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Abstract

Recent advancements in the synthesis and fabrication of nanoscale semiconductors and
optoelectronic devices are revolutionizing an array of industries. Nonlinear spectroscopy is
a powerful tool for studying the unique optical and electronic properties of these semicon-
ductors. This thesis describes experiments using a unique multi-dimensional spectrometer
to study three semiconductors: double-walled J-aggregate nanotubes, cuprous oxide, and
monolayer transition metal dichalcogenides.

First, we use two-dimensional correlation spectroscopy and cryogenic tunneling electron
microscopy to correlate the excitonic and structural properties of J-aggregate nanotubes in
solution. We observe weak coupling between inner and outer wall excitons in both isolated
and bundled nanotubes. We also use two-dimensional rephasing spectroscopy to measure
the homogeneous and inhomogeneous linewidths in solution at 295 K and in a glass at 10 K
and determine dynamic and static disorder dominate, respectively. In addition, we observe
photo-induced damage and recovery of nanotubes in the solid state.

Quantum process tomography is used to unambiguously elucidate the single-exciton dy-
namics of J-aggregate nanotubes in solution. Inversion of spectroscopic signals from eight
transient grating experiments completely characterizes the time evolution of the single-
exciton density matrix by determining the process matrix. We confirm the weak coupling of
inner and outer wall excitons and observe no contributions from non-secular processes.

Second, we use two-quantum spectroscopy to make the first experimental observation of
two-exciton correlations (i.e. biexcitons) in cuprous oxide. The direct measurement of two-
exciton correlations supports the proposed mechanism of biexciton-Auger recombination for
the efficient suppression of the Bose-Einstein condensation of excitons.

Third, we use two-dimensional rephasing spectroscopy to observe substantial inhomoge-
neous broadening due to large static disorder in monolayer transition metal dichalcogenides.
We also use two-dimensional correlation spectroscopy to reveal interactions of excitons with
in-plane optical and acoustic phonons. Lastly, we use one- and two-quantum spectroscopy to



measure unprecedentedly large inorganic, biexciton binding energies due to reduced dielectric
screening in the atomically thin limit.

The exciton and phonon dynamics revealed in these experiments contribute to our un-
derstanding of the elementary excitations in organic and inorganic nanostructured semicon-
ductors. It is our hope these insights will help guide the design of next generation devices
utilizing nanoscale semiconductors.

Thesis Supervisor: Keith A. Nelson
Title: Haslam & Dewey Professor of Chemistry
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Chapter 1

Introduction

In recent decades, advancements in the fabrication and synthesis of nanoscale materials has
lead to new and interesting physics. The unique properties of nanoscale semiconductors
make them promising media for more efficient optical and electronic devices [1, 2|. Indeed,
engineers are already utilizing organic and inorganic, nanostructured semiconductors in a
variety of devices, including photovoltaics [3, 4, 5|, photodetectors [6, 7, 8], light emitting
diodes [9, 10, 11, 12, 13|, diode lasers [14, 15, 16, 17|, optical switches [18, 19, 20|, and
transistors [21, 22, 23, 24].

In particular, we are interested in new nanostructured materials for application in solar
cells and other photovoltaic devices in order to improve light harvesting efficiencies and
decrease the economic costs of renewable energy. Solar energy is the most promising source
of renewable power as the Earth receives as much energy from the sun in one hour as is
consumed globally in a year [25]. Biology has evolved over millions of years to take advantage
of this nearly infinite energy source and efficiently harvest light. Much can be learned from
photosynthetic systems to help guide the design of better solar cells, photovoltaic devices,
and their active media [26, 27, 28, 29]. Most interestingly, experimental evidence suggests
the high efficiencies in biological light harvesting systems is due to electronic coherences and

the correlated protein dynamics that protect them|30, 31, 32, 33]. Photosynthetic complexes
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are rich with both classical and quantum mechanics, which must be carefully tailored in
synthetic devices to produce high light harvesting efficiencies [34, 35].

The complexity of biological light harvesting systems often makes them difficult to
study. So, there has been great interest in understanding synthetic analogs of photosyn-
thetic complexes, which are much easier to study due to less convoluted dynamics. Multi-
chromophoric systems, such as J-aggregates, have been of particular interest because their
electronic couplings and supramolecular structure are similar to naturally occurring chloro-
somes [36, 37, 38]. In chapters 5 and 6, we discuss experiments using multi-dimensional
optical spectroscopy and transient grating measurements to interrogate electronic coupling
and dynamics in a double-walled J-aggregate nanotube.

Multi-dimensional optical spectroscopy is a power tool for measuring electronic coherence
and dynamics, electronic interactions with vibrational modes and the environment, homoge-
neous and inhomogeneous linewidths, multi-particle states, and much more [39, 40, 41].
Multi-dimensional spectroscopy has been used to characterize electronic dynamics in a
variety of system including: photosynthetic complexes [42, 43, 44, 45, 46|, J-aggregates
[47, 48, 49, 50, 51], conjugated polymers [52, 53, 54|, singlet fission materials [55], nitrogen-
vacancy centers [56], monolayer transition metal dichalcogenides [57], inorganic quantum
wells [58, 59, 60, 61, 62, 63|, quantum dots |64, 65, 66, 67, 68], and much more. However, it is
often difficult to separate electronic and vibronic contributions to multi-dimensional signals,
even when they are deconvolved over a second frequency axis. Thus, theoretical studies have
been undertaken to learn how to accurately interpret spectroscopic signals [69, 70, 71, 72|.
Currently, the experimental evidence for electronic coherences in photosynthetic complexes
using ultrafast spectroscopy has sparked a debate over whether electronic coherences can
occur under incoherent excitation. Both experimental and theoretical studies have provided
contradicting results, so the debate continues to be hotly contested [73, 74, 75].

The fundamental electronic excitations in most biological light harvesting systems, J-

aggregates, and other semiconductors are correlated electron-hole pairs, called excitons. Ex-
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citons are bosonic quasi-particles that can undergo, among other processes, Bose-Einstein
condensation [76, 77, 78, 79]. Insight into Bose-Einstein condensation is important for under-
standing the related processes of superconductivity and superfluidity and their applications
in new and more efficient optical and electronic devices [80, 81|. In chapter 7, we discuss the
first measurement of biexcitons in cuprous oxide, which leads to the efficient suppression of
Bose-Einstein condensation of excitons.

The recent isolation of monolayer transition metal dichalcogenides has brought renewed
interest to these now two-dimensional materials [82]. Of particular interest to the engineer-
ing community is their transition to a direct band gap semiconductor in the monolayer limit
and the emergence of coupled spin and valley physics [83, 84]. Thus, monolayer transition
metal dichalcogenides are being employed as active media in a variety of electronic and op-
tical devices [85]. Unprecedented Coulombic interactions in these atomically thin, inorganic
semiconductors has also lead to important questions about their applicability in photovoltaic
devices as electrons and holes must be separated in order to produce a current [86]. In chap-
ter 8, we discuss experiments to study exciton-exciton and exciton-phonon interactions in
monolayer transition metal dichalcogenides.

The outline of the thesis is as follows. In chapter 2, we first discuss the physics of excitons
starting with the electronic states of the hydrogen atom and working our way to enhanced
electron-hole correlations in nanostructured semiconductors. Then in chapter 3, we dis-
cuss the theory and techniques of ultrafast spectroscopy, including linear absorption, pump-
probe, transient grating, and multi-dimensional measurements. In chapter 4, we discuss the
specific technical design, capabilities, and limitations of our two-dimensional spectrometer
that utilizes diffraction-based spatiotemporal pulse shaping and the calibrations necessary
to perform an ultrafast experiment. Chapters 5 through 8 describe experiments exploring
exciton-phonon and exciton-exciton interactions in a variety of organic and inorganic, nanos-
tructured semiconductors. In chapter 5, we determine the coupling between inner and outer

wall excitons in isolated and bundled double-walled J-aggregate nanotubes in solution. We

23



also explore the processes leading to exciton dephasing in solution at room temperature
and in a glass at cryogenic temperature, as well as the photo-induced damage and recov-
ery observed in the solid state. In chapter 6, we utilize quantum process tomography to
unambiguously elucidate the single-exciton dynamics in isolated J-aggregate nanotubes. In
chapter 7, we make the first direct experimental measurement of biexcitons in cuprous oxide
and provide evidence to support a biexciton-Auger mechanism that effectively suppresses the
Bose-Einstein condensation of excitons. In chapter 8, we discuss preliminary experiments
exploring the strength of exciton-phonon and exciton-exciton interactions in monolayer tran-
sition metal dichalcogenides. Finally in chapter 9, we conclude and discuss outlooks for new

ultrafast spectroscopic experiments to further our understanding excitons on the nanoscale.
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Chapter 2

Excitons 1in Nanoscale Semiconductors

In chapter 2, we will discuss the physics of the elementary solid state excitation relevant in
most optoelectronic devices: the electron-hole quasiparticle called an exciton. In particular,
we are interested in exciton properties and dynamics when semiconductors are structured on
the nanoscale. Thus, we will work our way from a discussion of the electronic structure of
the hydrogen atom, up to the H, molecule, and finally to semiconductors in the solid state.
In doing so, we will describe how excitons are formed and their classifications. Subsequently,
we will discuss how excitons interact with each other, other charged species, and crystal
lattice vibrations (i.e. phonons). Finally, we will consider how excitonic states are perturbed

due to confinement on the nanoscale, starting with a discussion of particle-in-a-box states.

2.1 The Hydrogen Atom

In atoms, electrons occupy localized orbitals with discrete energy levels [87]. The Hamil-
tonian of the hydrogen atom consists of an electron kinetic energy term and a Coulombic

potential energy term describing the electron and proton interaction:

(2.1)
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Figure 2.1: Hydrogen atomic orbitals. (a) Hydrogen atom diagram, where p* and e~ are the
proton and electron, respectively, and r is the distance between them. (b) Atomic orbital
energies as a function of the principal quantum number n. (c) Spatial dependence of the
n = 1 atomic orbital energies on the electron radius r.

where £ is Planck’s constant, u = m,m./ (m, + m.) ~ m, is the reduced mass of the proton
m,, and electron m,, V? is the del operator, e is the charge of an electron, ¢y is the permittivity
of free space, and r is the distance between the electron and proton that is illustrated in
figure 2.1a. Solving the Schrodinger equation, HU = E¥, results in a three dimensional

wavefunction that is separable into a radial component and spherical harmonics using polar

coordinates:

W (r,0,¢) =" (r) Y™ (6, 9) (2.2)

and is defined by the principal, azimuthal, and magnetic quantum numbers n, [, and m,
respectively. The energies of the atomic orbitals or Rydberg states are dependent on the

principal quantum number:
” 1 R,

2

En = - nZ 2
2meagn n

(2.3)

where ay = 4megh?/mee? is the Bohr radius, which defines the most probable distance be-
tween the proton and electron in the lowest lying 1s atomic orbital, and R, = h?/2m.a? is
the Rydberg constant. Figures 2.1b and 2.1c¢ illustrate the atomic orbital energy dependence
on the principal quantum number and proton-electron radius, respectively.

When a single H atom is optically excited, the electron is promoted from the lowest lying
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1s orbital into a higher lying orbital. The electronic transition is described by:

(W (r) [y (r)] W3 (1)) = / W (r) fuig (r) Ui (r) dr (2.4)

where WU, (r) and W (r) are the wavefunctions of the initial and final states and fi;; (r) is
the transition dipole moment between them. In order for the integral to be non-zero, the
initial and final state wavefunctions must be a pair of even and odd functions. This optical
selection rule allows only transitions between atomic orbitals of even and odd azimuthal (i.e.

orbital angular momentum) quantum number ¢ to occur.

2.2 The Hydrogen Molecule

In the simplest molecular case, where two protons are bound by one electron, the electronic
Hamiltonian of the H; molecule in atomic units and under the Born-Oppenheimer approx-

imation takes the form:

: N 1
fla (o 7) = =5V R-7

(2.5)

IR S
Fov| [

where 7 is the dynamic position of the electron and ﬁz is the fixed position of the hydrogen
atom H;, illustrated in figure 2.2a [87]. The first term in equation 2.5 is the electron kinetic
energy, the second and third terms are the attractive electron-proton Coulombic interactions,
and the final term is the repulsive proton-proton Coulombic interaction. The second, third,
and fourth terms are collectively called the potential energy Vip. The Schrédinger equation
for the electronic Hamiltonian of the H; atom, ]:Iel (ﬁ) \VJ (7, ﬁ) = FEy (ﬁ) \\J (7, ﬁ),
is dependent on the dynamic position of the electron and fixed positions of the nuclei. Solving
the Schrodinger equation, the lowest lying molecular orbitals are linear combinations of the

atomic orbitals of hydrogen, illustrated in figure 2.2c:

27



(a) (b) H,* Molecular Orbitals

\/ Anti-Bonding

NN

(c) 1s o*
70N Atomic Orbitals
7/ N\
7/ \
T / N
7/ \
H1s S / H1s
\ /
\ 7/
AN T /7 Bonding
\, 7/ . L |
1so 05 ‘R _RI‘ 05

Figure 2.2: Hydrogen H,™ molecular orbitals. drogen molecule diagram, where p;” and
and ﬁ,

e~ are the protons and electron, respectively, and 7 are their positions, respectively.
(b) Molecular orbital diagram where the 1s o bonding and 1s ¢* anti-bonding molecular
orbitals are linear combinations of the two 1s hydrogen atomic orbitals. (c¢) H 1s atomic
orbitals and H; 1s molecular bonding and anti-bonding orbitals.

v (7. 7) =0 (R) o (7. 7) o () 0 (7. F) 26)

where U4 (?, ﬁ) are the bonding and anti-bonding molecular orbitals, ¢, = ¢, = 1/ V2 are
the coefficients describing the linear combination, and ¢; (7, ﬁ) are the atomic orbitals of
H;. The energies of the molecular orbitals, illustrated in figure 2.2b, depend on the positions

of the hydrogen atoms:
E(R)+Vy (F)
1+ 8, (ﬁ)

(2.7)

By (W) =-

£(®) = ??9 el(?ﬁW( E))
/¢ Ha (7. 8) o (7. 1) d*7 (2.8)
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s (1)~ (o (2. 1) o (7. 7))
_ /qs;; (?,ﬁ) a (?ﬁ) &7 (2.10)

where F (ﬁ) is the atomic orbital energy, Vg, (ﬁ) is the expectation value of the electron
potential energy, and Sy, (ﬁ) is the atomic orbital overlap of the hydrogen atoms Ha(ﬁa)

and Hb(ﬁb). Optical excitations in molecules are described identically to those in atoms:

(o,(7.7)

fis (?ﬁ))qf (?,ﬁ» (2.11)

where the transition dipole moment fi;f (7), ﬁ) connects the initial and final molecular
orbitals ¥; (7, ﬁ) and Uy (7, ﬁ) Thus, the same optical selection rule applies and only

allows transitions between molecular orbitals of different symmetry to occur.

2.3 Solid State Materials

In a crystalline solid, the electronic structure is described by many electrons in a periodic
potential, illustrated in figure 2.3a [88]. The Hamiltonian of a crystalline solid takes the

form:

PI:—Z;—WV%ZU(%HZW%E (2.12)

i i<j

where the first term describes the electron kinetic energies and A is Planck’s constant and
m, the electron mass, the second term the attractive electron-nuclei Coulombic interac-
tions and 77, are the electron positions, and the third term the repulsive electron-electron

Coulombic interactions and e is the electron charge. The wavefunctions take the form of
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Figure 2.3: Solid state wavefunctions. (a) Solid state diagram in one dimension, where

NT and e~ are the nuclei and electron, respectively, and ﬁ and 7 are their positions,
respectively. (b) Nuclei atomic orbitals and solid state “bonding” and “anti-bonding” orbitals.

anti-symmetrized products of the localized atomic orbitals ¢, shown in figure 2.3b:
v=a[]¢ (? - ﬁl) (2.13)

where & is the anti-symmetrization operator and ﬁz are the nuclei positions.
The full Hamiltonian of a crystalline solid is extremely complicated. However, the eigen-
states and eigenvalues can be calculated using a periodic, one-electron Hamiltonian

hQ
2me,

H=_—V*+U(7) (2.14)
where U(7) = U(7 + ﬁ) is the periodic potential defined by the lattice vector 7 (i.e. the
inter-unit cell distance). In this method, the repulsive electron-electron interactions described
in the second term of equation 2.12 must be added back in to accurately described the electron

dynamics. The one-electron eigenstates are products of a plane wave and periodic function
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as described by Bloch’s theorem
ok (7) = exp [2? 7 | () (2.15)

_>
where k =27/ ﬁ is the wavevector describing the periodicity of the crystal lattice and
is a periodic function that takes the form of the contributing atomic orbitals of each nucleus.
Due to the periodicity of the crystal lattice, the eigenstates have the special property that

) (7—1—?) = exp [zzﬁ} V(7).

The Schrodinger equation of a crystalline solid thus reduces to Hu,,, (7)) = E, 1 Unk (7))
Like the eigenstates, the periodic function also has the special property that w, (7) =
Uk (7 + ﬁ) In the solid state, n is a discrete quantum number describing the electronic
state and ? is a continuous quantum number describing the crystal momentum. The eigen-
values of a solid state material become continuous electronic energy bands dependent on the
crystal lattice structure and elemental composition of the material.

As in the case of atoms and molecules, the same optical selection rule continues to apply

and only allows transitions between electronic bands of different symmetry.

2.3.1 Semiconductors

In a semiconductor, low lying electronic bands are completely filled and there is an energy
gap between the highest lying, occupied valence band and the lowest lying, unoccupied
conduction band. The band gap energy is typically less than or equal to 2eV. As the band
gap energy increases, the material becomes an insulator and as the band gap energy goes
to zero (i.e. incomplete filling of an electronic band), the material becomes a metal. The
band gap can either be direct or indirect, where the highest lying valence band maximum and
lowest lying conduction band minimum have the same or different wavevector k, respectively.
In general, direct band gap semiconductors are substantially more optically active than

indirect semiconductors because the latter require phonons play a role in excitation and
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emission processes in order to conserve crystal momentum.

Optical excitation of a direct band gap semiconductor promotes an electron from a filled
valence band into an unoccupied conduction band. The promotion of a negatively charged
electron into the conduction band results in a positively charged hole in the valence band
due to the absence of the excited electron. Repulsion of the conduction band electron by
valence band electrons localizes the excited electron near the valence band hole. Coulombic
attraction between the electron and hole can bind them to form a charge neutral (bosonic)
quasiparticle called an exciton, illustrated in figures 2.4a and b [89]. The energy difference
between the free electron and hole states and the exciton state is called the exciton binding
energy: AFp, = (E. + E}) — Eg., and is typically on the order of 0.01 — 1V

Conduction band electrons and valence band holes tend to be localized near the minimum
and maximum of their respective bands, at which point the relationship between energy and
wavevector (i.e. the dispersion relation) is approximately quadratic. Thus, the electronic

band structure of the electron and hole can be written as:

W2k
E.(k)=E 2.1
e (k) = Bet 5 - (2.16)
2k
By (k)= By 4+ ~— 2.17
n (k) * o (2.17)

where F, and F, are the minimum and maximum energies of the conduction and valence
bands, respectively, and m. and m,, are the electron and hole masses, respectively. A quali-
tative picture of the electronic band structure and exciton state is illustrated in figure 2.4b.

Intuitively, excitons can be thought of as hydrogen-like atoms, where the negatively
charged electron orbits around the positively charged hole. However, there are two major
differences between an exciton and a hydrogen atom. First, the electron and hole masses are
comparable in magnitude, unlike atoms where there is a three order of magnitude disparity
between the proton and electron masses. Second, excitons are described by the dielectric

constant of the solid state material (i.e. relative permittivity), which screens the electron-
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Figure 2.4: Exciton band structure. (a) Exciton diagram, where h™ and e~ are the hole
and electron and 7 is the distance between them. (b) Qualitative exciton band structure
with a free electron in the conduction band (blue) and a hole in the valence band (green),
where Epg is the direct band gap energy. Electrostatic repulsion of the free electron in the
conduction band by the bound electrons in the valence band localize the electron and hole
near each other. The electron and hole bind due to electrostatic attraction into an exciton
(purple) and are stabilized by the exciton binding energy AFEg,. (c) Frenkel excitons are
characterized by small electron-hole (green and blue, respectively) radii and large exciton
binding energies. (d) Wannier-Mott excitons are characterized by large electron-hole radii
and small exciton binding energies.
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hole interaction, rather than in a non-perturbative vacuum. Nevertheless, the similarities
between excitons and hydrogen atoms are quite striking. Similar to hydrogen atoms, excitons
possess Rydberg states where the energy is dependent on the quantum number n and are
given by:

h?k? Ry
2(me +myp) n?

(B (0)— B () + (2)’ (m) By (2.18)

2 (me +mp) 3 me ) n?

where the first term Epg(0) is the band gap energy, the second term describes the electron
and hole kinetic energy given by the dispersion relation, and the third term is the exciton
Rydberg energy given by the exciton Rydberg constant R, and composed of the relative
permittivity of the material (¢/gq) and the electron-hole reduced mass m* = memy, /(me +

my,). In this case, the first exciton Rydberg term (n = 1) gives the exciton binding energy.

AEp, = R} = (ﬂ)Q (m> R, (2.19)

€ Me

An exciton Bohr radius can also be defined and describes the exciton delocalization or most

probable distance between the electron and hole in the lowest lying 1s exciton state.

g = ——aq (2.20)
€ m*

2.3.1.1 Frenkel Excitons

In semiconductors with small dielectric constants, electrons and holes experience little screen-
ing from each other and tend to interact strongly. In this case, the quasiparticles are classified
as Frenkel excitons, shown in figure 2.4c. The delocalization of Frenkel excitons tends to
be small (on the order of a unit cell) and the exciton binding energy large (0.1 — 1eV).

Examples of Frenkel excitons include those in alkali halides [90], organic molecular crystals
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[91], and H- and J-aggregates [38|.

2.3.1.2 Wannier-Mott Excitons

In semiconductors with large dielectric constants, electrons and holes are substantially screened
from each other and tend to weakly interact. In this case, the quasiparticles are classified
as Wannier-Mott excitons, shown in figure 2.4d. The delocalization of Wannier-Mott ex-
citons tends to be large (greater than a unit cell) and the exciton binding energy small
(0.01—0.1eV). Examples of Wannier-Mott excitons include many inorganic semiconductors
including bulk group IV silicon [92] and germanium [93|, III-V compounds such as pseudo
two-dimensional GaAs quantum wells [94], and II-VI compounds such as ZnO nanowires [95]

and CdSe quantum dots [96].

2.3.1.3 Intermediate Excitons

It is important to note that Frenkel and Wannier-Mott excitons are only the extrema of
a spectrum of excitons. Many systems, such as single-walled carbon nanotubes [97], lie
within this spectrum. In the case of single-walled carbon nanotubes, excitons are delocalized
over several nanometers due to the large dielectric constant but screening is reduced in low
dimensions and allows for large exciton binding energies. Thus, excitons in single-walled
carbon nanotubes possess both Frenkel and Wannier-Mott characteristics and cannot be

classified as either.

2.4 Many-Body Interactions

Expanding the analogy of excitons to hydrogen-like atoms, excitons also form the basis of
more complex excitonic “ions” and “molecules”. Here, we will discuss higher-order correlations

of excitons and charged particles that result from n > 2 particle interactions.
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2.4.1 Trions: Excitonic lons

Similar to atoms, excitons can form positively and negatively charged “ions” [98, 99]. Three-
particle correlations of an exciton with an additional electron or hole produce positively and
negatively charged excitons called trions, which are analogous to H, and H~, respectively.
A trion binding energy and Bohr radius can be defined to describe the degree of stabilization
and delocalization. However, since trions are not produced directly by optical excitation, we

do not observe these quasi-particles in our spectroscopic experiments.

2.4.2 Multi-Excitons: Excitonic Molecules

Similar to atoms, excitons can form excitonic “molecules” [61, 62, 100]. The simplest case
is the four-particle correlation of identical electrons and holes called a biexciton, which is
analogous to a homonuclear diatomic molecule (e.g. Hs). A four-particle correlation of
nonequivalent electrons and holes can form called a mixed biexciton, which is analogous to
a heteronuclear diatomic molecule (e.g. HC!). A biexciton binding energy can be defined

to describe the degree of exciton-exciton stabilization:

AER! = (Ep, + Eg,) — By (2.21)

where E is the energy of the biexciton composed of n and m excitons and £, and £, are
the constituent n and m excitons energies. Like electrons in a molecular bond, the constituent
exciton spins of a biexciton must be anti-parallel (|1,]) or ||, 1)) in order to bind. Excitons
with parallel spins (|1,71) or |],{)) can be correlated to each other but do not exhibit a
stabilizing binding energy due to the Pauli exclusion principle. Higher-order correlations of
excitons can also form called multi-excitons, which are analogous to polyatomic molecules.
In our spectroscopic experiment, multi-excitons can be generated via successive electro-
magnetic field interactions up and down the ladder of n-exciton correlations. In our two-

dimensional spectrometer, the phase stability amongst an arbitrary number and geometry
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of pulses provides a unique capability that allows us to investigate this ladder of countable

n-exciton correlations unlike most conventional two-dimensional spectrometers.

2.5 Exciton-Phonon Coupling

In the solid state, electronic structure is strongly dependent on the structure of the material.
Thus, deformations in the crystal structure via collective motions of atoms or molecules in
the lattice (i.e. phonons) can strongly couple to the electronic modes and modulate their
eigenstates and eigenvalues [101]|. This exciton-phonon coupling can be described by adding

an exciton-phonon interaction term VE p to the Hamiltonian:
H=Hg+ Hp+ Vigp
% ~
=S al aniBn ( K ) + 58, g B () + Viep (2.22)
n,k m,q

Ver =353 Viwkana [0 (K1) ) (% (F)| (Bl + ) (2.23)

f?i k/7k m?q

where a,, ;, and QL, . are the creation and annihilation operators of exciton n with wavevector
? and by, , and bin’ , are the creation and annihilation operators of phonon m with wavevector
7. Vit ik,mq 18 the coupling strength between phonon mode m and exciton ¢ that results in
exciton f, where ?’ = ? + 7 This linear coupling term allows the creation or annihilation
of a single phonon upon an electronic transition. Strong coupling between exciton and
phonon modes will be discussed further in chapter 7 in our analysis of the biexciton states in

cuprous oxide and chapter 8 in our discussion of monolayer transition metal dichalcogenides.

2.6 Excitons on the Nanoscale

When the spatial dimensions of a nanostructured semiconductor are on the order of the

exciton de Broglie wavelength A\ = h/p (approximately 10 nm at room temperature), the
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Figure 2.5: Particle-in-a-box. (a) Particle-in-a-box potential well and wavefunctions n =
1 —5. (b) Eigenstate energies as a function of quantum number n with, where L = ag. ()
Spatial dependence of eigenstate energies on the width of the potential L, where n = 1.

exciton wavefunctions are perturbed due to constraint by the size of the material. First, we

will introduce the affects of spatial confinement by considering the easiest case of a particle-

in-a-box. Second, we will discuss additional affects of spatial confinement in nanostructured

semiconductors in various dimensions.

2.6.1 Particle-in-a-Box

In the case of atoms and excitons, the Bohr radius defines the most probable distance between
the positively and negatively charged particles. When a particle is spatially confined on the
order of its Bohr radius, the eigenstates and eigenvalues of the system are perturbed [87].
Consider a particle in a one dimensional box of length L with zero potential energy inside

and infinite potential energy outside the box, illustrated in figure 2.5a.
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00, =< —L/2
V()=S0 —L/2<z<L/2 (2.24)

oo, x> L/2

The Hamiltonian thus takes the form:

A~

h? 5
H=——V*+V () (2.25)

2m

where m is the mass of the particle. Solving the Schrédinger equation HU (z) = EWV ()

produces wavefunctions that are only defined inside the box, illustrated in figure 2.5a.

/

0, x<—L/2
¥ (z) = { sin [k (z+L£)], —L/2<z<L)2 (2.26)
0, x> 1L/2

where the spatial wavevector k,, = nn/L defines the periodicity of the wavefunction in the
box. The particle-in-a-box energies thus take the form:

G s

E, =
2m 2ml?

(2.27)

The energy levels of the particle-in-a-box states are similar to the exciton Rydberg
state energies, however there is a striking difference. The particle-in-a-box energies increase
quadratically with the quantum number n (figure 2.5b), while the exciton energies are in-
versely proportional to the second power of n (figure 2.1b). While the exciton energy levels
get closer together with increasing n, the particle-in-a-box energy levels get farther apart due
to greater confinement of larger electron orbitals. However, the particle-in-a-box and exciton
energies are both inversely proportional to the second power on the spatial localization, L

and ag, respectively. Thus, both the particle-in-a-box and exciton states are stabilized by
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Figure 2.6: Quantum confinement. The change in the density of states with decreasing
dimensionality. Oscillator strength is concentrated into narrow regions of the electromagnetic
spectrum due to the increase in the crystal momentum uncertainty and a flattening of the

electronic bands.

spatial delocalization.

2.6.2 Quantum Confinement

From the discussion of a particle-in-a-box, we learn that exciton energies increase as spatial
confinement increases. Additionally, the oscillator strengths of the associated electronic
transitions are concentrated into narrow regions of the electromagnetic spectrum, enhancing
absorption and emission [102]. The oscillator strength concentration can be understood by
considering Heisenberg’s uncertainty principle: 0,0, > h/2. For an exciton in the bulk, the
uncertainty in the crystal momentum (o) is small, unlike the uncertainty in the exciton
position (o), due to the well defined periodicity and symmetry of the crystal. However for a
spatially confined exciton, the uncertainty in the exciton position decreases as confinement
increases and requires an increase in the crystal momentum uncertainty. The decrease in
the crystal momentum uncertainty results in a flattening of the electronic bands and a

concentration in the density of states, illustrated in figure 2.6.
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The role of quantum confinement will be discussed further in chapter 8 in our measure-

ments of the single and multi-exciton states of monolayer transition metal dichalcogenides.
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Chapter 3

Third-Order Nonlinear Spectroscopy

In chapter 3, we will describe the spectroscopic techniques used to study excitons in nanos-
tructured materials. First, we will begin our discussion of spectroscopy with linear absorp-
tion and the first-order response function. From there, we will generalize our discussion to
third-order response functions in order to understand the theoretical principles of third-order
non-linear spectroscopy. We will discuss pump-probe, transient grating, and two-dimensional
spectroscopies, which have increasing numbers of experimental variables and allow new spec-
troscopic signals to be measured. We will also comment on higher-order two-dimensional
spectroscopy. Finally, we will end by discussing excitation-induced spectroscopic artifacts.
For the theoretical description of nonlinear spectroscopy, there are a great number of
texts that help form the foundation of this discussion and to which I refer the reader for

additional information [41, 103, 104, 105].

Spectroscopy is the study of physical phenomena by the interaction of light and matter
[106]. First, we recognize that matter is composed of charged particles (i.e. protons and
electrons) and light is an electromagnetic field which can exert a force on charged particles.
In the classical picture, an electromagnetic field exerts a force that depends on the form of

the binding potential for the charged particles, the charge magnitudes, and the form and
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amplitude of the electromagnetic field. It is this exerted force that allows light and matter
to interact. Moreover, the acceleration of charged particles due to exerted electromagnetic

forces allows matter to radiate new electromagnetic fields that form the heart of spectroscopy.

3.1 Linear Absorption Spectroscopy

In linear absorption, an electromagnetic field creates a macroscopic oscillating polarization

as it propagates through a material:

PO (0, ) =x (w0, ) B (. F) (3.1)

=

where P (w, ) is the first-order (linear) polarization as a function of frequency w and
— — -

wavevector &, y") (w, k ) is the first-order susceptibility of the material, and E}l) (w, k;)

is the spectral density of the incident electromagnetic field. The gradient of the generated

linear polarization radiates a second electromagnetic field:
— —
B <w, k) —ip® (w, k) (3.2)

that is dependent on the electronic resonances of the material. This radiating electromagnetic

field is § out of phase with the incident field and destructively interferes at the resonance

energies of the material. The total electromagnetic field can be written as

Et(olt) <w, ?) = E}l) (w, ?) + Eg) (w, ?)
— EW (w, ?) [1 + iy (w, ?)} (3.3)

assuming only a small change in the amplitude of the incident electromagnetic field. How-

ever, the intensity rather than the amplitude of the electromagnetic field is measured by a
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Figure 3.1: Linear absorption experiment. (a) Laser beam geometry. (b) Experimental
diagram. (c) Energy level diagram. (d) Feynman diagram.

spectrometer. So, the measured spectral output takes the form

2

— —
1) (. %) = |G (. F)

— -
e (w, k) ‘1+X<l> <w, k;)

2

(3.4)

(1)

Noting the susceptibility is a complex number y") = X5 T iX(l)

Ry

and assuming the suscepti-
bility is small compared to the incident electromagnetic field () < 1, equation 3.4 reduces

to

[t(olg (w, ?) = [}1) (w, ?) [1 — 2xg) (w, ?)] (3.5)

In this case, the 1 — 2)(%1 ) (w, ?) term in 3.5 equation describes the destructive interfer-
ence of the two electromagnetic fields and the imaginary component of the susceptibility
describes the absorptive response of the material to the incident electromagnetic field. A
linear absorption experiment is graphically illustrated in figure 3.1.

The susceptibility can also be recast in the time domain. The Fourier transform of the

first-order susceptibility is called the linear response function:

RW (t, ?) = /_OO W <w,?) exp [—i27wt] dw (3.6)

[e.9]

The linear polarization generated in the material can also be recast in the time domain with
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%
the temporal profile of the incident electromagnetic field E}l) (t, k ):
— t — —
PO (t, k) - / RO (t ok ) EW (T, K ) dr (3.7)

In the time domain, the linear polarization generated is a convolution of the response function
with the incident electromagnetic field; while in the frequency domain, the polarization
generated is the product of the susceptibility and the incident electromagnetic field. The
polarization generated by the incident electromagnetic field acts as a source term that can

be inserted into Maxwell’s equations:

2 i 2p() (+ 7

and produces solutions for the polarization of the form

pPW (t, ?) =P (tyexp |ik -7 — iwt] + c.c. (3.9)
where P((t) is an envelope function and radiates an electric field of the same form

EW (t, ?) = EW (t) exp [z? T —iwt| + c.c. (3.10)

Figure 3.2 illustrates an incident laser field, material resonance, and signal transmission in
the time and frequency domains.
In the time domain, the linear polarization can be calculated using the transition dipole

moment operator 7 (t) and the time-dependent density matrix p (£):

PY () =Tr (H (t) p (1)) (3.11)

where Tr is the trace of a matrix. The density matrix can be calculated from the von
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Figure 3.2: Linear absorption spectrum. (a) Incident laser spectrum. (b) Material absorption
resonance. (c¢) Laser spectrum transmission. (d) Incident laser field. (e) Emitted time
domain signal by the material. (f) Total time domain signal.

Neumann equation:

p =1 [ an [V ()00 (312

where [a,b] = ab — ba is the commutator operator and V (t) = — 1 (t) - E (t) is the time-
dependent component of the Hamiltonian, H (t) = Ho+V (t), describing the light-matter
interaction. Substituting equation 3.12 into equation 3.11 and simplifying, we find the linear

polarization can be written as

PO @)= [TarE@-n)Tr (7 (7). 7 0] p(0) (3.13)

0

with the change of variable 7 = ¢ — ¢;. Since the linear polarization is a convolution of the
response function with the incident electromagnetic field, we observe that the linear response
function is

1

R (7) = 30/ (1) Tr ([# (7). 7 (0)] p (0)) (3.14)
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where 6 (t) is the Heaviside step function.
Both the frequency and time domains are useful paradigms from which to understand
spectroscopy. We will use both perspectives to think about nonlinear spectroscopy and

understand the time-resolved experiments described in this thesis.

3.2 Third-Order Nonlinear Spectroscopy

With an understanding of first-order (linear) spectroscopy, we will now discuss third-order
nonlinear spectroscopy. In third-order spectroscopy, we consider the case where there are
three light matter interactions. In this case, the principles of linear spectroscopy are easily
generalizable to higher-order. First, the polarization generated in a material by an electro-

magnetic field(s) can be expanded to higher-order:
P (w) = PO (w) + PW (w) + PP (w) + P® (w) 4 - -- (3.15)

P(t) =P t)+ PY () + PO (t) + PO (t) + - - (3.16)

In the frequency domain, the third-order polarization P (w) in equation 3.15 can easily
be written down as the product of the third-order susceptibility x® (w) and the spectral

densities of the three incident electromagnetic fields:
P (w) = x¥ () By (w) E; (w) F5 (w) (3.17)

In the time domain, the third-order polarization P®) (t) in equation 3.16 is more difficult to
write down as it requires the calculation of the third-order expansion of the density matrix

p® (t) and results in a triple integral and a triple nested commutator:

PO () =1Tr (7 (t) p® (1)) (3.18)
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o (#) :(__>/ dt?,/ dtQ/ dt1 — )'Eg(tg),

[—ﬁ () Bx(t). [7(0)-Ei(0).p(0)]]] (319)

With the third-order expansion of the density matrix, we can write down the full third-order

polarization:

P® (¢ = (%)3/Ooodt/ooodT/Ooodrﬁg(t’—t)EQ(t’—t—T)ﬁl(t’—t—T—r)
X Tr ([ (r+T+1t), 7 (r+T)], 7 ()], 7 (0)] p(0)) (3.20)

with the change of variables: t; =t —7—T —t,ty =t —T —t, t3 = t' — t and enforcing time

ordering of the pulses t; <ty < t3. Since the third-order polarization is a triple convolution

of the response function with three incident electromagnetic fields, we observe from equation
3.20 that the third-order response function is

-\ 3

R (7,T,1) = (ﬁ> 0000 () Tr([7 (r+T+0), 7 (r+T), 7 (], 7 (0)] p(0))

(3.21)

The triple nested commutator in equation 3.21 results in the sum of eight correlation

functions at third-order: four are unique and the other four are their complex conjugates.

The four unique correlation functions can be written as:

R®) (T,T,Zf):<£>39 i[ t,T,7)— R®" (t,T,7) (3.22)

=1
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Figure 3.3: One-quantum Feynman diagrams. (a) Unique correlation functions of the third-
order response function R® (7,T,t). (b) Two-level system energy level energy diagram.

ROGH+T+t)=Tr[Z (r+T+t)H (r+T)H (r) 7 (0)p(0)] (3.23)
ROG+T+t)=Tr[Z OV HL (r+T)H (r+T+t) T () p(0)] (3.24)
RO(r+T+t)=Tr[Z OV Z ()7 (r+T+t)H (+T)p(0) (3.25)
RO(+T+t)y=Tr[Z (") (r+T) 7 (r+T+1t) 7 (0)p(0)] (3.26)

The four correlation functions are distinct based on the number and order of their bra and
ket interactions: R§3) = ket — ket — ket, Rg?’) = bra — ket — bra, RS’) = bra — bra — ket, and
Rf) = ket — bra — bra. The Feynman diagrams of the four unique correlation functions for

a two-level system are illustrated in figure 3.3.

3.2.1 Wavevector Matching

In general, third-order nonlinear spectroscopies involve multiple interacting beams. When
the interacting beams have different geometries, their momenta (or wavevectors) must be
conserved during the nonlinear process. Similarly, when the interacting pulses have finite

spectral bandwidths, their energies must also be conserved. In third-order experiments, these
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Figure 3.4: Wavevector matching. (a) BOXCARS beam geometry. (b) Wavevector mismatch
dependent nonlinear signal intensity, where L = 1 ym and A = 800 nm.

conservation laws are dependent on the nonlinear process and take the general form:

Ky = K1+ Kot Ky (3.27)
Wy = iwl + Wa + W3 (328)

where ?, and w; are the wavevector and frequency components of beam i, respectively.
Figure 3.4a illustrates a typical BOXCARS geometry. Energy conservation is fairly intuitive,
while momentum conservation in nonlinear spectroscopy can be less so. However, it has
been shown that the intensity of the nonlinear experiment strongly depends on momentum

conservation:

AEkL
I,  sinc? (2—) (3.29)

(e

where Ak = kyF ki FkyFks is the wavevector mismatch or deviation from perfect momentum
conservation and L is the length of the nonlinear medium [107]. The dependence of the
nonlinear signal intensity on the wavevector mismatch is illustrated in figure 3.4b.

An important consequence of momentum conservation is that signals of different nonlinear
processes are radiated in different spatial directions depending on the number and type of
interactions of each incident beam, called wavevector matching. Thus by controlling the
geometry of the interacting beams, different third-order signals can be isolated by detection

in a specific spatial direction. Additionally, the relative timing of the pulses composing
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the interacting beams can be used to detect different four-wave mixing signals in the same

direction—as in the case of transient grating and two-dimensional spectroscopies.

3.3 Nonlinear Spectroscopic Techniques

We will now discuss the most common third-order, nonlinear spectroscopies. We start with
the conventional and intuitive pump-probe spectroscopy. From there, we will extend our dis-
cussion to transient grating spectroscopy. This discussion will naturally lead to a description
of the four types of third-order, two-dimensional (2D) spectroscopy. Finally, we will end by

generalizing our discussion of 2D spectroscopy to higher-orders.

3.3.1 Pump-Probe Spectroscopy

In the classical picture, pump-probe spectroscopy uses a strong pump pulse to excite a
material and after some time delay a second weak probe pulse interrogates the excited state.
The change in the transmission of the probe pulse (i.e. linear absorption) as a function of
time delay is used to interrogate the temporal dynamics of the material. Such an experiment
is graphically illustrated in figure 3.5.

In the quantum mechanical picture, two pulses are incident on a material with the first
pulse contributing two field interactions and the second pulse contributing one field inter-
action. The first “pump” pulse (wavevector k;) creates an excited state population |e) (e],
initiating population decay during the delay time 7" between the first and second pulses.
Additionally, if the excitation is coherent and the bandwidth sufficiently broad to cover mul-
tiple excited states, a coherence can be created between two excited states |e’) (e[, initiating
oscillations at the difference frequency w.. and dephasing of the system during the delay
time T'. At some delay time T later, the second “probe” pulse (l;:é) projects the system onto
a coherence |g) (e| and creates a third-order polarization that radiates the pump-probe sig-

nal (? pp = i]gl F /2:1 + IZQ = ]ZQ) in the direction of the probe pulse—called self-heterodyne
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Figure 3.5: Pump-probe experiment. (a) Laser beam geometry. (b) Experimental diagram.
(c) Pulse timing diagram. (d) Feynman diagram. (e) Energy level diagram. (d) Simulated
emission energy-integrated pump-probe signal.

detection. In the frequency domain, the electromagnetic field amplitude of the pump-probe
signal takes the form:

7®

Signal

(T, wi) = ixOh (T, w,) By (T, w,) B (T, w,) B (T, w;) (3.30)

with contributions from all the correlation functions illustrated in figure 3.3 with the first
time delay 7 = 0.

Similar to linear absorption, the pump-probe signal is locked 7 out of phase from the
probe pulse. Interference of the signal and probe pulses generates a change in the trans-
mission of the probe pulse, which is measured in a spectrometer as a function of the delay

time. The intensity of the transmitted electromagnetic field of the total pump-probe signal
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I}f’}, (T, w;) is measured by a spectrometer. The measured spectral output takes the form:

(3) (3) 2
IPP (T> wt) = E2 (T7 wt) + E <T7 wt)

Signal

= I (T,wr) — 2x5h (T, ) I (T, ) I (T, wy) (3.31)

under the assumption E; > Ey > Xﬁi”,’).
Pump-probe measurements are designed to interrogate the effect of the pump pulse on the
transmittance of the probe pulse, thus the intensity change in the probe pulse AIg’}D (T, wy)

is used to determine the temporal dynamics in the material:

AIEY (T,wy) = I5) (T,wr) — I (T, w)

= _2Xgl)3% (T’ wt) [1 <T7 wt) IQ (T7 wt) (332)

The pump-probe signal intensity in equation 3.31 and the change in probe transmission in

equation 3.32 are directly analogous to the case of linear absorption in equation 3.5 under

the influence of a pump pulse incident at a time delay T prior to the probe pulse. The

change in the transmission of the probe pulse occurs due to the imaginary (i.e. absorptive)
(

component of the third-order susceptibility x ;’1)3:%\ because the electromagnetic field of the

pump-probe signal is locked 7 out of phase from the probe pulse.

3.3.2 Transient Grating Spectroscopy

In the classical picture, transient grating spectroscopy is an extension of pump-probe spec-
troscopy in which the pump and probe pulses are each split into two beams. First, the two
time-coincident pump pulses are crossed at an angle # in the material to create an excited
state (transient) grating due to the interference of the two beams, illustrated in figure 3.6.

The period of the transient grating is given by
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Figure 3.6: Transient grating spatial periodicity. Transient grating spatial periodicity L =
A/2sin [0/2], where A is the center wavelength of the two incident beams and 6 is the angle
between them.

A

L= T 7D (3.33)

where A is the central wavelength of the pump pulses. At some delay time T later, a third
probe pulse diffracts off the excited state grating into the direction of a fourth heterodyning
pulse. The change in the diffraction of the probe pulse as a function of time delay is used
to measure the temporal dynamics of the material. The components of a transient grating
experiment are illustrated in figure 3.7. The spatially periodicity of the transient grating
can also be used to measure transport [108, 109, 110].

In the quantum mechanical picture, three pulses are incident on a material with each
contributing a single field interaction. The first pulse (wavevector El) creates a coherence
between the ground state and an excited electronic state |g) (¢]. The second pulse (ks) is
time-coincident with the first pulse (7 = 0) and creates an excited state population |e) (e|,
initiating population decay of the system during the delay time T between the second and
third pulses. Additionally, if the excitation is coherent and the bandwidth of the pump

pulses is sufficiently broad to cover multiple excited states, a coherence can be created
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Figure 3.7: Transient grating experiment. (a) Laser beam geometry. (b) Experimental
diagram. (c) Pulse timing diagram. (d) Feynman diagram. (e) Energy level diagram. (f)
Simulated transient grating signal.

between two excited states |e’) (e|, initiating oscillations at the difference frequency we. and
dephasing of the system during the delay time T'. At some delay time T later, the third
pulse (k3) projects the system onto a coherence |g) (e| and creates a third-order polarization
that radiates the transient grating signal (?TG = 4k F ko + Eg) The emitted signal
is heterodyne-detected with a fourth pulse (?4 = ?Tg). In the frequency domain, the
electromagnetic field amplitude of the transient grating signal takes the form:

7®

o vt (Thwr) = ixe (T, wp) By (T wp) By (T, w;) By (T, wy) (3.34)

with contributions from all the correlation functions illustrated in figure 3.3 with the first
time delay 7 = 0.

Unlike pump-probe spectroscopy, the transient grating signal is not self-heterodyned. The
phase between the signal and the fourth heterodyning pulse A¢yp can be experimentally

controlled. Thus, the electromagnetic field intensity of the total transient grating signal
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I}?’C); (T, w;) takes the form:

2

152 (T,w;) = | Enp (T,wy) exp (iDdp) + B o (Thwr)

= Iip (Tyw;) — 2 | X (T, w00) sin (Adpp) + Xk (T, wr) cos (A¢HD)]

x By (T, wy) E5 (T, wy) B (T, wy) Efyp (T, w;) (3.35)

under the assumption E; > X%); When A¢gp = =« (n + %) where n is an integer, the

electromagnetic field intensity of the transient grating signal is analogous to the pump-probe

case (equation 3.31):
I (T, wp) = Tup (Tywy) — 25 (T, wy) By (T, wy) B3 (T, wy) Bs (T, wy) Ejrpy (Tyw;) (3.36)

and the dynamics related to the imaginary (i.e. absorptive) component of the third-order
susceptibility x%g are measured. When A¢yp = nm where n is an integer, the transient
grating signal reveals the dynamics related to the real (i.e. dispersive) component of the

third-order susceptibility ng)’)c:m:

LT wr) = Tup (Tywr) — 2X 5 (Tywr) By (Tyw;) By (T, w;) Bs (Tyw,) Ejp (Tyw) (3.37)

In transient grating spectroscopy, separation of the pump and probe pulses each into
two beams creates more experimental input parameters that allow both the absorptive and
dispersive components of the third-order susceptibility to be measured [111]. Additionally,
the spatial periodicity of the transient grating allows measurement of transport properties.
Thus, we can see that increasing the number of experimental input parameters increases the

number and type of measurable spectroscopic signals.
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Figure 3.8: Two-dimensional rephasing experiment. (a) Laser beam geometry. (b) Pulse
timing diagram. (c) Feynman diagram. (d) Energy level diagram. (e) Time-dependent
phase evolution.

3.3.3 Two-Dimensional Rephasing (Photon Echo) Spectroscopy

In our discussion of 2D spectroscopy [39, 40|, we will start with the quantum mechanical
picture because the classical picture is less intuitive than those for pump-probe and transient
grating spectroscopies. Before we begin, we note that 2D spectroscopy is analogous to
transient grating spectroscopy in that it requires the interaction of three pulses in a material
and a fourth heterodyning pulse to detect the signal. However, we increase the number
of experimental input parameters by changing the time delay between the first and second
pulses to measure new spectroscopic signals.

In a 2D rephasing measurement (illustrated in figure 3.8), three pulses are incident on a
material with each contributing a single field interaction. The first pulse (wavevector —El)
creates a coherence between the ground and an excited electronic state |g) (e, initiating
oscillations at the central frequency wg. and dephasing of the system during the excitation
time 7 between the first and second pulses. Subsequently, the second pulse (/ZQ) creates
an excited state population |e) (e| that decays during the population time 7' between the

second and third pulses. Additionally, if the excitation is coherent and the bandwidth of
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the first two pulses is sufficiently broad to cover multiple excited states, a coherence can be
created between two excited states |e) (e[, initiating oscillations at the difference frequency
were and dephasing of the system during the delay time 7. Finally, the third pulse (Eg)
creates a coherence |e) (g|, conjugate to that of the excitation time, initiating oscillations
and rephasing of the inhomogeneous frequency components of the system around the central
frequency wg. during the emission time ¢ after the third pulse. At time ¢ = 7, the system is
rephased and the constructive superposition of the frequency components is maximized and
emits a photon echo (? R = —El + /22 + l;::;) The emitted signal is heterodyne-detected with
a fourth pulse (124 = ?TG) by spectral interferometry to recover the full electric field. In
the frequency domain, the electromagnetic field amplitude of the rephasing signal takes the
form:

£®

o nat (1 Towy) = XD (7, T, wy) BF (1, T, w1) By (7, T, w,) Bs (1, T, w;) (3.38)

with contributions from the R§3) and R§3) correlation functions illustrated in figure 3.3.
The total rephasing signal intensity is measured by a spectrometer as a function of
the excitation time, [g’) (1,T,w;), and subsequently Fourier transformed to produce the
2D rephasing spectrum, Ig’) (wr, Tywy), illustrated in figure 3.9. The electromagnetic field
intensity of the rephasing signal is analogous to the transient grating case (equation 3.35)

with the addition of the excitation time delay 7:

I @ Town) = T (@i Towr) = 2 | X§oh (@i Tc) sin (6p) + Xl (wr, T ) cos (émp)

><E1i< ((.Ut, T, wt) E2 (wt, T, wt) E3 (wt, T, (JJt) E}I}D (wt, T, wt) (339)

The rephasing of the inhomogeneous components of the system during the emission time
t allows the homogeneous linewidth of the material resonance to be measured by 2D rephas-
ing spectroscopy. In the 2D rephasing spectrum (figure 3.9), the diagonal and anti-diagonal

linewidths correspond to the inhomogeneous (I') and homogeneous (A) linewidths, respec-
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Figure 3.9: Two-dimensional rephasing spectrum. (a) Simulated rephasing spectrum reveals
the homogenous I and inhomogeneous A linewidths. (b) Diagonal and off-diagonal Feynman
diagrams.

tively. The ability of 2D rephasing experiments to measure homogeneous linewidths can be
understood in the classical picture.

The first 2D rephasing spectroscopy experiments were performed by nuclear magnetic
resonance (NMR) using electromagnetic waves in the MHz to GHz range to interrogate
nuclear magnetic spin dynamics, illustrated in figure 3.10 [112|. In this experiment, a strong
static magnetic field E is used to align the magnetic nuclear spins of atoms or molecules.
An electromagnetic pulse perpendicular to static magnetic field aligns some of the nuclear
spins in the plane. Once the electromagnetic pulse is gone, the nuclear spins in the plane
begin to precess due to the torque 7 exerted on the magnetic dipole moment 7 B by the
perpendicular magnetic field, T = ﬁ B X § The angular frequency of precession can be
written as wp = —yB , where v = 3L is the gyromagnetic ratio with ¢ the charge of the
particle, m the mass of the particle, and B the amplitude of the static magnetic field. Because
the angular frequency of precession is dependent on the charge and mass of the particle, the

nuclear spins spread out according to their gyromagnetic ratios during the excitation time

7. After some variable excitation time 7 later, a second electromagnetic pulse antiparallel
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Figure 3.10: Two-dimensional spin echo in NMR. (1) Nuclear magnetic spins are aligned by
a strong static field B,. (2) A perpendicular magnetic pulse B, aligns a subset of nuclear
spins into the xy plane. (3) Nuclear spins in the xy plane precess at different frequencies
according to their mass and charge due to the torque exerted by the static magnetic field
B.. (4) At some delay time 7 later, a second magnetic pulse —B, flips the nuclear spins in
the zy plane. (5) The nuclear spins begin to converge in the zy plane. (6) At 27, the nuclear
spins realign and their macroscopic oscillating polarization radiates a spin echo.
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to the first pulse flips the nuclear spins in the plane. Once the electromagnetic field is gone,
the nuclear spins continue to precess in the same direction. However, since the nuclear spins
have been flipped in the plane, the nuclear spins begin to converge during the emission time
t. When t = 7, the nuclear spins are realigned in the plane and their macroscopic oscillating
polarization emits a photon echo.

2D rephasing experiments of excited electronic states are analogous to the case of nuclear
magnetic spins in NMR. The first pulse (—/%) creates multiple excited state coherences that
initiate oscillations at their resonance frequencies. During the excitation time 7, the system
dephases due to differences in the resonance frequencies. After some variable excitation
time 7 later, the second (k2) and third (ks) pulses (7' = 0) “flip” the system by creating the
coherences conjugate to those during the excitation time. During the excitation time ¢, the
system rephases. When t = 7, the rephasing of the excited states is maximized and their

macroscopic oscillating polarization emits a photon echo.

3.3.4 Two-Dimensional Non-Rephasing Spectroscopy

In a 2D non-rephasing measurement (illustrated in figure 3.11), three pulses are incident on
a material with each contributing a single field interaction. The first pulse (wavevector El)
creates a coherence between the ground and an excited electronic state |e) (g| , initiating
oscillations at the central frequency w., and dephasing of the system during the excitation
time 7 between the first and second pulses. Subsequently, the second pulse (—Eg) creates an
excited state population |e) (e| that decays during the population time T" between the second
and third pulses. Additionally, if the excitation is coherent and the bandwidth of the first
two pulses is sufficiently broad to cover multiple excited states, a coherence can be created
between two excited states |e) (¢/[, initiating oscillations at the difference frequency we.r and
dephasing of the system during the delay time 7T'. Finally, the third pulse (Eg) creates a
coherence |e) (g, the same as that of the excitation time, initiating oscillations and further

dephasing of the system during the emission time ¢ after the third pulse. During the emission
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Figure 3.11: Two-dimensional non-rephasing experiment. (a) Laser beam geometry. (b)
Pulse timing diagram. (c) Feynman diagram. (d) Energy level diagram. (e) Time-dependent
phase evolution.

time ¢, the third-order polarization generated by the three incident pulses radiates to produce

— — — —
the non-rephasing signal ( k yg = k1 — ko + k3). The emitted signal is heterodyne-detected
—> —

with a fourth pulse ( k4 = kyg) by spectral interferometry to recover the full electric field.
In the frequency domain, the electromagnetic field amplitude of the non-rephasing signal
takes the form:

7

Signal

(1, T, w) = i (7, Ty wy) By (7, T, wy) B (7, T, wi) Bs (7, T, wy) (3.40)

with contributions from the Rf’) and Rl(lg) correlation functions illustrated in figure 3.3.
The emitted signal is measured by a spectrometer as a function of the excitation time,

I](\f’})% (1,T,w;), and subsequently Fourier transformed to produce the 2D non-rephasing spec-

trum, 11(%3) (wr, T, wy), illustrated in figure 3.12. The electromagnetic field intensity of the

non-rephasing signal is analogous to the rephasing signal (equation 3.39):

I8 (@ Towe) = T (wi, Tow) = 2 [X S (@ T)sin (60) + Xk (w1, T, w) cos (6rp)]

XE1 (wt, T, wt) E; (wt, T, wt) E3 ((,L)t, T, wt) E;ID (wt, T, wt) (341)
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Figure 3.12: Two-dimensional non-rephasing spectrum. (a) Simulated non-rephasing spec-
trum. (b) Diagonal and off-diagonal Feynman diagrams.

Interpretation of 2D rephasing and non-rephasing spectra (figures 3.9 and 3.12, respec-
tively) is very similar. Diagonal peaks correspond to spectral features in the linear absorption
spectrum, while off-diagonal peaks demonstrate coupling between spectral features but do
not reveal how features are coupled—often through a common ground state. By measuring
multiple 2D spectra as a function of the population time 7', population transfer and coher-
ent coupling between excited states can be measured. Coherent coupling manifests itself
differently in rephasing and non-rephasing spectra. In the rephasing spectrum, off-diagonal
peaks oscillate at the difference frequency of the coupled excited states as a function of the
population time 7'. In the non-rephasing spectrum, diagonal peaks oscillate. Collecting 2D
spectra with sufficient population time resolution, a 3D spectrum can be generated that fully

characterizes the third-order spectroscopic response of the interrogated excited states [63].

3.3.5 Two-Dimensional Correlation Spectroscopy

The astute reader will have noticed that neither the rephasing nor the non-rephasing 2D
spectra had contributions from all the correlation functions for the third-order response

function. The rephasing spectrum corresponds to the Rf’) and Rf') correlation functions and

64



(a) Simulated Correlation Spectrum (b)

= Absorptive Component Absorptive Projection
—_ E 80 ] 1
- E 2 05 /
= el -
~ g 2
o 20
5 = 370 /' =
c 375 g £ os
e 34 2.
o ] Bes 370 375 380 d6s 370 375 380
@ Emission Frequency (THz) Emission Frequency (THz)
Lt ‘§‘ Dispersive Component | Dispersive Projection
E =]
g 370 = EP
= 5 a7s / ﬂ £
© 2 < 06
= o W
Q £ a0 ﬂ / IS
x S £ 02
W a6 5 5"
S z
365 370 375 380 5 %5 70 375 380 65 370 375 380

Emission Frequency (THz) Emission Frequency (THz)

Emission Frequency (THz)

Figure 3.13: Two-dimensional correlation spectrum. (a) Simulated correlation spectrum. (b)
Absorptive and dispersive components and excitation energy-integrated projections.

the non-rephasing spectrum to the Rf) and Ré?’) correlation functions in figure 3.3. Because
neither comprises the full set of correlation functions, the 2D spectra have a phase twist
and result in imaginary and real components that no longer correspond to the absorptive or
dispersive components, respectively, but rather to linear combinations [113].

To separate the absorptive and dispersive components of the 2D signal, the equally
weighted rephasing and non-rephasing contributions must be summed. The 2D correlation
spectrum contains all the correlation functions of the third-order response, eliminating the
phase twist and resulting in a spectrum for which the absorptive and dispersive components
are separable. Figure 3.13 shows a 2D correlation spectrum and the separable absorptive

and dispersive components of the signal.

3.3.6 Two-Dimensional Two-Quantum Spectroscopy

In a two-quantum measurement (illustrated in figure 3.14) [114, 61|, three pulses are incident
on a material with each contributing a single field interaction. The first pulse (wavevector
%

k 1) creates a coherence between the ground state and an excited electronic state |g) (e|. The

%
second pulse ( k ) is time-coincident with the first pulse (7 = 0) and creates a two-quantum
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Figure 3.14: Two-dimensional two-quantum experiment. (a) Laser beam geometry. (b) Pulse
timing diagram. (c) Feynman diagram. (d) Energy level diagram. (e) Time-dependent phase
evolution.

coherence between the ground state and a doubly excited electronic state |g) (b], initiating
oscillations at the two-quantum frequency wg,. At some two-quantum time Thq later, the
third pulse (—?3) projects the system onto a one-quantum coherence |g) (e| and creates
a third-order polarization that radiates the two-quantum signal (?QQ = El + Ez — Eg)
The emitted signal is heterodyne-detected with a fourth pulse (?4 = IZQQ) by spectral
interferometry to recover the full electric field. In the frequency domain, the electromagnetic
field amplitude of the two-quantum signal takes the form:

o)

Signal

(0, Tog,wi) = ix5e (0, Tag, wi) By (0, Tog,wi) Bs (0, Tag,wi) Ej (0, Tag,w,)  (3.42)

with the related correlation functions illustrated in figure 3.15.

The emitted signal is measured by a spectrometer as a function of the two-quantum
time, I% (0, Thg, wy), and subsequently Fourier transformed to produce the two-quantum
spectrum, 12(22) (0, waq, wy), illustrated in figure 3.16. The electromagnetic field intensity of

the two-quantum signal is analogous to the rephasing and non-rephasing signals (equations
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Figure 3.15: Two-quantum Feynman diagrams. (a) Unique correlation functions of the

third-order, two-quantum response function R% (0,T5q,t). (b) Three-level system energy
level energy diagram, including the ground g, single-exciton e, and biexciton b manifolds.
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Figure 3.16: Two-dimensional two-quantum spectrum. (a) Simulated two-quantum spec-
trum. (b) Diagonal and off-diagonal Feynman diagrams.
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3.39 and 3.41, respectively):

Ié?é) (0,Thg,wr) = Iup(0,Tog,w:) (3.43)

=2 | X0 (0, Tag i) sin (6111) + X0 (0, Tag 1) cos (dp)|

><E’1 (07 T2Q7wt) E2 (Oa TQQa Wt) E; (07 T2Q7 wt) E}k{D (07 T2Qa wt)

In the two-quantum spectrum, the excitation energy (called the two-quantum energy) is
twice the magnitude of the rephasing and non-rephasing spectra, while the emission energy
remains the same. The spectral features of two-particle correlations lie on the y = 2z line
rather than the y = x line as in the case of one-particle correlations in the rephasing and
non-rephasing spectra. Spectral features on the y = 2z line correspond with two correlated
particles of the same type (AA correlations), while off-diagonal features correspond with two
correlated particles of different types (mixed AB correlations). Deviation of the two-quantum
energy of the two-particle correlation from the sum of their constituent particle energies
reveals the two-particle binding energy (or anharmonicity), AEyp = (E, + Eye) — Eap.
Direct observation of two-particle correlations well separated from strong one-particle signals
using 2D two-quantum spectroscopy (unlike one-quantum spectroscopies) is a fundamental
experimental advantage that has revealed substantial information about the types, energetic

properties, and temporal dynamics of correlated systems.

3.3.7 Higher-Order Multi-Quantum Spectroscopy

Correlations of more than two excitations can be measured using higher-order spectro-
scopies. To date, three correlated excitons in GaAs quantum wells and four correlated
exciton-polaritons in GaAs quantum wells embedded in a microcavity have been measured
using fifth- and seventh-order spectroscopies [62, 100|. Qualitatively, these experiments are
analogous to third-order two-quantum spectroscopy. A correlation of N particles can be

measured with an experiment that creates an N-quantum coherence between the ground
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and N-particle state | V) (g| by N field interactions. The dynamics of the N-particle correla-
tion are measured by the oscillations at the N-quantum frequency w,n and the dephasing of
the system. At some N-quantum time Ty ¢ later, N —1 field interactions project the system
onto a one-quantum coherence |g) (e| and creates a (2N — 1)-order polarization that radiates

the N-quantum signal and reveals the N-particle correlation.

3.4 Spectral Lineshapes

Previously, the concept of the time-dependent density matrix was introduced via the von
Neumann relation (equation 3.12) to describe the system of an ensemble of quantum states.
The von Neumann relation is now recast in its derivative form to determine the kinetics of
the density matrix, p =}, ; [i) (jl-

dp 1 [x

P _lh } 3.44

ot  h [ P (3:44)
where is H the Hamiltonian. A Hamiltonian describing the state of a quantum system under

electromagnetic excitation can be written as the sum of a system Hamiltonian Hy, relaxation

Hamiltonian Hp = —I" x p, and time-dependent excitation potential V (t) = — 71 x E (t).

H=Hy+Hp+V(t)
hw O 0 _F e ,0 p e 0 /j’ €
_ g B g 99 Pge | | p () (3.45)
O hwe _Peg _Fee peg Pee ,ueg O
where hw, are the state energies, I',,, and I';,,,, the population and coherence lifetimes, p,,
the density matrix elements, i, the transition dipole moments, and F (t) the exciting
electromagnetic field. Substituting the Hamiltonian (equation 3.45) into the von Neumann

relation (equation 3.44), the time-derivative of the density matrix for the two-level system
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takes the form:

dp 1 Leepee + (HegPge — HgePeg) E (1) (hwge +iLge) pge + tige (Pgg — pee) E ()

ot h .
0 (hweg + Zreg) Peg + Heg (Pec — pgg) E(t) —Leepee + (Mgepeg - Negpge) E(t)
(3.46)

where wy,, is the frequency difference between the states n and m. The (hwpm + (Thm) Prm
terms determine the frequency and spectral lineshape of the excitation. The £1',,p,, terms
represent population relaxation from the excited state to the ground state. The transition
dipole moment terms p,,, represent the optical excitation from the ground state into and
out of the excited state.

Integrating equation 3.46 produces solutions to the off-diagonal density matrix elements

of the form pgy. (t) = exp [(z’wge — Pg) t], whose Fourier transformations yield Lorentzian

lineshapes of width v, = FTi at the central frequency wg.:
1 Voo

T™Yge ((W - CL’96)2 + 736)

Pge (W) = (3.47)

3.4.1 Local Field Effects

Under strong field excitation, local fields are generated due to the dipole moment of electron-
hole pairs (i.e. excitons) [115, 116]. Thus, the total electromagnetic field acting on the system
takes the form: F (t) = Ey (t) + Er (t). Exciton states are destabilized due to the presence
of the local field Ey (t) [117, 118, 119]. However, local fields also induce slower system
decoherence as excitations continue to be driven after the applied electromagnetic field is
gone [120, 121]. These effects can be introduced phenomenologically by adding density-

dependent frequency and coherence lifetimes terms into the equation 3.46:

Opge

5 [z (wge + NwEIS) - (’Yge + NVEID)} Pyge (3.48)
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EIS

where N is the excitation density, w describes excitation-induced frequency shift, and

vFIP describes excitation-induced dephasing.
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Chapter 4

Experimental Setup

In chapter 4, we will first discuss the ultrafast laser system and non-collinear optical para-
metric amplifier used for the experiments in this thesis [122]. From there, we will describe
our spatial-temporal based two-dimensional spectrometer, including the theory of temporal
pulse shaping and the calibrations and other technical considerations required for an ultra-
fast experiment [114, 123|. Finally, we will discuss the detection methods used for nonlinear
spectroscopy: rotating wave detection, spectral interferometry, phase cycling, and the phase

stability of our two-dimensional spectrometer [124, 125, 126].

4.1 Ultrafast Laser System

The experiments described in this thesis were all performed using a Coherent Libra titanium
sapphire (Ti:Sapph) regenerative amplifier system [127|. The output of the Libra was a 3.0
W, 10 kHz pulse train of approximately 100 fs pulses centered at 800 nm with a full width

at half maximum of 10 nm.
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Figure 4.1: Experimental non-collinear optical parametric amplifier. 1 W of 100 fs, 800 nm
pulses are incident on a 95:5 beamsplitter (BS). 95% is transmitted through the BS and
onto a delay stage. The 0.95 W beam passes through a waveplate/polarizer pair (WP /P) for
attenuation and then into a Beta Barium Borate crystal (BBO) for Type I second harmonic
generation. The 400 nm pump beam is then focused by a 40 cm lens (L1) onto the mixing
BBO for optical parametric amplification. The 0.05 W beam reflected off the BS is attenuated
by an iris (I) and focused by a 3 cm lens (L2) into a sapphire plate (SP) for white light
continuum generation. The white light seed beam is then single lens imaged by a 10 cm
lens (L3) onto the mixing BBO for optical parametric amplification. Any 800 nm light co-
propagating with the 3 mW amplified visible beam is filtered out by a shortpass filter (SPF).
The spatial mode of the beam is subsequently fixed by focusing through a 200 ym pinhole
and the pulse compressed and any spatial chirp corrected by a prism compressor.

4.2 Non-Collinear Optical Parametric Amplifier

To perform experiments throughout the visible region of the electromagnetic spectrum, the
800 nm output of the regenerative amplifier must be upconverted to the region of 500 - 700
nm.

Upconversion is accomplished by optical parametric amplification (OPA) using a non-
collinear optical parametric amplifier (NOPA) [122]. First, a large fraction of the input
beam is upconverted by second harmonic generation (SHG). In the experimental setup,
approximately 0.95 W of the 800 nm beam is transmitted through a beamsplitter, traverses

a delay stage, is attenuated by a waveplate/polarizer pair, and propagates through a Beta
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Barium Borate (BBO) crystal optimized for Type I SHG to generate 400 nm light. Type I
SHG is a second-order nonlinear process in which two photons at the fundamental frequency
with the same polarization sum to produce one photon at twice the fundamental frequency,
wsna = 2wr, with a polarization orthogonal to the fundamental [107]. The process of SHG

can mathematically written in the frequency domain as:
E P2 (2wr) = ixohoE (wr) E 41
(wsra) ~ iPspe (2wr) = ixguaE (wr) E (wr) (4.1)

where F (wspq) is the spectral amplitude of the second harmonic, P.S(“2I-)IG (2wr) is the second-
order nonlinear polarization generated at the second harmonic frequency in the doubling
BBO, X(;I){G is the second-order nonlinear susceptibility of the doubling BBO, and F (wg)
is the spectral amplitude of the fundamental. Second-order nonlinear processes are only
possible in non-centrosymmetric materials, such as BBO, as the crystal symmetry must
allow for finite values of the second-order susceptibility.

Once the 800 nm fundamental has been upconverted to 400 nm, it must be downconverted
from the ultraviolet into the visible by OPA. OPA is a second-order nonlinear process in
which a strong pump beam (P) is downconverted using a weak seed beam (S) by difference
frequency generation, wp = wg + wy, and results in the amplification of the frequencies of
the seed beam. In the nonlinear process, energy and momentum must be conserved by
producing a third idler beam (I). The process of OPA can mathematically written in the

frequency domain as:
E ~ iP%) =i, E E 4.2
(ws) ~iPopa (ws) = ixopall (wp) E (wp) (4.2)

where F (wg) is the spectral amplitude of the amplified seed beam, P(()zll 4 (wg) is the second-
order nonlinear polarization generated at the seed frequencies in the mixing BBO, and F (wp)
is the spectral amplitude of the pump beam.

To generate the seed beam, approximately 0.05 W of the 800 nm beam is reflected off the
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beam splitter, attenuated by an iris, and focused with a 3 cm lens into a 1 mm thick sapphire
plate to produce a white light continuum by self-phase modulation (SPM). SPM is a second-
order nonlinear process in which a large electric field intensity creates an intensity-dependent
refractive index:

n(w,I) =ng(w)+n® (W) I (4.3)

where ng (w) is the linear refractive index of a material, n® (w) is the second-order nonlinear
refractive index, and [ is the electric field intensity. The intensity-dependent refractive index
produced as the light propagates through the sapphire generates a phase shift in the pulse
that broadens the pulse in the frequency domain and produces a supercontinuum covering
the entire visible spectrum [107]. The supercontinuum is subsequently imaged with a single
10 cm lens onto the mixing BBO optimized for OPA.

The 400 nm pump beam is simultaneously focused by a 40 cm lens into the mixing BBO
at an angle « relative to the supercontinuum. Because indices of refraction are frequency-
dependent, dispersion occurs when different frequencies are generated or propagate through
a material, limiting the intensity and bandwidth of the amplified light. However, BBO is
birefringent so the indices of refraction along different crystallographic axes can be used to
phasematch large bandwidths. The angle o between the pump and seed beams is chosen such
that the dispersion (i.e. group velocity mismatch) between the seed and idler are matched
along the direction of amplification, allowing for broadband frequency generation. In BBO
for broadband generation centered at 600 nm, « is approximately 3.7°.

After the mixing BBO, the pump and idler beams are rejected and the amplified beam
is collimated using a 15 cm lens. The remaining 800 nm light in the amplified beam is
eliminated using a shortpass filter. The spatial profile of the beam is cleaned up by focusing
through a 200 ym pinhole and a prism compressor is used to compress the pulses and correct
for any spatial chirp generated during OPA.

With the NOPA, bandwidths spanning 500 to 700 nm can be easily achieved. However,

such large bandwidths are not suitable for the rest of our experimental setup. Thus, the
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Figure 4.2: Non-collinear optical parametric amplifier output. (a) NOPA spectrum at 600
nm with a full width at half the maximum of 40 nm. (b) NOPA pulse compressed by a
pair of prisms to 40 fs and measured using a second harmonic generation frequency-resolved
optical gating (SHG FROG).

NOPA output bandwidth is generally limited to approximately 45 nm by introducing dis-
persion into the white light arm and then tuned to the desired region of the visible spectrum
by the time delay between the 400 nm pump beam and the white light supercontinuum.

Figure 4.2 shows a typical narrowband NOPA spectrum and the corresponding pulse in the

time domain.

4.3 Spatio-Temporal Pulse Shaping

Once visible ultrafast pulses have been generated in the NOPA and compressed by a
prism pair, the beam is routed into our two-dimensional (2D) spectrometer for multiple
beam generation and temporal pulse shaping. Figure 4.3 illustrates the components and
layout of the 2D spectrometer including a Hamamatsu X7550 2D liquid crystal spatial light

modulator and a Princeton Instruments Action SP2300 spectrometer with a PIXIS 400 CCD
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Figure 4.3: Two-dimensional spectrometer. Ultrafast laser pulses from the NOPA are focused
by a lens L1 onto a phase mask (PM) to produce four beams in the BOXCARS geometry
and subsequently collimated by lens L2. Lens L3 and L4 relay image the beams into the
temporal pulse shaper, consisting of a grating (Gr), cylindrical lens (CL), and 2D spatial light
modulator (SLM). The grating spectrally disperses the beams and the cylindrical lens focuses
them onto vertically distinct regions of the 2D SLM, which controls the frequency-dependent
phase of each beam. The phase-perturbed beams are then refocused by the cylindrical lens
on to the grating and are compressed. Lens L4 focuses the beams onto the pick-off mirror
M1 and lens L5 recollimates them. Finally, lens L6 focuses the beams onto the sample and
the signal and local oscillator are detected by a spectrometer.
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(b)

Figure 4.4: Beam pattern generation. (a) Linear three beam geometry using a 1D phase
mask. (b) BOXCARS four beam geometry using a 2D phase mask.

camera.

4.3.1 Principles of Pulse Shaping
4.3.1.1 Beam Pattern Generation

To generate multiple beams in a specified geometry, a phase mask (or low dispersion,
transmissive, diffractive optic) optimized for first-order diffraction is used. A linear set
of three beams can be generated by a phase mask with a square grating pattern in one
dimension, figure 4.4a; a set of fours beams in the BOXCARS geometry can be generated by
a phase mask with two perpendicular square grating patterns, figure 4.4b. To generate the
desired beam set, the fundamental beam is focused by a lens onto the phase mask causing
diffraction of the beam into multiple orders. The diffracted beams are collimated by a second
lens and the desired beams for a specific geometry are imaged using common path optics to
the temporal pulse shaper and subsequently to the sample position. Imaging of the phase
mask pattern onto the sample position has the advantage of automatic phase matching of the
wavevectors for each beam (including the local oscillator) and an increase in the measured
2D signal due to an enhancement of the phase front overlaps of the beams at the sample
position [128].

4.3.1.2 Temporal Pulse Shaping

From the phase mask, the beams are imaged using common path optics into a pulse

shaper consisting of a plane-ruled reflectance grating, achromatic cylindrical lens, and a 2D
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spatial light modulator (SLM). In the pulse shaper, the beams are spectrally dispersed by the
grating, which is blazed at the center wavelength of the ultrafast pulse and has a periodicity
of approximately 1,000 groves/mm. The cylindrical lens subsequently stops the divergence
of the spectrum off the grating and focuses the beams onto vertically distinct positions of
the 2D SLM.

The 2D SLM is a phase only device that can independently control the frequency-
dependent phase ¢; (w) of each beam i. By applying a phase in the frequency domain E? (w),
the temporal profile of the ultrafast pulse E () can be modified. The relation between these

quantities is given by the inverse Fourier transform:

El(t) = /00 E? (w) exp [—ig; (w)] exp [iwt] dw (4.4)

—00

The global phase, time delay, and first-order dispersion (temporal chirp) can be controlled
by applying a constant (¢; = ¢;), linear (¢; (w) = wt;), or quadratic phase (¢; (w) = w?t?) in
the frequency domain. Figure 4.5 illustrates the affect of applying different phase functions
in the frequency domain on the temporal profile of the pulse.

Due to the pixelation of the SLM (480 x 480), the phase function applied to the spectral
profile of the ultrafast pulse is not continuous. Similarly, the maximum grayscale value of the
SLM (256) defines the number of phase values that can be applied at a given pixel. Because
exp [i x 0] = exp [i x 27|, we are able to wrap the applied phase modulo 2. Thus, the 256
grayscale values need only apply a phase from 0 to 27; however in practice, phases of 0 to
approximately 2.57 are applicable.

The discreteness of the applied phase function due to the pixelation of the SLM has a
number of important implications. First, there is an inherent upper bound to the time delay
that can be applied to the pulse. As discussed above, a time delay results from a linear
change in the phase as a function of frequency. The time delay is thus defined as:

ti
Ow
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Figure 4.5: Temporal pulse shaping. (a) Spectral profile of the fundamental pulse. (b)
Temporal profile of the fundamental pulse. (c) Constant phase applied to the pulse. (d)
Temporal profile of the constant phase pulse. (e) Linear phase applied to the pulse. (f)
Temporal profile of the delayed pulse. (g) Quadratic phase applied to the pulse. (h) Temporal
profile of the chirped pulse.
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where 0¢; (w) is the change in phase and Ow is the frequency bandwidth per pixel, defined
by the grating dispersiveness and the cylindrical lens focal length. To maximize the time
delay, the change in phase from pixel to pixel must be maximized. The maximum applied
phase is always 27, which for a frequency bandwidth of approximately 0.03 THz per pixel,
results in a maximum time delay of approximately 3 ps.

007 (w) 2m
w27 x0.03THz

e 3ps (4.6)
To increase the upper limit of the time delay, the frequency bandwidth per pixel must be
decreased. However, the timescales relevant to this thesis are of electronic coherences with
dephasing times on the order of hundreds of femtoseconds. Thus, a maximum time delay of
3 ps is more than sufficient.

Second, the top-hat spatial profile of the pixels creates a periodic filter in the frequency
domain that causes a rapid decline in the intensity of the shaped pulse as a function of the
time delay. This pulse intensity roll off is given by the Fourier transform of the spatially-
filtered frequency spectrum and results in a sinc [rOwt] intensity decline, where Ow is the fre-
quency bandwidth per pixel. Similarly, the finite spectral resolution of the grating-cylindrical
lens pair, Aw, generates a Gaussian time window exp [~m2Aw?t?] that also attenuates the
intensity of the shaped pulse [129].

Third, the pixelation of the SLM generates a train of pulses that are separated in time by
1/0w. These sampling replica pulses generally occur at long time delays and their amplitudes
decrease as a function of time due to the Gaussian time window and sinc function just
described. A train of modulator replica pulses (separated in time by the applied time delay
t) is also generated due to phase wrapping at modulo 27 and the periodic pixel boundaries.
In general, modulator replica pulses are problematic for all coherent, ultrafast spectroscopy

experiments using temporal pulse shaping.
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4.3.1.3 Diffraction-Based Pulse Shaping

To separate the desired pulse from the modulator replica pulses, we employ a diffraction-
based scheme of pulse shaping in which a sawtooth diffraction grating is applied along the
vertical dimension of the 2D SLM [130]. The spatial phase (i.e. vertical position) and
the amplitude of the sawtooth grating can be used to modify the frequency- and spatially-

dependent phase:

D (w,y) = 6™ |5+ A )5 (9 () ,0) (17)

where ¢™* = 27 is the maximum achievable phase shift of the SLM, S; (¢ (w),y) is a
sawtooth grating function of period d along the y dimension, and A (w) is a frequency-
dependent amplitude function that can vary between 0 and 1. In this manner, the frequency-
dependent phase and amplitude of the output electric field can be modified and takes the

form:

Bl (w) o< BY (w) exp [—ig; (w)] sinc |:7T — A, (w)] (4.8)

where E? (w) is the input electric field.

A lens at the back focal plane of the SLM focuses each diffraction order off the sawtooth
grating to a vertically distinct position where the first-order alone can be picked off by
a mirror and collimated. By definition, each modulator replica pulse in the train has an
additional phase factor of 27. Thus, each modulator replica pulse is diffracted into a different
order and only the desired pulse diffracts into the first-order. Figure 4.6 illustrates the scheme
of diffraction-based pulse shaping and the applied sawtooth grating pattern.

The properties of the sawtooth grating pattern also define the minimum time delay
achievable by the SLM. The minimum time delay is achieved when the phase across one
period of the vertical sawtooth grating is minimized. The minimum applied phase is the
maximum phase divided by the periodicity of the vertical sawtooth grating d, usually 6
pixels. However, pixels can also be binned in order to apply smaller phase changes over the

spectral profile of the pulse. If the pixels are binned into 2 sets of 240 pixels, the minimum
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Figure 4.6: Diffraction-based pulse shaping. (a) Beams spectrally dispersed by the grating
(Gr) are focused by a cylindrical lens (CL) onto the spatial light modulator (SLM). (b)
The sawtooth grating pattern applied along the vertical dimension A (w) Sy (¢ (w),y) with
a periodicity d diffracts the incoming beams into many vertically distinct spatial orders,
eliminating modulator replica pulses and allowing amplitude shaping.
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To decrease the time step lower limit, the frequency bandwidth per pixel or the periodicity
of the vertical sawtooth grating can be increased.

Not only does diffraction-based pulse shaping have the distinct advantages of providing
spectral amplitude control and elimination of unwanted modulator replica pulses, it also
allows spectroscopic experiments to be performed in the rotating frame and for easy phase
cycling, both of which increase the quality of measured spectroscopic signals. Rotating frame

detection and phase cycling will be discussed at the end of the chapter.

4.3.2 Experimental Calibrations

In order to perform an ultrafast experiment, the SLM must be carefully calibrated to
apply the correct frequency-dependent phase for each desired output field. Thus, the phase
applied by a given grayscale value of the SLM and the frequency component of a pulse on
a given pixel must be calibrated. Once the 2D SLM has been calibrated, the compression
and time ordering of the pulses must be set for time-resolved experiments. Finally, the pulse

intensity roll off, carrier frequency, and global phase difference between the signal and local
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Figure 4.7: Phase-to-grayscale calibration. (a) The input beam reflects off a beamsplitter
(BS) and diffracts off a linear phase mask (PM) to produce two beams. The beams are
focused onto horizontally distinct regions of the 2D spatial light modulator (SLM). The
phase of one beam is modified by changing the grayscale value of the SLM ¢ (x), while the
phase of the other beam is held constant ¢ (0). The beams reflect off the SLM and are
refocused onto the PM by the CL and are recombined. The backward propagating beams
are transmitted through the BS and the interference between the beams is measured on
a photodiode (PD). (b) Interference of phase-perturbed beams. (c) Extracted phase-to-
grayscale calibration function.
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oscillator electric fields must be measured.

4.3.2.1 Phase-to-Grayscale

First, the phase applied by a given grayscale value of the SLM must be calibrated. To do
this, one beam is reflected off a beam splitter and onto a 1D phase mask. Diffraction off the
phase mask produces two first-order beams that are focused by a cylindrical lens onto two
horizontally distinct regions of the 2D SLM. The phase of one beam is modified by changing
the grayscale value of the SLM ¢ (z), while the phase of the other beam is held constant ¢ (0).
The phase-perturbed and phase-constant beams reflect off the SLM and are refocused by the
cylindrical lens onto the phase mask and are recombined. The backward propagating beams
are transmitted through the beam splitter and their interference is measured on a photodiode
as a function of the SLM grayscale value, cos[¢ (z)]. From this measurement, a phase-
to-grayscale calibration function can be determined to apply the correct phase to a given
frequency component. Figure 4.7 illustrates the experimental setup, the raw data, and the
extracted phase-to-grayscale calibration function. Once the phase-to-grayscale calibration
has been completed, recalibration is not necessary unless there is a significant change in

wavelength of the beam due to the frequency-dependence of the applied phase by a given
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Figure 4.8: Pixel-to-wavelength calibration. (a) The three pixel-wide narrowband spectrum
of the ultrafast pulse is measured across all pixels of the spatial light modulator. (b) Ex-
tracted pixel-to-wavelength calibration function.

grayscale value.

4.3.2.2 Pixel-to-Wavelength

In order to control the frequency-dependent phase of an ultrafast pulse, the pixel on which
a given frequency component is located must be measured. To do this, a three pixel-wide
column of the sawtooth grating pattern is illuminated on the SLM. Only the frequency
components on the illuminated pixels diffract, exit the pulse shaper, and are measured
by the spectrometer. By sweeping the location of the illuminated pixels across the SLM
and measuring the corresponding spectra, a pixel-to-wavelength calibration function can
be determine. Figure 4.8 illustrates the experimental concept and an extracted pixel-to-
wavelength calibration function. As the frequency components of the pulse and the alignment

of the beam change daily, the pixel-to-wavelength calibration must also be performed daily.

4.3.2.3 Pulse Compression and Timings

In ultrafast experiments, the compression and time ordering of pulses are critical. Propaga-

tion through transmissive optics and off the grating, cylindrical lens, and SLM (which acts as
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Figure 4.9: Pulse compression and timings. (a) In the cross correlation setup, two beams are
focused by lens L1 into a Beta Barium Borate (BBO) crystal for second harmonic generation
and are recollimated by lens L2. A bandpass filter (BPF) blocks out the fundamental light
and an iris (I) isolates the cross correlation signal, which is measured by a photodiode (PD)
as a function of the time delay between the two beams. (b) Cross sectional image of the four
fundamental beams and all the second harmonic cross correlations.

a grating compressor) changes the compression and timing of the pulses. So, the compression
and timing must be calibrated daily. First, the pulse duration of one beam is measured by
second harmonic frequency-resolved optical grating (SHG FROG) and compressed using the
grating and cylindrical lens in the pulse shaper [131]. Next, a BBO crystal is placed at the
sample position and SHG cross-correlations of each beam with the first are measured on a
photodiode as a function of time delay between the beams. The SLM is used to compress
the pulses and to overlap them in time by applying quadratic and linear phase, respectively.
Figure 4.9 illustrates the cross correlation setup and the second harmonic cross correlations

of the four fundamental beams.

4.3.2.4 Pulse Intensity Roll Off

As discussed above, the intensity of a temporally shaped pulse decreases as a function of
the applied time delay. The pulse intensity roll off can be calibrated by measuring the pulse

spectrum as a function of time delay, I (7). Figure 4.10 shows a frequency-integrated pulse in-
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Figure 4.10: Pulse intensity roll off calibration. Frequency-integrated pulse intensity as a
function of time delay, I (7).

tensity roll off measurement. The pulse intensity roll off calibration can be used to correct for
the decrease in the pulse intensity during a time-resolved experiment by dividing the 2D sig-
nal S (7,0, w;) by the square root of the intensity roll off: S’ (7,0,w;) = S (7,0, w;) /m
Once the pulse intensity roll off has been measured, recalibration is not necessary unless

there is a significant change in the frequency bandwidth per pixel.

4.3.2.5 Carrier Frequency

The precise carrier frequency of each beam must also be measured because our experiments
are inherently performed in the rotating frame. To determine the carrier frequencies, each
beam is temporally shaped to generate a symmetric double pulse by applying the phase
function ¢ (w) = cos[(w —w.)T] and the interference of the two pulses is measured as a
function of the delay time T by a spectrometer. The phase of the carrier frequency w,
does not change as a function of time delay and thus its corresponding frequency fringe
does not move in the interferogram. Once measured, the interferogram is inverse Fourier
transformed into the time-time domain and the negative time component is filtered out.
The interferogram is subsequently Fourier transformed back into the frequency-time domain
to recover the electric field amplitude and phase and determine the carrier frequency. This

data processing technique, called spectral interferometry, will be discussed in more detail
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Figure 4.11: Carrier frequency calibration. (a) A symmetric double pulse is generated by
applying the phase function ¢ (w) = cos[(w — w.)T] in the frequency domain. (b) The
interference of the symmetric double pulse is measured as a function of T' by a spectrometer.
The fringe at the carrier frequency w. does not move as a function of the delay time 7'
(c) The interferogram is inverse Fourier transformed into the time-time domain. (d) The
negative time component is filtered out. (e) and (f) The interferogram is Fourier transformed
back into the frequency-time domain to recover the amplitude and phase of the electric field
and determine the carrier frequency, which does not evolve as a function of the time delay.

89



—

2
o
o
D
)
=3
o
»
o
—

C) Global Phase Projection

1
08 /

a) Global Phase Calibration (b

).
e 10 ) o

Normalized i\mplltude
AN
g
v
Frequency (THz)
Normalized Amplitude

"B 4

Time (ps) Phase (rad) Phase (rad)

3 3

Figure 4.12: Global phase calibration. (a) Interference between the signal and local oscillator
fields is measured by a spectrometer as a function of the local oscillator phase ¢ro (z). (b)
Local oscillator phase-dependent interference. (c) The global phase difference between the
signal and local oscillator fields 0¢ is extracted from the frequency-integrated interference.

at the end of the chapter. Figure 4.11 illustrates the experimental concept, the raw data,
and the extraction process. Like the pixel-to-wavelength calibration, daily changes in the

alignment change the carrier frequency and thus the carrier frequency calibration must be

performed daily.

4.3.2.6 Global Phase

To separate the absorptive and dispersive components of a spectroscopic signal, the phase
difference between the signal and reference (i.e. local oscillator) beams must be determined.
The global phase difference is calibrated by measuring the change in the signal-local oscillator
interference as a function of the local oscillator phase ¢ro (). Once the interferogram has
been measured by a spectrometer, it is frequency integrated and fit to a cos [pro (z) + 0¢)]
function from which the global phase difference 0¢ can be determined. Figure 4.12 illustrates
the experimental concept, the interferogram, and the extracted phase. Daily changes in the
compression and time ordering of the pulses change the global phase difference between the

signal and the local oscillator, thus the global phase calibration must be performed daily.
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4.4 Spectroscopic Detection

4.4.1 Rotating Frame Detection

In temporal pulse shaping, a carrier frequency w, is used as a reference to control the phases
of the other frequency components in the pulse. When the phase of a given frequency
component is temporally shaped, it is modified relative to the carrier frequency. Thus,
the phase of the carrier frequency remains constant as the phase of the other frequency
components change. This subtle experimental detail has an important implication. Because
the phase of the carrier frequency does not change, measurements are implicitly made in
the rotating frame [124]. All oscillations measured experimentally are reduced by the carrier
frequency, 2 = w — w.. Experimentally, we can thus define the Nyquist frequency for
capturing the dynamics of a system and significantly reduce the required number of time steps
per spectrum. This significantly reduces the time required to perform a full 2D measurement

to approximately 15 minutes.

4.4.2 Spectral Interferometry

Spectral interferometry is a powerful tool used to characterize the electric field amplitude
and phase of a spectrally resolved, non-self-heterodyned spectroscopic signal [125]. In this
technique, a local oscillator Erp (w) at a time delay t1o relative to the spectroscopic signal
Egignai (w) is used as a reference for heterodyne detection [132]. The intensity of the total

spectral interferometry signal (Is; (w,tr0)) is spectrally resolved by a spectrometer:

[SI (w7 tLO) = |ELO (w) €xXp (ZWtLO) + ESignal (w)‘2
= 110 (W) + Isigna (W) + Ero (W) Ejpna (W) exp (iwtLo)

+E70 (W) Esignal (W) exp (—iwlro) (4.10)
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Figure 4.13: Spectral interferometry. (a) Spectral interferometry interference term in the
frequency domain. (b) Interference term in the time domain. (c) Filtered interference term
and heaviside step function in the time domain. (d) Signal amplitude in the frequency
domain. (e) Signal phase in the frequency domain.
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The interference term is isolated by subtracting the intensities of the local oscillator and

signal from the total spectral interferometry signal:

Alsr(w,tro) = Isr(w,tro) — Iro (w) — I (w)
= Ero (W) Egigna (W) exp (iwtro) + Efo (w) Esigna (w) exp (—iwtLo)

= 2R[E] o (W) Esigna (w) exp (—iwto)] (4.11)

Noting C + C* = (Cy +iCs) + (Cxr — iC) = 2C.
When the interference term of the spectral interferometry signal is inverse Fourier trans-

formed, the time domain signal is compromised of two signals at +t;0/2.

IFT{R[F;o (w) Esignar (W) exp (—iwtro)]} =

Ejo(t—1t10/2) Esigna (t —tro/2) + Ejo (=t —t10/2) Esigna (=t —tro/2) (4.12)

Filtering out the negative time component with a heaviside step function 6 (¢) to en-
force causality (i.e. emission occurs after excitation), Fourier transformation of the filtered
interference term back into the frequency domain results in a complex spectrum because
the complex conjugate of the spectral interferometry signal was filtered out in the time do-
main. Multiplication of the filtered interference term in the time domain by the phase factor
exp (iwto) corrects for the local oscillator time delay and division by the complex conju-
gate of the local oscillator electric field £}, (w) yields the amplitude and phase of the signal

electric field:

FT{0(t) x IFT{R[E}, (W) Esigna (w) exp (—iwtro)]}} exp (iwtro)
Ejo (w)

ESignal (wa ¢) =
(4.13)
This method for determining the amplitude and phase of a signal electric field is illus-

trated in figure 4.13 on the preceding page. In this case, a signal and local oscillator with
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Gaussian spectral profiles are used.

4.4.3 Phase Cycling

Phase cycling plays an extremely important role in 2D spectroscopy. Since experimental
signals tend to be weak, phase cycling helps to suppress scatter from the exciting beams and
enhance the desired signal contribution [126|. Phase cycling also performs the first step in
spectral interferometry by subtracting out the local oscillator and signal intensity terms in
order to retrieve the full amplitude and phase of the signal electric field.

In general, the total signal of a four beam experiment is the absolute value squared of

the local oscillator, third-order signal, and three excitation electric fields:

Lot (W) = |Ero (w)exp[igro (w)] + Esig (W) exp [idsig (w)]
+Ey () exp [igy ()] + Es (w) exp [igs ()] + B (w) exp [igs (w)]|?
= Io+ Isig+ I + Iy + Iz + EroEsig cos [pro — ¢sig)
+EroL cos[pro — é1] + EroEsz cos [pro — ¢2] + EroLs cos [pro — ]
+EsigEn cos [@sig — ¢1] + EsigEa cos [@sig — ¢a] + EsigEs cos [dsig — ¢s]

+E1E; cos (¢ — o] + E1E5cos (¢ — ¢3] + Eyl3 cos [ — ¢s] (4.14)

where ¢g;5 (W) = £¢1 (W) £ 2 (W) £ ¢p3 (w). To recover the electric field amplitude and phase
of the third-order signal by spectral interferometry, the only desired signal contribution from
equation 4.14 is the EoFEsi,cos[pro — ¢sig] term. To isolate this signal, phase cycling
is used to subtract out the local oscillator and signal intensity terms (/.o and Ig;,) and
eliminate scattered contributions from the excitation beams.

First, we will consider a four-step phase cycling procedure in which the phase of each
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excitation beam is individually shifted by 7 and subtracted from the unperturbed signal:

I (w) = Lt — Liot (1.0, $1 + T, b2, b3)
—Itor (Pro, P15 92 + T, 3) — Lot (Pro: P1, P2, P35 + 7)
= 20— 2lgiy — 211 — 215 — 213+ 8E 0 Esig cos [dro — ¢sig)
+4FEgigEy cos [pgig — ¢1] + 4EgigEy cos [psig — ¢2] + 4Egi9E3 cos [psig — P3)

+4Ey Ey cos [¢p1 — ¢o] + 4E1 E3 cos (¢ — @3] + 4E5E3 cos [y — ¢3] (4.15)

With four-step phase cycling, the EpoE;cos|[¢ro — ¢;] terms, where i = 1,2,3, are elimi-
nated and the desired signal contribution is enhanced by a factor of 8.

To eliminate additional undesired signal contributions, the logical extension of four-step
phase cycling is a seven-step phase cycling procedure in which the phase of each pair of

excitation beams is shifted by 7 and added to the four-step phase cycling signal.

I (w) = I+ Ly (10,1 + 7, 62 + 7, ¢3)
Aliot (9o, ¢1 + 7, P2 + 7, 3) + Liot (PL0, 1, P2 + T, 3 + )
= Iro+Isig+ 11 + I + I3 + 14E10Egig cos [¢ro — ¢sig)
—2E10F) cos [¢pro — ¢1] — 2ELoFs cos [pro — ¢a] — 2ELoE3cos [9ro — ¢3]
+2Eg;E1 cos [pgig — $1] + 2E 5595 cos [psig — ¢2] + 2Egi4E5 cos [Pgig — @3]

+2E1E2 COS [gbl - ¢2] + 2E1E3 COS [¢1 - ¢3] + 2E2E3 COS [¢Q — ¢3] (416)

Equation 4.16 reveals that seven-step phase cycling increases the number of undesired con-
tributions but also increases the enhancement of the desired signal term to a factor of 14.
Adding an eighth phase cycling step in which the phases of all the excitation beams

are shifted by m and subtracted from the seven-step phase cycling signal, the desired signal
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contribution can be isolated.

I35 (W) = I — Ly (bro, ¢+, ¢y + 7, ¢35 + )

= 16EL0Esigcos [pro — Psigl (4.17)

Indeed, the eight-step phase cycling procedure subtracts out the local oscillator and signal
intensity terms, eliminates scatter from the excitation beams, and enhances the desired signal

contribution by a factor of 16.

4.4.4 Phase Stability

Using common path optics and 2D temporal pulse shaping, the phases of an arbitrary num-
ber and geometry of beams are passively stabilized [133]. In our experimental setup, the
phase stability is better than A/100 over more than several hours. Strong phase stability
between all beams is a distinct advantage of our 2D spectrometer. The phase stability allows
us to perform two-quantum, three-dimensional, and higher-order measurements that most

conventional 2D spectrometers are incapable of performing.
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Chapter 5

Morphology and Excitonic Coupling in
Double-Walled J-Aggregate Nanotubes

In chapter 5, we characterize the coupling between the inner and outer wall excitons of
double-walled J-aggregate nanotubes. For our experiments, we take great care to ensure
our samples are comprised of only isolated or bundled nanotubes in order to determine the
effects of higher-order morphology on excitonic coupling. First, linear absorption spectra are
correlated to morphology using cryogenic electron tunneling microscopy. Then, we use linear
absorption to characterize nanotube morphology and measure two-dimensional spectra of
isolated, bundled, and mixed nanotubes in solution. Finally, we characterize mixed nanotube
samples in glass at cryogenic temperature.

Synthesis of the solution-based nanotubes was performed at MIT by Dorthe Eisele in
the group of Moungi Bawendi. Synthesis of the glass nanotubes was also performed at MIT
by Justin Caram and Sandra Doria in the Bawendi group. Cryogenic tunneling electron
microscopy was performed at Brandeis University by Xiaofeng Fu in the group of Daniela
Nicastro. Two-dimensional spectroscopy of solution-based nanotubes was performed by my-
self and Dylan Arias; two-dimensional spectroscopy of glass nanotubes was performed by

myself and Jake Siegel.
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5.1 Theory of Molecular Aggregates

The simplest exciton in a molecular aggregate is formed by a dimer coupled through its
transition dipole moments [134, 38]. The Hamiltonian for the dimeric exciton states is
determined by the lowest lying excited state energy of the molecular constituents £ and the

dipole-dipole coupling strength J:

E J
H = (5.1)
J B
pp
= 47T;}223 (1 —3cos®0) (5.2)

The coupling strength is defined by the relative permittivity of the molecular constituents e,
the magnitudes of their transition dipole moments p;, and the distance R and angle 6 between
them, as illustrated in figure 5.1a. Coupling of the excited state molecular orbitals produces
two Frenkel exciton states where the lower energy (i.e. bonding-like) wavefunction is the
sum of the molecular orbitals and the higher energy (i.e. antibonding-like) wavefunction is
the difference. The exciton state with in-phase molecular wavefunctions contains most of the
oscillator strength because the individual dipoles act as an enhanced single dipole moment,
while the exciton state with out-of-phase molecular wavefunctions contains little oscillator
strength due to destructive interference of the dipole moments.

Coupling of the excited molecular states is strongly dependent on the relative angle be-
tween the transition dipole moments, shown in green in figure 5.1b. When 6 = 0, the coupling
between the molecules is negative and the lowest lying energy state is characterized by in-
phase wavefunctions and dipoles aligned head-to-tail. The exciton absorption is red-shifted
from the molecular excited state energy and the dimer is called a J-aggregate, illustrated in
figure 5.1c. As the angle between the dipoles increases and dipole-dipole coupling becomes
positive, the wavefunctions of the higher lying energy state become in-phase and the dipoles

align side-by-side. When 6 = 7/2, the exciton absorption is blue-shifted from the molecular
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Figure 5.2: Linear J-aggregate. Linear J-aggregates possess molecular dipole moments ori-
ented parallel to one another in a chain, which are separated by 7 and have a nearest-
neighbor interaction strength J.

excited state energy and the dimer is called an H-aggregate, illustrated in figure 5.1c.

5.1.1 Linear J-Aggregates

The coupled dimer model can be easily extended to linear J-aggregates where many two-
level molecules are aligned in one dimension and couple to form delocalized exciton states,

illustrated in figure 5.2 [135]. The Frenkel exciton Hamiltonian takes the form:

H=> E,BiB,+) V,BlB, (5.3)
p p.q
J
V=53 (5.4)
|7>p - 7ql

where E, is the excited state molecular orbital energy of molecule p, B}T7 and B, are the
creation and annihilation operators for an exciton on molecule p (under the constraint there
can be at most one exciton per molecule), and V,, is the dipole-dipole coupling between
molecules p and ¢ at 7, and 7, with nearest-neighbor interaction strength .J.

In the idealized linear model, J-aggregates are homogeneous and intermolecular coupling
is restricted to nearest neighbors. Under this condition, the solutions to the exciton wave-

functions, energies, and transition dipole intensities take the form:

|mk>:\/NZHZp:sm{

kpm
o (5.5)
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km
Ey = E +2J cos [N—i—l] (5.6)

I = (1 - (_1)k) NM+ 7 ot {2 (157; 1)} (5.7)

where £ is the crystal wavevector, N is the number of coupled molecules in the J-aggregate,
and |¢,) are the molecular wavefunctions of molecule p. Similar to particle-in-a-box states,
the J-aggregate wavefunctions have a sinusoidal form that is characterized by the exciton de-
localization. Large spatial delocalization is favorable and substantially stabilizes the exciton
by lowering the J-aggregate energy. It also substantially increases the macroscopic transition

dipole moment.

5.1.2 J-Aggregate Nanotubes

In some cases, the physical structure of molecules allows complex aggregate structures to form
in solution, including sheets, rods, and ribbons. In chapters 5 and 6, we study J-aggregates
that form double-walled nanotubes [136, 137, 138]. Such nanotubes can be modeled by wrap-
ping a conventional planar J-aggregate into a cylinder of the appropriate radius, illustrated
in figure 5.3a. In this model, molecules of length a and thickness d are arranged in a brick lat-

@1 and 72, where the displacing shift s between molecules

tice defined by the basis vectors
in adjacent rows determines the dipole-dipole coupling and the type of aggregation. The
planar structure is then wrapped along a wrapping vector 8: n,d,+ n272, where n; is
an integer, to create a cylinder of the appropriate radius R, where ‘8‘ = 27 R by normal
Euclidean geometry. The vector ? defines the long axis of the cylinder and 6 the angle
between the molecular transition dipole moments and the long axis [139, 140].

In the theoretical description of J-aggregate nanotubes, each molecule is characterized

by a vector defining its transition dipole moment ﬁ The Frenkel Hamiltonian of the J-
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Figure 5.3: J-aggregate nanotubes. (a) Brick lattice defined by the basis vectors @1 and
@5, where a is the length, d the thickness, and s the displacing shift between molecules.
The planar aggregate is wrapped along the wrapping vector C =1, @1 + 1y @ », where n; is
an integer, to create a cylinder of the appropriate radius R and Z defines the long axis of
the cylinder and 6 the angle between the molecular transition dipole moments ﬁ and the
long axis. (b) J-aggregate nanotube composed of a stack of N; equidistant rings containing
Ny equidistant molecules and characterized by a helical angle v between rings.

aggregate nanotube has the familiar form:

H= ZEBB +Y _V,BiB, (5.8)

p.q

ﬁp'ﬁq _37 ?pq ﬁ qu)
|7p_?q|3 |7p_7q|

where V), is the dipole-dipole coupling and is dependent on the distance 71, — 7)(1 and

Vg = (5.9)

orientation between the dipole moments 7]) and 7(1 of molecules p and ¢, respectively. The

exciton wavefunction take the form:
Wy) = ZW ) B} lg) (5.10)

where k is a general quantum number, v (p) are the single exciton eigenvectors, and |g) is
the exciton ground state.
J-aggregate nanotubes can be modeled equivalently by a stack of N; equidistant rings

containing N, equidistant molecules with each ring rotated by a helical angle ~, illustrated
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in figure 5.3b. In this case, the Hamiltonian is separable into a one-dimensional longitudinal
contribution of the Nj rings (with the same solutions of the linear J-aggregate model de-
scribed in equations 5.5-5.7) and radial contributions from the independent rings with Bloch
wavefunctions:

|Wy,) = exp [i2mkang /Ny (5.11)

where ks = 0,41,..., Ny/2 and ns is the position of a molecule in the ring [141|. The
three-dimensional structure of the nanotube produces three excitons bands K = (ky,ks):
a longitudinal band characterized by wavevector k; and two degenerate radial bands char-
acterized by wavevectors +ko. Moreover, their linear absorption spectra are dominated by
these three K states: (1,0) a superradiant state polarized along the long axis and (0,+1)

two degenerate states polarized perpendicular to the long axis.

5.2 Double-Walled J-Aggregate Nanotubes

In our experiments, we study J-aggregates formed by the self-assembly of 3,3’-bis(2-sulfopropyl)
5,5’,6,6’-tetrachloro 1,1’-dioctylbenzimidacarbocyanine 18 (CgS3) monomers in water, illus-
trated in figure 5.4a. C3Sg monomers consist of three important structural areas [142].
The conjugated backbone of the isocyanine dye (dark grey) largely determines the electronic
structure of the monomer, while the hydrophobic alkyl sidechains (light grey) and hydrophilic
sulfate groups (red) create regions of differing hydrophobicity and drive self-assembly in wa-
ter. C3Sg is first dissolved in methanol to prepare a monomer solution that exhibits broad

absorption around 520 nm, shown in figure 5.4b.

5.2.1 Isolated Nanotubes

Upon dilution of the monomer solution to a final 9:1 water:methanol ratio, C3Sg self-
assembles to form J-aggregate double-walled nanotubes, illustrated in figure 5.4c. The linear

absorption of the J-aggregate nanotubes (figure 5.4b) exhibits the characteristic red-shift and
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Figure 5.4: Isolated J-aggregate nanotubes. (a) 3,3’-bis(2-sulfopropyl) 5,5°,6,6’-tetrachloro
1,1’-dioctylbenzimidacarbocyanine 18 (C3Sg) monomers, composed of a conjugated cyanine
backbone (dark grey), hydrophobic alkyl chains (light grey), hydrophilic sulfate groups (red),
and sodium counter ions. (b) Monomer (black) and isolated nanotube (red) linear absorption.
The 599 nm and 589 nm J-aggregate peaks correspond to excitons on the inner and outer
walls, respectively. (c) Double-walled J-aggregate nanotube with characteristic inner and
outer walls. (d) Cryogenic tunneling electron microscopy of isolated nanotubes reveals an
inner wall diameter of 6 nm and an outer wall diameter of 13 nm (with a wall-to-wall
separation of 3-4 nm) and lengths up to a few microns.
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lineshape narrowing due to coupling of the electronic states when the isocyanine backbones
stack in parallel [36, 143, 144, 145]. Upon aggregation, two distinct excitonic bands form at
599 nm and 589 nm, which have been previously determined to arise from inner and outer
wall excitons, respectively [146]. Weaker, higher energy exciton bands also exist as discussed
in the theoretical description of J-aggregate nanotubes. The most important of these higher
energy exciton bands appears at 583 nm as a shoulder to the 589 nm peak. From cryo-
genic tunneling electron microscopy (cryo-TEM), the structure of isolated C3Sg nanotubes
has been determined to consist of a 6 nm diameter inner wall and a 13 nm diameter outer
wall separated by approximately 3-4 nm (corresponding to the alkyl chain length), shown
in figure 5.4d. The nanotubes grow up to microns in length and are homogeneous along the

entire length [147].

5.2.2 Bundled Nanotubes

Upon aging of isolated nanotubes, bundles of nanotubes form and exhibit their own charac-
teristic linear absorption, shown in figure 5.5a. The inner wall peak lightly red-shifts to 603
nm and is slightly broadened. Additionally, a new broad, higher energy peak appears at 578
nm. Cryo-TEM, shown in figure 5.5b, reveals that bundled nanotube ensembles are far less
homogeneous than isolated nanotubes. Bundles were composed of 6 to 12 nanotubes and
appeared in two morphologies: straight and twisted, shown in figure 5.5d. Straight bundles
were characterized by multiple nanotubes running parallel to one another along their en-
tire length, while twisted bundles exhibited curvature along their length for which a unique
twisting angle could be defined.

To determine the high-order morphology of the bundles, a series of TEM images was
taken at different angles between the electron beam and sample in order to reconstruct the
full three-dimensional structure. From the spatial reconstruction, a cross-sectional slice of a
bundle can be well determined, one example of which is shown in figure 5.5d. The average

center-to-center distance between nanotubes in a bundle is 9 nm, which is inconsistent with a
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Figure 5.5: Bundled J-aggregate nanotubes. (a) Linear absorption of isolated (red) and
bundled (blue) nanotubes. The 603 nm and 578 nm bundled nanotube peaks originate from
inner wall excitons polarized parallel and perpendicular to the long axis of the bundle, re-
spectively. (b) Cryogenic tunneling electron microscopy of bundled nanotubes. (c¢) Graphical
representation of bundled inner wall nanotubes. (d) Three dimensional reconstructions of
straight and twisted bundles, cross-sectional slice of a twisted bundle, and reconstruction of
the cross-sectional slice.
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bundle of double-walled nanotubes. However, the center-to-center distance is consistent with
a bundle of inner wall nanotubes. In order to maintain its morphology, the bundled inner
wall nanotubes would require an amorphous “outer wall” surrounding the entire bundle due
to the hydrophobicity of the alkyl sidechains. Assuming there is substantial disorder in the
amorphous outer wall, its spectral features should not exhibit the characteristic red-shifting
and line narrowing of J-aggregation. Thus, we hypothesize the well-defined spectral features
in the linear absorption spectrum of bundled nanotubes, shown in figure 5.5a, arise solely

from inner wall nanotubes.

5.2.2.1 Linear Dichroism

To determine the transition dipole moment orientations in isolated and bundled nanotubes,
we measured reduced linear dichroism spectra: LDg = (A — A1) / (A + A1) [148]. In this
experiment, nanotubes were flowed through a cell which caused their long axis to align along
the direction of flow due to their large length to diameter ratio, illustrated in figure 5.6a.
Absorption of light polarized parallel (A”) and perpendicular (A,) to the flow direction
(also labelled H(]|) and V(L), respectively) was then measured. A linear dichroism of 1
indicates a transition dipole moment polarized perfectly parallel to the flow direction and -1
indicates polarization perfectly perpendicular to the flow direction. A linear dichroism of 0
indicates a transition dipole moment that is either isotropic or polarized 45° relative to the
flow direction.

The reduced linear dichroism of the isolated nanotubes shown in figure 5.6b demonstrates
the strong inner and outer wall transitions at 599 nm and 589 nm, respectively, are polarized
mainly parallel to the long axis of the nanotubes, while the small shoulder at 583 nm is
polarized mainly perpendicular. The reduced linear dichroism of the bundled nanotubes
shown in figure 5.6c demonstrates that the strong transition at 603 nm is polarized mainly
parallel to the long axis of the bundles, while the weak transition at 578 nm is polarized

mainly perpendicular .
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Figure 5.6: Reduced linear dichroism. (a) Nanotubes flown through a cell align along the flow
direction, parallel to the laser polarization H(||) and perpendicular to the laser polarization
V(L). (b) Reduced linear dichroism of isolated nanotubes. The two strong inner and outer
wall transitions at 599 nm and 589 nm, respectively, are polarized mainly parallel to the
long nanotube axis. A third, weak shoulder at 583 nm is polarized mainly perpendicular
to the long axis of the nanotube. (c¢) Reduced linear dichroism of bundled nanotubes. The
lower energy transition at 603 nm is polarized mainly parallel to the long bundle axis. The
higher energy transition at 578 nm is polarized mainly perpendicular to the long axis of the

bundles.
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Figure 5.7: Polarization-controlled two-dimensional experiments. Co-linear experiments uti-
lize pulses with parallel polarizations (H) to excite and detect excitons with parallel transi-
tion dipole moments, which enhances diagonal peaks. Cross-linear experiments utilize pulses
with perpendicular polarizations to excite (V') and detect (H) excitons with perpendicular
transition dipole moments, which enhances crosspeaks between perpendicularly polarized
states. Isolated and bundled nanotube co-linear and cross-linear 2D spectra with the en-
hanced peaks indicated in grey.

5.3 Morphology and Excitonic Coupling

From linear absorption and linear dichroism, the structural origin and orientation of the
spectral features in double-walled J-aggregate nanotubes has been determined. In the iso-
lated nanotubes, the two strongest spectral features at 599 nm and 589 nm have been shown
to originate from the inner and outer walls, respectively. Previous chemical oxidation exper-
iments also demonstrated at most weak coupling between excitons on the inner and outer
walls [146]. However, these experiments were only indirect measurements of exciton cou-
pling. Thus, we use two-dimensional (2D) spectroscopy to directly measure the coupling of
excitons in double-walled J-aggregate nanotubes.

In our experiments, we utilize polarization control to interrogate exciton states with

different transition dipole moment orientations as illustrated in figure 5.7. Polarization-
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controlled experiments require orientated transition dipole moments, thus the nanotubes
are flowed through a cell to align their long axes parallel to the direction of flow in the
same manner as the linear dichroism experiments. We perform two types of polarization-
controlled 2D experiments: co-linear and cross-linear. Co-linear 2D experiments use laser
fields with all parallel polarizations to excite and detect excitons with the same transition
dipole moment orientation, enhancing the diagonal peaks of excitons with transition dipole
moments parallel to the laser field polarization. Cross-linear 2D experiments use pairs of
laser fields with perpendicular polarizations to excite and detect excitons with perpendicular
transition dipole moments, enhancing the crosspeaks between excitons with perpendicular
transition dipole moments.

Co-linear and cross-linear 2D spectra in isolated and bundled nanotubes are illustrated
in figure 5.7. The 2D measurements of isolated nanotubes interrogate two excitons with
transition dipole moments parallel and one exciton perpendicular to the long axis of the
nanotubes. The co-linear experiment interrogates the diagonal peaks of excitons with the
parallel transition dipole moments and their crosspeaks. The cross-linear experiment in-
terrogates the crosspeaks between excitons with perpendicular transition dipole moments.
The 2D measurements of bundled nanotubes interrogate one exciton with a transition dipole
moment parallel and one exciton perpendicular to the long axis of the bundles. The co-linear
experiment interrogates the diagonal peak of the exciton with the parallel transition dipole
moment. The cross-linear experiments interrogates the crosspeak between the excitons with
perpendicular transition dipole moments. The co-linear and cross-linear spectra for isolated
and bundled nanotubes are illustrated in figure 5.7 with a light grey box indicating the peak
enhancement in each experimental case.

Many two-dimensional experiments have been performed on J-aggregate nanotubes pre-
viously [149, 47, 48, 150, 151, 49]. However, the appropriate care was not taken to ensure
only a single nanotube morphology was interrogated in each of these studies. Because linear

dichroism and linear absorption have proven to be reliable methods for determining nan-
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otube morphology, we used both techniques throughout the synthesis and 2D experiments

to ensure samples contained only the desired morphology.

5.3.1 Isolated Nanotubes

First, the co-linear 2D spectrum of isolated nanotubes was measured with the polarization
of the incident laser fields parallel to the flow direction. The co-linear 2D spectrum in figure
5.8a reveals two diagonal peaks at 599 nm and 589 nm associated with the inner and outer
wall excitons polarized parallel to the long axis of the nanotube. A weak crosspeak between
the two peaks is also clearly visible, revealing weak inter-wall coupling between excitons on
the inner and outer walls.

Second, the cross-linear 2D spectrum of isolated nanotubes was measured with the polar-
ization of the exciting laser fields parallel and the detecting laser fields perpendicular to the
flow direction. The cross-linear 2D spectrum in figure 5.8c reveals the same inner and outer
wall diagonal peaks at 599 nm and 589 nm, respectively. However, now there is a much
stronger crosspeak shifted to lower excitation wavelength. This strong crosspeak appears
between the 599 nm inner wall peak and the weak 583 nm shoulder of the outer wall peak.

The reduced linear dichroism revealed this shoulder is polarized perpendicular to the
long axis of the nanotube, explaining the appearance of the new crosspeak between the
perpendicularly polarized exciton states due to the orthogonality of the incident laser fields.
However, the 583 nm diagonal peak still does not appear because the exciting laser fields are
perpendicular to the transition dipole moment. Additionally, the weak crosspeak between
inner and outer wall excitons can still be observed as a small shoulder to higher excitation
wavelength.

As discussed previously, the theoretical description of J-aggregate nanotubes determined
that three exciton bands form due to their three-dimensional cylindrical structure: one
perpendicular to the long axis and two perpendicular. In double-walled nanotubes, two sets

of three exciton bands should exist and correspond to each wall. The 583 nm shoulder is
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Figure 5.8: Isolated nanotube two-dimensional correlation spectra. (a) Co-linear 2D corre-
lation spectrum of isolated nanotubes (enhancing the diagonal peaks) reveals weak coupling
between inner and outer wall peaks at 599 nm and 589 nm. (b) Cross-linear 2D correlation
spectrum of isolated nanotubes (enhancing the crosspeaks) reveals strong coupling between
perpendicular inner wall peaks at 599 nm and 583 nm. (c¢) Co-linear 2D rephasing spectrum
Feynman diagrams (stimulated emission only), where green and blue arrows denotes tran-
sitions at 599 nm and 589 nm, respectively, and solid and dashed arrows denote transition
dipole moment interactions parallel and perpendicular to the long axis of the nanotubes,
respectively. (d) Cross-linear 2D rephasing spectrum Feynman diagrams.
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the lowest energy peak polarized perpendicular to the long axis of the nanotube and thus we
expect it to originate from the same state as the lowest energy peak polarized parallel to the
long axis, i.e. the inner wall. Strong exciton coupling between the 583 nm and 599 nm peaks
also supports the assignment of the 583 nm peak to an inner wall exciton. The co-linear
2D spectrum revealed weak coupling between parallel inner and outer wall excitons, thus
strong coupling is similarly unlikely between perpendicular excitons on different walls. So,
we assign the 583 nm peak to an inner wall exciton polarized perpendicular to the long axis

of the nanotube, revealing strong intra-wall coupling of excitons in isolated nanotubes.

5.3.2 Bundled Nanotubes

Third, the co-linear 2D spectrum of bundled nanotubes was measured with the polarization
of the incident laser fields parallel to the flow direction. The co-linear spectrum in figure 5.9a
reveals a strong diagonal peak at 603 nm and a weak diagonal peak at 578 nm, corresponding
with the linear absorption of the bundled nanotubes. The linear dichroism revealed these
peaks are polarized parallel and perpendicular to the long axis of the bundle, respectively, and
are likely associated with excitons on the bundled inner walls. The transition dipole moment
orientation and laser field polarization explains the relative amplitude of the two peaks in
the co-linear 2D spectrum. A weak crosspeak between the two peaks is also observed.

Fourth, the cross-linear 2D spectrum of bundled nanotubes was measured with the polar-
ization of the exciting laser fields parallel and the detecting laser fields perpendicular to the
flow direction. The cross-linear 2D spectrum in figure 5.9¢ reveals the same 603 nm diagonal
peak but with much weaker amplitude as the exciting laser fields are now perpendicular to
the transition dipole moment. However, the crosspeak has much stronger amplitude as the
detecting laser fields are now parallel to transition dipole moment of the 578 nm peak.

We assume both the 603 nm and 578 nm peaks originate from the inner wall and there
is no spectral contribution from the amorphous outer wall. Thus in direct comparison to

the cross-linear 2D spectrum of isolated nanotubes, the strong crosspeak in the bundled
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Figure 5.9: Bundled nanotube two-dimensional correlation spectra. (a) Co-linear 2D cor-
relation spectrum of bundled nanotubes (enhancing the diagonal peaks) reveals coupling
between perpendicular inner wall excitons at 603 nm and 578 nm. (b) Cross-linear 2D cor-
relation spectrum of bundled nanotubes (enhancing the crosspeaks) reveals strong coupling
between perpendicular inner wall excitons at 603 nm and 578 nm. (c¢) Co-linear 2D rephas-
ing spectrum Feynman diagrams (stimulated emission only), where solid and dashed arrows
denote transition dipole moment interactions parallel and perpendicular to the long axis of
the bundles, respectively. (d) Cross-linear 2D rephasing spectrum Feynman diagrams.
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Figure 5.10: Mixed nanotube two-dimensional correlation spectrum. (a) Co-linear 2D cor-
relation spectrum of mixed nanotubes (enhancing the diagonal peaks) with incident laser
polarizations P = 45° between H(||) and V(L). Co-linear 2D spectrum reveals no crosspeak
between excitons on isolated nanotubes and bundled nanotubes, demonstrating they are dis-
tinct physical and electronic systems in solution. (b) Emission energy-integrated projection
of co-linear 2D correlation spectrum onto the excitation axis.

nanotube spectrum also reveals strong coupling between intra-wall excitons.

5.3.3 Mixed Nanotubes

Finally, the co-linear 2D spectrum of a mixed sample of isolated and bundled nanotubes was
measured with the polarization of the incident laser fields 45° relative to the flow direction,
allowing contributions from all the spectral features. The co-linear 2D spectrum in figure
5.10 reveals three diagonal peaks. The 600 nm peak arises from excitons on the inner walls of
isolated (599 nm) and bundled (603 nm) nanotubes polarized parallel to the long axes. The
589 nm peak arises primarily from excitons on the outer wall of isolated nanotubes. The 578
nm peak arises primarily from excitons on the inner walls of bundled nanotubes polarized
perpendicular to the long axis of the bundle. Additionally, a single crosspeak is observed
between the bundled nanotube diagonal peaks (578 nm, 603 nm). However, no crosspeaks are
observed between excitons on isolated and bundled nanotubes, which clearly demonstrates

the two morphologies are physically and electronically distinct systems in solution.
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Figure 5.11: Glass J-aggregate nanotubes. (a) Glass (green) and solution-based isolated (red)
nanotube linear absorption. Nanotubes are embedded in glass formed by a sucrose:trehalose
matrix. Glass nanotubes exhibit lineshape broadening and contributions from isolated and
bundled nanotubes. (b) Glass nanotubes are isotropically oriented in the micro-cuvette.

5.4 Double-Walled J-Aggregate Nanotubes at Low Tem-
perature

To perform experiments at low temperature, J-aggregate nanotubes must be preserved in
the solid state while maintaining their self-assembled structure, higher-order morphology,
and optical and electronic properties. A supersaturated solution of a 1:1 mixture of sucrose
and trehalose was used to prepare J-aggregate nanotubes in a glass, which is formed by a
sugar matrix [152, 153, 154]. First, the solution-based nanotubes were diluted by 50% with
the supersaturated sugar solution. Then, a thin layer of the nanotube-sugar solution was
drop cast onto a micro-cuvette. Finally, the thin layer of the nanotube-sugar solution was
exposed to vacuum for 24 hours to evaporate the water and form a glass with the nanotubes
imbedded in the sugar matrix.

Sucrose and trehalose sugar matrices have been frequently used to form glasses of proteins
and other biologically-relevant molecules while retaining their structure. The linear absorp-
tion of a J-aggregate nanotube glass shown in figure 5.11a demonstrates that the nanotubes
maintain their optical properties upon glass formation. Compared to the linear absorption

of isolated nanotubes in solution, the glass linewidths are slightly broadened and the higher
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wavelength shoulder of the inner wall peak at 599 nm indicates that some bundled nanotubes
are also present. However, the self-assembled structure and higher-order morphology of the
nanotubes is unlikely to change significantly in the glass since the linear absorption of the
isolated nanotubes (figure 5.4c) changes drastically due to the small perturbation of bundling
(figure 5.5a).

Additionally, J-aggregate nanotubes are not aligned during glass formation and are
isotropically oriented in the micro-cuvette, illustrated in figure 5.11b. Thus, polarization-
controlled experiments are not possible since alignment of the nanotubes and their transition
dipole moments is required. Our collaborators in the Bawendi group are currently working
on a method to orient the glass nanotubes by flowing the supersaturated sugar and nanotube

solution during the evaporation step of the synthesis.

5.4.1 Exciton Dephasing

With J-aggregate nanotubes in the solid state, temperature-dependent experiments can easily
be performed outside the range of 273 to 373 K. We used 2D rephasing spectroscopy to
measure the temperature-dependent homogeneous (i.e. anti-diagonal) and inhomogeneous
(i.e. diagonal) linewidths and investigate the mechanisms of exciton dephasing. First, we
performed 2D experiments on glass nanotubes at 10 K and measured the linewidths of the
inner and outer wall peaks of isolated nanotubes at 594 nm and 584 nm, respectively, and
the inner wall peak of bundled nanotubes at 596 nm. The rephasing spectrum of the glass
nanotubes is shown in figure 5.12a and the homogeneous and inhomogeneous linewidths
are summarized in table 5.1. The rephasing spectrum at 10 K revealed inhomogeneously
broadened lineshapes for all three peaks. At low temperature, few vibrational or phonon
modes are populated due to low thermal energy, thus exciton dephasing is dominated by
static disorder in the glass nanotubes.

Second, we performed 2D experiments on solution-based isolated nanotubes at 295 K

and measured the linewidths of the inner and outer walls peaks at 597 nm and 587 nm,
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Figure 5.12: Homogeneous and inhomogeneous linewidths at room and cryogenic temper-
atures. (a) Rephasing spectrum of glass nanotubes (isolated and bundled) at 10 K. (b)
Diagonal line cut of the rephasing spectrum at 10 K. (c) Rephasing spectrum of solution-
based isolated nanotubes at 295 K. (d) Diagonal cut of the rephasing spectrum at 295 K.

Linewidths at Cryogenic and Room Temperatures

Solution Linewidths at 295 K Glass Linewidths at 10 K
Peak Peak
Inhomog. Homog. Inhomog. Homog.
587 nm 5.4 nm 4.6 nm 584 nm 3.0 nm 1.8 nm
594 nm | 2.6 nm 1.5 nm
597 nm | 4.2 nm 4.2 nm 506 um | 2.8 nm 5 m

Table 5.1: Homogeneous and inhomogeneous linewidths of J-aggregate nanotubes at room
and cryogenic temperatures. Homogeneous and inhomogeneous linewidths of glass nanotubes
at 10 K, including the inner and outer wall peaks of isolated nanotubes at 594 nm and 584
nm, respectively, and the inner wall peak of bundled nanotubes at 596 nm. Homogeneous
and inhomogeneous linewidths of solution-based isolated nanotubes at 295 K, including the
inner and outer wall peaks at 597 nm and 587 nm, respectively.
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respectively. The rephasing spectrum of the isolated nanotubes is shown in figure 5.12c and
the homogeneous and inhomogeneous linewidths are summarized in table 5.1. The rephasing
spectrum at 295 K revealed homogeneously broadened lineshapes for both peaks. At room
temperature, many vibrational or phonon modes can be populated due to high thermal
energy, thus exciton dephasing is dominated by dynamic disorder due to molecular motion
in the nanotubes and solvent.

These results are in direct contrast to previous experiments on thin-film, planar J-
aggregates that demonstrated dynamic disorder is the primary contributor to exciton de-
phasing at both room and cryogenic temperatures [155|. However, we compare glass and
solution-based nanotubes at 10 K and 295 K, respectively. The dominance of static dis-
order in contributing to exciton dephasing at 10 K in glass nanotubes may be due to the
sucrose-trehalose matrix. The control experiment of comparing the homogeneous and in-
homogeneous linewidths of either glass or solution-based nanotubes at room and cryogenic

temperatures is not possible due photo-induced degradation and freezing, respectively.

5.4.2 Photo-Induced Degradation and Recovery

Organic semiconductors under high excitation fluences commonly exhibit photo-induced
changes due to processes such as exciton-exciton annihilation and charge accumulation
[156, 157]. Room temperature measurements of glass J-aggregate nanotubes were not pos-
sible due to photodegradation by the ultrafast laser pulses. Photodegradation also occurred
at cryogenic temperatures and the lowest possible excitation fluences but was slow enough
to not significantly disrupt the 2D measurements.

We studied the effects of photodegradation in glass nanotubes at 10 K by continuously
measuring 2D rephasing spectra on the same spot and observing how the spectra changed.
Each 2D spectrum took approximately 30 minutes to acquire. The three 2D spectra shown
in figure 5.13a represent 90 minutes of continuous irradiation. In these 2D spectra, we

observe the three spectral peaks shift to lower wavelength and inhomogeneously broaden

119



(a)  Exposure: 30 Minutes Exposure: 60 Minutes Exposure: 90 Minutes
800
E 2500 | £ =
< < 2000 | £ 2000
L ey e
E’ 2000 E’, ?
° < 1500 | © 1500
2 1500 | € g
2 2 2
5 1000 | = 1000 | = 1000
k] S S
© © [3]
5 500 |G 500 |5 500
x x x
L L w
589
595 80 585 590 595 585 500 595
Emission Wavelength (nm) Emission Wavelength (nm) Emission Wavelength (nm)
(b)1 1 Intensity Recovery (c) Recovery: 90 Minutes (d) Lineshape Recovery
. : 600 ;
i i R 5 [ St
> 1.05 E 2000 o —— 90 Minute Recovery
< .
< 5 1500 [ &
[ —. 06
g 0o i B K
N ’ £ 1000 | &N
g 0.9 - T 041
£ L4 S £
o TB' o
Z osst S 50 | = 02
X
08 i L ; ‘ i
0 30 60 90 120 150 180 210 240 58050 585 560 505 600 230 585 500 505 800
Time (minutes) Emission Wavelength (nm) Excitation Wavelength (nm)

Figure 5.13: Photo-induced degradation and recovery. (a) Irradiation of glass nanotube
sample at 10 K for 90 minutes followed by (c) a 90 minute recovery and 30 minutes of re-
irradiation. (b) Signal intensity decays as a function of irradiation time but returns after
a recovery time. (d) Spectral lineshape after 90 minutes of irradiation and recovery is the
same as after 60 minutes of irradiation.

as a function of the irradiation time. Figure 5.13b also reveals that the total intensity of
the 2D signal decays as a function of the irradiation time. Next, we allowed the sample
to recover by turning off the irradiation for 90 minutes, i.e. the original irradiation time.
We then performed a final 2D rephasing measurement on the same spot, shown in figure
5.13c, which required an additional 30 minutes of irradiation. In figure 5.13b, we observe
there is a recovery in the total 2D signal intensity, while in figure 5.13d, we observe that the
spectral lineshape after 90 minutes of recovery is similar to the lineshape after 60 minutes of
irradiation. Thus, we observe a recovery in both the signal intensity and spectral lineshape
after 90 minutes of non-irradiation.

While the exact mechanism of photodegradation and recovery is still not understood, we
have learned that the process is not completely irreversible and thus does not occur due to any

significant change in the nanotube structure or dipole-dipole couplings between monomers.
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Additionally, our collaborators in the Bawendi group are currently investigating the control
of superradiance via optical excitation and the mechanism of photodegradation and recovery
in glass nanotubes using linear spectroscopy. Previous studies of a dispersively doped organic
dye l-amino-2-methylanthraquinone (Orange 11) in poly(methyl methacrylate) (PMMA)-
analogous to J-aggregate nanotubes in a sucrose-trehalose matrix—also demonstrated self-
healing after photodegradation [158, 159, 160|. The proposed mechanism for photodegrada-
tion and recovery was dimerization or aggregation of Orange 11 molecules in the solid state,
which required high dyes concentrations. Though this mechanism is unlikely in our system,
these experiments set a precedent for the recovery of optical properties via self-healing after
photodegradation due to energetic disordering of the system. However, charge accumulation

in the glass nanotubes is a likely mechanism for photodegradation and energetic disordering.

5.5 Two-Exciton States in Double-Walled J-Aggregate
Nanotubes

Once we characterized the exciton couplings and homogeneous linewidths of single exci-
tons, we measured the two-quantum spectra of both solution-based and glass nanotubes to
investigate their two-exciton states.

In the solution-based experiment, isolated nanotubes were flowed through a flow cell to
align their long axes to the direction of flow. Co-linear measurements were then performed
with the incident laser polarizations parallel to the direction of flow. Under these conditions,
only correlations between exciton states polarized parallel to the long axis of the nanotubes
(i.e. 599 nm and 598 nm) are interrogated. Figure 5.14a shows the co-linear, two-quantum
spectrum of solution-based isolated nanotubes at room temperature. The pure inner and
outer wall biexciton states are clearly visible at the two-quantum wavelengths 300 nm and
296 nm, respectively. Both peaks are significantly elongated along the two-quantum axis.

The small shoulders to higher wavelength of the pure outer wall biexciton and lower wave-
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Figure 5.14: Two-dimensional two-quantum spectra. (a) Two-exciton states in isolated nan-
otubes at 295 K. The pure inner and outer wall biexcitons are observed at the two-quantum
wavelengths 300 nm and 296 nm, respectively. (b) Two-exciton states in glass nanotubes
at 10 K. The pure inner and outer wall biexcitons of isolated nanotubes are observed at
the two-quantum wavelengths 298 and 293 nm, respectively, and the pure inner wall biex-
citon of the bundled nanotubes is observed at 296 nm. (c) Isolated nanotube two-quantum
spectrum Feynman diagrams (stimulated emission only), where green and blue arrows de-
note transitions at 599 nm and 589 nm, respectively, and yellow and purple arrows denote
transition between |O||> ~ ‘I||[||> and }I||> > }OHOH>, respectively. (d) Bundled nanotube

two-quantum spectrum Feynman diagrams.
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length of the pure inner wall biexciton suggest mixed inner and outer wall biexcitons may
exist, which requires at least weak inter-wall exciton coupling. However, these shoulders
span much further than the 298 nm mixed biexciton two-quantum wavelength and extend
from 293 nm to 305 nm. Spectral density beyond the mixed biexciton states suggests there
may be a transition dipole moment between a single exciton on one wall and a biexciton
on the other wall, i.e. |I) — |OO) and |O) — |II), which also requires inter-wall exciton
coupling. Three-dimensional two-quantum measurements could unambiguously determine
if the these transition dipole exist by peaks at (wx,wyy,w). We mention this rather in-
triguing possibility because experiments using transient grating measurements to perform
quantum process tomography on isolated J-aggregate nanotubes in chapter 6 also suggest
these transition dipole moments may exist.

In the glass experiment, the samples contained both isolated and bundled nanotubes
isotropically oriented and cooled to 10 K. Figure 5.14b shows the co-linear, two-quantum
spectrum of glass nanotubes at 10 K. The pure inner and outer wall biexciton states of the
isolated nanotubes are clearly visible at 298 nm and 293 nm, respectively. The pure inner
wall biexciton state of the bundled nanotubes is also clearly visible at 296 nm. Overall,
the two-quantum spectra of the solution-based and glass nanotubes are similar, revealing
the same exciton-exciton interactions and suggesting similar excitonic couplings. However,
isolated nanotube at room temperature have a large positive biexciton binding energy and
fast biexciton dephasing times compared to glass nanotubes at 10 K, which have a nominal

biexciton binding energy.

5.6 Conclusions

In this chapter, we used linear absorption as an indicator of the higher-order morphology of
double-walled J-aggregate nanotubes. First, we measured the excitonic coupling in solution-

based isolated and bundled nanotubes and in both cases observed strong intra-wall and weak
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inter-wall exciton coupling. Additionally, two-quantum spectroscopy revealed the presence
of pure inner and outer wall biexciton states and a mixed inner and outer wall biexciton
state, which again suggested at least weak inter-wall exciton coupling. Investigations into
mixed isolated and bundled nanotubes revealed the two morphologies are physically and
electronically distinct species in solution. Second, we discovered that J-aggregate nanotubes
maintain their self-assembled structure and optical and electronic properties when formed
into a glass using a sucrose-trehalose sugar matrix. Temperature-dependent measurements
of the homogeneous and inhomogeneous linewidths revealed dynamic and static disorder
dominant exciton dephasing at room and cryogenic temperatures, respectively. Investigations
into the photo-induced degradation of glass J-aggregate nanotubes at 10 K also demonstrated

recovery of their optical properties via self-healing.
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Chapter 6

Quantum Process Tomography of
Single-Exciton Dynamics in

Double-Walled J-Aggregate Nanotubes

In chapter 6, we unambiguously elucidate the single-exciton dynamics in double-walled J-
aggregate nanotubes via quantum process tomography using a precisely designed set of nar-
rowband transient grating experiments. For these experiments, J-aggregate nanotubes were
synthesized by Dorthe Eisele in the group of Moungi Bawendi at MIT. The transient grating
measurements were conducted by Dylan Arias and myself. Quantum process tomography
was performed by Joel Yuen-Zhou in the group of Alan Aspuru-Guzik at Harvard University.

First, we will explain why quantum process tomography is a useful tool for elucidating
complex quantum dynamics and discuss its general concepts. Second, we will consider the
secular dynamics of a two-level system. Third, we will describe our transient grating exper-
iments and explain how quantum dynamics are unambiguously extracted from these data.
Finally, we will discuss the quantum dynamics revealed by quantum process tomography for

the single-exciton manifold of double-walled J-aggregate nanotubes.
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6.1 System-Bath Interactions in the Condensed Phase

The temporal dynamics of quantum systems in the condensed phase are often characterized
by complex intra- and inter-system dynamics in and amongst ensemble components, inter-
actions of the system with the environment (or bath), and environmental dynamics [41]. In
such cases, the quantum system is generally described by a Hamiltonian that involves sep-
arating these interactions using the assumption there is weak coupling between the system
and the bath:

H=Hs+ Hgp + Hgp (6.1)

where Hg is the Hamiltonian describing the intra- and inter-system dynamics, Hp describes
the bath dynamics, and H sp describes the weakly-coupled system-bath interaction. In the
condensed phase, the system dynamics of the ensemble, the bath dynamics of the solvent, and
their interactions are generally complex and construction of a Hamiltonian that accurately
describes the quantum dynamics of the total system can be difficult. Generally, a Markovian
approximation is made which assumes the bath relaxation time is much faster than the relax-
ation time of the system due to its interaction with the bath, 74 > 75. This approximation
requires the system relaxation be stochastic (i.e a random process) but does not reduce the
complexity of the system-bath Hamiltonian enough to make it easily tractable. In addition,
accurate interpretation of even the simplest time-resolved spectroscopic experiments can be
difficult as multiple quantum processes often contribute to single spectral features and sepa-
ration of these contributions is generally impossible from a single spectroscopic experiment

71, 161, 162].

6.2 Quantum Process Tomography

A new approach for understanding the temporal dynamics of complex quantum systems

comes from the field of quantum information processing called quantum process tomography
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(QPT) [163, 164, 165, 72]. The goal of QPT is to completely elucidate the time-dependent
density matrix of a system p(7') by using a precisely designed set of spectroscopic exper-
iments [166]. In QPT, the quantum dynamics of the system are characterized by a time-
dependent process matrix x (7) |different from the susceptibility in chapter 3| that describes
the evolution of an initially prepared quantum state at time zero p (0) to a final state at some
time 7" later p (7). In this paradigm, the process matrix characterizes all the system and
bath dynamics and interactions and acts on the system as a linear transformation between

its initial and final states:

p(T) = x(T) p(0) (6.2)

In spectroscopic experiments, an initial state p (0) is prepared by a set of excitation pulses,
X (T') propagates the density matrix during time 7', and the final state p (T) is interrogated
by a set of detection pulses. When expanded into the basis states of the system, equation

6.2 takes the form:

pea (T) = Xeaar (T) pas (0) (6.3)

where the time-dependent process matrix element X.qq (1') describes the conversion of the
initially prepared density matrix element pg, (0) into the final density matrix element p.q (T')
at some time 7. Thus, process matrix elements of the form y,..., describe the decay of
a population (i.e. diagonal density matrix element) state a, Xapap describe the decay of
a coherence (i.e. off-diagonal density matrix element) between states a and b, and Yppaa
describe the population transfer from state a to state b. The process matrix elements Xpeqa,
Xeeab, aNd Xedap also describe the non-secular processes of population-to-coherence transfer,
coherence-to-population transfer, and coherence transfer, respectively.

To perform QPT, a precisely designed set of spectroscopic experiments is used to selec-
tively prepare every possible initial state and measure their conversion into every possible
final state [167, 168, 169]. In this procedure, the construction of an accurate Hamiltonian

for the total system is unnecessary because all the quantum dynamics are extracted directly
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from the spectroscopic measurements. However, a basic model for the system and an accu-
rate understanding of the linear absorption spectrum is necessary to interpret the results of
QPT. In this chapter, we use QPT to study the single-exciton dynamics of double-walled
J-aggregate nanotubes, which were extensively studied and well characterized by linear and
two-dimensional spectroscopy in chapter 5. While QPT has been previously used to study
the quantum dynamics of spins, qubits, ions, and optical lattices, our experiments are the
first performed on a molecular or supramolecular system, in the condensed phase, or at room

temperature [170, 171, 172, 173, 174, 175].

6.3 Secular Dynamics of a Two-Level System

To acquire a basic understanding of the quantum dynamics underlying a complex condensed
phase system, we will consider the case of a two-level excited state system and explore its
secular dynamics: population decay and transfer and coherence decay (i.e. dephasing). In
our model system, we define the excited states a and b with energies hw, and hwy, respectively,
where w, > wp, and wy, = w, — wy is the difference frequency between the states.

Wy Wha

E=h (6.4)

Wab Wq

The density matrix of the excited states thus takes the form:

b) (b| |b) (a
| el e .

|a) Bl [a) (al

where the diagonal matrix elements |x) (x| describe excited state populations and the off-
diagonal matrix elements |z) (y| describe coherences between the excited states. We also

define a rate matrix R characterizing the time constants for each excited state population
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and coherence decay and transfer process:

Rypop Raavy  Rappy  Fabe
Rbbaa Raaaa Rabaa Rbaaa
Rbbab Raaab Rabab Rbaab

Riypva Raava Ravba Rbaba

Now, the temporal dynamics of the excited populations and coherences can be described

using normal chemical kinetics. The population kinetics take the form:

paa (t) = Raabbpbb (t) - Rbbaapaa (t) (67)

Poo (1) = RipaapPaa (t) — Raavvpun () (6.8)

where the change in each population is described by the transfer into (i.e. positive) and out
of (i.e. negative) each state. If we assume uphill population transfer does not occur (i.e.

Rapp = 0), the time derivatives of the excited state populations reduce to:

paa (t) - _Rbbaapaa (t) (69>

oo (t) = RibaaPaa (T) (6.10)

In this case, the population dynamics are completely defined by the downhill population
transfer rate from excited state a to b (Rppaq). Integrating the differential equations using
the initial condition that the excited state population begins in state a (i.e. ps, (0) =1 and

pwo (0) = 0), the kinetics for the excited state populations can be explicitly defined.

Paa (t) = exp [—Rppaal] (6.11)

pw (1) = 1 —exp|[—Rypaat] (6.12)

Under these initial conditions, the population in excited state a starts at 1 and decays
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exponentially, while the population in excited state b starts at 0 and simultaneously rises
exponentially on the timescale 1/Rppq, due to downhill population transfer. We implicitly
assume the decay rate between the excited and ground states is much slower than the transfer
rate between excited states and thus, in a short time approximation, decay to the ground
state is does not occur.

Similar to the temporal dynamics of the populations, the kinetics of the coherences can

be written down and take the form:

pab (t) = — (iwab + Rabab) Pab (t) (613)

pba <t> = - (iwba + Rbaba) Phoa (t> (614)

We note pqp (t) = py, () because the density matrix is Hermitian (i.e. self-adjoint). Integrat-
ing the differential equation using the initial condition that the amplitude of the coherences
is unity (i.e. pap (0) = ppe (0) = 1), the kinetics for the excited state coherences can be

explicitly defined.

pab (t) = pra (1) = exp [= (iwap + Rapas) 1] (6.15)

Under these initial conditions, the excited state coherences start at 1, oscillates at the differ-

ence frequency w,, = —wpe, and dephases exponentially on the timescale 1/Rapay = 1/ Rpapa-

6.4 Narrowband Transient Grating Experiments

With a basic understanding of the secular dynamics of a two-level excited state system,
we can now describe the transient grating measurements used for QPT. To elucidate the
process matrix of a quantum system, the spectroscopic experiments must selectively excite
every possible quantum state (both populations and coherences) and selectively detect their
evolution into every other quantum state. In our experimental design, we use transient

grating spectroscopy to achieve the excitation and detection selectively required by QPT. To

130



describe our experimental measurements, we will consider the case of two optically accessible
excited states a and b with non-overlapping absorption spectra. First, two narrowband pump
pulses selectively excite one of the four possible quantum states: the |b) (b| and |a) (a| excited
state populations and the |b) (a| and |a) (b| excited state coherences. The first pump pulse
(wavevector —k; ) acts on the ket and the second pump pulse (k3) acts on the bra to prepare
the desired quantum state. The crossed pump pulses create an excited state grating off
which the third narrowband probe pulse (Eg) scatters after a delay time 7. The scattered
probe pulse is heterodyne detected with a fourth broadband pulse (E4 = —El + Ez + Eg)
by spectral interferometry using a spectrometer. The central frequencies of the narrowband
pump pulses determine the selectively prepared initial state, while the central frequency
of the narrowband probe pulse determines the selectively detected final state. The fourth
pulse does not contribute to the scattered probe signal but acts as a broadband reference
to detect both elastic and inelastic probe pulse scattering and does not effect the selectively
of the spectroscopic measurements. In this experimental design, eight unique measurements
are required to implement QPT. We label the experiments xyz, where the initial state
|z) (y| is selectively prepared and the state |z) is selectively detected and z, y, z € a, b.
Even with the excitation and detection selectively of the transient grating measurements, a
single spectroscopic signal can contain contributions from multiple process matrix elements.
However, the set of transient grating measurements described can be used to extract the
process matrix by implementing QPT.

We use QPT to study the single-exciton dynamics of double-walled J-aggregate nan-
otubes, illustrated in figure 6.1a [146, 147, 176]. Our measurements are the first realization
of QPT in a molecular or supramolecular system, in the condensed phase, or at room tem-
perature. In our experiments, the nanotubes are flowed through a cell and align along the
direction of flow. The excitation and detection pulses are polarized parallel to the flow
direction, so only the primary inner and outer wall transitions at 16,700 and 17,000 cm™,

respectively, are interrogated. The transient grating measurements thus elucidate the dy-
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Figure 6.1: Quantum process tomography of double-walled J-aggregate nanotubes. (a) J-
aggregate nanotube consisting of an inner and outer wall. (b) Linear absorption of states
polarized parallel to the long axis of the nanotube (red) and the narrowband pulses resonant
with the inner and outer wall absorption (green and blue, respectively) used in the narrow-
band transient grating measurements. (c¢) Energy level diagram of the J-aggregate nanotubes
including the ground, one-exciton, and two-exciton manifolds. £, is the energy and p,, the
transition dipole moment between the ground |g) and one-exciton state |x). The two-exciton
states |yz) are characterized by an additional biexciton binding energy AE,. and the one-
to two-exciton transition dipole moment i, ..

namics of a two-level, one-exciton excited state manifold analogous to the quantum system
described above. Figure 6.1b shows the linear absorption of the exciton states polarized along
the long axis of the nanotube and the narrowband pulses used for excitation and detection
at the central frequencies of the inner and outer wall exciton resonances. The narrowband
pulses allow selective excitation and detection while maintaining a fairly high time resolution
of approximately 100 fs. Two-dimensional phase and amplitude shaping of broadband pulses
is used to generate and compress the frequency-selective narrowband pulses, which each had
a pulse energy of approximately 0.5 nJ.

To fully elucidate the quantum dynamics of the single-exciton manifold, the ground and
two-exciton manifolds must also be considered. The energy level diagram in figure 6.1c
illustrates the accessible exciton states in our transient grating measurements along with
their energies and transition dipole moments. These states include two pure and one mixed
biexciton states |rz) and |zry), respectively, which are characterized by biexciton binding
energies AF,,. The biexciton binding energies are small compared to the full width at half

maximum of the linear absorption peaks, thus signals emitting from the one- and two-exciton

132



states are not spectrally separated and overlap in the transient grating measurements.
We performed eight transient grating measurements labelled: OOO, OOI, 110, 111,
010, OII, 100, I0I (as described above). The quantum states of interest are described

by the single-exciton density matrix:

| e 0l 616
0) (1] 0) (O]

Each quantum state is selectively prepared by the two narrowband pump pulses and their
emission is selectively interrogated by the narrowband probe pulse at the central frequency of
either the inner or outer wall absorption, I or O, respectively. The raw transient grating data
from the eight experiments are plotted in figure 6.2. As mentioned previously, the signals
from the eight transient grating measurements do not inherently separate the elements of the
process matrix. By elucidating all the possible Feynman diagrams for each measurement and
allowing transfer from the initial quantum state to all other quantum states, we can determine
which process matrix elements contribute to the spectroscopic signals in our experiments.
Figure 6.3 shows Feynman diagrams for the preparation of each quantum state and the
emission from each final state after delay time T—which is dependent on the central frequency
of the third narrowband pulse. The full set of Feynman diagrams for our QPT experiments
is provided in Appendix A. In table 6.1, we summarize the information provided by the full
set of Feynman diagrams.

The process matrix elements enumerated in table 6.1 take the form Yx.4., Where the
quantum state |a) (b| evolves into state |c) (d| during the experimental delay time T'. The
process matrix elements include all secular processes: population decay Xqaaa, population
transfer Ypaq, and coherence decay xpap; and non-secular processes: population-to-coherence
transfer Ypeqq, coherence-to-population transfer y...,, and coherence transfer y ., where
a, b, ¢, d € I, O. From table 6.1, we observe that secular and non-secular processes emit

at different frequencies in each of the eight transient grating measurements. From this
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Figure 6.2: Transient grating measurements. Measurement xyz is characterized by the first and second narrowband pump pulses
centered at the central frequencies of states x and y, respectively, selectively generating the initial state |x) (y| and the third
narrowband probe pulse centered at the central frequency of state z selectively detecting the state |z), where z, y, z € I, O.
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Quantum Process Tomography
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Figure 6.3: Transient grating Feynman diagrams for quantum process tomography. Bottom
Row: Two narrowband pulse preparation of the initial states |O) (O], |I) (I|, |O) (I], and
|I) (O] followed by system evolution during the waiting time 7. Top Rows: Third nar-
rowband pulse-dependent emission of the final states |O) (O], |I) (|, |O) (I], and |I) (O]
including stimulated emission and excited state absorption pathways, where AE,, denotes
the binding energy of the |xy) biexciton. Green and blue arrows indicate interactions with
energies F; and Ep, respectively. Light green and light blue arrows indicate interactions
with energies shifted by the biexciton binding energies E; — AE and Ep — AFE, respec-
tively. Yellow and purple arrows indicate interactions with energies (2E; — AFE;;) — Ep and
(2Eo — AEpo) — Ey, respectively.
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Process Matrix Contributions to Transient Grating Measurements

Emission Frequency 000 001 110 117 010 o111 100 101

1. 2Eo — AEoo — Er | x1000 X1011 X1001 X1010

2. Eo X0000 | X1000 | Xoorr | Xio1r | Xooor | X1oor | Xooro | Xioro
3. Eo — AEjo XIT00 | X1000 | XIIIT | XI10II | XIIO0I | XI0OI | XIIIO | XIOIO
4. Eo — AEoo X0000 X0O0I1 X0001 X0010

5. By Xoroo | X1roo | Xorrr | XIIIT | XoIol | XI1iol | Xorro | XIIIO
6. Er — ALpo Xoroo | xoooo | Xorrr | xoorr | xoror | Xooor | Xorro | Xooro
7. By — AEy; X1100 X111 X1101 X1110
8. 2E; — AE; — Eo X0I100 XOI11 XoI01 XO0I10

Table 6.1: Process matrix contributions to transient grating measurements. The process
matrix elements X.qq are categorized by their emission energy (1-8) in each transient grat-
ing measurement zyz. Measurement zyz selectively generates the initial state |x) (y| and
selectively detects state |z), where x, y, z € I, O. Red process matrix elements denote non-
secular processes: population-to-coherence transfer, coherence-to-population transfer, and
coherence transfer.

observation, we can immediately determine from the raw transient grating data that non-
secular processes are not observed in our experiments, which will be confirmed by the QPT
procedure. We can also directly observe from the oscillations in the OIO, OII, 100, and
101 experiments that coherences between excitons on the inner and outer walls exist and
thus the states must be inherently coupled.

We can write down time-dependent equations for each transient grating measurement
with contributions from secular process matrix elements only, assuming no uphill population

transfer (i.e. xoorr = 0):

000 (T,t) = xoooo (T) [ltg0l" exp [— (iwo +4.0) 1]

— g0l l1o.00l” exp [= (i (wo — Awoo) +70.00) ]]

—x1100 (T) |itg.0? |1r.0)? exp [~ (i (wo — Awro) +ri0)t]  (6.17)
OOI(T,t) = —xoooo (T) g0l |1o.rol” exp [~ (iwr — Awro + v0.10) 1]

+x1100 (T) [litg.01 g1 |* exp [— (iws +74.1) 1]

—|ugol® st exp [— (i (wr — Awrr) + v1.11) t]] (6.18)
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1IO(T,t) = —xrur (T) |igal? |1n10) exp [— (i (wo — Awio) +v1r0)t]  (6.19)
HI(T,t) = X1 (T) [|g]" exp [ (iwr + 7y,1) ¢]
—pr? | e exp [ (i (wr — Awrr) +vr.01) 8] (6.20)

OIO (T,t) = xoror (T) [|pg,0ktg,1t0g,0Mg,1] €xD [~ (iwr + Vg,1) 1]

— |1g.obg. 1111000, 10] €xp [— (i (w1 — Awro) + v0,10) t]] (6.21)
OII(T,t) = —xoror (T)|pg0ttg1itr,11100,11]

x exp [— (i (2wr — Awrr — wo) +v0,11) 1] (6.22)
100 (T,t) = —xio10 (T) |pg,19,010,00H1,00]

x exp [— (i (2wo — Awoo — wr) +71,00) 1] (6.23)

I10I(T,t) = xro10(T) Hﬂg,lﬂg,Oﬂg,Iﬂg,O exp [~ (iwo + ’79,0) t]

— |pg,109,010, 1011, 10] €xP [~ (i (wo — Awio) +Yr1,10) t]] (6.24)

The initial intensity for each signal contribution is determined by the product of the relevant
transition dipole moments between states j and k, H4 |1t |, and exist between but not within
the ground state, one-, and two-exciton manifolds. The delay time dynamics are completely
governed by the process matrix elements X qas (7). The signal is determined by the radiating
coherence during the emission time ¢, exp [— (iw; + ;) t], and characterized by the exciton
energies FJ; = hw; and biexciton binding energies AF;;, = hAw,, and the dephasing rates
;& between states j and k. The total signal for each transient grating measurement is the
sum over all the contributing process matrix elements.

With the eight transient grating measurements and analytical expressions for each of the
spectroscopic signals, QPT can invert the data to separate and unambiguously elucidate the

dynamics of each process matrix element.

137



6.5 Signal Inversion and Process Matrix Extraction

The time-dependent signals for the transient grating measurements in equations 6.17-6.24
are composed of linear combinations of the process matrix elements and are scaled by the
relevant transition dipole moments. Thus, the transient grating signals must be inverted to
determine the process matrix elements.

Prior to implementing the QPT procedure, the transient grating signals were normalized
to account for three variable experimental parameters. First, the signals were normalized by
the relevant pulse energies for each of the three narrowband pulses. Second, the nanotubes
degrade slightly over time due to pumping through the flow cell and optical excitation, so the
signals were normalized by the optical density of the nanotubes by taking a linear absorption
spectrum after each experiment. Finally, the transient grating signals were corrected for
pulse intensity rolloff (described in chapter 4) due to time delays applied via temporal pulse
shaping.

To implement the QPT procedure and extract the process matrix elements, first the
transient grating signals are integrated over the emission frequency, [dw XY Z (T,w) =
XY Z (T,t =0), yielding the time-domain signal at ¢ = 0 according to Fourier transform
relationships and eliminating the exponential signal terms in equations 6.17-6.24. Second,
the signals with initial excited state populations (i.e. OOY and IIY) are corrected by
subtracting the signal at 7' = 0, XXY (T —Ty) = XXY (T) — XXY (0), to remove in-
terfering spectroscopic signals due to ground state bleach that do not contribute to the
single-exciton dynamics. Third, the transient grating signals are inverted to generate ex-
pressions for the process matrix elements. Inversion utilizes semi-definite programming to
ensure the process matrix is a linear transformation that maps physical density matrices to
other physical density matrices that are Hermitian, trace preserving, and possess positive
populations [177, 178|.

From equations 6.19-6.24, we observe that the transient grating experiments I7Y, OIY,

and IOY are dependent on a single process matrix element x;777, Xoror, and xroro, respec-
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tively. Thus, inversion of these process matrix elements are straightforward. From equations
6.17 and 6.18, we observe the OOY experiments are coupled and depend on the process
matrix elements xoooo and xrroo. Thus, the process matrix elements xyoooo and xrroo
must be solved simultaneously, which is also straightforward but slightly more cumbersome
algebraically.

The process matrix elements extracted from equations 6.17-6.24 are:

cQ00 cPO! 00

W)OOO(T_TO)-‘FC?, OOI(T—Tp)
cO00 00T

(02001703?0[)* (W)

000(T-T0)+(

Xoooo (T) = 1+ (CO00 _ (000) (6.25)
OOI (T —Ty) + (%) 000 (T — Ty)
Xj[OO(ZU = 001 001 900001 ai26)
(C390 = C9%) — (W)
I (T —1Ty) 110 (T —Ty)
Ty = 14\t HOU —T) 2
XHH( ) + (CIIH — C2HI) C1HO (6 7)
OIO (T) OII(T)
T pr— pu— = -2
XOIOI( ) (ClO[O — 02010> CloH (6 8)
101 (T) 100 (T)
xio10 (T) = = ([GIoT— gIoT) = o0 (6.29)

The coefficients cj(YZ

XYZ(T) = 32,677 (t) xj (T). These coefficients are products of the transition dipole

are time-dependent and defined in equations 6.17-6.24 such that

moments and complex exponentials involving the transition energies and phenomenological
dephasing rates. Thus, a model for the quantum system is required. A comprehensive
understanding of the linear absorption spectrum (described in chapter 5 for double-walled
J-aggregate nanotubes) is sufficient to characterize the system and determine the necessary
parameters to calculate the time-dependent coefficients chZ . However, extraction of the
transition dipole moments from the transient grating measurements, which is robust and
easy to achieve, leads to more accurate normalization of the signal contributions to compute
the process matrix elements.

Because only secular dynamics and downhill energy transfer occur and population re-
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laxation to the ground state is slow, the expressions for the process matrix elements in
equations 6.25-6.29 are significantly reduced in complexity. The process matrix elements
X111, Xoror, and xroro can be singularly described by one of two transient grating mea-
surements that provide redundant information, while the process matrix elements xoooo
and Yoo are slightly more complex and possess contributions from two transient grating
measurements. To reduce the complexity of the process matrix elements xoooo and xrr00,
we note the transient grating signal amplitude for experiment 770 is nearly zero compared to
other experiments. From equation 6.19, we observe the 170 transient grating measurement
is compromised solely of an excited state absorption pathway requiring the mixed biexciton

state |/O), which we will assume does not contribute substantially to the transient grating

o 001

signals. Thus, the coefficients ¢{9° and ¢{°! are zero and equations 6.25 and 6.26 reduce

to:

000 (T —T;
Xoooo (T) = 1+ (000 (_ Cgooo)) (6.30)
OOI (T —T)
T) = 31
xrro0 (T) (CO0T — 00T (6.31)

If non-secular dynamics and uphill energy transfer occurred and the mixed biexciton
state |IO) contributed, the process matrix elements would depend on many more transient
grating measurements and inversion would be more cumbersome. Table 6.2 summarizes the
transient grating signal contributions at a given emission frequency (where « is the emis-
sion frequency number defined in table 6.1) for each process matrix element if all quantum

processes occurred.
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Transient Grating Signal Contributions to Process Matrix Elements

X0000 XI100 XO0I100 XI1000 XooI1 XIIIT XOIIT XIOII
000 (2) | 000 (3) | OO0 (5) | OO0 (1) | T1IO(2) | ITO(3) | I10(5) | 110 (1)
000 (4) | OOI(5) | OOO(6) | OOI (2) | IIO(4) | II1(5) | [IO(6) | I1I(2)
001 (6) 001 (7) OO0I(8) | OOI(3) | III (6) 117 (7) I11(8) I11(3)

X00O0I XII101 XoIoI1 XI1001 X0010 XIIIO XOIT10 XI0IO
OIO(2) | OIO(3) [ OIO(5) | OIO(1) [ 100 (2) [ 100 (3) | 100 (5) | 100 (1)
OIO(4) | OII(5) | OIO (6) OII(2) | I0OO(4) | IOI(5) | IOO(6) | 101 (2)
OI1(6) OI1(7) Oll (8) OII(3) | IOI(6) | IOI(7) | IOI(8) | IOI (3)

Table 6.2: Transient grating signal contributions to process matrix elements. xyz («) denotes
the transient grating signal of experiment xyz at emission frequency number « as defined
in table 6.1. Measurement xyz selectively generates the initial state |z) (y| and selectively
detects state |z), where =, y, z € I, O. Red process matrix elements denote non-secular
processes: population-to-coherence transfer, coherence-to-population transfer, and coherence
transfer.

6.6 Quantum Dynamics of Double-Walled J-Aggregate
Nanotubes

From the raw transient grating data, we were able to directly observe that non-secular pro-
cesses: population-to-coherence transfer (i.e. xor00, X1000, Xorrr, and xorr), coherence-to-
population transfer (i.e. xooor, X1ror, Xooro, and xrr10), and coherence transfer (i.e. x00r
and xor70), are negligible in our system. Thus, only the process matrix elements for secular
processes: population decay (i.e. Xoooo and xirrr), population transfer (i.e. xrr00 and
Xooirr), and coherence decay (i.e. xoror and xro10), are non-zero. All the time-dependent
process matrix elements inverted from the transient grating measurements are plotted in
figure 6.4.

Indeed, we observe the non-secular process matrix elements including population-to-
coherence transfer, coherence-to-population transfer, and coherence transfer are all zero. The
exciton population in the outer wall decays and transfers completely to the inner wall within
300 fs, observed from xooo0 and x 700, respectively. However, the exciton population in the
inner wall does not decay, x7r7 (T') = 1, due to the slow relaxation time to the ground state.

Additionally, inner wall excitons do not transfer uphill to the outer wall, xposr (1) = 0,
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Figure 6.4: Time-dependent process matrix elements. Including secular processes: popula-
tion decay (xoooo and xirrr), population transfer (xrroo and xoorr), and coherence de-
cay (xoror and xroro) and non-secular processes: population-to-coherence transfer (xor00,
X1000, Xoiir, and xjrorr), coherence-to-population transfer (xooor, Xrror, Xooro, and

X1110), and coherence transfer (x;0or and xorr0). P and J denote the real and imaginary
components of a given process matrix element.
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because the 430 cm™ frequency difference is large compared to kg7 at 298 K, which is 200
cm. The real and imaginary components of xoror reveal coherences between inner and
outer wall excitons oscillating at the 430 cm™difference frequency and lasting approximately
300 fs, signifying weak coupling between the states. Coupling between inner and outer wall
excitons is also consistent with the small but measurable crosspeaks between the 16,700 and
17,000 cm™ inner and outer wall peaks in the two-dimensional spectra presented in chapter
5.

The data in figure 6.4 can be fit to the models derived in equations 6.11-6.15 and quan-
titative parameters can be determined. The fits, parameters, and error bars for each process
matrix element is summarized in table 6.3. The experimental data are fit to stretched rather

than standard exponentials and are characterized by the stretching parameter 3., which we

speculate is due to exponential kinetics that are embedded in Gaussian disorder.

6.7 Conclusions

Previous pump-probe measurements have attempted to characterize excited state popula-
tion transfer and decay but were unable to unambiguously separate the inner and outer wall
exciton dynamics or determine the role of biexciton states [145, 179, 151, 180]. Similarly,
the two-dimensional spectra in chapter 5 could not completely separate the process matrix
elements by spreading the signal over a second frequency axis as the crosspeaks include mul-
tiple contributions that evolve during the population time [47, 150, 48, 181, 176|. However,
our narrowband transient grating measurements and the implementation of QPT unequiv-
ocally elucidate the single-exciton dynamics of double-walled J-aggregate nanotubes. First,
we observed that non-secular processes and uphill energy transfer do not occur in our sys-
tem. Second, we observed downhill energy transfer from the outer to inner wall occurred
on a timescale of 212 4+ 8 fs. Third, we observed weak coupling between inner and outer

wall excitons characterized by dephasing on a timescale of 155 + 10 fs. These experiments
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are the first realization of QPT in a molecular or supramolecular system, in the condensed
phase, or at room temperature and are the first experiments to unambiguously characterize

the quantum dynamics of excitons in double-walled J-aggregate nanotubes.

145



146



Chapter 7

Two-Body Exciton Interactions in

Cuprous Oxide

In chapter 7, we describe the first successful measurements of bi-orthoexciton coherences in
cuprous oxide using two-dimensional two-quantum spectroscopy. In cuprous oxide, biexcitons
are believed to drive inelastic exciton scattering but have not been detected because of
strict optical selection rules that forbid radiative biexciton decay. We directly observe bi-
orthoexcitons in cuprous oxide and estimate a 13 meV bi-orthoexciton binding energy, which
is in the range of previous theoretical predictions, and a coherence lifetime around 70 fs. The
creation or annihilation of a phonon accompanying an electronic transition also substantially
increases the magnitude of the detected bi-orthoexciton coherence.

For these experiments, the cuprous oxide crystal was grown by Laszlo Frazer in the group
of John Ketterson and Kelvin Chang in the group of Kenneth Poeppelmeier at Northwestern
University. The two-dimensional spectroscopy measurements were conducted by Yoseob

Yoon and myself.
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7.1 Cuprous Oxide

Excitons in cuprous oxide (Cuz0) are bound electron-hole pairs. The Oy, symmetry of CuyO
crystals and the direct gap d to s band transitions, which form the basis of the lowest
lying “yellow” exciton series, give rise to a near-Rydberg structure [182]. However, the Is
states deviate from the Rydberg pattern [183]. The high symmetry of the Is paraexciton
singlet makes it optically inaccessible to all orders in the multipole expansion [184]. The 12
meV higher energy 1s orthoexciton triplet state has single-photon transitions that are dipole-
forbidden but quadrupole-allowed through an exceptionally narrow polariton resonance [185,
186]. The optical selection rules are so strict that, despite the direct gap, the strongest
transitions require the participation of a phonon [186, 187, 188, 189].

Bound pairs of 1s yellow orthoexcitons (i.e. bi-orthoexcitons) are expected to be forbid-
den from coupling to light to all orders, similar to paraexcitons [190]. Previously, lumines-
cence data were interpreted as evidence of a decay chain of “green” series biexcitons [191].
Now, most of these features are interpreted as transitions from yellow excitons to the ground
electronic state occupied by phonons [192|. A few lines still remain unexplained and may be
caused by unidentified impurities [193].

Despite the lack of existing experimental evidence for biexcitons in CuyO, recombination
of exciton pairs by Auger scattering has been invoked to explain exciton kinetics [194, 195].
In Auger scattering, one exciton in a pair is annihilated while the second exciton is ionized.
Auger scattering is believed to be responsible for suppressing the Bose-Einstein condensation
of excitons and for creating relaxation “explosions” in ultracold traps in CuyO [195, 196, 197].
While measured exciton density-dependent dynamics are consistent with the Auger model
[198], the values of the Auger proportionality coefficient reported by different experimental
sources vary by two orders of magnitude [199]. The variation is explained in part by differ-
ences in the total exciton number, the volume occupied inhomogeneously by the excitons,
the exciton temperature [194], strain [200], and spin state [194, 201].

In general, there are two Auger mechanisms: one in which the exciton pair forms a bound
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state before decaying (i.e. biexciton-Auger) and one in which it does not (i.e. free exciton-
Auger) [194]. When the exciton temperature Ty, is low compared to the biexciton binding
energy AFEpg,, i.e. kgTp, < AFEpg,, the condition relevant for Bose-Einstein condensation
[195, 202|, we expect the biexciton-Auger behavior to dominate. When the exciton temper-
ature is high compared to the biexciton binding energy, i.e. kgTg, > AFEg,, the condition
relevant for most ultrafast and high intensity experiments, we expect the free exciton-Auger
behavior to dominate [203].

In the free exciton-Auger model, the decay rate of the exciton density n is expected to
be linearly proportional to the exciton temperature [204], i.e. dn/dt o< —Tg,n?, which is
qualitatively consistent with the results at high T, [205]. In the biexciton-Auger model,
the decay rate is expected to be inversely proportional to the exciton temperature, i.e.
dn/dt < —n?/Tg,, as has been previously observed at low T, [206]. This indirect evidence
is the strongest indication for the existence and significant influence of biexcitons in CuyO.
Thus, direct observation of biexcitons and measurement of the biexciton binding energy is
necessary to support any biexciton-based model of exciton kinetics and resolve differences

among Auger kinetics measurements [200, 207, 208, 209, 210, 211, 212|.

7.2 Cuprous Oxide Crystal Growth

A Cuy0 crystal was grown by our collaborators using their previously reported method for
producing relatively large, phase pure crystals with minimal point defects [213, 214, 215]. A
0.9999 pure Cu rod with a 6.35 mm diameter was oxidized at 1045 °C in air for 3 days with
a heating and cooling rate of 5 °C/min. It was crystallized in air at a rate of 3.5 mm/hr
in an optical floating zone furnace. The feed and support rods were counter-rotating at 7
RPM. A 2 cm section of the crystal was annealed at 1045 °C for 5 days with a heating
and cooling rate of 5 °C/min. The crystal was then cut perpendicular to the [110] axis, the

relative orientation of the laser polarization in our measurements. A slice of the oriented
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Figure 7.1: Two-dimensional rephasing spectrum of cuprous oxide at 10 K. (a) Rephasing
spectrum at 10 K. (b) Representative Feynman diagrams for orthoexciton-polariton and
phonon-assisted orthoexciton pathways, where red, orange, and yellow arrows denote field
interactions involving the changes in phonon occupation number by -1, 0, and +1 which are
nominally at photon energies of 2018, 2032, and 2046 meV, respectively. See Appendix B
for full elucidation of Feynman diagrams. (c¢) Energy level diagram for orthoexcitons.

crystal was polished, resulting in a sample 0.401 mm thick. For the experiment, the Cuy,O

crystal was cooled to 10 K in a Janis ST-100-H cryostat and controlled by a Lake Shore 331

Temperature Controller.

7.3 One-Quantum Rephasing Spectrum

To accurately identify the features of the two-quantum spectrum, we first discuss the one-
quantum (1Q) optical response of the Is yellow orthoexciton revealed by the two-dimensional
(2D) rephasing spectrum. The data gave no evidence of any contribution from the optically
forbidden paraexciton. Figure 7.1a shows the rephasing spectrum with four qualitatively
distinct features (locations A, C, G, and I).

The two diagonal features near 2046 meV (C) and 2018 meV (G) are approximately 14
meV from the 2032 meV orthoexciton-polariton energy, Fg,. This energy difference corre-
sponds to the I'}; optical phonon energy, E,;, [192]. Exciton-phonon coupling has been shown

to substantially aid optical excitation by phonon creation or annihilation [196]. Therefore,
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Figure 7.2: Photoluminescence spectrum. Pumping at 3100 meV and detecting polarizations
parallel to [110] reveals the weak, higher energy exciton-polariton emission and the strong,
lower energy phonon-assisted emission (i.e. phonon creation).

the 2046 meV diagonal peak is consistent with a transition between the ground vibronic state
|g,0) and an orthoexciton state with one I';, phonon |e, 1) (i.e. phonon creation: Eg, —E,,).
The 2018 meV diagonal peak is consistent with a transition between a phonon-populated
ground electronic state |g, 1) and the ground vibrational state of the orthoexciton |e, 0) (i.e.
phonon annihilation: Eg, — E,,). The 2046 meV absorption is much stronger because it
originates from the ground vibronic state while the 2018 meV transition requires at least
one phonon in the ground electronic state, which is less probable for experiments at 10 K
but possible due to a large phonon density of states [196]. As expected, the 2032 meV
orthoexciton-polariton diagonal peak (E) does not distinctly appear because it is a weakly
allowed quadrupole resonance.

The two off-diagonal features with emission near 2018 meV (A) and 2046 meV (I) are
crosspeaks between the phonon-assisted diagonal peaks (C and G). However, the 2018 meV
crosspeak is shifted toward the 2032 meV orthoexciton-polariton emission energy (B). One
reason for the shift is non-zero kinetic energy of the phonon-assisted orthoexcitons [196].
Due to the flatness of the phonon dispersion around the gamma point, phonon-assisted

orthoexcitons can gain kinetic energy from high wavevector phonons, resulting in a high

151



energy tail along both the absorption and emission axes. The higher energy tail is also
observed in the photoluminescence spectrum in figure 7.2, where the strong, lower energy
Eg, — E,, emission is phonon-assisted and creates a phonon on the ground electronic state
(le,0) — |g,1)) and the weak, higher energy E, emission is purely excitonic (|e,0) — |g,0)).
A second possible reason is weak crosspeaks (B, D, F, and H) between the orthoexciton-
polariton and phonon-assisted orthoexcitons. These crosspeaks gain oscillator strength from
the phonon-assisted transition dipole moments and may contribute to the overall spectrum

even though the orthoexciton-polariton diagonal peak (E) is not directly observed.

7.4 Two-Quantum Spectrum

Based on the participation of the I'}; phonon in the 1Q spectrum, we now discuss the two-
quantum (2Q) spectrum shown in Figure 7.3a. First, we note there are strong 2Q coherences
that unambiguously demonstrate significant two-exciton correlations. Additionally, the spec-
tral density lies almost entirely below the y = 2z line, indicating the bi-orthoexciton is lower
in energy than twice the orthoexciton energy and thus possesses a finite binding energy,
AFEg, = 2FEg, — FEp,. However, a quantitative estimate of the bi-orthoexciton binding
energy requires detailed analysis of the exciton-phonon coupling.

In the 2Q) spectrum, we observe a major and a minor feature. The major feature emits
near 2046 meV and is consistent with a phonon-assisted orthoexciton transition in which a
phonon is annihilated upon emission (Eg, + Ep,). The 2Q energy of the major feature is
centered at 4066 meV and has a FWHM of approximately 80 meV but extends over more
than 100 meV. Under the assumptions that at most one phonon can be created or annihilated
per field interaction and the initial transition originates from the ground electronic state with
0 or 1 phonons (based on the 1Q) spectrum), we can identify three excitation paths from the
ground electronic state |g, 0) into a bi-orthoexciton coherence with 0, 1, and 2 phonons |b, n)

that can emit with transition E'g,+ E,),. Neglecting the biexciton binding energy, these three
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Figure 7.3: Two-dimensional two-quantum spectrum of cuprous oxide at 10 K. (a) Two-
quantum spectrum at 10 K. (b) Representative Feynman diagrams for orthoexciton-polariton
and phonon-assisted orthoexciton pathways, where red, orange, and yellow arrows denote
field interactions involving the changes in phonon occupation number by -1, 0, and +1 which
are nominally at photon energies of 2018, 2032, and 2046 meV, respectively. See Appendix
C for full elucidation of Feynman diagrams.

paths give rise to signals at 2Fg,, 2Ep, + Epp, 2B, +2E,),, which are indicated in figure 7.3a
at locations a, 3, and v, respectively. These three features have similar oscillator strength
and overlap to form one broad peak centered at the average 2Q) energy: 2Ep, + E,, — AEp,.
The 2Q spectrum shows the corresponding spectral feature is shifted down in 2(Q) energy
by some biexciton binding energy AFEp,. The location of the major feature indicates a bi-
orthoexciton binding energy of 12 meV, within the range of theoretically predicted values
[190, 216, 217].

To better understand the determination of the biexciton binding energy, figure 7.4 illus-
trates the analysis for extracting AFpg, from three overlapping 2Q) signals with the same
emission energy. Figure 7.4a illustrates the case where the non-overlapping signals of three
unbound biexcitons at 2Q energy 2Eg, +2E,, 2Ep, + Epp,, and 2Eg, emit from Eg, + E,p.
We observe there are three distinct peaks each separated in 2Q) energy by the phonon energy
E,,. Figure 7.4b demonstrates how the three biexciton peaks shift to lower 2Q energy for

a positive biexciton binding energy. Figure 7.4c illustrates the case where the overlapping

signals of three unbound biexcitons at 2Q energy 2Eg, + 2E,,, 2Eg, + E,p, and 2Eg, emit
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Figure 7.4: Three overlapping two-quantum vibronic peaks. Bi-orthoexciton binding energy
illustrations for the 3 overlapping vibronic signals of the 2QQ phonon-assisted emission peak.
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from Eg, + Ep,. In this case, the three distinct peaks in figure 7.4a become one peak elon-
gated along the 2Q) energy direction. The center of the overlapping peak no longer lies on
the y = 2z line even for the case of unbound biexcitons but is situated at the average 2Q)
energy of the three overlapping peaks: Ey, = 2Eg,+ E,),. Figure 7.4d demonstrates how the
elongated biexciton peak shifts to lower 2Q energy for a positive biexciton binding energy.
The energy difference between the y = 2x line and the center of the elongated peak is now
AEy, = AEp,+ E,,. Thus, the energy difference between the y = 2z line and the elongated
biexciton peak must be adjusted by E,;, to determine AEp, for three overlapping vibronic
peaks.

The minor feature emits near 2032 meV and is consistent with orthoexciton-polariton
emission (Eg;). The 2Q energy of the minor feature is centered at 4043 meV and has a
FWHM of approximately 50 meV but extends over approximately 90 meV. We can identify
three excitation paths that can emit with transition energy Eg,: one from the phonon-
populated ground electronic state |g,1) into a bi-orthoexciton coherence including zero
phonons |b, 0) and two from the ground vibronic state |g, 0) into a bi-orthoexciton coherence
with 0 or 1 phonons |b,n). Neglecting the biexciton binding energy, these three paths give
rise to signals with 2Q) energies of 2K, — Epp, 2FEg,, and 2Eg, + Ep;,, which are indicated
in figure 7.3a at locations 0, €, and {, respectively.

However, there is no substantial signal intensity on or above the y = 2x line at the
Ep, emission energy and the signal is much narrower than the phonon-assisted emission
peak. This suggests the bi-orthoexciton with one phonon ({) is not observed in the 2Q)
spectrum because of destructive interference with the excited state emission from pathway
a. Thus, we postulate the minor feature originates mostly from the overlapping signals of
the two bi-orthoexciton ground vibrational state pathways (8 and €). These two features
have similar oscillator strength and overlap to form one peak centered at the average energy:
2Fp, — %Eph — AFEp,. The location of the minor feature indicates a bi-orthoexciton binding

energy of 13 meV, which is in agreement with the binding energy of the phonon-assisted
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peak.

To better understand the determination of the biexciton binding energy, figure 7.5 il-
lustrates the analysis for extracting AFEp, from two overlapping 2Q signals with the same
emission energy. Figure 7.5a illustrates the case where the non-overlapping signals of two
unbound biexcitons at 2Q energy 2Fg, and 2Eg, — E,;, emit from Eg,. We observe there are
two distinct peaks separated in 2Q energy by the phonon energy E,,. Figure 7.5b demon-
strates how the two biexciton peaks shift to lower 2(Q) energy for a positive biexciton binding
energy. Figure 7.5c¢ illustrates the case where the overlapping signals of two unbound biexci-
tons at 2Q energy 2Eg, and 2Eg, — E,;, emit from Eg,. In this case, the two distinct peaks
in figure 7.5a become one peak elongated along the 2Q) energy direction. The center of the
overlapping peak no longer lies on the y = 2x line even for the case of unbound biexcitons
but is situated at the average 2Q energy of the two overlapping peaks: Ej, = 2Fg, — %Eph.
Figure 7.5d demonstrates how the elongated biexciton peak shifts to lower 2(Q) energy for a
positive biexciton binding energy. The energy difference between the y = 2x line and the
center of the elongated peak is now AFEL, = AEp, + %Eph. Thus, the energy difference
between the y = 2x line and the elongated biexciton peak must be adjusted by %Eph to
determine AFEpg, for two overlapping vibronic peaks.

From the lineshapes of the 2Q) spectrum, we can also determine a bi-orthoexciton coher-

ence lifetime of approximately 70 fs.

7.4.1 Feynman Diagram Analysis

To validate our assumptions about the number and relative strengths of the 2Q) signals, we
construct the set of all possible pathways, each presented by a distinct double-sided Feynman
diagram, that constitute the 2Q) signal at each emission energy, including phonon creation
(2018 meV), exciton-polariton emission (2032 emV), and phonon annihilation (2048 meV).
We enumerate all the possible 2Q) Feynman diagrams under the assumptions that a field

interaction can create or annihilate at most one phonon and the initial transition originates
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Figure 7.5: Two overlapping two-quantum vibronic peaks. Bi-orthoexciton binding energy
illustrations for the 2 overlapping vibronic signals of the 2(Q) orthoexciton-polariton emission
peak.
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Figure 7.6: Graphical displays of two-quantum signal via Feynman diagram analysis. Graph-
ical displays for non-overlapping (a) and overlapping (b) pathway strengths for all possible
2Q Feynman diagrams. * indicates pathways involving a phonon-populated ground electronic
state. ‘ indicates excited state absorption pathways.

from the ground electronic state with 0 or 1 phonons. All the 2Q Feynman diagrams are
enumerated in Appendix C.

For our qualitative estimate of the 2Q) signal strengths, we assign the orthoexciton-
polariton transition dipole moment a strength of 1 and the phonon-assisted transition dipole
moment a strength of 3. This 3:1 ratio is estimated from the photoluminescence spectrum in
figure 7.2, which demonstrates a 9:1 ratio of the phonon-assisted to orthoexciton-polariton
emission intensity. We also assume the transition dipole moments between the ground and
exciton states and between the exciton and biexciton states are equivalent. For pathways
originating from the phonon-populated ground electronic state, we assume 5% of electrons
experience sufficient thermal excitation at 10 K, due to the large phonon density of states,
to involve a phonon. The strength of a single pathway is given by the product of the four
transition dipole moments and the initial thermal population. If multiple pathways exist for
the same signal, they are summed to produce the total signal strength.

Each 2Q) signal strength is graphically organized in figure 7.6a first assuming there is
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no signal overlap. A plain Greek letter X indicates the stimulated emission pathway at a
given 2(Q) and emission energy. X’ indicates the excited state absorption pathway, which is
shifted by the biexciton binding energy (13 meV) along the emission axis. A plain number Y
indicates the total strength of transitions from the ground vibronic state, while Y* indicates
the total strength of transitions involving an optical phonon on the ground electronic state.

Because the biexciton binding energy (13 meV) is close to the optical phonon energy
(14 meV), the excited state absorption (ESA) of a given pathway should destructively inter-
fere with the stimulated emission (SE) of the pathway at the next lowest emission energy.
The destructive interference is due to the SE and ESA pathways being out of phase with
each other. This can readily seen in the SE and ESA polarizations generated by the three

excitation pulses:

Pss (t ( )/dt/ dT/ drES(t —t)Eo(t —t —T)EL(t' —t —T)
X Tr ([ eg (T+1), Zoe (T)], Hes (0)], 7 ge (0)] p(0)) (7.1)

PESA(t’)z(;) (_Z) / dt/ dT/ dTE t—tf  —t—T)E,(t' —t—T)

< Tr ([[[Hoe (T+1), 7 (1)) Zet (0)], Hye (0)] p(0) (7.2)

Figure 7.6b shows the expected 2Q) signal strengths if neighboring stimulated emission and
excited state absorption pathways perfectly cancel. We observe the excited state absorption
pathway of peak [3 exactly cancels with the stimulated emission pathway of { (figure 7.6b,

position Z).
ES,, (4078 meV, 2032 meV) = Ejg, (4078 meV, 2046 meV — AEp,) (7.3)
Thus we expect to see little or no spectral density above the y = 2z line at the 2032
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meV emission energy. This is consistent with the measured 2Q) spectrum and supports our
assumption that only the overlapping E and 6 pathways in figure 7.6b contribute to the minor
feature. Additionally, the strength of the overlapping signal at E is 2, while the strength
at 0 is 1. These two signal strengths are similar, so the minor feature in the 2Q spectrum
should be nearly symmetric about the two pathways.

The strength of the signals at o and y are comparable at 99 and 85, respectively. The
near equivalence of the expected spectral densities of the stimulated emission pathways of «
and vy in figure 7.6b supports our assumption that the major feature in the 2Q spectrum is
symmetric about pathway f3.

A similar Feynman diagram analysis was performed for the rephasing spectrum and can

be found in Appendix B.

7.5 One- and Two-Quantum Spectrum Simulations

To corroborate our interpretation of the 1Q) and 2Q spectrum, the third-order response
functions of CusO were simulated using the density matrix formalism and assuming a 13
meV biexciton binding energy [41]. The third-order response functions of 2D spectra are
discussed in more detail in chapter 4. Here, we merely give the expression for the matrix
elements of the rephasing and 2Q response functions, including the ground state bleach

(GSB), stimulated emission (SE), and excited state absorption (ESA) terms:

R s (Woer Ty weg) = p (0) |ptge]* exp [~ (iwge + Tge) 7] exp [~ (itweg + Teg) 1] (7.4)

3 4
R (wWger Ty weg) = p (0) |12ge]

X exp [— (twge + Lge) 7] exp [—TeeT] exp [— (iweg + Leg) ] (7.5)
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3 2 2
R s a (Woes Trwne) = —p (0) |12ge|” |1te|

X exp [— (iwge + Tye) 7] €xp [—Tee T exp [— (iwpe + Tpe) ] (7.6)

R%:SE (wgb,wge) = p (0) |:uge|2 |Neb|2 exp [— (iwgy + ) Tagl exp [~ (iwge + Tye) 1] (7.7)
Rgg:ESA (wgb,wep) = —p (0) ‘/%1612 ’/Leb‘Q exp [— (iwgy + Ugp) Tagl exp [— (iwep + Tep) t]  (7.8)

where w;; is the resonance frequency between states i and j, p;; is the transition dipole
moment, and I';; is the dephasing time. An asymmetric Lorentzian lineshape was used to
reproduce the high-energy tails of the phonon-assisted peaks observed in the photolumines-
cence in figure 7.2 [218]. In this model, the full width at half maximum () of the Lorentzian

lineshape function f (w) varies as a function of frequency:

- Yo
YW =17 oxpla (@ — w0l (7.9)

1 7 (w)
fw) = @) Lo o)+ @) (7.10)

where 7, is the full width at half maximum at the center frequency wy and a is a measure
of the asymmetry of the lineshape. These simulations are qualitative in nature and only
attempt to reproduce the general features of the rephasing and 2Q) spectra.

The simulation of the rephasing spectrum is shown in figure 7.7a. The calculation of the
response function reproduces the relative spectral intensities of the phonon creation (2046
meV) and phonon annihilation (2018 meV) absorption paths. The high-energy tails are also
clearly visible. The [2046 meV, 2018 meV| crosspeak (figure 7.1a, peak A) is clearly shifted
toward the 2032 meV orthoexciton-polariton emission energy, while the [2018 meV, 2046
meV| crosspeak (C) is shifted slightly away. The off-diagonal peak associated with phonon
annihilation at [2018 meV, 2046 meV]| (I) is weaker in the simulation then in the experimental
data, but the diagonal peak at [2018 meV, 2018 meV| (G) is reproduced fairly well. Overall,

the simulation qualitatively reproduces the data well enough to support our interpretations
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Figure 7.7: Rephasing and two-quantum spectra simulations. Simulations of the third-order
response function for the rephasing (a) and 2Q spectra (b) using a combination of symmetric
and asymmetric Lorentzian lineshapes and assuming the experimentally determined 13 meV
bi-orthoexciton binding energy.
of the 1Q spectrum and to validate our assumptions for the analysis of the 2(Q) spectrum.
In figure 7.7b, we show the simulation of the 2(Q) spectrum. The calculation reproduces
the 2046 meV 2Q) signal emission fairly well. However for the 2032 meV 2() signal emission,
there is some simulated spectral intensity above the y = 2z line, possibly due to incomplete
destructive interference of the 4078 meV peak with the excited state absorption pathway
from the [4078 meV, 2046 meV| peak (figure 7.3a, peak o). The 2Q energy of the 2032
meV emission is also only slightly lower in 2Q) energy than the 2046 meV emission, possibly
due to weak signal from the phonon-populated ground electronic state pathway (3). The
2032 meV emission is also more intense compared to the 2046 meV emission. The lower
emission energy features are mainly from the excited state absorption pathways of the 2032
meV 2Q) signal emission, which we do not observe experimentally. Overall, the simulation
qualitatively reproduces the major feature of the 2Q spectrum but breaks down for the minor
feature. We are confident in our interpretation of the experimental data, particularly of the
major feature, but quantitative simulation of the 2Q spectrum requires many unknown and

difficult to optimize parameters, including some dephasing rates and the difference between
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Figure 7.8: Temperature-dependent, integrated Maxwell-Boltzmann distribution of biexci-
ton energies. Temperature-dependent population fraction of bi-orthoexcitons with thermal
energy less than the 13 meV bi-orthoexciton binding energy.

the ground to exciton and exciton to biexciton transition dipole moments.

7.6 Temperature-Dependent Experiments

Temperature-dependent 2(Q) spectra were recorded in the 10-200 K range to further study
the bi-orthoexcitons in CuyO. Figure 7.10 shows the normalized integrated signal intensity
of the entire 2Q) spectrum as a function of temperature. As the temperature of the system
increases and the kinetic energy of the bi-orthoexcitons exceeds their binding energy, the
total 2Q) signal intensity decreases. A Maxwell-Boltzmann distribution can be used to model
the population of bi-orthoexcitons below the binding energy as a function of temperature:

AEp,
fHB . (T) = / 1B (B,T)dE (7.11)

fMB(E,T)=2 (k;BLT)g \/geXp L{;—?} (7.12)

Figure 7.8 shows the calculation of the percentage of the bi-orthoexciton thermal popu-
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Figure 7.9: Laser intensity at the temperature-dependent exciton energy. (a) Temperature-
dependent orthoexciton-polariton energy. (b) Laser spectrum used in the 2D experiments.
(c) Temperature-dependent laser intensity squared at 2046 meV, 17, (Eg. (T) + Eup).

lation below the bi-orthoexciton binding energy (13 meV) as a function of temperature using
equation 7.11. It is assumed any biexciton with a thermal energy equal to or greater than
the biexciton binding energy (Fp, (T) > AFEp,) dissociates and does not contribute to the
2Q) signal intensity.

The orthoexciton-polariton energy is also temperature-dependent and decreases with
temperature. At high temperatures, the transition frequency begins to move out of the laser
pulse bandwidth. A model developed by Itoh and Narita for the temperature dependence of

the band gap energy (Epg (T')) and the orthoexciton binding energy (AFEg, (T')) describes

the orthoexciton-polariton energy as a function of the temperature [219]:

Ep. (T) = Epg (T) — AEg, (T)+ Eo_p (7.13)
Ep
Epe (T) =2,195meV — 26 meV x coth | —— (7.14)
epT
_ Eph
AFEg, (T) = 150meV + 0.64 meV x coth (7.15)
2kpgT

where Eo_p is the ortho-para exchange splitting energy. We assume Fp_p is temperature
independent because it is an order of magnitude smaller than AFEg, (T') and two orders
of magnitude smaller than FEpg (T'), both of which vary around 1% in this temperature

range [219]. We can account for the temperature-dependent orthoexciton-polariton energy
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Figure 7.10: Temperature-dependent bi-orthoexciton signal intensity. Model predictions are
based on bi-orthoexciton binding energies of 11 (green), 13 (blue), and 15 (red) meV.

by normalizing the bi-orthoexciton signal intensity to the laser intensity squared at the
energy of the strongest transition: I7,..,. (Eg. (T) + E,n). We assume E,, is temperature
independent because it is also two orders of magnitude smaller than Eg, (T') and is likely
to only vary around 1%, as in other semiconductors in this temperature range (220, 221|.
Figure 7.9a plots the temperature-dependent orthoexciton-polariton energy Fg, (1) using
the Itoh-Narita model expressed in equation 7.13. Figure 7.9b shows the laser pulse spectrum
used in the 2D experiments. Figure 7.9c shows the laser intensity squared at the strongest
transition energy as a function of temperature, I7,.., (Eg: (T) + E,p).

The effects of the bi-orthoexcitons thermal energy (figure 7.8) and the shifting of the
orthoexciton energy out of the laser pulse bandwidth (figure 7.9¢) are combined to model
the temperature-dependent bi-orthoexciton 2Q) signal intensity. We multiply the results from
figures 7.8 and 7.9¢ to produce the model presented in figure 7.10. Figure 7.10 superimposes
the temperature-dependent bi-orthoexciton signal intensity with the theoretical prediction of
our model. For the 13 meV bi-orthoexciton binding energy determined in the 2Q spectrum
at 10 K, the model agrees well with the temperature-dependent data. The deviation of the

theoretical bi-orthoexciton signal intensity from the experimental intensity above 130 K can
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be seen to arise from the non-Gaussian profile of the laser spectrum in figures 7.9a-c. The
2(Q signal intensity must deviate from the expected behavior as the resonances move out of

the laser pulse bandwidth and depend less on the laser pulse profile.

7.7 Conclusions

From the 2Q spectrum of CuyO, we directly observe two-exciton correlations. We measure a
bi-orthoexciton binding energy of 12-13 meV and a coherence lifetime of approximately 70 fs.
Our model of the temperature-dependent bi-orthoexciton signal intensity is also consistent
with a 13 + 2 meV bi-orthoexciton binding energy. Our estimate is much greater than the
4.7 meV value calculated from third-order central cell corrected predictions [190] and the 6.2
meV value calculated with a variational method [216] but is in agreement with the 13 meV
Feynman path integral prediction [217]. Overall, our results support the suggestion that
biexcitons play a key role in Auger recombination of excitons below 150 K and thus in the

suppression of exciton-polariton Bose-Einstein condensation.
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Chapter 8

Exciton-Phonon and Exciton-Exciton
Interactions in Monolayer Transition

Metal Dichalcogenides

In chapter 8, we discuss preliminary experiments exploring the extent of exciton-exciton and
exciton-phonon interactions in monolayer transition metal dichalcogenides. Our samples
were grown using chemical vapor deposition by our collaborators at the National Tsing Hua
University in the group of Yi-Hsien Lee. Characterization of the samples by microscopy
and reflectance were performed by Edbert Sie at MIT in the group of Nuh Gedik. Two-

dimensional spectroscopy was performed by myself, Jake Siegel, and Yoseob Yoon.

8.1 Monolayer Transition Metal Dichalcogenides Physics

Recent advancements in the isolation of monolayer transition metal dichalcogenides (TMDs:
M X5) by exfoliation and chemical vapor deposition (CVD) have led to the discovery of new
and exciting semiconductor physics [222, 223, 82, 85]. This class of materials is most com-
monly composed of the group VI transition metals (M) molybdenum (Mo) or tungsten (W)
and the group XVI chalcogens (X) sulfur (S), selenium (Se), or tellurium (Te). Bulk TMDs
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are characterized by strongly bound layers weakly coupled through van der Waals forces,
similar to graphite. Each layer is three atoms thick and comprised of a layer of transition
metals sandwiched between two layers of chalcogen atoms (i.e. XMX), illustrated in fig-
ure 8.1la. FEach monolayer is arranged in a hexagonal structure that results in a hexagonal
Brillouin zone with six K-point valleys, similar to the band structure of graphene. Unlike
graphene, the chemical composition of TMDs leads to a finite band gap of approximately 1-2
eV. In the bulk, TMDs are indirect band gap semiconductors. In the monolayer limit, TMDs
become direct band gap semiconductors, due to quantum confinement of their d-electrons,
and exhibit strong absorption and photoluminescence [224, 83|. Monolayer TMDs also do not
possess an inversion center, unlike bulk and even numbered multi-layer TMDs, and results

in non-equivalent K and —K valleys in the Brillouin zone.

8.1.1 Emergence of Valley Polarization

The emergence of non-equivalent K valleys in monolayer TMDs has garnered significant
interest because of the potential to carry quantum information in the valley indices of elec-
trons and holes. In this design, electrons or holes of the same energy but binary positions
in momentum space can be used to build “valleytronic” devices, similar to electronic and
spintronic devices. The large atomic weight of the transition metal in TMDs also produces
strong spin-orbit coupling that splits the valence and conduction bands into two bands each.
The excitons formed by holes in each of the valence bands are clearly observed in the lin-
ear absorption spectrum (figure 8.1b) [225, 226]. The lower- and higher-energy excitons are
commonly referred to as A and B, respectively.

The spin-orbit coupling also couples the spin and valley states and allows a single spin
or valley to be accessed via circularly polarized light due to stringent optical selection rules,
summarized in figure 8.1c [84]. In the K valley, electrons from the higher (lower) energy
valence band with positive |1) (negative |])) spin are selectively excited by right-handed o+

(left-handed o~) circular polarized light into the conduction band; while in the —K valley,
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Figure 8.1: Monolayer transition metal dichalcogenides. (a) Hexagonal lattice structure,
with one layer of transition metals (M: red) sandwiched between two layer of chalcogen
atoms (X: blue). (b) Linear absorption spectrum of monolayer MoSs, where the A and B
exciton states absorb at 1.90 eV and 2.06 eV, respectively [98]. (d) Optical selection rules.
Positive |1) and negative ||) spin electrons in the K and —K valleys are selectively excited
from the upper (red) and lower (blue) valences bands into the conduction bands (green) by
either right-handed o or left-handed o~ circularly polarized light.
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Figure 8.2: Coulombic interactions in two-dimensional materials. (a) In-plane Coulombic
interactions are determined by the in-plane bulk dielectric constant ey,p, which is large and
decreases electron (e”) and hole (h) interactions as indicated by the curved electric field
lines. (b) Out-of-plane Coulombic interactions are determined by the dielectric constants of
the substrate e, and vacuum ¢y and the thickness of the TMD monolayer d.

electrons from the higher (lower) energy valence band with negative ||) (positive |1)) spin
are selectively excited by left-handed o~ (right-handed o) circular polarized light into the

conduction band. Numerous experimental measurements have demonstrated the generation

of robust valley polarizations of over 50% by circular dichroism lasting longer than 1 ns

227, 228, 229).

8.1.2 Enhancement of Coulombic Interactions

Monolayer TMDs are also of significant interest because of their unprecedented Coulombic
interactions for inorganic semiconductors. Coulombic interactions in the plane of a monolayer
are analogous to the in-plane interaction of the bulk due to their large dielectric constants.
However, charged particles can also interact out of the plane and the interaction strength
is dependent on the dielectric constants of the substrate and vacuum. This out-of-plane
Coulombic interaction allows for much stronger charged particle correlations when the sur-
rounding dielectric constants are small and screening of electrons and holes decreases, as
depicted in figure 8.2. The dielectric constant of our sapphire substrates 4, = 3.2 reduces

the interaction of charged particles through the substrate, but the small vacuum dielectric
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Dielectric Constants and Multi-Particle Interactions

Materials € AEx (meV) | AEx- (meV) | AExx (meV)
MoS, WL | 11.6 [86] | 850 [230] 20 [98] 70 [231]
WS, ML | 13.0 [86] 710 [232] 30 [233] 65 [234]
GaAs QW | 12.3 [235] | 9 [236] 1 [237] 1[61]

Table 8.1: Dielectric constants and multi-particle interactions in monolayer transition metal
dichalcogenides. Monolayer (ML) MoS; and WS, and GaAs quantum well (QW) dielectric
constants €, exciton AFy, trion AEx-, and biexciton AFExx binding energies.
constant €9 = 1 allows strong charged particle interactions above the plane of the monolayer.
The dielectric constants of monolayer MoS; and WS, and GaAs quantum wells are summa-
rized in table 8.1 along with their exciton AFEx, trion AFEx-, and biexciton AFExx binding
energies. The binding energies of all the multi-particle correlations in monolayer TMDs are
more than an order of magnitude larger than those in quasi-two-dimensional quantum wells,
demonstrating significantly stronger Coulombic interactions in the atomic limit.

The Hamiltonian of charged particles in a two-dimensional material on a substrate can

easily written down.

H=——V?Vop(7) (8.1)

where p=! = m;1 + m,:l is the reduced mass of the exciton and m,. and m; are the masses
of an electron and hole, respectively. The Coulomb potential Vap is characterized by the

dielectric constants of the monolayer e7yp, substrate e, and vacuum eq and takes the

form:
2 —
Vap (7)) = ——< | (H, -, 8.2
0 ()= T | - ) 52)
ermpd
= -7 8.3
"o 55ub+50 ( )

where e is the charge of an electron, ry is the screening length that is dependent on d the
thickness of the TMD monolayer (6.5 A in MoS,), and Hy and Yj are the Struve function
and the Bessel function of the second kind, respectively [238|. At long range, the Coulom-

bic interaction behaves like a screened potential 1/r; while at short range, the Coulombic
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interaction has a weaker logarithmic divergence and allows for stronger charged-particle cor-
relations. The transition between short and long range interactions is determined by the
screening length ry.

For photovoltaic devices, strong electron-hole interactions are unfavorable because exci-
tons must be dissociated, usually at an interface, in order to extract charge and generate a
current. Thus, the large binding energies of excitons in monolayer TMDs make them less
suited for light-harvesting devices. However, the high charge-carrier mobilities in monolayer
TMDs are highly favorable and allow for fabrication of larger devices, the size of which can

increase their quantum efficiency [239).

8.2 Monolayer Transition Metal Dichalcogenide Charac-
terization

Prior to performing two-dimensional (2D) spectroscopy experiments to investigate exciton-
phonon and exciton-exciton interactions in monolayer TMDs, we characterized our samples
using microscopy and reflection measurements. First, we took microscope images of our
CVD-grown monolayer WS, sample on sapphire, shown in figure 8.3a. From the image,
we can clearly distinguish the characteristic triangular single domains (light green) approx-
imately 20 ym across with a nucleation site (white) in the center. In this sample, many
domains have grown together, forming a monolayer film covering the majority of the the
substrate (dark green). Second, we used a microscope to measure the reflectance of white
light off single domains of monolayer WS, at 10 K. Using the Kramers-Kronig relations,
we calculated the linear absorption spectrum from the reflectance (240, 241]. Figure 8.3b
shows a representative linear absorption spectrum of a single domain. In this spectrum, the
absorption is centered at 2.07 eV with a full width at half maximum (FWHM) of approxi-
mately 0.04 eV. However, the central energy of the linear absorption changed significantly

from domain to domain with greater than 0.02 eV variation, more than half the FWHM. The
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Figure 8.3: Monolayer transition metal dichalcogenide characterization. (a) Microscopic
image of CVD-grown monolayer WS, on sapphire with 100x magnification at 295 K. Light
green regions indicate monolayer WS, dark green regions the substrate, and white regions
nucleation sites for single domains. (b) Representative linear absorption spectrum of a single
domain of monolayer WS, at 10 K. The central energy of the absorption changes more than
0.02 €V in different domains, while the 0.04 eV full width at half maximum and lineshape
remains relatively constant.

FHWM was relatively constant from domain to domain. The lineshape was also relatively

constant, but some domains exhibited small shoulders that were redshifted 0.04 eV from the

main peak, which could be due to trion or biexciton formation [233, 234].

8.3 Exciton-Phonon Interactions in Monolayer Transi-
tion Metal Dichalcogenides

The interaction of excitons and phonons is strongly dependent on the structure and dimen-
sionality of the material. As the width of a material decreases and approaches the 2D limit,
exciton-phonon coupling is predicted to significantly increase [242, 243|. Experiments us-
ing Raman spectroscopy to study the phonon modes in graphene, the most widely studied
2D material, have shown strong and layer-dependent electron-phonon interactions at and

near the atomic limit [244, 245]. Thus, investigation of exciton-phonon coupling in mono-
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Figure 8.4: Two-dimensional rephasing spectrum of monolayer MoS, at 295 K. (a) 2D rephas-
ing spectrum of monolayer MoS, at 295 K. (b) Diagonal and anti-diagonal line cuts of the
2D rephasing spectrum reveal inhomogeneous and homogeneous linewidths of 130 and 10
meV, respectively.

layer TMDs is important to understand the interactions and dynamics of their elementary

excitations.

8.3.1 Large Inhomogeneous Broadening in Chemical Vapor Deposition-

Grown Monolayer Transition Metal Dichalcogenides

To study the interactions of excitons and phonons, we first used 2D rephasing spectroscopy to
measure the homogeneous and inhomogeneous linewidths of the B exciton in monolayer MoS,
at 295 K. Figure 8.4a clearly shows substantial inhomogeneous broadening in the rephasing
spectrum. The homogeneous (i.e. anti-diagonal) and inhomogeneous (i.e. diagonal) line-
shapes, plotted in figure 8.4b, are 10 and 130 meV, respectively. Substantial inhomogeneous
broadening demonstrates that static disorder dominates the absorption linewidths of the
monolayer. Static disorder generally occurs due to structural defects within a single do-
main (e.g. vacancies and interstitials) and variations from domain to domain (i.e. multiple
domain illumination in the 30 um focus spot size) [246]. Dynamic disorder generally oc-

curs due to exciton-phonon and exciton-exciton interactions and population recombination,
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which determines the homogeneous linewidth. Even at 295 K and large phonon popula-
tion, the static rather than dynamic disorder is the major contributor to exciton dephasing.
2D rephasing measurements by Moody and co-workers also demonstrate significant inho-
mogeneous broadening in single domain monolayer WSes at cryogenic temperatures [57].
Temperature-dependent experiments revealed exciton-phonon interactions due to acoustic
phonon scattering were enhanced by a factor of 5 to 10 compared to quasi-2D GaAs quan-
tum wells.

CVD-grown TMD monolayers generally exhibit more static disorder than exfoliated
monolayers. Thus, exfoliated TMDs may reveal substantially less inhomogeneous broad-
ening and significantly different 2D rephasing spectra. Large densities of structural defects
can significantly hinder the electrical properties, such as charge transport. However, struc-
tural defects also increase the exciton radiative lifetime in monolayer TMDs due to exciton

localization, which is beneficial for device fabrication [247].

8.3.2 Exciton Coupling to In-Plane Optical and Acoustic Phonon

Modes

Second, we used 2D correlation spectroscopy to measure the primary phonons contributing to
the dephasing of A excitons in monolayer WS, at 10 K. Figure 8.5a shows clear structure in
the correlation spectrum along both the absorption and emission axes. Fitting the excitation
energy-integrated projection of the correlation spectrum onto the emission axis reveals a
progression of peaks equally separated by 22 meV with a FWHM of 26 meV, shown in figure
8.5b. Thripuranthaka M and Late conducted temperature-dependent Raman experiments
and assigned their 22 meV peak to an optical/acoustic phonon combination band E2lg —
LA (M), where Ej, is an in-plane optical phonon mode at the I-point and LA (M) is an
in-plane longitudinal acoustic phonon mode at the M-point [220]. The phonon progression
observed in the correlation spectrum is not observed in the linear absorption spectrum. So

it is unclear why the phonon progression is observed in the 2D spectrum, but it is clear
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Figure 8.5: Two-dimensional correlation spectrum of monolayer WS, at 10 K. (a) Correlation
spectrum of monolayer WS, at 10 K. (b) Excitation energy-integrated projection of the

correlation spectrum amplitude onto the emission axis reveals a phonon progression of the
22 meV combination band Ej, — LA (M).

the E21g — LA (M) combination phonon band is playing an important role in the optical
response of excitons in monolayer WS, at 10 K. Temperature-dependent and population
time-dependent measurements can further interrogate the role of phonons in modulating the

excitonic properties of monolayer TMDs.

8.4 Exciton-Exciton Interactions in Monolayer Transi-

tion Metal Dichalcogenides

8.4.1 Biexciton Binding Energy via One-Quantum Measurements

From the absorptive (i.e. imaginary) component of the 2D correlation spectrum of A excitons
in monolayer WS, at 10 K, we can determine the biexciton binding energy by the separa-
tion of the stimulated emission and excited state absorption peaks. Figure 8.6a illustrates
the stimulated emission and excited state absorption Feynman diagrams. The stimulated

emission pathway radiates from an exciton-ground state coherence |e) (g| with the exciton
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Figure 8.6: Two-dimensional absorptive spectrum of monolayer WS, at 10 K. (a) Feynman
diagrams for stimulated emission and excited state absorption pathways emitting at Fg,
and Eg, — AEp,, respectively. (b) 2D absorptive spectrum of monolayer WS, at 10 K with
stimulated emission (positive) and excited state absorption (negative) peaks. (c¢) Excitation
energy-integrated projection of the 2D absorptive spectrum amplitude onto the emission axis
reveals a 45 £+ 3 meV biexciton binding energy by the difference of the stimulated emission
and excited state absorption peak emission energies.
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energy Fg,, while the excited state absorption pathway radiates from a biexciton-exciton
coherence |b) (e| with energy Ep, — Fg, = Fp,— AFEpg,, where AEp, is the biexciton binding
energy. Thus, the difference in emission energy between the stimulated emission and excited
state absorption peaks is a measure of the biexciton binding energy. Figure 8.6b shows
the 2D absorptive spectrum with the stimulated emission (negative) and excited state ab-
sorption (positive) peaks. The excitation energy-integrated projection of the 2D absorptive
spectrum onto the emission axis, plotted in figure 8.6¢, reveals the characteristic absorptive
lineshape and a biexciton binding energy of 45 + 3 meV, equivalent to a thermal energy of

AEp,/kp = 520K.

8.4.2 Biexciton Dephasing Time via Two-Quantum Measurements

We also used two-quantum (2Q)) spectroscopy to directly measure biexciton coherences and
determine the AA biexciton binding energy and dephasing time in monolayer WS, at 10 K.
The deviation of the 2Q) signal from the y = 2z line directly reveals the biexciton binding
energy (AEp, = 2Eg, — Ep,) without interference from single-exciton signals. Figure 8.7
shows the 2Q spectrum and reveals a biexciton binding energy of 38 + 8 meV, equivalent
to a thermal energy of AFg,/kp = 460K. The linewidth of the 2Q) signal also reveals a
biexciton dephasing time faster than 100 fs. The low 2Q) energy peak is a small contribution
from the single-exciton signal in the 2Q) spectrum.

The biexciton binding energies measured in the one-quantum absorptive and 2Q) spectra
are in good agreement and are more than an order of magnitude greater than the biexciton
binding energies in GaAs quantum wells [61|. Power-dependent experiments by Moody and
co-workers also revealed that exciton-exciton coupling in monolayer WSe, is enhanced by
an order of magnitude or more compared to GaAs quantum wells [57]. Our measurements
of unprecedentedly large biexciton binding energies are also in good agreement with other
one-quantum measurements in monolayer TMDs [231, 234, 248]. Large biexciton binding

energies make them relevant at room temperature and may allow them to significantly affect
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Figure 8.7: Two-dimensional two-quantum spectrum of monolayer WS, at 10 K. (a) Two-
quantum spectrum of monolayer WS, at 10 K. (b) Emission energy-integrated projection
of the two-quantum spectrum amplitude onto the two-quantum axis reveals a biexciton
dephasing rate faster than 100 fs.

the quantum efficiency of monolayer TMD-based devices.

8.5 Conclusions

From our preliminary experiments on monolayer TMDs, we were able to measure large
inhomogeneous broadening in a CVD-grown monolayer TMD at 295 K, revealing that static
disorder dominates the linear absorption spectrum and is the main contributor to exciton
dephasing even at room temperature. 2D correlation spectroscopy also demonstrated strong
contributions from the in-plane E%g optical and LA (M) acoustic phonon modes leading to
modulation of the 2D spectrum. The absorptive component of the correlation spectrum and
the two-quantum spectrum revealed an AA biexciton binding energy in monolayer WS, of
40-45 meV, orders of magnitude greater than quasi-two-dimensional GaAs quantum wells,
and a biexciton dephasing time faster than 100 fs.

There are many more experiments planned for monolayer TMDs. First, we plan to

measure the homogeneous and inhomogeneous linewidths of exfoliated TMD monolayers and
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investigate the contribution of static disorder to the linear absorption spectrum compared
to CVD-grown monolayers. Second, we plan to use 2D correlation spectroscopy to elucidate
the mechanisms of the exciton-phonon interaction by measuring temperature-dependent and
population time-dependent 2D spectra. Third, we plan to use higher-order spectroscopies to
measure 3-, 4-, ..., n-exciton interactions and determine the full extent of the multi-particle
interactions, their binding energies, and coherence times. Finally, bilayers of different TMDs
can also be synthesized to form heterostructures. We plan to investigate the extent of
exciton-exciton interactions in these heterostructures and determine if interlayer biexcitons

or higher-order correlations exist.
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Chapter 9

Conclusions and Outlook

In this thesis, we discussed ultrafast spectroscopic experiments exploring the exciton dynam-
ics and exciton-exciton and exciton-phonon interactions in organic and inorganic, nanostruc-
tured semiconductors. In chapter 5, we measured the weak coupling of excitons on the inner
and outer walls of isolated and bundled double-walled J-aggregate nanotubes in solution.
We determined exciton dephasing in solution-based nanotubes at room temperature is dom-
inated by dynamic disorder, while glass nanotubes at cryogenic temperature is dominated by
static disorder. We also observed photo-induced degradation and recovery in glass nanotubes
at cryogenic temperature and the lowest possible excitation fluence, the mechanism for which
is still being studied by our collaborators in the Bawendi group at MIT. In chapter 6, we
utilized quantum process tomography to unambiguously characterize the secular processes
of population decay and transfer and coherence decay, unequivocally determine the weak
coupling of inner and outer wall excitons, and demonstrate the absence of non-secular pro-
cesses in isolated J-aggregate nanotubes. In chapter 7, we made the first direct experimental
measurement, of biexcitons in cuprous oxide and provided evidence to support a biexciton-
Auger mechanism that effectively suppresses Bose-Einstein condensation of excitons. In
chapter 8, we discussed preliminary experiments exploring the strength of exciton-phonon

and exciton-exciton interactions in monolayer transition metal dichalcogenides.
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We plan to continue experiments exploring the exciton dynamics in monolayer transi-
tion metal dichalcogenides. First, we plan to measure the homogeneous and inhomogeneous
linewidths of exfoliated monolayers and investigate the contribution of static disorder to the
linear absorption spectrum as compared to chemical vapor deposition-grown monolayers.
Second, we plan to elucidate the mechanisms of exciton-phonon interaction by measuring
temperature-dependent and population time-dependent two-dimensional correlation spectra.
Third, we plan to determine the full extent of multi-exciton correlations, their binding en-
ergies, and their coherence times using higher-order, multi-quantum spectroscopy. Finally,
bilayers of different transition metal dichalcogenides can be synthesized to form unique het-
erostructures. We plan to investigate the extent of exciton-exciton interactions in these
heterostructures and determine if interlayer multi-exciton correlations exist.

Another class of exciting nanoscale semiconductors is organic-inorganic hybrid materials
such as quantum dot-J-aggregate systems [249, 250, 251]. Using sensitizing media to en-
hance optical and electronic properties is a common technique for improving the efficiency
of devices. The improvement in efficiency is generally determined by the electronic coupling
between the media. We plan to use two-dimensional spectroscopy to explore the coupling of
excitons in quantum dot-J-aggregate hybrid systems.

The emergence of relatively high efficiency perovskite solar cells, such as methyl am-
monium lead halides, have renewed interest in these semiconducting materials [252, 253].
The synthesis of new lead halide perovskite nanoplatelets has also garnered attention due to
their tunability via quantum confinement [254, 255|. We plan to use multi-quantum spectro-
scopies to investigate the extent of multi-exciton correlations in this new class of nanoscale
materials.

Exciton transport is also an important process in determining the efficiency of optical
and electronic devices. More specifically, excitons in a photovoltaic device must diffuse to an
interface in order to dissociate into electrons and holes and generate a current. If excitons

cannot diffuse to an interface within their lifetime, charge separation does not efficiently
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occur and a substantial current cannot be generated. Excitons generally do not diffuse more
than a micron within their lifetime, thus exciton transport should be measured directly on
the nanoscale. However, most exciton transport measurements are made indirectly on the
micro-scale [256]. Currently, we are working on performing transient grating measurements
of exciton transport on the nanoscale. However, these experiments are hindered by exciton-
exciton annihilation even at the lowest possible excitation fluences. Thus, we are developing
a new fluorescence-detected transient grating technique to further reduce the necessary ex-
citation fluences while maintaing high spatial resolution.

The ultrafast spectroscopic experiments performed and proposed in this thesis are de-
signed to investigate the interactions and time evolution of elementary excitations in organic
and inorganic nanostructured semiconductors. Elucidating the ultrafast and nanoscale dy-
namics of excitons and phonons is crucial to understanding the physics of optical and elec-
tronic devices operating on these length and timescales. The results in this thesis will
hopefully help guide the design of next generation optical and electronic devices utilizing

nanoscale semiconductors.
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Appendix A

Transient Grating Feynman Diagrams

for Quantum Process Tomography

Appendix A enumerates all the possible transient grating Feynman diagrams for quantum
process tomography of the inner and outer wall excitons of double-walled J-aggregate nan-
otubes. The Feynman diagrams are organized by experiment XY Z (X, Y, Z € I, O), where
the initial state |X) (Y| is selectively excited and the state |Z) is interrogated. During the
delay T', we allow secular and non-secular processes to occur or any initial state |X) (Y| to
evolve into any other final state | X’) (Y| and determine the emission energy associated with

the corresponding process matrix elements x x/y/xy for each experiment.
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Figure A.1: Transient grating Feynman diagrams for quantum process tomography in double-
walled J-aggregate nanotubes. All possible Feynman diagrams pathways including secular
and non-secular processes occurring during the delay time 7'. Green and blue arrows indicate
interactions with energies F';y and Fp, respectively. Light green and light blue arrows indicate
interactions with energies shifted by the biexciton binding energies £y — AF and Fp — AFE,
respectively. Yellow and purple arrows indicate interactions with energies (2E; — AE;;)—Eo
and (2Eo — AEoo)—E, respectively. AE,, denotes the binding energy of the |zy) biexciton.
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Appendix B

Two-Dimensional Rephasing Feynman

Diagrams and Analysis for Cuprous

Oxide

Appendix B enumerates all the possible Feynman diagrams for the two-dimensional rephas-
ing spectrum of cuprous oxide, including transitions for pure exciton-polariton creation and
destruction and phonon-assisted creation and destruction. Appendix B also includes the
graphical maps of the two-dimensional rephasing signal intensity via Feynman diagram anal-

ysis.
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Figure B.1: Two-dimensional rephasing Feynman diagrams in cuprous oxide. All possible
orthoexciton pathways originating from the ground vibronic and phonon-populated ground
electronic states. In the bra-ket notation, |n,m) represents a state occupied by n excitons
and m phonons. Red, orange, and yellow arrows denote field interactions involving the
changes in phonon occupation number by -1, 0, and +1, respectively.
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Figure B.2: Graphical displays for two-dimensional rephasing signal via Feynman diagram
analysis. Graphical displays for non-overlapping (a) and overlapping (b) pathway strengths

for all possible rephasing Feynman diagrams. *
populated ground electronic state.
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Appendix C

Two-Dimensional Two-Quantum

Feynman Diagrams for Cuprous Oxide

Appendix C enumerates all the possible Feynman diagrams for the two-dimensional two-
quantum spectrum of cuprous oxide, including transitions for pure exciton-polariton creation

and destruction and phonon-assisted creation and destruction.
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Figure C.1: Two-dimensional two-quantum Feynman diagrams in cuprous oxide. All possible
orthoexciton pathways originating from the ground vibronic and phonon-populated ground
electronic states. In the bra-ket notation, |n,m) represents a state occupied by n excitons
and m phonons. Red, orange, and yellow arrows denote field interactions involving the
changes in phonon occupation number by -1, 0, and +1, respectively.
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