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ABSTRACT  

In Chapter 1, we present the background for transient absorption spectroscopy 

through the polarization response of a material to an electric field which gives rise to linear 

and non-linear processes. We then discuss a theoretical description of how vibrational 

coherences are formed via four-wave mixing and impulsive excitation. We also describe 

signatures of coherent wavepackets in transient absorption and the application of 

vibrational coherences, specifically to observe non-radiative processes. We then 

summarize two previous studies using impulsive transient absorption on cresyl violet, the 

differences in the coherent dynamics reported, and the motivations behind the experiments 

presented in this work. 

Chapter 2 pertains to the apparatus used to perform the transient absorption 

experiments. We detail the source for the generation of ultrashort laser pulses (durations of 

less than 10 fs) used for the pump and probe from an argon-based white-light filament and 

non-colinear optical parametric amplifier. Two-dimensional shearing interferometry, the 

method used to measure the ultrashort pulses across a large portion of the visible spectrum 

(500-750 nm), is discussed. The retrieved temporal, spectral, and phase profiles of the 

pump and probe pulses are presented. Finally, the sample preparation for cresyl violet is 

described as well as the detection method and data processing used to generate the figures 

throughout this work. 

 In Chapter 3, we present the results of impulsive transient absorption spectroscopy 

of cresyl violet perchlorate under four pump conditions. First, we report a study on 

controlling the formation of vibrational coherences on the ground or excited electronic 

states of cresyl violet by tuning the pump conditions from an off-resonant to a resonant 
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scheme. The decay of the electronic population and positions of the stimulated emission 

and excited-state absorption maximums shows a dependence on the pump wavelength. 

Higher excitation frequencies blueshifts the stimulated emission 18 meV and red shifts 

excited-state absorption by 4 meV at early times compared to only 13 meV and 2 meV 

when using lower excitation frequencies. Coherent vibrations are observed and persist for 

approximately 6 ps after excitation, with phase flips appearing at 593 nm, the absorption 

maximum, after off-resonant excitation and at the emission (619 nm) and excited-state 

absorption (500 nm) maximums after resonant excitation. The ground- and excited-state 

vibrational modes are characterized by Fourier transform Raman spectroscopy. The 

excited-state vibration spectrum is shown to share nearly identical features as the ground-

state, with each vibration slightly red-shifted, 2-10 cm-1, from the corresponding mode in 

the ground-state, particularly a prominent peak appearing at 594 cm-1 in the ground-state 

and 589 cm-1 in the excited-state.  Next, two additional pump conditions using broadband 

and partially resonant pump pulses are explored to replicate the conflicting reports of non-

adiabatic crossings in cresyl violet. Constant phase-flips observed in the control studies are 

replaced with phase flips that appear and disappear over several picoseconds. The Fourier 

Raman spectrum of the coherent signal after broadband excitation displays a mix of 

ground- and excited-state features, particularly prominent peaks at both 589 cm-1 and 594 

cm-1. 

In Chapter 4, we analyze the coherent signals after broadband excitation using a 

Fourier filtering technique to isolate the ground- or excited-state coherent dynamics by 

carefully selecting representative vibrational modes for each state. Using a narrow filter to 

isolate the 589 cm-1 and 595 cm-1 features in the broadband Fourier Raman spectrum 
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successfully isolates coherent vibrations with phase flips at either the emission and excited-

state absorption maximums or the ground-state absorption maximum, respectively. A filter 

that includes both features generates apparent phase-flips that only appear for ~1ps and at 

probe wavelengths that do not correspond to the emission or absorption maximums. 

In Chapter 5, we present a simulation of the coherent signals using a model of two 

wavepackets with carrier frequencies of 589 cm-1 and 595 cm-1 and dephasing rates of 2 

and 3 ps, respectively. Comparison to the broadband pump conditions and Fourier filtered 

coherent oscillations shows that the complex temporal dynamics observed are adequately 

described by the linear interference of two vibrational coherences evolving on different 

electronic potential energy surfaces, without the need to invoke non-adiabatic dynamics. 
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CHAPTER 1 

BACKGROUND 

1.1 Introduction 

Spectroscopy, at its core, is the study of techniques designed to shine a light on 

the material world, both figuratively and literally. Since matter is primarily a collection of 

charged particles, their motion and interaction can be observed and manipulated using 

electromagnetic radiation, spanning from low energy radio waves to the familiar visible 

spectrum up to high energy gamma rays. As our ability to detect different frequencies of 

light improved, the number and type of observable physical and chemical systems 

proliferated. As with all new knowledge, these advances also emphasized the areas where 

we remained blind. Molecular systems can evolve in ways where the interplay between 

nuclear and electronic motion allows reactions that do not require the radiation of a 

photon. As the importance of non-radiative processes became apparent, so did the need to 

develop new techniques to interrogate these dynamics. Impulsive transient absorption 

spectroscopy is one such method that utilizes laser pulses with durations shorter than the 

period of molecular motion to form a vibrationally coherent population on an electronic 

surface. By tracking the vibrational coherence, information about the vibrational and 

electronic structure as the system evolves is observed simultaneously, making it a 

valuable tool for probing non-radiative processes. However, conflicting reports in the 

literature highlight the need for further development when applying impulsive transient 

absorption spectroscopy for detecting non-radiative transitions between electronic states. 

In this work, we performed a series of impulsive transient absorption experiments 

designed to resolve discrepancies in the literature, highlight experimental complexities 

when using broadband excitation to form vibrational coherences, and develop an 
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analytical framework for interpreting spectral features in impulsive transient absorption 

signals. 

1.2 Transient absorption spectroscopy 

The interactions of electromagnetic radiation and matter have been crucial for 

understanding the composition of materials since the development of the eye. The 

absorption and emission of photons due to electronic transitions typically fall within the 

visible and ultraviolet portion of the electromagnetic spectrum. Vibrations or rotations of 

nuclei in a molecule are much lower energy transitions, where IR and Raman 

spectroscopy gives crucial information about the chemical composition, the types of 

bonds, and the structure of a molecule. The manipulation and observation of matter using 

different portions of the electromagnetic spectrum is one of the most fundamental and 

robust methods for measuring and understanding the physical world. However, the 

response of the electric charges within a system is a function of both the photon energy 

(i.e., frequency or wavelength) used and the strength of the electric field.  

When a medium is subject to electromagnetic radiation, the polarization response, 

𝑃𝑃�(𝑡𝑡), may be written as a power series related to the electric field, 𝐸𝐸�(𝑡𝑡),  

 𝑃𝑃�(𝑡𝑡) = 𝜒𝜒(1)𝐸𝐸�(𝑡𝑡) + 𝜒𝜒(2)𝐸𝐸�2(𝑡𝑡) + 𝜒𝜒(3)𝐸𝐸�3(𝑡𝑡) … (1.1) 

where 𝜒𝜒(1) is the linear susceptibility of the medium and  𝜒𝜒(2) and 𝜒𝜒(3) are the second and 

third-order non-linear susceptibilities, respectively.1 Since the non-linear susceptibilities 

are many orders of magnitude weaker than 𝜒𝜒(1), in the low intensity regime these terms 

may be ignored and we may only concern ourselves with phenomena such as the linear 

refractive index and absorption.1-3 
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We may relate 𝜒𝜒(1) to the frequency dependent refractive index, 𝑛𝑛(𝜔𝜔),  by 

 
𝑛𝑛(𝜔𝜔) = �1 + 4𝜋𝜋𝜒𝜒(1)(𝜔𝜔) ≅ 1 + 2𝜋𝜋𝜒𝜒(1)(𝜔𝜔) 

(1.2) 

where ω is the frequency of the radiation.1  

For a plane wave, the electric field has the form 

 𝐸𝐸�(𝑧𝑧, 𝑡𝑡) = 𝐸𝐸0𝑒𝑒𝑖𝑖(𝑘𝑘𝑘𝑘−𝜔𝜔𝜔𝜔) + 𝑐𝑐. 𝑐𝑐. (1.3) 

and will propagate through the medium according to the wavevector2, 4 

 
𝑘𝑘 =

𝑛𝑛(𝜔𝜔)𝜔𝜔
𝑐𝑐

= 1 + 2𝜋𝜋𝜒𝜒(1)(𝜔𝜔)
𝜔𝜔
𝑐𝑐

 
(1.4) 

Plugging Eq. (1.4) into Eq. (1.3) and solving for the intensity of the radiation 

 𝐼𝐼 =
𝑛𝑛𝑐𝑐
4𝜋𝜋

〈𝐸𝐸�(𝑧𝑧, 𝑡𝑡)2〉 (1.5) 

We find the intensity as a function of propagation in the z-direction is  

 𝐼𝐼(𝑧𝑧) = 𝐼𝐼0𝑒𝑒−2𝑛𝑛"𝜔𝜔𝑘𝑘/𝑐𝑐 = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝑘𝑘 (1.6) 

where 𝑛𝑛" is the imaginary portion of the refractive index and α is the absorption 

coefficient.1, 4 For a sample of a given thickness, b, and a concentration, C, we may rewrite 

the distance, z, over which the radiation interacts with the medium leading us to 

 𝐼𝐼 = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝛼𝛼𝛼𝛼 (1.7) 
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or the familiar Beer-Lambert Law.2 Thus, we have shown that for a weak electric field, the 

linear response of a system is responsible for familiar techniques such as UV-Vis 

absorption and IR absorption spectroscopies.  

With this relationship, we may then quantify the absolute concentration of a 

particular chemical species, if the absorption coefficient is known, or the relative 

concentration of a species between two samples. One can see from Equation 1.7 that by 

comparing the intensity of a beam of light after passing through a sample undergoing a 

chemical reaction, one could observe the change in concentration (C) of an absorbing 

reactant being consumed and the formation of an absorbing product. By observing the 

change in intensity over a particular period, the kinetics of a chemical reaction and rate 

constant may be measured. However, measurements that utilize incoherent light sources, 

such as lamps, or continuous-wave lasers, lack the time resolution and sensitivity to 

observe the critical transition states from reactant to products. These transition states are 

elusive, short-lived, and of particular importance in systems where the absorption of a 

photon instigates a chemical reaction. To understand how the energy of an absorbed photon 

drives the chemical reaction, it is necessary to measure not only the steady-state or 

equilibrium absorbance of the reactants and products but also the intermediate, non-

equilibrium species and the time dependencies of their concentrations. With the advent of 

laser pulses, the ability to measure these transient signals on the same time scale on which 

chemical reactions take place (femto- to nanoseconds) became possible.  

One such method, transient absorption spectroscopy, is an ultrafast spectroscopic 

technique in which a pump pulse stimulates a photochemical process by moving population 

from the ground-state of a species to a higher-lying excited-state through an absorption 
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event.5 In the visible portion of the electromagnetic spectrum, these transitions correspond 

to changes in population between electronic potential energy surfaces. After some delay 

time, the system is then interrogated by a weak probe pulse. The presence of a new species 

is measured by the change in the intensity of the transmission of the probe, ∆𝑇𝑇, through the 

sample with (𝑇𝑇∗) and without the presence of the pump (𝑇𝑇), that is 

 Δ𝑇𝑇
𝑇𝑇

=
𝑇𝑇∗ − 𝑇𝑇
𝑇𝑇

=
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝛼𝛼𝑒𝑒∗ − 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝛼𝛼𝑒𝑒

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝛼𝛼𝑒𝑒
 

(1.8) 

where 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝛼𝛼𝑒𝑒∗  is the transmitted probe intensity in the pumped system and 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝛼𝛼𝑒𝑒 is the 

transmitted probe intensity through the unpumped system. The relative absorption of the 

probe between the pumped and un-pumped system (Δ𝑇𝑇/𝑇𝑇) can measure the population 

depletion or “bleach” of the ground-state, the stimulated emission from the excited-state to 

the ground-state, additional absorption from the excited-state population, and absorption 

or emission from newly formed products.  

Figure 1.1 diagrams the interaction of the pump and probe on the electronic 

population and the resulting transient signal. At negative pump-probe delays (Figure 1.1a), 

the electronic population resides in the ground-state, and no transient signal is observed. 

When the pump and probe are overlapped at t=0 (Figure 1.1b), the pump (orange arrows) 

transfers a portion of the population to the excited-state, bleaching the ground-state, and 

the coherent artifact due to the interaction between the pump and probe is seen in the 

transient signal. At short pump-probe delays, t>0, the probe observes the ground-state 

bleach as an increase in transmission (orange curve). 
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The probe also causes a transfer of population to the ground-state through 

stimulated emission (red curve) and transfers population to higher-lying excited-states 

through excited-state absorption (blue curve). After a long pump-probe delay (d), a portion 

of the excited-state population has spontaneously relaxed down to the ground-state, 

appearing as a decay in the transient signal caused by the exited state population. By 

delaying the time between the pump and probe pulses, a series of snapshots of the ground-

state bleach (GSB), stimulated emission (SE), excited-state absorption (ESA), or product 

absorption (PA) can be stitched together to track the evolution of the electronic population 

(Figure 1.1c/d).  The resulting transient map gives insight into how the energy from the 

Figure 1.1: Energy level diagrams (top) and transient signal (bottom) at different pump-
probe delays. Horizontal lines represent the ground-, first excited-, and higher lying 
excited-states (g, e, and n, respectively). Vertical arrows represent absorption or 
emission from the pump or probe. Filled circles represent population on the electronic 
states, while empty circles indicate population removed from the ground-state. The 
black, red, orange, and blue curves represent the coherent artifact, stimulated emission, 
ground-state bleach, and excited-state absorption, respectively. 
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pump is distributed in the system, the nature of the intermediate species, and the 

photochemical mechanism that drives the reaction.4, 5 

Though transient absorption is a powerful and robust tool to investigate the 

electronic structure of a system, it is not without limitation. Non-radiative mechanisms are 

inherently difficult to observe since they do not absorb or emit a photon and, therefore, 

cannot be directly observed by measuring the change in transmission through a sample. 

One important non-radiative mechanism is the passage of electronic population through a 

conical intersection.6-8 Conical intersections are points connecting electronic potential 

energy surfaces where the Born-Oppenheimer approximation breaks down, and we may no 

longer assume that the electronic and nuclear degrees of freedom may be treated 

independently.9 The Born-Oppenheimer or adiabatic approximation allows us to assume 

that the motion of the nuclear coordinates does not impact on which electronic state the 

population resides, i.e., the potential energy surfaces are separated from one another, and 

no transfer of population will occur due to the large energy gap between surfaces.10, 11 

However, in some cases, the motion of the nuclei can change the energy of the electronic 

states so dramatically that two electronic potential energy surfaces can become degenerate 

with one another. The nuclear coordinate can briefly couple two electronic surfaces and 

allow the transfer of population between electronic surfaces through a non-radiative, non-

adiabatic process.8, 12 Therefore, to elucidate reactions that take place through conical 

intersections, we must be able to measure both the electronic structure of a system and the 

vibrational structure. Ultrafast techniques to measure the vibrational structure of the 

transient species will be described in the next section. 
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1.3 Coherent Raman scattering and the impulsive limit 

The use of high-intensity, ultrafast laser pulses to observe short-lived transient 

species in chemical reactions has been a vital tool for understanding photochemical 

processes. Ultrafast laser pulses not only improved the temporal resolution in observing 

reaction dynamics, they also provide  electric fields of such magnitude the effects of higher-

order, non-linear electric susceptibilities, e.g. 𝜒𝜒(2) and 𝜒𝜒(3), can be probed.1, 4 𝜒𝜒(2) gives 

rise to such processes as sum-frequency generation in non-centrosymmetric media but 

generally vanishes in liquid phase experiments. However, 𝜒𝜒(3) is present in all media and 

can be probed with the intense electric fields afforded by ultrafast laser pulses.2 

One such 𝜒𝜒(3) process is that of Raman scattering or the inelastic collision of a 

photon off a molecule resulting in the photon losing (Stokes) or gaining (anti-Stokes) a 

quantum of molecular vibrational or rotational energy. Raman scattering is typically a weak 

process, with spontaneous Raman cross-sections on the order of 1015 smaller than typical 

linear absorption cross-sections.1 However, the probability of a Raman process can be 

significantly increased with the use of a coherent excitation.1, 4  

Coherent Raman excitation involves a four-wave mixing process where the 

difference in energy between two electric fields, 𝜔𝜔1and 𝜔𝜔2, matches the energy difference 

between eigenstates of a Raman active vibration, 𝜔𝜔𝑅𝑅.3 Laser pulses with durations shorter 

than the period of the molecular vibrational modes are capable of moving wavefunction 

amplitude to vibrational eigenstate within the manifold of an electronic potential energy 

surface coherently, i.e., with a definite phase relationship between each eigenstate. The 

result is a superposition of eigenstates or “wavepacket” given by 
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 |𝜒𝜒(Δ𝑡𝑡)⟩ = �𝑎𝑎�𝑛𝑛
𝑛𝑛

|𝜓𝜓𝑛𝑛⟩𝑒𝑒−𝑖𝑖2𝜋𝜋𝑐𝑐𝐸𝐸𝑛𝑛Δ𝜔𝜔 (1.9) 

where 𝑎𝑎𝑛𝑛 contains the complex amplitude and phase of the n-th vibrational eigenstate, 𝜓𝜓𝑛𝑛, 

prepared by the pump.13 

The superposition is non-stationary, and therefore the system evolves as a function 

of time because the various vibrational energies, 𝐸𝐸𝑛𝑛, leave non-zero, time-dependent terms 

when taking the inner product of the wavefunction to solve for the population. When 

interrogated by a probe the superposition state, |𝜒𝜒(Δ𝑡𝑡)⟩, is projected onto some final state, 

𝜓𝜓𝑓𝑓, yielding a signal  

 𝑆𝑆𝑖𝑖(Δ𝑡𝑡) = ��𝜓𝜓𝑓𝑓� �⃗�𝜇(𝑟𝑟) ∙ 𝐸𝐸�⃗ 𝑝𝑝𝑝𝑝�𝜒𝜒(Δ𝑡𝑡)��
2
 

 

(1.10) 

where �⃗�𝜇(𝑟𝑟) is the transition dipole moment and 𝐸𝐸�⃗ 𝑝𝑝𝑝𝑝 is the probe electric field.13 Given the 

intensity of the transmitted probe is now 

 
𝑇𝑇∗ = (1 + 𝜒𝜒(3)𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝛼𝛼𝑒𝑒 

(1.11) 

we may now relate the  transient signal to the intense pump forming a coherent vibrational 

state through the 𝜒𝜒(3) susceptibility and probe the Raman active frequencies of the 

system.14  

Figure 1.2 displays the wave-mixing energy level (WMEL) diagrams for the 

coherent Raman processes relevant to this work.15, 16 Figure 1.2a diagrams the process 

where pump spectral components that are off-resonant with an electronic transition of the 

molecule can project a wavepacket onto the ground- electronic state through an 

intermediate virtual state. The ground-state coherence then interacts with the probe, 

absorbing a photon. Figure 1.2b shows a similar process where the pump forms a ground-
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state wavepacket via a Raman transition that is resonantly enhanced, i.e., where the 

intermediate state is a real electronic state, followed by an absorption event to the excited-

state. Figure 1.2c diagrams an absorption of the pump pulse to a real electronic state, 

forming an excited-state wavepacket, followed by stimulated emission back to the ground-

state induced by the probe. The final diagram (Figure 1.2d) shows the absorption of the 

pump to an excited-state followed by a second, excited-state absorption to some higher-

lying n-th electronic state.  
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Figure 1.2: Wave-mixing energy level diagrams for ground-state coherence formation 
through off-resonant (a) or resonant (b) Raman processes and excited-state coherence 
formation followed by stimulated emission (c) or excited-state absorption (d). Arrows 
indicated electric field interactions, with dashed arrows representing “bra” 
wavefunction transitions and solid arrows representing “ket” wavefunction transitions. 
Numbers indicate the electric field interactions with the pump (1 and 2) and probe (1’). 
Double line arrows represent an absorption/emission of a photon which contributes to 
the signal. Solid, horizontal lines indicate real vibrational eigenstates within the ground, 
first excited, or n-th excited electronic states (g, e, and n, respectively). Dashed, 
horizontal lines represent an intermediate virtual state (i). Note, addition time orderings 
of the bra and ket interactions are not shown but still contribute to third order 
interactions as do anti-Stokes Raman transitions. 
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1.4 Applications and signatures of vibrational coherences 

Early femtochemistry experiments used wavepackets to monitor bond dissociation 

dynamics in simple bi- and tri-atomic systems.17-19 In these simple systems, the pump pulse 

created a vibration wavepacket on a dissociative electronic state. The fragments, detected 

via probe pulse or mass spectrometer, experienced an oscillatory signal as the wavepacket 

evolved on the electronic surface, with a portion of coherently populated transition forming 

product each time the wavepacket passed across a conical intersection. 

In larger organic molecules, such as dyes and chromophores, excited-state 

vibrational coherences have been used to measure intramolecular vibrational redistribution 

rates and the coupling strength between different modes.20, 21 Measuring the dephasing 

rates of vibrational wavepackets and tracking how energy deposited by a photon in one 

bond is transferred into other bonds is crucial to understanding photochemical mechanisms. 

Understanding these coupling dynamics is the first step in designing schemes for selective 

bond activation, using vibrational coherences not only as a useful observational tool but 

also as a means of control over reaction pathways, such as with the dissociation dynamics 

of ions.22  

Vibrational coherences can also be used to track elusive non-radiative transitions 

such as structural changes during isomerization,23, 24 observe singlet fission through conical 

intersections,25 and to probe optically “dark” states.26, 27 Vibrational coherences have also 

been applied in biological systems to understand energy transfer in light-driven processes 

such as vision28 and photosynthesis29-31.  

Much like the absorption spectrum, the ground-state Raman spectra of the reactants 

and (possibly) products are readily obtained via steady-state methods, so typically, 
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measuring the vibrational structure of an excited-state intermediate is the motivating factor 

for ultrafast spectroscopy.32 Ultrafast vibrational dynamics are often measured using 

various four-wave mixing techniques. Four-wave mixing is a non-linear method in which 

three different interactions with an electric field are combined through the third-order 

susceptibility, 𝜒𝜒(3), of a material and generates a fourth electric field (Figure 1.2). In the 

context of vibrational coherence studies, the first and second electric field interactions 

generate a vibrational coherence by projecting wavefunction amplitude onto multiple 

eigenstates, forming a coherent wavepacket. The third electric field interaction probes the 

vibrational coherence, producing a signal electric field.  

Given that each electric field interaction has some momentum in the direction of 

the field wavevector, 𝑘𝑘, conservation of momentum dictates that the spatial arrangement 

of the electric field interactions will determine in which direction the signal is generated. 

The four-wave mixing is most efficient when the sum of the wavevectors is zero1, e.g., 

when the signal wavevector, 𝑘𝑘𝑠𝑠 is generated in the direction4, 33 

 
𝑘𝑘𝑠𝑠 = 𝑘𝑘1 − 𝑘𝑘2 + 𝑘𝑘3 

(1.12) 

One may generate the signal in a background-free direction by using a three pulse 

geometry (Figure 1.3a) as used in methods like coherent anti-Stokes Raman spectroscopy 

(CARS) or coherent Stokes Raman spectroscopy (CSRS).16 These techniques yield the 

desired vibrational information in a background-free direction (Figure 1.3b) but result in 

additional experimental complexity due to the need for three or four separate pulses. 
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Impulsive transient absorption spectroscopy is an ultrafast method that tracks the 

evolution of excited-state electronic populations, much like normal transient absorption, 

but utilizes an impulsive pump to coherently populate an electronic potential energy 

surface with a vibrational coherence or “wavepacket”. Impulsive transient absorption is a 

four-wave mixing technique where a pump pulse is sufficiently short (i.e., less than the 

vibrational period) that the first two electric field interactions happen within the duration 

of the pump and form a vibrational coherence. With a single, impulsive pump 𝑘𝑘1 is equal 

to 𝑘𝑘2 (Figure 1.3c), so the signal wavevector, 𝑘𝑘𝑠𝑠, is generated in the same direction as the 

probe, 𝑘𝑘3 (Figure 1.3d). While impulsive transient absorption spectroscopy maintains the 

simplicity of a two-pulse pump-probe experiment, the trade-off is the coherent vibrational 

Figure 1.3 Two and three pulse four wave mixing geometries and wavevectors 
diagrams. A “box” four wave mixing geometry (a) where each electric field interaction 
occurs along three unique wavevectors (colored arrows) whose momentums sum (b) to 
generate the signal along a background free wavevector, 𝑘𝑘𝑠𝑠. In a two-pulse, pump-probe 
geometry (c) the first two electric field interactions, 𝑘𝑘1and 𝑘𝑘2, occur from a single pump 
pulse and the signal, 𝑘𝑘𝑠𝑠, is generated along the probe wavevector, 𝑘𝑘3(d). 
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signal is co-linear with the probe and requires the removal of signal contributions from the 

non-coherent electronic population to observe the desired vibrational dynamics. 

An additional complexity that can occur with impulsive transient absorption 

geometries is in systems where the Stokes shift between the absorption and emission 

bands is small. The GSB induced by the pump pulse and the SE from the excited-state 

induced by the probe pulse spectrally overlap. As a result, determining which electronic 

population is being modulated by the coherently excited vibrational wavepacket is non-

trivial. An excited-state wavepacket can be isolated by altering the chirp or duration of 

the pump pulse but at the cost of temporal resolution.34, 35 A pure excited-state coherence 

signal can also be acquired by monitoring the ESA;  however, the ESA of a molecule is 

not always readily accessible if the photon energy of the next allowed transition falls 

outside of the probe spectrum. 

This ambiguity is further complicated by the possibility that a broadband pump 

pulse could form wavepackets on multiple electronic states. As shown in Figure 1.2, 

impulsive excitation occurs through both resonant and non-resonant Raman mechanisms. 

If a significant portion of the broadband excitation falls outside of the absorption band of 

the species, these wavelengths could form a wavepacket on the ground-state, introducing 

an additional coherent signal. So, while obtaining the temporally shortest (spectrally 

broadest) pump pulse possible offers the advantage of higher temporal resolutions and the 

ability to probe higher frequency vibrations, e.g., torsions or C-C stretches, these 

advantages do not come free of charge if a single source of excitation can generate 

coherences in multiple electronic states.36  
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A distinctive feature that can be used to differentiate between an excited-state and 

a ground-state coherence is a node in the rapidly varying component of the signal at the 

emission or absorption maximum, where spectral oscillations across the probe frequency 

axis undergo a phase-flip and the oscillation amplitude goes to zero.37 The origin of this 

effect is illustrated in Figure 1.4. At t = 0, the wavepacket resides at the inner turning point 

of the excited-state well, enhancing SE for higher energy transitions at the expense of SE 

at lower energies. After propagating for half the period (t = τ/2), the wavepacket resides at 

the outer turning point of the well, where lower energy SE transitions are enhanced at the 

expense of higher energy transitions.  

When the slow electronic population dynamics are removed from the transient 

absorption measurement, residual oscillations resulting from the wavepacket motion 

display both a zero-amplitude node and a phase-flip at the fluorescence maximum 

(𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 ), corresponding to the time when the wavepacket traverses the minimum of the 

well (t = τ/4 and t = 3τ/4 for a harmonic potential). The same picture applies to ground- or 

excited-state absorption, with the node appearing at the respective absorption maximum. 

As such, a zero-amplitude node with an accompanying phase-flip (henceforth just 

“phase-flip”) at the ground-state absorption maximum (𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 ) would indicate a ground-

state wavepacket, while phase-flips at the fluorescence (𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 ) and excited-state 

absorption maxima (𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠) would indicate an excited-state wavepacket.   
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Figure 1.4: Illustration of how coherent vibrations appear in electronic transient signal. 
Top: A wavepacket (blue gaussian) moving across an electronic potential (black curve) 
leads to enhancement/depletion in the stimulated emission at different transition 
energies (downward arrows). Bottom: The enhancement/depletion from the wavepacket 
motion leads to an oscillatory component in the transient stimulated emission signal 
(red curve) that has a phase-flip in the middle of the well, i.e., the fluorescence 
maximum. 
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The use of vibrational coherences and associated phase-flips has been proposed as 

a means to detect non-adiabatic transitions, specifically in systems where conical 

intersections may be challenging to detect because of long-lived fluorescence.38 Brazard et 

al. performed impulsive transient absorption on cresyl violet using a broadband 

pump/probe to generate the coherent vibrational signal (Figure 1.5, left). Once isolated, the 

vibrational coherence displayed a phase-flip slightly blue-shifted from the emission 

maximum. However, after ~ 1.7 ps, the phase-flip appeared to split into 3 separate nodes, 

one at the emission maximum (621 nm), one branching off towards the absorption 

maximum (591 nm), and the third appearing at a probe wavelength in between at 610 nm 

(Figure 1.5, right).  

 

 

 

 

Figure 1.5 Experiment conditions and coherent oscillations observed by Brazard et al. 
(Left) Pump and probe (solid black, curve) and absorption (dotted curve) and emission 
(dash curve) of cresyl violet. (Right) Coherent wavepacket signal in cresyl violet in the 
GSB/SE region. Reprinted (adapted) with permission 
from J. Phys. Chem. Lett. 2016, 7, 1, 14–19. Copyright 2015 American Chemical 
Society. 
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The proposed mechanism to account for the shifting and splitting node was that the 

broadband pump formed an excited-state wavepacket that encountered a conical 

intersection, i.e., a point where the Born-Oppenheimer approximation breaks down, and 

population may transfer non-radiatively. Non-adiabatic dynamics through a conical 

intersection are of particular interest, as they appear to be nearly ubiquitous in large 

molecular systems and are drivers for important chemical and biological reactions. Brazard 

et al. proposed that the wavepacket, upon encountering a conical intersection, experiences 

a coherent surface-crossing event to another potential energy surface, with a corresponding 

shift in the positions of the phase-flip in the coherent signal. The three nodes corresponded 

to the remaining excited-state wavepacket (emission maximum), the portion of the 

wavepacket transferred to the ground-state via the conical intersection (absorption 

maximum), and the feature at 610 nm corresponding to some unknown potential, such as 

a charge transfer state. 

A later report by Rafiq and Scholes performed impulsive transient absorption of 

cresyl violet using an impulsive pump and a broadband probe to track the coherent excited-

state dynamics (Figure 1.6, left).20 As in the Brazard work, Rafiq and Scholes measured 

the coherent signal in the GSB/SE region but could also measure the dynamics in the ESA 

region using a probe with bluer wavelengths and observed oscillations. Rafiq and Scholes 

did not replicate the branching phenomena and only observed a single phase-flip in the 

GSB/SE region at approximately the emission maximum (Figure 1.6, right) at 612 nm 

(16,100 cm-1). Additionally, they were able to measure the excited-state coherence in the 

ESA directly. They observed a single phase-flip approximately at the excited-state 

absorption maximum, 509 nm (19,640 cm–1) (Figure 1.6, right). Both features indicated an 
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excited-state wavepacket that did not undergo a rapid transition to the ground-state via a 

conical intersection during the 6 ps scan. Rafiq et al. proposed that the discrepancy between 

the reports was due to the differing pump conditions used by the two groups. The pump 

used by Brazard et al. contained more bandwidth, particularly in the bluer portion of the 

spectrum, and may deposit the wavepacket higher on the excited-state potential where it 

could encounter the proposed conical intersection that would not be accessible by the pump 

used by Rafiq et al. Alternatively, they proposed the branching dynamics could arise from 

the generation of multiple coherent signals from resonant and non-resonant processes, as 

discussed in the previous section.  

 

  

Figure 1.6 Experiment conditions and coherent oscillations observed by Rafiq et al. 
(Left) Pump (yellow area) and probe (cyan area) spectrums and absorption (black curve) 
and emission (red curve) or cresyl violet perchlorate. (Right) Coherent wavepacket 
signal in cresyl violet in the GSB/SE and ESA region. Reprinted (adapted) with 
permission from J. Phys. Chem. A 2016, 120, 34, 6792–6799. Copyright 2016 American 
Chemical Society. 
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1.5 Scope 

While phase-flips have been an understood phenomenon in ultrafast spectroscopy 

for some time, their application in directly observing conical intersections is still new. 

Identifying which nuclear coordinates are responsible for non-adiabatic transitions through 

conical intersections relies heavily on computational methods. Hence, an important step 

for experimentalists is to develop methods that can confirm the theoretical models. An 

evaluation of the conflicting reports in the literature for this potential new method is 

therefore necessary. The focus of this dissertation is an investigation of impulsive transient 

absorption to elucidate the excited-state vibrational structure of cresyl violet. We explore 

the application of phase-flips as indicators for non-adiabatic transitions of excited-state 

populations and test for the presence of a conical intersection previously reported. We 

detail methods for generating vibrational coherences, the isolation of coherent signals 

through experimental and computational means, and a theoretical understanding of how 

coherent signals present themselves in impulsive transient absorption studies. 

Chapter 2 describes the generation of tunable, broadband visible excitation to 

coherently populate excited electronic potential energy surfaces in a two-pulse geometry 

technique; the characterization of ultra-short pulses; experimental design for high 

resolution, low noise measurements; and post-processing methods to resolve the coherent 

oscillations and Raman spectra of the transient species. 

Chapter 3 details the investigation of coherent dynamics in cresyl violet under four 

different pump conditions, two of which are designed to replicate conditions reported in 

the literature. Ground- and excited-state modes are assigned by comparing results obtained 

using off-resonant and resonant pump pulses to the steady-state resonant Raman spectrum 

of cresyl violet. These studies confirm that selective excitation of ground-state (S0) or 

excited-state (S1) wavepackets is achieved using the off-resonant and resonant pulses, 
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respectively. Studies using partially resonant pumps are then performed to replicate the 

complex dynamics reported in previous studies. 

Chapter 4 explores computational means to separate the effects of the wavepacket 

dynamics on multiple electronic surfaces when using a partially resonant pump pulse 

having the broadest achievable bandwidth of a home-built non-colinear optical parametric 

amplifier. The utility of spectral control over wavepacket formation, filtering methods, and 

the effects caused by interference between coherences on the excited- and ground-state 

surfaces are then discussed. 

Chapter 5 builds a theoretical model to explain the observed dynamics of broadband 

excitation and the additional complications under such conditions. The potential 

application of impulsive transient absorption to observe vibrational wavepackets in other 

systems, alternate hypotheses for the cresyl violet system dynamics, and potential problems 

and solutions for future experiments are discussed. 
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CHAPTER 2 

EXPERIMENTAL DESIGN OF TRANSIENT ABSORPTION SPECTROMETER, 

TWO-DIMENSIONAL SPECTRAL SHEARING INTERFEROMETER, AND 

SIGNAL PROCESSING 

2.1 Broadband pulse generation 

This chapter details the design of a home-built, ultrafast spectrometer used to 

generate the necessary impulsive excitation and measure the impulsive transient signal in 

cresyl violet perchlorate (Figure 2.1).   

 

A broadband white-light continuum that spanned nearly the entire visible spectrum 

was necessary to act as a probe that could measure both the GSB/SE and ESA of cresyl 

violet. Broadband excitation was also a necessary feature to form sufficiently short pump 

pulses to generate the desired vibrational coherences, replicate the conditions of previous 

impulsive transient studies in cresyl violet, and for the additional resonant and non-resonant 

control experiments discussed in Chapter 3. We also describe two-dimensional spectral 

shearing interferometry as a method to characterize ultra-short pulses over a broad range 

of wavelengths and the challenges involved with proper compression of broadband 

excitation. Coherent oscillations contribute only a small fraction of the transient signal, and 

the measurements required a high degree of sensitivity and low noise to capture the desired 

Figure 2.1 Structure of cresyl violet 
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dynamics. We detail appropriate beam geometry for impulsive, two-pulse experiments and 

a balanced detection method used to capture the coherent signal. We then describe the 

methods used to isolate the coherent vibrational dynamics from the incoherent electronic 

population decay. 

The experiments relied on the ability to create tunable pump pulses in the visible 

region and a probe pulse able to observe both the ground-state and excited-state electronic 

transitions of cresyl violet. Therefore, a sufficiently broadband white-light continuum was 

a crucial component to generate the necessary pulses. A gas-phase filament was chosen as 

the white-light source. It offers some key advantages over condensed phase materials (e.g., 

sapphire or CaF2 crystals), such as higher intensities, broader spectra, self-compression, 

and low potential for damaging the filamentation medium.39  

Figure 2.2 shows a schematic of the transient absorption spectrometer used for the 

impulsive measurements. The filament was formed by loosely focusing 750 μJ pulses from 

an 800 nm Ti:sapphire laser operating at 1 kHz (Coherent, Legend Elite Amplifier and 

Vitara Oscillator) using a reflective telescope into a 1.8 m long argon chamber. The argon 

chamber is set in a flow geometry where the gas is constantly replenished from an inlet 

valve (near the window where the 800 nm pulses enter) and exits into the atmosphere from 

an open end at the opposite side of the chamber. The white-light filament output, spanning 

the visible spectrum, 400 nm to 800 nm, was directed into a second reflective telescope set 

to collimate the slightly diverging beam. The spectrum of the filament is controlled via the 

internal compressor of the regenerative amplifier and an iris set before the first focusing 

telescope. The chirp of the 800 nm pulses is optimized by maximizing the bluest portion 



 

25 

of the filament spectrum while using the narrowest iris opening that could still maintain a 

stable filament. 

 

Pump pulses were generated using a home-built non-colinear optical parametric 

amplifier (NOPA) (Figure 2.2, inset) to amplify white-light continuum seed pulses 

collected from the first surface reflection off an uncoated glass wedge.40 1.6 W of the 

Ti:sapphire output is passed through a modified 4f pulse shaper. The second grating (G2) 

is set at an angle and distance from the second lens in the 4f that is not a perfect mirror 

image of the first grating (G1) across the Fourier plane to introduce a pulse front tilt (PFT) 

in the 800 nm pulses. The PFT is necessary to account for the non-colinear angle (α, Figure 

2.2 inset) and ensure spatial overlap of the pump and seed for optimal amplification in the 

NOPA. A mismatch between the seed and 400 nm pump pulse fronts would limit the 

Figure 2.2 Schematic of the impulsive transient absorption spectrometer and non-
colinear optical parametric amplifier (NOPA, inset). BS: beam splitter, TS: reflective 
telescope, DS: delay stage, G1/2: transmissive gratings, SHG BBO: second harmonic 
β-Barium Borate crystal, BBO: amplification β-Barium Borate crystal, SWP: silica 
wedge pair, IR-F: infrared filter, CM: chirped mirrors. 



 

26 

bandwidth that could be simultaneously amplified. The output of the 4f was then chopped 

to 500 Hz and frequency-doubled in a β-Barium Borate (BBO) crystal (0.5mm, θ = 29.2°) 

to generate the second harmonic, 400 nm pump for the NOPA. A slit at the Fourier plane 

of the 4f is used to control the 400 nm pump power and, consequentially, the power of the 

NOPA output.  

 

The seed and 400 nm pulses are mixed in a second, amplification BBO crystal cut 

for broadband phase matching (1 mm, θ =32°), and the output is compressed with a pair of 

chirped mirrors (Laser Quantum, DCM-9) and fused silica wedges to generate the four, 

ultrashort pump pulses centered at 555 nm (9.2 fs), 610 nm (9.2 fs), 715 nm (10.5 fs), and 

Figure 2.3 Absorption/fluorescence spectra of cresyl violet perchlorate in methanol 
and pump/ probe pulse spectra. Absorption (λmaxabs  = 593 nm or 2.09 eV) and 
fluorescence (λmaxfl  = 619 nm or 2.00 eV) spectra of cresyl violet perchlorate in 
methanol shown as solid and dashed black curves, respectively. Pump pulse spectra 
are shown in blue (555 nm), green (610 nm), red (715 nm), and magenta (broadband). 
The probe pulse spectrum is shown in cyan. Spectral intensities are Jacobian-corrected 
to the photon energy (eV) axis. 
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the broadband (5.7 fs) pump (Figure 2.3). Generally, the pump pulse energy was set to 

induce the same ∆𝑇𝑇/𝑇𝑇 response in the sample at a 500 fs pump-probe delay, so 

approximately the same portion of the population was removed from the ground-state 

under each pump condition. The exception being the 715 nm pump that only contained a 

small portion of resonant wavelength. In this case, the pump energy was set to maximize 

the change in transmission in the sample while remaining in the linear regime. 

The remainder of the filament is filtered using a short-wave pass filter to remove 

the intense near-infrared (>750 nm) fundamental and compressed with a pair of chirped 

mirrors (Laser Quantum, DCM-12) to form a broadband (400-725 nm), 5.9 fs probe pulse 

(Figure 2.3). The white light is broad enough to probe the stimulated emission/ground-state 

absorption and the excited-state absorption of cresyl violet simultaneously, thereby making 

it possible to separate contributions from the ground- and excited-state wavepackets by 

comparing oscillations that appear in the ESA to those in the GSB/SE. The probe is 

attenuated and split using a wedge to create a probe beam (first surface reflection) and a 

reference beam (back surface reflection) that are focused into the sample with an off-axis 

parabolic mirror.  

Four-wave-mixing experiments should be subject to the restriction41  

 
𝐿𝐿∆𝜔𝜔
𝑛𝑛𝑐𝑐

sin2(𝛽𝛽) ≪ 1 

 

(2.1) 

to minimize phase distortions, where L is the sample thickness (1 mm), ∆𝜔𝜔 is the full width 

at half maximum of the spectrum, n is the refractive index of the sample (~1.33 for 

methanol), c is the speed of light, and 𝛽𝛽 is the half-angle between the beams (0.85°). Given 
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the bandwidth of the pumps, this would result in a phase mismatch of less than 5% and 

would not significantly alter the findings. 

2.2 Pulse characterization 

Pump and probe pulses were characterized using two-dimensional spectral shearing 

interferometry (2DSI), a method to characterize pulses that approach a few optical cycles 

across a broad range of wavelengths.42 The home-built 2DSI (Figure 2.4) consists of three 

pathways; a test pulse path (1), a Michaelson interferometer path (2), and a pulse spectrum 

path (3).  

The pulse is introduced into the 2DSI, where it reflects off an optical blank. The 

first surface reflection is used as the test pulse (path 1) and is steered into an off-axis 

parabolic mirror and focused into a type II BBO cut for broadband up conversion (10µm, 

θ=61°). The second surface reflection off the blank is steered into an Ocean Optics 

USB2000 UV-VIS spectrometer that collects the pulse spectrum (path 2). The transmitted 

portion (path 3) is split via a cube beam splitter into two arms of a Michaelson 

interferometer. The interferometer's two arms are recombined and sent through an 8.3 cm 

block of SF11 Schott glass to stretch the two pulse copies. Their polarization is rotated 

using a half-wave plate before being steered into the off-axis parabolic mirror and focused 

into the BBO, where they are mixed with the test pulse. The sum-frequency signal from 

the BBO is collected in an Ocean Optics USB4000 UV spectrometer.  

After passing through the fused silica block, the two pulses from the interferometer 

path are highly chirped. When the two chirped pulses are mixed in the BBO with the 

compressed test pulse, only a small portion of the spectrum from the chirped pulses 
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interacts with the entire spectrum of the test pulse.42 This means the test pulse is 

upconverted by quasi-monochromatic radiation from each of the chirped copies. The path 

length of the first arm is controlled via a manual stage that sets the quasi-continuous wave 

wavelength contained in the stretched pulses used to upconvert the test pulse. The second 

arm is controlled via a piezoelectric stage (Physik Instrumente P-621.1CD) capable of sub-

nanometer steps. As the piezo-controlled arm of the interferometer is scanned across a 

distance corresponding to several optical cycles, the constructive/destructive interference 

between the two stretched pulses generates an oscillating intensity of the sum frequency 

signal with the test pulse. The result is a series of intensity “fringes” in the upconverted 

spectrum as a function of stage position. The stage position of each upconverted 

wavelength is then used to determine the relative phase of each spectral component and, 

along with the pulse spectrum from path (2), the complete characterization of the test pulse 

is constructed.43 
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Figure 2.4 Schematic of two-dimensional spectral shearing interferometer. BS: cube 
beam splitter, PS: piezo delay stage, MS: manual delay stage, GB: SF11 Schott glass 
block, 𝜆𝜆 2� : half wave plate, BBO: β-Barium Borate crystal. Numbers indicate the test 
path (1), spectrum path (2), and interferometer path (3). 
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The fidelity of the phase retrieval for the pulse characterization is tested by 

introducing a 1.25 mm fused-silica blank into the path of the white light probe and 

calculating the phase difference between the compressed pulse and the pulse with the blank 

inserted. The retrieved phase was then compared with the theoretical dispersion of the 

blank and found to be in good agreement, as shown in Figure 2.5. 

 

Spectral, temporal, and phase profiles of the four pumps and probe pulse are shown 

in Figures 2.6-2.10. All 2DSI measurements of the pumps and probe were taken with a 

blank, the same thickness and material as the cuvette window holding the sample, inserted 

in the beam path to reproduce the in-situ pulse duration. 

  

Figure 2.5 2DSI retrievals of white-light probe with and without 1.25 mm fused silica 
blank inserted. Spectral profile (black, right axis) and phase (left axis) of the probe with 
(red) and without (blue) a 1.25 mm fused silica blank. The difference between the phase 
with and without the blank (dotted, magenta) is referenced against the calculated 
dispersion of 1.25 mm of fused silica (dashed, cyan). 
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Figure 2.6 2DSI retrieval of 555 nm pump. Spectral profile (left, black), phase (left, 
red), and temporal profile (right, black). The temporal full width at half maximum is 
9.2 fs. Spectral intensities are Jacobian-corrected to the photon energy (eV) axis. 
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Figure 2.7 2DSI retrieval of 610 nm pump. Spectral profile (left, black), phase (left, 
red), and temporal profile (right, black). The temporal full width at half maximum is 
9.2 fs. Spectral intensities are Jacobian-corrected to the photon energy (eV) axis. 
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Figure 2.8 2DSI retrieval of 715 nm pump. Spectral profile (left, black), phase (left, 
red), and temporal profile (right, black). The temporal full width at half maximum is 
10.5 fs. Spectral intensities are Jacobian-corrected to the photon energy (eV) axis. 
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Figure 2.9 2DSI retrieval of broadband pump. Spectral profile (left, black), phase (left, 
red), and temporal profile (right, black). The temporal full width at half maximum is 
5.7 fs. Spectral intensities are Jacobian-corrected to the photon energy (eV) axis. 

\ 
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Higher-order chirp (oscillations in the red curves, Figure 2.6-2.10) is present in 

both the pump and probe pulses because of the high number of reflections off the chirped 

mirrors necessary to compensate for a large amount of material and long path lengths in 

the setup. The result is a small, sub-pulse structure in the temporal profile of the pumps 

and probe. However, the structure occurs at a significantly shorter period than the 

vibrational modes of interest, and the vibrational signal would primarily result from the 

largest pulse feature since impulsive excitation is linear with the intensity level and adds 

cumulatively to produce the signal.44  

  

Figure 2.10 2DSI retrieval of broadband probe. Spectral profile (left, black), phase (left, 
red), and temporal profile (right, black). The temporal full width at half maximum is 
5.9 fs. Spectral intensities are Jacobian-corrected to the photon energy (eV) axis. 
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2.3 Sample preparation, detection, and signal processing 

Cresyl violet perchlorate (Sigma-Aldrich) and HPLC-grade methanol (EMD) were 

purchased and used without further purification. A 3.7×10-5 M stock solution of cresyl 

violet in methanol was prepared, corresponding to an OD of ~0.26 at 593 nm (λmaxabs ) with 

a 1-mm path length. The sample was held in a fixed volume cuvette with a 1 mm path-

length (Hellma, Suprasil® quartz) and refreshed daily without further filtration. 

Dual spectrometers (Princeton Instruments, Isoplane 160, Entwicklungsbüro 

Stresing, CCD) (Figure 2.2) are used to collect the signal and reference pulses in a balanced 

detection scheme to reduce shot-to-shot noise, which was measured to be <1% relative 

standard deviation (RSD) over 5000 laser pulses.14 The instrument response function (IRF) 

is obtained by measuring the second-order cross-correlation between the white-light probe 

and the broadband pump pulses in a 10 µm thick BBO crystal cut for type-II phase 

matching at 600 nm, yielding a signal with a full-width at half maximum of 11.3 fs (Figure 

2.11), the practical limit to the temporal resolution of the measurements.  

 
Figure 2.11 Instrument response function of probe and broadband pump. 
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The transient transmission maps are generated by scanning the pump-probe delay 

between -0.5 ps to +12 ps with an 8-fs step size, with each time step is the average of 1000 

pump on/off cycles. The first spectrum at -0.5 ps is subtracted from all subsequent spectra 

to remove scattered light from the pump. To account for any drift in the mechanical delay 

stage changing the repeatability of the 𝑡𝑡 = 0 position, the scans for each pump condition 

are corrected by aligning the coherent artifact along the 620 nm temporal dynamics. The 

three scans are averaged to create the transient transmission map for each pump condition.  

A commonly used method for extracting the coherent signal from the incoherent 

electronic population is to fit the temporal dynamics at each wavelength to a single or 

biexponential decay. The slow electronic population relaxation fitting is then subtracted 

from the transient signal, leaving the fast oscillatory signal from the coherent dynamics as 

a “residue”. A different approach was undertaken in the current study where, to separate 

the impulsively excited vibrational coherence from the electronic population dynamics, the 

second derivative with respect to time is taken along each probe wavelength.45  

The motivation behind using this method as opposed to traditional methods is two-

fold. First, exponential decay fitting programs are subject to initial, guessed parameters 

which are somewhat arbitrary and cannot be set consistently along each wavelength or 

between scans due to the various pump conditions and decay dynamics. In contrast, the 

numerical derivative method can be applied consistently under any conditions, reducing 

the possibility of extraneous human error.  

The second reason for using the second derivative method was due to 

uncontrollable environmental conditions. Thermal drift in the laser and vibrations from 
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other lab equipment caused periodic fluctuations in laser power, which presented 

themselves in the temporal dynamics of the transient signal. The environmental effects 

were repeatable but not consistent enough to accurately model and subtract to isolate the 

coherent signal. However, the additional noise produced by the environment is also slow 

relative to the period of the wavepacket and could be sufficiently suppressed in the same 

manner as the slow electronic population decay. 

The isolation of the coherent signatures  can be understood if the temporal 

dynamics, 𝑆𝑆(𝑡𝑡), at a given wavelength take the form 

 𝑆𝑆(𝑡𝑡) = 𝐴𝐴𝑒𝑒−𝜔𝜔/𝜏𝜏 + 𝐵𝐵𝑒𝑒−𝜔𝜔/𝑑𝑑� sin (𝜔𝜔𝑛𝑛𝑡𝑡)
𝑛𝑛

 (2.2) 

where the first term describes the incoherent electronic population decay with the initial 

amplitude 𝐴𝐴 and a lifetime of 𝜏𝜏, and the second term describes the coherent signal as a sum 

of vibrational frequencies, 𝜔𝜔𝑛𝑛, with some initial amplitude, 𝐵𝐵, dephasing at some rate 𝑑𝑑. If 

we then take the second derivative of the signal with respect to time, we find 

 𝑑𝑑2

𝑑𝑑𝑡𝑡2
𝑆𝑆(𝑡𝑡) =

𝐴𝐴
𝜏𝜏2
𝑒𝑒−𝜔𝜔/𝜏𝜏 +

𝐵𝐵
𝑑𝑑2
𝑒𝑒−𝜔𝜔/𝑑𝑑� sin (𝜔𝜔𝑛𝑛𝑡𝑡)

𝑛𝑛

− 2𝜔𝜔𝑛𝑛
𝐵𝐵
𝑑𝑑
𝑒𝑒−

𝜔𝜔
𝑑𝑑� cos(𝜔𝜔𝑛𝑛𝑡𝑡)

𝑛𝑛

− 𝜔𝜔𝑛𝑛2𝐵𝐵𝑒𝑒−𝜔𝜔/𝑑𝑑� sin (𝜔𝜔𝑛𝑛𝑡𝑡)
𝑛𝑛

 

 

(2.3) 

The relaxation of the excited-state and the dephasing of the coherent signal vary 

slowly in time, on the order of hundreds of picoseconds and picoseconds, respectively. 

Given the period of the wavepacket (𝑇𝑇𝜔𝜔𝑛𝑛) is only tens of femtoseconds, we can make the 
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approximation that the first three terms of Eq. 2.3 approach zero since 𝜏𝜏,𝑑𝑑 ≫ 𝑇𝑇𝜔𝜔𝑛𝑛 and we 

are left with 

 𝑑𝑑2

𝑑𝑑𝑡𝑡2
𝑆𝑆(𝑡𝑡) ≅ −𝐵𝐵𝑒𝑒−𝜔𝜔/𝑑𝑑�𝜔𝜔𝑛𝑛2sin (𝜔𝜔𝑛𝑛𝑡𝑡)

𝑛𝑛

 
(2.4) 

This method suppresses the slowly varying dynamics while providing the desired 

frequency, phase, and dephasing information of the wavepacket scaled by the square of the 

frequency for each vibration. 

The Raman maps for the coherent oscillations are retrieved by applying a Fourier 

transform along the pump-probe delay axis for each probe wavelength. As shown in Eq 

2.4, the amplitude of each Raman frequency is scaled by the square of the value of the 

frequency, enhancing high-frequency amplitudes compared to low frequency. A Jacobian 

correction is applied to all Raman spectra to account for this effect.46 The inherent 

resolution of the Fourier Raman spectra based on the scan length is 2.8 cm-1. Two 

dimensional Raman spectra represent the vibrational content of the wavepackets averaged 

over probe energies from 1.8 eV to 2.3 eV for the GSB/SE spectra and 2.3 eV to 2.8 eV 

for the ESA spectra.  

The steady-state resonant Raman spectrum of cresyl violet in methanol was taken 

using a Horiba LabRam Raman microscope with a 532 nm continuous wave laser. 

Dimethylaniline (DMA) was added to the cresyl violet solution for the steady-state Raman 

measurement (presented in the next chapter) to quench the spontaneous emission.47-49 
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CHAPTER 3 

IMPULSIVE TRANSIENT ABSORPTION OF CRESYL VIOLET 

3.1 Resonant pumping 

Previous studies of cresyl violet characterized the vibrational modes on the 

excited-state formed via pump pulses with significant non-resonant amplitude, leading to 

the possibility that a portion of the population coherently formed on the ground-state 

through non-resonant Raman processes. Rafiq et al. even noted a small contribution from 

what they identified as a ground-state mode in the GSB portion of the coherent signal.20 

To remove the possibility of ambiguous coherent signals, two control experiments were 

designed to form wavepackets selectively on the ground-state or the excited-state. Cresyl 

violet has a large absorption band with an absorption maximum at 593 nm (2.01 eV), 

conveniently located at the approximate mid-point of the visible spectrum. Since the 

NOPA described in Chapter 2 can amplify radiation across the visible spectrum, we can 

generate pulses whose spectral density fell almost entirely within or outside the 

absorption feature of cresyl violet while still having enough spectral bandwidth to remain 

impulsive.  

The first control experiment utilized a pulse centered at 555 nm (2.23 eV) with a 

temporal full-width at half maximum (FWHM) duration of 9.2 fs. The highly resonant 

pulse was intended to form a vibrational coherence on the excited-state through a 

coherent absorption process displayed in Figure 1.2c/d. However, there is no guarantee of 

only creating an excited-state wavepacket since resonant Raman processes can still create 

a vibrational coherence on the ground-state, as shown in Figure 1.2b. Since the probe 
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pulse can also access transitions from the excited-state through ESA, any coherent signal 

in the GSB/SE region can be compared to the coherent signal in the ESA region. The 

ESA can then be used as an internal standard for the GSB/SE region.  

The transient change in transmission of cresyl violet as a function of pump-probe 

delay after excitation using the 555 nm (“resonant”) pump pulse is displayed in Figure 

3.1. The transient spectrum contains two regions: a positive region between 1.8 and 2.31 

eV that is comprised of the GSB and the SE from S1 to S0, and a negative region between 

2.31 and 3 eV corresponding to the ESA from the S1 surface to higher-lying states.50 

High frequency (𝜏𝜏period < 100 fs) oscillations are observed in both the GSB/SE and ESA 

regions of the spectrum at early delays (<6 ps).  

 

  

Figure 3.1 Transient transmission map of cresyl violet after excitation by the 555 nm 
(resonant) pump. Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
The coherent artifact at zero-delay is saturated. 



 

43 

Shortly after excitation (250 fs), the GSB/SE feature has a maximum at 2.03 eV, 

and the ESA has a minimum at 2.47 eV (Figure 3.2). As the pump-probe delay increases, 

the GSB/SE maximum and ESA minimum undergo spectral shifting and decay. By 10 ps, 

the GSB/SE peak maximum has redshifted toward the steady-state fluorescence 

maximum at 2.00 eV, while the ESA minimum undergoes a slight blueshift (Table 3.1).  

 
These dynamics can be interpreted by considering how the high-energy (blue) 

pump wavelengths will populate the vibrational eigenstates of the S1 surface. Upon 

resonant excitation, the ground-state wavefunction is projected onto higher energy 

vibrational eigenstates of the S1 surface within the Franck-Condon region (Figure 3.3, left 

panel). Populating higher energy vibrational eigenstates increases the effective energy of 

the S0-S1 transition, blueshifting the SE feature in comparison with the measured 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  of 

the steady-state emission spectrum (leftmost, dashed line in Figure 2.3).20 At the same 

time, the gap between the S1 and Sn states decreases due to the population residing in 

higher-lying vibrational eigenstates of S1, leading to a slight redshift of the ESA 

Table 3.1 Peak positions and relative shifts of GSB/SE and ESA bands for each pump 
condition. The +/- in the peak positions are the result of averaging over 113 fs and are 
a result of the wavepacket motion, not measurement error. 
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maximum observed shortly after 𝑡𝑡 = 0. As time proceeds, the population loses energy 

through interactions with the bath and relaxes towards the bottom of the S1 potential 

energy well, causing the GSB/SE maximum to redshift and the ESA maximum to 

blueshift (Figure 3.3, right panel). 

 

Figure 3.2 Line-outs of the transient sign after excitation by the resonant pump at 250 
fs and 10 ps. Each lineout is averaged over 113 fs (two periods at 590 cm-1) to remove 
contributions to the population dynamics from the coherent oscillations of the 
wavepacket. Grey dashed lines indicate positions (from left to right) of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , 
and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
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Figure 3.3 Energy diagram for the formation and decay of excited state wavepacket 
after resonant pump. Left: At zero delay, resonant pump photons (vertical arrows) 
transfer population from the ground-state (S0) to multiple vibrational eigenstates 
(horizontal lines) of the excited-state potential energy surface (S1). Right: At positive 
delay times, population deposited on the higher lying vibration states of S1 undergoes 
cooling (red, dashed arrow) to lower vibration levels, causing a shift in the ESA and 
SE. The vibrational coherence (blue curve) formed on the higher lying vibrational 
levels dephases through incoherent processes such as bath interactions or IVR as it 
oscillates across S1. Black horizontal arrows indicate direction of wavepacket 
momentum. 



 

46 

Previous studies on cresyl violet and other oxazine dyes indicate that 

intramolecular vibrational redistribution (IVR), where energy initially deposited in one 

mode of a molecule is redistributed to other, coupled modes within the molecule, takes 

place on the sub-picosecond timescale and vibrational cooling takes place within one to 

tens of picoseconds.51-53 However, a recent study of cresyl violet suggests IVR is 

relatively slow due to highly harmonic potentials.20 In either case, the decay of the 

vibrationally hot portion of the SE feature occurs on a much faster time scale than the 

decay of the ESA feature or GSB recovery, indicating the S1 population is not relaxing 

back to the S0 state, but instead the excess vibrational energy is being redistributed within 

the excited-state or to the solvent.54, 55  

Removing the slow population dynamics from the resonant pump data by taking 

the second derivative reveals coherent oscillations, displayed in Figure 3.4. As predicted, 

a phase-flip is observed in the GSB/SE region at ~2.01 eV (617 nm), close to the value of 

the measured 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  (2.00 eV) and corresponding to the stimulated emission from S1 to S0.20 

The small (<10 meV) blueshift in the observed position of the phase-flip compared to 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  

can be explained in a similar manner to the spectral shifting observed in the population 

dynamics: a wavepacket comprised of higher-lying vibrational eigenstates would shift the 

mean position of the wavepacket on the anharmonic potential to larger internuclear 

distances, resulting in a blueshifted phase-flip for the emission from S1 to S0 (Figure 3.3, 

right). A phase-flip also occurs in the ESA at 2.46 eV, slightly red-shifted from the 

measured ESA absorption maximum (𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠) of 2.48 eV.50 The redshift in the ESA phase-

flip may be interpreted similarly to the shift in the stimulated emission phase-flip in the 

GSB/SE region (Figure 3.3, right). However, the discrepancy between the position of the 
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ESA phase-flip and the ESA maximum may also be attributed to spectral overlap between 

the ESA and much stronger GSB/SE signal, which could cause an apparent spectral 

blueshift from the actual absorption maximum. No branching or shifting of the phase-flips 

are observed in the resonant pump measurement. The position of the two phase-flips at 

𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠 and the fast decay of the “hot” SE signal in the transient population both 

indicate that the resonant pump forms a vibrational coherence primarily on the S1 surface.  

 

Figure 3.5 displays the amplitude of the Raman frequencies present in the coherent 

oscillations along each probe wavelength when cresyl violet is coherently excited by the 

resonant pump. In the ESA, five modes (summarized in Table 3.2) are observed; 340 cm-

1, 491 cm-1, 523 cm-1, 571 cm-1, with the most prominent appearing at 589 cm-1. A zero-

amplitude node accompanies the Raman peaks, corresponding to the phase-flip observed 

in the coherent oscillation at the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. The only signal that can contribute to the Raman 

map in this region is an excited-state wavepacket; therefore, the modes present in the ESA 

Figure 3.4 Coherent oscillations in cresyl violet after excitation by the resonant pump. 
Grey dashed lines indicate positions of the λmaxfl , λmaxabs , and λmax∗abs. The coherent artifact 
at zero-delay is saturated. 
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would be the most accurate representation of the “pure” vibrational structure on cresyl 

violet’s S1 surface. 

 

In the GSB/SE region of the Raman map, nine modes can be observed due to the 

greater intensity of the coherent oscillations in Figure 3.4. Identifiable peaks appear at 341 

cm-1, 471 cm-1, 489 cm-1, 523 cm-1, 571 cm-1, 589 cm-1, 670 cm-1, 739 cm-1, and 822 cm-1 

(Table 3.2). Each mode observed in the ESA region is mirrored by one in the GSB/SE, and 

the most prominent mode again appears at 589 cm-1. A zero-amplitude node also appears 

at the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  as in the coherent oscillations. Due to the high degree of agreement between 

the Raman modes observed in the ESA and GSB/SE and the position of a single, non-

diverging zero-amplitude node in both the ESA and GSB/SE region, one can conclude that 

the coherent oscillations in both regions are due to the selective formation of an excited-

state wavepacket, and any contributions from a ground-state wavepacket are minimal to 

non-existent. Therefore, the resonant 555 nm pump data will be used as a benchmark for 

the presence of excited-state coherences under other pump conditions. 

Figure 3.5 Fourier transform map of the coherent oscillations after excitation by the 
555 nm pump. Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
Spectra are zero-padded by a factor of 4. 
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3.2 Off-resonant pumping 

The second of the control experiments utilized a pump pulse centered on 715 nm 

with a FWHM duration of 10.5 fs and was highly non-resonant with the absorption 

feature of cresyl violet (Figure 2.3). The ground-state vibrational modes of cresyl violet 

are readily obtained using more traditional methods such as continuous-wave Raman 

spectroscopy, but a measurement of the coherent signal and associated phase-flip would 

provide a complete picture of a ground-state coherence formed under other pump 

conditions. This was a necessary benchmark to test the fidelity of the Fourier Raman 

retrieval against the known Raman spectrum of the ground-state and as a comparison to 

the excited-state Fourier Raman spectrum after resonant excitation. A measurement of the 

ground-state coherent signal would also aid in identifying contributions from either 

ground- or excited-state coherences in the two replication studies presented in the 

following sections. 

Table 3.2 Identified peaks from the Raman spectrum of cresyl violet. Peaks marked 
with (†) indicate an excited-state mode from the observed redshift in the resonant (555 
nm) Raman. 
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The transient change in transmission of cresyl violet after excitation by the 715 

nm pump (henceforth “off-resonant”) is displayed in Figure 3.6 and contains the same 

positive GSB/SE and negative ESA regions as the previous pump conditions. The 

observation of the GSB/SE and ESA features indicates that some population is removed 

from S0 and transferred to the S1 potential, though the ∆𝑇𝑇 𝑇𝑇�  observed is approximately 

half that of the resonant excitation, and the coherent artifact at 𝑡𝑡 = 0 is saturated due to 

the higher intensity of the largely non-resonant frequencies needed to initiate any 

population transfer. The small fraction of bandwidth that falls within the region where the 

absorption and emission spectra of cresyl violet overlap is necessary to observe a change 

in transmission. A fully non-resonant pump would not excite any population to the 

excited-state within the linear regime.  

 

 

 
Shortly after excitation (250 fs), the GSB/SE peak maximum appears at 2.03 eV 

and the ESA minimum at 2.48 eV (Figure 3.7). At a pump-probe delay of 10 ps, the 

GSB/SE maximum is found to have undergone a small decay and redshift to 2.02 eV, while 

Figure 3.6 Transient transmission map of cresyl violet after excitation by the 715 nm 
(off-resonant) pump. Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
The coherent artifact at zero-delay is saturated.  
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the ESA has decayed but does not shift.  In contrast to the resonant excitation, the 

absorption and emission maximum after off-resonant excitation experience considerably 

slower decays and smaller red and blueshift, respectively (Table 3.1). The intersection of 

the absorption and emission curves (Figure 2.3, black solid and dashed lines) has been 

taken to be the location of the lowest-energy state available on the S1 potential,50 suggesting 

that the population transferred by the bluest edge of the off-resonant pump spectrum 

primarily occupies the vibrational ground-state (𝜈𝜈=0) of S1 (Figure 3.8, left). Therefore, 

the off-resonant pump is only capable of forming a vibrationally “cool” excited-state that 

is not subject to the same rapid, internal redistribution of energy as observed previously.  

 

 

Figure 3.7 Line-outs of the transient sign after excitation by the off-resonant pump at 
250 fs and 10 ps. Each lineout is averaged over 113 fs (two periods at 590 cm-1) to 
remove contributions to the population dynamics from the coherent oscillations of the 
wavepacket. Grey dashed lines indicate positions (from left to right) of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , 
and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
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Figure 3.8 Energy diagram for the formation and decay of excited state wavepacket 
after off-resonant pump. Left: At zero delay, off-resonant pump photons (vertical 
arrows) transfer population to higher lying vibrational eigenstates (horizontal lines) of 
the ground-state potential energy surface (S0) through a Raman process. The small 
portion of population transferred to the excited-state resides mainly in the lowest 
vibration eigenstate. Right: At positive delay times, population deposited on the higher 
lying vibration states of S0 undergoes cool (red, dashed arrow) to lower vibration levels. 
The vibrational coherence red curve) formed on the higher lying vibrational levels 
dephases through incoherent processes such as bath interactions or IVR as it oscillates. 
across S0. Black horizontal arrows indicate direction of wavepacket momentum. 
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Figure 3.9 shows the second derivative of the transient transmission of cresyl violet 

following off-resonant excitation. A key difference immediately apparent in the off-

resonant conditions is that the observed high-frequency oscillations are localized in the 

GSB/SE region. The coherent oscillations observed in the GSB/SE region with a phase-

flip at 2.08 eV (596 nm), which is slightly redshifted from the ground-state absorption 

maximum (𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 ) at 2.09 eV (593 nm). The presence of a single phase-flip at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠  

indicates the formation of a wavepacket in the ground-state.  

The slight redshift of the phase-flip from the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠  can be explained using an 

argument similar to the resonant case: a portion of the population is excited to higher-lying 

vibrational levels of the ground-state potential through Raman transitions, decreasing the 

energy gap between the S0 wavepacket and the S1 surface (Figure 3.8, right). The coherence 

then decays as the wavepacket dephases through IVR and interactions with the bath (Figure 

3.8, left). No phase-flip is observed in the ESA. These observations in tandem with the 

electronic population dynamics suggest that the off-resonant pump is temporally short 

enough to form a coherent wavepacket in the ground electronic state through a non-

resonant Raman process (Figure 1.2a) but does not contain sufficient resonant bandwidth 

to form an appreciable coherent amplitude on the excited-state. 
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The Raman map of cresyl violet after excitation from the off-resonant pump is 

shown in Figure 3.10. In the GSB/SE spectrum, seven peaks are identified at 469 cm-1, 494 

cm-1, 525 cm-1, 569 cm-1, 594 cm-1, 675 cm-1, and 836 cm-1. A zero-amplitude node is 

observed at the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠  consistent with a wavepacket propagating on the ground-state surface. 

The ESA Raman region has a peak at 593 cm-1, corresponding to the frequency of the 

ground-state mode. The observation of the ground-state frequency in the ESA region is 

attributed to an overlap between the ESA and GSB, where the strong oscillatory signal in 

the GSB may also appear in the ESA region due to some overlap between the spectral 

features but does not have a corresponding zero-amplitude node indicating the presence of 

a wavepacket.  

Figure 3.9 Coherent oscillations in cresyl violet after excitation by the off-resonant 
pump. Grey dashed lines indicate positions of the λmaxfl , λmaxabs , and λmax∗abs. The coherent 
artifact at zero-delay is saturated. 
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It is now instructive to contrast the population and coherent dynamics of the 

resonant and off-resonant cases. For reference, the steady-state resonance Raman spectrum 

of cresyl violet excited at 532 nm (quenched with DMA) is shown in both columns of 

Figure 3.11 row (a) with dashed vertical lines indicating the relevant peaks. Ten peaks were 

identified in the steady-state Raman spectrum of cresyl violet corresponding to the normal 

modes of the ground-state (Table 3.2), in agreement with previously reported 

measurements.20, 56  

Row (b) of Figure 3.11 shows the amplitude of the Raman modes in Figure 3.5, 

integrated and averaged across the ESA region (left column) or the GSB/SE region (right 

column), as previously described. Each Raman mode in the ESA and GSB/SE excited by 

the resonant pump has a corresponding mode in the steady-state measurement but is 

redshifted by 2-10 cm-1 from the ground-state Raman energy (Table 3.2). The redshift is 

particularly noticeable in the most significant peak, which appears at 592 cm-1 in the 

Figure 3.10 Fourier transform map of the coherent oscillations after excitation by the 
off-resonant pump. Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
Spectra are zero-padded by a factor of 4. 
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steady-state Raman spectrum but is found at 589 cm-1 in the Raman spectrum excited by 

the resonant pump. 

 

The S0→S1 transition in cresyl violet is a π→π* transition.57 Upon excitation, 

electron density is removed from the bonds of the conjugated π-system, effectively 

weakening the classical “spring constant” and lowering the energy of the vibrational modes 

in the excited-state. As a result, the Raman spectrum of the excited-state is redshifted 

compared to the ground-state Raman spectrum, an effect which has been reported 

previously in a similar system, oxazine 1.58 The Raman spectrum extracted from the 

resonant pump data indicates that the coherence originates from an excited-state 

wavepacket and agrees with the position of the phase-flips at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠 and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 . The 

similarity of the spectra in the ESA and GSB/SE regions shows that contributions from a 

Figure 3.11 Comparison of Raman spectra retrieved by a Fourier transform of the 
coherent oscillations and steady-state Raman. ESA (left column) and GSB (right 
column) regions of the resonant excitation (row b), off-resonant excitation (row c), 
partially resonant excitation (row d), and broadband excitation (row e). The steady-state 
Raman spectrum of cresyl violet quenched with DMA (solid black line) is given as a 
reference in both panels in row a). Spectra are normalized to the largest feature. Dashed 
lines are drawn at the steady-state Raman peak positions, and asterisks indicate features 
from the quenching agent, DMA. Spectra are zero-padded by a factor of 4. 
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ground-state coherence are small when a fully resonant pump pulse is employed, and the 

coherent signal in the SE contains amplitude from excited-state modes. 

The Raman spectra obtained by Fourier transformation of the oscillations of the 

ESA and GSB/SE regions excited by the off-resonant pump pulse are shown in the left and 

right column of Figure 3.11 row (c), respectively. The ESA region contains almost no 

coherent signal and is dominated by noise. The GSB/SE Raman spectrum match observed 

modes in the steady-state Raman spectrum to within ~2 cm-1
 (Table 3.2), with the most 

prominent appearing at 594 cm-1. The high degree of agreement between the steady-state 

Raman and off-resonant Raman further supports the hypothesis that the off-resonant 

excitation creates a coherence primarily on the ground-state. 

It is clear from the data that selective excitation of an excited-state or ground-state 

wavepacket can be achieved by employing a resonant or off-resonant pump pulse, 

respectively. In tandem with the position of the phase-flips, the Raman shift of the most 

intense peaks in the resonant and off-resonant Raman spectra, at 589 cm-1 and 594 cm-1, 

respectively, is an effective means of distinguishing between excited- and ground-state 

wavepackets. Understanding these two limiting cases provides insight into the 610 nm and 

broadband pump pulse experiments, where the pumps have significant bandwidth in both 

non-resonant and resonant spectral regions. 
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3.3 Partially resonant pumping 

The first replication study is based on the pump conditions used by Rafiq et al. 

(Figure 1.6, left). Here we use a pump centered on 610 nm (2.03 eV) with a FWHM 

duration of 9.2 fs, whose spectrum is only partially resonant with the absorption feature 

of cresyl violet. Slightly less than half of the spectral density of the current pump 

conditions and those reported previously are non-resonant, leading to the potential for 

contributions from ground-state signal.20 With the measurements of the resonant and off-

resonant coherent signal in the previous section and the internal standard of the coherent 

signal in the ESA, a comparison of the three pump conditions provides the ability to 

disentangle contributions from the ground- and excited-states. 

 

The transient change in transmission of cresyl violet as a function of pump-probe 

delay upon excitation with the 610 nm (“partially resonant”) pump pulse is displayed in 

Figure 3.12. As with resonant excitation, high-frequency oscillations are observed in both 

Figure 3.12 Transient transmission map of cresyl violet after excitation by the 610 nm 
(partially resonant) pump. Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 
𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠.  
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the GSB/SE and ESA regions of the spectrum at early (<6 ps) delays. The GSB/SE 

maximum (ESA minimum) shifts from 2.02 eV (2.47 eV) to 2.01 eV (2.48 eV) (Figure 

3.13). These spectral shifts are like those observed for the resonant pump, indicating that 

the partially resonant pump pulse contains sufficient spectral overlap with the absorption 

spectrum of cresyl violet to promote a significant portion of the excited population to 

higher-lying or “hot” vibrational states in S1. The shifts of the maximum/minimums at 

early time delays after the partially resonant excitation are less pronounced than those 

observed in the resonant data (Table 3.1), indicating the 610 nm pump forms a 

vibrationally cooler population of the excited-state (Figure 3.14, left). 

 

Figure 3.13 Line-outs of the transient sign after excitation by the partially resonant 
pump at 250 fs and 10 ps. Each lineout is averaged over 113 fs (two periods at 590 cm-

1) to remove contributions to the population dynamics from the coherent oscillations of 
the wavepacket. Grey dashed lines indicate positions (from left to right) of the 
𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
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Figure 3.14 Energy diagram for the formation and decay of excited state wavepacket 
after partially resonant pump Left: At zero delay, resonant pump photons (vertical 
arrows) transfer population from the ground-state (S0) to multiple vibrational 
eigenstates (horizontal lines) of the excited-state potential energy surface (S1). Right: 
At positive delay times, population deposited on the higher lying vibration states of 
S1 undergoes cool (red, dashed arrow) to lower vibration levels, causing the in the 
shift in the ESA and SE. The vibrational coherence (blue curve) formed on the higher 
lying vibrational levels dephases through incoherent processes such as bath 
interactions or IVR as it oscillates across S1. Black horizontal arrows indicate 
direction of wavepacket momentum. 
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Coherent oscillations, isolated by taking the second derivative of the trace, appear 

in both the ESA and GSB/SE regions (Figure 3.15). The ESA contains a phase-flip at 

2.46 eV (503 nm) consistent with the measured ESA absorption maximum, confirming 

the propagation of a wavepacket on the S1 potential. In the GSB/SE region, the dynamics 

are more complex. For the first 600 fs, there are no distinguishable phase-flips at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠  or 

𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  as would be expected from either ground- or excited-state wavepackets, 

respectively. As the pump-probe delay increases, however, the phase of the oscillations 

below 2 eV begin to shift relative to the oscillations in the most intense region, halfway 

between at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠  or 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 , at ~2.05 eV. At ~1.5 ps, a distinct π phase-flip and 

accompanying zero amplitude node appears at 2.00 eV (𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 ). A similar phenomenon 

occurs at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , where oscillations at probe energies above 2.09 eV experience a phase 

shift with respect to the oscillations at 2.05 eV, and a phase-flip becomes visibly apparent 

after about 1 ps. 

 

Figure 3.15 Coherent oscillations in cresyl violet after excitation by the partially 
resonant pump. Grey dashed lines indicate positions of the λmaxfl , λmaxabs , and λmax∗abs. The 
coherent artifact at zero-delay is saturated. 
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Turning to the Fourier Raman spectra for the partially resonant pump conditions 

(Figure 3.16), four modes are identified in the ESA and seven in the GSB/SE. The ESA 

Raman spectrum extracted under partially resonant pumping conditions is very similar to 

that observed in the case of the resonant pump with peaks at 342 cm-1, 492 cm-1, 524 cm-1, 

and 589 cm-1 (Figure 3.11d). The GSB/SE Raman spectrum, on the other hand, contains 

features associated with both excited-state (342 cm-1, 488 cm-1, 570 cm-1, 589 cm-1, 670 

cm-1, and 821 cm-1) and a ground-state (524 cm-1) wavepackets.  

 

The impulsively excited Raman spectrum of cresyl violet has been measured under 

similar conditions.20 In their experiment, Rafiq and Scholes observed modes at 593 cm-1 

and 587 cm-1 on the high- and low-energy side of the phase-flip at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  and assigned them 

to the ground- and excited-state wavepackets, respectively. Since no other modes 

corresponding to the ground-state frequencies were observed and only a single phase-flip 

appeared (at the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 ) the authors concluded that the ground-state wavepacket contributed 

Figure 3.16 Fourier transform map of the coherent oscillations after excitation by the 
partially resonant pump. Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 
𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. Spectra are zero-padded by a factor of 4. 
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minimally to their results. The pump conditions presented here are a close replication of 

the one performed by Rafiq and Scholes, but both the additional structure in the coherent 

oscillations and the contributions from both excited and ground-state coherences in Raman 

spectrum presented indicate a more significant contribution from a ground-state 

wavepacket. However, the interesting phase-flip dynamics reported by Brazard et al. are 

still not observed, and the potential for a conical intersection requires further investigation. 

3.4 Broadband pumping 

The final pump condition is modeled after Brazard et al., who initially reported 

the unusual phase-flip dynamics (Figure 1.5). The NOPA was configured to amplify the 

broadest spectrum, resulting in a broadband pump pulse with spectral density from ~725-

525 nm and a FWHM of 5.7 fs (Figure 2.3). The pump used by Brazard et al. contains 

more amplitude of non-resonant components than the one presented here; however, the 

broadband pump still has significant resonant and non-resonant amplitude. By replicating 

the pump conditions, we intended to replicate the same phase-flip dynamics reported by 

Brazard et al. and then use the control experiments and additional information provided 

by the ESA coherent signal to interrogate a possible non-adiabatic transition through a 

conical intersection. 
 

Excitation by the broadband pump results in similar dynamics to the partially 

resonant case, as shown in Figure 3.17. High-frequency oscillations are observed in the 

ESA and GSB/SE regions for early pump-probe delays (< 6ps). The incoherent electronic 

population dynamics display a quickly decaying feature on the bluer portion of the 

GSB/SE, causing the maximum to initially start at 2.02 eV and then undergo a decay and 

redshift to 2.01 eV after 10 ps (Figure 3.18). Simultaneously, the ESA minimum 
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experiences a smaller blueshift and decay from 2.47 to 2.48 eV, which is consistent with 

the observed dynamics in both the resonant and partially resonant data, indicating a hot 

vibrational population in the excited-state from the high energy pump wavelengths, which 

cools throughout the course of the measurement (Figure 3.19) 

 

Figure 3.17 Transient map of cresyl violet after excitation by the broadband pump. 
Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. The coherent artifact 
at zero-delay is saturated. 



 

65 

 

Figure 3.18 Line-outs of the transient sign after excitation by the broadband pump at 
250 fs and 10 ps. Each lineout is averaged over 113 fs (two periods at 590 cm-1) to 
remove contributions to the population dynamics from the coherent oscillations of the 
wavepacket. Grey dashed lines indicate positions (from left to right) of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , 
and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
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Figure 3.19 Energy diagram for the formation and decay of excited state wavepacket 
after broadband pump Left: At zero delay, resonant pump photons (vertical arrows) 
transfer population from the ground-state (S0) to multiple vibrational eigenstates 
(horizontal lines) of the excited-state potential energy surface (S1) while non-resonant 
pump photons populate higher lying vibration states on the ground-state. Right: At 
positive delay times, population deposited on the higher lying vibration states of S1 
undergoes cool (red, dashed arrow) to lower vibration levels, causing the in the shift 
in the ESA and SE. The vibrational coherences (blue and red curves) formed on the 
higher lying vibrational levels dephase through incoherent processes such as bath 
interactions or IVR as they oscillate across S0 and S1. Black horizontal arrows indicate 
direction of wavepacket momentum. 
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In the oscillatory signal (Figure 3.20), the ESA region of the trace contains a phase-

flip at 2.46 eV (503 nm), indicating the resonant portion of the pump contains sufficient 

bandwidth to form an excited-state wavepacket. Under broadband pump conditions, two 

phase-flips in the GSB/SE region are observed, like observations in the partially resonant, 

610 nm pump measurements. However, the dynamics are not identical to the partially 

resonant case. In the case of the broadband pump, the phase-flip corresponding to a ground-

state wavepacket at the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠  (2.09 eV) appears immediately following excitation but 

begins to disappear after ~1.5 ps. Meanwhile, the phase-flip corresponding to the excited-

state wavepacket at the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  (2.00 eV) gradually grows in and exhibits the characteristic 

π phase-flip by approximately 1.2 ps. After 2 ps, the coherent oscillations in the region 

between the absorption and emission maximums appear to grow and fade with a period of 

0.5 ps, until ~ 4 ps, where the more complex structure fades completely. 

Figure 3.20 Coherent oscillations in cresyl violet after excitation by the broadband 
pump. Grey dashed lines indicate positions of the λmaxfl , λmaxabs , and λmax∗abs. The coherent 
artifact at zero-delay is saturated. 
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Fourier analysis of the oscillations (Figure 3.21) shows four peaks in the ESA 

region at 341 cm-1, 492 cm-1, 524 cm-1, and 589 cm-1. Again, the ESA Raman spectrum is 

in good agreement with the resonant pump data, sharing similar peak positions (Figure 

3.11e) and the characteristic phase-flip. The GSB/SE region contains six features at 340 

cm-1, 491 cm-1, 524 cm-1, 589 cm-1, 596 cm-1, and 836 cm-1. The Raman spectrum in this 

region shows both ground- and excited-state modes, most notable in nearly equal 

proportions at the strongest modes; 589 cm-1 and 596 cm-1. The pump conditions of the 

broadband pulse closely replicate that reported by Brazard et al., whose pump contained 

a significant proportion of near-IR wavelengths.38 There initial conclusion was that the 

complex dynamics in the phase-flips of the coherent signal resulted from an adiabatic 

transition of a wavepacket through a conical intersection. However, their investigation 

did not probe the ESA region to detect excited-state coherences directly nor show the 

Figure 3.21 Fourier transform map of the coherent oscillations after excitation by the 
broadband pump. Grey dashed lines indicate positions of the 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚

𝑓𝑓𝑓𝑓 , 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠. 
Spectra are zero-padded by a factor of 4. 
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Raman maps like Figure 3.21. Given the ESA phase-flip does not rapidly decay as one 

would expect if there were any conical intersections and the contributions from ground- 

and excited-state frequencies in the broadband Raman spectrum that were independently 

measured in the control experiments, we propose an alternative hypothesis to explain the 

shifting nodes in the coherent signal. Namely, they result from linear interference 

between simultaneously created wavepackets in the ground- and excited-state (Figure 

3.19, right). We explore this hypothesis further in the next chapters. 
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CHAPTER 4 

ISOLATION OF GROUND- AND EXCITED-STATE MODES IN CRESYL 

VIOLET USING FOURIER FILTERING 

Phase-flips that appear in the coherent portion of a transient absorption signal are 

useful indicators of which potential energy surface a vibrational coherence resides. When 

only one vibrational coherence is formed through impulsive excitation, the phase-flips 

appear exclusively at the ground-state absorption maximum for a ground-state wavepacket 

or at the fluorescence and excited absorption maximums for an excited-state wavepacket, 

as shown after resonant and non-resonant excitation (Figures 3.4 and 3.9). The coherent 

signal after broadband excitation is more complex than that observed in the resonant and 

off-resonant data. The phase-flips in the GSB/SE region of the resonant and off-resonant 

data (at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , respectively) appear immediately after zero delay and have a 

nearly constant phase difference between the high and low energy sides of the flip. In 

contrast, the phase-flips in the broadband data appear, disappear, and shift throughout the 

scan (Figure 3.20). The Raman spectrum after broadband excitation also contains several 

features we associated with both ground- and excited-states modes, primarily the 589 cm-

1 and 596 cm-1 features, from both the impulsive and steady-state Raman measurements 

presented here (Table 3.2 and Figure 3.11), from other impulsive transient absorption 

studies,20 and previous steady-state Raman measurements and theoretical calculations.56 

These dynamics make it challenging to ascertain if the coherent dynamics are due to a 
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single wavepacket passing through a conical intersection or multiple wavepackets and 

which vibrations should be assigned to the excited-state or the ground-state. 

Therefore, a means to separate the contributions from the ground-state and excited-

state wavepacket within the time-dependent coherent signal is desirable. The method used 

by Brazard et al., and the one we wish to replicate here, is to apply a filter function on the 

Fourier transform Raman spectrum, which isolates the amplitude of a particular vibrational 

mode and then apply a reverse Fourier transform38 or 

 𝑆𝑆𝜔𝜔0 = ℱ−1[(𝐻𝐻(𝜔𝜔 − 𝜔𝜔0)] × ℱ[𝑆𝑆𝑝𝑝𝑚𝑚𝑟𝑟(𝜆𝜆, 𝑡𝑡)]𝜔𝜔)]𝜔𝜔 (4.1) 

were 𝑆𝑆𝑝𝑝𝑚𝑚𝑟𝑟(𝜆𝜆, 𝑡𝑡) is the coherent signal (e.g., Figure 3.20),  ℱ[… ]𝜔𝜔 is the Fourier transform 

of  𝑆𝑆(𝜆𝜆, 𝑡𝑡) (e.g., Figure 3.21), 𝐻𝐻[… ] is the filtering function centered in the mode of interest, 

𝜔𝜔0, and ℱ−1[… ] 𝜔𝜔 is the reverse Fourier transform.  

The filter function, 𝐻𝐻[… ], has an amplitude of zero outside of the region of interest 

centered on 𝜔𝜔0, and suppresses the amplitude of any frequencies contained in the coherent 

signal outside of the filter’s window. The remaining amplitude is then a convolution of the 

Raman spectrum within the window and the shape of the filter function (e.g., square, 

Lorentzian, Gaussian, etc.). ℱ−1 reconstructs the time-dependent signal at each probe 

wavelength for the remaining amplitude, with the initial phases extracted from ℱ[… ]𝜔𝜔. The 

resulting reverse Fourier map would show the time-dependent evolution of a particular 

mode along each probe wavelength. A filtered mode experiencing a π phase-flip across a 

probe wavelength corresponding to an emission or absorption maximum would indicate 

that frequency is contained in the excited- or ground-state wavepacket, respectively. If a 

wavepacket containing the isolated frequency were to interact with a conical intersection, 



 

72 

one would expect the position of the phase-flip to shift as the coherent population 

transitioned rapidly from the excited-state to the ground-state and the coherence began 

oscillating around the ground-state absorption. Such a filtering method was applied by 

Brazard et al., and their analysis showed that filtering for the 593 cm-1 mode resolved a 

node that branched and split after ~2 ps in the coherent signal.  

  

They concluded that this branching of the phase-flip indicated a wavepacket 

transitioning through a conical intersection which coupled the S1 potential to the S0 

potential and some other unknown potential via the 593 cm-1 mode. However, based on the 

observation made in Chapter 3, the long-lived coherent dynamics in the excited-state after 

resonant, partially resonant, and broadband excitation (Figures 3.4, 3.15, and 3.20) and the 

nearly equal portion of excited- and ground-state modes in the GSB/SE Raman spectrum 

(Figures 3.11d and 3.21), we hypothesized the excited state wavepacket did not encounter 

Figure 4.1: Spectral dynamics of 593 cm-1 mode observed by Brazard et al. The initial 
node at 615 nm disappears at about 1.7 ps, when it is replaced by three nodes. By 3.5 
ps, one node settles at 596 nm, another at 610 nm, and a third at 621 nm.  Reprinted 
(adapted) with permission from J. Phys. Chem. Lett. 2016, 7, 1, 14–19. Copyright 2015 
American Chemical Society. 
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a conical intersection.  Instead, the shifting phase-flips were due to linear interference 

between two vibrational coherences propagating on separate potential energy surfaces 

formed by broadband excitation. 

To gain insight into how the spectrally overlapping signals from the ground- and 

excited-state wavepackets contribute to the structure of the phase-flips and coherent 

oscillations in the GSB/SE region (Figure 3.20), we apply a similar filtering technique as 

Brazard et al. Specific modes in the broadband Fourier transform Raman spectrum (Figure 

3.21) are isolated by applying super-gaussian filter function (𝐻𝐻 = exp [−(𝑚𝑚−𝜔𝜔𝑛𝑛
2𝜎𝜎

)32]), with 

𝜔𝜔𝑛𝑛 set to 589 cm-1
 or 595 cm-1 and with a filter width, σ, of  3 cm-1. The Raman features 

are then reverse Fourier transformed to visualize the temporal dynamics of a single mode 

along each probe wavelength.38, 59 The same procedure was  also carried out with a wider 

filter function (𝜔𝜔𝑛𝑛=593 cm-1 and σ =15 cm-1) containing both the 589 cm-1
 and 595 cm-1  

peaks to capture the combined dynamics of the ground- and excited-state modes within the 

GSB/SE region. 

Figure 4.2 displays the filtered oscillations at 589 cm-1 (a), 595 cm-1 (c), and the 

combined modes (e) (filter σ =15 cm-1). Because essentially only a single frequency 

component of the Fourier transform is isolated in Figure 4.2 (b) and (d), there is no time-

dependence in the signal. The phase of the quasi-sine wave as a function of probe photon 

energy reflects the convolution of the initial phase (set by the pump interaction with the 

molecule) and that of the probe pulse. When the excited-state mode at 589 cm-1 is isolated, 

the phase-flips appear at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚∗𝑚𝑚𝛼𝛼𝑠𝑠  (2.48 eV) and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓  (2.00 eV) and are consistent with the 

resonant pump data for an excited-state coherence (Figure 3.4). When the mode associated 

with a ground-state wavepacket at 595 cm-1 is isolated, only a single phase-flip is observed 
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at 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠 , in agreement with the coherent signal after off-resonant excitation (Figure 3.9), 

establishing that filtering can successfully isolate the coherent signal from a specific 

wavepacket if the frequency is known and the filter is narrow. 

On the other hand, when the width of the window function is increased to 

encompass both modes (Figure 4.2e), they interfere due to the difference in frequency, 

phase, and amplitude of the ground- and excited-state wavepackets, giving rise to 

additional beat structure (Figure 4.2f). Most notably, this manifests as a changing phase 

offset between oscillations on either side of 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝛼𝛼𝑠𝑠  and 𝜆𝜆𝑝𝑝𝑚𝑚𝑚𝑚
𝑓𝑓𝑓𝑓 , resulting in the appearance 

and disappearance of phase-flips and zero-amplitude nodes between 1 and 2.5 ps, at 3.5 ps, 

and between 4.5 to 6 ps. 

 

Figure 4.2: Temporal dynamics (right) of filtered Raman modes (left) contained in the 
wavepacket formed by the broadband pump. Panels (a), (c), and (e) show the integrated 
Raman spectrum of the most prominent modes (magenta curve) and the applied Fourier 
window filter (red curve). Panels (b), (d), and (f) display the resulting temporal 
dynamics of the filtered frequencies after being reverse Fourier transformed. 
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The exact dynamics reported by Brazard et al. (Figure 4.1) are not reproduced using 

the broader, 15 cm-1 wide filter function (Figure 4.2f); however, this can be attributed to 

minor differences in both the experimental conditions and the filtering methods. The 

precise filter function 𝐻𝐻[… ] used to generate (Figure 4.1) was not described by Brazard et 

al.; however, they claim to have evaluated several different functions with no meaningful 

change in the dynamics. Still, since the amplitude of the filtered frequencies is a 

convolution of the filter and Raman spectrum, slight differences in the shape and width of 

the filter function would also introduce variations that could account for the difference 

between Figure 4.1 and 4.2f. Additionally, even using the same filter function, the 

composition of the wavepacket is highly sensitive to the pump conditions, and the initial 

phase of the coherent oscillations is determined by the convolution of the pump and probe. 

It is quite likely that frequencies contained in the wavepackets formed in this work and by 

Brazard et al. do not have identical amplitudes and phases given the differences in the 

pumps and probes used in this work and by Brazard et al.  

From the analysis presented here, the dynamic changes in the phase-flips observed 

in the broadband data can be attributed to the formation of wavepackets on both the excited-

state and the ground-state potentials and subsequent interference between the two coherent 

signals rather than an excited-state wavepacket passing through a conical intersection. The 

interference between the ground- and excited-state wavepackets results in an increased 

complexity of the dynamics in the coherent oscillations. Transient phase-flips and 

accompanying zero-amplitude nodes occur in spectral-temporal locations where the 

ground- and excited-state modes have equal amplitudes and opposite phases, e.g., at 2.03 

eV after ~3.6 ps in the broadband data (Figure 3.20). In a situation where the ground- and 
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excited-state wavepackets dephase at appreciably different rates, probe wavelengths at 

which the amplitudes of the ground- and excited-state wavepackets are equal will shift as 

a function of pump-probe delay, creating nodes that appear to shift or split but are not 

attributable to a specific wavepacket on a single surface. We will explore in the next section 

how linear interference between two wavepackets creates additional phase-flips and how 

even minor differences in the phase and amplitudes of the two signals will change the 

interference effects. 

The Brazard et al. hypothesis relies on a conical intersection that coherently moves 

population from the excited-state to both the ground-state and some unknown electronic 

state, resulting in a splitting of a phase-flip into three; one at the emission maximum (621 

nm), one branching off towards the absorption maximum (591 nm), and third appearing at 

a probe wavelength in between at 610 nm (Figure 1.5, right). Brazard et al. note that conical 

intersections, which remove population from the excited-state non-radiatively, are unlikely 

in highly fluorescent molecules due to the necessity of a long-lived excited state population 

for long fluorescence lifetimes.38 Rafiq et al. reinforced this viewpoint and concluded that 

the S1 potential of cresyl violet, and the 587 cm-1 mode, in particular, appears to be highly 

harmonic with low mode-mode or non-adiabatic coupling.20 On the other hand, linear 

interference between two coherent signals accounts for both the phase-flip appearance and 

disappearance throughout the measurement and the position of a third phase-flip in 

between the emission and absorption maximums (Figure 4.2f) where the two coherent 

signals destructively interfere with one another. The measurements presented here do not 

disprove the possibility of a conical intersection in cresyl violet but make fewer 

assumptions about the electronic structure of cresyl violet, i.e., the need to invoke the 
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presence of not one, but two conical intersections; one with the ground-state and one with 

a, thus far, unreported electronic potential to explain the phase-flip at 610 nm. The linear 

interference hypothesis presented here benefits from having fewer assumptions and agrees 

with current models of non-adiabatic dynamics in highly fluorescent molecules. The 

formation of two coherent wavepackets is also a valuable framework to consider because 

it has applications in impulsive transient absorption more generally, i.e., that the potential 

to create multiple vibrational coherences must be considered when using broadband 

excitation. 
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CHAPTER 5 

MODELING WAVEPACKET INTERFERENCE AND EXPLAINING THE 

APPEARANCE AND STRUCTURE OF ABERRANT PHASE-FLIPS  

Thus far, we have established under broadband pump conditions, the formation and 

interference between vibrational wavepackets on multiple electronic potential energy 

surfaces can result in the appearance of splitting or shifting phase-flips. Filtering methods 

intended to isolate individual modes of the vibrational wavepacket are still susceptible to 

capturing the interference effects because a mode in the excited-state may only differ from 

the corresponding mode in the ground-state by a few wavenumbers as shown in Figure 

4.2e/f. In such cases, without foreknowledge of the differences between the ground- and 

excited-state vibrational modes, tailoring the filtering functions to capture only one 

vibrational coherence remains difficult, and an improperly shaped filter may enhance the 

effect by removing all contributions except for the interfering signals. It is necessary to 

understand what sort of phase-flip dynamics appear due to the formation of multiple 

wavepackets and their origins when interpreting coherent dynamics in broadband 

impulsive transient absorption measurements. 

To illustrate the interference effects between two wavepackets and understand the 

factors which contribute to the structure of the apparent phase-flips, a model of the coherent 

signal in cresyl violet was constructed using the general form: 



 

79 

 𝑆𝑆𝑛𝑛(𝜆𝜆, 𝑡𝑡) = 𝐴𝐴𝑛𝑛(𝜆𝜆) cos�𝜔𝜔𝑛𝑛𝑡𝑡 + 𝜙𝜙𝑛𝑛(𝜆𝜆)� 𝑒𝑒−
𝜔𝜔
𝜏𝜏𝑛𝑛 (5.1) 

 

where 𝐴𝐴𝑛𝑛(𝜆𝜆) is the initial wavelength-dependent amplitude of the n-th wavepacket 

(ground- or excited-state), 𝜔𝜔𝑛𝑛 is the dominant frequency of the wavepacket, 𝜙𝜙𝑛𝑛(𝜆𝜆) is the 

wavelength-dependent phase of the wavepacket, and 𝜏𝜏𝑛𝑛 is the dephasing rate of the 

wavepacket.59  

The values used to model the ground- and excited-state coherences with Eq. 5.1 are 

given in Table 5.1. The amplitude of the coherent signal is assumed to be proportional to 

the transition probability at a given wavelength and is scaled by the amplitude of the 

normalized absorption or emission spectrum (Figure 2.3, solid and dashed black lines). The 

frequencies and dephasing rates are determined from the peak positions and widths of the 

most prominent feature in the resonant and off-resonant Raman spectra (Figure 3.11b/c).  

π phase-flips across the wavelength axis are introduced at the ground-state absorption 

maximum, 593 nm (2.09 eV), in the ground-state coherent signal, and at the emission 

maxima, 619 nm (2.00 eV), in the excited-state coherent signal. The two signals are given 

an initial 𝜋𝜋
2
 phase difference, assuming that the ground-state wavepacket is formed in the 

middle of the S0
 surface, and the excited-state wavepacket starts at the inner turning point 

of S1, as the initial ground-state population would be primarily distributed around the 

equilibrium internuclear distance and impulsive excitation causes instantaneous, “vertical” 

transitions of population.  
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The simulated coherent signals in the GSB/SE region are shown in Figure 5.1. 

Panels a) and b) display the simulated coherences of the ground-, 𝑆𝑆0(𝜆𝜆, 𝑡𝑡), and excited-

state, 𝑆𝑆1(𝜆𝜆, 𝑡𝑡), wavepackets, respectively. In these two cases, a single phase-flip appears in 

the SE or GSB at either the emission or absorption maximum, analogous to the measured 

coherent dynamics using the resonant or off-resonant excitation, respectively. Panel c) 

shows the linear combination, (𝑆𝑆0(𝜆𝜆, 𝑡𝑡)+𝑆𝑆1(𝜆𝜆, 𝑡𝑡)), of panels a) and b). Panel c) contains 

additional features that arise from linear interference between the two signals, primarily a 

new zero-amplitude node that appears after ~1 ps at a position of 2.02 eV and then fades 

away by ~ 2 ps. These dynamics closely resemble the filtered dynamics presented in Figure 

4.1, both in spectral position and approximate time-scale over which the phase-flip 

appeared to branch.  

Table 5.1 Conditions for wavepacket simulations. 
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The zero-amplitude node's spectral and temporal positions and the spectral shift, or 

slope, depend strongly on the input parameters. A node will appear at the spectral position 

where the amplitudes of the two coherence signals are equal and in time when the two 

oscillating components are π out of phase with one another, in other words, where 𝐴𝐴1(𝜆𝜆) =

𝐴𝐴2(𝜆𝜆) and when 𝜙𝜙1(𝜆𝜆) = 𝜙𝜙2(𝜆𝜆) + 𝜋𝜋 . In the simulation, because the initial amplitudes are 

set by the normalized absorption and emission curves, the spectral position where the new 

phase-flip appears in Figure 5.1c is located approximately at the intersection point (Figure 

2.3, black solid and dashed lines) of the two spectrums. In a real system, the oscillation 

amplitude would be dictated by the relative absorption and emission probabilities for a 

given probe wavelength and would vary depending on the initial populations and Franck-

Figure 5.1: Simulations of the coherent vibrational signal generated by an (a) excited-
state wavepacket, (b) ground-state wavepacket, and (c) linear combination of the two 
signals. Black dashed lines at the λmaxfl  (2.00 eV) and  λmaxabs  (2.09 eV) are added to guide 
the eye. 
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Condon overlap between the ground- and excited-state wavefunctions for a given 

vibrational mode. 

Along the pump-probe delay axis, the new node is centered at 1.4 ps. This delay 

corresponds to approximately one-quarter of the 6 cm-1 beat frequency period (5.5 ps) that 

is generated between the 589 cm-1 and 595 cm-1 modes. The delay from 𝑡𝑡 = 0 is due to the 

initial phase of the two signals being  𝜋𝜋
2
 (90°) off-set from one another.  Changing the initial 

phase difference would simply shift the node earlier or later in time in the simulated signal. 

In a real system, the coherent signal is comprised of many modes with their phases set by 

the initial interaction with the pump. Because both the pump and probe are not perfectly 

transform-limited and have a phase structure of their own (Figures 2.9-2.10), the phase-flip 

cannot be an infinitely sharp step-function like in the simulation, which would require the 

pump and probe to be perfectly impulsive δ-functions. Therefore, the points where 

complete destructive interference will be less localized. The many vibrational modes are 

populated with a definite phase to one another, i.e., coherently, but do not have the same 

phases across all probe wavelengths. We can see this effect in the resonant or off-resonant 

coherent signals (Figures 3.4 and 3.9), where the phase-flips have some spectral width, and 

the oscillations are not exactly 𝜋𝜋 out-of-phase with one another at all times and have a 

slight bend or wiggle across the phase-flip. 

The slope of the node in the simulation is flat because the relative amplitudes of the 

coherent signals have similar lifetimes and decay at a similar rate.  If the coherence signals 

dephase at significantly different rates, the spectral position of the destructive interference 

may noticeably shift over hundreds of femtoseconds, as the wavelength where 𝐴𝐴1(𝜆𝜆) =
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𝐴𝐴2(𝜆𝜆) changed. One wavepacket decaying faster than the other would lead to the formation 

of zero-amplitude nodes with an appreciable slope, like the 610 nm node in Figure 4.1. In 

a real system, this could be caused by different degrees of anharmonicity for the S0 and S1 

surfaces, fewer populated vibrational modes on one electronic state leading to a less 

localized wavepacket, or mode-mode coupling and incoherent cooling taking place more 

rapidly on one of the potential energy surfaces. 

This simple model demonstrates that transient zero-amplitude nodes with 

accompanying spectral phase-flips may appear because of interference when two spectrally 

overlapping coherent signals with different frequencies, phases, and decay rates are 

present. The addition of other vibrational modes in each coherent signal would contribute 

further complexity to the coherent signal and additional spectral/temporal positions where 

destructive interference, i.e., additional nodes, would occur. From the simulations, we can 

conclude that the highly sensitive nature of the coherent interference requires careful 

consideration when using filtering methods like those used in Chapter 4 to extract 

meaningful information from the time-dependent signal. The shape and width of the 

filtering window can introduce artifacts in the reverse Fourier transform or include 

components from undesirable sources, such as a ground-state coherence. More generally, 

using phase-flips as a means of probing conical intersections will depend on the ability to 

exclusively track excited-state wavepackets by selective formation using tailored pump 

pulses or rigorous analysis of vibrational modes assigned to the excited-state when 

selecting modes using the Fourier filtering method. 
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CHAPTER 6 

CONCLUSIONS AND OUTLOOK 

In summary, herein is presented an investigation into the formation and evolution 

of vibrational wavepackets in cresyl violet using impulsive excitation by resonant (555 

nm), off-resonant (715 nm), partially resonant (610 nm), and broadband pulses. The 

population dynamics, coherent oscillations with accompanying phase-flips, and Raman 

spectra extracted by Fourier transformation of the coherent oscillations were used to 

identify the excited- and ground-state vibrational modes. Selective excitation using 

resonant and off-resonant pump pulses was demonstrated. Excitation by partially resonant 

and, to a greater extent, broadband pump pulses lead to the formation of wavepackets in 

both the ground- and excited-states. The temporal dynamics of the coherent oscillations 

extracted from the transient transmission data show that complex spectral-temporal 

features such as phase-flips and zero-amplitude nodes can be formed or modified by the 

propagation of and interference between multiple wavepackets in the system. Interference 

between excited- and ground-state coherences explains the dynamics observed in cresyl 

violet previously attributed to a conical intersection. The experimental results are supported 

by a simulation of the interference between two oscillatory signals within overlapping 

spectral regions. Using Fourier filtering techniques to separate individual modes is a 

sensitive analysis tool, and care must be taken to understand the interference effects that 

arise under specific filtering conditions. 

Conical intersections typically cause the rapid, non-radiative decay of excited-state 

population. A conical intersection is therefore unlikely in a dye molecule with a long live 
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fluorescence lifetime. The branching and shifting of nodes in the coherent oscillations after 

broadband excitation reported elsewhere,60 was most likely due to the linear interference 

between multiple wavepackets after broadband excitation. The use of a window function 

centered at 593 cm-1, likely captured dynamics from both the ground- and excited-state 

coherent signals, similar to those shown in Figure 4.2. Additional impulsive transient 

absorption experiments in cresyl violet have also called into question the presence of a 

conical intersection since, as in this study, the phase-flip in the ESA did not experience a 

rapid shift or decay one would expect if a wavepacket were to encounter a conical 

intersection.20  

Carbery et al. recently carried out two-dimensional electronic spectroscopy on 

cresyl violet61. They proposed that an excited-state proton transfer from cresyl violet to the 

solvent accounts for the node shift observed by Brazard et al..38  Due to differing solvent 

conditions (methanolic in this report versus acetonitrile and aqueous buffer), the proton 

transfer rate between these experiments and those carried out by Carbery et al. would vary 

considerably. If the proton transfer to methanol accounted for the observed node shift in 

the GSB/SE region, one would expect to see the effect mirrored in the ESA as both the 

absorption and emission energy of the excited-state population would change. No 

corresponding shift in the ESA node is observed for the resonant, partially resonant, or 

broadband pumping conditions here and elsewhere,20 indicating that a proton transfer 

mechanism is unfavorable in methanol. The model of two coherent signals linearly 

interfering with one another in the region of overlap between the GSB and SE captures the 

dynamics observed here and presented in the literature using fewer assumptions than other 

proposed mechanisms. 

The potential for observing wavepackets crossing through conical intersections in 

other systems still exists. Further studies on systems with known conical intersections, such 

as retinal Schiff base, would be the natural progression of the work reported here. Certain 

limitations for such experiments should be expected, primarily with the application of 



 

86 

Fourier Raman spectra. Since the Fourier transform resolution in frequency-space is 

inversely related to the duration of a measurement in time-space, the rapid transition of a 

vibrational coherence through a conical intersection would severely limit the window over 

which a Fourier transform could be performed. A quickly dephasing wavepacket would 

inherently limit the resolution of any Raman spectra retrieved for the excited-state. As 

reported here, the shifts in excited-state frequencies may only be a few wavenumbers, so 

the need for high-resolution data is significant. Still, the potential to observe and identify 

the tuning and coupling modes responsible for transitions through conical intersections 

experimentally would be a worthwhile endeavor. 

The findings of this work also imply two important experimental considerations for 

impulsive transient absorption more generally. First, control experiments using off-

resonant pump pulses to form wavepackets on the ground-state selectively may be a crucial 

step in establishing sources of contaminating signals. In systems where the ESA is not 

present or experimentally accessible, the ground-state coherence signal would be a crucial 

reference for other pump conditions. Secondly, it calls into question the benefits of 

maximizing pump spectral bandwidth without considering the system being pumped. 

Prioritizing short pulses for improved temporal resolution may be of limited value if a 

significant portion of the bandwidth falls outside the absorption band of the system, 

resulting in data comprised of multiple interfering wavepackets. Separating the different 

contributions may require a significant degree of processing and manipulation, introducing 

more opportunities for human error and additional computational resources. 
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