scan results of both NCs and NRs recorded at 600 nm, 700 nm, and 800 nm.  

The peak intensities were estimated to be in the 20-30 GW/cm2 range. The data obtained 

clearly indicate reverse saturable absorption type of behavior in both the cases and for all 

wavelengths investigated.  The data was fitted for extracting the 2PA coefficient.  The 

magnitudes of 2PA cross-sections were in the range of 104-105 GM. We have ensured that 

the contribution from the glass substrate is considered while evaluating these coefficients and 

found that the glass slide did not show any nonlinearity at the peak intensities used.  Closed 

aperture Z-scan measurements [data shown in figures 3.2 (b), 2(d), 2(f), 2(h), 2(j), 2(l)] 

revealed the signature to be of peak-valley category suggesting the occurrence of negative 

nonlinearities (n2<0) at all investigated wavelengths. The magnitude of n2 was estimated to 

be 0.1-29×10-13 cm2/W at the wavelengths studied. The nonlinearity from n2 with 

femtosecond excitation is attributed mainly to the bound charge carriers in such materials.43 

Table 3.1 summarizes the magnitudes of obtained 2PA cross-sections and table 3.2 reviews 

all the NLO coefficients achieved (for both NCs and NRs) in this study.  It is evident that the 
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NLO coefficients of NCs were superior than those of the NRs at each wavelength.  However, 

the n2 [and therefore the (3)] value of the NRs at 800 nm was higher when equated to the 

NCs.  The magnitude of (3) was estimated to be ~1010 esu.  

 

Figure 3.1  (a, d) TEM images of the nanocubes (12±2 nm) and nanorods (~80±10 nm 

diameter) (b, e) High-resolution TEM images of NCs and NRs (c, f) UV-visible absorption 

spectra of NCs and NRs. Insets depict the thin films of both compounds on a glass slide. 

The large nonlinearity observed in NCs could be partially attributed to the edges (which 

apparently are not available in the case of NRs) where the electric field could be localized 

leading to large enhancements. The errors in these measurements and, hence, the NLO 

coefficients presented in this work arise mainly from the (a) estimation of peak intensity (b) 

input laser fluctuations and (b) fitting errors.  The scattering was minimal in the nonlinear 

absorption measurements (OA Z-scan). Figures 3.3 (a)-3(d) illustrate the OA and CA Z-scan 

data recorded at 600 nm, but with a higher peak intensity of 400 GW/cm2.  All the samples 

were found to be stable at these peak intensities.  This was confirmed by repeating the Z-scan 

measurements multiple times and over a period of thirty days. A further increase in the input 

peak intensities resulted in the formation of a Supercontinuum, which is detrimental for the 

Z-scan studies. The perovskite films of both NCs and NRs fascinatingly depicted saturable 

absorption (SA) behavior with a saturation intensity, Is of ~5×1011 W/cm2 in the case of NCs 

while an Is of ~9.5×1010 W/cm2 was obtained in the case of NRs. The peak intensity where 

the transition from RSA to SA occurred was estimated to be ~200 GW/cm2. 
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Figure 3.2  (a), (b) Open, closed aperture Z-scan traces of NCs at 600 nm (c), (d) Open, 

closed aperture Z-scan traces of NCs at 700 nm (e), (f) Open, closed aperture Z-scan traces 

of NCs at 800 nm (g), (h) Open, closed aperture Z-scan traces of NRs at 600 nm (i), (j) 

Open, closed aperture Z-scan traces of NRs at 700 nm (k), (l) Open, closed aperture Z-scan 

traces of NRs at 800 nm.  Open symbols are experimental data points while the solid lines 

are theoretical fits. 

 

 

Figure 3.3  (a), (b) Open, closed aperture Z-scan data of the NCs film at 600 nm using a 

peak intensity of ~400 GW/cm2 (c), (d) Open, closed aperture Z-scan data of the NRs film 

at 600 nm using a peak intensity of 400 GW/cm2.  Open symbols are experimental data 

points while the solid lines are theoretical fits. 
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There are a few reports in literature on the NLO studies of perovskite colloidal solutions and 

thin films with different morphologies, input wavelengths and pulse durations.14, 22-23, 28, 43  

The NLO coefficients obtained from the present study was compared with those and we 

observed ours are on par with those reported recently.  Particularly, the n2 values are barely 

reported and our n2 values are superior to others.  Chen et al.44 have recently reported the size 

dependence (mean sizes of 4.6-11.4 nm) of the 2PA cross-sections in CsPbBr3
 perovskite 

quantum dots (QDs) and achieved a maximum (2) value of 1.8±0.1×105 GM for 9.4 nm sized 

QDs.  They reported an increase in the (2) value by an order of magnitude once the QDs size 

changed from 5 nm to 12 nm.  Compared to this, the value obtained in our case was 9.8×105 

GM at 800 nm for 12±2 nm sized NCs, which is consistent with the data/analysis of Chen et 

al..44  However, the wavelength dependent studies reported by them suggested an 

enhancement of ~2 times (600/700 nm when compared to 800 nm while in the present case 

we observed ~7 times higher (2) value at 800 nm when compared to 600 nm.  Chen et al.44 

clearly suggested that the estimation of (1) is detrimental for achieving the accurate values 

of (2). Any uncertainty in the estimation of (1) will lead to errors in the estimation of (2).  

In their case they obtained those from femtosecond transient absorption measurements.  

Furthermore, their studies employed longer laser pulses (>120 fs) whereas in the present case 

we used ~70 fs laser pulses. Further detailed transient absorption studies will help us elucidate 

the different behavior observed in the present case.  2PA cross-sections mentioned here are 

estimated using the concentration of the solutions used for preparing the thin films.  

Nevertheless, there could be minor differences between the exact nanoparticle concentration 

in the films and the solution values used here, in which case the 2PA cross-sections will be 

slightly over-estimated. Interestingly, some of our NLO coefficients match well with those 

reported earlier.44   

 Lu et al.45 compared the NLO coefficients of QDs of CsPbBr3
 and CH3NH3PbBr3 

using MHz, 130 fs pulses using the Z-scan technique.  They obtained 2PA coefficients of 10-

9 cm/W and n2 of 2-5×10-13 cm/W2.  However, their measurements were performed with 76 

MHz pulses and thermal effects predominantly contribute to the nonlinearities resulting in 

enhanced values.  For the peak intensities used in their studies they observed SA at 800 nm. 

Liu et al.26 obtained lower values of  and n2
 for CsPbX3 perovskite nanocrystals (15-29 nm 

sizes) compared to ours while using 396 fs pulses at 787 nm and 1 kHz repetition rate. Wang 

et al.23 reported 2 value of ∼1.2×105 GM for the 9 nm-sized CsPbBr3 nanocrystals at 800 
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nm using 100 fs, 1 kHz pulses. This value is comparable to that obtained in this study. Li and 

co-workers46 reported the magnitude of 2 to be 2.8×106 GM for CsPb(I/Br)3
 quantum dots 

obtained with 1030 nm excitation and longer pulses of 340 fs. Further, the sign of n2 changed 

from negative to positive type and the magnitude also increased by an order.  The CA Z-scan 

data for obtaining n2 depicted peak-valley for all wavelengths at low pump intensities (self-

defocusing phenomenon). The value of was ensured to be < in both the cases. At higher 

pump intensities at 600 nm self-focusing was observed and the nonlinear susceptibility is 

dominated by refractive index n2 from indirect two photon optical transition. Liu et al.14 

reported SA in (PEA)2PbI4 along with 2PA saturation.  They argue that due to confinement 

effects they expect enhanced light-matter interaction (e.g. strong exciton-phonon coupling).  

Such carrier confinement can lead to enhanced nonlinearities.  Further, the shape effects of 

the NCs and the NRs also assist in the enhancement of the nonlinearity.  Li et al.17 also 

reported SA in CsPbBr3 perovskite quantum dots with 343 fs pulse excitation at 515 nm.   

Wavelength (nm) Nano-cubes (σ2) Nano-rods (σ2) 

600 2.1×104 GM 0.3×104 GM 

700 3.4×104 GM 0.2×104 GM 

800 9.8×105 GM 0.2×104 GM 

Table 3.1 2PA cross section values at peak intensities of 20-30 GW/cm2. 
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NCs -1.8 180 4.3 98 - - 800 nm 

NRs -29 0.71 9.5 0.2 - - 

NCs -12 7.20 3.0 3.4 - - 700 nm 

NRs -0.3 0.50 6.7 0.2 - - 

NCs -0.8 3.80 2.0 2.1 8.0 15.1 600 nm 

NRs -0.1 0.50 0.5 0.3 6.5 12.2 

Table 3.2 Summary of the third order nonlinear optical parameters measured at low (2.0-3.0×1010 

W/cm2) and high (~40×1010 W/cm2) peak intensities. 
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The switch over from RSA to SA can be partly attributed to the saturation of 2PA (ground 

state bleaching) or trapping of the carriers in gap-states. 47 Further detailed studies are 

essential and will be performed in future to elucidate this transition behavior. 

In summary, the NLO properties of an ambient condition synthesized colloidal CsPbBr3 

perovskite NCs and NRs were measured using the Z-scan technique with fs pulses. A notable 

change in the refractive index is observed, at higher intensities 7.3×1010 W/cm2, an increase 

in the refractive index with a saturated absorption is apparent. The NCs demonstrated a strong 

nonlinear absorption coefficient of 0.1 cm/GW (at 2.4×1010 W/cm2). Large 2PA cross-

sections are reported which are comparable to those reported in reference [7] and in table 3.3. 

It is observed that CsPbBr3 NCs and NRs depict a size and thickness dependent nonlinear 

optical properties with increasing saturation intensity at high peak intensities.  The strong 

nonlinear absorption and switching properties of these open atmospheric prepared, cost-

effective CsPbX3 perovskite NCs indicate a very high potential as a futuristic material for 

applications such as in (a) light harvesting (b) MIR nonlinear absorbers and (c) all-optical 

communications.19, 48 Such applications mainly arise because of their (i) high charge carrier 

mobility (ii) broad absorption (iii) narrow, tunable emission with high PL QY and (iv) long 

diffusion lengths. 

 

Ref. Perovskite  (cm/W) n2 (cm2/W) 𝝈𝐓𝐏𝐀 (GM) 

7 (NCs) CsPbBr3 — — 2.7×106 

23
 

(NCs) CsPbBr3 9.7×10-11 — 1.2×105 

49
 

(QDs) CsPbBr3 8.5×10-11 — — 

45 (QDs) CsPbBr3 10-9 2-5×10-13 — 

44 (QDs) CsPbBr3 — — 4 - 1.8×105  

(670 - 800 nm) 

28
 

(NSs) CsPbBr3 4.7-11×10-9 — — 

26 (NCs) CsPbCl3 1.4×10-11 5.3×10-15 — 

(NCs) CsPbI3 1.5×10-11 6.8×10-15 — 

(NCs) CsPbBr3 3.2×10-11 4.7×10-15 — 

46 (QDs) CsPbBr3 — — 2.8×106  

(1080 nm) 

Table 3.3 Summary of the NLO coefficients of various perovskite NCs reported recently in 

literature. 
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3.3.2 Cs4PbBr6 Nanocrystals: 

Figures 3.4(a) and 4(b) illustrate the TEM images of the as-synthesized NCs, which depict 

an average size of 10.51 nm and 203 nm for non-fluorescent and fluorescent cases, 

respectively. Non-fluorescent Cs4PbBr6 NCs demonstrated a sharp absorption peak near 310 

nm [Figure 3.4(c)] indicating a band gap of 4 eV. Fluorescent Cs4PbBr6 NCs also 

demonstrated a similar, intense peak near 310 nm combined with a long tail up to 500 nm 

and the emission peak appeared near 505 nm. Even though the origin of PL in this material 

is controversial, it has been proved very recently that arises due to sub-band gap trap states 

mediated radiative recombination.36-38 The NLO properties were measured over a wide range 

of wavelengths in the visible and NIR (500 nm-1500 nm) using the fs Z-scan technique.  The 

experiments were performed on thin films prepared by drop casting the colloidal solution 

onto a glass coverslip and subsequently dried under high vacuum. The thickness of the films, 

achieved using atomic force microscopy, was estimated to be ~40 nm in the fluorescent and 

~20 nm in the non-fluorescent cases (see figure 3.5 for the data obtained).  

 
Figure 3.4 TEM images of (a) non-fluorescent (b) fluorescent Cs4PbBr6 NCs. (c) 

Absorption spectrum of non-fluorescent NCs. (d) Absorption and emission spectra of 

fluorescent NCs. Insets of (c) and (d) show the pictures of thin films of the corresponding 

samples under UV light irradiation (365 nm). 
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Figure 3.5 AFM data of non-fluorescent (20 nm) (a) and fluorescent (40 nm) (b) thin films. 

The third-order nonlinear optical susceptibility [χ(3)] was measured from the real 

(related to the nonlinear refractive index, n2) and imaginary (related to the nonlinear 

absorption coefficient, ) parts using the relations50  

                                    𝑅𝑒𝜒(3) = 2𝑐𝑛0
2𝜀0𝑛2                  (1) 

                                                𝐼𝑚𝜒(3) =
𝐶2𝜀0𝑛0𝛽

2

𝜔
                                             (2) 

where ω is the angular frequency of the laser beam, and ε0, n0 are the vacuum permittivity 

and linear refractive index. From the OA and CA data the NLO coefficients n2 and were 

obtained in Cs4PbBr6 thin films.  The nonlinear transmission curves in OA and CA case 

were fitted using the equations 3 and 4, respectively. 
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where L is the effective path length in the sample for tow photon absorption (2PA), three-

photon absorption (3PA) and four-photon absorption (4PA) are given as 
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𝐿𝑒𝑓𝑓 = 1 − 𝑒−𝛼0𝐿/𝛼0 ,   𝐿𝑒𝑓𝑓
′ = 1 − 𝑒−2𝛼0𝐿/2𝛼0 ,  𝐿𝑒𝑓𝑓

′′ = 1 − 𝑒−3𝛼0𝐿/3𝛼0 

Wherein Z is the sample position, Z0 is the Rayleigh range 𝑍0 = 𝜋𝜔0
2/𝜆, ω0 is the beam 

waist at the focus (Z=0), I0 is the input peak intensity.  The multi-photon absorption cross-

sections were obtained using the relation 𝜎𝑛 =
(ℏ𝜔)𝑛−1

𝑁
𝛽𝑛, where N is the concentration of 

the NCs,  is the frequency of the laser radiation. We have confirmed that the contribution 

from the glass substrate to the nonlinear absorption (at these peak intensities) was 

negligible.  This was accomplished by performing the Z-scans of the glass coverslip alone 

and the data obtained evidently established that glass coverslip did not show any optical 

nonlinearity. The OA Z-scan data, illustrated in figure 3.6, was recorded for the 

wavelengths of 500-800 nm while the CA data is presented for the 500-900 nm range.  

Similarly, figure 3.7 shows the OA and CA data for 900 nm, 1100 nm, and 1200 nm.  It is 

apparent from the data that both the films exhibited RSA behavior. This data was obtained 

at input peak intensities of 20-70 GW/cm2. A strong 2PA coefficient (~10-8 cm/W) was 

retrieved from the fits to the data in the 500-800 nm spectral region. The corresponding 

2PA cross-sections obtained were in the range of 106-107 GM [see tables 3.4, 3.5 for a 

summary of all the NLO coefficients obtained]. The obtained 2PA coefficients and cross 

sections are relatively stronger than some of the earlier reports6, 16, 25, 44-45, 51-52 on perovskite 

NCs.  

The 2PA cross sections obtained here followed the wavelength dependence as 

discussed by Chen et al.44 in their work on CsPbBr3. The quantum confinement arising from 

the isolated PbBr6 octahedral could increase the local charge fields and the presence of sub-

gap states generally enhances the multi-photon absorption processes. These 0-D PRM NCs 

exhibited strong three and four-photon absorption at NIR excitation wavelengths. From the 

Z-scan data presented in figure 3.9, the OA data clearly depicts a 3PA process in the 900-

1200 nm spectral range and the cross-sections obtained were ~10-73 cm6s2. The obtained 

cross-sections values from phase pure Cs4PbBr6 0D-PRMs are higher than the CsPbBr3 or 

MAPbBr3 QDs29 reported earlier. From the Z-scan data presented in figure 3.10, it is 

evident that at higher wavelengths (1300-1500 nm) four-photon absorption (4PA) process 

was responsible for the nonlinear absorption observed.  A strong 4PA coefficient at 

wavelengths of 1300 nm, 1400 nm and 1500 nm with corresponding 4PA cross-sections of 

~10-100 cm8s3 is observed. The MPA coefficients obtained for the Cs4PbBr6 NCs are higher 
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compared to conventional perovskite NCs and can possibly be attributed to the strong 

exciton confinement in the isolated PbBr6 octahedral units strengthening the light matter 

interactions. A relatively strong nonlinear absorption (order of magnitude higher 

coefficients) is observed for non-fluorescent NCs compared to the fluorescent ones.  Tables 

3.4 and 3.5 summarize the NLO coefficients and cross-sections of both the NCs films. 

 

 

Figure 3.6 OA and CA Z-scan data of 0-D PRM in the 500-900 nm spectral region. OA 

and CA data of (a), (b) fluorescent and (c), (d) non-fluorescent Cs4PbBr6 NCs thin films. 

Open circles are the experimental data points while the solid lines represent the theoretical 

fits. OA data fitted well with 2PA equation. 

The CA Z-scan measurements performed in the wavelength range of 500 nm-900 nm 

revealed a self-defocusing effect (n2 <0) from both the films, as illustrated in figures 3.6(b) 

and 6(d). The magnitude of n2 was obtained by fitting the CA Z-scan data using equation 

(4) and the obtained values of n2 were found to be ~10-9 cm2/W, which are larger than many 

of the earlier reports on perovskite NCs.19, 45, 52-53 
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Figure 3.7  OA ZS data depicting 3PA in fluorescent (a,b,c) and non-fluorescent (d,e,f) 

Cs4PbBr6 NCs. 900 nm, 1100 nm and 1200 nm data are shown in(a,d), (b,e) and (c,f), 

respectively. Open circles are the experimental data points and solid lines represent the 

theoretical fits. Both 3PA (olive green colour, top solid curves) and 2PA (red colour, bottom 

dotted curves) fits are shown.  Insets of each graph clearly show the difference between 

both the fits. 
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Figure 3.8 OA Z-scan data and theoretically fitted curves of (a) fluorescent (d) non-

fluorescent NC films at 1300 nm, (b) fluorescent (e) non-fluorescent NC films at 1400 nm 

and (c) fluorescent (f) non-fluorescent NC films at 1500 nm. Open circles are the 

experimental data points while the solid lines are the fits. Both 4PA (olive green colour, 

solid curves) and 3PA (red colour, dotted curves) fits are shown in (a) and (b). Best fits 

were obtained for 4PA.  Both 4PA (olive green colour, solid curves) and 5PA (red colour, 

dotted curves) fits are shown in (b), (c), (e) and (f). The best fits were obtained again for 

4PA in these cases also. 
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To confirm that the observed nonlinear absorption processes were indeed 

2PA/3PA/4PA we performed detailed, intensity-dependent nonlinear transmission studies 

(see data presented in figure 3.9). For the spectral range of 500 nm-800 nm the plot of ln(I0) 

versus ln(1-TOA) yielded a slope close to 1 clearly suggesting the presence of 2PA.29  For 

Figure 3.9 Intensity dependent plots of 2PA, 3PA and 4PA processes of (b,d.f) non-

fluorescent and (a,c,e) fluorescent NCs of 0D-PRM measured at 600 nm,1100 nm and 

1400 nm. 
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the data recorded in the spectral region of 900-1200 nm the slope was found to be close to 

2, clearly suggesting the existence of 3PA process. Similarly, for the case of data obtained 

in 1300-1500 nm spectral range the slope was close to 3, suggesting the presence of a 4PA 

process.29    

Figures 3.10(a), 10(b) depict the 4PA processes of the non-fluorescent and 

fluorescent NCs.  Similar arguments could be extended for both 2PA and 3PA cases.  Both 

types of NCs illustrated a band gap of ~4 eV.  However, in the case of fluorescent NCs the 

absorbance drop was not sharp and a weak tail (until 500 nm) was observed indicating that 

there are a few states below the ~4 eV energy level. In thin films the absorption spectra are 

slightly modified in both the cases with the conduction band edge starting at ~3.1 eV in the 

non-fluorescent case and ~2.5 eV in the fluorescent case.  This data clearly suggests the 

formation of few trap states (or more likely surface states) below the band gap while in the 

film form.  An 800 nm photon has an energy corresponding to 1.55 eV. However, since 

these are broadband pulses (~70 fs which implies a FWHM bandwidth of 12-16 nm for a 

transform limited pulse) the energy has a spread around 1.55 eV (which will be 1.55±0.03 

eV).  The following arguments can apply for the non-fluorescent and fluorescent NCs films 

since: 

(a) In the spectral range of 500 nm - 800 nm (in steps of 100 nm) the corresponding 

energies are 2.48 eV, 2.07 eV, 1.77 eV, and 1.55 eV.  2PA indicates the photons carry 

energy >3.1 eV, at least, which clearly takes the population from ground state 

(valence band in this case) to the excited state (conduction band in this case). 

(b) In the spectral range of 900 nm - 1200 nm (in steps of 100 nm) the corresponding 

energies are 1.38 eV, 1.13 eV, and 1.03 eV. The presence of 3PA absorption indicates 

that the photons energy is ≥3.1 eV (a small bandwidth is associated with 1.03 eV 

also) which is sufficient for the transition of population from ground to the excited 

states. 

(c) In the spectral range of 1300 nm - 1500 nm (again in 100 nm steps) the corresponding 

energies are 0.95 eV, 0.89 eV, and 0.83 eV. The energy of four photons i.e. 3.32 eV 

(1500 nm) is greater than the band gap and, therefore, confirms the presence of 4PA. 

(d) Combined with an energy level diagram and the intensity-dependent Z-scan data it is 

apparent that the arguments indicating (a) presence of 2PA in the 500-800 nm range 
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(b) 3PA in the 900-1200 nm range along with (c) 4PA in the 1300-1500 nm range 

seems to be effective.  Furthermore, we also did try fitting the obtained experimental 

data for 4PA in the 900-1200 nm range and 5PA in the case of1300-1500 nm data 

and the theoretical fits obtained were far from good (see data in figures 3.4 and 3.5). 

Tables 3.1, 3.2 summarize all the NLO coefficients along with the cross-sections 

(2PA, 3PA, 4PA) obtained.  Further the χ(3) values are also presented wherever 

applicable for both the fluorescent and non-fluorescent NCs. Figure of Merits (FOM) 

for both real, imaginary parts of the third order nonlinear susceptibility were 

calculated using [49]54 

Table 3.4 Summary of NLO coefficients obtained from the nonfluorescent Cs4PbBr6 NCs 

films. 

 
 


(

n
m

) 




 

α



×
1

0
5
(c

m


 




×
1

0
-8

(c
m

/W
) 



×
1

0
-1

8
(c

m
3
/W

2
) 




×
1

0
-2

6
(c

m
5
/W

3
) 

Im
[χ

(3
) ]

 

×
1

0
-1

1
(e

su
) 

n
2
 

×
1

0
-9

(c
m

2
/W

) 

R
e[

χ
(3

) ]
 

×
1

0
-7

(e
su

) 


2
 

×
1

0
6
(G

M
) 


3
 

×
1

0
-7

3
(c

m
6
s2

) 


4
 

×
1

0
-1

0
0
(c

m
8
s3

) 

500 75 7.17 4.30  - 1.53 4.17 2.37 4.30 - - 

600 80 11.1 46.0 - - 19.6 2.84 1.61 63.7 - - 

700 85 8.10 16.0 - - 8.0 5.42 3.08 18.9 - - 
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1300 84 8.70 - - 1.57 - 4.60 2.62 - - 2.34 

1400 87 6.95 - - 3.33 - 4.10 2.33 - - 3.97 

1500 85 8.10 - - 1.55 - 4.50 2.56 - - 1.50 
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Table 3.5 Summary of NLO coefficients obtained from the fluorescent Cs4PbBr6 NCs 

films. 
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Figure 3.10 Energy level diagrams of (a) non-fluorescent and (b) fluorescent 0D-PRMs 

explaining the 4PA mechanism. 

 

The CA Z-scan data obtained in the wavelength range of 1100 nm-1500 nm are 

presented in figures 3.11(a) and 3.11(b) for fluorescent, non-fluorescent films, respectively.  

The data revealed a similar self-defocusing effect (n2<0) in both the films as was observed 

in the visible region.  The magnitudes of n2 were found to be ~10-9 cm2/W. These 
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magnitudes are superior, at least by an order of magnitude, to the values of recently reported 

perovskites. 

The time-resolved degenerate four-wave mixing (DFWM) experiments were performed on 

colloidal solutions in the BOXCAR phase-matching geometry. The third order nonlinear 

optical susceptibility χ(3) was estimated by comparing the DFWM signal with CCl4 [χ
 (3) = 

4.4×10-14esu]. The relation to calculate the χ (3) is given by42 

            𝜒𝑆𝑎𝑚𝑝𝑙𝑒
(3)

= (
𝑛𝑆𝑎𝑚𝑝𝑙𝑒

𝑛𝑟𝑒𝑓
)
2

(
𝐼𝑆𝑎𝑚𝑝𝑙𝑒

𝐼𝑟𝑒𝑓
)
1/2

(
𝐿𝑟𝑒𝑓

𝐿𝑆𝑎𝑚𝑝𝑙𝑒
) 𝛼𝐿𝑆𝑎𝑚𝑝𝑙𝑒 (

𝑒

𝛼𝐿𝑆𝑎𝑚𝑝𝑙𝑒
2

1−𝑒
−𝛼𝐿𝑆𝑎𝑚𝑝𝑙𝑒

)𝜒𝑟𝑒𝑓
(3)

          (5) 

‘I’ is the DFWM signal intensity while ‘α’ linear absorption coefficient and ‘L’ is sample 

length. In order to reduce the errors in the data from laser fluctuations we have recorded an 

averaged data of 1000 pulses and the obtained values of χ(3) are summarized in the table 

3.6. The intensity dependence of the DFWM signal amplitude clearly shows the slope of 

2.9 from the data presented in figure 3.12 (b) and this clearly suggests that no higher order 

nonlinearities are present in our measurements performed at an input intensity of 200 

GW/cm2.  

 
Figure 3.11 CA Z-scan measurements of (a) fluorescent and (b) Non-fluorescent Cs4PbBr6 

NCs in the wavelength range of 1100 nm-1500 nm. 

Figure 3.13 shows the time-resolved DFWM signals of the colloidal Cs4PbBr6 

solution as a function of probe delay (ps). The transient signals were fitted with a Gaussian 

function and the full width at half maximum (FWHM) yielded ~131 fs for fluorescent and 

~120 fs for non-fluorescent NCs. The observed transients were fitted using an exponential 

decay function which shows dephasing times of ~92 fs and ~81 fs for fluorescent and non-
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fluorescent colloidal solution. The measurements were performed at an 800 nm wavelength 

with~70 fs pulses (estimated to be the pulse duration at the sample position). The input 

pulse duration was measured by an autocorrelation technique. This fast response clearly 

suggests that these materials have potential for all-optical switching applications. The fast 

response from the non-fluorescent NCs can be attributed to large number of trap states and 

solvent which significantly increases the many body effects which shows fast dephasing 

time compared to fluorescent colloidal solution. It is to be noted here that the DFWM 

studies were performed in solution form initially. We also tried to perform the studies in 

film form. However, the DFWM signal was quite weak and a harder pumping ended 

damaging the films.  We optimized the signal for a particular input energy (where the 

damage was absent) and recorded the DFWM data for thin films too.  The χ(3) values 

obtained from the DFWM data are summarized in table 3.3 (both thin films and solutions).  

The (3) values obtained for the films were found to be one order of magnitude lower than 

those obtained with the Z-scan measurements. This can possibly be attributed to the 

following reasons (a) improper overlap of the beams in space and time domains leading to 

lower DFWM signal (b) small inhomogeneities in the films (c) more importantly, we did 

not consider the number of NCs (density) in DFWM measurements as was in the case of 

Z-scan data and analysis.  Additional, detailed measurements with increasing 

concentrations of the NCs in thin films will be essential to quantify the (3) magnitudes 

using the DFWM technique 

 
Figure 3.12  (a) BOXCAR arrangement of three input laser beams (b) Intensity-dependent 

DFWM signal amplitude in fluorescent NC solution in toluene. 
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Table 3.6 χ(3) values obtained from the DFWM experiments in colloidal solution and thin 

films of 0D-PRM (F means fluorescent and NFL means Non-fluorescent). 

 
 

Wavelength Sample studied (3) (esu) 

800 nm NFL Solution 0.70 × 10-13 

800 nm NFL Film 7.34 × 10-9 

800 nm F Solution 0.40 × 10-13 

800 nm F Film 5.38 × 10-9 

 

 
Figure 3.13 Time-resolved DFWM measurements of (a) fluorescent and (b) non-

fluorescent 0D-PRM NCs. (c) and (d) illustrate the expanded view of the time-resolved 

data after zero delay and their corresponding exponential fits of the respective NCs. 

 

Tables 3.7 and 3.8 summarize the 2PA, 3PA, 4PA coefficients and cross-sections 

obtained in the present work and those reported recently in literature.  Zou et al.55 reported 

2PA in Fe doped CsPb(Cl/Br)3 microwires with 140 fs, 800 nm pulses. They obtained the 
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magnitude of 2PA coefficient of 210 cm/GW. However, they performed the measurements 

with 80 MHz pulses wherein thermal effects are anticipated to play a significant role.   Wei 

et al.49 reported 2PA coefficient of 8.5 cm/GW for a single crystal MAPbBr3 studied using 

300 fs, 1044 nm pulses and a repetition rate of 20.8 MHz, again where the thermal effects 

are expected to be predominant.  Xie et al.56 reported a very large value of 2PA coefficient 

of 1.15 cm/kW for CH3NH3Pb0.75Sn0.25I3 perovskite thin film obtained using 400 fs pulses 

but, most importantly, with 43 MHz pulses. It is not apposite to compare the magnitude of 

coefficients obtained with fs, kHz pulses with those reported using fs, MHz repetition rate 

pulses since they inevitably demonstrate strong NLO coefficients.  There are other reports 

on CsPbBr3 NCs solution demonstrating a 2PA coefficient of 0.097 cm GW-1 at 800 nm,23 

CsPbBr3 nanosheets demonstrating a 2PA coefficient of 10.94 cm GW-1 at 800 nm28 and 

CH3NH3PbBr3 single crystal with a value of 8.2 cm GW-1 at 800 nm.51  Ganeev et al.57 

recently reported 2PA coefficients of ~7×10−7 cmW−1 for CH3NH3PbX3 films with 40 fs 

pulses at 800 nm.  Our earlier result16 on CsPbBr3 perovskite films demonstrated a best 

2PA coefficient of 10-9 cm/W, which is at least two orders of magnitude lower compared 

those presented here.  It is pertinent to note that the present measurements were performed 

at similar experimental conditions reported in reference [16] clearly suggesting the 

superiority of the present NCs investigated.  Han and co-workers58 have reported 800 nm, 

kHz repetition rate measurements of nonlinear absorption in colloidal CsPbX3 quantum 

dots and observed 2PA coefficients of ~10-1 cm/GW and the corresponding cross-sections 

of ~105 GM, which are again lower than those reported here. Saouma and co-workers53 

studied in detail the optical nonlinearity in two-dimensional organic-inorganic lead iodide 

perovskites wherein they argue that in conventional 2D perovskites the observed strong 

nonlinearities are generally associated with exciton resonances. The  values for their 

compounds were extracted from the NLO studies and the obtained values were 

15.3 ± 2.6 cm GW–1 (n = 1), 18.4 ± 3.1 cm GW–1 (n = 2), 20.7 ± 3.5 cm GW–1 (n = 3), and 

46.5 ± 8.4 cm GW–1 (n = ∞), respectively.  These values are comparable (but slightly lower 

when compared to non-fluorescent Cs4PbBr6 NCs film values) the values reported in the 

present study.  Tables 3.7-3.8 summarizes all the NLO coefficients and cross-sections of 

the perovskite materials reported in recent literature. Saouma and co-workers59 again have 

studied the MPA properties and reported a 3PA coefficient value of MAPbCl3 as ∼0.05 

cm3/GW2, which are one order of magnitude lower than those studied here. Gao and co-

workers8 investigated room temperature three-photon pumped CH3NH3PbBr3 perovskite 
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microlasers wherein they reported a value of 3PA coefficient of 2.26×10−5 cm3/GW2, which 

is orders of magnitude lower than the Cs4PbBr6 perovskite NC films investigated in this 

work. There are not many reports in literature on 3PA and 4PA of perovskites. Chen et al.29 

have reported 2PA, 3PA, 4PA, and 5PA in multi-dimensional core-shell type halide 

perovskite colloidal NCs. They report their measurements on (a) CsPbBr3 NCs (~9 nm) (b) 

core-only MAPbBr3 NCs (diameter of 8-9 nm) and (c) core–shell MAPbBr3/(OA)2PbBr4 

NCs (diameter of 9–10 nm).  They report 2PA cross-sections of 106 GM in (a)-(c) in the 

675-1000 nm spectral range.  3PA cross-sections of ~10-74 cm6s2 and 4PA cross-sections 

of 10-104 cm8s3 are also reported for these NCs. They report the “action cross-sections” 

defined as n×, where  is the PL quantum yield.  The values obtained in the present study 

are higher compare to their coefficients and cross-sections.  However, the mechanisms for 

the observed large nonlinearities are completely different in each case. In their case the size 

effects probably played a dominant role in quantum confinement. In our case the 

confinement is due to the structure of the 0-D PRM NCs. It is evident from all the data 

presented in various tables and the comparison provided above that the NLO parameters 

obtained from Cs4PbBr6 NCs used in the present study are superior compared to recently 

reported perovskite NCs. We strongly believe that the strong quantum confinement of 0-D 

PRM probably provided a mechanism to enhance the optical nonlinearities. Further, the 

involvement of defect states can probably help in increasing the multi-photon absorption 

processes.  Since fluorescent NCs are larger in size (20 nm) as compared to the non-

fluorescent ones (10 nm), it is expected that these NCs will create more voids in the film 

and number of particles will be lesser than expected. This could be a reason for the obtained 

lower value of NLO parameters for the fluorescent NCs films. Interestingly the 4PA cross-

sections of fluorescent NCs films were superior to the non-fluorescent counterparts and this 

behavior needs further detailed investigations. The population resides for a longer time in 

the excited states in the case of fluorescent NCs whereas in the non-fluorescent case it 

comes back to the ground state much faster.  This also could possibly affect the 

nonlinearities observed.  There are no studies reported thus far on the lifetimes of the 

different excited states in these novel NCs. The strong NLR values possibly arising from 

the effect of quantum confinement, free carries and band gap.60-63  A complete knowledge 

of the excited state dynamics is indispensable to segregate and comprehend the exact 

reason(s) for the observed large nonlinearities.  Therefore, our future endeavours will be to 

extend these NLO studies to the mid-infrared spectral region and investigate the whole 
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excited state dynamics in these NC films by using the technique of transient absorption 

spectroscopy in both the visible and near-IR spectral ranges. 

  Material Excitation  (cm/W) n2 

(cm2/W) 

2 (GM) Ref. 

(QDs) CsPbBr3 800 nm, 1 kHz, 

100 fs 

8.5×10-11 - - 49 

(QDs) CsPbBr3 800 nm,76 

MHz, 130 fs 

10-9 2-5×10-13 - 45 

(QDs) CsPbBr3 800 nm,1 kHz, 

120 fs 

- - 1.8×105 

4.0×105 

(670 nm) 

44 

CsPbBr3 (NCs) 800 nm,1 kHz, 

90 fs 

- - 2.7×106 6 

 

CsPbI3 (NCs) 

(NCs) CsPbBr3 

(NCs) CsPbBr3 

787 nm,1 kHz, 

386 fs 

3.2×10-11 6.8×10-15 -  

 

26 787 nm,1 kHz, 

386 fs 

9.7×10-11 4.7×10-15 - 

800 nm, 1 kHz, 

100 fs 

9.7×10-11 - 1.2×105 

(QDs) CsPbBr3 1 kHz, 340 fs - - 2.8×106 

1080 nm 

46 

MAPbBr3 NCs in 

toluene (8-9 nm 

size, sphere) 

675-1000 nm, 

50 fs, 1kHz 

- - 4.8– 

6.2105 

(~8.0105 at 

800 nm) 

 

 

 

 

 

 

29 

 

MAPbBr3/(OA)2P

bBr4 NCs in 

toluene (9-10 nm, 

spheres) 

675-1000 nm, 

50 fs, 1kHz 

- - 3.3–4.0105 

(~5.0106 at 

800 nm) 

CsPbBr3 NCs in 

toluene 

(~ 9 nm, cube) 

675-1000 nm, 

50 fs, 1kHz 

- - ~9.7–

1.3105 

(~1.1106 at 

800 nm) 

CsPbBr3 NCs in 

toluene 

(~ 9 nm, cubes) 

800 nm, 

100 fs, 1 kHz 

- - 2.7106 

Mn-doped 

CsPbCl3 NCs 

(11.7±1.8 nm) 

720 nm, 

fs pulses 

- - ~3.18×105 24 
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CH3NH3PbBr3 

films 

mid-IR, 2.8 ps, 

32.3 MHz 

 ~10−8 - 19 

CH3NH3PbBr3 1044 nm, 300 

fs, 20.8 MHz 

8.5×10-9 - - 64 

CsPbBr3 NCs 

Thin film 

600-800 nm 

1 kHz, 70 fs 

1.8×10-9 ~10−9 ~9.8×105 16 

CH3NH3Pb0.75Sn0.2

5I3 (thin film) 

1535 nm, 

400 fs, 43 

MHz 

1.15×106 - - 56 

Fe-doped CsPbX3 800 nm, 140 

fs, 80 MHz 

201×10-9 - - 55 

CH3NH4PbBr3 800 nm,100 fs 8.6×10-9 - - 51 

Cs4PbBr6 

0D-PRM 

70 fs, 1 kHz 

500-1500 nm 

~10-7 ~10-9 107 This 

work 

Table 3.7 Comparison of the 2PA coefficients and cross-sections of the halide perovskite 

NCs with the literature values. 

 

Material Excitation 

Parameters 

γ 

(cm3/GW2) 

3 (10 -74 

cm6s2 

photon2) 

4 (10-104 

cm8s3 

photon3) 

Ref. 

MAPbCl3 1064 nm, 30 ps, 

50 Hz 

0.05 ± 0.01 

 

- - 59 

CH3NH3PbBr3 100 fs, 1 kHz, 

1240 nm 

2.26 ×10−5 

 

- - 8 

MAPbBr3 1050-2000 nm, 

50 fs, 1 kHz 

- 0.33±0.05–

2.7±0.4 

0.036±0.005–

3.0±0.5 

 

 

 

29 

MAPbBr3/ 

(OA)2PbBr4 

1050-2000 nm, 

50 fs; 1kHz 

- 2.5±0.4–

22±3 

0.21±0.03–

24±4 

CsPbBr3 1050-2000 nm, 

50 fs, 1kHz 

- 0.38±0.06–

8.0±1.0 

0.07±0.01–

7.0±1.0 

Cs4PbBr6 

0D-PRM 

70 fs, 1 kHz, 

500-1500nm 

6-8 ×10−19 70-148 12-37.8 ×103 This 

work 

Table 3.8 Comparison of the 3PA/4PA coefficients and cross-sections of the halide 

perovskite NCs with the literature values. 
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3.4 Conclusions 

 The NLO properties of an ambient condition synthesized colloidal CsPbBr3 

perovskite NCs and NRs and zero-dimensional Cs4PbBr6 perovskite NCs were 

investigated over a wide range of wavelengths 600-800 nm for CsPbBr3 and (500-

1500 nm) for Cs4PbBr6 NCs using the Z-scan and DFWM techniques by femtosecond 

pulse excitation.  

 For CsPbBr3 NCs a notable change in the refractive index is observed, at higher 

intensities 7.3×1010 W/cm2, an increase in the refractive index with a saturated 

absorption is evident. The NCs demonstrated strong nonlinear absorption coefficient 

of 0.1 cm/GW (at 2.4×1010 W/cm2).  

 Large 2PA cross-sections are reported which are comparable to those reported in 

table 3.3, 3.7-3.8. It is observed that CsPbBr3 NCs and NRs depict a size and 

thickness dependent nonlinear optical properties with increasing saturation intensity 

at high peak intensities.   

 The strong nonlinear absorption and switching properties of these open atmospheric 

cost effective CsPbX3 perovskite NCs indicate high potential to be a future material 

for light harvesting, mid-infrared nonlinear absorbers and all-optical 

communications. In case of Cs4PbBr6 Both the NCs (fluorescent and non-fluorescent) 

exhibited superior nonlinearities in the 500-1500 nm spectral region with non-

fluorescent NCs exhibiting slightly stronger 2PA, 3PA coefficients and cross-sections 

than their fluorescent counterparts.  

 We believe the observed superior NLO parameters are due to the strong confinement 

effects with a high dipole moment. The magnitude of 2PA, 3PA, and 4PA cross 

sections were estimated to be ~10-43-10-44 cm4s, ~10-73 cm6s2 and ~10-100 cm8s3, 

respectively, and these are found to be superior to many recently reported NLO 

coefficients of on perovskite NCs. DFWM experimental data on zero-dimensional 

NCs suggested a fast response (~92 fs and ~81 fs) in colloidal solutions, which is a 

prerequisite in photonic switching devices.  

 The strong multi-photon absorption coefficients along with the cross-sections at near-

IR wavelengths render these NLO materials suitable for next-generation multi-

photon based imaging and photonic/optoelectronic device applications. 
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Chapter 4 Ultrafast Electron Dynamics and 

Third-order NLO Properties of Laser Fabricated 

Au and Ag50Au50 Nanoparticles 

 

Abstract 

 

Gold and gold-silver nanoparticles (NPs) were achieved using ultrashort pulse laser 

ablation in liquids technique.  The surface plasmon dynamics of these gold and gold-silver 

alloy NPs at excitation wavelengths of 400 nm and 800 nm were explored using the 

technique of femtosecond (~70 fs) transient absorption (TA) spectroscopy.  With 400 nm 

photoexcitation, the dynamics demonstrated a plasmon photo-bleach signal along with a 

transient absorption in the wings of bleach spectra. With 800 nm photoexcitation, Ag50Au50 

alloy NPs demonstrated a fast electron thermalization time (~150 fs). A slower decay of 

positive absorption (TA spectra) from alloy NPs was observed when compared to the pure 

Au NPs. Both the NPs demonstrated a rapid initial electron thermalization and displayed 

similar time scales for the electron-phonon relaxation. The third-order nonlinear optical 

(NLO) properties of these NPs were measured using the standard Z-scan technique with fs, 

kHz pulses at 800 nm.  It was observed that the alloy NPs possessed comparatively large 

value of third-order NLO susceptibility χ(3) (~10-11 esu) compared to the pure gold NPs, 

finding applications in fields such as bio-medical and photonic devices. 
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4.1 Introduction 

Metal and metal alloy nanoparticles (NPs) and/or colloids have fascinating physical, 

electrical, optical properties depending on their (a) shape (b) size and (c) surrounding 

environmental (dielectric) parameters.  This has a created a tremendous interest because of 

their potential in applications such as catalytic reactions, plasmonic lasers.1-3 The ultrafast 

nonlinear optical (NLO) properties of gold (Au), silver (Ag), and gold-silver (Au-Ag) alloy 

NPs have also attracted a substantial interest in several fields for a variety of device 

applications.4-5 Au and Ag NPs exhibit the surface plasmon (SP) modes in the visible 

spectral region arising from the oscillations of conduction electrons. The position of 

plasmon peak mainly depends on the size, shape of the NPs.  With an increase in the size, 

the peak shifts towards the red spectral region and broadens.6-7 The advantage of doping 

metal nanoparticles with semiconductors is that it can substantially tune the plasmon band 

over the visible and near-infrared spectral regions. Another advantage being the metal NPs 

are excellent light absorbers and can possibly create highly excited electron/hole pairs.  

Consequently, these hot charge carriers are utilized in photo-catalysis, solar energy 

conversion applications.8-9 The surface plasmon resonance (SPR) of metal NPs is the reason 

for many optical properties, mainly the nonlinear absorption which can make the metal NPs 

be appiled in different photonic applications sucha as opticallimiters, switching and optical 

memories. Ultrafast relaxation processes of electrons in the metal nanostructures which 

involve localized SPs has been demonstrated to be an important aspect for developing high-

performance optical switching materials and devices based.10-16 The electron dynamics as 

well as the third-order NLO properties of metal, metal-alloy NPs are well studied14-20 using 

different spectroscopic techniques in exploration of unique optoelectronic, switching 

device applications.11-13, 17  There are a few research reports on the investigations of the 

electron dynamics in Au, Au-Ag alloy NPs using transient absorption spectroscopy (TAS) 

technique employing femtosecond (fs) pulses.13, 18-19 20-26  

The geometry of the NPs and the corresponding electron dynamics (in the excited 

states) seem to influence the NLO properties.27-28 Subsequent to the input laser pulse 

excitation, the electrons relax through different processes such as (a) internal thermalization 

by electron-electron collision followed by (b) electron-phonon coupling arising from 

external thermalization.20-22 The non-thermal (or non-Fermi) electron distribution following 
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laser excitation above the Fermi level has been investigated by various techniques.9, 24-25 

Electron thermalization dynamics after intraband/interband excitations in mixed metal NPs 

are largely not investigated. Recently, Zhang and co-workers10 investigated the interband 

and intraband contributions to the localized SP plasmon oscillations in pure Au NPs.  Their 

data suggested a red-shifted induced LSPR feature with 400 nm excitation.  When pumped 

above the threshold energy (2.38 eV), an induced electronic transition from the ‘5d’ band 

to the ‘6sp’ band (conduction) takes place resulting in a transient increase of electron 

population in the conduction band was observed. The excited 5d electrons then relaxed to 

a ‘6sp’ band with a time delay of 1 ps has been observed.10 In this work, we have thoroughly 

investigated the electron thermalization dynamics of both Au and Ag50Au50 NPs using fs 

transient absorption spectroscopy. These NPs were achieved using the technique of 

ultrafast laser ablation in liquid (ULAL) technique. We observed a fast internal 

thermalization of non-Fermi electron distribution in Au and Ag50Au50 NPs. The measured 

decay times confirm the faster response from Ag50Au50 alloy nanoparticles compared to 

pure Au NPs.  Furthermore, the third order nonlinear optical (NLO) properties were also 

measured using the Z-scan technique at 800 nm wavelength with femtosecond, kHz pulses.  

4.2 Experimental Details 

4.2.1 Au and Ag-Au Nanoparticles Fabrication 

Gold and silver-gold NPs were fabricated using the technique of fs laser ablation of 

the bulk targets (Au/Ag50Au50) immersed in the liquid. The bulk targets of Au and Ag50Au50 

(locally purchased with a purity of 99% and thickness of 1 mm) were immersed in distilled 

water (DW) and irradiated by ultrafast laser pulses from a fs amplifier (800 nm, 1 kHz, ~50 

fs). The input laser pulses were focused on to the target using a plano-convex lens (focal 

length of 100 mm), which was placed in 5 ml of DW.  The height of covered liquid layer 

above the surface of target was estimated to be 6 mm. During the ablation process, the 

target was translated using an X-Y motorized stage which was computer-controlled.  The 

stage velocities used were 0.1 mm/s in both the directions of X and Y. The experiments 

were performed with an input pulse energy of 500 µJ. The estimated spot size on the target 

surface was ~100 µm. Post fabrication, all the NPs were collected in air-tightened glass 

bottles (to avoid moisture) and stored at the room temperature. The NPs UV-visible 

absorption studies were performed using a Perkin Elmer Lambda 750 spectrometer in the 



  

  

130  

 

Chapter 4 Ultrafast Electron Dynamics and Third-order NLO Properties…. 

wavelength range of 250 nm-1000 nm. Morphological studies of the generated NPs were 

achieved using a high-resolution transmission electron microscope (HRTEM) along with 

selected area diffraction patterns (SAED). The NP compositions and line map images were 

obtained by field emission scanning electron microscope (FESEM) and energy dispersive 

X-ray spectroscopy (EDX) techniques. Femtosecond transient absorption measurements 

were performed using a transient absorption spectrometer (HELIOS) based on a 

femtosecond laser system. The complete experimental details are discussed in chapter 2. 

The energy of the pump laser kept at 1 µJ-2 µJ. The transmitted probe beam was focused 

on to an optical fiber connected to a spectrometer/CCD combination. We have measured 

the contributions from water/cuvette in all the measurements and found them to be 

negligible.   

4.3 Results and Discussion 

 

Figure 4.1 UV-Visible absorption spectra of the as-fabricated NPs (i) Au (ii) Au50Ag50 

obtained in DW using fs laser ablation with a pulse energy of 500 µJ. 

Figure 4.1 illustrates the UV-Visible absorption spectra of the as-fabricated NPs (in 

DW) obtained using fs ablation. As is evident from data illustrated in the figure 4.1, a single 

plasmon peak was observed in the vicinity of 445 nm for Ag50Au50 NPs, clearly indicating 
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that there were no core-shell NPs in the obtained colloidal solutions. We generally expect 

two plasmon bands if there were any core-shell type of NPs in contrast with the Ag-Au 

bimetallic NPs.   

 
Figure 4.2 TEM, HRTEM and size distribution images of as-fabricated NPs (a, b, and c) 

Au, (d, e and f) Ag50Au50, respectively. Inset of (b) and (e) shows their corresponding lattice 

parameters of Au and Ag50Au50 NPs, respectively. 

From figure 4.1 data it is also evident that the observed absorption maxima at 520 

nm demonstrating the formation of spherical Au NPs. Furthermore, the observed plasmon 

band for bimetallic NPs was located exactly in region between that of the pure Ag and Au 

NPs, which is in excellent agreement with most of the earlier reports data. In one of our 

earlier reports, we had clearly demonstrated a smooth tuning of the bimetallic NPs plasmon 

bond while changing the proportion of Au (in alloy) in other laser ablation experiments.29-

30 The morphological data and crystallographic phases of as-fabricated NPs were obtained 

from the TEM and HRTEM data analysis, respectively. Figures 4.2(a) and 4.2(b) illustrate 

the TEM, HRTEM micrographs of the obtained Au NPs. Most of the obtained NPs had 

spherical shape with a few interconnected structures.  The NPs diameters were estimated 

to be in 10-140 nm range. Figure 4.2(b) inset shows the interplanar spacing of Au NPs (of 

0.23 nm), which corresponds to the Miller plane (111). Figures 4.2(d), 4.2(e) illustrate the 

TEM, HRTEM images of Ag50Au50 NPs wherein the diameters were estimated to be in the 

15-50 nm range. Inset of figure 4.2(e) depicts the lattice plane separation of 0.232 nm for 

Ag50Au50 NPs, which is attributed to the Miller plane (111). Moreover, the Ag50Au50 
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interplanar separation was found to be comparable to the pure Ag and Au phases due to the 

similar lattice constants of Ag and Au [a = 4.09 Å for Ag; a = 4.08 Å for Au]. The NPs 

mean size was estimated by counting more than 250 particles using the image-J software. 

The obtained mean sizes were estimated to be ~29.6 nm and ~19.8 nm for Au NPs [figure 

4.2(c)] and Ag50Au50 NPs [figure 4.2(f)], respectively.  

 

 

Figure 4.3 (a) FESEM image of Ag50Au50 NPs with a single map of NP (pink color box) 

and inset demonstrating the EDS spectra (b) EDS map of Ag (c) EDS map of Au (d) Line 

profile of the Ag50Au50 particle indicating the presence of Ag and Au (e) Intensity 

distribution of both the atoms, Ag and Au. 

Further, the FESEM-EDX mapping was accomplished on an Ag50Au50 single 

particle to identify the distribution/composition of both atoms present. Figure 4.3(a) 

illustrates the EDS map on the single particle (Ag50Au50 NP) presented with rectangular 
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box (pink color) and parts (b) and (c) of figure 4.3 established the presence of both atoms 

[Ag (representing the red one), Au (representing the green one)]. The EDX spectra 

presented in the inset of figure 4.4(a) clearly demonstrates the presence of individual Ag 

and Au atoms and their composition with weight percentages of 45.2% and 54.7%, 

respectively. Figures 4.3(d), 4.3(e) depict the data from a line scan on single NP, clearly 

signifying the particle comprised of both Ag and Au atoms. The formation of bimetallic 

NPs during laser ablation of any alloy target can be understood as follows. When an intense, 

focused fs pulse interacts with the target (in the presence of a liquid) extremely high 

temperatures/pressures are created at the target-liquid interface. During the laser irradiation 

atoms and/or ions will be ejected through the vaporization followed by the formation of 

cohort of dense metal atoms (Ag and Au) near the focal spot. The ejected metal atoms will 

subsequently aggregate and generate the bimetallic NPs due to a strong interaction between 

the individual metal atoms and the solvent/metal. Therefore, the formed bimetallic NPs will 

usually be homogeneous owing to the thermodynamically favorable mixing process at any 

proportion.31 

4.3.1 Transient absorption 

Figures 4.4(a) and 4.4.(b) illustrate the TA spectra of Au while (c) and (d) illustrate 

that of Ag50Au50 NPs at different probe delay times. Subsequent to the laser excitation 

photo-bleach of the plasmonic band and a transient absorption spectrum at the wings of the 

bleached spectrum was observed. As we further increased the time delay between pump, 

probe pulses we observed a decay in the transient absorption spectra while the bleach 

spectrum recovered. However, with 400 nm excitation, pure Au NPs illustrated a negative 

band centered near 525 nm, which could possibly be due to the depletion of plasmon 

electrons. Another positive band at >600 nm could be accredited to absorption of thermally 

excited non-equilibrium electrons distribution near Fermi level. Near the intraband 

excitation (i.e. 800 nm wavelength) the positive absorption band at >600 nm disappeared 

[clearly seen in the figure 4.4(b) data] suggesting the oscillation of conduction band 

electrons. In the case of Ag50Au50 NPs, an intense photo-bleach spectrum was observed 

near ~450 nm and a photo-induced absorption at >500 nm wavelengths with both intraband 

and interband excitations.   
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Figure 4.4  Transient absorption spectra of (a, b) Au and (c, d) Au-Ag NPs in DW pumped 

at 400 nm and 800 nm wavelength and the insets show their corresponding kinetic spectra 

of surface plasmon. 

 
Figure 4.5 The intrinsic Plasmon bleach recovery of (a, b) Au and (c, d) Ag50Au50 NPs. 

Open circles are the experimental data points while the solid curves are theoretical fits. 
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The representative kinetics of the photo-bleached plasmonic bands was fitted using a 

tri-exponential function given by (𝐴(𝜆, 𝑡) = ∑ 𝐴𝑖
𝑛
𝑖 . 𝑒

−(𝑡−𝑡0)

𝜏𝑖 ⨂
1

𝜎2√2
𝑒
−
𝑡2

𝜎2) convolved with a 

Gaussian-shaped instrument response function (IRF). Three lifetimes/constants were 

required to satisfactorily fit the transient kinetic data of both Au and Ag50Au50 NPs. The 

data obtained from the fits to the experimental data is summarized in Table 4.1. With both 

400 nm, 800 nm excitation Ag50Au50 NPs exhibited a faster response in comparison with 

pure Au NPs and is apparent from the figure 4.5 data.  The obtained three lifetimes were 

ascribed to the (a) internal electron-electron (b) electron-phonon and (c) phonon-phonon 

scattering mechanisms, respectively.32-35 It is evident that the positive absorption above 600 

nm, referred to as the interband excitation induced plasmon (EIP),10 decayed slowly (~3.5 

ps) when compared to the intrinsic plasmon peak. As we further increased the time delay 

to 20 ps the intrinsic plasmon (IP) peak was found to be blue shifted by 8 nm with 400 nm 

pumping, possibly due to the influence of EIP on IP.  

 
Figure 4.6 Transient absorption spectra of (a) Au and (b) Au50Ag50 NPs at delay increasing 

from 0 and 20 ps for 400 nm and 800 nm pump wavelength. 

 

The TA spectra of Au and Ag50Au50 alloy NPs at 400 nm, 800 nm excitations are 

presented in figures 4.6(a) and 4.6(b).  The Ag50Au50 alloy NPs data depicted an intrinsic 

plasmon photo-bleach peak near 450 nm along with a positive absorption EIP like process 

above 490 nm. The photo-bleach (PB) spectra band was observed to be broader with 800 

nm excitation when compared to that of the data obtained with 400 nm excitation. The 

positive peak decayed faster at interband excitation with retreived lifetimes of 1.94 ps and 

7.6 ps. The electron dynamic processes of the bleached plasmonic band illustrated a faster 
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electron–electron scttering compared to that of pure Au Nps (figure 4.5). From the figure 

4.6(b) data we observed that with an increase in delay, the bleached plasmonic band 

recovered with decreasing positive abosrption while no change in the resonant bleached 

spectrum was observed.  

 

Time 

constants 

Au 

(λ
ex

 = 400 nm) 

Au 

(λ
ex

 = 800 nm) 

Ag
50

Au
50

 

(λ
ex

 = 400 nm) 

Ag
50

Au
50

 

(λ
ex

 = 800 nm) 

τ1 0.31±0.03 ps 0.4±0.04ps 0.25±0.01 ps 0.15±0.01 ps 

τ2 1.26±0.02 ps 1.2±0.08 ps 1.67±0.03 ps 3.26±0.04 ps 

τ3 35±0.02 ps 34±0.03 ps 35±0.06 ps 22±0.08 ps 

Table 4.1 Individual decay constants of Au and Ag
50

Au
50

 with intraband (800 nm) and 

Interband (400 nm) excitation.  

4.3.2 NLO Studies 
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Figure 4.7 Open (a) and (c), closed (b) and (d) aperture Z-scan curves for laser ablated 

Au and Ag50Au50 NPs, respectively.  Insets of (c) and (d) illustrate the solvent (water) 

NLO response. Open circles are the experimental data points while the solid curves are 

theoretical fits. 
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The NLO properties of synthesized Au, Ag50Au50 NPs third-order were investigated 

using the standard Z-scan technique with 800 nm fs pulses.  The complete experimental 

details can be found in the experimental chapter.36 Figures 4.7(a)-(d) illustrate the open and 

closed aperture Z-scan data of Au and Ag50Au50 NPs measured at an input peak intensity 

of 40 GW/cm2. Figures 4.7(a), (c) illustrate the open aperture Z-scan curves obviously 

depicting a reverse saturable absorption (RSA) type of behavior for all the NPs. The 

obtained data were fitted using the standard two-photon absorption (2PA) equation.36 The 

estimated values of β were 0. 4 × 10-12 and 5.0× 10-12 m/W for Au and Ag50Au50 NPs, 

respectively. From the obtained 2PA values Ag50Au50 alloy NPs clearly shows stronger 

NLO coefficients compared to pure Au NPs.  

 

Figures 4.7(b) and 4.7(d) illustrate the closed aperture Z-scan curves for Au and 

Ag50Au50 NPs, respectively.  The data manifests the self-focusing effect and the data were 

again fitted using the standard equations.36 The normalized transmittance data depicted a 

valley followed by a peak clearly suggesting that the sample possessed a positive 

nonlinearity. The obtained values of n2 were 3.2× 10-20 m2/W and 1.6× 10-19 m2/W for Au 

and Ag-Au alloy NPs, respectively. Because of the errors in fluctuations of laser power and 

estimation of beam waist along with fitting procedures a ~10% error bar was considered to 

represent the errors in analysis.  Ganeev et al. recently investigated the NLO properties of 

Ag NPs prepared by laser ablation in various liquids and calculated the nonlinear 

coefficients to be 3×10-9 cm/W at 397.5 nm and 8×10-9cm/W at 795 nm.37-38 Further, they 

have also studied the NLO coefficients of Au NPs11 and the magnitudes were found to be 

8 ×10−14 m2/W and 1.7×10−10 m/W.39 The NLO coefficients obtained from the present 

study are summarized in table 4.2. The NLO coefficients of the metal colloids mainly 

depend on the metal (size and shape), matrix and the plasmon resonance. Further, the 

dimensional reduction of the conduction electrons and the interband/intraband transitions 

(which leads to bleaching of the plasmon band) certainly determine the absorption 

properties.40-42 Recently, Palpant et al.43 demonstrated the influence of pulse duration on 

the absorption cross section of the gold nanorods which shows the increase in absorption 

cross section with sub picosecond pulses. Here, the obtained NLO parameters have 

contributions both from the metal NPs and the solvent (water) and the obtained NLO 

coefficients are relatively similar to the differently synthesized metal NPs.11, 44-46 Apart 

from the oxide layer formation on laser ablated NPs in liquid the mechanism of LAL are 
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robust and chemical free, which can be used for optical limiting (OL), saturable absorbers 

and biological applications. Sánchez-Dena et.al.47 have investigated the size dependence of 

NLO response of Au NPs with size 14.2 nm, 13.4 nm and 5.1 nm using 6 ps laser pulses at 

532 nm, and they have showed a size dependence nonlinear absorption and size 

independent nonlinear refraction with increasing size. Additionally, Mostafavi et al.48 have 

demonstrated a size-dependent NLO response of Au NPs. Their data suggested that the OL 

strength increased with sizes increasing from 15 nm to 25 nm. However, they observed that 

with a further increase in size, the OL performance decreased for NPs (especially with sizes 

above 50 nm). Therefore, when the size of the Au NPs is less than or equal to the surface 

layer of NPs the absorption induced (nonlinear) scattering is higher. Hence, the absorbed 

energy is transferred from NPs to the solvent leading to the formation of solvent bubbles 

and, consequently, the OL will be more effective. When the size is larger than the surface 

layer of NPs, the absorbed energy will transfer to core of NPs so the less transfer of energy 

to solvent which makes the OL weaker in larger NPs.47-48 In case of Au NPs the overlap of 

Interband absorption and SPR absorption decreases the plasmon excitation. But, in case of 

Ag NPs the interband absorption (which is below 300 nm) is far from the SPR absorption 

(which is near 400 nm). Therefore, the plasmon excitation is expected to be efficient in Ag 

NPs when compared to Au NPs.49-52 The NLO properties of these NPs arise mainly from 

the (a) free carrier absorption (b) plasmon bleaching and (c) migration of NPs at higher 

intensities. However, more detailed studies are essential to understand and isolate these 

effects in different metal NPs, which can be achieved using high repetition rate laser pulses 

and different pulse durations (ns to fs). 

Table 4.2 NLO coefficients of the Au and Ag50Au50 alloy NPs obtained at 800 nm 

wavelength using fs Z-scan data. 

 

 

 

NPs  

β 

(m/W) 

n2  

(m2/W) 

χI  

(m2/V2) 

χ(I)  

(m2/V2) 

χ(3)  

(m2/V2) 

χ(3)  

(esu) 

Au  0.4×10-12 3.2×10-20 3.0×10-22 2.7×10-22 4.0×10-22 2.8×10-14 

Ag50Au50  5.0×10-12 1.6×10-19 1.5×10-21 3.0×10-21 3.3×10-21 2.4×10-13 

Water 8.1×10-14 2.2×10-21 2.1×10-23 4.9×10-25 2.1×10-23 1.5×10-15 
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4.4 Conclusions 

1. We have successfully synthesized the Au, Au50Ag50 composite NPs with an average 

diameter of 10-20 nm using fs LAL process.  

2. The electron-electron relaxation times were obtained for Ag50Au50 alloy NPs had a 

fast response at both inter and intraband excitation.  

3. Both the NPs had similar electron-phonon relaxation times, which suggests a 

homogeneity in the composite material.  

4. The obtained electron dynamics from these NPs exhibited faster response when 

compared to other studies on gold and Au-Ag nanocomposite materials.25-27  

5. The third-order NLO susceptibility of alloy NPs had stronger values compared to 

pure Au NPs (measured at 800 nm).  

6. The tunability of the plasmonic band along with the fast response of these 

nanocomposite materials qualifies them for use in optical switching devices, 

biological imaging applications.  

7. We could not, however, study the properties of pure Ag NPs due to their absorption 

in the UV region.  Those studies were not possible with our experimental conditions 

due to the lack of an excitation source. 
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Chapter 5 Ultrafast NLO Studies and Excited-

state Dynamics of Soret-Band Excited D-π-D 

Porphyrins 

Abstract 

This chapter discusses the results obtained from ultrafast nonlinear optical (NLO) 

measurements and studies of excited-state dynamics of organic materials. These studies 

were performed in three diverse porphyrin molecules, which were designed in a D-π-D 

fashion (phenothiazine-porphyrin-phenothiazine) and possessing two different central 

metal ions [Zn(II), Cu(II)]. We have performed an extensive target analysis of the 

femtosecond (fs) transient absorption data obtained.  The study conveyed the right exited 

state/species spectra of each process, and we could get respective lifetimes along with 

microscopic rate constants of each of the excited states. The obtained lifetime values were 

in the range of 0.25-33 ps:  associated with relaxation with the Sn; 0.9-62 ps: associated 

with relaxation with Hot S1 (to S1); 1.5-6.2 ns: associated with relaxation from S1; and 

finally, 1-1.25 µs: associated with relaxation from T1 states.  Furthermore, we observed that 

the third-order NLO coefficients [two-photon absorption (TPA), nonlinear refractive index 

(n2)] of CPPHT and ZPPHT exhibited superior values compared to HPPHT obtained with 

~50 fs, 1 kHz pulses at 800 nm. The magnitude of the TPA coefficients of the studied 

molecules was compared with some of the recently reported porphyrin molecules and was 

found to be more significant.  The time-resolved degenerate four-wave mixing (DFWM) 

measurements confirmed a large magnitude plus an ultrafast response of the nonlinearity 

in these molecules, suggesting potential photonic and all-optical switching applications. 

 

This chapter comprises data from the following publication: 

1. “Femtosecond Transient Absorption Studies of Soret-Band Excited D-π-D Porphyrin 

Molecules and Third-order Nonlinear Optical Properties" Katturi Naga 

Krishnakanth, Govind Reddy, Chinmoy Biswas, Sai Santosh Kumar Raavi, Giribabu 

Lingamallu, Venugopal Rao Soma, Optical Materials, 107, 110041, 2020. 
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5.1 Introduction 

Porphyrins, phthalocyanines are organic molecules possessing fantastic chemical and 

thermal stabilities.1-3 Alteration of the macrocyclic structure of porphyrins can significantly 

affect their chemical, physical, optical, and optoelectronic properties.3-6 As a consequence, 

several research groups have been aiming to utilize porphyrins in artificial photo-devices 

such as photonic devices,7 molecular switches,8 and dye-sensitized solar cells (DSCs) for 

solar energy conversion.5, 9, 10 Metalloporphyrins (MPs) have gained attention due to their 

functional universality, stability, and ease of chemical modification.9 MPs have also been 

used as versatile substrates in various light-driven chemical reactions,11,12 enabling the 

inter/intramolecular energy redistribution.13 MPs have also been demonstrated as 

promising materials for the conversion of solar energy into electric energy in SCs.14 

Moreover, π-conjugated 2D organic molecules (e.g., phthalocyanines, porphyrins) 

demonstrated superior nonlinear optical (NLO) properties compared to other organic 

materials.15-16 The optical properties of porphyrin molecules can be modulated simply by 

varying the central metal ion or the surrounding environment.17-18 There exists great 

flexibility in modulating physicochemical attributes by synthetic substitutions on planar π-

conjugated porphyrin ring and central metal ion, which can be incorporated into donor-

acceptor assemblies. In general, donor-π-acceptor porphyrin systems possess good light-

harvesting properties for solar cells and also have higher thermal stability and favorable 

electrical properties.13,19 By changing the donor-π-acceptor design as sensitizers for DSSC 

applications to the donor-π-donor approach, porphyrins can be potential candidates as hole-

transporting materials for optoelectronic applications.20 The electron transfer dynamics is 

essential in many processes and has been a great research area relevant to solar energy 

conversion, information storage, catalysis, and NLO processes. Therefore, understanding 

the molecular level dynamics in an ultrafast time scale is important for fundamental science 

and applications of such molecules. Apart from this, the NLO properties of porphyrins have 

been studied extensively for their tremendous applications in many fields such as optical 

limiting, optical switching, storage, imaging, etc. arising mainly from the delocalized π-

electrons. Incorporation of the metal ion into the porphyrin system helps the generation of 

a large number of delocalized π-electrons.  Generally, organic molecules with electron 

donor and acceptor groups, which are connected to a large -electron conjugation, 

demonstrate strong third-order NLO properties.  The MPs offer a large change in ground 
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and excited state dipole moments in response to a given electric field intensity, which is the 

fundamental reason behind the observed strong optical nonlinearities.6,8,21 However, the 

applications of porphyrins are mostly associated with electronic transitions taking place in 

a broad spectral range, primarily from the Q-band transitions.  Hence, it is crucial to study 

the excited state dynamics of porphyrins.22-25 Particularly, the excited-state absorption 

(ESA) such as excited singlet or triplet absorption properties are subject to several 

investigations owing to their importance in applications such as all-optical switching and 

optical limiting.26-27 It is also important to understand the excited state dynamics in 

porphyrin moieties because the nonlinear transmission properties of these molecules 

depend on the excited state energy transfer processes. Various time-resolved spectroscopic 

techniques such as time-resolved fluorescence by frequency upconversion and transient 

absorption (TA) are generally used to investigate the excited state dynamics and motion of 

vibrational wave packets in real-time. Herein, we report the results from the transient 

absorption studies and third-order NLO measurements of three phenothiazine-porphyrin-

phenothiazine derivatives (D-π-D) porphyrin molecules 28 namely 

 3,3’-((10,20-bis(2,6-bis(octyloxy)phenyl)porphyrin-5,15-diyl)-bis(ethyne-2,1-

diyl))bis(10-octyl-10H-phenothiazine) [hereafter referred to as HPPHT] 

 

 3,3’-((10,20-bis(2,6-bis(octyloxy)phenyl)porphyrin-5,15-diyl)-bis(ethyne-2,1-

diyl))bis(10-octyl-10H-phenothiazine)-Cu [hereafter referred to as CPPHT] and 

 

 3,3’-((10,20-bis(2,6-bis(octyloxy)phenyl)porphyrin-5,15-diyl)bis-(ethyne-2,1-

diyl))bis(10-octyl-10H-phenothiazine)-Zn(II) [hereafter referred to as ZPPHT]. 

 

Further, the conjugation effect on the third-order NLO coefficients is also discussed. 

The excited-state lifetimes, accomplished through fs transient absorption studies, have been 

investigated in detail.  Additionally, the mechanisms of third-order NLO absorption and 

refraction effects are also examined.  The superior NLO coefficients (TPA coefficients 

along with cross-sections and n2) combined with the fast response times obtained for these 

molecules suggest these can be used in potential photonic applications (e.g., optical 

limiting, bio-imaging, all-optical signal processing). 
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5.2 Experimental Details  

5.2.1 Synthesis 

Both the starting materials 3-ethynyl-10-octyl-10H-phenothiazine (PTZ-E) and 5,15-

bis(2,6-bis(octyloxy)phenyl)-10,20-dibromoporphyrin (Por-Br2) were synthesized 

following the methods reported in literature.28  The free-base derivative (HPPHT) was 

obtained by Sonogashira coupling between PTZ-E and Por-Br2 using a Pd catalyst and the 

corresponding metallo derivatives were achieved by inserting metal into the porphyrin 

cavity. All three porphyrins were characterized using (a) elemental analysis(b) 1H NMR 

and (c) MALDI-MS techniques. The obtained data and analysis confirmed the proposed 

molecular structures (Figures 5.1-5.6).  

 

Figure 5.1  1H NMR spectra of HPPHT in CDCl3. 
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Figure 5.2 MALDI-TOF of the HPPHT. 

 

Figure 5.3 1H NMR spectra of ZPPHT in CDCl3. 
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Figure 5.4 MALDI-TOF of the ZPPHT. 

 

Figure 5.5 MALDI-TOF of the CPPHT. 
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Synthesis of 3,3’-((10,20-bis(2,6-bis(octyloxy)phenyl)porphyrin-5,15-diyl)-bis(ethyne-

2,1-diyl))bis(10-octyl-10H-phenothiazine) [HPPHT]: We have adopted a slightly 

modified approach compared to that reported in the literature. Por-Br2 (0.500 g, 0.42 mmol) 

was dissolved in a mixture of 10 ml triethylamine (TEA) and 10 ml of dry tetrahydrofuran 

(THF) under an inert atmosphere. The resulting solution was purged with N2 gas for ~15 

minutes followed by the addition of CuI (0.020 g), and 

Tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] (0.10 g), which were heated to 

60oC. Subsequently, 3-ethyl-10-octyl-10H-phenothiazine (PtZ-E) (0.42 g, 1.25 mmol)) was 

dissolved in 3 ml of THF and added slowly with the help of a syringe, and a spontaneous 

colour change (brown to green) was observed. The progress of the reaction was monitored 

by TLC until all the starting materials were consumed. Later the reaction mixture was 

brought down to room temperature (RT) and the solvent was removed through rotary 

evaporation. Then the obtained crude material was dissolved in DCM, filtered and dried 

over anhydrous Na2SO4. The solvent removed and obtained solid was subjected to silica 

gel column chromatography Hexane: DCM (3:1 v/v) and recrystalized with methanol/DCM 

yielded 81% as reddish-green powder. Anal. Calcd. For C108H132N6O4S2 % (1641.98): C, 

78.98; H, 8.10; N,5.12. Found; C, 79.03; H, 8.19; N, 5.13. MALDI-TOF: m/z [M]+calcd. 

For C108H132N6O4S2, 1641.98; found, 1641.97. 1H NMR (400 MHz, CDCl3) δ 9.50 (d, J = 

4.6 Hz, 4H), 8.72 (d, J = 4.3 Hz, 4H), 7.76 – 7.67 (m, 6H), 7.20 – 7.18 (m, 4H), 7.00 – 6.91 

(m, 10H), 3.94 (t, J = 7.0 Hz, 4H), 3.82 (t, J = 6.2 Hz, 8H), 1.55 (s, 16H), 1.24 (s, 12H), 

1.02 – 0.95 (m, 10H), 0.89 (s, 10H), 0.80 (dt, J = 14.7, 7.3 Hz, 10H), 0.62 (dt, J = 14.0, 7.0 

Hz, 10H), 0.54 (s, 8H), 0.50 (dd, J = 14.6, 7.4 Hz, 16H), -1.82 (s, 2H).  

3,3’-((10,20-bis(2,6-bis(octyloxy)phenyl)porphyrin-5,15-diyl)-bis(ethyne-2,1-

diyl))bis(10-octyl-10H-phenothiazine)-Cu [CPPHT] :150 mg (0.06 mmol) of HPPHT 

was dissolved in 30 ml of chloroform. To this, 90 mg (0.45 mmol) of copper acetate 

(dissolved in 30 ml of methanol) was added. The resultant reaction mixture was refluxed 

until change in absorption spectra (~2 h) and the solvent was removed to obtain the crude 

product. By using column chromatography, the crude product was purified with (9:1 v/v) 

Hexane: THF, and recrystallized from methanol to obtain CPPHT in 87% yield as a green 

powder. Anal. Calcd. For C108H130N6O4S2Cu% (1701.89): C,76.13; H,7.69; N,4.93; Found 

C,76.10; H,7.86; N,4.91. MALDI-TOF: m/z [M]+calcd. (1701.89): For C108H130N6O4S2Cu; 

found, 1702.18.  



 

  

152  

 

Chapter 5 Ultrafast NLO Studies and Excited-state Dynamics of Soret-Band… 

3,3’-((10,20-bis(2,6-bis(octyloxy)phenyl)porphyrin-5,15-diyl)bis-(ethyne-2,1-

diyl))bis(10-octyl-10H-phenothiazine)-Zn(II) [ZPPHT]: We have adopted a similar 

procedure for CPPHT but one difference is that we have used zinc acetate instead of copper 

acetate. Yield: 90%.  Anal. Calcd.  For C108H130N6O4S2Zn% (1702.89): C,76.05; H,7.68; 

N,4.93; Found C,76.10; H,7.58; N,4.88. MALDI-TOF: m/z [M]+calcd. (1702.89): For 

C108H130N6O4S2; found, 1702.96. 1H NMR (400 MHz, CDCl3) δ 9.62 (d, J = 4.6 Hz, 4H), 

8.84 (d, J = 4.6 Hz, 4H), 7.72 (dt, J = 23.1, 8.4 Hz, 6H), 7.19 (t, J = 7.1 Hz, 4H), 7.01 – 

6.91 (m, 10H), 3.94 (t, J = 7.2 Hz, 4H), 3.84 (t, J = 6.4 Hz, 8H), 1.49 (s, 16H), 1.25 (s, 8H), 

1.02 – 0.93 (m, 8H), 0.89 (t, J = 6.9 Hz, 8H), 0.84 – 0.75 (m, 8H), 0.60 (dt, J = 14.6, 7.1 

Hz, 8H), 0.50 (t, J = 7.3 Hz, 26H), 0.46 – 0.40 (m, 8H). 

Highly pure solvent DMF was used to prepare the dilute solutions (12 µM 

concentration) to avoid any accumulation effects. The steady-state UV-visible absorption 

and photoluminescence (PL) emission measurements were performed using a Perkin Elmer 

make spectrophotometer.  Femtosecond transient absorption (TAS) analyses were 

performed using a commercial transient absorption spectrometer and the complete details 

of these experiments are presented in chapter 2.  

 

Figure 5.6 Synthetic scheme of porphyrin systems investigated in the present study. 
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5.3 Results and Discussions  

5.3.1 UV-Visible Absorption and Emission Measurements 

The steady-state absorption spectrum of the three investigated porphyrin molecules 

HPPHT, CPPHT, and ZPPHT (dissolved in DMF) are shown in figure 5.7. The intense 

peak near 458 nm, termed as the Soret (S2) band, is attributed to a2(π)/b1(π*) electronic 

transition.  ZPPHT illustrated a sharp Soret absorption with a redshift compared to CPPHT 

and HPPHT at 463 nm, probably due low energy gap between highest occupied molecular 

orbital (HOMO) to lowest occupied molecular orbital (LUMO).28 

  

Figure 5.7 (a) absorption and (b) emission spectra of studied porphyrin molecules in DMF. 

CPPHT depicted a weak emission compared to the other two molecules. 

 

Sample Absorption (nm) [ε M–1 cm–1] Emission 

(nm) 

Radiative 

Lifetimes (ns) 

Soret band Q-band  

HPPHT 458 [491500] 617 [132500] 

703 [88000] 

705, 781 6.2 28 

CPPHT 458 [343100] 640 [107011] 678 1.5 [unpublished] 

ZPPHT 463 [452450] 673 [104292] 695, 748 1.8 28 

Table 5.1 Summary of the steady-state absorption and emission peaks of three porphyrins 

measured in DMF (ε is the extinction coefficient). 

The absorption peaks in the spectral region above 550 nm are due to a2(π)/b2(π*) 

electronic transitions, assigned to the first excited state (S1) having two bands. The peaks 

at 703 and 617 nm are due to the origins of two non-degenerate electronic transitions (Qx 

and Qy) of the free base porphyrin. The steady-state emission spectra of porphyrin 
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molecules dissolved in DMF solvent were recorded with 450 nm excitation. The strongest 

emission was observed from HPPHT and which demonstrated a smaller stokes shift from 

the Q-band absorption edge. The photophysical parameters of the investigated molecules 

obtained from steady-state measurements are summarized in table 5.1. 

5.3.2 Transient Absorption Studies 

The excited-state properties of the synthesized molecules were investigated using fs 

TAS experiments using 400 nm as the pump for photoexcitation of the Soret band and the 

probing in the spectral region of 480 nm to 780 nm.  Figure 5.8 shows the transient 

absorption (TA) spectra of HPPHT, CPPHT, and ZPPHT dissolved in DMF solvent 

(concentration of 80 M) at increasing probe delays varying from 100 fs to 2 ns. From the 

absorption data (figure 5.2) it is evident the porphyrin molecules have strong Soret band 

absorption at ~458 nm possessing strong molar extinction coefficients than for other 

wavelengths of the spectra.  Due to the limitation of the probe spectral range the lower 

spectral region of GSB from S2 could not be recorded. The obtained TA spectra of CPPHT 

and ZPPHT revealed two distinct areas i) photo-induced absorption (PIA) in the spectral 

range of 480-605 nm and >670 nm ii) ground state bleach (GSBQ-band) from 605-650 nm 

overlapped with stimulated emission (SE). The contribution of SE for the molecules was 

observed at 705 nm, 680 nm and 695 nm for HPPHT, CPPHT, and ZPPHT, respectively.  

The PIA of ZPPHT with a maximum near 520 nm illustrated a long-lived TA signal, which 

might be due to the long lifetime of the triplet state. Similarly, for other molecules of 

CPPHT and HPPHT, the PIA maximum was at 510 nm, and decays were faster compared 

to ZPPHT. Among these, the free-base porphyrin HPPHT exhibited a quicker decay time 

(<1 ns). 

 The obtained TA spectra displayed different time evolutions at different spectral 

regions owing to several processes occurring post photoexcitation such as (a) ground state 

bleaching (GSB) (b) excited-state absorption (ESA) and (c) stimulated emission (SE). An 

in-depth analysis of the fs transient absorption spectra was obtained by performing the 

global and target analysis based on a compartmental model29 as illustrated in figure 5.9 and 

using the Surface Xplorer (Ultrafast systems) and Glotaran software.30 
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Figure 5.8 fs-TAS spectra of three different porphyrins in solution phase at different delay 

times at 400 nm photoexcitation for (a) HPPHT (b) CPPHT and (c) ZPPHT. 
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Figure 5.9 Schematic of the target model used to fit TA spectra of synthesized porphyrins 

after 400 nm photoexcitation. 

  

 First, the TA spectra were globally fitted using a parallel and sequential model, 

which yielded both the decay associated difference spectra (DADS) and evolution 

associated decay spectra (EADS).  Both DADS and EADS provide information on the 

growth of difference spectra along with different microscopic rate constants. The obtained 

time constants from the parallel and sequential models were used to estimate the species 

associated difference spectra (SADS) in the target analysis (a combination of parallel and 

sequential model), which contained all the possible branching routes with specific rate 

constants, i.e., the decay of compartments and transfer of population between the 

compartments. Figure 5.10 presents the kinetics of ZPPHT from the TA spectra after global 

analysis obtained at different probe wavelengths. The scattered points represent the 

experimental data, while the solid lines represent the theoretical fits obtained from target 

analysis. We observed an excellent agreement between the experiments and the 

theoretically fitted data.  The characteristic wavelengths were chosen at different portions 

of the TA spectra corresponding to ground state bleach and photoinduced absorption 

process. The obtained time constants from the fits are summarized in table 5.2.  
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Figure 5.10 Kinetics of ZPPHT at selected probe wavelengths after target analysis. Open 

symbols represent data points from experiments, and the solid lines represent theoretical 

fits. 

 

Lifetime 

and decay 

parameters 

 

HPPHT 

 

CPPHT 

 

ZPPHT 
Microscopic rate constants 

HPPHT CPPHT ZPPHT 

1 = 

1/ (k1+ k2) 

333 fs 250 fs 500 fs k1=(1.66 ps)-1
 

k2=(416 fs)-1 

k1=(1.25 ps)-1 

k2=(312 fs)-1 

k1=(2.5 ps)-1
 

k2=(625 fs)-1 

2 = 

1/ (k3+ k4) 

142 ps 20 ps 50 ps k3=(158 ps)-1 

k4=(1.42 ns)-1
 

k3=(22 ps)-1 

k4=(200 ps)-1 

k3=(55.5 ps)-1 

k4=(500 ps)-1
 

3 = 

1/ (k5+ k6) 

6.2 ns 1.5 ns 1.8 ns k5=(8.9 ns)-1
 

k6=(20.8 ns)-1 

k5=(2.16 ns)-1
 

k6=(5.05 ns)-1
 

k5=(2.57 ns)-1
 

k6=(6 ns)-1 

4 = 

1/ (k7)-1 

1.01 µs 0.1 µs 1.23 µs k7= (1.01 µs)-1 k7=(0.1 µs)-1 k7=(1.23 µs)-1 

Table 5.2 Summary of the kinetic parameters of three porphyrin molecules obtained from 

global and target analysis of fs-TA data (3 value was obtained from the TCSPC 

measurements28). The error in the obtained rate constants is estimated to be less than one 

percent. 
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The TA spectra were collected up to a delay of 2 ns and, consequently, the T0 spectra 

cannot be estimated precisely from this data. Therefore, the lowest excited state (S1) 

lifetime was fixed with a time constant that was obtained from time-correlated single-

photon counting (TCSPC) data,28 and the T0 lifetime was set to be in the range of 1-2 µs. 

Under these assumptions, the experimental data fitted well, and the rate constants obtained 

in this manner are summarized in table 5.2. The goodness of the fits is clearly shown in 

figure 5.10. The estimated species associated difference spectra of ZPPHT and respective 

population time profiles are shown in figure 5.11. The first SADS1 spectra is attributed to 

the Sn state, with lifetimes of 250 fs (HPPHT), 333 fs (CPPHT), and 500 fs (ZPPHT). This 

first lifetime 1 corresponds to the internal conversion from Sn states (population transfer) 

to S1 hot state (highest vibrational state of S1). The second lifetime 2 = 142 ps, 20 ps, and 

50 ps correspond to the vibrational relaxation from S1 hot states to thermally relaxed S1 

state with corresponding SADS2 spectra depicted in figure 5.11. The third lifetime 3 = 6.2 

ns, 1.5 ns, and 1.8 ns is assigned to the combination of radiative relaxation from S1 state to 

the S0 state as well as intersystem crossing to the lowest triplet state T0 with SADS3 spectra.  

Finally, the SADS4 spectra and lifetime 4 = 1.01 µs, 0.1 µs, and 1.23 µs can be recognized 

with the T0 state with an excited state absorption peak at 505 nm. The microscopic rate 

constants pertaining to each state obtained from the detailed analysis are summarized in 

table 5.2.   

 

Figure 5.11 illustrates the depopulation of the excited state (Sn) SADS1 spectra 

occurring through two different channels: first, 20% of the population decays through 

radiative process to ground state with 2.5 ps (k1)
-1 time constant.  Secondly, the remaining 

population from the SADS1 goes to the S1 hot state via internal conversion with a time 

constant of 625 fs (k2)
-1. Here k1, k2 correspond to rate constants of kinetics with 1 = 1/ 

(k1+ k2)
-1 and its value was calculated to be 500 fs. From SADS2, 90% of the population 

was found on decaying in non-radiative pathways from S1 hot state to thermally relaxed S1 

state through vibrational relaxation with a time constant of 55.5 ps (k3)
-1. In contrast, the 

remaining population decays through radiative pathway from S1 hot state to ground state 

with time constant of 500 ps (k4)
-1.  The lifetime of the S1 hot state was determined to be 

50 ps from {2 = 1/ (k3+ k4)
-1}. Next, 30% of the population of SADS3 decayed by a 

radiative process to ground state with a time constant of 6 ns (k6)
-1, the lifetime of SADS3 

was constrained to be the value obtained from TCSPC of 1.8 ns from {3 = 1/ (k5+ k6)
-1} 



 

  

 159 

 

Chapter 5 Ultrafast NLO Studies and Excited-state Dynamics of Soret-Band… 

and remaining population undergoes ISC to the lowest triplet state T0 with a time constant 

of 2.57 ns (k5)
-1. Finally, SADS4 very slowly decayed to ground state from T0, with a time 

constant arbitrarily set to 1.23 µs from {4 = (1/ k7)
-1} due to the limitation in detection 

window of our setup. Similar values of these parameters were obtained for the other two 

porphyrin molecules, HPPHT and CPPHT, and the data is listed in table 5.2. Figure 5.12 

illustrates the TA spectra at 300 fs and 2 ns probe delay with an excellent agreement with 

global analysis fitting. 

 
Figure 5.11 (a) Estimated species associated spectra and (b) population decay profiles of 

respective species/states of ZPPHT. The inset shows the enlarged view of population 

profiles up to 20 ps. At 400 nm photoexcitation. 

 
Figure 5.12 Fs-TAS spectra of ZPPHT at 0.3 ps and 2 ns probe delay with global analysis. 

Solid lines are theoretical fits while the open symbols are the experimental data (400 nm 

photoexcitation). 
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From the data presented in table 5.2, it is evident that both ZPPHT and HPPHT 

porphyrin molecules revealed longer relaxation times significantly compared to the 

CPPHT. This could possibly be attributed to either a higher triplet quantum yield (through 

intersystem crossing) or a reduction in the radiative lifetime in the case of ZPPHT due to 

the incorporation of Zinc in HPPHT.28 The obtained rate constants were found to be 

consistent with that reported in recent literature,23-25 thus representing the utility and 

reliability of the analysis scheme used for these new porphyrin moieties. A similar analysis 

was performed for the other two molecules of HPPHT and CPPHT, and the data is shown 

in figures 5.13-5.14.  

 

 
Figure 5.13 (a) SADS spectra (b) population decay profiles (c) shows the goodness of fits 

at probe delay of 0.3 ps and 2 ns of TA spectra (d) decay of different wavelength with 

global fitting of the TA spectra of HPPHT. (Open symbols are experimental data were solid 

lines shows the fits). 
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Figure 5.14 (a) SADS spectra (b) population decay profiles (c) shows the goodness of fits 

at probe delay of 0.3 ps and 2 ns of TA spectra (d) decay of different wavelength after 

global fitting of the TA spectra of CPPHT. (Symbols are experimental data were solid lines 

shows the fits). 

 

5.3.3 NLO studies 

5.3.3.1 Z-scan data analysis  

 The NLO properties of these novel porphyrins were deliberated using the standard Z-

scan technique at the input peak intensity of ~160 GW/cm2. The open aperture (OA) Z-scan 

curves confirmed the presence of reverse saturable absorption (RSA) type of behavior as 

illustrated in figure 5.15 data.  The origin of RSA can be due to either the excited state 

absorption or two-photon absorption. The obtained OA curves were fitted using a standard 

two-photon absorption equation,31 and the obtained NLO parameters are summarized in 

table 5.3. Metal doped porphyrins depict strong NLO coefficients and this improvement 

depends on several factors such as (a) central metal ion (b) intramolecular charge transfer 

and (c) expanded π-conjugated system of these molecules. The closed aperture (CA) Z-

scan transmission data confirmed the presence of self-focusing behavior (positive refractive 
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index n2>0). The CA data were again fitted to a standard equation.31 The magnitudes of the 

NLO coefficients obtained from our molecules were compared with some of the recently 

reported molecules.18, 32-40  Terazima and co-workers18 reported n2 values of 10-15 cm2/W 

for their porphyrin oligomers obtained with ps laser pulses at 800 nm.  The n2 values were 

found to be increasing linearly with the number of porphyrin units, and the meso 

substitution of porphyrin units displayed enhanced two-photon absorption values (2.1-

7×10-11 cm/W). Ahn et al.38 investigated the TPA behavior from expanded porphyrin arrays 

by altering the dihedral angle.  They recorded 2PA cross-section values σ(2) of ~103 GM 

with fs pulse excitation at a repetition rate of 240 kHz.  Further, they found stronger 2PA 

and more prolonged exited state absorption from the aromatic hexaphyrin compared to 

antiaromatic hexaphyrin owing to the extended aromaticity. Recently, an increase/decrease 

of the excited state lifetime and extension of π-electron conjugation have been linked to 

increased 2PA cross-section values in different porphyrin moieties are reported.32-33 Ogawa 

and co-workers40 observed strong 2PA from the butadiyne-linked bisporphyrin system by 

designing donor/acceptor molecules connected to a π-conjugation symmetrically or 

asymmetrically, and they have found an increased σ(2) with a magnitude of ~3.7-76×102 

GM with fs laser pulse excitation at a wavelength of 817 nm. Similar studies were 

performed by Odom et al.,41 wherein they observed the strong electronic coupling between 

(D-π-D) bisporphyrin motifs enhancing the 2PA values (∼6.9- 9.7×103 GM) measured with 

170 fs at 887 nm, arising from the several transitions due to a large number of low-lying 

excited states. Sheng et al.42 have shown D-π-A structures with asymmetric porphyrin 

possess large 2PA cross-section values compared to asymmetric analogues, and they have 

demonstrated a large 2PA cross-section of 6.1×105 GM from pyrenyl substituted 

porphyrins. Mikhaylov and co-workers43 also have reported a large 2PA cross-section 

values (~105 GM) from self-assembled butadiyne Zn-porphyrin nanostructures due to the 

efficient π-conjugation arising from axial oriented π-orbitals. Hisaki et al.44 reported a large 

2PA cross-section values of 9620 GM from doubly β-to-β butadiyne-bridged diporphyrins 

arising from the rigid planar structure. Yoon et al.45 have observed a strong 2PA property 

correlation from hexaporphyrin molecules with a larger number of π-electrons and 

rectangular rigid structures possessing increased polarizability along the molecular 

direction. They have reported 2PA cross-section values of 2600-3100 GM with fs 

excitation.  
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Figure 5.15 (a)-(c) Open aperture Z-scan data (d)-(f) closed aperture Z-scan data of 

HPPHT, CPPHT, ZPPHT, respectively, recorded at 800 nm with fs pulses and at 1 kHz 

repetition rate. 

 

 

Sample 

β 

×10
-13

 

(m/W) 

n
2 

×10
-19

 

(m2/W) 

σ
(2) 

×10
3

 

(GM) 

χ(R) 

×10
-21 

(m2/V2) 

χ (I) 

×10
-22

 

(m2/V2) 

χ (3) 

×10
-21

 

(m2/V2) 

χ (3) 

×10
-13 

(esu) 

HPPHT 1.0 5.8 0.82 6.3 0.7 6.3 4.5 

CPPHT 6.5 6.0 5.4 5.7 4.0 5.7 4.1 

ZPPHT 4.4 13 3.6 120 2.6 12 8.8 

Table 5.3 Summary of the NLO coefficients of porphyrins investigated in the present study 

and obtained using the Z-scan technique at 800 nm. 

 Several factors are expected to influence the 2PA values of porphyrin macrocycles 

such as (a) delocalization of the conjugated π-electrons (b) symmetry of the molecule (c) 

length of π-conjugation and (d) directionality, playing crucial roles in the obtained 

enhanced 2PA values.41-46  From the obtained NLO coefficients, we observed that metal 

doped porphyrin moieties exhibited stronger 2PA cross-section values than free-base 

porphyrin (HPPHT), possibly because of the substantial excited state population as seen 

from the TA Spectra.  It has earlier been proved that porphyrins with different central metals 

demonstrated superior nonlinearities compared to the free-base porphyrins. The obtained 
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TPA cross-section values in the present case were found to be either on par or superior 

compared to some of the recently reported porphyrin molecules (table 5.4). Therefore, we 

firmly believe that these molecules will find applications in optical limiting and TPA-based 

bio-imaging.  The error bars in the NLO coefficients were capped at ±5%, predominantly 

due to errors in the estimation of input peak intensities and variations in the input laser 

pulse energy.  There could also be fitting errors. 

Compound Laser 

parameters 
 

(cm/GW) 

σ(2)
 

(GM) 

Solvent Ref. 

Butadiyne-Linked 

Bisporphyrin (5D) 

887 nm, 170 fs, 

1 kHz 

- 7600 CHCl3 40 

Bis(Porphyrin)-

Substituted 

Squaraine 

775 nm, 140 fs, 

1 kHz 

- 53000 DCM 41 

A3B type porphyrin 1 800 nm, 170 fs, 

1 kHz 

0.148 610000 CHCl3 42 

(c-P12)2·(DABCO)12 

(nanostructures) 

900-1600 nm, 

100 fs, 1 kHz 

- 170000 Toluene 43 

2Zn 800 nm, 100 fs, 

5 kHz 

- 9620 Toluene 44 

[26] [28] hexaphyrins 1200 nm,130 fs, 

5 kHz 

- 2600-

3100 

Toluene 45 

bisporphyrin dimer 3 800-875 nm, 70 

fs, 1 kHz 

- 530000 Chlorofor

m 

46 

PtTBP(CO2Bu)8 800 nm, 150 fs, 

80 MHz 

- 500 DMA 47 

monozincbisporphyri

n 7D 

887 nm, 120 fs, 

1 kHz 

- 7600 CHCl3 48 

H2TTP 800 nm, 100 fs, 

1 kHz 

- 25 Toluene 49 

NiTCTMP 800 nm, 2 ps, 

1 kHz 

0.0052 53690 Chlorofor

m 

50 

DPP-ZnP-ZnP-DPP 910 nm, 120 fs, 

80 MHz 

- 4300 DCM 51 

DPP–ZnP porphyrin 900 nm, 100 fs, 

80 MHz 

- 4000 DCM 52 

meso–meso,–,– 

triply linked 

porphyrin tape (4) 

2.3 m, 130 fs, 

5 kHz 

- 41200 Toluene 53 

(OMe)2TPC Nanosecond, 

1064 nm 

- 67.6 CS2 54 

H2TPYRP, 

H2TPHEP 

800 nm, 

170 fs, 1 kHz 

- 42600 

13600 

Chlorofor

m 

55 

5,16-Di-(4-

bromophenyl)-

 

800 nm, 

 

- 

 

29 

 

DCM 

 

56 
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tetraoxa[22]porphyri

n(2.1.2.1) 

50 fs, 1 kHz 

D--D porphyrins 800 nm, 

50 fs, 1 kHz 

 820 

5400 

3600 

 Present 

work 

Table 5.4 Summary of 2PA cross-section values from recent works on different porphyrin 

molecules. 

5.3.3.2 DFWM Data and Analysis 

The DFWM experiments were performed at 800 nm using five different input 

energies (the same concentrations used for Z-scan measurements were utilized for the 

DFWM measurements). Figures 5.16(a), (c), and (e) data illustrate the cubic dependency 

of the DFWM signals confirming the presence of a third-order NLO process. Carbon 

tetrachloride (CCl4) solvent was used as a reference with a χ(3) value of 4.4×10-14 esu, and 

the χ(3) of the investigated molecules was calculated following a standard procedure.31 The 

obtained NLO coefficients from the DFWM studies and Z-scan studies matched well in the 

orders of magnitude.  The obtained χ(3) values were significantly higher compared to the 

free-base porphyrin molecule. Many researchers have investigated the NLO properties of 

diverse porphyrin moieties with sub-picosecond pulses.32-33,56 The time-resolved DFWM 

data of all the porphyrin molecules are shown in figures 5.16(b), (d), and (e).  The 

exponential decay of the time-resolved DFWM signal (fitted to an exponential decay), as 

shown in figure 5.16, confirmed the origin of nonlinearity, which is mainly due to pure 

electronic contribution. The n2 values were calculated using the following equation n2 

(cm2/W) = (
0.0395

𝑛0
2 ) χ(3) esu. Metal doped porphyrin molecules depicted higher n2 values 

when compared to the free-base porphyrin HPPHT (see table 5.5).  

Molecule (3) (esu) n2 (cm2/W) 

HPPHT 5.13×10-14 1.00×10-15 

CPPHT 6.87×10-14 1.33×10-15 

ZPPHT 7.69×10-14 1.49×10-15 

Table 5.5 Summary of the NLO coefficients obtained from the DFWM technique measured 

at 800 nm with ~70 fs pulses. 
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Figure 5.16 (a) Cubic dependency of the DFWM signal.  Here a.u. stands for arbitrary 

units. (b) time-resolved DFWM signal profile of ZPPHT.  

The obtained NLO coefficients and their magnitudes were found to be similar or higher in 

magnitude than few of the recently reported porphyrin/metalloporphyrin molecules.  

Recently, Narendran et al.37 have reported χ(3)  values of meso-tetrakis porphyrin complexes 

with magnitudes of 10-12 esu obtained using ns pulses. Rao and co-workers35 reported a χ(3) 

value of 10-9 esu from benzoporphyrins with ps laser pulses. Rao and co-workers36 have 

recently published χ(3) values of ~10-12 esu from tetraphenyl porphyrins obtained with a 

continuous wave laser at 671 nm.  Kumar et al.32 extensively studied a few alkyl 

phthalocyanines using the DFWM experiments with ~100 fs pulses and have reported a 

highest χ(3) of 4.31×10-14 esu. Biswas and co-workers reported DFWM measurements with 

70 fs pulses for quinoxalines molecules with highest χ(3) values of 4.35 × 10−14 esu.58  The 
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investigated porphyrin molecules from the present study have demonstrated strong (3) 

values and ultrafast response time. Therefore, we firmly believe that these molecules will 

find applications in areas such as all-optical switching, optical limiting. 

 

5.4 Conclusions 

In this work, a thorough photophysical investigation and the ultrafast NLO studies of three 

novel porphyrins (HPPHT, CPPHT, and ZPPHT) have been performed.  

 Femtosecond transient absorption spectroscopic studies elucidated the evolution of 

excited state photo-processes various photophysical processes. By performing a 

thorough global and target analysis of the TAS data, helps to estimated different rate 

constants for various photophysical processes such as IC from Sn-S1 (k2) hot found to 

be in the range of ~ (300-600 fs)-1and vibrational cooling from S1 hot - S1 (k3) state 

happens in the range of ~ (22 - 158 ps)-1.  

 From S1 the population relaxed to the ground state upon the radiative process as well 

as the lowest triplet state T0 with nanosecond time scale.  

 The NLO properties of synthesized porphyrins were investigated using the fs Z-scan 

and DFWM experimental techniques.  

 The obtained NLO coefficients were found to be stronger in the case of the ZPPHT 

molecule when compared to the other two molecules.  

 The two-photon absorption cross-sections were found to be in the range of 820-5400 

GM, significantly superior to some of the recently reported organic moieties.   

 We firmly believe that these molecules have the potential for various optoelectronics 

and photonics applications.   
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Chapter 6 Ultrafast Photophysical and NLO 

Properties of Free Base and Axially Substituted 

Phosphorus (V) Corroles 

 

Abstract 

In continuation of the work presented in chapter 5, we present results from our investigations 

of ultrafast photophysical processes, and third-order nonlinear optical properties of newly 

synthesized donor-acceptor (D-A) based free-base [(C6F5)3] and phosphorus [P-

(OH)2(C6F5)3] corroles in the present chapter. The global analysis of the femtosecond (fs) 

transient absorption data based on a compartmental model revealed the corresponding 

lifetimes of several photophysical processes such as (a) internal conversion (IC) in the 260-

280 fs range (b) vibrational relaxation (VR) in the 2.5-5ps range and (c) nonradiative 

relaxation times (nr) in the 4.15-7.6 ns range and finally (d) triplet lifetimes in the range of 

25-50 µs. The nonlinear absorption [two-photon absorption (TPA)] measurements were 

performed using fs, kHz pulse Z-scan technique at wavelengths of 600 nm and 800 nm. 

From this data, we retrieved the TPA coefficients and cross-section values (which were 

found to be in the range of ~102 GM). Degenerate four-wave mixing (DFWM) 

measurements illustrated a large third-order nonlinear optical susceptibility χ(3) with a 

magnitude of 6.9×10-14 esu and instantaneous (sub-picosecond) response.  The time-resolved 

DFWM data suggests the contribution of only a pure electronic contribution to the 

nonlinearity of these corroles. The discoveries from this study may help further to extend 

the capability of corroles as NLO materials for photonic applications. 

 

This chapter comprises data from the following publication: 

1. Katturi, N.K., Balahoju, S.A., Ramya, A.R., Biswas, C., Raavi, S.S.K., Giribabu, L. 

and Soma, V.R., Ultrafast photophysical and nonlinear optical properties of novel free 

base and axially substituted phosphorus (V) corroles. Journal of Molecular Liquids, 311, 

113308, (2020).  
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6.1 Introduction 

Unique, organic molecules possessing stable and reliable optical/nonlinear optical (NLO) 

properties are a prerequisite for diverse applications in photonics, bio-imaging, photovoltaic, 

and photocatalysis.1-3 Notably, organic molecules possessing large π-conjugation, specially 

corroles with donor-acceptor (D-A) systems, are suitable for many applications, mainly 

photovoltaics4-8 and frequency up-conversion9 due to close structural similarities of natural 

photosynthetic pigments.10-12 They have also demonstrated strong NLO properties arising 

from a sizeable π-electron conjugation and de-localization.13-18 Organic molecules with π-

bond conjugation are known to show intense dipole moments and create a delocalized 

distribution of electric charges due to intramolecular charge transfer (ICT) resulting in high 

electrical polarization, which is advantageous for significant NLO response.19-24 A few 

research reports on natural photosynthetic phenomena of D-A systems based corroles have 

been reported in the literature.25-29 Such D-A systems have been designed by altering the 

local position of metal ion in the corrole macrocycle.  For example, the substitution could 

be either at the axial or the meso-phenyl location. In the tetrapyrrolic family, corroles are 

new chromophores (that are similar to porphyrinoids) and possess 18 π–electron aromaticity, 

identical to that of porphyrins. Corrole ring consists of four (4) nitrogen atoms at the core 

and 19 carbons atoms in the molecule. When compared to porphyrins, corroles have 

attractive properties such as (a) stability (b) higher fluorescence yields (c) intense absorption 

in the red region of the optical band (d) lower oxidation potentials and (e) significant stoke 

shifts. In corroles, the three central nitrogen atoms can stabilize the higher oxidation states 

of different metals, which make them suitable materials for applications in a variety of 

different fields such as artificial photosynthesis and biomedical applications.9,30 By attaching 

the various metals/transition metals to the corrole macrocycle, it is possible to tune the 

optical properties. This tuning is possible because of a change in the energy gap of the 

molecular orbitals, which can be potentially used for biomedical imaging and sensing.31-35 

Efficient photo-induced electron transfer (PET) and triplet photosensitization can be 

achieved by donor-acceptor based molecular systems with longer relaxation times.4,36-38  

PET is the fundamental process in photosynthesis and different artificial photo-devices. The 

triplet photosensitizers should have efficient intersystem crossing to achieve triplet excited 

states. This is possible by adding the metal/transition metal to the corrole macrocycle 

provided high fluorescence quantum yields.9, 39-43 Liu and co-workers44 have performed a 
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comparative study of the excited state dynamics of Al, Ga corroles wherein they found from 

their studies that corroles are planar rigid frameworks with large Frank-Condon vibration 

states possessing large S2 displacements compared to metalloporphyrins. They recorded 

lifetimes of the S2 states to be ~520 fs and ~280 fs for Al(tpfc)(py) corrole and Ga(tpfc)(py) 

corrole, respectively.  Raavi and co-workers45 recently presented a systematic photophysical 

investigation on a series of Phosphorous (P-TTC) and Germanium (Ge-TTC) based corroles 

dissolved in toluene occurring in the femtosecond to microsecond time scales and concluded 

that Ge-TTC had superior triplet state properties compared to P-TTC. Therefore, 

understanding these ultrafast photophysical processes, especially in newly designed and 

developed molecules, is essential for the development of new systems, enabling them to find 

potential applications. On the other hand, the NLO properties of corroles have evoked 

tremendous interest due to their highly conjugated π-electron distribution compared to 

porphyrins. Several authors have investigated the NLO behavior of different corroles, and 

they found significant NLO coefficients16,46 in comparison with porphyrins. Although the 

NLO properties of corroles are found to be superior to porphyrins, very few reports are found 

in NLO activity. In general, for an efficient NLO application (e.g. optical switching), the 

material should possess high nonlinear refractive index n2 values with an instantaneous 

response. In this work, we have synthesized a novel free-base and axially substituted 

phosphorus corroles. The investigation of their photophysical process and third-order NLO 

properties/responses were studied in the solution phase. The transient absorption studies 

depicted long triplet decay times in the case of phosphorus corrole and strongly excited state 

absorption behavior. We observed significantly strong NLO coefficients and TPA cross-

sections (~190 GM) along with Kerr-type nonlinear refractive index (n2 ~10-15 cm2/W) from 

these synthesized corroles. 

6.2 Experimental Details  

6.2.1 Synthesis 

Synthesis of 5,10,15-tris(pentafluorophenyl)corrole (C6F5-Corrole) and phosphorous 

complex of C6F5-Corrole (P-(OH)2(C6F5)3-Corrole) have been reported in literature 47-48. 

The steady-state UV absorption and emission spectra were obtained by using the 

PerkinElmer spectrophotometer and Fluorolog (M/s HORIBA). The samples were dissolved 

in a pure DMF to prepare the diluted solutions of ~ 25 µM concentration. The prepared 
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samples are filled in a 1-cm quartz cuvette and kept sealed for all the measurements. The 

measurements were performed at room temperature. The fluorescence spectra were recorded 

at 410 nm excitation, and the spectra were obtained in the 300–750 nm spectral range. 

6.3 Results and Discussions 

6.3.1 Steady-state absorption and emission spectra 

 
Figure 6.1 Absorption and emission spectra of (a) (C6H5)3-Corrole and (b) P-(OH)2(C6F5)3-

Corrole in DMF solvent (c) and (d) Molecular structure of the title molecules investigated 

in the present study. 

The steady-state absorption spectra of two corroles (C6F5)3-Corrole and P-(OH)2(C6F5)3-

Corrole are shown in figures 6.1(a) and 6.1(b) (black curves). An intense peak [Soret band 

(S2)] near 430 nm for the free-base corrole was observed, which arises mainly due to the π-

π* electronic transitions from the ground state to the second excited state (S2). The Soret 

band of phosphorus corrole was observed with a blue shift at 410 nm. The inset displays the 

magnified view of the Q-band absorption due to the π-π* transition from the ground state to 

the first excited state (S1). The steady-state emission spectra of the synthesized corroles were 

recorded at 410 nm excitation, as shown in figures 6.1(a) and 6.1(b) (red curves). The 

photophysical parameters and DFT studies were reported in our earlier work,49 with the 

corresponding molecular structure are shown in figures 6.1(c) and 6.1(d). The energies of 
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HOMO-LUMO were 5.80 eV, and 2.88 eV and 5.32 eV and 2.79 eV for phosphorus(V) 

corrole and C6F5-corrole respectively,49-50 and the fluorescence quantum yields are found to 

be Φ=0.53 and Φ=0.14  in phosphorus(V) corrole and C6F5-corrole with singlet excited state 

lifetime of 3.6 ns and 3.7 ns in solution state (dichloromethane).29, 49 
 

 

6.3.2 Transient Absorption Measurements  

 

Figure 6.2 fs-TA spectra of (a) (C6F5)3-Corrole and (b) P-(OH)2(C6F5)3-Corroleat different 

probe delays and TA spectra of (c) (C6F5)3-Corrole and (d) P-(OH)2(C6F5)3-Corrole at a 

shorter time scale up to 10 ps. 

The femtosecond (fs) transient absorption (TA) measurements were performed at 

Soret band photoexcitation with 400 nm wavelength. The TA spectra were measured up to 

3 ns delay from 450- 780 nm wavelength range. Figures 6.2(a)-(b) depict the transient 

absorption spectra of the C6F5-Corrole and P-(OH)2(C6F5)3-Corrole recorded in DMF 

solvent. The phosphorus corrole exhibited a strong photobleach signal at 590 nm compared 

to free-base corrole indicating with slow recovery due to the possible formation of long-

lived photo-excited species perhaps resulting from a higher triplet yield. The TA spectra 
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illustrated three different absorption peaks upon photoexcitation I) photo-induced absorption 

band in the spectral range 450-550 nm due to excited state absorption including the 

formation of triplet-triplet state absorption II) a negative signal in the spectral range of 556-

615 nm due to S0 ground state bleach (GSB) with Q-band vibrational features and III) 

stimulated emission peak near 647 nm for phosphorus corrole and 685 nm for free base 

corrole. A closer look into the TA spectra of phosphorus corrole up to 10 ps, data of which 

is shown in figures 6.2(c)-(d), revealed various processes:  

i. After the photoexcitation with 400 nm positive bands at 465 nm and 714 nm and 

negative bands at 590 nm and 566 nm are instantaneously formed, and the positive 

groups are assigned to singlet excited state absorption whereas the negative 

signals to ground state bleach 

ii. The bleach maximum at 590 nm of phosphorus corrole increases up to 50ps, and 

the Q vibrational band at 570 nm stays up to 1 ps time scale 

iii. The stimulated emission peak near 645 nm, that continues to increase up to 100 

ps and after that starts decaying which is due to the relaxation of singlet relaxed 

excited state [figures 6.2(a)-(b)]. 

In the case of free base corrole, the SE band near 685 nm decayed within 1 ns and 

the bleach maximum at 620 nm increased up to 10 ps. On a 10 ps time scale, a blue shift in 

the spectra shown in figures 6.2(c)-(d), is evident from both the spectra. After that, it was 

observed to start decaying continuously.  This represents the two different species spectra 

before and after a 10 ps time scale, which could be due to the vibrational relaxation to the 

S1 excited state at that time scale. The longer decay of the bleach signal due to the loss of 

excited state absorption confirms the formation of triplet states, as seen in figures 6.2(a) and 

6.2(b).   

Understanding the ultrafast photophysical process by single wavelength analysis is 

difficult due to the overlapping of different photo-processes. Therefore, global analysis 

based on target model was performed on both the spectra free-base and phosphorus corrole 

to get a comprehensive picture of the various photo-processes involved such as A) internal 

conversion (from the lowest vibrational states of Sn to the highest vibrational states of S1) 

B) vibrational relaxation (within the S1 state) C) nonradiative relaxation [including the 

intersystem crossing (S1 states to T1 states) and (S1 states to S0 states) and D) triplet decay 
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(T0-S0) wherein the population from T0 states relaxes to ground state S0.  Figure 6.3 shows 

the TA kinetic profiles along with fittings at selected wavelengths for phosphorus corrole 

and free-base corrole obtained after the target analysis. The displayed wavelengths represent 

different photo-processes after photoexcitation at 400 nm. The kinetics of phosphorus 

corrole at Q-band at 590 nm (GSB) did not decay even after 3 ns, which suggests the 

formation of long-lived excited species. The kinetics of the SE band maxima at 648 nm 

decayed within ~2 ns in the case of phosphorus corrole, whereas in the case of free-base 

corrole kinetics of the SE band at 683 nm completely decayed within 1 ns suggesting the 

formation of triplet states at these time scales. A kinetic analysis based on a compartmental 

scheme was implemented by using a photophysical model, as shown in figure 6.4, which 

helped us to estimate the spectra of excited species providing corresponding species 

associated difference spectra (SADS) and microscopic rate constants of individual species 

shown in figure 6.5. 

 
Figure 6.3 TA kinetics of (a) (C6F5)3-Corrole and (b) P-(OH)2(C6F5)3-Corroleat selected 

wavelengths scattered points are experiential data while the solid lines are theoretical fits. 

 
 

 

     Sample 

kIC 

1012 s-1 

(IC) 

kVR 

1012 s-1 

(VR) 

kr 

109 s-1 

(r) 

knr 

109 s-1 

(nr) 

kT0 

 104 s-1 

(T0) 

C6F5-Corrole 3.5 

(280 fs) 

0.2 

(5.0 ps) 
0.0392  

(25.5 ns) 

0.2622 

(4.15 ns) 

2 

(50 µs) 

P-(OH)2(C6F5)3-

Corrole 

3.8 

(260 fs) 

0.4 

(2.5 ps) 
0.1484 

(6.7 ns) 

0.1316 

(7.6 ns) 

4 

(25 µs) 

Table 6.1 Estimated photophysical parameters of the corroles investigated obtained from 

the global analysis. The values in the parenthesis indicate the relevant lifetimes. 
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Figure 6.4 Schematic of the representative energy band model taken for global analysis. 

 

Figure 6.5 shows the target analysis for the phosphorus corrole and free-base corrole 

TA spectra with respective SADS (left) and population (right) decay profiles. From the 

target analysis of the phosphorus corrole TA spectra based on the photophysical model 

(figure 6.4), we estimated the internal conversion (IC) rate (Sn to S1
* states) as kIC = 3.8×1012 

s-1 corresponding to a lifetime of 260 fs, vibrational relaxation (VR) rate (from S1
* to S1 

states) constant as kVR = 4×1011 s-1 corresponding to a lifetime of 2.5 ps and triplet relaxation 

from T0 to S0 with life time estimated to be 25 µs. The lifetime of S1 state was fixed using 

the value obtained from the TCSPC measurements, which was 3.6 ns. We used TCSPC = 

[1/(kr + knr)] wherein ‘TCSPC’ is the lifetime obtained from measurements and kr being the 

radiative decay rate and knr being the nonradiative decay rate (the population from S1 state 

can come down to the ground state of S0 directly or through T0 (via ISC). 29, 54 From S1 state 

53% of population goes radiatively to the ground state with 6.7 ns lifetime (obtained from 
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fluorescence quantum yield), and the remaining 47% is transferred to non-radiatively with 

a 7.6 ns lifetime constant. In case of free-base corrole the life time of S1 state was obtained 

as 3.7 ns, where 14% population from S1 state goes radiatively to S0 with a lifetime of 25.5 

ns and 86% of population is transferred non-radiatively to the ground state with a lifetime 

of 4.15 ns. We have obtained an excellent agreement between the theoretical fits and the 

experimental TA data.  

 
Figure 6.5 SADS (left) and concentration profiles (right) of (a, c) (C6F5)3-Corrole and (b, d) 

P-(OH)2(C6F5)3-Corrole. 

Figure 6.6 demonstrates a significant overlap (good agreement) of the TA data 

(represented by the scattered points) and theoretical fit (represented by solid lines) at 0.3 ps 

and 3 ns probe delay times of the synthesized corroles. Table 6.1 summarizes the estimated 

photophysical parameters from the target analysis.  The errors in the lifetimes were expected 

to be <1%.  Figures 6.5(a) and 6.5(c) illustrate the SADS spectra of two corroles and 

individual population decay profiles while figures 6.5(b) and 6.5(d) show the population of 

different excited states after photoexcitation with a wavelength of 400 nm. The SADS 

spectra of corroles bring the distinction between different processes, the SADS1 (left) 

corresponds to the formation of higher excited state Sn and SADS 2, and 3 represents the 
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vibrational hot S1
*states and relaxed S1 state. The SADS4 could be due to the relaxation of 

the triplet state. 
 

 
Figure 6.6 fs-TA spectra of (a) (C6F5)3-Corrole and (b) P-(OH)2(C6F5)3-Corroleat a 

pump−probe delay of 0.3ps and 3 ns depicting an excellent agreement of the global fitting 

(solid line) with the experimental data (circles). 
 

6.3.3 Nonlinear Optical Properties 

6.3.3.1 Z-Scan data and analysis  

The third-order NLO properties of synthesized Corrole were investigated at 600 nm and 800 

nm wavelength by using a 50 fs laser pulses using a Z-scan technique with an input intensity 

of ~50 GW/cm2. All the measurements were performed in a solution phase at room 

temperature with solution processing concentration ~0.1 mM in pure DMF. From the 

obtained Z-scan transmission curves, two-photon absorption coefficient (β) and nonlinear 

refractive index (n2) and corresponding third-order nonlinear susceptibility χ(3) were 

extracted. The open aperture (OA) transmission curves show the reverse saturable 

absorption behavior, as shown in the data presented in figures 6.7 and 6.8. The OA 

transmission curves were fitted using a standard two-photon absorption equation (1), 

                         𝑇𝑂𝐴(𝑛𝑃𝐴) =
1

[1+(𝑛−1)𝛽𝑛𝐿(
𝐼0

1+(
𝑍

𝑍0
)

2)

𝑛−1

]

1/𝑛−1                                                     (1) 

                                 𝑇𝐶𝐴 = 1 ±
4Δ𝜙(

𝑍

𝑍0
)

[(
𝑍

𝑍0
)

2
+9][(

𝑍

𝑍0
)

2
+1]

                                                                      (2) 
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where L is the effective path length of the sample 𝐿𝑒𝑓𝑓 = 1 − 𝑒−𝛼0𝐿/𝛼0, Z0 is the Rayleigh 

range 𝑍0 = 𝜋𝜔0
2/𝜆, ω0 is the beam waist at focus (Z=0), I0 is the peak intensity.  

The two-photon absorption (TPA) cross-sections were obtained from 𝜎𝑛 =

(ℏ𝜔)𝑛−1

𝑁
𝛽𝑛 (n=2) where ω is input laser frequency, and N is the concentration of the sample. 

The obtained NLO coefficients are listed in table 6.2. The errors in the NLO coefficients are 

estimated to be <5% arising predominantly from input peak intensity estimation. Phosphorus 

corrole exhibited a strong two-photon absorption coefficient (4.6×10-13cm/W) compared to 

free-base corrole, possibly due to the effect of phosphorous ion.16, 49, 51 The TPA cross-

section values were found to be stronger compared to some of the recently reported 

molecules.16-17, 46, 51-53 Figures 6.7 (b)-(d) and 6.8 (b)-(d) illustrate the closed aperture Z-scan 

curves. The valley followed by a peak signature suggests positive n2 and a self-focusing 

behavior with a magnitude of ~10-15 cm2/W. We measured the nonlinearity of the solvent 

also and found that the solute plus solvent nonlinearity was higher than that of solvent 

nonlinearity alone. It is pertinent to mention here that the n2 measured was for the solutions 

prepared with typical mM concentrations.  One needs to prepare thin solid films using these 

molecules or doped them into glasses to ascertain the actual magnitude of the solute 

nonlinearity.  Further, there is a finite probability of laser pulses heating up the solvent, 

thereby resulting in thermal contribution to the overall nonlinearity. However, since the 

pulse duration is extremely short, and the input pulse energies are too low, we believe that 

the thermal contribution in this case could be minimal and may require further experiments 

to quantify that.  

The TPA in D-A systems is usually accompanied by a charge transfer process 

between donor and acceptor molecules such as metal and transition metal ions.53 Rao et al.13 

recently reported that TPA coefficients from tritolylcorrole (TTC) and triphenylcorrole 

(TPC) are in the range of 10-13 cm/W, using ~40 fs laser pulses at 800 nm. Further, Anusha 

et al.51 reported the TPA coefficient from germanium-substituted TTC (GeTTC) and 

phosphorus substituted TTC (PTTC) corroles with a magnitude of ~10-12 
cm/W using ~2 ps 

pulses again at 800 nm. Garai and co-workers17 have thoroughly investigated the NLO 

properties of trans-A2B-corroles, and they reported values of TPA (β) coefficients and 

nonlinear refractive index (n2) values of 10-13 cm/W and ~10-14 cm2/W obtained using 250 

fs pulses at 80 MHz at 1064 nm. Recently, Yadav etal.46 studied the NLO activity of push-
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pull trans-A2B corroles with ~150 fs pulses but at MHz repetition rate (femtosecond 

oscillator pulses). They found strong nonlinear coefficients by two-electron withdrawing 

groups at meso position.  

Rebane et al.16 have recenrly demonstrated TPA cross-section values of 60-130 GM 

(~70 fs,1 kHz repetition rate laser pulses) in meso-substituted A3 corroles, and they found 

that the cross-section values depended on electron accepting capability of the substituents. 

The axially substituted phosphorus corrole has more robust NLO activity compared to free-

base corrole, possibly due to minimization of aggregation. Organic molecules-based donor-

acceptor systems can have significant dipole moments by altering the donor or acceptor ions 

providing strong π-conjugation, and may produce intense electronic polarization. The 

enhancement of the obtained NLO coefficients from the phosphorus(V)corrole could be 

attributed to its strong electron withdrawing nature from the pentafluorophenyl group and 

possibly a strong intramolecular charge transfer between phosphorus and pentafluorophenyl 

group which creates the large dipole moments. The TPA coefficients and corresponding TPA 

cross-section values suggest that the synthesized corroles can find applications in two-

photon absorption-based bio-imaging, photonics, and optical switching devices. 
 

 
Figure 6.7 (a)-(c) Open aperture Z-scan data (d)-(d) closed aperture Z-scan data of (C6F5)3-

Corrole and P-(OH)2(C6F5)3-Corrole, recorded at 600 nm with 50 fs, 1 kHz pulses. 
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Figure 6.8 (a)-(c) Open aperture Z-scan data (d)-(d) closed aperture Z-scan data of (C6F5)3-

Corrole and P-(OH)2(C6F5)3-Corrole, recorded at 800 nm with 50 fs, 1 kHz pulses. 

 

Table 6.2 Summary of the NLO coefficients of corroles obtained using the Z-scan technique 

at 800 nm.
 

6.3.3.2 DFWM Data Analysis 

The DFWM experiments were performed at 800 nm in the forward BOXCAR-

geometry.  Figures 6.9(a)-(c) illustrate the cubic dependence of the DFWM signal on the 

input energy, confirming the presence of a third-order NLO process.  The measurements 

were performed in the solution phase (~0.1 mM concentration and dissolved in DMF) 

 

Sample 

 

λ 

nm 

α2 

cm/W 

×10-13 

σ(TPA) 

GM 

n2 

cm2/W 

×10-15 

χ(R) 

m2/v2 

×10-21 

χ(I) 

m2/v2 

×10-24 

χ
(3) 

m2/v2 

×10-21 

χ
(3) 

esu 

×10-13 

P-(OH)2(C6F5)3-

Corrole 
 

 

800 

4.6 190 2.3 2.5 3.2 2.50 1.80 

C6F5-Corrole 3.2 130 1.4 1.5 2.2 1.50 1.10 

P-(OH)2(C6F5)3-

Corrole 
 

 

600 

4.4 181 2.0 2.15 2.3 2.14 1.54 

C6F5-Corrole 2.5 103 2.1 2.25 1.3 2.24 1.61 
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indicates the nonlinearity acts as Kerr-like fashion (with a slope of ~3.04). DFWM is an 

efficient technique to obtain the overall magnitude of χ(3) since the effect of linear scattering 

does not contribute to the signal, as in the case of the Z-scan technique. DFWM, however, 

provides the time response of the optical nonlinearity in addition to the magnitude. Z-scan 

measurements have contributions occasionally from linear scattering, sample imperfections, 

and laser beam shape. Thus, DFWM experiments are a better choice to measure the absolute 

magnitude of third-order nonlinearity when the sample possesses scattering or other issues. 

A pure solvent [Carbontetrachloride (CCl4)] was utilized as a reference with χ(3) = 4.4×10-14 

esu and the third-order nonlinear susceptibility χ(3) was calculated using the standard 

procedure.54  We have noticed a slightly higher value of χ(3) in phosphorus corrole compared 

to the free-base corrole. The χ(3) values were 6.2×10-14 esu and 6.9×10-14 esu for (C6F5)3-

Corrole and P-(OH)2(C6F5)3-Corrole, respectively. A χ(3)of 4 ×10-14 esu was obtained from 

the pure solvent (DMF) measured at the same experimental conditions. The χ(3) values 

obtained in the DFWM and Z-scan experiments vary slightly (by a factor of 2-2.5) and this 

could possibly be attributed to the stringent alignment in DFWM experiments wherein we 

perhaps have underestimated the value and have slightly overestimated the values in the Z-

scan experiments owing to errors in the peak intensity measurements. 

 
Figure 6.9 Cubic dependency of the DFWM signal on input energy and time-resolved 

DFWM signal profiles of (a, d) (C6F5)3-Corrole, (b, e) P-(OH)2(C6F5)3-Corrole and (e, f) 

DMF solvent.The solid line is theoretical fits, and scattered points are experimental data. 
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The time-resolved DFWM signal was recorded as a function of probe delay, and the 

signal was found to be nearly symmetric about the zero delay. The TR-DFWM signal was 

fitted to a Gaussian function. The full-width half maxima (FWHM) of ~110 fs confirmed 

the instantaneous response, which suggests the pure electronic contribution (Kerr effect) to 

the nonlinearity as shown in the data of figures 6.9(d)-(f). The obtained χ(3) values are similar 

or higher in magnitude than some of the reported works on metal-based organic moieties 

such as metallophthalocyanines and porphyrins.55-56 The fast response and strong magnitude 

of χ(3)  suggest these molecules can find applications in all-optical switching and optical 

limiting. 

6.4 Conclusions 

 Detailed photophysical investigations and the ultrafast NLO studies of two axially 

substituted phosphorus P-(OH)2(C6F5)3-Corrole and free-base (C6F5)3-Corroles have been 

performed successfully. Femtosecond transient absorption spectroscopic measurements 

elucidated the evolution of various photophysical processes. With the specific target analysis 

of the TA spectra, we estimated rate constants for IC, VR, nonradiative, and triplet 

relaxation.  From the analyzed TAS data, we noticed that phosphorus corrole displayed 

strong excited and triplet state properties compared to the free-base corrole. The third-order 

NLO properties of these novel corroles were explored using the Z-scan, DFWM 

techniques/experiments with fs, kHz pulses. The obtained NLO coefficients were found to 

be stronger in both the corroles compared to some of the recently reported corrole molecules. 

The TPA cross-sections were found to be considerably large (30-190 GM) compared to 

some of the recently published data obtained from organic moieties based on donor-acceptor 

systems. The closed aperture measurements confirmed a positive nonlinearity, suggesting 

self-focusing behavior with a magnitude of 2.3×10-15 cm2/W (measured for 25 M 

concentration solutions). The transient absorption measurements of donor-acceptor P-

(OH)2(C6F5)3-Corrole confirmed a fast excited-state nonradiative relaxation or energy 

transfer, which can possibly assist in enhancing the nonlinear optical response in these 

molecules. DFWM measurements established reasonably large χ(3) values in the range of 

6.2-6.9 ×10-14 esu (in solution). Time-resolved DFWM depicted an instantaneous response 

of χ(3), which confirmed the presence of a pure electronic nonlinearity. We believe that these 

synthesized molecules have strong potential for various optoelectronics and photonics 

applications. 
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Chapter 7 Femtosecond Transient Absorption 

and Coherent Anti-Stokes Raman Spectroscopic 

Studies of Nitro/Nitrogen Rich Aryl-Tetrazole 

Derivatives 

 

Abstract 

Femtosecond Coherent anti-Stokes Raman Spectroscopy (CARS) and transient absorption 

(TA) experiments were performed on amino and nitro substituted tetrazole derivatives to 

comprehend the intramolecular vibrational redistribution (IVR) dynamics (via vibrational 

couplings) and the complete excited state dynamics. The present study is advantageous in 

enhancing the applications of energetic materials since the nitro substituted tetrazole 

derivative demonstrated energetic properties those comparable with the secondary 

explosives such as RDX and TNT. Fourier transforms of the recorded CARS transients 

revealed the possible IVR mechanisms in tetrazole-N-(hetero)aryl derivatives. Further, the 

coherent vibrational decay times estimated from the CARS transients were in the range of 

120 fs to 200 fs. From the kinetic analysis of the femtosecond transient absorption data a 

possible relaxation mechanism from excited electronic states to ground state is discussed. 

The nitro substituted tetrazole derivative, due to its high contents of nitrogen, has 

demonstrated a faster relaxation from upper excited states compared to amino substituted 

tetrazole derivative and its significance is discussed. 
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7.1 Introduction 

The invention of ultrafast lasers brought novel possibilities of probing and 

understanding the ultrafast phenomena such as electronic and vibrational dynamics in both 

excited/ground state of a variety of molecules.1-5 Energetic materials (EMs) store enormous 

energy in the chemical form that can be easily converted to kinetic energy by molecular 

decomposition and thus retrieved chemical energy can be used in industrial and military 

applications.5 Excited-state dynamics of the energetic materials provide an insight into the 

molecular decomposition mechanisms for different ignition processes, such as heat, shock 

and compression waves etc..6-8 It was reported that compression of the material at a pressure 

of 30 GPa or above could induce an electronic excitation nearly equal to the lowest singlet 

excited states of EMs (2-2.5 ev).8-9 The detailed investigation of electronic, chemical and 

structural changes of the excited states of EMs enables us to comprehend the behaviour of 

EMs at the molecular level. The velocity of the detonation wave in an explosive is about 

10 km/s. This means at molecular dimensions, the time it takes to go over is about 100 fs. 

To equip the energy needed for a sustained detonation wave, some molecular processes 

must be efficient to release energy within the molecular transit time. Therefore, excitation 

of EMs by UV laser pulses provides an effective means of studying the excited state 

decomposition of these materials. Consequently, great research was performed to 

understand the reaction mechanisms to advance the inherent properties of EMs along with 

the enhanced safety measures.10-16 The non-radiative transitions of the excited states of the 

molecules produce local heating that causes to form hotspots which initiate the chain 

reactions in EMs.17 Further, it was stated that infrared (IR) photons play a prominent role 

in the generation of such hotspots.18 In the microscopic view, the heat or shock front can 

be viewed as the superposition of molecular vibrations of chemical bonds and as the series 

of phonons. Under the influence of shock waves, the EMs experience a series of energy 

transfer processes before the disruption of their bonds. When an EM is influenced by a 

shock wave, initially, a number of phonons will be generated and later, the low-frequency 

vibrational modes will be excited through phonon-vibron coupling known as multi-phonon 

up-pumping.19-20 

The vibrational energy transfer takes place from one vibrational mode to another 

mode which is called as intramolecular vibrational redistribution (IVR). During the  IVR, 

distributed energies localized in one or a few chemical bonds results in the dissociation and 
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it initiates the ignition11.  Therefore, IVR can directly affect the vibrational energy transfer 

and breaking of chemical bonds in EMs. However, the visualization of ultrafast coherent 

phenomenon such as IVR is tedious since it involves the coupling of several vibrational 

modes.21 In this context, excitation and relaxations of vibrational modes in EMs are usually 

performed with UV or IR excitation and these processes happens in fs domain. The EMs 

can be excited to higher states with UV illumination and this leads to decomposition.22-23 

Documented outcomes reveal that the ground electronic, vibrational states of EMs have 

been recognized to be prominent in the energy transferring processes. 

Nitro-substituted arene compounds are very important in the field of defence and 

civilian applications due to their extended energetic properties.24 However, the well-known 

polynitro arenes such as TNT, TATB, Picric acid etc. exhibit moderate performance.25 

Recently, it was reported that the derivatives of azole substituted polynitro-arenes enhance 

densities and performance.26 Especially, the substitution of azoles such as triazole or 

tetrazole improves the positive heat of formation due to the presence of higher amounts of 

nitrogen.27-30 In this context, Kommu et al. reported  that the tetrazole substituted polynitro-

arene derivatives exhibit superior energetic properties than TNT.31  In this regard, Coherent 

anti-Stokes Raman spectroscopy (CARS) is an efficient technique to probe the ground state 

vibrational dynamics of the molecules with higher temporal and spectral resolutions in both 

gas and liquid phases.32-39 CARS is a nonlinear spectroscopic technique that eliminates the 

low scattering cross-section of the natural Raman process. Spontaneous Raman is an 

incoherent process wherein the photons scatter in all the directions. In contrast, CARS is a 

coherent technique in which all the Raman scattered photons emerge out in one direction 

similar to a laser. Coherent Raman spectroscopy is a versatile technique for imaging and 

characterizing the materials even with strong fluorescence background. Employment of 

ultrafast lasers enables the novel possibilities of time and frequency-resolved 

spectroscopies to probe the vibrational dynamics that occur in the time scales shorter than 

molecular vibration period ~100 fs. In a femtosecond time-resolved CARS (TR-CARS) 

experiment, several vibrational modes of the molecules can be excited simultaneously, and 

the relaxation processes can be probed in real-time.  TR-CARS also enables us to estimate 

the dephasing times and collisional relaxation times of the interested vibrational modes in 

solutions. 
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Additionally, TR-CARS facilitate to investigate the excited state dynamics of 

vibrational modes. However, the excitation of molecular vibrational modes with fs 

broadband pulses in CARS experiment limits the spectral resolution and this can be 

eliminated by employing pulse shaping techniques 40-42 to trigger selective absorptions. The 

analysis of TR-CARS spectra provokes the insight on intermolecular interactions as well 

as the molecular structure. To understand the molecular dynamics of the complex and 

nitrogen-rich EMs (tetrazole-N-(hetero) aryl derivatives namely 2,6-dinitro-4-(1H-

tetrazole-1-yl)aniline (C7H5N7O4) and 1-(3,4,5-trinitrophenyl)-1H-tetrazole(C7H3N7O6) 

femtosecond TR-CARS has been employed. To avoid the ambiguity in the description of 

the recorded TR CARS data, of two nitro substituted molecules, 2,6-dinitro-4-(1H-

tetrazole-1-yl)aniline (C7H5N7O4) and 1-(3,4,5-trinitrophenyl)-1H-tetrazole(C7H3N7O6) 

are labelled as 6 and 8, respectively. Furthermore, to understand the complete process of 

excited state decomposition of EMs, the topography of excited-state potential surfaces is 

also an important parameter.8 The conical intersections due to the crossing of excited 

potential surfaces play an essential role in the exited electronic state process of EMs. 

Moreover, the nonradiative relaxation processes of excited states can lead to the formation 

of hotspots which can initiate the chain reaction of EMs.9 The excited state decomposition 

happens in a sub-picosecond time scale, which can be probed by using an ultrafast pump-

probe technique.11-15, 19 The dynamical and spectral properties of high energy materials are 

rarely studied due to their absorption which lies in the UV region for most of the explosives. 

Direct optical excitation can initiate the excited state decomposition in high energy 

materials, thus understanding this process may have implications of developing novel EMs 

for optical initiation.16 From the quantum chemical theory and data from time-resolved 

spectroscopies suggest the potential energy surfaces of electronic excited and ground states 

have a crucial role in photochemical pathways in EMs and can give insight into the probing 

of conical intersection and transition sates.17-18 The initial decomposition product after UV 

excitation from nitrated explosives is found to be NO molecule due to the ultrafast internal 

conversion from the excited electronic state to ground state in the presence of conical 

intersection is reported.8, 15 In continuation of efforts in understanding the excited state 

dynamics of EMs, we have performed femtosecond (fs) transient absorption studies on 6 

and 8.20 The structure of tetrazole derivatives conserves more energy than other azole 

derivatives and exhibits a high positive heat of formation and excellent detonation 

performance. 
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7.2 Experiments 

The synthesis procedures of amino (6) and nitro (8) substituted tetrazole derivatives 

were reported elsewhere.31 The compounds 6 and 8 were dissolved in acetonitrile to prepare 

~1 mM solution which are used for all the measurements. The UV-Visible absorption 

spectra were collected using a Shimadzu model 1700 spectrophotometer and fluorescence 

spectra is collected using a Fluorolog-3 spectrofluorometer (HORIBA) at 400 nm 

wavelength excitation. The experimental details of Coherent Anti-stokes Raman and 

transient absorption spectroscopic techniques are discussed and presented in detail in 

chapter 2. 

7.3 Results and Discussion 

7.3.1 Raman studies 

The spontaneous Raman spectra (Horiba LabRAM HR –Evolution, at 785 nm exciting line) 

of samples 6 and 8 are shown in figure 7.1 and the corresponding Raman modes with their 

labels are provided in table 7.1. The theoretical calculations were performed with Gaussian 

software using functional B3LYP6-331G(DP) for the peak assignments. It is found that the 

experimental and calculated results agreed well. 

 

Figure 7.1  Experimental and theoretical Spontaneous Raman spectra of compounds (a) 6 

and (b) 8.  
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Table 7.1 Experimental and theoretical Raman modes and their labels for compound 6 and 8. 

Experiment 

compound 

6 

 

 

Theory 

 

 

Labelling 

Experiment 

compound 

8 

 

Theory 

 

Labelling 

(υ1) 720 711 H-N-H twisting 
(υ1) 821 796 

C-H rocking, C=C=C 

wagging 

(υ2) 773 786 
Ring elongation 

(Benzene) 
(υ2) 841 854 C-H wagging 

(υ3) 818 822 

Ring deformation, 

NO2 scissoring, 

N=N-N wagging 
(υ3) 920 914 C-H wagging 

(υ4) 920 916 

Ring elongation, 

NO2 scissoring, C=N 

stretching 
(υ4) 946 941 C-H wagging 

(υ5) 1006 1007 
C-H wagging 

(tetrazole ring) 
(υ5) 992 994 

N=N-N stretching 

(Tetrazole ring) 

(υ6) 1076 1071 
C-H wagging 

(Benzene ring) 
(υ6) 1077 1073 

C=H stretching, C-N 

stretching, N=N-N 

stretching, C-H 

rocking 

(υ7) 1109 1104 
C-H wagging 

(Benzene ring) 
(υ7) 1154 1166 

C-H rocking, ring 

elongation (Benzene 

ring) 

(υ8) 1207 1201 

C-H rocking 

(Tetrazole and 

Benzene rings) 
(υ8) 1302 1338 

N=N stretching, 

C=C=C asymmetric 

stretch 

(υ9) 1231 1228 

C-N stretching, C-H 

rocking (Tetrazole 

and Benzene rings) 
(υ9) 1335 1338 

N=N stretching, 

C=C=C asymmetric 

stretch 

(υ10) 1337 1338 
N-N stretching, C-H 

wagging 
(υ10) 1363 1363 

N=N stretching, 

C=C=C asymmetric 

stretch 

(υ11) 1374 1381 
N-N stretching, C-H 

wagging 
(υ11) 1460 1453 

C-H rocking, C=C 

stretching, C=N 

stretching 

(υ12) 1401 1389 

H-N-H rocking, 

N=O stretching, C-H 

wagging 
(υ12) 1493 1492 

C=N stretching, C=C 

stretching 

(υ3) 1466 1440 

C=N stretching, ring 

stretching (Benzene), 

C-H rocking 
(υ13) 1630 1632 

NO2 asymmetric 

stretching, C=C=C 

asymmetric stretching 

(Benzene ring 

deformation) 
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(υ4) 1517 1531 

H-N-H scissoring, 

C=N stretching, 

C=C=C symmetric 

stretching, N=N 

stretching 

(υ14) 1574 1612 

O=N=O asymmetric 

stretching, C=C=C 

asymmetric stretching 

(υ15) 1551 1558 

C=C asymmetric 

stretching, NH2 

wagging, C-H 

wagging, N=O 

stretching 

(υ15) 1628 1632 

O=N=O asymmetric 

stretching, C=C=C 

asymmetric stretching 

7.3.2 Time-Resolved CARS 

Figures 7.2(a), (b) illustrate the time and frequency-resolved CARS spectra of sample 6 

and 8 respectively. The data is illustrated in a contour map at each probe delay, varying 

from -300 fs to 800 fs with a frequency range of 750-1850 cm-1. The 2D contour plots 

showcase the complex nature of CARS signal with spectral features in the frequency 

domain and oscillation features in the time domain. These are confirmed by the vibrational 

modes in the frequency domain and Fourier transform of the transient CARS traces 

compound 6 and compound 8. The frequency-resolved CARS spectra at 200 fs, as 

illustrated in figures 7.2(c) and (d), are evidently free from the non-resonant background as 

around the zero delay. The loss of spectral resolution due to femtosecond pulse probing is 

evident from figures 7.2(c) and (d) since several vibrational modes are simultaneously 

excited and overlapped with each other. Figures 7.2(e) and (f) depict the CARS signal along 

with the pump and Stokes spectra, which confirm the blue-shifted CARS signal.  Figures 

7.3 and 7.4 illustrate the time-resolved CARS (TR-CARS) signals for sample 6 investigated 

at 818 cm-1, 1337 cm-1, 1466 cm-1 and sample 8 investigated at 843 cm-1, 1393 cm-1, 1461 

cm-1, respectively. The TR-CARS signals have different features such as the non-resonant 

electronic background around zero delay, exponential decay arising from the population 

relaxation, and the oscillation which corresponds to the vibrational coupling. The TR-

CARS trace has been fitted with a single exponential function that yields the coherent 

vibrational decay time ~120-200 fs. Negative exponential fitting was carried out (Figures 

7.3 and figure 7.4) and error bars were kept in the traces to represent 5% error in the data 

points which can be attributed to the pulse to pulse energy fluctuations caused by the laser 

amplifier of rep rate 1 kHz. The Fourier transform of the resonant TR-CARS trace reveals 

the vibrational couplings between different vibrational modes with beat frequencies listed 

in table 7.2. 
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Figure 7.2  Time-resolved CARS signal of compound (a) 6 and (b) 8showing beat structure. 

Spontaneous Raman (blue) and CARS signal (red) of (c) 6 and (d) 8 (e,f) CARS signal, 

pump, and Stokes beams for compound 6 and 8 respectively. 

Due to the intramolecular vibrational mode interferences, quantum beats can be observed. 

Quantum beats can be obtained due to the coherent evolution of the quantum wavefunctions 

of the single molecule. Unlike vibrational polarization beats which are due to 

intermolecular vibrational mode interferences, quantum beats are the consequence of intra 

molecular vibrational mode interferences. The occurrence of vibrational polarization beats 

or quantum beats certainly depends on the fact that how the molecular medium is probed. 

If the probe pulses energy density is above the dissociation threshold energy of the molecule 

under consideration, then vibrational polarization beats can be seen with shorter life times. 
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With probe pulse energies below the threshold, CARS polarization is long-lived and, 

consequently, the contribution from different vibrational states will be cancelled out, due 

to which vibrational polarization beats may not be seen in the spectrum. Though we believe 

the observed oscillations are quantum beats, in principle one cannot ignore the occurrence 

of vibrational polarization beats those fall under the coherent excitation of the other 

molecule outside the targeted molecule”. Additionally, we cannot deny the possibility of 

the oscillations those arises due to the interference of molecular vibrational modes with the 

solvent modes of vibration.43 

In the present study, pump and stokes wavelengths utilized were ~800 nm, ~872 nm, 

respectively. The corresponding wavenumber difference is 1033 cm-1. When tetrazole-N-

(hetero)aryl derivatives dissolved in acetonitrile (ACN) are simultaneously excited by two 

pulses, the selective vibrational modes  in the proximity of 1033 cm-1 are expected to be 

excited (parent modes). But it is evident from the data presented in figures 7.3(c) and figure 

7.3(b) the other modes [daughter modes] far away from the direct excitation region (1033 

cm-1) were observed. This is possible only when there is an intramolecular vibrational 

coupling and hence the possibility of the intramolecular vibrational energy re-distribution 

among parent and daughter modes. The relaxation pathways are investigated by the probe 

pulse and the obtained quantum beats. The coherent excitation of the targeted mode relaxes 

through the IVR process because of the coupling of the neighbouring vibrational modes of 

a molecule. Based on the above-mentioned arguments, we could approve the occurrence of 

IVR in the present time resolved CARS studies of tetrazoles (samples 6 and 8). The 

intramolecular vibrational relaxation (IVR) and their pathways of relaxations can be 

understood from the vibrational couplings since they arise from the coupling of vibrational 

modes of tetrazole derivatives.  From table 7.2, the vibrational couplings between several 

modes participating in the IVR process can be visualized as coupling of one mode with two 

or more vibrational modes. For instance, in sample 6 the modes υ7, υ8, and υ14, and sample 

8, υ1, υ3, υ4, υ7, and υ12 modes which are corresponding to the benzene ring and the tetrazole 

ring of the molecules. These vibrational modes might participate (energy transfer process 

in IVR). 44-45 The vibrational modes which are interacting with only one vibrational mode 

such as υ1-υ6, υ9-υ13, υ15, υ16 in 6 and υ2, υ5, υ6, υ8-υ11,υ13-υ15 in 8 are corresponding to the 

C-H,  C-N, C=C and NO2 stretching vibrational modes of tetrazole and benzene rings, these 

modes might be involve in the initial decomposition process. These vibrational modes 
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might participate in the initial molecular decomposition of tetrazole derivatives. The 

vibrational modes which are very active in interacting with other vibrational modes have a 

significant tendency to transfer energy through IVR. Yu et al.46 reported on the IVR in 

RDX molecules using multiplex CARS technique. According to them, the low-frequency 

vibrational modes such as phonon modes are the doorways of energy transfer from outside 

to the inside of RDX molecule. 

Beat 

frequency 

(cm-1) of 6 

Contributing modes  

(cm-1) 

Beat 

frequency 

(cm-1) of 8 

Contributing modes 

 (cm-1) 

26 (υ1) 715 and 740 (υ2) 20 (υ1) 821 and 840 (υ2) 

46 (υ3) 773 and 820 (υ4) 52 (υ1) 821 and 870 (υ3) 

60 (υ5) 758 and 820 (υ4) 48 (υ1) 821 and 870 (υ3) 

20 (υ6) 1079 and 1103 (υ7) 125 (υ3) 870 and 992 (υ4) 

52 (υ7)1103 and 1161(υ8) 95 (υ7) 1302 and 1394 (υ11) 

99 (υ7) 1103 and 1208 (υ9) 146 (υ9) 1342 and 1493 (υ12) 

33 (υ10) 1303 and 1338 (υ11) 182 (υ6) 1153 and 1335 (υ8) 

46 (υ8) 1161 and 1208 (υ9) 233 (υ8) 1335 and 1574 (υ14) 

93 (υ12) 1374 and 1466 (υ14) 363 (υ4) 992 and 1363 (υ10) 

26 (υ12) 1374 and 1401 (υ13) 85 (υ13) 1549 and 1628 (υ15) 

58 (υ14) 1466 and 1517 (υ15) 194 (υ7) 1302 and 1493 (υ12) 

87 (υ14) 1466 and 1551 (υ16) 306 (υ4) 992 and 1302 (υ7) 

139 (υ8) 1161 and 1303 (υ10) 370 (υ4) 992 and 1363 (υ10) 

-- -- 423 (υ5) 1063 and 1493 (υ12) 

 

Table 7.2 Possible vibrational coupling between the different vibrational modes of tetrazole 

derivatives. 

 

Further, the vibrational modes which are mostly involved in IVR are found to carry the 

vibrational energy to the higher frequency states in IVR. In the multi-phonon up-pumping 
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the low frequency vibrational modes which match to the frequency of phonon are the 

energy portals from outside to inside of the molecules.  

 

Figure 7.3 (a, c, e, g) TR-CARS signal and their corresponding fast Fourier transforms (b, 

d, f, h) for the 818 cm-1, 1006 cm-1, 1337 cm-1 and 1466 cm-1 modes, respectively obtained 

for sample 6. An exponential decay fitting was employed and error bars represent 5% error 

in the data which can be attributed to the pulse to pulse energy fluctuations caused by the 

laser amplifier (1 kHz repetition rate).     
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Figure 7.4 (a, c, e, g) TR-CARS signal and their corresponding fast Fourier transforms (b, 

d, f, h) at 841 cm-1, 992 cm-1, 1363 cm-1 and 1460 cm-1 modes, respectively, obtained for 

sample 8. An exponential decay fitting was employed and error bars represent 5% error in 

the data which can be attributed to the pulse to pulse energy fluctuations caused by the laser 

amplifier (1 kHz repetition rate).    

  Comparison of the exponential decay trends of TR-CARS traces demonstrates that 

the sample 8 exhibit a faster decay than sample 6. The reason behind this could be the 
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presence of an extra NO2 group in sample 8, attempting a faster IVR. From figures 7.3 and 

7.4 it is evident that the low energy modes those corresponding to the C-H vibrations 

exhibiting faster dephasing times compared to higher energy vibrational modes, 

Consequently, the C-H vibrational modes could be excited first upon photoexcitation and 

causing an initial chemical reaction. Since we are not using extremely short laser pulses 

(shorter than 10 fs), selective excitation may be possible with the laser pulses utilized in 

the present experiment. Consequently, we believe that the probe pulses (~70 fs) might 

provide a significant spectral resolution and, hence, the measured decay time scales are 

approximated to a significant accuracy. However with time and frequency resolved CARS 

these effects can be minimized.47 Several vibrational modes will participate in the IVR 

processes mainly in polyatomic molecules (explosives) in order to track IVR high temporal 

resolution, broadband excitation capability and coherent detection capability are a 

prerequisite. It was evident from the existing literature that the Raman modes of ACN are 

380 cm-1, 918 cm-1, 1376 cm-1, 1440 cm-1, 2249 cm-1, 2942 cm-1.  Additionally, we did not 

observe any solvent effects in these measurements.  We recorded the CARS trace of pure 

acetonitrile (ACN) alone and could not see any Raman signatures of ACN vibrational 

modes. In principle, we must get the Raman signatures of the ACN those fall in the 

wavenumber window of 1033 cm-1, though we repeated the experiment number of times. 

Recorded signature of the solvent was like noise without having any Raman peaks as shown 

in the figure 7.5 (a).  Moreover, the pump (800 nm), Stokes (872 nm) beam wavelengths 

both are far from the absorption maximum 320-380 nm of the ACN solvent. We feel that 

the selected pump wavelengths are not in resonance with ACN absorption and perhaps this 

resulted in no Raman signatures for the pure solvent. Further, the intensity dependent 

CARS signal with a slope of 2.1 ensures the CARS process as shown in figure 7.5 (b). 

Moreover, the relationship between IVR and solvent assisted vibrational energy 

transfer (VET) is so complex to understand even for simple molecules too. The molecules 

under the present study are novel tetrazoles require an extensive study to claim on 

relationship between IVR and solvent (ACN) assisted VET both qualitatively and 

quantitatively. Though the theoretical/experimental vibrational mode frequencies of 

tetrazoles are known, to comment on solvent assisted vibrational energy redistribution 

(IVR), instantaneous normal mode solvent spectrum that can be derived from force-force 

auto correlation functions is required.48 Further, a few of the earlier reports49-50 suggest that  

the solvent assisted IVR decays are longer in timescales and even could be extended to few 
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picoseconds to nanoseconds. But the decay time scales obtained in the present experimental 

study are of the femtoseconds which confirms that there are no such significant solvent 

effects on IVR.  Besides this, Hiromi et al.51 mentioned that solute-solvent effects play a 

very little role in the process of IVR. 

 

Figure 7.5 (a) Spectra of pure acetonitrile solvent at zero time delay (b) intensity dependent 

CARS signal. 

Though we describe the decay quantum beats on the basis of intramolecular vibrational 

energy redistribution (IVR), the mentioned decay is complicated which comprises the 

contributions of many unidentified molecular dynamics those lead to the decoherence. In 

addition to the mentioned IVR, other possible decoherence processes include population 

decay, vibrational cooling (VC) may occurs within the molecule until it thermalizes the 

obtained excitation energy to the surrounding liquid phonon bath through the cascade 

vibrational relaxation processes.52 Other possibility of the decoherence of the modes might 

be from the damping of vibrations of a particular molecule due to the inelastic collision 

with the surrounding molecules.53 

Finally, We proclaim that, the results (quantum beats and temporal measurements of the 

decays) produced in the manuscript are certainly reproducible with the same accuracy. 

Moreover, as discussed by Nath et al.54 recovery of Raman spectrum from time frequency 

domain in coherent Raman processes is less sensitive to experimental noises and 

fluctuations in pulse energies. Additionally, we could say the obtained beats from the FFT 

of the CARS trace beyond time zero are not experimental artefacts rather they are the 

Raman signatures of the solute. We could confirm this on the grounds of repeatability of 

the beats in different trails. 
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The beats were achieved by performing the FFT on the normalized CARS spectra. The 

corresponding FFT frequency is then converted to wavenumber by using following 

equation (1) 

                                             𝜈 (𝑐𝑚−1) =
𝐹𝐹𝑇(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)∗105

3
.                                            (1) 

Coherent vibrational decay time (T2) relates with the line width of the Raman mode under 

consideration as shown in the equation 2 

                                                          𝛥𝜈 =
1

2𝜋𝑐𝑇̅2
                                                                    (2)                                       

The Raman peak width corresponding to the 818 cm-1 was measured to be ~9.8 cm-1 

whereas that from the measured average dephasing time (T2) was ~35 cm-1. This shows 

that, the decay must be longer than the estimated ~150 fs through the negative single 

exponential fit. But at the moment, we cannot completely and confidently explain the 

observed discrepancy. The fast decay of the coherent vibrational mode could possibly be 

explained in the following manner.  In the present study, we the measured decay is the 

average dephasing time (T2) of the corresponding modes that comprises two contributions 

namely the pure dephasing time (τph) and life time of a vibrational excited state (T1) of the 

as in the following equation (3)  

                                                            
1

𝑇2
=

1

2𝑇1
+

1

τph
                                                           (3)                       

(i) According to the report56 it was evident that the how fast or slow the decay of a coherent 

vibration may be determined whether the mode of our interest is symmetric or asymmetric. 

According to Kozai et al.56 coherent vibrational decay of an asymmetric mode is so fast 

compared to a symmetric vibrational mode. Accordingly, the asymmetry or symmetry of 

the mode 818 cm-1 corresponding to ring deformation, NO2 scissoring, N=N-N wagging 

might result in the fast-coherent vibrational decay ~150 fs (ii) Another possibility for the 

measured fast decay of the vibrational mode corresponds to ~818 cm-1 may the quenching 

of the pure dephasing mechanisms.57 Keifer et al.34 also observed the fast average 

dephasing times (~350 fs) in the case of Imidazolium ionic liquids. As these tetrazole 

compounds are novel and this kind of work in these molecules is not yet attempted by any 

group, we can only explain the vibrational dynamics of tetrazole compounds limitedly. As 
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we progress our work of time-resolved CARS studies on these molecules in future, we do 

hope that to retrieve the complete vibrational dynamics. 

7.3.3 Steady-state absorption and emission spectra 

Figure 7.6 shows the steady-state absorption and emission spectra of amino (6) and 

nitro (8) substituted tetrazole derivatives in DMF at ~50 μm concentration. The absorption 

spectra have two distinct bands located at 270 nm and 463 nm for sample 8 and 440 nm for 

sample 6. In contrast to sampling 8 the sample 6 showing its distinct vibrational signature 

at 525 nm. The peak at 270 nm is corresponds to the π - π* transition and the second peak 

at 463 nm and 443 nm are due to possible n - π* transitions.58-61  

 

Figure 7.6 (a) Steady-state absorption and emission spectra and (b) molecular structure 

  

 

Sample 

Absorption (nm) [ε, M–1 cm–1]  

Emission (nm) 

Radiative 

Lifetimes (µs) 
π-π* n-π* 

6 269 [17000] 440 [10340] 

525 [1516] 

546 1.17 

8 266 [18400] 463 [14040] 554 1.16 

Table 7.3 Summary of the steady state absorption and emission peaks of two Amino (6) 

and Nitro (8) substituted tetrazoles measured in DMF (ε is the extinction coefficient). 

Figure 7.6 right arrow shows the emission spectra of two molecules obtained by 

exciting with 400 nm wavelength and sample 6 emission at a maximum of 552 nm wherein 

the sample 8 the maximum emission is observed at 545 nm. It is evident from the data 
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presented in figure 6, sample 8 seems to be less fluorescent compared to 6 due to the 

presence of nitro group. The photophysical parameters of the investigated molecules 

obtained from steady state measurements are summarized in table 7.3.  As seen from figure 

7.6 the presence of the nitro group increases the conjugation and reduces the band gap. 

7.3.4 Transient absorption spectroscopy 

The transient absorption (TA) experiments were performed at 400 nm 

photoexcitation with 0.2 µJ pump energy and probed with a white light continuum from 

430-700 nm range in DMF as shown in figure 7.7. From figure 7.7(a), the TA spectra of 

compound 6 has negative signals at 450 nm and 545 nm wavelengths corresponding to the 

ground state bleach (GSB) or stimulated emission (SE). The negative band at 545 nm 

increased up to 5 ps and later it started decaying due to the depopulation of the excited 

states. The stimulated emission peak at 552 nm is overlaid within the ground state bleach 

signal at 545 nm. A positive absorption signal at 480 nm is observed due to the excited state 

absorption which is increased up to 1 ps time scale and later showed a decay, implying 

appearance of new excited state at this time scale. Later the positive band at 480 nm 

gradually dropped due to the depopulation of electronic excited states. A negative TA signal 

at 450 nm decayed within 1 ps probe delay, which possibly corresponds to the relaxation 

of higher electronic excited states (Sn) since the 400 nm photoexcitation allows the 

population to occupy higher electronic states. The TA spectra of compound 8 [figure 7.7(b)] 

has a strong bleach signal at 466 nm and a stimulated emission at 551 nm which decayed 

within 1 ps. It is evident from the TA spectra at 400 nm photoexcitation, compound 8 has 

recovered faster when compared to 6 and the presence of large nitrogen content in 

compound 8 allows the possible nonradiative decay pathways. The GSB signal at 468 nm 

increased up to 0.3 ps and later it decayed gradually. A positive band at 518 nm increased 

up to 3 ps time scale and later it starts decaying due to the depopulation of higher excited 

states and possible formation of new excited state at this time scale.  To obtain a relevant 

information, a global analysis is performed based on a kinetic model57 as shown in figure 

7.8, and four-time constants are chosen to fit the TA spectra. 

Figure 7.9 shows the results from the global analysis of compound 6 TA spectra. 

Figure 7.9(a) shows the species associated difference spectra (SADS), considering the 400 

nm excitation the SADS1 is assigned to the internal conversion from Sn –S1 state with 
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strong negative bands at maximum of 450 nm and 575 nm, the population from Sn is 

transferred to hot S1 state through internal conversion with life time of 350 fs. The SADS 

2 has a positive signal at 480 nm and a negative signal at 550 nm which corresponding to 

the vibrational relaxation within S1 state with lifetime of 50 ps. Whereas SADS3 

corresponds to the excited singlet state S1 with distinct peaks at 468 nm and 518 nm with 

lifetime of 116 ps which involves the intersystem crossing from S1 to triplet state T1. 

SADS4 corresponds to the T1 state with life time of 1 µs this value is fixed with the value 

obtained from TRPL measurements. Figure 7.9(b) is the population decay profiles of 

corresponding species associated spectra and figure 7.9 (c-d) shows the goodness the fit 

initial and final probe delays and at different wavelengths. 

 

Figure 7.7 TA spectra of samples (a) 6 and (b) 8 at 400 nm photoexcitation. 

Figure 7.10 shows the target analysis of compound 8 TA spectra. As seen from figure 

7.10(a) the first SADS1 refers to the internal conversion to the higher excited electronic 

state Sn to the S1 state with strong negative signals at 454 nm and 546 having lifetime of 

0.5 ps. The SADS2 spectra with life time of 1.8 ps is denote the vibrational relaxation 

within S1, and SADS3 spectra corresponds to the S1 state with lifetime of 7.4 ps, which 

contains possible intersystem crossing from S1-T0  with lifetime. The SADS4 spectra 

corresponds to the triplet state T1 with life time of 1.1 µs. Figure 7.10(b) depicts the 

population decay profiles corresponding species associated spectra and figure 7.10(c) 

shows the goodness of fit at 0.3 ps and 1 ns probe delay times while figure 7.10(d) shows 

the kinetic profiles at different wavelengths. 
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Figure 7.8 Schematic of the photophysical model used to fit the TA spectra.  

 

Figure 7.9 Global analysis of the TA spectra correspondent to compound 6 (a) species 

associated difference spectra (SADS) (b) Population decay profiles (c) global fit at 0.5 ps 

and 2 ns (d) kinetic profiles at different wavelengths after global fitting. 
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Figure 7.10 Global analysis of the TA spectra correspondent to compound 8 (a) global fit 

at 0.3 ps and 100 ps (b) kinetic profiles at different wavelengths after global fit (c) Evolution 

associated spectra (d) Population decay profiles (inset shows the short time scale). 

In contrast to most nitroarenes the tetrazole molecules have weak fluorescence occurring 

from lowest singlet excited state as seen from the results obtained from the target analysis 

(figure 7.9-7.10).61-62  The time scale of vibrational relaxation and intersystem crossing is 

faster in nitro substituted tetrazole which could be due to the steric effects or less 

conjugation between the nitro group and aromatic ring.58, 63-66 It is observed that the nitro 

substituted tetrazole (8) shows the faster intersystem crossing (ISC) which depopulated the 

S1 state within 1.8 ps. In contrast, the amino substituted tetrazole (6) have shown slower 

intersystem crossing with lifetime of 116 ps, which might be due to the push-pull effect 

arising from the amino group.59, 64-66 Lopez-Arteaga et al.68 studied photophysical 

properties of 2-nitrofluorene and 2-diethylamino-7-nitrofluorene they observed the amino 

2-diethylamino-7-nitrofluorene exhibited slower ISC due to the stabilization of the first 

singlet excited state with respect to the triplet state due to the puss-pull effect induced by 

the diethylamino group. Vogt et.al.69 have shown the intersystem crossing time of 200 fs in 
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2-methyl-1-nitronaphthalene, 2-nitronaphthalene, and 1-nitronaphthalene the population 

transfer S1-T1 is controlled by the energy gap between them. Further studies were needed 

to validate the obtained time constants such as fluorescence up-conversion and quantum 

mechanical calculations.  

The lifetime of triplet state is recognized as an important feature in the energy 

conversion of EMs. Smit et al.64 have proposed intramolecular steric hindrance effect on 

the triplet lifetime of HNS and 4, 4` and 2, 2`-DNS compounds in acetonitrile solution. He 

has observed that the triplet lifetime of HNS and 2, 2`-DNS is shorter than 4, 4`-DNS which 

is due to the steric effects this reduces the influence of the nitro groups on the triplet excited 

state conjugation, which might decrease a conjugation between the aromatic ring and 

ethylenic bridge or twisting can results in overlapping of potential energy surfaces of S0 

and T1 in HNS. Chu et al.58 have studied the excited state dynamics of 2,2`,4,4`,6,6`-

hexanitrostilbene by using femtosecond TAS they have observed a fast ISC from S1 to T1 

with lifetime of 6ps and long lived triplet state with 4 ns life time. Recently, Yi et.al.59 

investigated the ultrafast response of ortho-nitroaniline with the help of TAS and Chemo-

metrics methods, and they have observed an intermediate state S* in the ISC process. Also, 

the triplet state life time was found to be 2 ns, with ISC at 19 ps time scale from S*-T1. 

Nelson et al.70 have investigated the photo-dissociation dynamics of nitromethane by using 

TAS and nonadiabatic excited-state molecular dynamics (NA-ESMD) simulations. They 

have found the formation of relatively fast NO2 product with lifetime of 80 fs and slow 

product methyl nitrite with lifetime 480 fs at 266 nm photoexcitation. The UV excitation 

of HMX, RDX and imidazole energetic materials have shown the initial photo product of 

NO molecule.14   

The intersystem crossing of the fluorescent state to triplet state plays a crucial role 

in the energy conversion process. The time scale of ISC is faster in nitro substituted 

tetrazole 7.4 ps than amino substituted tetrazole 116 ps, which might be due to the reducing 

coupling between triplet state due to stabilization of fluorescent state by the addition of 

electron donating amino group than electron withdrawing nitro group.33 These studies of 

ultrafast dynamics helps to understand the decomposition of these energetic molecules at 

electronic excited states. However, in solid state these electronic excitations localize these 

excitations at different sites of the crystal (impurity defect or structure) leads to the 

formation of radicals by faster migration of electronic excitations in contrast to diffusion 
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process where slow migration of heavy metal takes place.8,44,71 The time-resolved 

photoluminescence (TRPL) was measured using FLS 1000 spectrometer (Edinburgh 

Instrument) using multichannel scaling technique. The samples were excited at 370 nm 

wavelength and the emission was observed at 544 nm and 521 nm for compound 8 and 6 

in DMF solution as shown in figure 7.11. The experimental data was fitted using n-

exponential decay function convolved with instrument response function (IRF). 

 

Figure 7.11 TRPL measurements of compound (a) 6 and (b) 8 in DMF at 370 nm 

photoexcitation.  

7.4 Conclusions  

Transient absorption spectroscopy on two nitro and amino substituted tetrazoles is 

performed at 400 nm photoexcitation. The target analysis of the TAS spectra reveals the 

possible relaxation mechanism. The nitro substituted tetrazole have shown faster 

vibrational relaxation at 1.8 ps and intersystem crossing time of 7.4 ps. The obtained time 

constants are nearly similar to the most of the energetic compounds. Also their ultrafast 

internal conversion and intersystem crossing suggest their application in energy 

deactivation or formation of radicals is quite faster as compared to other energetic materials.  

The tetrazole derivatives are showing fluorescence possibly from higher excited states at 

ultrafast time scale. The TRPL measurements confirms the long decay of triplet state with 

lifetime of ~1 μs which confirms the phosphorescence from its lowest triplet state to ground 

state. We believe, these studies help to understand the excited state molecular 

decomposition of energetic molecules.  
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From the fs TR-CARS experiments, the phase relaxation of vibrational modes 

(dephasing) as a function of probe delays observed to occur in a time scale ~120-200 fs and 

demonstrate that the intramolecular vibrational energy redistribution occurs in the same 

time scale. FFT of TR-CARS traces revealed the beat frequencies may be corresponding to 

the modes those involved in the inherent vibrational coupling of IVR. It was concluded that 

the modes at 1466 cm-1 (6) and 992 cm-1 (8) might be responsible for energy transfer in 

IVR. The results provided in this study might offer an intuition of the ultrafast response of 

these molecules and a basic insight of photon-induced chemistry of EMs. 
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8.1 Conclusions 

To probe decomposition of energetic materials (EMs) at the molecular level and at 

sub-picosecond time scales is hugely challenging with impediments such as absorption in 

UV spectral range. The decomposition of EMs can directly be investigated by ultrafast 

spectroscopic techniques such as femtosecond (fs)/picosecond (ps) CARS and pump-probe 

techniques. Our main motive at ACRHEM is used to understand the behaviour of EMs 

upon ultrashort pulse illumination and probing their ultrafast processes at a molecular level; 

towards this, we have set up the CARS and TAS experiments at our department. We have 

initiated these studies in simple organic molecules (Porphyrins, Corroles, and 

phthalocyanines). We have performed extensive studies on their excited state dynamics and 

NLO properties using TAS (along with global and target analysis), Z-scan, and DFWM 

experiments. Further, we extend these studies to the EMs on tetrazole molecules.  

We have performed broadband NLO studies of both organic and inorganic materials 

since their applications to lasers, photonic devices and biological applications. The 

materials possessing fast response and large χ(3) are prerequisites for all these applications.  

Several substances of both organic and inorganic counterparts are engineered to meet the 

required optical properties for different applications. In the case of conjugated organic 

molecules and their delocalized π electrons plays a crucial role in tailoring NLO properties 

and excited-state dynamics. Therefore, it is essential to understand the nature of excited 

states upon photoexcitation in an ultrafast time domain. Where in the case of inorganic 

materials, we have specifically investigated the NLO properties and excited-state dynamics 

of perovskite nanocrystals (NCs) and metal nanoparticles (NPs). Recently, perovskite NCs 

have emerged as a promising material for optoelectronic device applications, possessing 

strong absorption and emission quantum yields with strong NLO properties (nonlinear 

absorption and refraction). They have found to exhibits large multi-photon absorption 

cross-section values, which are useful for biological, optical protection, photonic device 

applications. In this regard, we have done broadband NLO studies on CsPbBr3 and 

Cs4PbBr6 NCs. The optical properties of perovskite NCs can be tuned by their dimensional 

reduction (thickness, size, morphology, surroundings/environment, and even preparation 
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method). In the case of metal nanoparticles, the surface plasmon resonance (SPR) plays a 

vital role in their optical properties, which is use full for photodynamic therapy and optical 

device applications. The SPR can be tuned by the shape and size of the metal NPs from 

VIS-NIR range. 

The primary outcomes from this thesis are outlined as follows, 

 The development of state-of-the-art experimental techniques to characterize the 

light mater interaction upon ultrafast pulse illumination in our lab has been initiated.  

To investigate the NLO properties of organic/inorganic/perovskite materials, we 

have developed single-beam Z-scan and degenerate four-wave mixing (DFWM) 

techniques. The Z-scan provides both magnitude and sign of the nonlinear 

absorption and refractive index (n2), which also contains the intuition into the 

change of population in their excited states. The DFWM data and analysis provides 

the true value of χ(3) (third-order nonlinear susceptibility) as well as the response by 

performing the time-resolved DFWM experiment. So, both the techniques can be 

used to find the magnitude of χ(3), where DFWM avoids the linear contribution and 

scattering effects that are usually found in Z-scan. Finally, these experimental 

setups were further implemented to develop the CARS experiment to investigate 

the ground states' vibrational dynamics of EMs. Apart from this, we have also used 

a commercial transient absorption spectrometer (HELIOS) to understand the 

molecular excited state dynamics. Thus, we have performed ground and excited-

state dynamics of EMs to understand the decomposition mechanism, which is use 

full for end-user applications and further implementation of EMs. 

 Ultrafast broadband NLO properties of CsPbBr3 NCs this films were performed 

from 600 – 800 nm wavelength range using 1 kHz 50 fs laser pulses. We have found 

a large two-photon absorption cross-section values of ~105 GM and n2 to be ~10-13 

cm2/W, originating from the quantum confinement effects. At higher input peak 

intensities, these NCs have shown a switching behaviour from RSA to SA. It was 

observed that CsPbBr3 NCs and NRs depicted size and thickness dependent NLO 

properties with increasing saturation intensity at high peak intensities. On the other 

hand Cs4PbBr6 NCs (0D-PRM) have demonstrated large cross-section values 

compared to CsPbBr3 NCs (The magnitudes of 2PA, 3PA, 4PA cross-sections were 

~10-43-10-44 cm4s, ~10-75 cm6s2 and ~10-100 cm8s3, respectively). These higher NLO 
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coefficients and cross-sections are believed to be related to the strong confinement 

effects with a high dipole moment. DFWM measurements confirmed a fast response 

(~ 81-92 fs) of the order of input pulse duration, which ensures the pure electronic 

contribution to the obtained nonlinearity from these NCs and large χ(3) (~10-9 esu). 

Therefore, the fast response, large χ(3) and multi-photon absorption capabilities of 

these NCs are suitable for next-generation bio-imaging and photonic device 

applications.  

 In the case of metal nanoparticles (NPs), we have successfully synthesized Au and 

Au50Ag50 alloy NPs using femtosecond laser ablation and studied their electron 

dynamics and NLO properties in aqueous medium using TAS and Z-scan methods. 

The Au50Ag50 alloy NPs has shown a fast response and possessed strong NLO 

coefficients. The obtained χ(3) values were smaller compared to perovskite NCs 

which shows the superiority of perovskite NCs over metal NPs, along with their 

poor stability. The tunability of the plasmonic band and the fast response of these 

NPs are prerequisites in optical switching devices and biological applications. 

 In the case of porphyrins (organic molecules), phenothiazine-porphyrin-

phenothiazine (D-π-D) base porphyrins (HPHT, CPPHT, ZPPHT) molecules were 

synthesised, and their ultrafast photophysical and third-order NLO properties were 

investigated in solution form. It was observed that these porphyrins have depicted 

sizeable two-photon absorption cross-section values (~103 GM).  We have also 

found that the TPA was the dominant mechanism contributing to the χ(3). From the 

transient absorption studies, and with the help of global and target analysis, we have 

estimated the different rate constants corresponding to various photophysical 

processes. The copper and zinc-based porphyrin molecules have demonstrated 

faster internal conversion and vibrational relaxation compared to free-base 

porphyrin. This could be attributed to either a higher triplet quantum yield through 

intersystem crossing or reduction in the radiative lifetime in the case of ZPPHT due 

to the incorporation of Zinc in HPPHT. The TR-DFWM measurements confirmed 

the real electronic contribution to the obtained χ(3).  

 In the case of corroles, through the transient absorption experiments, and along with 

global and target analysis, we have found that the phosphorous corrole 

demonstrated faster internal conversion and vibrational also radiative and triplet 

relaxation compared to free-base corrole molecule. From the Z-scan measurements, 
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the Phosphorus corrole exhibited a strong two-photon absorption coefficient 

(4.6×10-13cm/W) compared to free base corrole.  This confirmed the effect of 

phosphorous ion due to its strong electron-withdrawing nature from the 

pentafluorophenyl group and possibly a strong intramolecular charge transfer 

between phosphorus and pentafluorophenyl group which creates the significant 

dipole moments. Also, the DFWM measurements confirm the slightly higher χ(3) 

value for phosphorous corrole with instantaneous response. 

 Finally, we have extensively investigated the new tetrazole-N-(hetero)aryl 

derivatives for understanding their potential in energetic applications. We have 

applied fs TR-CARS and transient absorption techniques to comprehend the ground 

state vibrational dynamics and excited-state dynamics occurring in the sub-ps 

timescales. The TR-CARS experiment deliberates the possible IVR mechanism and 

phase relaxation (dephasing) of vibrational modes. From the CARS experimental 

data, we observed that the nitro substituted tetrazole demonstrated a faster 

dephasing time compared to an amino-substituted tetrazole. The transient 

absorption at 400 nm photoexcitation revealed that the nitro substituted tetrazole 

has a faster vibrational relaxation (S1-S1
*) and a faster intersystem crossing (S1-T0). 

This data confirmed the nitrogen-rich nitro substituted tetrazole demonstrated a 

faster relaxation due to its high nitrogen content with possible formation of 

nonradiative relaxation pathways. The time-resolved photoluminescence 

experiment proves the phosphorescence from T0-S0 nearly similar time scales (1 

µs). 

8.2 Future Plans 

Ultrafast laser pulses (femtosecond - attosecond) are extensively used in time-

resolved optical spectroscopy to unravel several quantum mechanical processes in 

materials. Multi-dimensional (temporal and spectral) spectroscopic methods are 

available, which provide information on molecular structure, chemical dynamics, 

intramolecular energy transfer processes, and many-body interactions. In the case of 

2D spectroscopy, three distinct laser pulses will be used to excite the system, and the 

amplitude and phase of the third-order nonlinear signal could be recorded by a 

heterodyning method wherein, a fourth pulse - local oscillator interferes with the 

emitted field. By collecting the signal using a spectrometer [which gives the Fourier 
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transform (FT)] along with spectral interferometry, one can obtain χ(3)(t1, t2, ω3). With 

the help of additional FT concerning t1, one gets the 2D map as a function of ω1 (pump), 

ω3 (probe), χ(3). Thus, such 2D spectroscopy resembles the transient absorption spectra 

recorded at different values of ω1. Therefore, 2D spectroscopy resolves both probe s 

well as pump frequency and permits one to find correlations between excitation and 

detection frequencies which provides information about spectral diffusion and energy 

relaxation. It overcomes the barrier of frequency and time resolution in conventional 

TAS. 

In contrast to TAS, a broadband pump pulse gives both frequency and time 

resolution simultaneously with the help of FT. Also, the multiplex CARS with 

broadband stokes pulses helps to understand the IVR processes in EMs.  Therefore, one 

can probe the decomposition processes easily. Along with this, the complicated CARS 

experiment can be simplified using pulse shaping techniques which can be used for 

standoff detection of hazardous materials/explosives. Hence, with the help of NIR TAS 

and multiplex CARS studies one can understand the complete vibrational dynamics and 

structural changes in energetic materials. 
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