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Abstract

Coherent multidimensional spectroscopy (CMDS) is the most complete nonlinear
optical technique based on the interaction of multiple short laser pulses with matter.
It has grown to play a significant role in studies of optoelectronic materials and
pigment protein complexes. In this work we apply CMDS to investigate electronic
excitations and their dynamics in semiconductor nanocrystals, so called quantum
dots (QDs). We also apply modern sparsed sampling algorthms to speed up the data
collection in the multidimensional experiments. We test the new methods on CMDS
experiments on photosynthetic light harvesting complexes.

In CMDS spectral information is spread in multiple, typically two, dimensions.
Such 2D spectra depend on time providing information about dynamics of the
processes, both coherent and incoherent. The 2D view enables disentangling
spectral features and dynamics which otherwise would be left “behind” the simple
1D spectra and thereby not visible in simpler low-dimensional representation.

In this thesis, we focus on the dynamics and data acquisition of CMDS from five
aspects: the excited state dynamics in CdSe QDs at 77 K studied via two-color 2D
spectroscopy; the quantum beating of CdSe QDs using 2D electronic spectroscopy
(2DES); quantum size effects of CdSe QDs in CMDS; electron-phonon coupling in
perovskite nanocrystals, and sparse sampling in the CMDS implemented via the
theory of compressed sensing.

Specifically, we characterize the details of the relaxation dynamics of CdSe QDs
through two-color 2D Spectroscopy. The beating 2D signal was analysed in terms
of coherent LO-phonons of CdSe QDs. Besides, the correlation between the excited
state energies and the size of CdSe QDs due to the quantum confinement is also
analyzed at 77 K via the 2DES. The phonon coupling with excitons and free carriers
in perovskite nanocrystals is characterized. Finally, the compressed sensing theory
is used to reconstruct the fluorescence detected 2D spectra of the photosynthetic
LH2 complexes.






Popular Science Summary

The speedy development of science and technology over the past century has been
promoting our high-quality lives. Noteworthy examples in these advances are the
fields of quantum physics and more recently artificial intelligence. Meanwhile, the
development of spectroscopy plays a crucial role in the process of exploration of
science. For example, it has been widely used to analyze the characteristics of
materials, such as the properties of the excited states, relaxation dynamics, phonon
coupling, quantum coherence, vibrational beatings, superposition states, etc.
Traditionally, spectroscopy (as shown in Figure 1) is a technique based on the
interaction between light and matter and explains the phenomena in the quantum

physics field.

MNP . =

Electromagnetic Radiation BpCComcteK

Figure 1. The simple principle of spectroscopy

Among different spectroscopies, coherent multidimensional spectroscopy (CMDS)
is one of the most complete ultrafast techniques based on the interaction of multiple
pulses to act on the sample and obtain a signal on multiple dimensions in the time
and/or frequency domain. Usually, the frequency spectrum is spread in two
dimensions and depends parametrically on one or possibly even more time delays.
Therefore, it is called multidimensional spectroscopy.'? Specifically, three laser
pulses act on the sample and generate a signal. The measured signal is double
Fourier transformed to obtain a 2D spectrum. Similarly, 3D spectrum will be
obtained, when the signal is triple Fourier transformed using all three time delays.
This 2D, 3D, or higher-dimensional spectra are collectively named CMDS.

One of the key factors which have enabled the abovementioned progress in our
quality of life is the abundant availability of cheap energy in the form of coal, oil,
natural gas, more recently shale gas, nuclear energy, wind energy, and
photovoltaics. Many of the conventional energy sources are leading us to potentially
devastating climate change while renewable energy sources like wind, hydro and
solar have the potential to solve the problem. Particularly the solar energy is so

il



abundant that photovoltaics do have the true potential to be the major game-changer.
For this to occur more efficient and cheaper photovoltaics would be desirable. For
that better understanding of the limiting factors of the current and rational design of
the new solar materials is needed. In this context, CMDS can help us to understand
light-induced processes materials and thereby can help us in optimizing the
materials. One of such materials is colloidal semiconductor nanocrystals, so-called
quantum dots (QDs). If we can clearly know how the dynamic process works, it will
greatly improve the energy utilization for human beings on earth. Moreover, CMDS
has recently become an important technology to research the high excitation energy
dynamics in the quantum world. Thus, I believe CMDS is a good way to understand
the nature of the surrounding world. 2D spectroscopy is the most commonly used
CMDS method. The advantage of 2D spectroscopy is more easily to detect
information such as quantum coherence that is not as easily available by other
spectroscopies. 2D spectroscopy has developed rapidly in recent years. Among the
recent developments, we can name artificial intelligence technology developments
which have allowed us to optimize the data acquisition algorithms in 2D
spectroscopy in terms of experimental data collection and theoretical model
establishment. As an outlook, we can name here the recent proposals to use
entangled photons in future quantum light spectroscopies where possibilities also
for multidimensional spectroscopies have been pointed out. Though, these new
exciting developments remain the topic of the future theses.

This thesis is mainly about the development of efficient data acquisition and
analyses of the excited state dynamics in quantum dots 2D spectra of CMDS.
Specifically, 2D electronic spectroscopy is applied to study the relaxation dynamics
and quantum beatings in CdSe QDs (as shown in Figure 2). Additionally,
compressed sensing theory with dictionary learning from machine learning is used
to reconstruct the 2D fluorescence spectrum of the light-harvesting complexes 11
(LH2) protein.
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Figure 2. The quantum beating of CdSe QDs was measured using 3D spectroscopy at 77 K. The x and y axes are
excitation and detection energy, respectively. The green band is the vibrational beating.
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Chapter 1 Introduction

"The true sign of intelligence is
not knowledge but imagination.”

- Albert Einstein

Boundaries of our knowledge in the fields of biology, chemistry, and physics are
expanding with ever-increasing speed. In this astonishing progress, we can identify
quantum physics as one of the most important foundations for scientific
breakthroughs. In particular, quantum optics theory has promoted the rapid progress
of spectroscopy science. Specifically, in terms of nonlinear optical theory, coherent
multidimensional spectroscopy (CMDS) is a crucial experimental technology in
exploring the fields of materials, biology, physics, and chemistry. One of the fields
where CMDS has played an important role is the research of primary processes in
photosynthesis. The evolution process has optimized the biological machinery of
photosynthesis for hundreds of millions of years. Understanding the essentials of
this optimization can give ideas for better man-made devices like, for example, solar
cells. Thus, as for the CMDS, these technologies can discover the mysterious
quantum world and explore the dynamics in the biological proteins and
nanomaterials.

In the above context, this thesis mainly studies the excited states dynamics, quantum
beating, and relaxation dynamics in CMDS by testing two nano materials, namely
cadmium selenium quantum dots (CdSe QDs) and the light-harvesting antenna
complexes II (LH2) of the photosynthetic purple bacteria. This chapter introduces
the energy level of the samples and the basics of spectroscopy.






1.1 The Samples

Climate change due to the rapidly growing human energy consumption during the
last decades is the most serious current challenge for mankind. Figure 1.1(a) shows
how global energy consumption increases in the past decades, while Figure 1.1(b)
reveals global environmental pollution. Apparently, it is urgent to find alternative
clean energy from some emerging energy technology and materials. Luckily, at the
end of 20" century, semiconductors, organic materials, and other materials have
been pointed as the significant way out for energy research.
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Other
renewables
Biofuels
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(a) Changes in global energy consumption over time

(b) The world's sulfur dioxide pollution map(2020)

Figure 1.1 Energy consumption (Reproduced from the OurWorldIinData and BP Statistical Review of World Energy)
and environmental pollution throughout the world (copyright 2020, EarthWindMap, the High-Resolution Global
Atmospheric Model). (a). The world energy consumption is from 1965 to 2019. (b). The global sulfur dioxide pollution
distribution map is from 2020, among which the darker areas are areas with more pollution.

Semiconductors are the main materials in terms of basic energy research. Currently,
these materials such as quantum dots (QDs) and perovskites belong to basic energy
research. Moreover, there is no doubt that humans have consumed energy from the
sun and nature since ancient times. The daily energy intake of animals in nature
mainly comes from the energy absorbed by plants from sunlight. So photosynthesis
has been an important energy source since the emergence of life on earth. In a
nutshell, photosynthetic protein plays a crucial role in energy absorption in the
biological world. Therefore, by studying the mechanism of these materials via
CMDS, we can promote the development in terms of material application such as
artificial photosynthetic proteins in the efficient use of energy.



1.1.1 Photosynthetic proteins

With the growing energy demand, desirable energy materials will be increasingly
needed. Photosynthetic proteins play a vital role in providing energy for biological
processes in nature. Primary photosynthetic processes like light absorption and the
initial charge separation have very high quantum efficiency — almost every absorbed
photon leads to charge separation. While the charge-separating units, the so-called
reaction centers (RC), are rather similar, there is large variety of the different light
harvesting antennae. An example of the primary photosynthetic machinery of the
photosynthetic purple bacteria is shown in Figure 1.2. In our studies, the light-
harvesting antenna 2 (LH2),*® is used. The full system includes RC, B875 (BChl
an absorbing at 875 nm) antenna called LH1, and two parts of the LH2: B800 (BChl
an absorbing at 800 nm), and B850 (BChl an absorbing at 850 nm).*'°

Purple.
Phefosynthetic
Bactérium

(d)

Figure 1.2. (a). Photosynthetic purple bacteria protein.® (b). The structure of the photosynthetic unit of purple bacteria®~
71112 Copyright from the theoretical and computational biophysics group Beckman institute, the University of lllinois at
Urbana-Champaign. (c). LH2 protein. (d). RC and B875 protein.

There are two rings of bacteriochlorophyll a (BChl a) molecules in the LH2. The
B800 *'° consists of nine well-separated BChl a molecules with an absorption band
at about 800 nm. The other ring, named B850, contains eighteen closely packed
BChl a molecules absorbing around 850 nm.>'!?

The preparation of our sample is described below. LH2 complexes were isolated
from Rhodopseudomonas acidophilus 10050." The isolated LH2 complexes were
dispersed in Tris-HCI buffer containing 0.1% N, N-dimethyldodecylamine N-oxide.
The LH2 solution is deoxygenated by adding oxygen scavenger to system. For more
specific details, please refer to the research literature.'’
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Figure 1.3. The light-harvesting complexes Il (LH2) and its corresponding 2D fluorescence spectrum.'®

In photosynthesis research, many excellent studies have been conducted by applying
CMDS, such as Fleming group observed quantum coherence in the FMO protein
using 2D spectroscopy.''® These experiments first put forward the idea that
quantum coherence can play a role in photosynthesis. In 2014, Zigmantas and
Grondelle groups studied the energy conversion of photosynthesis using 2D
spectroscopy.'’ Moreover, Zigmantas made a further study on vibrational coherence
in RC proteins in 2017.%°

In our work, we use the fluorescence-detected 2D spectroscopy data measured on
LH2 as the testing ground for the new sparse sampling algorithms for optimizing
the data acquisition. The 2D spectrum of the LH2 has four pronounced peaks Rij,
Ri2, R21, and Ry, in which correspond to the two clear linear absorption bands,!>2!2?
as shown in Figure 1.3(a) and the 2D spectrum of LH2 protein in Figure 1.3(b).'°
The new compressed sensing method allows to reconstruct the basic features of such
2D spectrum with the drastically reduced amount of the necessary measurement
points.

1.1.2 Quantum dots

Quantum dots are semiconductor nanocrystals with quantum confinement effect
also known as "artificial atoms". Due to the quantum confinement, they have
discrete excited states.”* Here, our sample CdSe QDs are composed of cadmium and
selenium elements in the IIB and VIA groups in the periodic table.

Details of the synthesis of CdSe QDs are described in literature.***’ Briefly, the
CdO oleic acid as the capping agent is heated to 340°C. Then, Se is injected into the
octadecene solution with trioctyl phosphine as a capping agent and cooled rapidly
for 2 minutes. Finally, the sample is purified and transferred to the hexane solution.
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Figure 1.4. Excited states model of CdSe QDs.

Electronic excitations in QDs have been actively studied by many groups. For
example, Bawendi at MIT investigated the excited state dynamics of QDs with
different sizes,>***’ and Klimov at the Los Alamos National Laboratory studied the
relaxation, multiexcitons, and charge transfer in QDs.* In the current work, the
studies of excited states dynamics in CdSe QDs by Lenngren et al.** are further
expanded. Especially, we study the relaxation dynamics at the low temperature 77
K. Based on the previous studies,”***' we describe the excited states in the QDs by
the combination of the principal quantum number and the angular momentum state
(for example, 1S, 1P, and 1D), adding the total angular momentum term (3/2, 1/2).
The combined label of these symbols and numbers constitute a representation
method of excited states in CdSe QDs,?**! therefore, in this work, there are five
excited states of CdSe QDs visible in our 2D spectroscopy measurements. Thus, the
following symbols |e;), |e;), |e3), |es), and |eg) correspond to the excited states of
183/2(h) — 15(e) , 255/,(h) — 1S(e), 1S;1,,(h) — 1S(e), 1P;3,,(h) — 1S(e), and
251,2(h) — 18 (e),* respectively. These excited states of CdSe QDs are visualized

in Figure 1.4. These states were identified in previous research® and are shown in
Figure 1.5 from Bawendi group.
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Figure 1.5. The excited states of CdSe QDs.*? The orange, green, blue, gray, and light gray circles stand for excited
states eq, e;, e3, e,4, and eg, respectively.

The values of excited states in Table 1.1 are obtained by fitting the 2D spectrum in
Figure 1.6.

Table 1.1. The excited states of CdSe QDs in the 2DES.
Energy states ley) le,) les) leg) les)
The peaks (cm™) 16200 16900 17800 18300 19700

To more clearly study the excited state dynamics among the peaks of CdSe QDs,
we fit these excited states by Gaussian in the 2D spectra in Figures 1.6 and 1.7.

2DES total
amplitude

T e
15.0 15.5 16.0 16.5 17.0 17.5 18.0 18.5
ho, (10° cm™)
Figure 1.6. A slice of the total 2D spectrum and the absorption spectrum are fitted to find out the excited states of CdSe
QDs at w3=16200 cm™" at 10 ps. One-color low-energy area. The excited state e, is 16200 cm™" in the green curve. The
excited state e, is 16900 cm" in the blue curve. The excited state e is 17800 cm™" in the pink curve. The excited state
e, is 18300 cm™ in the yellow curve.?*
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Figure 1.7. A slice of the total 2D spectrum and the absorption spectrum are fitted to find out the excited states of CdSe
QDs. One-color high-energy area. The excited state es is 19700 cm™ in the brown curve.

The excited states in Figures 1.6, 1.7, and Table 1.1 are also consistent with the
results in Figure 1.5 from Bawendi group.

1.2 Ultrafast Phenomena

To understand ultrafast spectroscopy, it is necessary to consider the time scale.
Firstly, we describe the ultrafast phenomenon from the following time scales:
nanosecond (107 s), picosecond (10™'% s), femtosecond (107" s),* attosecond (10°'®
s), zeptosecond (107! s),**** and yoctosecond (10* s).>® To make us feel them more
clearly, it is necessary to associate them with some specific physical phenomena.

10° 102 10 10 102 102

10° 10712 1015 10718 102! 1024
N2 VAVaAAY Y
I | I | [ I
Nanosecond Picosecond Femtosecond Attosecond Zeptosecond Yoctosecond

Figure 1.8. The examples of different time scale from nanosecond to yoctosecond. The colorful band on the top simply
represents time scales in different time units, which has nothing to do with the color of the light.

Here, for the nanosecond (ns), it takes 20 to 40 ns to complete the fusion in the
hydrogen bomb.*’ For the picosecond (ps), the time for water molecules to rotate is
about 1.7 ps.*® For the femtosecond (fs), it takes 1 fs for a beam of light to travel the
diameter of the virus about 0.3 um.* For the attosecond (as), attosecond
spectroscopy can detect basic electronic processes that occur on the attosecond time



scale in condensed matter systems and surfaces.*’ For the zeptosecond (zs), it takes
2 zs for the representative cycle time of gamma radiation released in the decay of
radioactive nuclei.*' ™ For the yoctosecond (ys), the average lifespan of W and Z
bosons is 0.3 ys.** These specific examples are summarized in Figure 1.8.
Ultrashort pulses are based on some of the above ultrafast time scales. Ultrafast
spectroscopy is a technique that uses ultrashort pulses to study dynamic processes
in materials. Besides resolving in time, traditionally, one also measures the energy
of light providing spectrum which provides information about the interaction of
light acting on the sample.

1.3 Spectroscopy

This part mainly focuses on the understanding of spectroscopy from two aspects:
the concept and history of spectroscopy. Then, followed by ultrafast phenomena,
the application of spectroscopy, and the current study of 2D spectroscopy.

1.3.1 The concept of spectroscopy

The word “spectroscopy” can be traced back to its Latin suffix, "spectron". It’s
stated in Wikipedia that the word “spectroscopy” (‘“appearance, image, apparition”),
from specid (“look at, view”).*>* “Spectrum” is the “image” of the light energies.
Before taking the image, the light has interacted with matter, the spectrum gives us
information about the matter.*® This interaction mainly comes from the electric field
of light (the effect of the magnetic field is so minimal that can be ignored here). The
electric field of light interacts with the sample to obtain a spectrum, including
measurable characteristics such as amplitude, frequency, phase, and polarization.

1.3.2 The history of spectroscopy

The development of spectroscopy can date back to the 17" century. Isaac Newton
first put forward the description of the colors in the rainbow and published his paper
on Optics.* Later, Joseph von Fraunhofer began to measure the dark lines in the
solar spectrum using spectrometers. After that, dozens of scientists have developed
spectroscopy in terms of instrumental and theoretical aspects. Especially in 1873,
Maxwell proposed the electromagnetic wave equations that provide a basis for the
mathematical description of spectroscopy.” In 1895, Wilhelm Conrad Réntgen
opened up new possibilities by discovering X-rays. In the early twentieth century,
physicists like Max Plank, Albert Einstein, Niels Bohr, Wolfgang Pauli, Werner
Heisenberg, Erwin Schrodinger, Thomas Young, Ludwig Boltzmann, Max Born,
David Hilbert, John von Neumann, and Paul Dirac opened up new horizons for the



basis of the interaction of light and matter.”’ The interaction between light and matter
can be observed through spectroscopy technology.*® The Nobel Prize** has also been
awarded to many scientists who have contributed to spectroscopy, as shown in
Figure 1.9.
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Figure 1.9. Nobel Prize winners related to spectroscopy (Copyright Nobel prizes web).5?

In the 1980s, Nobel laureate Ahmed H. Zewail used ultrashort pulses to observe
chemical reactions at the femtosecond time scale, thus contributing to the
development of femtosecond chemistry and ultrafast spectroscopy.” Moreover,
Graham R. Fleming, Michael Fayer, Shaul Mukamel systematically proposed new
nonlinear optical spectroscopy methods. Simultaneously, other scientists, such as R.
J. Dwayne Miller, Keith A. Nelson, David M. Jonas, Tobias Brixner, Tonu Pullerits,
Donatas Zigmantas, Andrei Tokmakoff, Jennifer Ogilive, Gregory S. Engle, Kevin
Kubarych, Steven Cundiff, Peter Hamm, Minhaeng Cho, Andrew H. Marcus,
Yoshitaka Tanimura, Jeffrey Davis, Thomas L. C. Jansen, Oliver Kiihn, Howe-
Siang Tan, Gabriela S. Schlau-Cohen, and so on, have contributed to CMDS.

1.3.3 The application of 2D spectroscopy

Spectroscopy has been widely used in the fields of astrophysics, quantum physics,
biology, and chemistry. Following are some representative examples.

Intuitively, nontrivial quantum effects are likely to be observable in experiments
using quantum light, for example, spectroscopy with entangled photons. Besides,
CMDS has also been shown to be very useful in investigating quantum effects like
quantum beating. For example, Fleming group observed beating signals in 2D
spectra of the so-called FMO photosynthetic protein in 2007 as shown in Figure
1.10."
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Figure 1.10. The quantum coherence of photosynthetic protein was measured by Fleming’s group.'®

In photosynthetic research, CMDS has been frequently used to study the details of
the energy transfer dynamics of pigment protein complexes. For example,
Grondelle," Pullerits'® groups. Sundstrdm> groups also researched the dynamics of
LH2 protein. Zigmantas™ group detected the energy transfer time of photosynthetic
proteins as illustrated in Figure 1.11.
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Figure 1.11. (a). The photosynthetic system of purple bacteria is composed of LH1, RC, and LH2 proteins.*¢5 (b). The
time scales of energy flow in photosynthesis and the related 2D spectrum.®®

In the chemistry field, CMDS has been applied to determine compounds, elements,
and dynamic processes. For example, Hamm group researched hydrogen-bond
dynamics in a B-turn (Figure 1.12).”’

(@)
Figure 1.12. (a). The chemical structure of a tetrapeptide ring is bridged by a cyclic disulfide bond (Boc-CPUC-OMe).
(b). The corresponding chemical bond changes are detected by 2D infrared spectroscopy.®’
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In the material science, for example, Nelson group measured the high-order
electronic correlations for quantum wells using CMDS (Figure 1.13).
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Figure 1.13. The four-particle correlations of quantum wells using 2D spectroscopy. (a). 2D maps of quantum wells. (b).
The Feynman pathways ((i)—(iii)) illustrate how the fields create each main feature.*®

1.3.4 Current study of 2D spectroscopy

The research of 2D spectroscopy mainly can be promoted from three inter-related
aspects, namely experiment, data processing, and theoretical description. In this
thesis, we mainly address the data processing and theoretical description of the
results. We do also summarize the experimental technique but the experiments
themselves have been carried out earlier. In terms of experimental data processing,
we introduce a novel sparse sampling methodology to 2D spectroscopy. We also
apply the so-called least absolute shrinkage and selection operator (LASSO),
matching pursuit (MP), and sparse exponential mode analysis (SEMA) methods.
These methods can not only drastically decrease the acquisition time in 2D
spectroscopy, but they also can improve the measurement resolution of the 2D
spectrum. For details, please see Chapter 4.

1.3.5 2D spectroscopy

In this thesis, 2D electronic spectroscopy (2DES) and 2D fluorescence spectroscopy
(2DFS) are used. In 2DES, three input beams with wavevectors k4, k,, and k3
interact with the sample and emit various nonlinear signals."”’ See for example
references.”® All possible phase-matching signals of the third-order nonlinear
response are shown in Figure 1.14. Around the 3-rd order signal, one can also see
the 5-th and even higher order signals.
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Figure 1.14. Typical phase-matching geometry used in 2D spectroscopy.?'58°

We can obtain 2D spectra by recording different phase-matching directions. Three
third-order phase-matching signals, namely rephasing (R), non-rephasing (NR), and
double quantum coherence (DQC) can be separated and give valuable information
in 2D spectroscopy. The corresponding signal directions are provided in Table 1.2.

Table 1.2. The phase-matching directions of 2D spectroscopy®’

Direction 2DES 2DFS
R KE=—ky + Kk, +ks KE ="k +ky+ks—k,
NR E£R=E1_EZ+E3 E§R=E1_q2+E3_E4
bQc KEoc = Ky +ky — Es Khoe = Ky + Ky — ];3 — Ky

There are three laser pulses and three time delays (¢4, t,, and t;. Where t5 is not
really “delay” but time for the signal) in 2DES as shown in Figure 1.15.

LO pulse k1 k2 k3 Signal

Figure 1.15. The pulses sequence in 2DES.®' The ki, kz, and ks are laser pulses.
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For analysis of 2D spectroscopy, we use intuitive Feynman diagrams to describe the
excited state dynamics over different time periods. Each light-matter interaction acts
on one side of the density matrix p through absorption or stimulated emission in the
Feynman diagram. The bra is the complex conjugate of ket, as shown in Figure 1.16.

k'€ 1€ k(19D Tle> el—— <ell , <el—— llg

ey ey ey 1yey <g|_\ @l a1t <el
(a).ket (b).ket (c).bra (d).bra

Figure 1.16. The Feynman diagram of the ket and bra sides. (a). The absorption of the ket side. (b). The stimulated
emission of ket side. (c). The absorption of bra side. (d). The stimulated emission of bra side.

The third-order nonlinear response function for the 2D spectrum is described in
Chapters 2 and 3. In the double-sided Feynman diagrams, three pulses act on both
sides of the density matrix at different time delays, the following response function
is defined in Figure 1.17. The direction of these response functions are
Ri=ket/ket/ket; Ro=bra/ket/bra; Rs=bra/bra/ket; R4s=ket/bra/bra. Here, these double-
sided Feynman diagrams represent the pathways of stimulated emission (SE) and
ground state bleach (GSB) in the rephrasing (R) and non-rephasing (NR) parts of
2D spectroscopy shown in Figure 1.17.

R1=ket/ket/ket R2=bra/ket/bra Rs=bra/bra/ket R4=ket/bra/bra
,,,,,,,, ‘} ]
%]Q?KQ[[ |19 <9l 19> <a1 |19 <91
] flercal i@l . “lierl e <@l
t;| J[lg) (gl le) el o <af le) el
t| |lex<gl “ig><el| 19)<el| ey <ql™
gy <al 19y <g1[™ 19y 91> “ligy<al
ket () bra ket (b) bra ket © bra ket (d) bra
WW) WIe) WIe) 3 le)
P I P B A P " 19y
(e) (f) (9) (h)

Figure 1.17. The double-sided Feynman diagram with ket and bra sides and the corresponding energy level diagrams
are used to explain the 2D spectrum (R and NR parts). (a). The GSB pathway is for the R part. (b). The SE pathway is
for the NR part. (c). The GSB pathway is for the R part. (d). The SE pathway is for the NR part. (e)-(h) are the energy
level transition diagrams corresponding to (a)-(d) respectively.

A specific example is used to illustrate the 2D spectrum in Figure 1.18. Figure
1.18(a) is a simulated 2D spectrum of LH2 protein data in the time domain. Figure
1.18(b) shows the frequency spectra obtained by double Fourier transform of the
same 2D data in Figure 1.18(a) along t; and t; domains. There are two diagonal
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peaks (DPy1, DP2,) and two cross peaks (CP12, CP»1) in the 2D spectrum. The excited
states corresponding to these peaks are e; and e, states.
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Figure 1.18. The simulated 2D spectrum. (a). 2D spectrum in the time domain (b). 2D spectrum in the frequency domain
(c). Energy level diagram of SE pathway corresponding to the CP21 peak. (d). The SE pathway corresponding to the
CP21 peak.

Specifically, we use Figure 1.18(¢) to illustrate the dynamics of the CP,; peak. The
double-sided Feynman diagram of SE corresponding to the CP»; peak is shown in
Figure 1.18(d). For specific details of these studies, please refer to Chapters 2-4.

1.4 Short Summary

In this chapter, we introduced the research background of samples and spectroscopy.
There are two kinds of samples in our research, i.e. LH2 protein and CdSe QDs.
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Chapter 2 Nonlinear Optical
Spectroscopy Theory

Maybe [ did this work with applied
mathematician Emmanuel Ken, now so-called
compressed sensing, which is a technique for
recovering data like an image using many fewer
measurements than traditional measurements
methods, so it’s a very practical problem but
Emmanuel had this gift of turning it into a like

£ purely mathematical question which I could help
with and this is maybe the one thing that I worked with on which has a very
practical application. Maybe that’s the thing I am most proud of because of its
actual reward impact, most of what I do is very theoretical.

—Terence Tao

The birth of quantum mechanics in the early 20" century enabled people to start
understanding the quantum world. Later, this physics field also has been promoted
by the development of ultrafast spectroscopy. Therefore, to better understand
coherent multidimensional spectroscopy (CMDS), this chapter introduces the
mathematical foundations of CMDS. It mainly derives the simple theory about
generating CMDS from quantum mechanics, including the basics of nonlinear
optical spectroscopy. Firstly, let’s start with nonlinear optics as the foundation of
CMDS. To explain the nonlinear optics more clearly, we mention Maxwell's
equations in Chapter 2.

Here some calculations are based on the theory of the Mukamel studies' to explain
the basics of nonlinear optical spectroscopy, including some calculations by Hamm
and Zanni,” and Cho.%>%
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2.1 Hilbert Space: Wavefunction and Hamiltonians.

To understand the basis of nonlinear optics, we first start with the Hilbert space.

In the quantum mechanical field, the time evolution of the system can be explained
by following its time-dependent state. Here the Dirac operator is used to represent
the wave function such as Dirac ket | (t)) and bra (¥ (t)|. These two wave
functions are conjugated and shown in equation (2.1).

lp(©) = WO 2.1)
The scalar product of the two states is defined by equation (2.2).
W®IB®) = [ ™ (x, )(x, t)dx (2.2)

The expectation value of any dynamic variable A is given by equation (2.3).

(A[®) = WDOIAlp®) = f’li*(x, AP (x, t)dx 03

Hilbert space: The collection of all possible states together with the addition and
the scalar product operation forms a linear vector space. In the Hilbert space, the
wavefunction [i,,) form a complete and orthonormal basis set.

Based on this characteristic of Hilbert space, we can obtain equation (2.4).

D )l = 1
= 2.4

Thus, we substitute the equation (2.4) into equation (2.1) to obtain equation (2.5).

() = ) W) Whalib(0)
z @3)

Let us substitute these variables into a linear partial differential equation with a wave
function that controls the quantum mechanical system (also known as the
Schrodinger equation). The time-dependent Schrodinger is shown in equation
(2.6).!

o)) _ (2.6)

i
N 20)

Here, A is Planck’s constant; H is the total Hamiltonian of the system; |1(t)) is the
eigenvectors of the time-independent Schrédinger equation (2.7).

H|¢n> = En|Yn) (2.7

E,, is the eigenvalue.
Substitute equation (2.5) into Schrodinger equation (2.7) to get equation (2.8).
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oY) i __!
o =~ HIw®) = hHZ|¢n><wn|¢(t)>

(2.8)
Multiply equation (2.8) by (l[lnl to obtain equatlon (2.9).
<¢n|¢(t)> 5 En(nl$p(0)
(2.9)
Thus, the solution of (2.9) is shown in equation (2.10).
Wal(©)) = T () 210
Thus,
(2.11)

PO e T (1)

Here, we define the time evolution operator U(t, t,) in the wave function. U(t, t,)
acts on the wavefunction at the time t,. This can evolve the wave function from ¢,
to the time t.

[P (©) = U, to) [P (to)) (2.12)
Comparing equations (2.11) and (2.12), we can obtain equation (2.13).

Ut to) = Z e FE |

(2.13)
Substitute equation (2.12) into equation (2.6) to get equation (2.14).
d i
7t Ut tolh(te)) = — EH(t)U(t, to) | (to))
14)
Thus,
d i
ot h (2.15)
From this definition of time evolution operator U(t, t,) immediately follows that,

Integrate and sum both sides of equation (2.14) from time 7 to time t,. Moreover,
get equation (2.17).

Ut to) = 1 —% f dTH(DU (1, t) = Uty ty) —% f dTH@U(E ) (2,17,
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Therefore, equation (2.17) is obtained by deriving to the n™ as shown in equation
(2.18).

U(t, ty)
[o%0) t Tn T2
i, (2.18)
= 1 + Z(_ E) f dTn f dTn_l f dTlH(TTl)H(T‘n—l) H(Tl)
n=1 to to to
The time variable is expressed as equation (2.19) and Figure 2.1.
tl=T2_T1,t2=T3_T2,...,tn:t—‘[—n (219)

t1 ity i L3 to1i t,

o
L g

tg T1 Tz T3 T4 Tn-2Tn-1 Tn

Figure 2.1. Time variables in the time-ordered expansion’.

2.2 Liouville Space: Density matrix, Time evolution.

To describe the CMDS more clearly, here is an introduction of the Liouville space.
The Liouville space more widely describes the optical lineshapes of the spectrum,
such as mixed states, and represents the multi-time nonlinear correlation function.
Therefore, it is necessary to introduce the Liouville space in nonlinear optical
spectroscopy. Before that, let’s start with an overview of the wave function from the
Hilbert space.

The wave function in Hilbert space is defined as equation (2.20).

21
i = | |
] (2.20)

Therefore, the conjugate of wave function |,,) is equation (2.21).

(Wnl = [P, e oee e »Pnl (2.21)

Hence, we construct the density matrix based on equations (2.20) and (2.21) to
express it as equation (2.22).
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21
Pnn = |NN)) = [P XPul = - [1/)1' --------- 'lpn]
¥
rpllpl' Y1y, .., lpllpn]

arn ) wmn ) wms ) wmny wwa )y wan

Mra ) wEn gy wws ) wany wwa )y wan

VARV N
(2.22)

For the density matrix, we use the density operator to represent the state of the system
by a matrix (rather than a vector). Thus, in the Liouville space, the density operator is
a vector in the quantum mechanics field. Hilbert space: for the wavefunction, a vector
represents the excited state of the system and an operator is represented by a matrix.

Therefore, we can also write the density matrix as equation (2.23).

p(®) = [Y(ONP(D)] (2.23)

Here, we have the matrix elements in equation (2.24).

Pam = ) Pl lm)
k

(2.24)
P, represents the probability that the system is in state | (t)).
Thus, the density matrix is as equation (2.25).
prm(®) = ) Peln (Ol ONbie (DIm(©))
K
1> P @)@ m©) o Wnlpm) n = m
_|k
> P @ YOO nO)  (alip) n=m
% (2.25)

From the density matrix of equation (2.25), there are two kinds of elements in the
density matrix: population (n = m) and coherence (n # m), respectively.

Thus, we add the electromagnetic field (E ) and transition dipole (i) to the density
matrix to get equation (2.26).

(el E - iilg) 2 = (el E - g el E - ilbg)
= (e E - il )(g|E - l[e) (2.26)
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The time-dependent of the density operator can be derived as equation (2.27).

0om(®) _ N Dlibm) O
B = ) o (] + I3 .

m

Back to Hilbert space, we can get two parts (bra and ket) of the Schrédinger equation.

0P, (1)) L
———— = ——H|Yp(t
n =l (6)) .
Based on equation (2.28), the conjugate equation is (2.29).
O(Ym(@)] _ i
—————=—H{@W,(t
e = s (0] 029)

Based on equations (2.28) and (2.29), we also establish the Liouville-von Neumann
equation (2.30).

0pm(t)
ot

i

=~ [, pm (8] (2.30)

= —%Hh/)m(t))(l/)m(t)l + % |[m (O (OH

By integrating on both sides from ty to t we obtain the first-order equation of
motion.

. t
p(t) = p(ty) —%de[H(T).P(T)] (2.31)

By inserting (2.30) and (2.31) and integrating again, one gains the second-order
equation. Repeating these procedure n times give the equation of motion in the n
order, as follows in the equation (2.32).

p(®) = plty) + i (- g) f dr, f Aty .
n=1 to to

T2

f dty [H ), [H@), [H ), )] ]

to

(2.32)
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2.3 Nonlinear Optical Spectroscopy

Based on the response functions in the Hilbert space and Liouville space, the
calculations of the nonlinear optical spectrum can be found as follows. When the
laser pulses act on the sample, we can use the dipole approximation of the radiation-
matter interaction Hamiltonian.

Hine(t) = —E()u(t) (2.33)

Here, E(t) is the external field, u(t) is the dipole operator.
The polarization function is expressed in equation (2.34).

P(r,t) = Trlup(®)] = (ulp(©)) (2.34)

Incorporating equation (2.32) into equation (2.34) we obtain the relationship
between the polarization function and the electric field.

PM(¢) = f dtnj dt,_, f dt,R™(t,, ty_q1, ..., t)E(t
0 0 0
—t)E(t —t, —ty_1) wE(t —t, —ty_q ..—t1) (2.35)

With

RO (g, by, est) = M (Ulp(EIR(En- 1M - p(EDHIP (o))
(2.36)

Here, the n"-order nonlinear response function is the equation of
R™(t,, th_q, .., t1).

The Green function in Liouville space for the material system is shown in equation
(2.37).

i,
G(1) = 0(1)e B" (2.37)
By inserting the Green function (2.37) enter in the response function we obtain the
equation (2.36) in the Liouville space.
RM™(ty, th_q, - ty)

s n

- (%) 0(£1)0(t2) ... 0 (tn) X ((u(ty + - (2.38)

+ )| utn—q + -+ t1) () (0) | p(=00)))

By converting the response function from the Liouville space to the Hilbert space,
we obtain equations (2.39) and (2.40).
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R™(t,, th_q1, . t1)

r\n

_ (%) 0(£,)0(ty) . 8(t,) X (1(ty + -
+ ) [ty + &

+ 1), [« [1(tD), [1(0), p(=20)]] .. ]1)

Alternatively, similar to the left side.

R™(t,, ty_q, .., t1)

= (%)n 8(t1)8(t;) ... 6(t,) (2.40)
X ([ [t + -+ + £0), Pty + -
+ t)], .1 u(t)], u(0)]p(—o0))

Through these n™ order nonlinear response functions, we can clearly express the
basic theoretical model of coherent nonlinear spectroscopy in Chapter 3. Please see
Chapter 3 for details.

2.4 Short Summary

This chapter mainly focuses on the basics of the wavefunction, density matrix,
response function, how to express the nonlinear response functions and nonlinear
optical spectroscopy. Moreover, based on this section, Chapter 3 will also provide
further analysis for the description of CMDS.
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Chapter 3 Coherent Multidimensional
Spectroscopy (CMDS)

I worked on extending the Liouville space pathway approach to
nonlinear spectroscopy. My entire career has been a series of
adventures in Liouville space. Also like the British astrophysicist, A.
Eddington (proving the general theory of Einstein's theory of relativity
through experiments) stated: “No experimental result should be
accepted before being confirmed by theory”.

-Shaul Mukamel

Spectroscopy is a measurement technique performed in the time domain or
frequency domain. Generally, the frequency spectrum is a function of multiple time
delays. Therefore, two or more time delays in the spectrum are usually called
multidimensional in the frequency domain.' For the understanding of coherent
multidimensional spectroscopy (CMDS), there are more than two-time delays from
interaction signals of light acting on the matter in Liouville space. Moreover, the
signal undergoes a double Fourier transform, which is called 2D spectroscopy.

Similarly, the 3D spectrum can be obtained by a triple Fourier transform. 2D, 3D,
or higher dimensions are collectively referred to as CMDS. It comes from the fifth
or higher order of signal based on the interaction of multiple pulses acting on matter.
In this chapter, the 3D spectrum comes from the Fourier transform of the 2D
spectrum along population time T.

In terms of studying excited state dynamics, quantum beating, and coherence,
CMDS'6:6473- 826583856672 hag successfully been used to investigate different
materials such as light-harvesting complexes,!’*3*3381 QDs, ! quantum
wells,””™ and molecular aggregates.” Mukamel,'7®7#81997  Cho %%  and
Hamm®"**78190-18 et 3] have developed theories for 2D spectroscopy. 2D
spectroscopy in the IR region was introduced by Hochstrasser'® and further
developed by Tokmakoff group.””' ' More recently, 2D spectroscopy has been

27



further developed so that the spectra are detected via various incoherent “action”
signals, such as fluorescence,'®2!226110911-114 yhotocurrent,'™* photoelectron, !>
and photoions”. This chapter mainly discusses three kinds of CMDS, namely the
2D fluorescence spectroscopy (2DFS),'® 2D electronic spectroscopy (2DES),**!"7
and the expansion of 2DES (two-color 2D spectroscopy”®'%¢!18-121)
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3.1 2D Electronic Spectroscopy (2DES)

In the 2DES, the signal is generated based on three non-collinear ultrafast pulses
(D1, @,, D3). There are also three time delays in 2DES in Figure 3.1. The time delay
between the first pulse @, and the second pulse @, is called the coherence time
(or t;), while the time delay between the second @, and the third pulse @5 is the
population time T (or t,). The detection time t (or t3) is between the second pulse
@5 and the signal.'’

HTTTS
ot

LO pulse

' ' o Signal
P4 P, ®3

Figure. 3.1. The schematics of pulses for 2DES.

According to the nonlinear optical spectrum derived in Chapter 2, we continue the
calculation of the 2DES with the polarization from equation (2.35). The third-order
polarization of 2DES is expressed as equation (3.1).!

o) [oe]

PBR(t) = f dtgf dtzf dt,E(t —t3)E(t —t, — t))E(t — t3 — t,
0 0 0

— t))R®)(t5,t5, 1) (3.1
The third-order response function of 2DES is based on the equation (2.39) in
Chapter 2. Thus, the response function is calculated as equation (3.2).
® A NP )
R¥)N(t3,t5,81) = — (g) (e [ (3 + &2 + 81, [, (62 +

0, (e, o)1) = (5) Greliss, e Ln, AC—e)1T) 62

The electric field of three laser pulses in 2DES is explained as equation (3.3).
Ei(t) = ellkrx—w1t+01) 4 o=i(k1X—w1t+01)
Ey(t) = eilkax—02t+82) | o-illyx—wyt+0y) (3.3)
E; t) = ellkzx—w3t+03) 4 o—i(k3Xx—w3t+03)

The extended commutator from the response function of 2DES is shown in equation
(3.4).
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(Aie [ﬂ13' [ﬁ12: [ﬂu»ﬁ(—oo)]]])

= (A3 2l P(—0)) — (i3l p(—0) A1)

— ezl P(—=0) firz) + (e iy p(—0) fy1 fir2)
— ezt P(—0)fiy3) + (el p(—0) fy1 fi3)
+ (e (=) iz fiy3) — (e P(—00) g1 2 fly3)
— Az fip2fi;1 (=) fge) + (32 (—0) g1 fige)
+ (A3 p(—0) A2 fige) — (3 P(—00) i1 i fge)
+ (A2 P(—0) Az fye) — (2P (—00) i1 fAyzfye)
— (A1 p(—=00) iz 3 fie) + {P(=0) fiy1 iz fAr3fise)

According to the above equation (3.4), the corresponding double-sided Feynman

diagram is shown in Figure 3.2.

(3.4)

Here, it is necessary to explain the double-sided Feynman diagrams. The four arrows
in the double-sided Feynman diagrams represent the interaction based on the electric
field acting on the sample. Generally, there are mainly three kinds of dynamics
pathways of 2DES, namely ground state bleach (GSB), stimulated emission (SE),
and excited state absorption (ESA). For the SE pathway in Figure 3.2(a), the first
pulse of k; generates coherent superposition between |g) and |e) states. The second
pulse k, converts this coherence to the population state |e). In addition, the third
pulse k5 acts on the sample and the signal from the |e) state to the |g) state. Finally,
the emission from the |e) state to the |g) state. As for the GSB pathway in Figure
3.2(b), the pulse k, creates the coherence between the state |g) and the state |e);
Pulse k, relaxation returns to the state |g); Pulse k3 creates a coherent superposition
between the state |g) and the state |e). The emission signal generates from the |e)
state to the |g) state. Similarly, the ESA pathway corresponds to Figure 3.2(c).

Ul p(=0)Upflys  Apllyzp(—0) iy lyy  Upelyzlyzp (=)0

, 19> <9I K , |19) <9l u, |1€) <€l
ley <913 N EXC]] ks||F) <el
ABDXE OXCI ie) <@l
19) <€l |-k, 19) <el|-k, k, 19) <el|-k,
19) <9l 19) <9l 19) (9|
(a).SE. (R) (b).GSB. (R) (c).ESA. (R)
Uyl p(— )l l3 Uy 3yl p(—0) yellystly p(— )iy,
o, |19 <G o, |19 <9I o, |1€) <€l
“lie) <atlks kslle) <q| ks|If) <€l
le) el 19> ¢l &) <ell-k:
le) <9l -kalle) <9l EXC
7A19) <9l 2 EXC 719y <9l
(d).SE. (NR) (e).GSB. (NR) (f).ESA. (NR)

Figure 3.2. Corresponding Feynman diagrams of 2DES.
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The laser beams in 2DES experiment'!” is shown in Figure 3.3.

Spherical Mirror1 \btl

@0

Spherical Mirror2

Grating

Choppers

Neutral
intensity filter

Movable fused
silica Wedges

Figure 3.3. The schematics of the 2DES experiment setup.'"”

The main part of the setup is pumped by a laser system which is produced by KGW
amplified laser (Pharos, Light Conversion) and laboratory-made NOPA to generate
ultra-short (15-20 fs) laser pulses. The adjustable range of this device is 450-850
nm, and the maximum repetition frequency is 200 kHz. Each pulse is divided into
two parts by the beam splitter. The time delay between the generated pulses is set
by the mechanical delay line. Each pulse is further divided into two parts through
the transmission diffraction grating which is optimized for +1st order diffraction.
The four laser pulses generated are labeled as 1, 2, 3, and local oscillators (LO). The
resulting four pulse sequences are focused on the same point of the sample in the
geometry of a box car. After passing through the spectrometer, a nonlinear third-
order signal is detected in the LO direction by the CCD camera. For specific details,
please refer to the literature.'"’

3.2 Two-color 2D Spectroscopy

In our experiment, two-color 2D spectroscopy is an extension of conventional 2DES.
Traditionally, 2D spectroscopy is based on a single energy region while our 2D
spectroscopy is further broadened on the different energy of 2DES, which is also
called two-color 2D spectroscopy in Figure 3.4.'"
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LO pulse . Y
?4 ?,
Figure. 3.4. The pulses sequence of two-color 2D spectroscopy.

In this technique, the first two excitations (pump pulses) resonate with the high
energy level of the sample whose low energy level also resonates with the third
excitation (probe pulse) and local oscillator (LO) frequency simultaneously.
Therefore, the two-color 2D spectrum presents the different ranges of energy along
the w, and w3 (x- and y-axis) domains. For our two-color 2D spectroscopy, where
the first two laser pulses (pump pulses) are used to resonate with the high-energy
state of the sample, and the third laser pulse (probe pulse) and local oscillator (LO)
are employed to low-energy state resonance.

3.3 2D Fluorescence Spectroscopy (2DFS)

Two-dimensional fluorescence-detected coherent spectroscopy can also be called
2D fluorescence spectroscopy (2DFS). Different groups are using 2DFS, such as
Marcus,'” Pullerits,''* Brixner,''” and so on. In conventional 2DFS, an incoherent
signal is generated by four non-collinear ultrafast pulses (@4, ®,, @3, @,), which
interact and resonate with the material system. In the 2DFS experiment, there are
three time delays among four pulses: the first time delay between pulses @, and &,
is called coherence time T (or t;), the second between pulses @3 and @, is called
the detection time t (or t3), and the last between pulses @, and @5 is called the
population time T (or t,). Besides, the relationship between the pulses and the time
delays of 2DFS is shown in Figure 3.5.

Figure. 3.5. The pulses sequences of 2DFS.
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Based on the nonlinear optical spectroscopy derived in Chapter 2, we continue the
calculation of the 2DFS from equation (2.35). The signal based on the fourth-order
population in 2DFS is expressed as equation (3.5).'"°

PM(t) = f dt4f dt3f dtzf dt,E(t —t)E(t —t, — t;)E(t — t3 (3.5)
0 0 0 0

—t—t))E(t —ty—ts —t; — t)RW(ty, t3, 65, ;)

The response function of 2DFS is based on the third order population. Thus, the
nonlinear response function is calculated as equation (3.6).

R(4) (t4l t3r tZI tl)

-1

4
- _ (?) [, (ty + ts + ty + t1), [ﬁz(tg + 1ty + t1), [ (t, +

0, 1,60, 5911 = = () s s, [ L, pC=eo)]]1)

(3.6)
The electric fields of four pulses in 2DFS are calculated as equation (3.7).
El(t) = pllk1X=—w1t+01) 4 o—i(k1X—w1t+01)
E,(t) = ellkaXx—wat+0z) | o—i(kyx—wyt+0)
E5(t) = eilkax-w3t+03) 4 o-ilkyx-w3t+03) 3.7

E4(t) = ei(k4-x—w4-t+®4) + e_i(k4'x—w4-t+(2)4)

The extended commutator from the response function of 2DFS is shown in equation
(3.8).

(A4, [ﬁ13» [ﬁlz' [ﬂn»ﬁ(—oo)]]]]

= (141312011 p(—0)) — {fraflyzfli2p(—0) fi11)
— a3 (=) fir2) + (14 fi;z3p(—0) i1 fir2)
— (Qralip2fi;1 (=) fy3) + (fraflyzP(—00) fl11 fA13)
+ a1 p(—00) firaf13) — (f1aPp(—00) fy1 fir2fAs3)
— Azl i1 P(—0) fia) + ({1312 P(—00) fl11 fl14)
+ {31 P (—00) firafi14) — (3P (—00) fir1 12 fira)
+ (A2 P(—0) Az fira) — (2 p(—0) 1 f13f14)
— {1 p(—=0) A2 fiy3fd14) + (P(—0) 11 A2 13 f14) (3.8)

Based on equation (3.8), the expression in this equation can be understood as
follows in the double-sided Feynman diagram. For the above equation (3.8), the
corresponding Feynman diagram is summarized as follows in Figure 3.6.
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Figure 3.6. Corresponding Feynman diagrams of 2DFS.

It is important to point out that the last signal arrow here is not a coherent
polarization signal as in 2DES but incoherent signal like fluorescence.
Our 2DFS setup' is based on the optical path of Figure 3.7.

% LS
T e Ti-sa Laser‘ BS e‘%‘\(-'“m
1\ ol
n C
popuat® - QBS AOMI1
-~ -
ke e B,
6\:“‘““ b BS K ' BS
peted AOM2

-~ - ' :
l . © AOM3 | .’2 .
‘ AOM4 .
‘ BS

‘ ‘\ BS

n- ‘
Grating ‘ 5
it
o Sample
vPhotodiode

Figure 3.7. The optical path of 2DFS. BS: beam splitter; AOM: A cousto-optic Bragg cell; APD: avalanche photodiode.

Ti:Sa oscillator provides a repetition frequency of 70 MHz (set to pulses of 8-10 fs).
The beam splitter (BS) separates two equal copies. There are four AOMs driven by
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radio frequency generators with four different modulation frequencies. The used
four frequencies are @,1=54.70 MHz, ®@,= 54.75 MHz, 3= 54.92 MHz, and
& ,=55.00 MHz. For specific details, please refer to the literature.'

3.4 Short Summary

In this chapter, three kinds of 2D spectroscopy have been briefly introduced, namely,
2DES, 2DFS, and two-color 2D spectroscopy. Besides, based on the theoretical
calculations in Chapter 2, we also briefly discussed Feynman diagrams of these
spectra and their corresponding mathematical equations.
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Chapter 4 Analyses of Excitation
Dynamic in QDs and Data
Acquisition with Coherent 2D
Spectroscopy

Zhengjun, I am concerned. These are
elementary things. When are we
getting any close to real science?

-Tonu Pullerits

Here we summarize the research articles which have been organized during my
doctoral study in the theses. Specifically, the first part (Subsection 4.1, the paper I)
concerns excited states and their dynamics in CdSe QDs studied by two-color 2D
spectroscopy. The second part (Subsection 4.2, paper II) analyses the beating signals
in CdSe QDs measured by low-temperature 2D spectroscopy. The third section
(Subsection 4.3, paper III) mainly studies the quantum size effects in 2D
spectroscopy of CdSe QDs. The fourth part (Subsection 4.4, paper V) focuses on
the compressed sensing (CS) theory to enable sparse sampling and reconstruct the
2DFS. The last section (Subsection 4.5, paper V) investigates the phonon coupling
with excitons and free carriers in nanocrystals.
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4.1 The Excited State Dynamics of CMDS

Coherent multidimensional spectroscopy (CMDS) can detect details of the dynamic
processes of samples, 657768 SIS284I0I2212364656769.71T375 qch a5 excited state
dynamics, relaxation dynamics, and quantum beating dynamics. In our research, the
excited state dynamics of CdSe QDs are mainly researched through CMDS.

4.1.1 Excited states of CdSe QDs by two-color 2D spectroscopy

Traditionally, three ultrafast pulses of 2DES are all in the same energy region. In
this subproject, we measured the excited state dynamics of CdSe QDs using two-
color 2D spectroscopy''*'**'?* in Figure 4.1 (B; and B,).
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Figure 4.1. The real part of the total 2D spectrum. Panel A, B, and C represent the low-energy area, two-color area,
and high-energy area, respectively. The range of low energy area goes from 15500 cm™' to 18800 cm™. The range of
high-energy areas goes from 18800 cm™ to 21300 cm™'. The yellow line in the box on the right represents the low-
energy laser intensity of absorption. The green curve represents the high-energy laser intensity of absorption. The blue
line stands for the sample absorbance.

16 17

In the 2D spectrum at 80 fs, four excited states le;), ley), les), and le,) share the
same low-energy area (panel A, and A»), while the state leg) remains in the high-
energy area (panels C; and Cy). According to previous researches?*' and our 2D
spectrum, the excited state transition system of CdSe QDs is established in Figure
4.2. Besides, the If) region, biexcitons, need to be considered to describe the
excited state absorption signal.
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19)

Figure 4.2. The absorption of a laser pulse by excited state transition system of a simple CdSe QDs. Inside the left box,
the yellow and green curves represent the excited state transitions in the low-energy and high-energy areas,
respectively. The blue line represents the sample absorbance.

In our two-color 2D spectrum, colors yellow and green are used to mark low-energy
and high-energy areas in Figure 4.2. The yellow arrows between the excited states
imply that the transition process is excited from the low-energy area. Besides, the
green arrowed lines show the transition process from the high-energy area. Thus,
there are six areas (A), (B), (C), (D), (E), and (F), respectively, in our system.
Among them, areas (A), (E), and (F) are excited by the low-energy area, while the
remaining areas (B), (C), and (D) are excited by the high-energy area. Unlike areas
(A) and (B), areas (C), (D), (E), (F) are excited to the higher energy level of 1f)
where it contains some biexciton process.

4.1.2 The relaxation dynamics of CdSe QDs

To understand the details of the relaxation dynamics in CdSe QDs, it is necessary
to analyze the real part of the rephasing 2D spectrum. The different size distribution
of CdSe QDs may also affect the extension of these peaks. Therefore, these
elongated and uneven wide peaks like DP;; are revealed, as shown in Figure 4.3.
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Figure 4.3. The real part of the rephasing 2D spectrum. The A1, Az, B4, B2, C1, and C2 panels represent low-energy,
high-energy, and two-color areas at 80 fs and 1300 fs, respectively.

In this subproject, to reveal the relaxation dynamics between the excited states le;)
and leg), three peaks have been selected: CPs;, CPss and DPss (Figure 4.4). The
CPs; and CPsg peaks are displayed in panels B, and B,. The DPss peak arises in the
Ci and C; panels. The energy of the DPss peak decreases progressively, while the
energy of CPs; and CPsg increases along with population time T. The energy
changes of the three peaks are shown in Figure 4.4(c). Simultaneously, the previous
research®® has shown some relaxation processes between states le;) and les).

However, this work mainly studies the relaxation dynamics between the states le;)
and les).
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Figure 4.4. Schematic diagrams of extracting peaks from 2D maps. (a). Schematic diagram of 3D data. (b). The 2D
slice is from Figure (a) along w, at 19700 cm™". (c). The curves of three peaks DPss, CPss, and CPs1 are fitted at 16200
cm™, 17500 cm™, and 19700 cm'. The lifetimes of DPss, CPss, and CPs1 are 100 fs, 700 fs, and 700 fs respectively.

The processing of the experimental data is explained as follows. The 2D map in
Figure 4.4(a) is obtained from a 2D slice of 3D data located at hw,=19700 cm™,
where the excited states are le;) and leg). Moreover, to obtain lifetimes of the
three peaks, we extract the curves at hw; =16200 cm’!, 17500 cm™, and 19700 cm”
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!. Thus, the data in Figure 4.4(a) is extracted from Figure 4.4(b) in the peaks DPss,
CPSS, and CP51.
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Figure 4.5. The relaxation dynamics among the excited states of CdSe QDs using double-sided Feynman diagrams.

The dynamics among the DPss, CPss, and CPs; peaks in the 2D spectrum are
discussed below. The GSB(i) and SE(ii) pathways occur in the DPss decay band.
The contribution of SE(ii) to peak DPss is gradually decreasing, while the
contribution of GSB remains relatively constant from 0 to 100 fs. Besides, the GSB
continues to contribute steadily to the DPss after 100 fs. The CPss band increases
mainly as a function of the contribution of ESA(v). Here, the subscript S from CPss
stands for the possible transition from excited states R, characterized by an electron
trap (For specific details, refer to the literature.?*). It takes 700 fs for state leg) to
relax to le,), and this pathway of ESA(v) makes the state S stays in an increased
negative band. The GSB(iii) and SE(iv) pathways are shown in the increasing band
CPs;. The relaxation dynamics of SE(iv) grows in 700 fs, while GSB(iii) provides a
stable contribution to CPs; during its whole lifetime. Specifically, when the DPss
band stabilizes after 100 fs, the signals in CPss and CPs; bands begin to increase
from 0 to 700 fs. So, cascade transitions occur between the |e5) and |e;) states. In
the CdSe QDs system, there are many phonons with energy at 200 cm™.129.130 Thys,
it is estimated that some jumps of phonon energy have been taken from state les)
to state le, ). It takes much longer time to see the signal from where it disappears.

4.1.3 Short generalization

In this subproject, the relaxation dynamics of CdSe QDs were measured at 77 K by
two-color 2D spectroscopy. Specifically, we analyzed the dynamic processes among
the peaks DPss, CPss, and CPs;.
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4.2 Quantum Beating in CMDS.

First, it is good practice to introduce the basics of quantum coherence.'*'”"** The
description of coherence goes back to the work by Tonnoudji in 1962."** In
molecular systems, one needs to distinguish between electronic and vibrational
coherence. Electronic coherence is formed between electronic states, while
vibrational coherence is formed between vibrational states.'*® The generation of
quantum coherence can lead to oscillating signals in the experiment. Such quantum
coherence can be observed in a 2D spectrum. This is the beating from the oscillator
coherence between the different excited states, and for this reason, this phenomenon
is called quantum beating. Specifically, In the 2DES, there are three time delays
which are defined as t, T, T in Figure 4.6(a). Figure 4.6(b) shows a positive signal
in the rephasing 2D map. Correspondingly, the SE pathway is used to illustrate the
dynamics of positive B peak in Figure 4.6(c). The energy level diagram of the SE
pathway is shown in Figure 4.6(d).
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Figure 4.6. The illustration of quantum beating in the 2D spectrum. (a). 2D spectral pulse sequence. (b). 2D beating
map. (c) the SE pathway corresponding to the blue peak of the 2D beating map. (d). The energy level diagram
corresponding to the quantum beating from SE pathway.

If the Fourier transform is performed on the complex signal in the 3D spectrum
along the population time T, the positive and negative frequencies of 2D maps are
obtained, as shown in Figure 4.7.
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Figure 4.7. The Fourier analysis of oscillation beating from 3D spectra. (a). 3D spectrum with the population time T. (b).
3D spectrum with the frequency domain.

When the 2D spectrum varies with the population time T, the quantum beating from
the oscillating signal can be clearly obtained from 2D beating maps. The positive
and negative parts of 2D maps are shown in Figure 4.8.
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Figure 4.8. The 2D beating map model. (a). 2D spectrum. (b). The negative beating of 2D maps. (c). The positive
beating of the 2D spectrum.

Generally, the Fourier transform of the signal in the complex domain can result in
an asymmetric quantum beating between the positive and negative frequencies in
the 2D maps, as visible in Figure 4.8.
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4.2.1 Vibrational beating of CdSe QDs revealed by 2DES

Some groups have studied the quantum coherence of CdSe QDs using 2D
spectroscopy.'*® Here we study the vibrational coherence of CdSe QDs at low
temperatures.
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Figure 4.9.The real part of the 2D spectrum of CdSe QDs. (a). The real part of total 2D spectrum. (b). The real part of
rephasing 2D spectrum. (c). The real part of non-rephasing 2D spectrum.

In the 2D spectrum in Figure 4.9, there are four peaks, namely DP;;, DP2,, CP», and
CP»1. The excitation energies of DP; and DP;, peaks are 16200 cm™ and 16900 cm®
!, respectively, which is also reported by theoretical works.?*** The excited states of
CdSe QDs are shown in Table 4.1.

Table 4.1. The excited states of CdSe QDs.

lg) les) le2) [vo) [v1)
Signal Wy We, g We,g Wy, Wy,
(em™) 0 16200 16900 0 230

To illustrate these quantum beatings clearly, the whole dynamic process of the 2D
spectrum is shown in Figure 4.10.

45



1500

1000

500

Population time T(fs)

18 1 8
%4 7
(705 16 17, o™
Chn 16 3 cMm
s/ 100
Figure 4.10. The real part of the rephasing 3D spectrum in the CdSe QDs.

A main vibrational beating band (green band) is visible in the 3D spectrum in Figure 4.11.
Quantum beating of QDs exists between the vibrational states |v;) and |v,). As the quantum

beating in the 3D spectrum is very complicated to decode, it’s necessary to analyze its 2D
slices.
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Figure 4.11. Oscillatory components in the real part of the rephasing 3D spectrum

Considering the rephasing 2D spectrum in Figure 4.12, it is obtained from the 3D
spectrum, the oscillating features occur at £230 cm™.
These beating bands appear in this 2D spectrum, namely A, C, DPy;, and D peaks.
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Figure 4.12. The vibrational beating of CdSe QDs.in the rephasing part of 2D beating maps. (a). There are two
vibrational beating peaks A and DP11, respectively at w;=-230 cm™'. (b). There are three vibrational beating peaks, C,
D, and DP14, respectively at w;=+230 cm™".

Based on the above experimental results and previous researches,'*”-!3® the model diagram

is established in Figure 4.13. Here, the red and blue circles indicate the excitation signals
arising from QDs with different sizes. The DP,; peak of the 2D map is elongated due to
distinctive sizes excitation of QDs, which has also been verified in Bawendi’s research.?
Specifically, the vibrational beating of peaks A and DP;; originates from the contribution of
coherence |e,, v;){(e;, Vy| visible in Figure 4.13(al) and (a2), respectively. Considering the
2D map at +230 cm’!, the vibrational beating from the coherence |g, vo){(g, v,| by the
pathway of C-GSB, contributes to the ground state coherence as shown in Figure 4.13(a6).
Similarly, pathways of the vibrational beating of DP;;-GSB and D-GSB are shown in Figure
4.13(a3), and (a4), respectively.
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Figure 4.13. The vibrational beating of the CdSe QDs in the rephasingof 2D spectrum (w;=+230 cm™"). (I). 2D beating
maps at -230 cm™. (11). 2D beating maps at +230 cm. (a). The related double-sided Feynman diagrams. (b). The
corresponding energy level diagram.

Similarly, for the non-rephasing part of the 2D beating map at +230 cm', there are

four beating peaks namely the DPy;, M, N, and E.
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Figure 4.14. The vibrational beating of CdSe QDs in 2D spectrum (non-rephasing part). (a). The vibrational beating of
2D map at -230 cm™. (b) The vibrational beating of the 2D map at +230 cm™".

16

When the 2D map is at -230 cm™, the contribution of vibrational beating comes
from the ground state coherence |g, v1){(g, vy| as shown in DP;;-GSB in Figure
4.15(al). Besides, the vibrational beating in the M and N peaks mainly stems from
the excited state coherence |e;, V1 ){e;, V| in Figure 4.15(a2) and (a3).

= Stimulated Emission
Ground State Bleach

48

Nonrephasing / Nonrephasing /]
o4 W= 1 A
WT=-230 cm M T=+230 clm L
We, g+Wr, We, g+Wy,| “
. DR11,”
3 .
Werg ) We, g
_/DF »
Wey g—Wy, > & We, g—Wy, %
“ v - P — E
3 - 3 4 I _ |
[ 19~ Wvy We, g We, g+Wy, 7 e1g—Wvy We, g We,g+Wy,

U]

(n



k3!
P

- |e1,vz>\ﬁ/ - le1,v2) —7/ = ler,vz) —7/
W, 19,vo) (9,Vo| I':::;;; u » T, 19,v1) (g,v1| ! ':”:O % 3/ iy, 19,v7) (g,v1] H E:’:‘g \‘ r/
e1,vo) <9, V| Tt Jlenvey @ vi| ks = “HF lenvsy @va| s ™ M
Il |) |\ s / /J_ k2 \ ; | ERVDRERY| -, i\ ,
-k lenvey @vall; wvs N1/ kellenvo @vali™ s NHiE 7 kqlllenva @vall gyl X187/
TNgvey @va| 7 = GVoy Gval|  igve N/ GVoy G val|  lgve NI/
(b1) DP11: Energy level  (a2) M:SE (b2) M: Energy level (a3) N:sE (b3) N: Energy level

(a1)DPi1:GSB

— 2o\ / g T N
) CADRCAZ] [ — e [ R A7 .2,,53\\, //
{[1e1,voy (g, vl /k; lewvay N LS Tienvoy (g.vi /k; lenvo) NG L

[ETVOKEnVal | -, [ERVOYEnVEl | - .,

ki]lenvoy @vall; ™~ lova Nt/ killenvo @vi] lgv2 \ S/
19:vo) (g, Vo] gvo NI 19,voy <@,V gvey NI/
(a4) DP11:SE (b4) DP11: Energy level (as5) E:sE (b5) E: Energy level

Figure 4. 15. The vibrational beating of non-rephasing 2D spectrum in the CdSe QDs (w7=+230 cm™). (I). 2D beating
model map at -230 cm™. (Il). 2D beating model map at +230 cm™. (a). The related double-sided Feynman diagrams.
(b). Corresponding energy level diagrams.

As the 2D map is at +230 cm™ as shown in Figure 4.15, the vibrational beating
comes from the |eq,vy){e;, V1| in DP;-SE in Figure 4.15(a4). Therefore, the
vibrational beating of peak E results from the contribution of the excited state
coherence |e;, vg){eq, V1| in Figure 4.15(a5). All the vibrational beating results are
summarized in Tables 4.2 and 4.3.

Table 4.2. The vibrational beating of CdSe QDs in 2D (w,, w;) cuts

Vibrational beating (Rephasing)

Peak

Wy, Wt

A

We, s We, T Wy,

w, w, (cm™) | 16200, 16430

wr (cm™)
Pathway
Signal

Beating

DP1 DP;1 c D

We, , We, We, , We, We, , We, + Wy, We, + Wy, We,

16200, 16200 16200, 16200 16200, 159700 16430, 16200

-230 -230 +230 +230 +230
SE SE GSB GSB SE
lex, v1 ey, ol lex, v1 ey, vol 19, voXg, 1] |9, voXg, V1] |9, voXg,v:]
Excited state coherence Ground state coherence

Table 4.3. The vibrational beating of CdSe QDs in 2D (w,, w,) cuts

Vibrational beating (Non-rephasing)
Peak DP;1 M N DP+4 E
W, Wy a)el, (Uel wel + (J()vl,c()e1 + wvl (Uel + (A)Vl, (A()e1 (Uel, wel wel, (A()e1 - (Al),,1
w,, w, (cm™) 16200,16200 16430, 16430 16430, 16200  16200,16200 16200,15970

wr (cm™) -230 -230 -230 +230 +230
Pathway GSB SE SE SE SE

Signal 19, v1{g, vol le1, v1){e1, Vol les, v1){eq, Vol le, voXey, vi|  ler, voXey, vil
Beating Ground state coherence Excited state coherence
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Based on the above Table 4.2 and 4.3, 2DES can clearly distinguish the vibrational
beatings in the CdSe QDs system. Specifically, there are two types of quantum
beating contribution at 230 cm™: the vibrational coherence in the ground state |g)
and excited state |e;) at 77 K.

4.2.2 Short generalization

The 2D slices can be obtained from the 3D Fourier spectrum. In this subproject, we
figured out which kind of excited states can produce the vibrational beating of CdSe
QDs using 2DES. It can also be found that the stable quantum beating occurs in the
vibrational states at £230 cm™.

4.3 Quantum size effects in 2D spectroscopy of CdSe
QDs

In this subproject, we find that when the size of CdSe QDs reduces, the energy band
gap between excited states increases. This is mainly due to the change of the energy
absorption bands for QDs with different sizes.

4.3.1 Excited states of CdSe QDs by 2DES

Based on the previous research,® the most remarkable property of QDs is the size
dependence of the energy bandgap: when the nanostructure size decreases, the

bandgap increases as shown in Figure 4.16.
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Figure 4.16. Comparison of energy levels of different sizes of CdSe QDs.
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Although there have been many reports®2*31:66:36139°141 ahout the excited state
dynamics of QDs, there hasn’t been research on the excited state dynamics of QDs
with different sizes performed by 2DES at 77 K yet. This subproject mainly uses
2DES to detect the correlation between excited states and sizes of CdSe QDs at 77
K. The diameter of our CdSe QDs samples ranges from 6.3 nm to 11 nm.* The
detailed 2D maps are recorded in Figure 4.17.
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Figure 4.17. The real part of the total 2D spectrum of CdSe QDs at 240 fs. The x and y axes respectively represent

the excitation wavelength and the detection wavelength from 15500 cm™' to 18800 cm-".

4.3.2 The correlation between excited states and sizes in CdSe QDs

According to the shape of the peaks in Figure 4.17, it is necessary to determine
whether the angle is constant between the cross peaks and the diagonal peaks for
different sizes of CdSe QDs. To describe the relationship more clearly between

excited states and the different sizes of QDs, the 2D spectra are shown in Figure
4.18.
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T =240 fs

Figure 4.18. The fitting of different peaks of CdSe QDs of different sizes in the 2D spectrum. (a). The fitting of the
diagonal peak varies with different sizes. (b). The fitting of cross peak CP12 varies with different sizes. (c). The fitting of
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cross peak CP21 varies with different sizes. (d). The fitting of cross peak CP31 varies with different sizes.
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Figure 4.19. The fitting of different peaks of CdSe QDs in the 3D map. (a). the fitting of cross peaks and diagonal peaks
in the 3D map at 240 fs. (b). The fitted peaks in the 2D map.

In 2D spectra of CdSe QDs in Figure 4.18, the diagonal peak DP;; (DP»,) is referred
to as the cross peak between the first excited state le;) and the second excited
state le,) in (b1) and (c1). As shown in Figure 4.19, the cross peaks are tilted with a
certain angle relative to the diagonal peak. This correlation is likely to be the broad
size distribution presenting in the CdSe QDs sample. Besides, we summarize the
excited states of different sizes of CdSe QDs from Table 4.4 based on the previous
research.”

Table 4.4. Summary of the excited states of different sizes of CdSe QDs

Diameter (nm) 7.96 6.78 6.5
le;) (cm™) 15490 16131 16330
le,) (cm™) 15890 16736 17000
leg) (cm™) 16700 17462 18631

In Figure 4.20, we marked these peaks based on Table 4.4. A negative peak N
appears below DPy;. This is a biexciton produced by the e; excited state.
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w_ (103 cm'l)
Figure 4.20. The excited states of the different sizes of CdSe QDs and the circles marked with the excited states from
the three CdSe QDs are shown in Table 4.4 based on previous research.?®

4.3.3 The biexciton shift changes with different sizes of CdSe QDs

Based on the experimental results in Figure 4.20 and previous studies,* we find that
the 2D spectral peaks of CdSe QDs at 77 K are linear. The negative peak N is mainly
from the contribution of biexciton. The dynamic process of N peak is shown in
Figure 4.21(a) and (b).

(a) (b)
Figure 4.21. The dynamic pathway of the N peak. (a). The energy level of the ESA pathway of N peak. (b). The ESA
pathway of N peak.

In order to be more clear about the change of biexciton shift as the size decreases, we
select the 1D spectrum at w,=16147 cm™ and 16330 cm™! for comparison in Figure 4.22.
From the biexciton shift comparison of Figure 4.22(b) and (¢), it can be seen that as the
size of the QDs decreases, the biexciton shift gradually increases linearly. These are due
to the quantum confinement effect of QDs.
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Figure 4.22. The biexciton shift in 2D spectra. (a). The biexciton shift of 2D spectra at 240 fs. (b). The Gaussian fitting
of the 1D spectra at w,=16147 cm. (c). The Gaussian fitting of the 1D spectra at w,=16330 cm™".

The above analysis shows that the angles are constant between the cross peaks and
the diagonal peaks in the 2D spectrum. Simultaneously, as the sizes of QDs
decrease, the biexciton shift also increases gradually. This means that the energy
difference between the first two excited states increases linearly. As the size of the
CdSe QDs decreases, the bandgap of the CdSe QDs increases in Figure 4.22. For
details, please refer to paper III.

This entire discussion has been based on CdSe QDs. However, considering other
samples of QDs (for example, CdTe, GaAs, InP), the discussion could be similar. If
we observe a regular variation of the energy differences of the excited states as the
sizes vary for different kinds of QDs, this model should still be valid. Here, we only
study the relationship between e; and e, excited states. Further experiments are
required to verify the discussion and conclusion.

4.3.4 Short generalization

In this chapter, we studied the correlation between excited states and different sizes
in CdSe QDs.

4.4 Spare Sampling in CMDS

CMDS can detect complex dynamic systems, which also requires its complex
experiment. Especially in the era of artificial intelligence (Al), the detection of N-
dimensional spectroscopy demands advanced mathematical theories to sparsely
sample experimental data to reduce the experimental time and data storage. With
the above background, this subproject uses compressed sensing theory combined
with dictionary learning from Al to achieve the data acquisition of CMDS.
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In 2004, Candés, Romberg, Tao, and Donoho proved that if the signal satisfies the
sparsity, the signal can be reconstructed with fewer samples. This optimal sampling
theory is called compressed sensing (CS)'**'* (also called compressed sampling,
or sparse sampling). CS theory can effectively reconstruct the signal by finding the
solution to the underdetermined nonlinear system.'**"'* That is, the sparse signal
can be used to reconstruct the signal with fewer samples than that the Nyquist-
Shannon sampling theorem requires. The signal can be reconstructed by CS when it
meets the following conditions: (1) the signal is sparse in some domains; (2) the
incoherence is that which is applied through the isometric property.

The early CS application was a single-pixel camera.'*’ Initially, CS theory is based
on the least absolute shrinkage and selection operator ((LASSO) proposed by
Tibshirani in 1996, and matching pursuit (MP) algorithms were applied to
CMDS 3147719 For example, Marcus and Aspuru-Guzik groups used CS theory to
reconstruct the 2DFS signal.%® Brixner group also applied CS theory on 2DES
signal.'"” In our CMDS, we mainly use two CS methods to reconstruct the 2D
fluorescence spectrum of LH2 protein in Figure 4.23.'¢

R22

Diagonal peak|l Cross peak 1

1.02 11 1.18 126 1.34 142
(b) Frequency:w x1 0% (em)
Figure 4.23. The LH2 protein and related 2D map.'® (a). The LH2 protein. (b). Corresponding 2D spectrum.

4.4.1 Compressed sensing method

In our 2DFS experiment,'® we have collected 20 points of 7' (from 0 fs to 73 fs) and
40 points for both t; and t; among the pulses sequence. The pulses sequence of
2DFS is as shown in Figure 4.24. 2D maps were obtained applying a double Fourier
transform along t, and t5 for a given population time T."

D, L)
Figure 4.24. Pulses sequence of 2DFS
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In this subproject, we reconstructed the 2DFS signal through two CS methods: the
LASSO'* and the sparse exponential mode analysis (SEMA)."*" To describe the CS
method, we use a simple mathematical model. The 2D estimators are described as:
T
s=[t2,62]

iy 2

(4.6)

(1) and t represent the 2D sampling time of the signal, the i;-th sampling point

in the ﬁrst dimension, and the i,-th sampling point in the two-dimensional. These
time delays were represented by the t and t symbol.

0=t i@
x(s)—zg elivi” Ol el o) 4.7)

(l) and B respectively represent the frequency and width (damping) in the [
(l 1,2) dimension of the k™ 2D spectral band. g, denotes the amplitude of the
spectral band k. The noise term u(s) is modeled as a Gaussian distributed random
number.

The signal can be reconstructed by determining the most suitable penalty to
minimize the problem,

o ~_2 Pl><PZ><J1><Jz~
m1n1r§n1ze {Hvec{x(s)}— Ag”2 + ;ﬂgm|} (4.8)

The spectral band 4 is composed of all possible candidates in the dictionary. Please,
refer to the literature'® for more details.

[ W _ (1)] fff)®e[lw§;22) B(Z)] t(Z)} (4.9)
The symbol @ denotes the outer product. With the above model, we use equation
(4.8) to construct model data sets, which is aiming to test the efficiency of LASSO,
SEMA and recover the parameters {a)p, B j} from the data sets. Different densities
of sampling data sets are down to just a few original points through this model. For
the calculation of the LASSO algorithm, Table 4.5 describe the process to perform
the LASSO method, in which the sparse dictionary is mainly to solve the frequency
in function (4.8).

A = vec{el'”

Table 4. 5. The main steps of the LASSO algorithm

LASSO algorithm

Step A: Define a two-dimensional frequency grid dictionary and estimate the
frequency peaks using the regularized least-squares method.

Step B: Successive iterated step (A), until convergence.

Step C: After Fourier transforms, obtained corresponding frequency and the

damping value.
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For the SEMA algorithm, the candidate frequencies and the consideration grid over
the damping coefficients are updated in an alternating manner. A standard nonlinear
least squares estimator is utilized. Then, using the improved parameter estimation,
the model is subtracted again, and the next model is also improved. The improved
pattern is used to update the dictionary so that it is divided into n dictionaries, one
for each dimension. Then each dictionary moves in a fine grid around each found
frequency. As a result, unused dictionary elements have zero amplitude and are
excluded from the updated dictionary. This also means that closely spaced patterns
can be generated after dictionary elements. After deleting these duplicate dictionary
elements, scaling the dictionary elements of each grid point is avoided according to
the corresponding mode of the found damping coefficient. In the end, it will ensure
that all dictionary elements have the same specification.

Table 4. 6. The main steps of the SEMA algorithm

SEMA algorithm

Step A: Start with setting the damping g’ =0, and the frequency w, is a roughly known
estimate.

Step B: For iter=1,..., do

Step C: Form=1,..,P, X P, X ], X ], do

Step D: Calculate frequency and damping, based on function (4.3) and (4.4)

frequency using the dictionary

damping by the dictionary

(here including the sparse dictionary learning algorithm)
Step E: End for.
Step F: End for.
Step G: Refine the grids and repeat steps (B) - (D) until convergence.

The estimated frequency values in the SEMA method can be obtained through
function (4.4) using the frequency dictionary (a). The SEMA algorithm can select
fewer sparse signals because the designed dictionary can be iteratively learned,
which allows for a more accurate reconstruction of CMDS. The general steps for
the dictionary learning in the SEMA algorithm are shown in Table 4.6. and Figure
4.23.

Table 4. 7. The main steps of the dictionary-learning algorithm
The sparse dictionary learning algorithm

1: Set all damping factors to zero and then use (4.3)
Preliminary estimate.

2 Fori=1,..., intermix do

3" Calculated residual using the function (dictionary learning R ): R =24 — ¢ x 4; x 4; (Gis the
sparse dictionary learning)

4: Fork =1,..,P, X P, X J; X J,. Add the pattern of the current calculation mode to the residual.

5: Estimate the frequency and damping of the mode (from the 4 calculated).

6: Delete the acquired mode (in step 4)

7: End fori

8: Create a new dictionary using the frequency and damping factor (from step 5.)

9 Recalculate using dictionary learning R

10:  End
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The upper part is a theoretical description of the LASSO and SEMA algorithms.
Figure 4.25 shows the process of SEMA. Please, check the reference for
details,'6:146:150

measurements Y A /iy

. N1x1
Mix1

Figure 4.25. The process of dictionary learning in the Compressed sensing.

Based on the calculations of SEMA and LASSO above, we reconstructed the 2D
spectrum as shown in Figure 4.26.
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Figure 4. 26. Comparison of LASSO and SEMA methods for reconstruction of 2D spectrm.
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We perform the following steps to reconstruct the CMDS signal. The first step is to
sparsely sample the data in the time domain in Figure 4.27(b), and then use these
time signals to reconstruct the 3D spectrum in Figure 4.27(c1) and (c2).

Y
T |
() The time-domain signal |

10 20T 0 4

(b) Sparsely sampled signal

Figure 4.27. Compressed sensing for reconstruction 3D spectrum

Figure 4.27 shows the reconstruction of 3D spectra using the CS method including
the LASSO and SEMA algorithms. For details, please refer to paper I'V.

4.4.2 Short generalization

In summary, this section discusses some details of CS theory for CMDS. In this
subproject, there are two CS methods (LASSO and SEMA algorithms) to sparsely
reconstruct the 2DFS signal.

4.5 Phonon Coupling with Excitons and Free Carriers in
Nanocrystals.

In this subsection, the temperature dependence of emission linewidth broadening in
formamidinium lead bromide (FAPbBr3) perovskite nanocrystals (NCs) are
examined as shown in Figure 4.28. The experiment provides information about
electron-phonon interaction in these nanocrystals. Coupling between the electronic
and nuclear degrees of freedom — the electron-phonon coupling — is the main origin
of the relaxation between the energy levels in materials, included QDs.
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Figure 4.28. (a) temperature-dependent 2PPL schematics apparatus. (b) Vertical view of SEM image of FAPbBr3
perovskite NCs.

Pump

In our research, we observed that the orthorhombic phase is the origin of most of
the emissions. The Frohlich interaction between the free charge carriers and the
optical phonons determines the PL linewidth broadening at high temperatures. At
low temperatures, it is clear that a continuous redshift shows the growth of the
exciton contribution from the peak of the PL spectrum and the reduction of the line-
width because of the inhibition of the optical phonons. The exciton phonon
interaction is determined based on the temperature-dependent measurement. The
results show that the charge phonon coupling is stronger than that of the exciton
phonon coupling in Figure 4.29. For details, please refer to paper V.
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Figurre 4.29. (a) Temperature-dependent PL diagram of FAPbBr3 NCs cooling at room temperature. (b) Normalized
PL spectra of FAPbBr3 of different temperatures (from RT to 80 K).
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4.6 Short Summary

In this chapter, we measured CdSe QDs using CMDS, analyzed the dynamics of the
sample, and collect LH2 data by 2DFS. Specifically, this section covers how to
measure the excited state dynamics using two-color 2D spectroscopy, the quantum
beating of CdSe QDs by 2DES, the correlation between excited state and sizes of
CdSe QDs by 2DES, and use CS theory to reconstruct CMDS, the phonon coupling
in nanocrystals.
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Chapter 5 Conclusions and Outlook

Learn to be a decent person before learn to do things; don't discredit your
country.

-Jianzhong Yang

This thesis we apply CMDS to study excited state dynamics in colloidal
semiconductor nanocrystals. We also implement sparse sampling ideas to speed up
the data collection in fluorescence detected 2D spectroscopy.

The first subproject mainly studies relaxation dynamics of CdSe QDs via two-color
2D spectroscopy. The second subproject is mainly about beating signals in the QD
2DES. We interpret the beatings as vibrational coherences. The third subproject
studies the effect of the correlation between excited state energies and the QD size
and how this correlation appears in 2DES. We also investigate the ways to obtain
information about electron-phonon interaction in nanocrystals through the
temperature dependence of fluorescence spectra. The last subproject employs the
CS theory to reconstruct sparsely sampled 2D spectra of photosynthetic antenna
complex LH2.

5.1 Conclusions

e The two-colour 2D measurements show that the initially high energy
excitation in CdSe QDs relaxes with time-constant of 100 fs while the
excitation arrives at the band edge with the time constant of 700 fs.

e The clear beating signals in 2DES of QDs are interpreted as coherent LO
phonons.

e The quantum confinement related size effect is clearly visible in 2DES
providing a nice illustration of the correlation of the different excited states.

e With the application of CS theory to the CMDS, we have successfully
reconstructed the 2D spectrum of the LH2 protein.
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5.2 Outlook

With coherent multidimensional spectroscopy technology, I am looking forward to
laying the foundation for my future research on nonlinear optical spectroscopy and
also exploring the mysteries of the quantum world.

Coherent multidimensional spectroscopy is still rapidly advancing. If given the
chance, I would like to continue to studies of the new developments in coherent
multidimensional spectroscopy. Also, for example, entangled photon spectroscopy,
quantum light, and compressed sensing theory. I will continue to seek the truth and
the soul.
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