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ABSTRACT

The interaction of electromagnetic radiation with matter is central to modern physics
and underpins a wide range of technologies, from spectroscopy and sensing to communi-
cation and quantum information processing. While the optical and microwave frequency
regimes have been extensively explored, the terahertz (THz) spectral range offers unique
access to low-energy excitations such as phonons, collective charge dynamics, supercon-
ducting gaps, and other many-body phenomena that remain difficult to probe using conven-
tional techniques. Despite major advances in ultrafast THz spectroscopy, achieving strong,
coherent, and tunable THz light-matter interaction remains challenging due to weak intrin-
sic dipole coupling, poor field confinement, dissipative losses, short coherence times, and
limited tunability in natural materials.

In this thesis, these challenges are addressed using artificially engineered THz meta-
materials that enable tailored resonances, strong field confinement, and interference-based
control of light-matter interactions. Electromagnetically induced transparency (EIT)-/ike
responses are investigated in metamaterial systems where destructive interference between
a radiative bright mode and a weakly radiative dark mode produces a narrow transparency
window. The work extends beyond conventional EIT metamaterials by introducing strong
coupling between the EIT resonances and phonon modes, leading to the formation of hybrid
phonon-polariton states.

A hybrid system consisting of a THz-EIT metamaterial integrated with a phonon-active
MAPbI; perovskite layer is developed and characterized. Strong coupling between the
metamaterial resonances and the perovskite phonon mode is demonstrated through clear
avoided crossings and Rabi splitting in the transmission spectra, with an interaction po-
tential of V' = 0.538 meV exceeding the dissipative strong coupling threshold of Vi, =
0.294 meV. Rabi splittings of 0.26 THz are observed for the SRR-phonon subsystem, and
the original transparency window at 1.3 THz splits into two distinct transparency peaks near
0.9 THz and 1.2 THz. This hybridization fundamentally reshapes the interference pathways
responsible for transparency, replacing a single window with a dual EIT-/ike response origi-
nating from interference between hybridized upper and lower polaritonic modes rather than

from purely geometric resonances. Rotational and translational tunability of the structure
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further enables reversible switching between the dual-EIT and conventional Rabi splitting
regimes without any modification to the device geometry.

To uncover the dynamical origin of the original transparency window, two-dimensional
coherent THz spectroscopy is applied to the EIT metamaterial. This phase-resolved tech-
nique provides direct access to the coupled resonator dynamics through pump-probe and
photon-echo signals. From the temporal decay of the pump-probe signal, a bright-mode
population relaxation time of 73 = 1.96 ps is extracted. From the oscillatory decay of the
photon-echo signal, a phase coherence lifetime of 7, = 1.0 ps is determined. The inequality
T, < 2T, indicates the presence of pure dephasing with 7, = 1.34 ps, primarily attributed
to structural inhomogeneity arising from lithographic dimensional variations across the fab-
ricated array. These results establish that inter-mode coherence between the bright and
dark resonator modes persists on the picosecond timescale but decays faster than energy
relaxation. The multi-peak structure of the photon-echo signal in the 2D frequency do-
main directly visualizes the dressed-state doublet underlying the EIT window and enables
a quantitative separation of homogeneous and inhomogeneous broadening contributions,
identifying structural disorder as the dominant limit on EIT linewidth in lithographically
fabricated metamaterials.

The thesis establishes a unified framework linking spectral interference, strong coupling,
and ultrafast coherence dynamics in THz metamaterials, and demonstrates that the coher-
ence quality of EIT metamaterials is directly measurable and addressable through controlled

fabrication improvements.
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Chapter 1

Introduction

The interaction of light with matter is one of the most consequential subjects in modern
physics. It underpins quantum optics, drives the development of photonic technologies, and
continues to reveal unexpected phenomena even in systems that appear well understood [[I-
4]. Among the most striking of these surprises is electromagnetically induced transparency
(EIT) [5,6]. A medium that should absorb a probe beam completely is made transparent, not
by removing the absorbing transition, but by adding a second coherent field that forces two
excitation pathways into destructive interference. The absorption vanishes. In its place, the
medium acquires a sharp dispersion that slows light dramatically [[7, 8], enhances nonlinear
interactions [9], and enables coherent storage [|10] and retrieval of optical information [|11,
12]. These properties have made EIT a cornerstone of quantum memory [[12], precision
spectroscopy, and slow-light [[7, 8] research for decades. Yet the conditions required to
observe it in atomic systems are severe. Ultracold temperatures, phase-locked control fields
tuned to exact atomic transitions, and near-perfect isolation from environmental noise are all
necessary [[13,14]. This has sustained a long-standing question: how much of this physics
survives when the atomic system is replaced by something simpler and more accessible?
It turns out that the essential mechanism does survive. The destructive interference
underlying EIT can be reproduced in classical coupled resonator systems, though the under-
lying physics differs from true quantum coherence in atomic vapors. What is needed is not a
set of quantized energy levels but two coupled excitation pathways with different radiative
characters, one that couples strongly to the incident field and one that does not. In a metama-

terial, a metallic rod resonator plays the role of the radiative bright mode, coupling directly
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to the incident terahertz (THz) pulse and absorbing broadly. A pair of split-ring resonators
(SRRs) placed nearby acts as the dark mode, shielded from direct excitation by structural
symmetry [[15]. The near-field of the rod drives the dark mode indirectly, and the inter-
ference between the two responses opens a transparency window in the THz transmittance
spectrum. The window can be positioned and shaped by lithographic design alone, without
requiring any specific atomic transition or cryogenic environment. Nevertheless, despite the
classical nature of the interference, the formal analogy with the three-level atomic system is
close enough that the density matrix formalism provides a useful and quantitatively accurate
framework for describing the coupled resonator dynamics, as demonstrated in Chapter .
This metamaterial analogue of EIT has attracted sustained attention for its promise in THz
sensing, slow-light devices, and modulators [[16-18]. But beneath the clean spectral picture
it presents, a set of deeper questions have remained unresolved.

The first concerns what happens when this metamaterial is no longer isolated. The
near-field of a metallic THz resonator, particularly within the capacitive gap of a split-ring
geometry, confines electromagnetic energy into volumes approaching or below the diffrac-
tion limit. The coupling strengths accessible in those volumes can far exceed what free-
space propagation allows. When a material carrying a resonance in the same frequency
range is brought into contact with the metamaterial, the photonic and material degrees of
freedom can hybridize into polaritons whose properties belong to neither partner individ-
ually [19-23]. Phonon-polariton coupling has been demonstrated in individual THz res-
onators coupled to polar crystals and perovskite films [|19, 22, 23], but those studies ad-
dressed isolated resonators with a single spectral feature. The consequences of introducing
such coupling within an EIT configuration, where the transparency window itself arises
from bright-dark mode interference, have not been explored. Whether this hybridization
can be steered to produce qualitatively new spectral functionality, and whether the result

can be switched without modifying the device itself, is the first open question this thesis



takes up directly. The second question concerns the dynamics operating within the bare
metamaterial itself. A linear transmittance spectrum is a time-averaged quantity. It reveals
where the transparency window sits and how wide it is, but it cannot separately resolve
the population relaxation time of the bright mode, the inter-mode coherence lifetime, or the
pure dephasing contribution that structural disorder adds to the total linewidth. Each of these
timescales has direct consequences for device performance. The achievable group delay,
the modulation depth, and the switching speed of any EIT-based device are all bounded by
them. For all-metallic metamaterials on insulating substrates such as quartz, optical pump-
THz probe (OPTP) spectroscopy cannot address this problem cleanly. In those methods,
the optical pump couples primarily to substrate defects or any integrated photoactive layer
rather than to the metallic resonators directly, convolving substrate and resonator dynamics
in the measured signal [24-27]. The only approach that avoids this complication is to drive
the metamaterial with THz fields alone, whose photon energies lie far below the quartz
bandgap, and to read out what the nonlinear response reveals about the coherent timescales.
This is the second question the thesis addresses.

Both questions point toward the same platform and the same experimental philosophy: a
metamaterial whose geometry is fixed, interrogated first through the lens of strong phonon-
polariton coupling and then through the lens of nonlinear coherent THz spectroscopy. The
choice of the THz frequency range is not incidental. The TO phonon of MAPDbI; perovskite,
the material used in this work, lies at 1 THz [[19,22,23], placing it directly within the accessi-
ble spectral window of THz time-domain spectroscopy and within reach of the metamaterial
resonances. Equally, in the THz metamaterial system, the relevant coherent timescales, pop-
ulation lifetimes, and inter-mode dephasing occur on the order of one to two picoseconds.
These timescales fall naturally within the temporal resolution of phase-locked THz pulse
pairs, making two-dimensional (2D) THz spectroscopy an appropriate tool for extracting

them.
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This thesis addresses both questions through two closely connected experimental stud-
ies on the same platform: a micron-scale array of aluminum rod and SRR pairs fabricated
on a z-cut quartz substrate [|L5]. The first study integrates this system with a phonon-active
MAPbI; perovskite film and examines the spectral, field-distribution, and dispersion conse-
quences of strong phonon-polariton coupling within the EIT configuration [|1§]. The second
drives the bare metamaterial into the nonlinear regime using phase-locked THz pulse pairs
and extracts, from the third-order signals that emerge, the coherent timescales that linear
spectroscopy cannot separately resolve [2§]. The questions posed above are not left open;
they are systematically investigated and answered through the experimental and theoretical

work presented in the chapters that follow.

Outline of the Thesis

The thesis is organised into seven chapters. Each addresses a distinct aspect of the problem,
building from foundational concepts through experimental and computational methods and
into the two original research contributions.

Chapter 2: Scientific Background. This chapter builds the theoretical foundation for
the rest of the thesis. It covers light-matter interaction, the distinction between weak and
strong coupling, polariton formation, and the threshold condition for coherent hybridization.
EIT is developed from its quantum mechanical origin and its classical analogue in coupled
resonator systems. The chapter also introduces the density matrix formalism and the Lind-
blad master equation, and defines the population relaxation time 7, the coherence lifetime
T5, and the pure dephasing time 7,, which are the central quantities extracted in Chapter 6.

Chapter 3: Experimental Approaches. This chapter describes all the experimental
techniques used in this work. It covers THz pulse generation via photoconductive antennas

and optical rectification, detection via electro-optic sampling, and the principles of THz



time-domain spectroscopy. It then develops 2D THz spectroscopy, including the three-
measurement subtraction protocol, the two-dimensional Fourier analysis, and the identifi-
cation of the four third-order nonlinear signals and the timescales they encode.

Chapter 4: Numerical Simulation and Fabrication. This chapter covers the computa-
tional and fabrication methods used throughout the thesis. The finite integration technique
implemented in CST Microwave Studio is described, including the unit cell setup, material
parameters, boundary conditions, and the extraction of transmittance spectra and field distri-
butions. The fabrication of the metamaterial by maskless photolithography and aluminum
deposition is then described, followed by the spin-coating procedure for the MAPDI; per-
ovskite film and the Lorentz oscillator model used to represent its phonon mode in simula-
tion.

Chapter 5: Phonon-Polariton Coupled Dual EIT. This chapter presents the first origi-
nal research contribution. It examines what happens when the EIT metamaterial is coupled
to the TO phonon mode of a MAPbI; thin film. Strong coupling is confirmed through
avoided crossings and Rabi splitting that exceed the dissipative threshold, with an interac-
tion potential of V' = 0.538 meV against a threshold of Vi = 0.294 meV. The hybridization
transforms the single EIT transparency window into a dual EIT-like response with peaks
near 0.9 THz and 1.2 THz, and field distribution analysis confirms that both windows re-
tain genuine EIT character. Group delay measurements show that slow-light behavior is
preserved at both transparency windows. The chapter also demonstrates reversible switch-
ing between the dual-EIT and conventional Rabi splitting regimes through rotational and
translational tuning of the device geometry, without any structural modification.

Chapter 6: Nonlinear EIT Dynamics via 2D-THz Spectroscopy. This chapter
presents the second original research contribution. 2D-THz spectroscopy is applied to
the bare EIT metamaterial to extract the bright-mode relaxation time 7; = 1.96 ps and

the coherence lifetime 7, = 1.0ps from the pump-probe and photon-echo signals. The
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inequality 75 < 27 indicates the presence of pure dephasing with 7, = 1.34 ps, attributed
to structural inhomogeneity arising from lithographic dimensional variations across the
array. The multi-peak photon-echo structure directly visualizes the dressed-state doublet
underlying the EIT window and enables a quantitative separation of homogeneous and
inhomogeneous broadening, identifying structural disorder as the dominant limit on EIT
linewidth in this system.

Chapter 7: Conclusion and Outlook. The final chapter brings together the findings of
both studies and considers what they reveal collectively about EIT in THz metamaterials. It
revisits the questions posed in this introduction and summarises how each one was answered.
The chapter closes by identifying the open questions this work raises, including the prospect

of applying 2D-THz spectroscopy to the phonon-hybridized system of Chapter [.



Chapter 2

Scientific Background

2.1 Light-Matter Interaction

The interaction between an electromagnetic field and matter is one of the most fundamen-
tal processes in physics. When an oscillating electric field encounters a material, it exerts
forces on the charged particles within that material. These forces drive the charges into
motion, and the moving charges in turn exchange energy with the field [29,30]. This ex-
change underlies every spectroscopic observable we measure, from absorption and emission
to scattering and dispersion. Describing this process quantitatively requires a framework
that handles both the field and the matter consistently. The full quantum electrodynami-
cal treatment does this, but it is more general than what most spectroscopy experiments
require. For the purposes of this thesis, a semi-classical approach is sufficient [29,30]. In
this approach, the matter is treated quantum mechanically while the electromagnetic field is
treated as a classical oscillating wave. This simplification captures all the physics relevant
to the experiments described in the following chapters.

The simplest quantum mechanical model for a material resonance is the two-level sys-
tem. It consists of a ground state |0) with energy E,, and an excited state |1) with energy E|.
The transition frequency between the two states is wy = (E; — Ey)/h. When an oscillating
electric field E(¢) = E, cos(wt) is applied, the coupling between the field and the matter is

described by the electric dipole Hamiltonian,

Hi = —it - E(1), 2.1)
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where /it = er is the electric dipole moment operator. This expression is written within the
dipole approximation, which assumes that the wavelength of the field is much larger than
the spatial extent of the quantum system. In the THz frequency range, this condition is well
satisfied for both atomic systems and metallic resonators whose dimensions are on the order
of tens of micrometers. The total Hamiltonian of the driven system is H= ﬁ[o + Hipye, where
H, is the bare Hamiltonian of the unperturbed two-level system.

To find how the system evolves under this Hamiltonian, we write the state as a super-
position |w(t)) = ¢o(¢) [0) + ¢ (¢) |1) and apply the time-dependent Schrodinger equation.
After invoking the rotating-wave approximation (RWA) to remove terms oscillating much
faster than the resonance frequency, the equations of motion reduce to the optical Bloch
equations. These are most naturally written in terms of the density matrix p, whose ele-

ments are p; = ¢c;.

'+ The diagonal elements p,, and p;, are the populations of the two

states. The off-diagonal elements p,,, and p,, are the coherences, carrying the phase infor-

mation about the superposition. In the presence of dissipation, the Bloch equations take the

form
dp iQ
Tt]] = 3 (Plo - p01) — 1P (2.2)
dp iQ )
701 = a5 (Poo - Pn) +iA poy = V2Po1 (2.3)

where Q = u,,Eo/h is the Rabi frequency, A = @ — @y is the detuning of the driving
field from the transition, y, = 1/7 is the population relaxation rate, and y, = 1/7 is the
coherence decay rate.

The steady-state solution of the Bloch equations yields the complex susceptibility y(w),
which connects the macroscopic polarization of the medium to the applied field through
P = goxE. The real part of y describes the dispersive response and controls how the phase
velocity of light changes near resonance. The imaginary part describes absorption and de-

termines how much energy the field deposits into the medium. On resonance (A = 0),

8



2.1 Light-Matter Interaction

Figure 2.1: Linear response of a two-level system. (a) Energy level diagram showing the
ground state |0) and excited state |1) separated by the transition frequency wy. A driving
field at frequency w interacts with the system with detuning A = w— . (b) Corresponding
complex susceptibility y(w) as a function of detuning. The imaginary part (green-curve)
follows a Lorentzian lineshape centred at w,, representing resonant absorption, while the
real part (blue-curve) shows the characteristic dispersive profile associated with anomalous
dispersion near resonance.

absorption reaches its maximum and dispersion passes through zero. Both quantities fol-
low a Lorentzian profile away from resonance, as illustrated in Figure P.1].

In a THz spectroscopy experiment, what is directly measured is the transmitted electric
field transient as a function of time. The complex transmittance is obtained from the ratio
of the Fourier spectrum of the field through the sample to that through a bare reference
substrate. The connection to material properties runs through the complex refractive index
n = n + ix, where n derives from the real part of y and x from the imaginary part. The

intensity transmittance follows as 7(w) = exp(—ad), where d is the sample thickness and

a = 2kw/c is the absorption coefficient. This is the Beer-Lambert relation. Because THz-
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TDS measures the electric field amplitude directly, the measured field transmittance goes as
exp (—ad / 2) , and the intensity transmittance is obtained by squaring the spectral amplitude
ratio.

The picture described so far assumes a weak driving field, where Q < y, and Q < p,.
In this limit, the excited-state population remains small, perturbation theory is valid, and
the response is linear. This is the regime in which conventional THz-TDS operates. When
the interaction between two distinct physical systems becomes large enough, something
qualitatively different can happen: the systems hybridize and form new joint eigenstates.
Whether this hybridization occurs or not depends on how the inter-system coupling strength

compares to the individual decay rates. The next section develops this point precisely.

2.2 Weak and Strong Coupling

The distinction between weak and strong coupling is one of the central organizing concepts
in quantum photonics [2,4]]. It determines the qualitative character of a coupled system and
shapes the interpretation of nearly every experiment discussed in this thesis. To understand
what the two regimes mean, it helps to start with the simplest possible case: two coupled
harmonic oscillators, one representing an electromagnetic mode and the other a material
excitation, such as a phonon [[19,21-23], an exciton [31], or a mechanical resonance [2,4].
Each oscillator has its own resonance frequency and decay rate. The photonic mode has
decay rate x, the material mode has decay rate y, and when the two interact, energy flows
between them at a rate set by the coupling constant g.

If g is small relative to both decay rates, energy transferred from one oscillator to the
other is quickly dissipated before it can return. The two subsystems retain their separate
identities. The coupling produces only small shifts of the resonance frequencies and slight

changes in linewidths. This is the weak coupling regime [32,33]. Nothing qualitatively
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new emerges. In contrast, when g is large enough that coherent energy exchange outpaces
the losses, the two modes hybridize completely. Their individual identities are lost and
the eigenstates of the coupled system become superpositions of the original modes. The
eigenfrequencies split apart, and this splitting is the defining signature of strong coupling.
The two new eigenstates are called the upper polariton (UP) and lower polariton (LP), and

the energy separation between them at zero detuning is the vacuum Rabi splitting [2-4,34],
Qr = 2g. (2.4)

This splitting appears as a pair of resolved peaks in the transmittance or reflection spectrum.

The standard spectroscopic criterion for strong coupling is [4,35]

K+y
2 )

Qg > (2.5)

meaning the Rabi splitting must exceed the average linewidth of the two modes for the peaks
to be individually resolved. When this condition is met, the two resonances no longer merge
into a single feature, and the avoided crossing of the polariton branches as a function of de-
tuning becomes the clearest experimental proof of strong coupling, as shown in Figure .2
The Hamiltonian of the coupled system makes this picture precise. The photonic mode
has energy hw. and the material mode has energy hw,,. The total Hamiltonian in the RWA
is [2,36]
H = hoodta + howb'h + hg(aTia n &iﬁ) , (2.6)
where af, & and b', b are the creation and annihilation operators for the photonic and material

modes respectively. Diagonalizing at zero detuning (. = @, = @) gives two eigenstates

with energies hi(wo £ g):

1

|UP) = %Uphoton) + |matter)), (2.7)
1

ILP) = ﬁﬂphoton) — |matter)). (2.8)

11
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Figure 2.2: Strong coupling between a two-level atom and an optical cavity. (a) When
the atom and cavity are brought into resonance, their interaction leads to two new hybrid
states split by the Rabi frequency hQpg. These two new hybrid states are upper polariton
(UP) and lower polariton (LP), respectively. The transmission spectrum evolves from a
single absorption dip to a double-dip profile, a direct signature of strong coupling. (b)
Avoided crossing in the eigenfrequency dispersion as a function of resonator length. The
two branches repel each other rather than cross, with the minimum separation equal to Q.
At non-zero detuning A = w. — w,,, the photonic and material fractions of each polari-
ton branch are no longer equal but are described by Hopfield coefficients [37-39], which
evolve continuously as the detuning is swept. Tracking this evolution produces the avoided
crossing diagram discussed further in Chapter 5.

The coupling constant g depends on both the geometry of the system and the properties

of the material excitation [2,4]. In cavity quantum electrodynamics (cQED), g is propor-

tional to the vacuum electric field amplitude E... at the location of the emitter [40],

hw

Evac - )
2¢e 0 Veﬂ‘

(2.9)

where Vg is the effective mode volume. A smaller mode volume produces a larger vac-
uum field and therefore a stronger coupling. This is why metallic THz resonators are well
suited to strong coupling experiments: their sub-wavelength geometry, and especially the

capacitive gap of the SRR, confines the electromagnetic field into volumes approaching or
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below the diffraction limit, producing vacuum fields large enough to drive coupling rates
that exceed the decay rates of both modes at room temperature.

In the experiments described in Chapter [, the material excitation is the TO phonon of
a MAPbI; perovskite film. In a polar crystal, certain phonon modes involve the relative
displacement of oppositely charged sublattices, creating an oscillating electric dipole mo-
ment that allows the phonon to interact with the electromagnetic near-field of the metallic
resonators. The TO phonon of MAPDI; lies at 0.97 THz, placing it within reach of the
metamaterial resonances. Whether the coupling satisfies the strong coupling criterion of
Eq.(R.9) is verified in Chapter [§ using an interaction potential formalism, where V' > V
plays the role of the condition Qr > (x + y)/2. The connection between the two criteria is
discussed there in detail.

Both strong coupling and EIT, the topic of Sections .6 and .7, involve a competition
between coherent coupling and dissipation. Both produce spectral features that are direct
signatures of that competition. Understanding strong coupling first therefore provides the

conceptual and mathematical foundation needed to approach EIT in what follows.

2.3 Density Matrix Formalism and Lindblad Master
Equation

The optical Bloch equations of Section describe a single two-level system driven by
a coherent field. For the more general problem of a multi-level system coupled to both a
driving field and a dissipative environment, a more complete framework is needed. The
density matrix formalism provides this. It handles pure states and statistical mixtures on
equal footing and extends naturally to systems with any number of levels and multiple
relaxation channels.

The density matrix p is a Hermitian operator whose diagonal elements p,; give the popu-

lation of state |7) and whose off-diagonal elements p;, (i # j) describe the coherence between

13
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states |i) and |j). The populations satisfy ) . p,, = 1, reflecting probability conservation.
The coherences carry phase information about the superposition of different states and de-
cay as the system loses its phase relationship with the driving field.

In the absence of dissipation, the time evolution of p is governed by the Liouville-von

Neumann equation [41],

L _ L, . (2.10)
This equation is exact for a closed system but does not account for the inevitable coupling of
any real system to its environment. The standard way to include environmental dissipation

while preserving the positivity and trace of p is to add a Lindblad superoperator £(p) to the
right-hand side of Eq.( R.10)). The resulting Lindblad master equation [42-44] is

dp _ g
— = 7 [H@®), Pl + L(p), (2.11)

where the Lindblad superoperator sums over all dissipation channels,

L(p) = Z Yk <]:kﬁi}; - %i}:]:kf) - %ﬁﬁik) = Z Vi (ikﬁi,t — %{i,tzk, f)}) . (2.12)
k

k

The two forms on the right are equivalent; the anticommutator notation {4, B} = AB + BA
is used in Chapter [ for compactness. Each Ly is a Lindblad operator describing a specific
dissipation process and y, is the corresponding rate.

Two classes of dissipation are particularly important here. The first is population re-
laxation. When a system in state |i) decays to state |j), the Lindblad operator is L = |;) (il,
which reduces the population of |7) at rate y, and damps coherences involving |i) at rate y, /2.
The second is pure dephasing, described by a diagonal operator L = |i) (i| at rate 7, Pure
dephasing randomizes the phase of the quantum state without transferring any population
between levels, attenuating only the off-diagonal elements of p.

For the three-level A system [435] used to model the EIT metamaterial in Chapter [d,

the Lindblad master equation provides the complete theoretical description of the nonlinear
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dynamics. The total Hamiltonian is H (1) = Hy + H, + I:Iint(t) [46], where H, is the bare
system Hamiltonian, H, is the structural coupling between the bright and dark resonator
modes, and I:Iim(t) is the interaction with the driving THz field. Numerical integration
using a fourth-order Runge-Kutta algorithm yields the time evolution of all density matrix

elements. The macroscopic current response of the metamaterial is then computed as
) iN
O == pult) (Bx— E)) dy (2.13)
Kl

where dj; are the dipole matrix elements and N is the number density of resonators. The
factor of i arises from the time derivative of the macroscopic polarization P = N _,, p,,du
under the Liouville equation, so that j = P acquires this factor. This current connects the

density matrix directly to the measurable THz electric field.

2.4 Population Relaxation, Coherence Lifetime, and Pure
Dephasing

The Lindblad master equation introduces three distinct timescales that characterize how a
system loses its excited-state energy and phase coherence. These timescales are the central
quantities extracted from the 2D-THz experiment in Chapter [§, so it is important to define
them carefully here.

The first is the population relaxation time 77. It measures how long the excited-state
population persists before decaying to the ground state. For a general two-level system, T
is determined by all energy loss channels, including radiative emission and non-radiative
dissipation. The population relaxation rate is y, = 1/7}.

The second is the coherence lifetime 7,. It measures how long an off-diagonal density
matrix element p; remains non-zero. The coherence decays whenever either the population
relaxes or the phase of the oscillation is randomized by any process. The coherence decay

rate is y, = 1/T5. In the specific context of the EIT metamaterial studied in Chapter B
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and E, the 77 and 7, measures the lifetime of the bright-mode relaxation and the coherent
superposition between the bright and dark resonator modes that sustains the transparency
window, respectively.

The third is the pure dephasing time T.,. It captures all phase-randomizing processes
that do not involve population transfer. Examples include collisions in atomic systems,
charge noise in solid-state qubits, and frequency disorder across an ensemble of oscillators.
In any fabricated structure measured as an ensemble, the spread of resonance frequencies
across individual units is a natural source of pure dephasing: contributions from different
members accumulate different phases over time, degrading the ensemble coherence without
dissipating any individual unit’s energy. The pure dephasing rate is y,, = 1 /T,

The three timescales are connected by the relation [47]

1 1 1
= 2.14
oo ¢ T, (2.14)

Coherence is destroyed either by population relaxation, contributing at half the rate y,, or
by pure dephasing acting directly on the phase. The total coherence decay rate is the sum

of both contributions.

2.5 Metamaterials

The preceding sections developed the theoretical language of light-matter interaction, cou-
pling, and decoherence. What those sections left open is a practical question: where does
one find a room-temperature platform that can sustain strong coupling and EIT-like re-
sponses at THz frequencies? The answer lies in a class of engineered structures called
metamaterials.

Metamaterials are artificially constructed materials whose electromagnetic properties
are not determined by their chemical composition but by the geometry of their structural

units. These units, called meta-atoms, are kept well below the wavelength of the radiation
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they interact with [48—51]]. Because the wavelength is much larger than each meta-atom, the
radiation responds to the average electromagnetic properties of the composite [52—54]. This
average response is described by two effective medium parameters: the electric permittivity
¢(w) and the magnetic permeability u(®). By designing the meta-atom geometry, both can
be engineered independently and pushed into ranges that no naturally occurring material
occupies [55,54].

To appreciate what this means, consider the four quadrants of the e—u parameter space
as shown in Figure R.3. Conventional dielectrics have ¢ > 0 and i > 0; waves propagate
forward and the medium is right-handed. Metals below the plasma frequency have ¢ < 0
and 4 > 0; waves decay evanescently. Ferrites occupy ¢ > 0, 4 < 0 and are similarly
evanescent. The fourth quadrant, ¢ < 0 and ¢ < 0 simultaneously, does not occur in
nature [56,57]. A medium there supports propagation but with the phase velocity and energy
flow antiparallel, reversing Snell’s law and producing a negative refractive index. Only
artificial construction can access this quadrant.

The optical response of any medium is governed by Maxwell’s equations. For a linear,

isotropic medium, these can be written in differential form as

V-E=p/e, (2.15)
V.B=0, (2.16)
OB
D 2.1
V x 5 (2.17)
VXBIILLJ—I—EILL%—]?, (2.18)

where E and B are the electric field and magnetic flux density, and p and J are the free
charge and current densities. The parameters £ and u correspond to the permittivity and
permeability of the medium. In metamaterials, these electromagnetic parameters are not

solely determined by the intrinsic properties of the constituent materials, but arise from
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Figure 2.3: Classification of electromagnetic materials in the e—u parameter space.

the subwavelength structural design of the system. As a result, the effective permittivity
¢(w) and permeability u(w) become strongly frequency-dependent and can be engineered
to achieve tailored electromagnetic responses. These equations are solved numerically in
Chapter | using the finite integration technique (FIT) in CST Microwave Studio.

The history of metamaterials traces back further than the modern terminology suggests.
In 1898, J. C. Bose demonstrated the rotation of microwave polarization using twisted jute
structures [58,59], now recognized as artificial chiral media. In 1968, V. G. Veselago the-
oretically predicted the behavior of a hypothetical medium with simultaneously negative
€ and u [57]. The experimental realization came decades later, when J. B. Pendry showed
that thin metallic wire arrays produce a negative effective permittivity [60, 61f], and D.R.

Smith demonstrated negative refractive index in a composite of split-ring resonators and
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thin wires [62,63]. These demonstrations confirmed what Veselago had predicted, and the
field grew rapidly from that point.

One of the most important building blocks in this field is the SRR [48,62,63]. It consists
of a metallic ring with a small gap. The ring provides inductance through its circular current
path, and the gap provides capacitance through charge accumulation at its edges. Together

they form an LC resonant circuit with resonance frequency [64]

1
Wp = —— 2.19
MV/7e 219

where the effective inductance is L = u,/*/t and the effective capacitance is C = gowt/d.
Here [/ is the side length, 7 is the metal thickness, w is the linewidth, and d is the gap size.
Substituting gives

c |d

wp = 1/ =, (2.20)
IVw

which shows that the resonance frequency scales inversely with the side length / and in-
creases with the gap-to-linewidth ratio d/w. Reducing the physical dimensions of the SRR
to the micron range shifts its resonance into the THz window, and the same scaling principle
applies to other resonator geometries including cut wires, circular rings, and asymmetric
SRRs. This scalability makes metallic resonators extremely versatile building blocks for
THz devices.

When multiple resonators with different radiative properties are combined in a single
unit cell, they can interact through their overlapping near-fields [65-67], enabling the engi-
neering of interference effects in metamaterials. In particular, this near-field coupling is the
mechanism through which EIT-/ike responses are realized [68—70]. The following section
introduces EIT from its quantum mechanical origin before returning to the metamaterial

implementation.
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2.6 Electromagnetically Induced Transparency

Electromagnetically induced transparency was first observed in a laser-driven atomic vapor
by Boller, Imamoglu, and Harris in 1991 [[71]]. A strong control field was applied to one
transition of a three-level system while a weak probe field scanned across another. In the
absence of the control field, the probe was strongly absorbed at the atomic resonance. With
the control field present, a narrow transparency window appeared within the absorption
band. The transparency did not result from any shift of the energy levels. It arose from the
quantum mechanical interference between two distinct excitation amplitudes for reaching
the excited state from the ground state.

To understand this interference, consider the three-level A system shown in Figure 2.4,
The ground state is |1), the excited state is |3), and |2) is a metastable state. The transition
|1) <> |3) is dipole-allowed and couples to the probe field. The transition |1) <> |2) is
dipole-forbidden. The control field drives the |3) <> |2) transition, creating a dressed state
that mixes |2) and |3). There are now two quantum mechanical amplitudes by which the
probe photon can excite the system to state |3): one through the bare transition |1) — |3),
and one through the control-field-dressed pathway involving |2). When both fields are on
resonance, these two amplitudes are equal in magnitude and opposite in phase. They cancel,
and the total transition probability to the excited state drops to zero [5,72,73]. The medium
becomes transparent.

The transparency window is accompanied by a dramatic change in dispersion. Within
the window, the real part of the susceptibility varies steeply with frequency. This steep
variation produces a large group index n, and reduces the group velocity to values far below
the speed of light,

c

C
& ng n+w5—2 ( )

where the large derivative dn/dw within the EIT window reduces v, dramatically. This
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Figure 2.4: Electromagnetically induced transparency in a three-level A-system. (a) Energy
level diagram showing ground state |1), metastable state |2), and excited state |3). The
probe field couples |1) — |3), the control field drives |2) — |3), and the direct transition
|1) <> |2) is forbidden. (b) Transmission spectra with the control field off (black-curve)
and on (red-curve), showing the emergence of a narrow transparency window within the
broad absorption profile.

slow-light effect [[7, 8] is what first attracted attention to EIT for applications in optical
delay lines and quantum memory, where controllable pulse delay and coherent storage are
required.

The width and depth of the transparency window are governed by the balance between
coherent coupling and decoherence. The control field Rabi frequency Q. sets the width: a
stronger control field opens a wider window [74,[75]. The coherence decay rate y,, between
states |3) and |2) governs how completely the absorption is suppressed. In cold atomic sys-
tems, y5, can be made extremely small, producing a very narrow and deep window. Atroom
temperature, collisions and dephasing processes increase y,,, degrading both the depth and

width. This sensitivity to decoherence is what makes atomic EIT challenging to translate

into practical devices.
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2.7 EIT in Metamaterials

The conditions required for atomic EIT are demanding: cold atoms, narrow-linewidth lasers,
and cryogenic isolation. A natural question is therefore whether the interference mechanism
responsible for EIT can be reproduced in a simpler, room-temperature platform. The answer
is yes, provided the platform supports two resonances with different radiative damping rates
and a controllable near-field coupling between them. Metamaterials satisfy both conditions
without any specialized optical source [[16-18].

In a metamaterial EIT system, the roles of the atomic levels are taken by electromag-
netic resonances of the metallic structure. One resonator couples strongly to the incident
field and radiates efficiently. This is the bright mode, with a broad linewidth due to large
radiation losses. The other resonator couples weakly or not at all under the given polariza-
tion condition. This is the dark mode, with a narrow linewidth because its radiative losses
are suppressed [[76-79]. In close proximity, the near fields of the two resonators overlap,
establishing a coupling between them. The bright mode is excited directly by the incident
THz pulse and transfers energy to the dark mode. The back-action of the dark mode on
the bright mode creates a second excitation amplitude that interferes destructively with the
directly excited amplitude in the radiative channel, suppressing far-field emission from the
bright mode at a specific frequency. This suppression appears in the transmittance spectrum
as a narrow transparency window [68-70].

The analogy with the A system of Section 2.4 is direct. The unexcited metamaterial
maps onto the ground state |1). The dipole resonance of the bright resonator maps onto the
excited state |3). The sub-radiant resonance of the dark resonator maps onto the metastable
state |2). The near-field coupling between the resonators plays the role of the control field,
but with one important difference: it is built into the geometry of the unit cell and requires

no external field. Note that the state labels used here (|1), |2), |3)) follow the convention of
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atomic EIT; in Chapter [, where the density matrix model is developed for the metamaterial,
the labels are shifted to |0), |1), |2) following the convention standard in the quantum optics
literature for a three-level A system with a ground state.

The most commonly used configuration, and the one on which this thesis is based, con-
sists of a metallic rod resonator positioned symmetrically between a pair of SRRs on a
dielectric substrate. Under THz illumination with the electric field polarized along the rod,
the rod supports a dipole resonance and acts as the bright mode. The structural symmetry
prevents the SRR pair from being driven directly by this polarization, but the x-component
of the near-field produced by the excited rod drives the LC resonance of the SRR pair. This
is the dark mode. When the two resonances are close in frequency, near-field coupling
opens the EIT transparency window [[15,80].

The transmittance of this system is described analytically by the coupled oscillator
model. The equations of motion for the bright mode amplitude x;, and dark mode amplitude

xq are []16,[70]
Xb + Ppb + 0pxy, + K°Xg = gar E(1), (2.22)
¥d 4 Pg¥d + ©ixq + KPx, = 0, (2.23)

where wy, and w4 are the resonance frequencies, y, and y, are the linewidths (FWHM), x
is the near-field coupling coefficient, and gg, is the driving efficiency of the bright mode.
The quantity g4, is not the same as the coupling constant g of Section R.2: g describes
coherent energy exchange between two modes in a quantum Hamiltonian, while gg, is a
classical driving amplitude measuring how efficiently the incident field excites the bright
resonator. The near-field coupling « is the classical analogue of g, quantifying the rate of
coherent energy exchange between the two resonators. In the density matrix description of
Chapter [f, x maps onto the structural coupling parameter g, in the three-level Hamiltonian,

with both governing the hybridized mode splitting that produces the EIT window.
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The dark mode has no direct driving term because it cannot be excited by the incident
field under the given polarization. The steady-state solution of Egs. and gives the
transmittance [81]

gar(0 — w4+ iy,)

T=1-
(0 —wp +iy,) (0 — 0y + iy,) + K?

(2.24)

where y, and y, are the half-width at half-maximum linewidths of the bright and dark modes,
k is the near-field coupling coefficient, and gg, is the radiative coupling amplitude. When
x = 0, this reduces to a single Lorentzian dip at wy,, the bare absorption of the bright mode.
When ¥ # 0 and the two resonances are close in frequency, the coupling redistributes
spectral weight and opens the EIT transparency window. The width of this window narrows
as y4 decreases, mirroring the role of the coherence decay rate in the atomic system.

The coupling coefficient « is set entirely by the unit cell geometry: the gap between
the rod and the SRR pair, the lateral offset of the SRRs, and the orientation relative to the
incident polarization. This tunability allows the transparency window to be repositioned
and reshaped through lithographic design alone, without any active element.

Tunability can also be achieved dynamically after fabrication by integrating a photoac-
tive or phase-change material into the unit cell to modify either the coupling or the reso-
nance frequencies [24, 82-85]. Active EIT metamaterials of this kind have been realized
using graphene [83,86], vanadium dioxide [84], and superconducting films [85]. A single
bright mode coupled to a single dark mode produces one transparency window, but adding a
second dark mode at a different frequency introduces a second coupling pathway and opens
a second window within the same absorption band [24, 87]. This dual-band EIT response
is the starting point for the more complex phonon-hybridized system studied in Chapter 5.

In all of these configurations, the key mechanism is the same: destructive interference
between a direct and a dark-mode-mediated excitation amplitude suppresses radiation from

the bright resonator at a specific frequency, opening a transparency window whose prop-
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erties mirror those of atomic EIT almost exactly. This correspondence is not coincidental.
Both systems are governed by the same three-level interference physics, expressed in clas-
sical language for the metamaterial and in quantum mechanical language for the atom. The
density matrix and Bloch equation framework introduced in the preceding sections therefore
applies directly to the metamaterial system, with the bright and dark resonator modes taking
the place of the atomic states. This equivalence is the foundation on which the theoretical
models of Chapters [§ and [d are built.

The two experimental studies in this thesis approach the EIT metamaterial from comple-
mentary directions. Chapter [§ adds a new degree of coupling by hybridizing the resonators
with a phonon mode, asking what strong light-matter interaction produces when the EIT
interference is already in place. Chapter [f removes any external perturbation and probes
the bare system with phase-locked THz pulse pairs, asking what the nonlinear response
reveals about the timescales that linear spectroscopy cannot separate. Together they map
both the spectral and dynamical properties of THz EIT metamaterials within a single unified

framework.

2.8 Connection to Broader Strong Coupling Platforms

The strong coupling physics demonstrated in this thesis is not unique to THz metamaterials.
The same mathematical framework, in which two coupled oscillators hybridise into upper
and lower polariton branches separated by a vacuum Rabi splitting, applies across a wide
range of energy scales and material platforms. Placing the present work within this broader
context clarifies both what is shared and what is distinctive about the metamaterial approach.

The idea of using planar metallic metamaterials to reproduce quantum optical phenom-
ena classically has a substantial history. One of the earliest experimental demonstrations

showed that coupled THz metamaterial resonators can reproduce the spectral characteristics
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2 Scientific Background

of electromagnetically induced transparency observed in atomic systems through classical
near-field interference [[79]. The EIT metamaterial used throughout this thesis is a direct
descendant of that concept: the rod serves as the bright mode and the SRR pair as the dark
mode. Meanwhile, the transparency window arises from the same bright-dark interference
mechanism. What this thesis adds to that foundation is the integration of a phonon active
material to achieve genuine strong-coupling (Chapter f) and the application of 2D-THz
spectroscopy to extract the coherent timescales that govern the EIT dynamics (Chapter ).

In cavity quantum electrodynamics (cQED), strong-coupling was first achieved between
single atoms and optical cavity modes [88,89]. The coupling strength g in those systems
is proportional to the vacuum electric field amplitude within the cavity, which scales in-
versely with the square root of the mode volume (Eq. R.9). The same threshold condition
Qr > (x + y)/2 that governs polariton formation in this thesis (Eq. R.3) appears through-
out cQED, from single atom cavities to semiconductor quantum dot microcavities [90] and
superconducting circuits [91]. In circuit QED, superconducting qubits play the role of ar-
tificial atoms coupled to microwave resonators, and the decoherence is characterised by
precisely the same T, 7>, and T,, timescales extracted in Chapter E of this thesis. The pure
dephasing rate y,, in those systems, typically caused by charge noise or flux noise, is the
circuit analogue of the structural inhomogeneity identified in Chapter [g as the dominant
source of dephasing in the metamaterial.

In cavity phononics, strong-coupling between lattice vibrations and confined photonic
modes has recently become accessible. Recent studies have demonstrated the evolution
from weak to ultrastrong phonon photon coupling in phonon polaritonic microcavities, high-
lighting the universal nature of hybrid light matter interaction across different material plat-
forms [92]. Strong phonon polariton coupling has also been observed in topological insu-
lator thin films integrated with THz metamaterials, further establishing metamaterial based

platforms as versatile systems for investigating coherent light matter interaction in the ter-
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2.8 Connection to Broader Strong Coupling Platforms

ahertz regime [93]. The phonon polariton coupling presented in Chapter [ of this thesis
belongs to this same family, with the distinctive feature that the phonon mode hybridises
with a metamaterial that already supports an EIT interference pathway, giving rise to dual
transparency windows rather than a simple avoided crossing.

What distinguishes the THz metamaterial approach from these other platforms is the
combination of room temperature operation, lithographic tunability, and sub-wavelength
mode confinement provided by the metallic resonator geometry. The capacitive gap of the
SRR confines the electromagnetic field into volumes far below the diffraction limit, produc-
ing vacuum field amplitudes large enough to achieve strong coupling at room temperature
without cryogenic infrastructure.

The 2D-THz spectroscopic approach used in Chapter [ connects to a broader family of
multidimensional coherent spectroscopies. The 7' /7,/T, framework used here to charac-
terise the metamaterial decoherence is directly borrowed from the decoherence analysis of
superconducting qubits and from older spectroscopic traditions in NMR and 2D infrared
spectroscopy [94]. Two-dimensional THz spectroscopy has emerged as a powerful tech-
nique for investigating coherent dynamics in quantum materials by providing direct access
to population relaxation, coherence decay, and many-body interactions [95]. Recent per-
spectives have further highlighted the importance of multidimensional THz spectroscopy
for probing ultrafast coherent phenomena and nonequilibrium dynamics in complex quan-

tum materials [96].
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Chapter 3

Experimental Approaches

3.1 THz Time-Domain Spectroscopy

THz time-domain spectroscopy (THz-TDS) has established itself as one of the most pow-
erful and versatile tools for characterizing the electromagnetic response of materials in the
frequency range from roughly 0.1 to 10 THz [97]. This spectral window, illustrated in Fig-
ure B.1), sits between the microwave and infrared regimes and provides unique access to low-
energy excitations including lattice phonons [98,99], collective charge dynamics [[100,[101],
and polaritons []19,22] that are directly relevant to the metamaterial systems studied in this
thesis. Unlike intensity-based spectroscopic methods, THz-TDS measures the electric field
of the transmitted pulse directly as a function of time. The Fourier transform of this time-
domain waveform yields the complex transmission function of the sample at once, giving
access to both the real and imaginary parts of the dielectric response without requiring
Kramers-Kronig analysis, provided the measurement is performed in transmission geome-
try with a well-characterized reference.

The phase-sensitive nature of THz-TDS is its defining advantage for metamaterial char-
acterization. Whereas a power detector would return only |7(w)|?, the field measurement
gives the complex transmittance

f(w) _ Esample(a))

: 3.1
Fovt(o) G.1)

where Esample(a)) and Eref(a)) are the Fourier spectra of the field transmitted through the

sample and through a bare reference substrate, respectively. From 71 (w), the amplitude and
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Figure 3.1: The electromagnetic spectrum spanning radio waves to X-rays, illustrating the
position of the THz gap (0.1-10 THz) at the boundary between conventional electronics and
photonics.

phase of the transmittance are extracted simultaneously, enabling direct determination of
the complex refractive index, absorption coefficient, and conductivity. For the EIT metama-
terial samples studied here, this phase-sensitive measurement is essential: both the position
and the shape of the transparency window, and the group delay associated with it, are en-

coded in the complex transmittance rather than in the amplitude alone.

3.1.1 Experimental Setup

The THz-TDS setup, as shown in Figure B.2, used for this thesis is based on a Ti:Sapphire
laser system operating at a wavelength of 800 nm, with a pulse duration of 10 fs, repetition
rate of 80 MHz, and pulse energy of 3.75 nJ/pulse. This system is distinct from the regener-
atively amplified Ti:Sapphire laser used in the 2D-THz experiment described in Section .2
In this THz-TDS setup, approximately 90% of the fundamental beam is used for generating
THz radiation via an LT-GaAs based photoconductive antenna. The remaining 10% serves
as the sampling beam for free-space electro-optic sampling to measure the THz electric
field. A pair of parabolic mirrors collimates and focuses the generated THz pulses onto the
sample. A second pair of parabolic mirrors focuses the transmitted THz pulses onto a 2 mm
thick (110)-cut ZnTe crystal. The sampling beam and the THz beam are aligned collinearly

on the detection crystal. The THz-induced birefringence in the crystal rotates the polariza-
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Figure 3.2: Schematic of the THz time-domain spectroscopy setup: M1-6 (mirrors); BS
(beamsplitters); PCA (photoconductive antenna); PM1-4 (parabolic mirrors); ITO (indium
tin oxide); 4/4 (quarter-wave plate); WP (Wollaston prism); BPD (balanced photodiode);
ZnTe (Zinc Telluride detection crystals); ¢ (real time); Blue-dashed line (Purge box).

tion of the sampling beam. This change in polarization is measured using a quarter-wave
plate, a Wollaston prism, and a balanced photodiode via the electro-optic sampling method.
From the ellipticity of the sampling beam, the amplitude and phase of the THz pulse are ex-
tracted. All measurements are performed in a nitrogen-purged enclosure to suppress water

vapor absorption lines across the THz band and, for the phonon-hybridization measurements

in Chapter [, to protect the moisture-sensitive MAPbI; perovskite film.

3.1.2 THz Generation via Photoconductive Antenna

THz radiation has been generated using a wide variety of techniques developed over sev-
eral decades. Early tabletop methods, including photoconductive antennas [[102,[103]] and

optical rectification in nonlinear crystals [[104-106], emerged in the 1980s and remain the
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3.1 THz Time-Domain Spectroscopy

Figure 3.3: Schematic of a photoconductive antenna (PCA) used for THz pulse generation.
A femtosecond optical pump pulse (~10fs, 800 nm) excites the LT-GaAs substrate, gen-
erating free carriers in the gap between the two electrodes. A static bias field accelerates
these carriers, producing a transient photocurrent that radiates a THz pulse. The right panel
shows the temporal evolution of the photocurrent: the fast rise (~10 fs) follows the optical
excitation, while the slower decay is governed by the carrier lifetime in the substrate.
most widely used approaches in ultrafast spectroscopy today. Other sources, such as free-
electron lasers [[107] and quantum cascade lasers [[108,109], followed in subsequent decades
and extended the accessible frequency range and output power well beyond what tabletop
systems could achieve. In this thesis, both the photoconductive antenna (PCA) and the op-
tical rectification method are used, as these are the most common THz generation methods
employed in tabletop ultrafast experiments.

The fundamental mechanism of THz generation in PCAs relies on creating and acceler-
ating photocarriers within a semiconductor material, driven by an ultrafast optical pulse and
an applied bias electric field [110]. A typical photoconductive switch consists of a semi-

conductor substrate with a metallic dipole or stripline antenna structure. The substrate is a

highly resistive direct bandgap material such as low-temperature-grown gallium arsenide
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(LT-GaAs), InGaAs, or SI-GaAs. When an ultrafast femtosecond laser pulse illuminates
the antenna gap with photon energy exceeding the semiconductor bandgap, photoexcited
electron-hole pairs are generated within the photoconductive material, as shown in Fig-
ure B.3. These photocarriers are immediately accelerated by the applied DC bias electric
field E,, across the antenna gap. This acceleration creates a transient photocurrent density
J(¢) given by

3(t) = N(t) e, B, (3.2)

where e is the elementary charge, u, is the electron mobility, and N(z) is the photogenerated
carrier density. The contribution of holes is neglected because the electron mobility in LT-
GaAs is approximately an order of magnitude larger than the hole mobility, even accounting
for the defect-induced reduction in LT-GaAs relative to bulk GaAs. The time-varying cur-

rent radiates in the far field with an electric field proportional to its time derivative,

Ae  ON(1)
dregc?z Ot

Eru,(t) = U, By, (3.3)

where A is the illuminated area, z is the far-field distance, c is the speed of light, and ¢ is
the permittivity of free space. The THz bandwidth is governed by the dynamics of N(¢).
The fast rise of the photocarrier density, set by the laser pulse duration (10 fs here), pro-
duces high-frequency components. Meanwhile, the carrier recombination time in LT-GaAs
(0.3 ps) sets the long-time decay and thereby limits the low-frequency bandwidth of the
emitted pulse. Together these give a THz spectrum spanning approximately 0.1 to 3 THz

for the oscillator parameters used here.

3.1.3 THz Generation via Optical Rectification

Optical rectification is a second-order nonlinear optical process in which a pulsed optical
field generates a quasi-static or low-frequency polarization within a non-centrosymmetric

crystal, as shown in Figure B.4. In the linear regime, the material polarization is proportional
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3.1 THz Time-Domain Spectroscopy

Figure 3.4: Schematic of THz pulse generation via optical rectification (OR) in a second-
order nonlinear optical crystal. A femtosecond laser pulse (~100 fs, 800 nm) with a broad
optical bandwidth A drives a y® nonlinear interaction within the crystal. The difference-
frequency mixing between spectral components w; and w, within the pulse envelope pro-
duces a THz-frequency polarization that radiates a THz pulse. The temporal duration of the
optical pump (Ar) and its spectral bandwidth (Aw) together determine the bandwidth and
central frequency of the emitted THz radiation.

to the applied field:

PU(1) = goyVE(2). (3.4)
For sufficiently strong fields, higher-order contributions become relevant and the polar-
ization is expanded as [[111]

P(t) = &g [xVE(@W) + xPE 1) + xVE (1) + -], (3.5)

where y(1) is dimensionless, and y® and y® carry units of m/V and m?/V? respectively,
reflecting the different field orders they multiply. This ¥ and y©) are the second- and
third-order susceptibilities. Optical rectification is governed by y(?. For a field containing

two frequency components w; and w,, the second-order polarization contains terms at their
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sum (@ + wy), difference (w; — w,), and second harmonics (2w, 2m,), as well as a DC

term [[111,]112],

PO (f) = on(z)E%)[ 1+ 1 cos(2wit) + 5 cos(2ma1)

—~— ¥
be SHG

+ cos((@1 + w2)t) + cos((w — a)z)t)} . (3.6)
SFG DFG

Optical rectification is the special case of difference frequency generation where @, ~ ;.
This produces a quasi-DC or low-frequency polarization that is the origin of THz radiation.
The THz spectrum generated by this method is inversely proportional to the temporal pulse
width of the fundamental beam.

Efficient THz generation via optical rectification requires three conditions. First, the
phase-matching condition must be satisfied: the group velocity of the optical pump at fre-
quency ., must match the phase velocity of the generated THz wave, i.e., ng(wopt) =
n(wTy,), so that THz contributions generated at different points in the crystal add construc-
tively [[113,[114]. Second, the crystal must be non-centrosymmetric to ensure a non-zero y(%.
Third, absorption in both the optical and THz ranges must be low. (110)-oriented ZnTe sat-
isfies all three conditions for 800 nm excitation and is therefore used for THz generation in

the 2D-THz experiment [[115]. The generated spectrum spans 0.1 to 3 THz.

3.1.4 THz Detection via Electro-Optic Sampling

There are many ways to detect THz radiation. Bolometers and pyroelectric detectors capture
the irradiated power but discard all phase information. To preserve the phase, electro-optic
sampling (EOS) is used. EOS is a phase-sensitive detection technique. A THz pulse and a
near-infrared probe pulse are spatially and temporally overlapped in an electro-optic crystal.
By scanning their relative delay, the THz waveform is measured stroboscopically in the time

domain with subpicosecond resolution.
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Figure 3.5: Schematic of electro-optic (EO) sampling for THz pulse detection. The probe
(IR) pulse and THz pulse are temporally overlapped in the detection crystal, where the
THz electric field induces a birefringence proportional to its instantaneous amplitude. The
resulting ellipticity of the probe beam is analysed by a quarter-wave plate and Wollaston
prism, which split the beam into its p- and s-polarised components directed onto a pair of
balanced photodiodes. The difference signal I, — I, is zero in the absence of a THz field
(Eth, = 0) and becomes proportional to the induced phase shift /yAp when the THz field
is present (Ety, # 0). By scanning the time delay ¢ between the IR and THz pulses, the
complete THz waveform is reconstructed point by point.

The Pockels effect is the cornerstone of EOS [[115]. When the THz electric field Ery,

is applied to the electro-optic crystal, it induces a birefringence that modifies the refractive
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index as

An = ng r*° Ery,, (3.7)
where 7, is the unmodified refractive index and *© is the effective electro-optic tensor
coefficient. Only non-centrosymmetric crystals have a non-zero 77°.

In the absence of a THz pulse, the polarization of the sampling beam remains unchanged
after passing through the detection crystal. The quarter-wave plate, aligned with its optic
axis at 45° to the probe polarization, converts the linearly polarized sampling beam into
a circularly polarized beam. The Wollaston prism then splits this into two orthogonally
polarized beams of equal intensity, measured by a balanced photodiode. The output of
the balanced photodiode is zero. When a THz pulse is present, the induced birefringence
converts the circular polarization into an elliptical one, creating an imbalance between the

two polarization components. The balanced photodiode output becomes non-zero. The

amplitude and phase of the THz electric field are related to the measured imbalance by [[113]

Al AL

_— 3.8
I 2zxLrEOn}’ (3.8)

Ern, =

where Al is the difference signal between the two photodiodes, / is the total intensity of the
sampling beam, L is the thickness of the detection crystal, and 4y, is the wavelength of the
sampling beam.

The THz-TDS technique described in this section gives access to the linear electromag-
netic response of the metamaterial samples studied in this thesis. It provides the transmit-
tance spectra used to identify the EIT window, extract the coupled oscillator parameters, and
characterize the phonon resonance of the MAPbI; film. However, the linear transmittance
is a time-averaged quantity. It cannot reveal how long the coherence between the bright
and dark resonator modes persists, or separate the contributions of energy relaxation and
dephasing to the EIT linewidth. Accessing those quantities requires driving the system into

the nonlinear regime and measuring the response with a phase-sensitive two-dimensional
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technique. This is what two-dimensional THz spectroscopy achieves, and it is described in

the following section.

3.2 Two-Dimensional Terahertz Spectroscopy

Two-dimensional coherent THz spectroscopy is a nonlinear optical technique that maps
the third-order response of a system onto a two-dimensional frequency plane [95, 115].
It was first demonstrated in the context of semiconductor quantum wells [|116, [117] and
has since been extended to quantum cascade structures [[118], magnons [|119,[120], super-
conductors [|121,122], and other quantum materials [95, [123, [124]. Unlike conventional
pump-probe spectroscopy, which collapses all dynamics onto a single time axis, 2D-THz
spectroscopy correlates two independent time variables. This correlation separates differ-
ent nonlinear interaction channels into distinct spectral positions and allows the population
relaxation time and the coherence lifetime to be extracted from the same measurement, on
the same sample, under the same excitation conditions.

A key advantage of driving the system with THz pulses rather than optical pulses is sub-
strate transparency. THz photon energies lie far below the bandgap of common substrates
such as quartz and silicon. No free carriers are generated in the substrate during the mea-
surement. The nonlinear signals therefore originate entirely from the metallic resonators
of the metamaterial. This is fundamentally different from optical pump-THz probe (OPTP)
spectroscopy, where the optical pump excites substrate carriers and the measured signal
is a convolution of substrate and resonator dynamics. The 2D-THz approach provides a

substrate-free window into the coherent dynamics of the coupled resonator system.

3.2.1 Experimental Setup

The 2D-THz experiment is carried out by generating two co-propagating, phase-locked THz

pulses separated by a controllable delay time 7. Both pulses, denoted ER(z, 7) and ER(¢),
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Figure 3.6: Schematic of the 2D THz experimental setup: M1-20 (mirrors); BS1-3 (beam-
splitters); ND: (Neutral density filter); PM1-5 (parabolic mirrors); L1-4 (plano-convex
lenses); C1-2 (choppers); DS1-2 (delay stages); HDP (High-Density Polyethylene); A/4
(quarter-wave plate); WP (Wollaston prism); BPD (balanced photodiode); ZnTe (Zinc Tel-
luride generation and detection crystals); ¢ (real time); 7 (delay time); Blue-dashed line
(Purge box).

are produced by optical rectification of 100 fs laser pulses centred at 800 nm in two sepa-
rate (110)-oriented ZnTe crystals of 0.5 mm thickness. The two driving optical pulses are

derived from the same Ti:Sapphire laser and are therefore phase-locked. The generated THz

38



3.2 Two-Dimensional Terahertz Spectroscopy

pulses maintain a well-defined and stable phase relationship throughout the measurement.
The relative delay 7 between the arrival of the two THz pulses at the sample is controlled by
a precision mechanical delay stage. Pulse A is scanned from large negative delays (arriving
well before pulse B) through zero delay and into the positive regime (pulse B arriving first).

The two pulses interact with the EIT metamaterial sample in a collinear geometry. In
non-collinear optical 2D spectroscopy, the four third-order signals are emitted in distinct
phase-matched directions, which separates them spatially. At THz frequencies, however,
the long wavelength makes phase-matched beam separation geometrically impractical. The
collinear configuration is therefore the standard choice for THz experiments. In this geom-
etry, all nonlinear signal components are emitted in the forward direction alongside the
transmitted linear signals. They are separated from each other in the two-dimensional fre-
quency plane after Fourier analysis, rather than spatially.

Detection is performed by free-space electro-optic sampling in a composite ZnTe crystal
consisting of a 0.5 mm thick (110)-oriented crystal optically bonded to a 2 mm thick (100)-
oriented ZnTe crystal. The thin (110) layer provides the electro-optic sensitivity needed
for THz detection. The amplitude condition |Eg| > |EA| is maintained throughout the
experiment. All measurements are performed at room temperature in a nitrogen-purged

enclosure to eliminate water vapour absorption lines.

3.2.2 Extraction of the Nonlinear Signal

For delay times 7 < 0, when pulse A arrives at the sample well before pulse B, each THz
pulse independently excites the EIT metamaterial. The system responds linearly to each
pulse separately, and no interaction between them occurs. When both pulses are present
simultaneously near ¢ = 0, the combined field drives the system into the nonlinear regime.
Nonlinear currents are induced in the coupled resonator system that depend on the simulta-

neous presence of both fields. The nonlinear signal Eyy, (¢, 7) is isolated from the total trans-
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mitted waveform using the three-measurement subtraction scheme. At each delay value 7,
three separate waveforms are recorded in sequence. The first is E4 (7, 7), the transmitted
field when only pulse A is incident on the sample. The second is Eg(¢), the transmitted
field when only pulse B is incident. The third is E5p(z, 7), the transmitted field when both

pulses are incident simultaneously. The nonlinear signal is then constructed as [95]
Exi(t,7) = Eag(t,7) — Ea(t,7) — Eg(2). (3.9)

This subtraction is exact under the assumption that the linear responses to each individual
pulse are additive. All terms that arise from single-pulse interactions are cancelled. What
remains are only the terms that require the simultaneous presence of both pulses. These
are the third-order y® nonlinear contributions that encode the mutual perturbation of the
resonator dynamics by the two-pulse sequence.

The subtraction in Eq. B.9 removes the entire linear response to each pulse by construc-
tion. The residual Eyy, therefore contains only those contributions that require the simulta-
neous presence of both pulses. Three conditions ensure that this residual is dominated by
the third-order nonlinear susceptibility y®.

First, even order nonlinearities vanish by symmetry. The rod SRR unit cell is centrosym-
metric along the polarisation direction of the incident THz field. The rod is a straight bar
symmetric under inversion along the E field axis, and the SRR pair is placed symmetrically
on either side. For any centrosymmetric structure the polarisation obeys P(—E) = —P(E),
which forces all even order susceptibilities y?, ¥, and so on to vanish identically. This
is a geometric property of the unit cell and does not depend on whether the rod and SRR
resonate at the same frequency or at different frequencies.

Second, higher odd-order terms (*), (), and so on) are negligible at the incident field
strengths used in this work. As discussed in Section 6.3, the third-order nonlinearity in this

system does not originate from any anharmonic term in the Hamiltonian. It emerges from
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~

the repeated action of the field matter commutator [Hy, p| in the Liouville von Neumann
equation: three successive field interactions produce the third-order signal, and five would
be required to produce a fifth-order signal. As noted in Section P.1, the density matrix per-
turbation theory underlying this treatment is valid when the Rabi frequency Qg remains
well below the damping rates y of the system (Qr < y). At the peak field strengths used
here (|EA| = 20kV/cm, |Eg| = 40 kV/cm), this condition is comfortably satisfied. This is
confirmed directly by the measured 2D Fourier spectrum, which shows no signal at any fre-
quency coordinate where a fifth order process would appear, such as (3vy, vo) or (vo, 3vy).

Third, each individual pulse drives only a linear response. Both Ex (@) and Eg(w) are
quantitatively reproduced by the linear coupled oscillator model of Chapter ] with no free
parameters beyond those obtained from the reference measurement. This confirms that no
single beam nonlinear artefact contaminates the subtraction.

The coupled system’s eigenstates are the bright and dark modes of the EIT response,
described by the three-level A type Hamiltonian of Chapter [. The subtraction scheme op-
erates on this coupled system as a whole. Changing the bare frequencies of the individual
resonators shifts the positions of the y*) peaks in the 2D frequency map (v,, v.) by mod-
ifying the dressed state splitting, but it does not create any new nonlinear order. This is
confirmed by the data: all four observed nonlinear peaks sit at the coupled EIT frequency
vo = 1.27 THz along the detection axis and at v, = 0, —v,, +vo, and —2v, along the exci-
tation axis, exactly as predicted by the third-order density matrix simulation of Section .3.

No additional peaks appear anywhere in the 2D map.
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3.2.3 Two-Dimensional Fourier Analysis

The nonlinear signal Exy, (¢, 7) depends on two independent time variables: the real time ¢

and the inter-pulse delay z. A two-dimensional Fourier transform with respect to both gives

T t
Ent, (ve, v:) = / / Ent(2,7) e 2" =™ gt dr, (3.10)
—1J —t

where v, is the detection frequency and v, is the excitation frequency. Because the two
axes are independent, each nonlinear interaction appears at a distinct coordinate (v,, v,) in
the 2D plane. This separation is the central advantage of the method: a conventional one-
dimensional pump-probe spectrum collapses the 7 axis and mixes contributions from all
nonlinear signals into a single spectrum in v,, while the 2D map resolves them simultane-
ously. The four third-order nonlinear signals accessible in this collinear geometry can be
identified from their positions along the excitation axis. Two pump-probe signals appear at
v, = 0 and v, = —v respectively; both encode the population relaxation time 77 in the de-
cay of their envelope along 7. Two photon-echo signals appear at v, = +v and v, = —2vy;
both encode the coherence lifetime 7, in the decay of their oscillatory envelope along 7. The
physical origin of each signal, the specific pulse-ordering sequences that generate them, and
the quantitative extraction of 73, 7>, and the pure dephasing time T, from their time-domain
traces are discussed in detail in Chapter f.

The two techniques described in this chapter are used at different stages of the experi-
mental work. THz-TDS provides the linear characterization of the metamaterial resonances
and the phonon mode that forms the basis of Chapter . 2D-THz spectroscopy is then ap-
plied to the bare EIT metamaterial in Chapter [§ to access the coherent dynamics that the
linear measurement cannot resolve. Together they give a complete picture of both the spec-

tral and dynamical properties of the system.
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Chapter 4

Numerical Simulation and Fabrication

4.1 Numerical Simulation

The design and optimization of THz metamaterial resonators depend critically on numer-
ical electromagnetic simulation. Analytical models such as the coupled oscillator frame-
work used in Chapter  capture the resonance physics but do not predict the absolute res-
onance frequencies, near-field distributions, or coupling coefficients from geometry alone.
Full-wave simulation fills this gap by solving Maxwell’s equations over the complete three-
dimensional unit cell geometry, giving access to transmittance spectra, field maps, and S-
parameters that can be directly compared with experiment. All simulations in this thesis are
performed using CST Microwave Studio, a commercially available electromagnetic solver.

The core numerical method in CST is the Finite Integration Technique (FIT), which dis-
cretizes the integral form of Maxwell’s equations directly on a computational mesh. Unlike
finite-difference methods that approximate derivatives, FIT evaluates field integrals over
each mesh cell and ensures that the discrete analogues of flux conservation laws are satis-
fied exactly on the grid, regardless of cell size. In the special case of a uniform Cartesian
hexahedral mesh, FIT reduces to the standard FDTD method, but the tetrahedral meshing
used by the frequency-domain solver allows the geometry to be represented more accu-

rately at curved and slanted boundaries. The integral form of Maxwell’s equations that FIT
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discretizes is [|[125]

]gid*:/y(g) v, (@.1)
ﬁ B-dS=0, (4.2)

L. OB\ -

-dl:/ —Z ) -dS, 43
# S( at) 43)
fé-di:/(ﬂjJrﬂe@—E) - dS, (4.4)
f s ot

where E and B are the electric field and magnetic flux density, respectively, and p and J are
the free charge and current densities. The symbols ¢ and §, denote the closed surface and
line integrals, respectively.

In the metamaterial simulation, CST offers a Computer Aided Design (CAD) environ-
ment to sketch the desired meta-structures. For this simulation, CST provides two types of
solvers: the transient solver and the frequency-domain solver. Both use different types of
approximations and appropriate boundary conditions to solve the discretized Maxwell equa-
tions. The transient solver works best for electrically large structures because it captures the
broadband frequency response of a device in a single simulation run. The frequency-domain
solver is better suited for electrically small, sub-wavelength structures. Instead of covering
the whole spectrum at once, it calculates the response point by point at each frequency and
is particularly efficient for simulating narrow resonance features [[12¢]]. CST provides an
extensive library of materials including metals such as gold, aluminum, chromium, and
nickel, dielectrics such as quartz and silicon, and polymers such as polyimide. CST also
allows users to define custom materials by assigning frequency-dependent dispersion pa-
rameters. Several predefined dispersion models, such as the Drude and Lorentz models,
are available to accurately reproduce material response in specific frequency ranges. While

real materials exhibit frequency-dependent conductivity, the CST material library generally
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4.1 Numerical Simulation

Figure 4.1: Flowchart illustrating the workflow for designing and simulating a THz metasur-
face in CST Microwave Studio, from geometry definition and material assignment through
boundary conditions and meshing to S-parameter extraction and field analysis.
characterizes them using DC conductivity values. This approach provides a reasonable ap-
proximation at THz frequencies, particularly for thin metallic films. Figure @.1| presents a
flowchart outlining the steps for initializing, designing, simulating, and analyzing the elec-
tromagnetic model of the metasurface.

In this work, we use the frequency-domain solver. After the metamaterial unit cell is
designed with the required dimensions and the simulation frequency range is set, the next
step is to apply appropriate boundary conditions so that the periodic nature of the structure
is accurately captured. In the frequency-domain solver, the xy-plane is assigned Unit Cell
boundary conditions to model the metamaterial unit cell as an infinite periodic array while
accounting for possible edge effects. Along the z-direction, an open boundary is used since

it corresponds to the propagation axis of light. Specifically, at z,,., the open (add space)
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4 Numerical Simulation and Fabrication

Figure 4.2: Interface parameter windows of the CST-MWS frequency-domain solver illus-
trating the setup of (a) boundary conditions and (b) the mesh adaptation process.

boundary condition is applied to ensure that fringing fields generated near the metallic sur-
face at resonance are not artificially reflected back into the simulation domain, as shown
in Figure .. To suppress these unwanted fringing field effects, a spacing of about 4/8 is
introduced between the structure and the open boundary. This is also the default setting in
CST. After defining the boundary conditions, CST solves the integral form of Maxwell’s
equations for a single unit cell by discretizing it into smaller tetrahedral elements. This
process is called meshing. Figure illustrates the meshing of the metamaterial structure.
For accurate results, the mesh size must be smaller than the smallest structural feature and
also smaller than one-quarter of the characteristic wavelength. A finer mesh improves accu-
racy but increases computational cost. The choice of mesh size is therefore left to the user,

depending on the required balance between resolution and computational efficiency.
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4.1 Numerical Simulation

In the frequency-domain simulation, once the mesh is defined, the integral form of
Maxwell’s equations is Fourier transformed, and the time derivative operator is replaced
by its Fourier equivalent,

0

Er — io. 4.5)

The transformed equations are solved mesh by mesh, separately for each frequency, across
the entire selected frequency range. The computed output is stored in the scattering matrix,
known as the S-matrix or S-parameters, which contains all complex transmission and re-
flection coefficients for all calculated modes. The S-parameters relate the outgoing wave

O and the incoming wave / through the matrix equation

Su S| |4
p— 5 4'6
[521 Szz] [12] (4.6)

where subscripts 1 and 2 correspond to port 1 and port 2, respectively. The coefficient Sy is

0,
0,

the reflection coefficient at port 1, S, is the transmission coefficient measured at port 1 for
excitation from port 2, S, is the transmission coefficient at port 2, and Sy, is the reflection
coefficient at port 2. CST also provides direct visualization of 2D and 3D electromagnetic
field distributions within the simulation domain. From these field distributions, one can
extract local charge distributions and surface current densities at any chosen frequency. For
metamaterial structures, where both electric and magnetic responses can be present, these
field maps play a crucial role in analyzing the resonant behavior and the nature of near-field

coupling within the system.

4.1.1 Comparison Between Simulation and Experiment

Although the simulated spectra closely follow the experimentally measured results, small
differences between the two are unavoidable. Numerical modeling is always based on cer-
tain i1dealizations, whereas experiments inherently include imperfections and uncontrolled

factors.
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One primary source of deviation arises from the material parameters used in CST. The
permittivity, conductivity, and loss parameters defined in the simulation are typically taken
from literature values or fitted data. These may not exactly match the properties of the fabri-
cated samples, especially in the THz regime where dispersion and loss are highly sensitive
to processing conditions. Another factor is the difference between the simulated environ-
ment and the actual experimental setup. Simulations assume ideal boundary conditions,
perfectly homogeneous substrates, and well-defined excitation fields. Real measurements
may be influenced by substrate inhomogeneity, surface roughness, finite sample size, align-
ment errors, or background noise. Each of these can slightly modify the observed spectral
response. Fabrication-related variations also contribute to discrepancies. During lithogra-
phy and metal deposition, small deviations in feature size, thickness, and edge definition
are inevitable. Even a minor change in resonator dimensions can lead to a noticeable shift
in resonance frequency or a change in linewidth. Additionally, numerical errors associated
with mesh discretization introduce slight differences, since the accuracy of the frequency-
domain solver depends on the mesh density and convergence criteria used.

Despite these limitations, CST Microwave Studio remains a reliable and powerful tool
for modeling metamaterial resonators. When appropriate material models, boundary condi-
tions, and mesh settings are carefully chosen, the frequency-domain solver provides excel-
lent agreement with experiments. Its ability to resolve fine structural features and accurately
capture electromagnetic interactions at sub-wavelength scales makes it indispensable for the

design and analysis of THz metamaterials.

4.1.2 Modelling the MAPbI; Phonon Mode

The simulations described so far treat the substrate and the metallic resonators as the only
constituents of the unit cell. For the phonon-polariton coupling study in Chapter [, an

additional step is required: the dielectric response of the MAPbI; film must be introduced
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4.1 Numerical Simulation

into the simulation in a way that accurately captures the phonon resonance near 0.97 THz.
The standard approach is to assign a frequency-dependent permittivity to the MAPbI;

layer using the Lorentz oscillator model. In CST, this is implemented by defining a disper-

sive material with a Lorentz pole centered at the transverse optical (TO) phonon frequency.

The complex permittivity of the model takes the form [[127]

2 2
e(w) = e (1 + a)gf(;)Li) wz‘”_T;}@) ’ 4.7)
where €, is the high-frequency permittivity, oo and wro are the transverse and longitu-
dinal optical phonon frequencies, and I is the phonon damping rate. The Lorentz model is
well established for polar crystals and accurately reproduces the Reststrahlen band between
wto and oo, where the real part of €(w) becomes negative and the material is strongly
reflective.

In this work, the dielectric constants of quartz and MAPDI; are set to 4.41 [[128,[129] and
6.5 + i0.05 [[130,131f], respectively, near 1 THz. The phonon parameters for MAPDI; are
extracted from a separate THz-TDS measurement of the bare perovskite film on quartz. The
simulated transmittance of the film reproduces the absorption feature at 0.97 THz, confirm-
ing that the Lorentz parameters are correctly assigned. Two simulations are then performed
for each resonator geometry: one with the phonon mode deactivated, by setting wr,o = wro
so that the Lorentz pole vanishes, and one with the phonon mode active. Comparing the
two spectra isolates the contribution of the phonon coupling and allows the Rabi splitting
to be identified directly from the simulation output.

An important consequence of the MAPbI; film is a redshift of the metamaterial reso-
nance even when the phonon mode is deactivated. This shift arises from the increase in
the effective dielectric constant of the medium surrounding the resonators. Simulations
show a typical redshift of approximately 200 GHz relative to the bare structure, as shown

in Figure [A.1|. For this reason, the EIT peak of the bare metamaterial is pre-designed at
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4 Numerical Simulation and Fabrication

Figure 4.3: (a—e) Fabrication process based on maskless photo-lithography and thermal
vapour deposition. (f) Optical microscope image of the fabricated EIT structure with 3 um
gap size.

1.3 THz, so that after integration with MAPDbI; it aligns closely with the phonon frequency

near 1.0 THz and ensures optimal hybridization.

4.2 Design and Fabrication

We fabricated the metamaterial design on a z-cut quartz substrate with dimensions of 8§ mm
x 8mm X 0.5 mm using maskless lithography. The z-cut quartz substrate ensures a low-
loss and stable platform for clean resonance features and minimizes background absorption.
To fabricate the metamaterial structure, we used a positive photo-resist and NaOH devel-
oper. Initially, the photo-resist is spin-coated on the quartz substrate at 3000 rpm for 40s.
After that, the substrate is baked at 80 °C for 1 minute. The structure is then exposed using
a 360 nm maskless lithography laser. Following the exposure, the sample is immediately
placed in the NaOH developer solution for approximately 7 s. Afterward, to remove photo-

resist residue, the samples are treated in a plasma chamber. In the thermal vapour deposition
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chamber, clean samples are coated with an aluminum (Al) layer of 120 nm thickness, fol-
lowed by lift-off in N-Methyl-2-Pyrrolidone (NMP). The Al-layer thickness is larger than
its skin depth across the spectral range of 0.5-1.6 THz [132]. As shown in Figure §.3, the
unit cell geometry and the uniformity of the fabricated metamaterial structure are confirmed
over an area larger than the THz spot size, ensuring homogeneous excitation across the array.
Note that other substrate materials with different refractive indices can also be used. How-
ever, this would shift the resonance positions and affect the results qualitatively. Proper
re-optimization of the resonator dimensions would be required in that case. The fabricated

geometric parameters of the unit cell are summarized in Table &.1.

Table 4.1: Geometric parameters of the rod-SRR EIT metamaterial unit cell.

Parameter Symbol  Value
Rod length L 75 pm
SRR arm length 1 23.5um
Linewidth w 5 um
SRR gap g 3 um
Rod—-SRR separation s 3um
Periodicity (x) Px 67 pm
Periodicity (y) Py 93 um
Al film thickness t 120 nm

4.2.1 Deposition of the MAPDbI; Perovskite Layer

The MAPDI; film is deposited directly onto the fabricated metamaterial surface by a single-
step antisolvent spin-coating procedure. A precursor solution of methylammonium iodide
(MALI, 0.75M) and lead iodide (Pbl,, 0.75 M) in equimolar ratio is prepared in a 3:1 (v/v)
mixture of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). The DMSO is in-
cluded to slow crystallization and improve film uniformity. The solution is stirred at 60 °C
until fully dissolved and filtered through a 0.45 um PTFE membrane filter to remove par-

ticulates before use.
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All deposition steps are carried out inside a nitrogen-filled glove box (O, < 0.1 ppm,
H,0 < 0.1 ppm) to prevent moisture exposure, which degrades MAPbI; rapidly and irre-
versibly. The precursor solution is dispensed onto the substrate and the substrate is spun at
2000 rpm for 10 s followed by 6000 rpm for 50s. At 40 s after the start of spinning, 200 puL
of chlorobenzene is dripped onto the spinning substrate as an antisolvent. The antisolvent
extraction step rapidly removes the DMF/DMSO solvent by miscibility, inducing fast su-
persaturation of the perovskite precursors and nucleating a dense layer of small crystallites.
The timing of the antisolvent drop at 40 s is critical: earlier addition does not allow suffi-
cient solvent evaporation and leads to dewetting, while later addition results in incomplete
solvent extraction and rough films. The coated substrate is immediately transferred to a
hotplate and annealed at 100 °C for 15 min to complete crystallization and remove residual
solvent. The resulting film thickness is approximately 200 nm, measured by profilometry
across a scratch-edge reference on a companion substrate prepared identically.

The 200 nm thickness is chosen to balance two competing requirements. A thicker film
increases the spatial overlap between the phonon-active material and the near-field region
of the resonators, strengthening the coupling. However, a thicker film also introduces ad-
ditional THz absorption losses and reduces the overall transmittance baseline, making it
harder to resolve the transparency windows. No encapsulation layer is applied, to avoid in-
troducing parasitic THz absorption. All THz measurements are carried out under nitrogen
flow, and the samples are stored in the glove box between measurement sessions.

The fabrication and simulation methods described in this chapter provide the physical
platform and the computational tools for the two experimental studies that follow. Chapter
uses THz-TDS and CST simulation to characterize the phonon-polariton hybridization and
dual EIT response of the complete hybrid structure. Chapter [ uses the bare metamaterial,

fabricated without the perovskite layer, as the platform for 2D-THz spectroscopy.
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Chapter 5

Phonon-Polariton Mediated Dual Elec-
tromagnetically Induced Transparency
in a THz Metamaterial

5.1 Introduction

The scientific background in Chapter [ established two key ideas. First, when a metama-
terial resonator is brought into strong coupling with a phonon-active material, the original
resonances hybridize into upper and lower polariton branches separated by a Rabi splitting.
Second, when a bright radiative mode and a sub-radiant dark mode are placed in near-field
proximity, their destructive interference opens an EIT-/ike transparency window in the THz
transmittance spectrum. Each of these phenomena has been studied extensively in isola-
tion. The phonon-polariton coupling has been demonstrated in individual THz resonators
coupled to polar crystals and perovskite films [|19, 22, 23], and EIT-/ike transparency has
been engineered in a wide variety of rod-SRR metamaterial geometries [|15,76,78-80]. Yet
the physics that emerges when both mechanisms operate simultaneously within a single
device has not been addressed, and it is this open question that motivates the present work.

The outcome is non-trivial and cannot be predicted from either mechanism alone. In a
conventional EIT metamaterial, the transparency window arises from a single interference
pathway between two resonators. When a phonon mode is introduced and the system enters
the strong coupling regime, both resonators independently hybridize with the phonon. This

creates four polaritonic states rather than two. Whether these states organize themselves
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into new interference pathways, and whether those pathways produce distinct transparency
windows, is an open question. The answer depends on the spectral overlap of the polaritonic
branches, the relative strength of the bright-dark coupling compared to the phonon coupling,
and the geometry of the unit cell. None of these factors can be predicted from the single-
mechanism results alone.

A further motivation is tunability. Most demonstrations of EIT-/ike transparency in
metamaterials operate within a fixed spectral framework. The transparency window can
be shifted or suppressed, but the qualitative character of the response remains unchanged.
A mechanism that genuinely transforms the response, replacing a single window with two,
without any modification to the device structure, would represent a fundamentally different
level of control.

This chapter addresses both aspects through a combined experimental and numerical
study of a rod-SRR EIT metamaterial integrated with a thin MAPbI; perovskite film. Sec-
tion (5.2 establishes the bare EIT metamaterial response and quantifies the near-field cou-
pling between the bright and dark resonators. Section 5.3 examines the strong phonon-
polariton coupling in each individual resonator. Section .4 presents the complete hybrid
system, covering the emergence of dual transparency, field distribution analysis, group de-
lay, energy-level interpretation, theoretical modeling, and rotational and translational tun-

ability.

5.2 Phonon-Polariton Coupling in the EIT Metamaterial

The EIT metamaterial used in this study consists of a central rod resonator symmetrically po-
sitioned between a pair of SRRs, fabricated on a z-cut quartz substrate. The design and fabri-
cation procedure are described in Chapter [. The unit cell geometry is shown in Figure . la.

Under y-polarized THz illumination, the rod supports a dipole resonance at f;,q ~ 1.2 THz
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Figure 5.1: (a) Schematic representation of the EIT-like metamaterial unit cell consisting
of a rod resonator with a pair of split-ring resonators (SRRs) on either side. Geometric
parameters: L = 75 um, [ = 23.5 yum, w = 5um, g = 3 um, s = 3 um, with periodicities
of 67 um and 93 um along x and y, respectively. The in-plane field distribution |E| =
V/|Ex|? + |Ey|? is shown at the EIT peak frequency of 1.3 THz. (b) Simulated transmittance
of the rod showing its dipole resonance at 1.2 THz. (¢) Simulated transmittance of the SRR
showing its LC resonance at 1.25 THz. (d) Simulated (red-dashed curve), measured (blue-
solid curve) and theoretically obtained (black-dashed curve) transmittance spectra of the
EIT-like metamaterial that shows the EIT peak frequency at fgrr = 1.3 THz, in an excellent
agreement with each other. The insets in (b-d) show the incident electric-field polarization
corresponding to the metamaterial structure. Taken from Ref. [[15]

and acts as the bright mode (Figure B.1b). The structural symmetry of the SRR pair prevents
its direct excitation by the same polarization. Instead, the x-component of the near-field in-
duced by the rod drives the LC resonance of the SRR pair at fsgr ~ 1.25 THz, making it the
dark mode (Figure B.1lc). The destructive interference between the two excitation pathways
opens the EIT transparency window at fi;r = 1.3 THz, as shown in Figure B.1ld. The simu-

lated, measured, and analytically modeled transmittance spectra are in excellent agreement,

confirming that the observed transparency arises from coherent bright-dark mode coupling.
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Figure 5.2: (a) Schematic of the EIT unit cell with the sky-blue region showing the in-plane
near-field coupling zone at 1.3 THz. (b) Simulated transmittance as a function of inter-
resonator separation s varied from 1 to 5 um in steps of 0.5 um. (¢) Normalized in-plane
near-field amplitude |E, | as a function of s. Red curve is an exponential fit. (d) Coupling
coefficient x as a function of s extracted by fitting Eq. (5.6) to the simulated spectra. The
red curve is an exponential fit. Taken from Ref. [[15].

5.2.1 Near-Field Coupling in the EIT Metamaterial

The emergence of the transparency window is governed by near-field coupling between
the bright and dark resonators. Unlike far-field radiative interactions, near-field coupling
is mediated by evanescent fields localized in the immediate vicinity of the resonant ele-
ments. These fields decay rapidly with distance and become significant only when the two
resonators are separated by distances much smaller than the resonant wavelength.

When the rod is excited by the incident THz field, strong electric field localization devel-

ops at its ends. When the SRRs are positioned nearby, they interact with this localized field
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Table 5.1: Bright and dark mode parameters (y,,, 7,) and near-field coupling coefficient x
extracted by fitting Eq. (5.6) to simulated EIT transmittance spectra as a function of rod-
SRR separation s. The condition x> > y,y, is satisfied for all s values, confirming that
the near-field coupling is strong enough to sustain a well-resolved EIT transparency win-
dow [65,67].

2

Distance b 74 K bVd K
s (um) (THz) (THz) (THz) (THZ?) (THZ?)
1.0 0.119 0.087 0.201 0.010 0.040
L.5 0.126 0.077 0.184 0.010 0.034
2.0 0.134 0.070 0.170 0.009 0.029
2.5 0.137 0.063 0.157 0.009 0.025
3.0 0.142 0.059 0.149 0.008 0.022
3.5 0.147 0.054 0.140 0.008 0.020
4.0 0.150 0.050 0.131 0.008 0.017
4.5 0.153 0.046 0.121 0.007 0.015
5.0 0.157 0.042 0.115 0.007 0.013

through evanescent coupling. The sky-blue region in Figure 5.2a marks the zone where
this energy exchange is most prominent. Energy transferred from the rod dipole to the SRR
LC mode creates the conditions for destructive interference in the radiative channel, which
opens the transparency window. The coupling strength depends critically on the separation
s between the resonators. Moreover, Figure 5.29b shows how the transmittance changes as
s 1s varied from 1 um to 5 um. As the separation increases, the transparency window pro-
gressively narrows and weakens. Both the normalized near-field amplitude (Figure b.2c)
and the extracted coupling coefficient x (Figure 5.2d) decay exponentially with increasing
s, confirming the evanescent character of the interaction. The coupling coefficient « is ex-
tracted by fitting the analytical transmittance expression Eq. (5.6) to the simulated spectra.
The fitting also yields the bright and dark mode damping rates y, and y,4, the resonance fre-
quencies, and the driving coefficient gg,. Selected parameters are summarized in Table B.1],
and the remaining fitted values are presented in Figures 5.9a and 5.9b.

The data confirm that k> > 7, y, not only at s = 3 um but for all smaller separations as
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well. This shows that the system operates in the strongly near-field coupled regime across
a range of gap values, with even stronger interaction at shorter distances. In the present
study, s = 3 um is selected due to fabrication constraints associated with the maskless
photolithography process used here (described in Chapter f). This gap still maintains suffi-
ciently strong near-field coupling to sustain the destructive interference responsible for the

EIT transparency window.

5.3 Strong Coupling and Polariton Formation

With the bare EIT response established, we now introduce the phonon mode by depositing
a thin film of MAPbI; perovskite onto the fabricated metamaterial surface. The schematic
structure of MAPbI; as shown in Figure p.3a. The film deposition procedure of the TO
phonon mode at 0.97 THz are described in Chapter [. The dielectric response of MAPbI;
near its phonon frequency is modeled using the Lorentz oscillator formalism introduced in
Chapter [, and the fitted parameters are used directly in the CST simulations. THz-TDS
measurements of the bare MAPDI; film on quartz confirm a phonon resonance at 0.97 THz,
as shown in Figure 5.3b. This is in good agreement with the simulated response, confirming
that the Lorentz parameters accurately capture the phonon dielectric function.

Before examining the full hybrid system, we first analyze the coupling between the
phonon and each individual metamaterial element. When the phonon mode is activated in
the simulation, the rod transmittance (Figure 5.3c) and the SRR transmittance (Figure [5.3d)
both show clear spectral anticrossing, signaling the formation of hybrid phonon-polaritonic
states. The resulting upper and lower polariton branches are separated by a characteristic
Rabi splitting. For the rod, the upper and lower polaritons appear at approximately 1.2 THz
and 0.9 THz, corresponding to a Rabi splitting of about 0.31 THz. The SRR exhibits a larger

splitting of about 0.37 THz, with polaritonic branches near 1.3 THz and 0.9 THz. The en-
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Figure 5.3: (a) Schematic of the MAPDI; perovskite structure showing the Pb-I-Pb bond
angle distortion associated with the TO phonon mode. (b) Simulated (red-dashed) and
measured (blue-solid) transmittance of the MAPbI; film on quartz showing the phonon at
Jfon = 0.97 THz. Simulated transmittance of (¢) the rod and (d) the SRR in the presence of
MAPbI;, showing the formation of upper (£\%,) and lower (£4,,) polaritons. Black-dashed
curves show the resonator response without the phonon mode. Simulated 2D transmittance
maps obtained by varying the resonance frequency of (e) the rod and (f) the SRR, showing
the avoided crossing. Black-dashed lines mark the MAPbI; phonon at 0.97 THz. Blue and
green dashed curves are guides for the upper and lower polaritonic branches, respectively.
Taken from Ref. [|15].

hanced splitting in the SRR case is directly attributed to the stronger electric field localiza-
tion within its capacitive gap, which increases the overlap between the confined electromag-
netic field and the phonon-active medium.

The dispersion behavior further substantiates the coherent character of this interaction.
The two-dimensional transmittance maps in Figures .3e and 5.3f show clear avoided cross-
ings as the metamaterial resonance frequency is tuned across the phonon mode. The emer-
gence of two branches separated by a finite energy gap at resonance is the hallmark of

coherent hybridization. It demonstrates that the cavity mode and the lattice vibration are no

longer independent excitations but form new eigenstates of the coupled system.
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Figure 5.4: Experimentally measured transmittance spectra for (a) the MAPbI; phonon
and (b) the SRR, with corresponding HWHM of 0.078 and 0.063 THz, respectively. (c)
Simulated and experimental transmittance of the SRR in the presence of the active phonon
mode, showing Rabi splittings of Qg = 0.37 THz (simulation) and 0.26 THz (experiment).
Taken from Ref. [[15].

To confirm that the system operates in the strong coupling regime, we apply the coupled

harmonic oscillator model. The two subsystems are represented by an effective interaction

Hamiltonian of the form

Exiv + thI'vv 4
V Epn +ihlpn |7 1)

where Eyxpv = 2mhfyv 1 the metamaterial resonance energy, £, = 2zl 1s the phonon
energy, hI'\mv and 2Ty are the half-width at half-maximum (HWHM) linewidths, and V'is
the interaction potential responsible for coherent energy exchange. At spectral degeneracy
(Evv = Epn), diagonalization of Eq. (B.1)) yields two hybrid eigenstates separated by the

Rabi splitting 7Qg. The interaction potential is then

V= %\/@QR)Z + (Alpn — Al ). (5.2)

The strong coupling condition is ¥ > Vg, where Vi, = \/((hlpn)? + (0w )?) /2.
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From the experimentally measured linewidths, we obtain Al',, = 0.323meV and
hil'sgkr = 0.261 meV, as shown in Figures b.4a and [.4b, respectively. The threshold
interaction strength is Vi, = 0.294 meV. The measured Rabi splitting of hQg = 1.075 meV
gives an interaction potential of V' = 0.538 meV, which clearly satisfies V' > V. This
confirms that the SRR-phonon hybrid operates in the strong coupling regime. A similar
analysis for the rod-phonon system leads to the same conclusion. The rod Rabi splitting is
somewhat smaller, consistent with the weaker field confinement compared to the SRR, but
the interaction potential still exceeds the loss-determined threshold.

These calculations establish that both resonant elements independently form coherent
phonon-polaritonic states with the MAPbI; layer. This confirmation is essential before
proceeding to the full hybrid system. It ensures that the spectral modifications observed
in the subsequent sections originate from genuine strong light-matter coupling rather than

from a weak perturbative effect.

5.4 Hybrid Phonon-EIT System
5.4.1 Emergence of Dual Transparency

Having confirmed strong coupling in the individual subsystems, we now examine the com-
plete hybrid configuration in which the MAPbI; phonon mode is integrated with the full
EIT metamaterial cavity.

The bare EIT metamaterial is designed to produce a transparency peak at 1.3 THz. Upon
deposition of MAPbI;, the increased dielectric loading shifts the cavity resonance to ap-
proximately 1.08 THz, as shown in the appendix Figure [A.1|. This brings the EIT mode into
close spectral proximity with the TO phonon at 0.97 THz, enabling strong interaction be-
tween them. The experimentally measured transmittance shows excellent agreement with

simulation and theory, as shown in Figures 5.3b and [.3c, respectively. The single trans-
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Figure 5.5: (a) Schematic of the hybrid phonon-EIT metamaterial. (b) Measured and (c)
simulated (red) and theoretical (black-dashed) transmittance of the hybrid structure. Peaks
at 0.9 THz, 1.0 THz, and 1.2 THz arise from phonon-induced splitting of the EIT response.
2D transmittance contour plots with the phonon (d) deactivated and (e) activated. The gray-
dashed line in (d) marks the bare EIT peak. The black-dashed line in () marks the phonon
mode. Blue and green dashed curves guide the upper and lower polaritonic-EIT branches.
Insets in (d,e) show transmittance slices at fgrr = 0.9 THz. Taken from Ref. [|15].

parency window of the bare structure splits into two distinct transparency peaks, centered
near 0.9 THz and 1.2 THz. A feature near 1.0 THz is also visible, but it does not corre-
spond to an EIT-like state. It arises from the superposition of the Rabi-split modes rather
than from destructive interference. The mechanism behind the dual transparency follows
directly from the excitation sequence. Under y-polarized illumination, the rod is excited

first, forming upper and lower rod-phonon polaritonic branches. These hybridized states

then excite the SRR via near-field interaction. The strong field confinement in the SRR
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gap drives additional coupling to the phonon, producing further hybridization. The over-
lapping polaritonic states from the two resonators organize as follows: the upper polari-
ton of the rod overlaps with the upper polariton of the SRR to form the higher-frequency
transparency window at 1.2 THz, while the lower branches combine to produce the lower-
frequency window at 0.9 THz. In both cases, destructive interference suppresses the ra-
diative losses and restores transmission, preserving the EIT-like character of each window.
The two-dimensional transmittance contour plots confirm this picture. Without the phonon,
tuning the structural parameters yields a single EIT branch, as shown in Figure 5.3d. With
the phonon activated (Figure B.3¢), a clear avoided crossing appears and the original trans-
parency peak splits into upper and lower polaritonic-EIT branches. The anticrossing gap
confirms coherent hybridization between the EIT mode and the phonon excitation. Near
ferr =~ 0.9 THz, the effective splitting (0.33 THz) is slightly larger than that of the isolated

subsystems, reflecting the enhanced interaction within the combined cavity environment.

5.4.2 Field Distribution Analysis

To verify that the dual transparency peaks in the hybrid regime retain the interference signa-
ture of EIT, we examine the normalized in-plane electric field distributions at each transmis-
sion peak and dip frequency. Figure 5.6a shows that for the bare EIT structure at 1.3 THz,
the field is predominantly localized within the SRR gaps, and the rod dipole oscillation is
deactivated. This is the expected signature of destructive bright-dark interference.

In the hybrid structure, the same field signature is recovered at both 0.9 THz and 1.3 THz,
as shown in Figures 5.Gb and [.6d, respectively. In both cases, the electric field concentrates
in the SRR gaps and the rod dipole is suppressed, confirming that these two transmission
peaks arise from destructive interference and therefore carry genuine EIT-/ike character.
Figure b.6c shows that at 1.1 THz, the field distribution is different. There are no opposing

fields in the SRR gaps. This confirms that the 1.1 THz feature does not arise from inter-
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amplitude of the bare EIT structure at 1.3 THz. Taken from Ref. [[L5].

ference but from the overlap of polaritonic branches. The field analysis therefore provides

direct spatial evidence distinguishing the two EIT-like windows from the intermediate po-

laritonic feature.

5.4.3 Group Delay and Slow-Light Analysis

A defining characteristic of EIT-/ike responses is the steep normal dispersion near the trans-

parency window, which produces slow-light behavior. The group delay is extracted from

the phase of the complex transmittance as

1 do

Tg =

where ¢ is the transmission phase.

_ﬂjf’
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Figure 5.7: Simulated (red-dashed) and experimental (blue-solid) group delay for (a) the
bare EIT structure and (b) the hybrid phonon-EIT system. A delay of approximately 1.5 ps
is observed at the bare EIT peak. Introduction of the phonon mode produces additional
delay features at 0.9 THz and 1.3 THz. Taken from Ref. [[15].

For the bare EIT metamaterial, as shown in Figure F.7a, a group delay of approximately
1.5 ps is observed near 1.3 THz, consistent with interference-induced dispersion. When the
phonon mode is activated (Figure 5.7b), this single delay peak splits into multiple delay fea-
tures at 0.9 THz and 1.3 THz, corresponding to the two transparency windows. Additional
delay features appear at frequencies where none were present in the absence of the phonon.
Negative group delay regions near the transmission dips signal anomalous dispersion, as ex-
pected at the edges of EIT-like windows. The slow-light behavior at the dual transparency
peaks confirms that both windows carry the dispersive character associated with EIT. The
reduced group velocity also increases the effective interaction time between the confined

field and the phonon excitation, contributing to the slightly enhanced splitting observed in

the hybrid system relative to the isolated subsystems.

5.4.4 Energy-Level Representation of the Hybrid Phonon-EIT System

To build physical intuition about the dual-transparency behavior, we interpret the hybrid
system through an energy-level picture. Although EIT in metamaterials is a classical inter-

ference phenomenon, the three-level A analogy introduced in Chapter 2 provides a useful
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Figure 5.8: (a) Energy-level diagram for the three-level EIT system. The |1) <> |2) tran-
sition is dipole forbidden. Transparency arises from destructive interference of excitation
pathways for the |1) — |3) transition. (b) Energy-level diagram for Rabi splitting in a
phonon-polariton system. (¢) Combined energy-level diagram for the hybrid phonon-EIT
system. Rod and SRR states are shown in red and blue. Rabi splitting creates polaritonic
states |3’) (lower) and |3”) (upper), shown in green. The two distinct excitation pathways
indicated by the red and blue arrows correspond to the two EIT-like transparency windows.
Taken from Ref. [[15].

conceptual framework.

In the atomic A system, a transparency window opens when the probe and control fields
drive two excitation pathways that interfere destructively, suppressing the excited-state pop-
ulation, as shown in Figure b.8a. In the metamaterial, the bright mode plays the role of
the directly driven excited state, and the dark mode plays the role of the metastable state.
When strong coupling to a phonon mode is introduced, the resonance undergoes Rabi split-
ting, yielding distinct upper and lower polariton branches, as depicted in Figure 5.§b. In the
present hybrid system, both mechanisms must be incorporated simultaneously. The rod and
SRR each independently undergo Rabi splitting with the phonon, producing four polaritonic
states. Because the rod-phonon and SRR-phonon polaritonic branches overlap substantially

in frequency, they can be condensed into two dominant levels: a lower polaritonic state |3’)

and an upper polaritonic state |3”), as shown in Figure 5.8c. Each of these states now me-
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diates a distinct bright-dark interference pathway. The lower polaritonic state |3’) enables
destructive interference at the lower transparency frequency near 0.9 THz, while the upper
polaritonic state |3”) enables interference at the higher transparency frequency near 1.2 THz.
The two pathways are represented by the red and blue arrows in Figure B.8c. The result is
dual EIT-like transparency, with each window tied to one of the polaritonic branches. The
separation between the two windows is governed by the Rabi splitting, which is determined
by the oscillator strength of the phonon and the local field confinement of the resonators.
Changing the coupling strength through geometric or material design therefore provides

direct control over the spectral spacing of the two transparency windows.

5.4.5 Theoretical Modeling of the Hybrid Phonon-EIT System

The energy-level picture in the previous section motivates a quantitative framework. The
system contains three interacting oscillators: the bright mode (rod), the dark mode (SRR),
and the phonon. When the phonon is absent, the bright and dark modes interact through
near-field coupling x. When the phonon is present and the system enters the strong cou-
pling regime, both the bright and dark modes hybridize with the phonon. Each mode splits
into a lower and upper polariton branch. The original single bright-dark interference chan-
nel therefore bifurcates into two independent channels, one for each pair of polaritonic
branches. The full transmittance of the hybrid system is then the superposition of two EIT-
like contributions, one from the lower-polariton pair and one from the upper-polariton pair.

We begin with the single EIT system. The coupled oscillator equations for the bright

mode amplitude x;, and dark mode amplitude x4 are

X+ Ppin + 0P, + Kxq = garEo, (5.4)
Xd + PgXa + a)ﬁxd + x%xp, = 0. (5.5)

Here w), and w4 are the resonance frequencies of the bright and dark modes, y, and y, are
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Figure 5.9: Extracted coupling parameters as a function of fgr for the (a,b) single EIT and
(c,d) dual EIT systems. (a) x (bright-dark coupling) and gg, (bright-mode driving). (b)
Resonance frequencies f;, f; and damping rates y,, y,. (¢) Driving coefficients g, and
Zbup for the lower and upper polaritonic branches. (d) Coupling coefficients xj, and
between the bright and dark polaritonic modes. Taken from Ref. []15].

their damping rates, g4, is the driving efficiency of the bright mode (the coupling of the rod
to the incident field, distinct from the strong coupling constant g in Chapter B), and « is
the near-field coupling between the two resonators. The dark mode has no direct driving

term because it cannot be excited by the incident field under the given polarization. Solving

Eqgs. (6.4) and (5.9) in the frequency domain gives the transmittance

gar(® — @a + iyy) ’

T=1-
(0 — oy +iy) (0 — wg + iyy) + K2

(5.6)

Fitting Eq. (5.6) to the simulated EIT spectra yields the parameters shown in Figures f.9a
and 5.9b. The extracted coupling satisfies x> > 7bV4> confirming robust bright-dark inter-
action.

When the phonon mode is activated, the eigenfrequencies of the lower and upper polari-
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tonic branches are

Wipup = Wo + &rabi, (57)

where @, is the TO phonon frequency and Qr = 2g..; is the Rabi splitting. Both the
bright and dark resonators undergo this splitting, replacing w, and w4 by four hybridized
frequencies wy, 1, Wb up, @d 1p, aNd W4 up, With corresponding damping rates and coupling
coefficients g, 1p, Sb,up> Kip, and x,,. Each polaritonic branch forms its own bright-dark
interference channel, and the total transmittance of the hybrid system is the superposition
of the two EIT contributions,

goip(@ — wajp + iyd,lp>

(0 = @b + 17,,) (@ — @ayp + iYqy,) + Klzp

Tqgir =1 —

gb,up(w — Wd,up + iyd,up)

(CU — Whb,up + iyb,up>(w — Wd,up + iyd,up) + K%lp

(5.8)

Eq. (5.8) provides an excellent fit to the simulated dual-transparency spectra, as shown in
Figure b.3c. The extracted parameters (Figures 5.9c,d) confirm that the hybrid system is
governed by two distinct bright-dark coupling channels, each associated with one polari-

tonic branch.

5.4.6 Tunability of the EIT Response

The rod-SRR geometry is chosen in part because of the rotational and translational tun-
ability it offers. These degrees of freedom allow controlled modulation of the interference
mechanism and access to distinct resonant regimes without any change to the material or the
device structure. When the incident field is polarized along the rod (6 = 0°), the rod acts
as the bright mode and the EIT transparency window is fully developed. As the structure
is rotated, the projection of the incident field on the rod decreases while that on the SRR
increases. At 8 = 90°, the rod is effectively decoupled from the incident field and the SRR

LC resonance dominates the spectrum. The bright-dark hybridization that sustains EIT is
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Figure 5.10: Simulated transmittance of the bare EIT metamaterial with (a—c) rotational

tunability (angle €) and (d—f) translational tunability (upward SRR displacement y,,;,). L; =
L — [. Taken from Ref. [[15].

lost, and the response transitions to a single LC-type resonance. This evolution is clearly
visible in Figures B.10a-c.

A complementary control is achieved by translating the SRR along the length of the
rod. At the reference position y,, = 0, the electric and magnetic excitation pathways for
the SRR are in phase, so their contributions add constructively and the EIT condition is
maintained. As the SRR is displaced upward, the electric pathway reverses its phase con-
tribution. The two pathways now partially cancel each other, weakening the LC resonance

and progressively collapsing the EIT window. At y,, = L, the SRR resonance is effec-
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Figure 5.11: Simulated (a—c) and experimental (d—f) transmittance of the hybrid phonon-
EIT structure with rotational tunability (6 = 0°, 45°, 90°). Simulated spectra with transla-
tional tunability (g—i) for SRR displacement y,,. L; = L — [. Taken from Ref. [[15].

tively deactivated and the spectrum reduces to the dipolar response of the rod alone. This
is shown in Figures p.10d-f. Both tuning mechanisms demonstrate that the EIT response is
governed by controllable interference pathways. This structural control is essential in the

hybrid system, where precise alignment of the EIT cavity resonance with the phonon mode

determines the quality of the strong coupling and the dual-transparency response.

5.4.7 Tunability of the Hybrid Phonon-EIT Response

Building on the tunability of the bare EIT system, we now examine how rotation and trans-
lation modify the hybrid phonon-EIT response. These control parameters allow reversible

switching between the dual-EIT regime and conventional phonon-polariton Rabi splitting.
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At 6 = 0°, the rod bright mode is strongly driven and the full hybrid dual-transparency
response is observed, as shown in Figures B5.11ja and 5.11d. As the rotation angle increases
to 8 = 45°, the bright-dark coupling weakens and the dual-EIT character diminishes (Fig-
ures b and B.11le). At @ = 90°, the rod is deactivated and the SRR becomes the domi-
nant resonator. The dual-EIT response disappears, replaced by a conventional SRR-phonon
Rabi splitting (Figures .11c and B.11lf). Rotational tuning therefore provides a continuous,
reversible pathway from the three-oscillator hybrid system (rod-SRR phonon) to a two-
oscillator strong-coupling system (SRR-phonon), with no structural modification.

Translational tuning achieves a complementary transition. At small values of y,,,, the
dual-EIT behavior is preserved. As y,, increases, the dark-mode participation diminishes
and the dual-transparency response collapses. At y,, = L;, the SRR is effectively deacti-
vated and the system reduces to the strongly coupled rod-phonon configuration, exhibiting
conventional Rabi splitting of the rod alone (Figure 5.11li). Rotation and translation are
therefore complementary: rotation accesses the SRR-phonon limit, while translation ac-
cesses the rod-phonon limit. Together they demonstrate the full range of spectral behaviors

accessible within this single device platform.

5.4.8 Effect of Substrate and Phonon Linewidth

The choice of substrate plays a critical role in determining the electromagnetic response
of the metamaterial, as it directly influences both the structural configuration and the res-
onance characteristics. Since different substrates possess distinct refractive indices, the
metamaterial design must be optimized accordingly from the outset. While similar reso-
nance features can be recovered through careful design adjustments, the coupling behavior
remains sensitive to the dielectric environment.

To examine this dependence, we performed simulations using silicon and polyimide

substrates, with appropriate modifications to the metamaterial geometry, while quartz was
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Figure 5.12: (a) Simulated transmittance of the hybrid structure on quartz (red dash-dot),
polyimide (blue solid), and silicon (green solid) substrates. (b) Simulated transmittance of
the phonon-EIT hybrid with a sharper phonon mode. The inset shows the phonon feature
at 0.97 THz. The higher-frequency transparency peak shows substantially enhanced trans-
mittance. Taken from Ref. [|15].

used as the reference substrate for comparison. The simulated transmission spectra, shown
in Figure f.12a, indicate that the dual EIT-like peaks are preserved across all substrates.
However, in the case of silicon, the reduced Rabi splitting leads to a smaller frequency
separation between the two peaks, along with a decrease in transmission amplitude and a
narrowing of the transparency window. In contrast, polyimide exhibits comparatively im-
proved transmission characteristics, highlighting the role of substrate permittivity in modu-
lating the coupling strength.

Another limitation of the demonstrated hybrid structure is the relatively low amplitude
of the transmission maxima. This can be addressed by employing a material with a sharper
phonon resonance. A reduced phonon linewidth enhances the individual transmission dips
associated with Rabi splitting, which in turn leads to an increase in the amplitude of the EIT-
like peaks. To illustrate this effect, we simulated a hypothetical phonon mode with a sig-

nificantly smaller half-width at half maximum (HWHM = 0.02 THz), as shown in the inset

of Figure .12b. The resulting transmission spectrum exhibits a pronounced enhancement,
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with the higher-frequency ElT-/ike peak around 1.3 THz reaching amplitudes comparable
to the original resonance. Furthermore, lowering the temperature is expected to further re-
duce phonon damping, thereby sharpening the resonance and improving the overall spectral
response. Materials with intrinsically strong and sharp phonon modes, such as PbTe [[133],
provide promising platforms for accessing stronger light-matter interaction regimes, includ-
ing ultra-strong and deep-strong coupling, which may lead to additional spectral splitting

in the hybrid system.

5.5 Conclusion

In this chapter, we demonstrated a hybrid THz metamaterial platform in which the TO
phonon of MAPbI; strongly couples to an ElT-/ike cavity, resulting in phonon-polariton
mediated dual transparency. The original single EIT window splits into two distinct trans-
parency peaks associated with the lower and upper polaritonic-EIT branches. This confirms
coherent interplay between bright-dark interference and strong light-matter coupling. The
strong coupling regime was validated through coupled oscillator modeling, spectral fitting,
and comparison with the dissipative threshold. Field distribution analysis confirmed that
both transparency peaks retain the interference signature of EIT. Phase-resolved THz-TDS
measurements revealed enhanced dispersion and slow-light behavior at both windows. Ro-
tational and translational tuning enables reversible switching between the dual-EIT response
and conventional rod-phonon or SRR-phonon Rabi splitting, highlighting the multifunc-
tional and reconfigurable nature of the hybrid platform.

While the spectral signatures of strong coupling and dual transparency are well estab-
lished by the results in this chapter, several important dynamical aspects of the EIT response
remain unaddressed. The frequency-domain analysis does not provide direct information

about how long the induced current in the bright mode persists after excitation in the bare
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EIT metamaterial. It also cannot resolve the coherence lifetime between the bright and
dark modes, or identify the dephasing mechanisms that limit it. These timescales govern
the depth and width of the EIT window and are central to any device application based on
slow light or coherent switching. Measuring them requires a different approach entirely,
one that drives the metamaterial into the nonlinear regime and reads the dynamics from the

resulting time-resolved nonlinear signals. This is the subject of the following chapter.
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Chapter 6

Unveiling Nonlinearities of Electromag-
netically Induced Transparency in a THz
Metamaterial

6.1 Introduction

The preceding chapter established that the EIT metamaterial can be driven into a dual-
transparency regime through phonon-polariton hybridization. The spectral evidence for this
is compelling: the single transparency window splits into two, the field distributions con-
firm EIT-like interference at both windows, and the coupled oscillator model reproduces
the transmittance quantitatively. However, that chapter does not capture the ultrafast dy-
namics that evolve within the bare EIT transparency window, particularly on picosecond
timescales, which are investigated in this work using 2D-THz spectroscopy.
Frequency-domain measurements are time-averaged. They reveal the spectral position
and width of the EIT window but carry no information about how long the coherence be-
tween the bright and dark modes actually persists [65-67]. They cannot distinguish whether
the energy stored in the bright mode decays before or after that coherence is lost. They
cannot separate the contribution of structural inhomogeneity from that of intrinsic lifetime
broadening to the observed linewidth of the EIT peak. Each of these questions has direct
consequences for device performance. The group delay, the modulation depth, and the
switching speed of any EIT-based device are all bounded by the answers. The standard ap-

proach for accessing dynamics in THz metamaterial systems is OPTP spectroscopy. This
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technique cannot isolate the metamaterial contribution cleanly. The optical pump predomi-
nantly excites free carriers within the substrate or any integrated photoactive layer [24-26].
The resulting transient THz signal is therefore a convolution of substrate dynamics and
resonator dynamics rather than a pure measurement of the coupled resonator system. A
technique that drives the metamaterial with THz fields alone, below the substrate bandgap,
is needed.

2D-THz spectroscopy was developed precisely to address this class of problems. The
technique correlates two independent time axes, one corresponding to the real time and the
other to the delay between two phase-locked excitation pulses. This correlation maps the
nonlinear response of the system onto a two-dimensional frequency plane where different
interaction signals appear at well-separated coordinates [95,]115]. First demonstrated in the
context of semiconductor quantum wells [[116,[117], 2D-THz spectroscopy has since been
extended to quantum cascade structures [[1 18], magnons [[119,[120], superconductors [|121],
122], and a variety of quantum materials [95,123,[124]. It is today recognized as the THz
analogue of two-dimensional infrared and optical coherent spectroscopies. Its defining ca-
pability is the simultaneous extraction of population relaxation times from pump-probe sig-
nals and coherence lifetimes from photon-echo signals, all from the same sample under
the same excitation conditions. Critically, because THz photon energies lie far below the
bandgap of common substrates such as quartz and silicon, the THz pulses drive the metallic
resonators without generating any free carriers in the substrate. The measured nonlinear sig-
nals therefore originate entirely from the metamaterial resonators, free from any substrate
contribution.

In this chapter, 2D-THz spectroscopy is applied to the bare EIT metamaterial for the
first time. The bright-mode relaxation time, the coherence lifetime, and the pure dephas-
ing contribution are extracted from the pump-probe and photon-echo signals. A density

matrix model based on the three-level A-type system and Lindblad dissipation reproduces
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all observed features. The dressed-state structure responsible for the EIT window is visu-
alized directly through the multi-peak structure of the ABB photon-echo signal in the 2D

frequency domain.

6.2 Linear THz Characterization

The metamaterial used in this study is the same rod-SRR structure described in Chapter .
Its simulated electric field distribution and linear THz-TDS characterization are shown in
Appendix Figures [A.2 and [A.3, respectively. The fabrication procedure, geometric param-
eters, and the coupled oscillator model for the linear EIT response are all discussed there
and are not repeated here. The EIT peak frequency for the sample used in this experiment
is fgrr = 1.27 THz, and the linear transmittance spectrum measured by THz-TDS is shown
in Figure . 1b.

Figure pp.lla summarizes the experimental geometry and the theoretical framework
used throughout this chapter. The left panel shows the 2D-THz configuration. Two co-
propagating, phase-locked THz pulses EX (¢, 7) and E¥(¢) illuminate the EIT metamaterial.
The variable ¢ is the real time, and 7 is the delay between the arrival of the two pulses at the
sample. When both pulses interact with the metamaterial near ¢ = 0, a nonlinear signal
Eni(¢,7) is emitted and recorded. A detailed description and schematic of the 2D-THz
spectroscopy experimental setup are presented in Chapter Pl. In Figure [6.1a, the right panel
shows the three-level A-type analogy adopted to model the EIT response. The ground state
|0) represents the unexcited metamaterial. The state |1) is the bright dipole mode of the
rod, which couples directly to the incident THz field. The state |2) is the dark LC mode
of the SRR pair, which is shielded from direct excitation by structural symmetry but is
driven indirectly through the near-field of the rod. The two allowed transitions, |0)-|1) and

|1)-|2), create two distinct excitation pathways that accumulate a relative phase difference
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Figure 6.1: (a) Left: Schematic of the experimental geometry showing the two THz pulses
EX(¢,7) and E(¢) interacting with the EIT metamaterial, and the emitted nonlinear signal
Eny (¢, 7). Right: Three-level A-type system used to model the EIT dynamics, with states
|0), |1) (bright/rod), and |2) (dark/SRR). (b) Measured (black) and modeled (red-dashed)
transmittance showing the EIT peak at fgrr = 1.27THz. (¢) A typical temporal scan of
Eny(¢,7) at a delay time of 0.5 ps showing coherent oscillations at the EIT resonance fre-
quency. Taken from Ref. [28].

of z, satisfying the destructive interference condition that opens the EIT window.

Figure [6.1]b shows the linear transmittance of this sample. The measured spectrum
(black-solid) shows a well-defined transparency peak at 1.27 THz within the broad absorp-
tion dip of the rod dipole resonance. The theoretical curve (red-dashed), obtained from
the coupled oscillator model, reproduces the measured lineshape with excellent agreement,
confirming that the EIT parameters are accurately known before the nonlinear experiment

begins. Figure b.llc provides an exemplary temporal scan of Eyy, at 7 = 0.5 ps showing clear

coherent oscillations. The oscillation frequency is 1.27 THz, precisely at the EIT peak. This
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demonstrates that the nonlinear signal traces the EIT resonance of the metamaterial rather
than any other feature of the substrate or the driving pulses.

In the three-level A-type analogy used throughout this chapter, the transition |0) < |1)
is driven directly by the THz field. The transition |1) <> |2) is mediated by the structural
near-field coupling parameterized by gs. The two excitation pathways accumulate a relative
phase difference of z, satisfying the destructive interference condition that opens the EIT

window.

6.3 Coupled Oscillator Model and Control-Field Depen-
dence

The coupled oscillator framework for this system is developed in Chapter P and applied to
the experimental results in Chapter . The key equations are reproduced here because they
are referenced directly in the analysis below. The equations of motion for the bright-mode

amplitude x;, and dark-mode amplitude x, are

X + Ppib + 0pxy + Kxa = gacFo, (6.1)
¥q + Yg¥a + wixq + 1Px, = 0, (6.2)

where wy, and w4 are the resonance frequencies, y, and y, are the respective linewidths, g,
is the driving efficiency of the bright mode (not to be confused with the strong coupling con-
stant g of Chapter ), and « is the near-field coupling coefficient between the two resonators.

The resulting transmittance is

gar(0 — wq +iy4)

T=1-
(0 — wp + iyp) (0 — wa + iyy) + K

(6.3)

It is worth noting that the coupled oscillator framework adopted here is phenomenolog-
ical in nature. The finite conductivity of the metallic resonators and the dielectric response

of the quartz substrate are not included as explicit microscopic parameters. Instead, their
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Figure 6.2: Theoretical transmittance of the EIT metamaterial (a) without the coupling field
(x = 0), showing only the rod dipole dip at 1.21 THz, and (b) with the coupling field active
(x # 0), showing the EIT transparency peak at 1.27 THz in agreement with experiment.
Taken from Ref. [28].
effects are incorporated into the effective resonance frequencies wy,, w4 and the damping
constants y,, 7,. The resonance frequencies capture the combined influence of the resonator
geometry and the surrounding dielectric environment, while the damping constants account
for ohmic losses, radiative re-emission, and substrate absorption. These parameters are ex-
tracted by fitting Eq. (6.3) to both the CST-simulated and the experimentally measured
transmittance spectra. The parameter set obtained from this procedure is subsequently used
as the starting point for the QME (Quantum Master Equation) simulation of the nonlinear
response discussed in Section .3.

Figure demonstrates the role of the coupling field in generating the EIT window.
In Figure [6.2a, the SRR is decoupled from the rod by setting x = 0. Without any back-
action from the dark mode, the transmittance is a single Lorentzian dip at 1.21 THz, the bare
absorption of the rod dipole. The medium is fully opaque at this frequency. In Figure [6.2b,
the coupling is restored (x # 0). The near-field of the rod now drives the SRR indirectly,
and the SRR back-action on the rod introduces the second excitation pathway. Destructive

interference between the two pathways opens the EIT transparency window at 1.27 THz.
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The agreement between Figure 6.2b and the measured spectrum of Figure b.1lb confirms
that the coupled oscillator model accurately captures the linear response of the system. The
EIT window owes its existence entirely to x, and the transparency immediately vanishes
when the coupling is removed. With this linear picture established and validated, the chapter
now turns to what the nonlinear response reveals about the dynamics operating within that
window.

Before proceeding to the nonlinear measurement, it is useful to establish the correspon-
dence between the Conventional Coupled Oscillator (CCO) and QME parameters. The
structural coupling coefficient x in the CCO model and the hybridization parameter g5 in
the QME both describe the coherent energy exchange between the bright and dark modes,
governing the hybridized mode splitting and the formation of the EIT window. The damp-
ing constants y, and y4 in the CCO model map onto the population decay rates y, and y, in
the QME, which enter the Lindblad superoperator as relaxation channels for the bright and
dark states respectively. One distinction is that the QME additionally includes a pure de-
phasing rate y,,, which decays the off-diagonal coherences without any population transfer
and has no direct counterpart in the classical picture. Its origin here is the distribution of res-
onance frequencies across the array introduced by lithographic imperfections. Despite this
difference, both frameworks reproduce the same EIT resonance positions and linewidths
in the linear regime, confirming their mutual consistency. The parameter values extracted
from the CCO fit to the measured transmittance therefore serve as reliable starting points

for the QME simulation of the nonlinear response in Section [5.3.
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6.4 2D-THz Spectroscopy: Nonlinear Signals and Fre-
quency Analysis

6.4.1 The Nonlinear Signal and the Subtraction Scheme

The 2D-THz experiment generates two co-propagating, phase-locked THz pulses, denoted
E (2, 7) and Eg(¢), separated by a controllable delay z. For delay times 7 < 0, when pulse A
arrives well before pulse B, each pulse independently excites the EIT metamaterial and the
system responds linearly to each. When both pulses are present simultaneously near 7 = 0,
the total field drives the system into the nonlinear regime. Nonlinear currents are induced
that depend on both fields at once. Moreover, the nonlinear signal Exy, (7, 7) is isolated by
the three-measurement subtraction scheme. At each delay value 7, three waveforms are
recorded: E, (7, 7) with pulse A alone, Eg(7) with pulse B alone, and Exp(z, 7) with both

pulses simultaneously. The nonlinear signal is constructed as
Eni(¢,7) = Eag(t,7) — Ea(t,7) — Eg(7). (6.4)

This subtraction removes all linear contributions and retains only the y©) terms that require
the simultaneous presence of both pulses. The three individual field measurements that
enter Eq. (6.4) are shown in Figure 6.3.

Figure [6.3a shows E (¢,7), the field transmitted through the sample with only pulse A
present. The dominant feature is the transmitted pulse waveform itself, whose wavefront
is marked by the green-dashed line. Following this wavefront along the real-time axis, a
decaying oscillatory tail is visible. This tail is the free-induction decay (FID) of the EIT
metamaterial: after the driving pulse has passed, the resonator system continues to ring
at 1.27 THz and the FID amplitude decays as energy is lost through ohmic and radiative
channels. As 7 changes, this entire pattern shifts because pulse A arrives at a different

absolute time relative to the detection window. The waveform is a purely linear response of
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Figure 6.3: 2D contour plots of (a) EA(z,7) and (b) Eg(¢) transmitted individually. (c)
Eag(¢, 7) with both pulses present. Fields normalized to EAp(0,0). Green and red dashed
lines mark the propagation wavefronts of pulses A and B. Black dashed line indicates 7 = 0.
Taken from Ref. [28§].

the metamaterial to a single pulse. Figure 6.3b shows Eg (1), the transmitted field with only
pulse B present. Since pulse B always arrives at the same absolute time, this waveform is
entirely independent of 7 and appears as a horizontal band. It shows the same FID structure
as Figure [6.3a but shifted to the pulse B wavefront position (red-dashed line).

Figure b.3c shows Eag(t, 7), the total transmitted field with both pulses present simul-
taneously. For large negative delays, where the two pulses are well separated in time, this
waveform is simply the linear sum of Figures [.3a and b.3b. Near 7 = 0, however, ad-
ditional features appear that are not present in either individual response. These features
arise because the two pulses overlap on the sample and their combined field drives the cou-

pled resonator system into the nonlinear regime. The subtraction of Eq. (6.4) removes the

individual linear contributions and isolates these features as Eyr..

6.4.2 Identification of the Four y®) Nonlinear Channels

The origin of each nonlinear signals can be understood from perturbation theory. In a third-
order nonlinear interaction, the polarization involves three field interactions. When two

pulses A and B are applied, the nonlinear polarization contains terms of the form E,E} Eg,
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EgE;EA, ELE,, and EA Ej;, where the asterisk denotes complex conjugation. Each com-
bination produces a specific frequency along ¢ and a specific frequency along z, placing it
at a unique position in the 2D spectrum.

The A, —Bp, pump-probe signal arises from E,E} Eg, with frequency combination
vaB = VA — VA + v = vo. The two interactions of pulse A cancel each other’s phase. The
signal carries no oscillation in 7 and appears at (vo, 0). Its amplitude decays monotonically
along 7, encoding 7). The B, —A,, pump-probe signal arises from EgESE,, with fre-
quency combination vga = vg — v + va & Vvy. The pump phase cancels, but the probe is
pulse A, which oscillates at vy = v, along 7. This signal appears at (vy, —vy) and its enve-
lope also encodes 77. The ABB photon echo arises from Engjg, withvapp = 2vp—Vva =~ V.
The conjugation reverses the phase of pulse A rather than cancelling it. The signal retains
the phases of both pulses, oscillates along 7 at vy, and appears at (vg, vo). Its oscillatory
decay encodes 75. The BAA photon echo arises from EiEg, with vgaa = 2va — VB & V.
The phase of pulse B is reversed by conjugation. This signal appears at (v, —2v,) and
also encodes 7, independently. All four signals appear at the same detection frequency

v, = vo = 1.27 THz. They are separated entirely by their positions along the v, axis.

6.5 Theoretical Model: Density Matrix Formalism
6.5.1 Three-Level A-Type Hamiltonian

The general density matrix framework and the three-level A-type Hamiltonian are intro-

duced in Chapter . Here we specify the Hamiltonian for this system. The total Hamiltonian
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Figure 6.4: (a) Modelled time transient and (b) frequency spectrum of the input THz pulse

used in the density matrix simulation. The spectrum peaks near 1.0 THz and covers the EIT
resonance at 1.27 THz with adequate spectral weight. Taken from Ref. [28].

is f[(t) = Hy+ H. + Hint(t), where

Hy = Eo |0) (0] + Ey 1) (1] + E» [2) (2], (6.5)
He = g,(|1) 2+ 12) (1), (6.6)
B (1) = — oy EO)(10) (1] + 1) (0]). 67)

Here I% carries the bare energies of the three states, ﬁ[c describes the structural near-field
coupling between the bright and dark modes with coupling constant g, and Hiy (¢) is the
THz field-dipole interaction. The RWA is applied to remove rapidly oscillating off-resonant

terms. The THz excitation field is modelled as a chirped Gaussian pulse,

E(t) = Ey cos [27rf0y (e(”t")/y - 1)} exp (— (1= t0)2> , (6.8)

20?
where fo = 1.0 THz is the central frequency, ¢ = 0.35 ps is the Gaussian envelope width,
and y = 1.6 ps is the chirp parameter. These values are chosen to match the measured THz
pulse waveform. The modelled pulse and its spectrum are shown in Figure .4,
Figure [6.4a shows the modelled time-domain waveform. Figure [6.4b shows the cor-

responding frequency spectrum. The peak near 1.0 THz and the finite spectral weight ex-
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tending to 1.27 THz confirm that the modelled pulse has adequate coverage of the EIT res-
onance frequency. Without spectral weight at 1.27 THz, the model could not drive the EIT
resonance and the theoretical 2D spectrum would not reproduce the experiment. The con-
sistency between the modelled pulse spectrum and the experimental THz pulse spectrum is

what makes the quantitative agreement in all subsequent figures possible.

6.5.2 Physical Picture of the 2D-THz Measurement

The nonlinear signals observed in 2D-THz spectroscopy originate from the coherent inter-
action of the sample with two time-delayed THz pulses. While the density matrix formal-
ism provides a rigorous mathematical description of these processes, it is useful to first
develop an intuitive understanding of how the different spectral features arise. Such a phys-
ical picture helps establish the connection between the measured nonlinear signals and the
underlying coherent dynamics of the coupled metamaterial system.

When the first THz pulse interacts with the metamaterial, it excites a coherent super-
position of the bright and dark resonator modes. During the time delay T, this coherent
state evolves freely and accumulates a phase determined by the resonance frequency of the
coupled system. In an ideal system where every resonator is identical, all unit cells would
evolve with the same phase. In practice, however, small variations in fabrication dimen-
sions and local material properties introduce slight differences in the resonance frequencies
of individual resonators. As a result, the collective coherence gradually dephases with in-
creasing delay time.

The arrival of the second THz pulse modifies the evolution of the system by interacting
with the remaining coherent polarization created by the first pulse. Under suitable condi-
tions, this interaction reverses the accumulated phase differences and produces a rephasing
process. The emitted photon echo therefore represents the recovery of the macroscopic

coherence of the ensemble rather than the generation of a new excitation. As the delay

87



6 Unveiling Nonlinearities of EIT....

between the two excitation pulses increases, the photon echo gradually decreases because
irreversible dephasing processes continuously reduce the remaining coherence within the
coupled system. Consequently, the decay of the photon echo directly reflects the coherence
lifetime 75.

In contrast, the pump-probe signal originates from the population created after the first
THz excitation. Since the population does not retain phase information, its temporal evolu-
tion is governed primarily by energy relaxation processes. The decay of this signal, there-
fore, provides direct access to the population relaxation time 77. By analysing both the
pump-probe and photon-echo signals, it is possible to separate population relaxation from
coherence decay, thereby allowing the different contributions to the nonlinear response to
be investigated independently.

The two-dimensional frequency spectrum provides additional insight into the physical
processes occurring within the coupled metamaterial. The pump-probe peaks primarily re-
flect the population dynamics of the hybrid resonant states, whereas the rephasing peaks
provide information about the system’s coherence. Furthermore, the shape of the rephasing
peak reflects the degree of structural disorder present in the metamaterial array. A sym-
metric peak indicates a nearly homogeneous ensemble, whereas an elongation along the
diagonal direction is characteristic of inhomogeneous broadening arising from small vari-
ations in the resonance frequencies of individual resonators. The width of the peak along
the anti-diagonal direction, on the other hand, is determined mainly by the intrinsic homo-
geneous linewidth of the coupled resonance.

The nonlinear response measured in this work, therefore, provides considerably more
information than conventional linear THz spectroscopy. In addition to determining the reso-
nance frequencies of the hybrid states, 2D-THz spectroscopy enables independent measure-
ments of the population relaxation time, the coherence lifetime, and the effects of structural

disorder on coherent dynamics. This separation of distinct physical processes forms the
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basis of the quantitative analysis presented in the following sections, in which the density
matrix formalism is employed to model the measured nonlinear spectra and extract the rel-

evant relaxation parameters.

6.5.3 Lindblad Master Equation and Decoherence

The dissipative dynamics are governed by the Lindblad master equation introduced in Chap-

ter 2. For this system it takes the form

dp _ i

where the Lindblad superoperator is
L) = 3 vu|Lapll = H{LiLa p}| + 30, [Lebl] = HLiLep}|. (6.10)
o k

The first sum runs over population relaxation processes. The transitions |1) — |0) and
1) — |2) atrates y, and y, are implemented through transition operators L, = |{) (k|. These
decays are the excited-state populations and damp coherences at half the population decay
rate. The values of y, and y, are taken from the linear transmittance fit, ensuring consistency
between the linear and nonlinear descriptions. The second sum accounts for pure dephasing
through diagonal operators L; = k) (k| at rate 7, Pure dephasing attenuates only the off-
diagonal elements of p without transferring population. In this metamaterial, its physical
origin is structural inhomogeneity. The lithographic imperfections produce a distribution of
resonant frequencies across the array, randomizing the phase of contributions from different
unit cells without dissipating their energy.

The equation of motion is integrated numerically using a fourth-order Runge-Kutta al-

gorithm, starting from p(0) = |0) (0|. The macroscopic current response is computed as

i

N
) =7 pult) (B — Er) dy, (6.11)
k,l
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where dj; are the dipole matrix elements and N is the number density of resonators. The
nonlinear current jni,(¢,7) = jap(f,7) — ja(t,7) — jp(t) is computed from three separate
integrations. Two-dimensional Fourier transformation of jxy,(#, 7) gives the theoretical 2D

spectrum for direct comparison with experiment.

6.5.4 Origin of the Third-Order Nonlinearity

It is worth clarifying that the third-order nonlinearity in this model does not originate
from any explicit nonlinear term in the Hamiltonian. Neither ﬁ]c nor f[int(t) carries a
field-dependent or intensity-dependent contribution. The structural coupling H, is a
field-independent hybridization term, and H(z) enters the Hamiltonian linearly in the
applied THz field. The nonlinear response emerges instead from the repeated action
of the commutator [H(f), p] in the Liouville—von Neumann equation across successive
field interactions. This is a fundamental consequence of the density matrix formalism
for a multilevel system. The trace constraint Tr(p) = 1 enforces a coupling between
the diagonal population elements and the off-diagonal coherence elements of p that is
intrinsically nonlinear in the driving field, physically analogous to population saturation in
a two-level atom.

To third order in the applied field, the four-wave mixing signals arise from three suc-
cessive applications of the commutator [I:Iint, p]. The first two field interactions drive the
system into one of two intermediate states depending on the pulse ordering: either a pop-
ulation grating, which underlies the pump-probe signals, or a rephasing coherence, which
underlies the photon-echo signals. The third field interaction then converts this intermedi-
ate state into a radiating off-diagonal coherence that emits the observed nonlinear current.
Meanwhile, the structural coupling g5 plays an important but passive role in this sequence.
During the free-evolution periods between successive field interactions, g; mixes the bright

and dark state populations and coherences, imprinting the dark-mode dynamics onto the
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evolving density matrix. This mixing is what gives rise to the cross-peak structure and the
oscillatory decay of the photon-echo signal in the 2D spectrum. However, g5 does not itself
generate the nonlinearity. It governs only how the nonlinear signal evolves in the windows
between THz-field interactions, shaping the spectral and temporal structure of the response

rather than being its origin.

6.6 Experimental Results and Analysis
6.6.1 The Nonlinear Signal and its Two-Dimensional Spectrum

Figure 6.3a shows the experimentally measured nonlinear signal Exy,(¢, 7) as a 2D contour
plot. For large negative delays, where pulse A arrives at the sample long before pulse B, the
nonlinear signal is negligibly small. This directly confirms that the three-measurement sub-
traction works correctly: when the two pulses do not interact, the subtraction returns zero
and no nonlinear contribution remains. As 7 approaches zero, a coherent signal emerges.
Coherent oscillations at 1.27 THz appear along the real-time axis ¢, tracing the EIT reso-
nance of the metamaterial. These oscillations confirm that the nonlinear response originates
from the coupled resonator system rather than from any substrate contribution. The signal
also varies along 7: this modulation reflects the mixing of the two THz field frequency com-
ponents by the nonlinear interaction and encodes how the phase relationship between the
two pulses affects the nonlinear output. The theoretical nonlinear current jxi, (¢, 7) repro-
duces the overall temporal structure of the experimental contour faithfully, including the
onset near 7 = 0 and the modulation pattern along both ¢ and 7, as shown in Figure [.3c.
Figure [6.3b shows the 2D Fourier spectrum. Four distinct nonlinear signals are visi-
ble, all located at the detection frequency v, = vy = 1.27 THz. Their positions along the
excitation frequency axis are v, = 0, —vy, +Vvy, and —2v, corresponding to the four X(3)

signals. These signals are Ay, —B,,, Byy— A, ABB photon echo, and BAA photon echo
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Figure 6.5: (a) 2D contour plot of Exy,(#,7). Green and red dashed lines mark the wave-
fronts of pulses A and B. Black dashed line marks ¢ = 0. (b) Normalized 2D Fourier
spectrum Eyr (v,, v,). Dashed ellipses indicate the four y®) signal positions. Green and red
arrows are the frequency vectors of pulses A and B. (¢) Theoretical jni, (2, 7) and (d) its 2D
Fourier spectrum, in excellent agreement with (a,b). Taken from Ref. [2§].

respectively. The two pump-probe signals are substantially more intense than the two echo
signals. This intensity hierarchy arises from the ¥ scaling: pump-probe signals involve
two interactions with the pump and one with the probe, while echo signals carry reversed
phase information and therefore scale differently with the pulse amplitudes. The green and
red arrows in the Figure b.3b mark the frequency vectors of pulses A and B, showing how

each signal is formed by combinations of these vectors. The theoretical 2D spectrum (Fig-

ure 6.3d) agrees well with experiment in all four signal positions, their relative amplitudes,
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Figure 6.6: (a) 2D Gaussian filter region isolating the B, — A, signal. (b) Experimental
EPDM#,7) and (c) theoretical j\ (¢, 7) 2D contour plots. Green and red dashed lines mark
pulse A and B wavefronts. Black dashed line marks ¢ = 0. Taken from Ref. [28].

and their spectral shapes. This agreement confirms that the three-level A-type Lindblad

model captures the essential physics of the nonlinear response.

6.6.2 Bright-Mode Relaxation from the Pump-Probe Signal

The A, — B, pump-probe signal at (v, 0) is extracted by applying a 2D Gaussian filter in
the frequency domain and inverse-Fourier transforming. The resulting time-domain contour
of E}‘f (1, 7) is shown in Figure .7a, with the theoretical counterpart in Figure [6.7b. Before
discussing Figure .7 in detail, the complementary Bpu—A,, signal at (vo, —vp) is shown
in Figure [6.6. The filtering step that isolates this signal from the 2D spectrum is illustrated
in Figure [6.6a, which shows the 2D Gaussian filter window applied around (vo, —v;). The
resulting experimental time-domain contour is shown in Figure [6.6b, and the theoretical
counterpart in Figure [.6c.

Figure 6.6a shows the Gaussian filter ellipse in the (vs, v.) plane centred on the B, — A,
signal at (vg, —vg). Only spectral weight within this window is retained before the inverse
Fourier transform is applied, ensuring clean separation from the adjacent pump-probe sig-

nal at (o, 0) and the echo signals. Figure [6.gb shows the resulting EP (1, 7) contour. This
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signal oscillates along both ¢ and 7. The oscillations along ¢ reflect emission at 1.27 THz.
The oscillations along 7 arise because the probe in this channel is pulse A, which carries
frequency vy = vy in both time dimensions. The envelope of these r-oscillations decays
at a rate consistent with 77. Figure b.6c shows the theoretical counterpart, which repro-
duces both the oscillation pattern and the envelope decay. The fact that this symmetric
measurement with reversed pulse ordering yields the same 7' confirms that the population
relaxation rate is an intrinsic property of the bright mode rather than a consequence of the
specific pulse sequence used to probe it.

Returning to the A, —B,, signal in Figure . 7a: this is the only nonlinear component
in the 2D spectrum that decays monotonically along r without any sinusoidal modulation.
The pump interaction with pulse A cancels its spectral phase, leaving a contribution that
depends only on the energy deposited by the pump rather than on its phase. Physically,
pulse A excites the rod dipole out of equilibrium. Pulse B, delayed by 7, reads out the
current amplitude remaining in the rod at that time. As 7 increases, the rod current has
had more time to relax, and the signal decreases monotonically. The theoretical contour in
Figure [6.7b reproduces this behavior faithfully. At fixed real time t = 1.2 ps, the z-trace is
fitted by

Eyp(t) = Arexp(—1/Th), (6.12)

giving the bright-mode relaxation time 7, = 1.96 + 0.11 ps, as shown in Figure [6.7c.

6.6.3 Coherence Lifetime from the Photon-Echo Signal

Figure b.7a and [6.7b show the AL, —B,, contour for experiment and theory respectively.
The signal is strictly non-oscillatory along z: the amplitude simply decreases as the delay
increases. This is the direct consequence of the phase cancellation described above. Fig-
ure [b.7c shows the 7-trace extracted at 1 = 1.2 ps. The single exponential fit is excellent

over the full delay range measured, and the extracted value 77 = 1.96 £ 0.11 ps represents
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Figure 6.7: (a) Experimental Eéf(t, 7) and (b) theoretical jﬁf (¢, 7) for the A, — B, pump-

probe signal. (¢) Temporal trace at # = 1.2 ps with single-exponential fit (red) giving 7 =
1.96 & 0.11ps. (d) Experimental E)P"(z,7) and (e) theoretical j*P(z,7) for the ABB
photon-echo signal. (f) Temporal trace at t = 4.5 ps with damped-sinusoid fit (red) giving
T, = 1.0 £ 0.1 ps. Taken from Ref. [28].

the characteristic timescale over which the radiative energy stored in the bright rod dipole
dissipates through ohmic losses and radiative re-emission.

Figure 6.7d shows the ABB photon-echo contour. In contrast with the pump-probe
signal in Figure .7a, the ABB echo oscillates along both # and 7. The oscillations along
reflect emission at the EIT resonance frequency 1.27 THz, consistent with all other signals.
The oscillations along 7 have a fundamentally different origin. In the E3EY interaction, the
phase of pulse A is reversed by the complex conjugation rather than cancelled by it. The
signal therefore retains memory of the phase of pulse A across the delay z. This memory is

the coherence of the |1)-|2) superposition: the coupled resonator system maintains a well-

defined phase relationship between the bright and dark modes for a finite duration. As long
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Figure 6.8: (a) Experimental EE?A(t, 7) and (b) theoretical jE?A(t, 7) 2D contour plots of

the inverse Fourier transformed signals, respectively. Here, the green- and red-dashed lines
correspond to the propagation wavefront of the driving THz fields E, and Eg, respectively.

The black-dashed line indicates the zero delay time. (¢) The temporal trace of EEGAA (¢,7) at

a fixed real time of = 4.5 ps. The red-solid curve depicts the numerical fit of Equation
of the main manuscript. Taken from Ref. [28].

as this coherence persists, the destructive interference between the two excitation pathways
remains operative and the EIT window exists. When 7, has elapsed, the phase relationship
is lost and the two resonators behave as incoherently coupled oscillators. The decay of the
r-oscillation envelope directly measures how long this coherence lasts. Figure b.7e shows
that the theoretical model reproduces the oscillatory contour with high fidelity. Figure [.7f

shows the z-trace at t = 4.5 ps, fitted by a damped sinusoid,
Eﬁ‘fB(r) = Ay sin(2av, T + @) exp(—r/Tz), (6.13)

giving 7, = 1.0 £ 0.1 ps.

The BAA echo at (vy, —2vy) gives an independent measurement of 7, from the reversed
field-ordering sequence E3 Ej. Fitting the same damped sinusoid to the BAA t-trace at
t =4.5psreturns 7, = 1.0 &= 0.1 ps, identical to the ABB result. The two echo signals are
generated by physically distinct pulse sequences, so their convergence to the same coher-

ence lifetime is a stringent self-consistency check. The BAA analysis is shown in Figure .8.
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6.6.4 The Hierarchy of Timescales: 77, 75, and T,

The timescales Ty, T5, and T, are defined in Chapter , along with the relation 1/7, =
1/(2Ty) + 1/T,. The measured values are 7) = 1.96 & 0.11ps and 7, = 1.0 £ 0.1 ps.
Substituting gives T, = 1.34 = 0.18 ps. This is consistent with the pure dephasing rate
Y, = 0.8 ps~! used in the Lindblad model, providing a direct validation of the theoretical
framework. The inequality 7, < 27; confirms that pure dephasing is a dominant deco-
herence mechanism beyond population relaxation alone. Different unit cells have slightly
different resonance frequencies due to lithographic variations. This distributes the phases
of contributions from different unit cells, reducing the ensemble coherence faster than the
energy decays in any individual resonator. These timescales place the system in the mod-
erately coherent regime. The coherence time 75 ~ 1 ps is long enough to sustain the de-
structive interference that produces the EIT window, since it exceeds the oscillation period
1/vo =~ 0.8ps. At the same time, 7> is significantly shorter than 7}, meaning the phase
relationship between the two modes collapses before the energy has fully dissipated. This
is characteristic of room-temperature metallic metamaterials and contrasts with cold-atom
or cryogenic solid-state EIT systems where 75 can approach or exceed 277.

Before proceeding to the dressed-state analysis, it is useful to summarize how each
model parameter shapes a distinct aspect of the nonlinear response, and to establish that the
extracted values are not unduly sensitive to small parametric uncertainties. The structural
coupling strength g, primarily controls the frequency splitting between the two hybridized
modes and therefore sets the spectral separation between the nonlinear features in the 2D
map. Varying g; shifts the peak positions but leaves the overall topology of the spectrum
intact. The population relaxation time 7 governs the temporal decay of the pump-probe
response: a longer 7 sustains the pump-probe signal over a wider delay range, while a

shorter 7' causes it to collapse more rapidly toward zero. The coherence lifetime 75, by
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contrast, controls the visibility and spectral sharpness of the photon-echo and cross-peak
features. When T, is short relative to the oscillation period, the echo fringes wash out and
the cross-peaks broaden; when 73 is sufficiently long, both features are well resolved. Im-
portantly, the cross-peak signatures remain clearly visible over a coupling strength variation
of +5% around the fitted value of g (see Appendix Figure [A.3), provided the coupling ex-
ceeds the dephasing rate. This robustness confirms that the dynamical parameters 7} and
T, extracted in this chapter reflect genuine physical properties of the EIT metamaterial and

are not artefacts of a specific parameter choice.

6.7 Dressed-State Structure of the ABB Photon-Echo

The most structurally revealing result in this chapter is the multi-peak nature of the ABB
photon-echo in the 2D frequency domain. For a simple two-level system, the echo would
appear as a single peak at (vg, vo). The EIT metamaterial is different. The near-field cou-
pling g between the bright and dark modes splits the bright-mode state into two dressed
states separated by 2g; around the unperturbed bright-mode frequency. Transitions involv-
ing these dressed states produce the EIT window in the linear spectrum and a multi-peak
pattern in the 2D echo spectrum, because each dressed state contributes its own emission and
excitation frequencies. Figure 6.9a shows the experimental ABB echo in the 2D frequency
plane. Instead of the single peak expected for an uncoupled system, four distinct peaks are
visible. The horizontal and vertical gray-dashed lines in the figure mark v, = 1.27 THz and
v, = 1.27 THz respectively. At the intersection of these lines, where a simple two-level echo
peak would be centered, there is instead a spectral hole. This hole is the direct consequence
of the EIT destructive interference: at the transparency frequency, the dressed-state transi-
tion amplitudes cancel and no echo is emitted. On either side of this hole along v, are peaks

from the lower dressed state at v, < 1.27 THz and the upper dressed state at v, > 1.27 THz.
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Figure 6.9: (a) Experimental ABB photon-echo in the 2D frequency domain showing the
four-peak structure. Black-dashed diagonal: v, = —v,. Gray-dashed lines: v, = 1.27 THz
and v, = 1.27 THz. (b) Diagonal and (¢) cross-diagonal slices from (a). (d) Theoretical
ABB echo reproducing the four-peak pattern. (e) Diagonal and (f) cross-diagonal slices
from (d). Taken from Ref. [28].

The off-diagonal structure of the four-peak pattern, visible on both sides of the black-dashed
v, = —v, diagonal, encodes the correlations between excitation and emission frequencies
that are unique to coherently coupled multi-level systems. The theoretical simulation, as
shown in Figure [6.9d reproduces this four-peak pattern with remarkable fidelity, including

the spectral hole position, the dressed-state peak separations, and the relative amplitudes of

all four peaks.
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6 Unveiling Nonlinearities of EIT....

Figures 6.9b and [6.9c show the diagonal and cross-diagonal spectral slices extracted
from the experimental echo. The diagonal slice, as depicted in Figure [6.9b is taken along
the v, = —v, line indicated by the black-dashed diagonal. Two peaks are resolved, corre-
sponding to the lower and upper dressed states. The width of this slice is broad. It reflects
the total spread of resonance frequencies across the fabricated metamaterial array: unit
cells with slightly different lithographic dimensions have slightly different resonance fre-
quencies, and this spread broadens the diagonal linewidth as a cumulative effect across the
array. The cross-diagonal slice, as shown in Figure 6.9c is taken perpendicular to the diago-
nal. Its width is visibly narrower than the diagonal linewidth. This narrower width reflects
only the homogeneous broadening, which is the natural lifetime broadening that results
from the finite lifetimes 7} and 73 and that is the same for every individual unit cell regard-
less of its resonance frequency. The anisotropy between the diagonal and cross-diagonal
linewidths is therefore the direct spectroscopic signature of inhomogeneous broadening
dominating over homogeneous broadening. Figures [6.9e and [6.9f show that the theoreti-
cal model reproduces both linewidths quantitatively. This quantitative agreement confirms
that the Lindblad model, with its single pure dephasing rate y,,, correctly partitions the total
EIT linewidth into its homogeneous and inhomogeneous components.

The relative amplitudes of these four peaks are not equal. A slight spectral asymmetry
between the upper and lower dressed-state peaks, present in both the experimental and theo-
retical echo spectra, as shown in Figure [6.9. This asymmetry has a straightforward physical
origin. The bare bright and dark mode frequencies are not perfectly degenerate; a finite
detuning of A = 0.05 THz exists between them. As a result, the two dressed states do not
carry equal admixtures of the bright and dark mode characters. The dressed state with the
larger bright-mode contribution couples more efficiently to the incident THz field and there-
fore acquires a greater spectral weight in the photon-echo signal, while the other dressed

state, being more dark-mode-like, appears comparatively weaker. To verify this interpreta-
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6.7 Dressed-State Structure of the ABB Photon-Echo

tion, the detuning was numerically set to zero in the simulation. Under this condition, the
two dressed states carry identical bright-mode character, and the resulting echo spectrum
becomes nearly symmetric, regardless of the damping rates assigned to either mode (see
Appendix Figure [A.4). An additional contribution to the asymmetry comes from the center
frequency of the incident THz pulse, which is set at f, = 1.0 THz and is itself detuned from
the bare bright-mode resonance at 1.20 THz. This spectral offset means that the two dressed
states are not driven with equal pulse weight, further tilting the balance of the observed peak
amplitudes.

This decomposition is inaccessible to any one-dimensional spectroscopic method. A
conventional transmittance spectrum shows a single EIT peak whose total linewidth is the
sum of both contributions, but cannot separate them. The 2D echo measurement provides
the breakdown directly. The practical implication is clear. Since inhomogeneous broaden-
ing is found to dominate, improving the lithographic resolution and dimensional uniformity
of the fabrication process would narrow the EIT linewidth without requiring any modifica-
tion to the resonator geometry.

It is instructive to connect this dressed-state picture to the polariton physics established
in Chapter . There, the single EIT window was split into two by introducing a phonon mode
that hybridized the bright and dark resonators into upper and lower polaritons. The split-
ting was governed by the Rabi splitting Qg, set by the phonon-photon coupling strength.
In the present chapter, no phonon is present, yet the 2D echo already reveals a doublet
structure within the single EIT window. This doublet is the dressed-state pair formed by
the near-field coupling g; alone, before any phonon hybridization. The linear transmittance
spectrum only shows the net effect of this doublet as a single transparency peak. The 2D
photon-echo reveals the doublet directly. The phonon-polariton splitting of Chapter [ is
therefore a second-order modification of a dressed-state structure that already exists in the

bare metamaterial. Understanding these bare dressed states provides the necessary founda-
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6 Unveiling Nonlinearities of EIT.....

tion for interpreting the more complex phonon-coupled system.

6.8 Conclusion

This chapter presented the first application of 2D-THz spectroscopy to an EIT metamaterial
in a substrate-excitation-free configuration. By driving the coupled rod-SRR system with
phase-locked THz pulse pairs and isolating the third-order nonlinear response through the
three-measurement subtraction scheme, the coherent dynamics that sustain the EIT trans-
parency window were accessed directly and independently of any substrate contribution.
From the temporal decay of the A, —B,, pump-probe signal, the bright-mode relaxation
time 77 = 1.96 + 0.11 ps was extracted. This measures how long the radiative energy
stored in the rod dipole persists before it is dissipated through ohmic losses and radiative
re-emission. From the oscillatory decay of the ABB and BAA photon-echo signals, the
coherence lifetime 7, = 1.0 £ 0.1 ps was determined from two independent measurements.
The agreement between the two echo results is a stringent self-consistency check on the
experiment. The inequality 7, < 27 established the presence of pure dephasing, with
T, = 1.34 = 0.18 ps, attributable to structural inhomogeneity across the fabricated array.
These timescales place the system in the moderately coherent regime. The near-field cou-
pling g sustains the bright-dark coherence long enough for the destructive interference to
produce a well-defined transparency window, but pure dephasing limits the coherence to a
duration well below 7;. This is characteristic of room-temperature metallic metamaterials
and reflects the inevitable structural disorder that accompanies large-area lithographic fabri-
cation. The multi-peak structure of the ABB photon-echo in the 2D frequency domain pro-
vided a direct visualization of the dressed-state doublet that underlies the EIT transparency
window. The diagonal versus cross-diagonal linewidth anisotropy quantitatively separated

the homogeneous and inhomogeneous contributions to the EIT linewidth, a decomposition
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inaccessible to conventional one-dimensional spectroscopy. This analysis identified struc-
tural disorder as the dominant broadening mechanism, pointing to lithographic improve-
ment as the most effective route to sharper, higher-amplitude EIT responses.

The density matrix model based on the three-level A-type Hamiltonian with Lindblad
dissipation reproduced all observed features quantitatively: the nonlinear time-domain sig-
nal, the 2D frequency spectrum, the pump-probe decay, the echo oscillations, and the four-
peak echo structure. The agreement between the independently determined 7, and the
model parameter y,, validates the theoretical framework and confirms that all sources of

decoherence in the system are captured by a single dephasing channel.
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Chapter 7

Conclusion and Outlook

7.1 Conclusion

This thesis set out to answer two questions about EIT-like phenomena in THz metamaterials.
The first was whether the single transparency window of a bright-dark mode metamaterial
could be qualitatively transformed, not merely shifted or suppressed, by integrating it with a
phonon-active material. The second was what coherent timescales actually sustain the trans-
parency window, and how those timescales relate to the structural and material properties
of the device. Both questions have now been answered through experiment and through the-
oretical models that describe the same physical system from complementary perspectives.
The first study investigated a hybrid platform in which a thin film of MAPbI; per-
ovskite was deposited onto a fabricated rod-SRR EIT metamaterial. The MAPDbI; film
supports a TO phonon near 0.97 THz. When the metamaterial resonances are spectrally
aligned with this phonon mode, both the rod and the SRR individually enter the strong
coupling regime. The interaction potential between the phonon and the SRR resonance
reaches V' = 0.538 meV, which exceeds the strong coupling threshold Vy; = 0.294 meV.
This confirms coherent hybridization rather than a perturbative frequency shift. Both res-
onators independently form upper and lower polariton branches separated by Rabi splittings
of approximately 0.31 THz and 0.37 THz for the rod and SRR respectively. These overlap-
ping polaritonic states reorganize the interference pathways responsible for the EIT window.
The result is a dual EIT-like response with transparency peaks near 0.9 THz and 1.2 THz,

in place of the original single window at 1.3 THz. The normalized in-plane electric field
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distributions confirmed that both peaks carry genuine EIT character: the rod dipole is de-
activated and the field is concentrated in the SRR gaps at both transparency frequencies,
exactly as in the bare EIT structure. The group delay measurement showed that both win-
dows retain the steep dispersion associated with EIT-like slow-light behavior. The original
single delay peak of approximately 1.5 ps splits into multiple delay features, confirming that
slow-light behavior is preserved and even enriched in the hybrid configuration. The rod-
SRR geometry also provides intrinsic tunability. Rotating the metamaterial relative to the
incident polarization switches the system continuously from the three-oscillator dual-EIT
regime to a two-oscillator SRR-phonon Rabi splitting, without any structural modification.
Translating the SRR along the rod length accesses the complementary rod-phonon regime.
These two control parameters together demonstrate that the full range of coupled-resonator
behaviors in this platform can be accessed geometrically.

The second study turned to the coherent dynamics of the bare EIT metamaterial. 2D-
THz spectroscopy was applied to the same rod-SRR structure, without the MAPbI; film,
in a configuration where the THz pulses themselves drive the metallic resonators directly.
Because THz photon energies lie below the quartz bandgap, no substrate carriers are gener-
ated, and the nonlinear signals originate entirely from the coupled resonator system. The 2D
frequency spectrum revealed four distinct third-order nonlinear signals: two pump-probe
signals at (vo,0) and (vo, —vo), and two photon-echo signals at (v, vo) and (vy, —2vy).
From the exponential decay of the pump-probe signal, the bright-mode relaxation time
Ty = 1.96+£0.11 ps was extracted. From the oscillatory decay of the ABB and BAA photon-
echo signals, the coherence lifetime 7, = 1.0 £ 0.1 ps was determined independently from
two echo channels, with full mutual agreement. The relation 1/7, = 1/(2Ty) + 1/T,
then gives a pure dephasing time 7, = 1.34 £ 0.18 ps, consistent with the dephasing rate
parameter used in the Lindblad model. The inequality 75 < 27; confirms that phase co-

herence between the bright and dark modes is lost before the stored electromagnetic energy
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fully dissipates. The dominant source of this additional dephasing is structural inhomogene-
ity: lithographic variations across the array distribute the resonance frequencies of individ-
ual unit cells, randomizing their phase contributions without dissipating their energy. The
multi-peak structure of the ABB photon-echo in the 2D frequency domain provided direct
visualization of the dressed-state doublet that underlies the EIT transparency window. The
diagonal linewidth of this echo signal is broader than its cross-diagonal linewidth, a signa-
ture of inhomogeneous broadening exceeding the homogeneous lifetime broadening. This
decomposition is inaccessible to conventional one-dimensional spectroscopic methods and
establishes lithographic improvement as the most effective route to sharper, higher-contrast
EIT responses.

The two studies are complementary in a precise sense. The first establishes that the
spectral character of the EIT response can be fundamentally transformed through strong
phonon-polariton hybridization. The second establishes what sets the temporal and spec-
tral quality of that response in its bare form. Together they define both the ceiling and the
floor of EIT performance in this metamaterial platform: the ceiling is set by the tunability
and dual-window behavior made possible by phonon coupling, and the floor is set by the
pure dephasing that structural disorder imposes on the coherence lifetime. The moderately
coherent regime identified in the second study, where 7, ~ 1 ps is long enough to sustain
EIT interference but short enough relative to 7; to reflect significant dephasing, is charac-
teristic of room-temperature lithographically fabricated metamaterials. Any improvement
in device performance, whether in group delay, modulation depth, or transparency contrast,
must ultimately address this dephasing floor. The 2D spectroscopic framework demon-
strated here provides the direct measurement tool for quantifying that floor and tracking

how it changes as the geometry, material, or operating conditions are varied.
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7.2 QOutlook

The results presented in this thesis open several concrete directions for future investigation.

The most immediate next step is to apply 2D-THz spectroscopy directly to the phonon-
hybridized EIT system characterized spectrally in Chapter f. The frequency-domain study
established that the hybrid system operates in the strong coupling regime and produces dual
transparency. What it could not access is how the phonon hybridization modifies the coher-
ent timescales. Whether 7, increases or decreases relative to the bare value of 1.0 ps when
the polariton branches replace the original resonances is an open question. The MAPbI;
film may introduce additional surface disorder that increases y,,, or the stronger effective
coupling in the polaritonic branches may reduce the sensitivity to inhomogeneity and extend
T,. Distinguishing these scenarios requires a direct pump-probe and photon-echo measure-
ment on the hybrid structure. The experimental infrastructure demonstrated in Chapter  is
directly applicable to this experiment, and the density matrix model can be extended to a
five-level system incorporating the polariton states. This single experiment would complete
the dynamic picture of the hybrid platform and connect the spectral tunability of Chapter [
to the time-resolved coherence physics of Chapter f.

A second direction concerns the active control of the dual transparency. The MAPbI;
phonon frequency is sensitive to temperature, hydrostatic pressure, and halide composition.
Varying the temperature shifts the TO phonon mode, which changes the spectral alignment
between the phonon and the metamaterial resonances. This provides a route to continuously
tune the separation between the two transparency windows without changing the metama-
terial geometry. Substituting iodide with bromide or chloride in the perovskite shifts the
phonon frequency further, offering a chemical route to wider spectral coverage. Replacing
MAPbDI; with a polar crystal that has a narrower phonon linewidth, such as lithium niobate,

would increase the Q-factor of the phonon mode and sharpen the polaritonic branches. This
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would produce narrower dual transparency windows with larger group delays and stronger
slow-light enhancement.

A third direction follows from the linewidth decomposition established in Chapter .
The 2D photon-echo analysis showed that inhomogeneous broadening is the dominant lim-
itation on EIT linewidth in the current fabrication. Improving the lithographic resolution
of the maskless photolithography system, reducing the gap size tolerance below 3 um, and
tightening the uniformity of the aluminum deposition would each reduce the spread of reso-
nance frequencies across the array. The 2D-THz measurement provides a direct diagnostic:
repeated measurement of the diagonal and cross-diagonal echo linewidths as fabrication
parameters are varied would quantify the improvement in homogeneity without requiring
any change to the measurement infrastructure.

More broadly, the combination of engineered light-matter coupling and multidimen-
sional THz spectroscopy demonstrated here provides a framework for investigating a wider
class of phenomena. Bound states in the continuum (BICs) in THz metasurfaces produce
high-Q resonances through a different interference mechanism from EIT, but they share
the same bright-dark mode language and could be characterized by the same 2D-THz ap-
proach to extract their coherence properties. Near-field 2D-THz spectroscopy, in which
a near-field probe is scanned across the metamaterial surface while the nonlinear signal is
recorded, would give spatially resolved access to the coherence at sub-unit-cell length scales.
This would directly image which regions of the fabricated array contribute homogeneously
and which are responsible for the excess inhomogeneous dephasing.

In summary, THz metamaterials have emerged in this thesis as dynamic platforms where
interference, coherence, and hybridization are deliberately engineered and quantitatively
characterized. The integration of strong phonon-polariton coupling with two-dimensional
nonlinear THz spectroscopy establishes a foundation for coherence-driven THz photonic

technologies. The work presented here is a step toward a broader program in which the

108



7.2 Outlook

spectral design freedom of metamaterials and the dynamic measurement power of multidi-
mensional spectroscopy are used together to uncover and control the coherent physics of
engineered light-matter systems.

The results presented in this thesis demonstrate that THz metamaterials provide a ver-
satile platform for investigating coherent light-matter interaction at ultrafast timescales.
While the present work has focused on phonon mediated strong-coupling and nonlinear
coherent dynamics in hybrid metamaterial systems, the underlying concepts have broader
implications that extend beyond the scope of this study. Recent developments in photonics
and quantum science suggest several promising directions for future research.

One important direction is the exploration of coherent control in quantum information
processing. Although the present experiments were performed on a classical metamate-
rial platform, the observation of coherent energy exchange, together with the experimen-
tally measured population relaxation and coherence lifetimes, demonstrates the ability to
generate, manipulate, and probe coherent hybrid states on picosecond timescales. Similar
concepts form the basis of quantum coherent control in cavity quantum electrodynamics
and other quantum photonic platforms. Future studies combining THz spectroscopy with
low temperature measurements or quantum materials may provide new opportunities for
investigating coherent quantum phenomena in the THz frequency range [|134-136].

Another emerging research direction is cavity-free quantum electrodynamics, where
strong light-matter interaction is achieved without the use of conventional optical cavi-
ties. Instead, highly confined electromagnetic fields produced by metallic nanostructures
or metamaterials enable coherent coupling with material excitations. The phonon polariton
coupling demonstrated in Chapter [J represents an example of this approach, where the en-
gineered metamaterial resonance interacts directly with the optical phonon of the MAPbI;
layer. Such systems provide an attractive platform for investigating strong-coupling in

compact photonic structures and may facilitate the development of miniaturized THz de-
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vices [3,[137].

The tunability of the EIT response also offers interesting possibilities for topological
photonics. The independently controlled transparency windows and slow light characteris-
tics demonstrated in this thesis could be integrated with topological photonic architectures
to realize robust THz waveguiding and protected transport of electromagnetic energy. Al-
though such investigations are beyond the scope of the present work, recent advances in
THz topological photonics indicate that combining engineered metamaterials with topolog-
ical concepts may enable compact and low loss THz communication systems with enhanced
functionality [[138-{140].

Another promising direction is the development of integrated THz photonic technolo-
gies. The ability to engineer resonance frequencies, quality factors, and coupling strengths
through structural design makes metamaterials attractive building blocks for compact THz
components. Hybrid integration of semiconductors, perovskites, phase-change materials,
and other functional materials may enable actively tunable filters, modulators, sensors, and
slow-light devices operating in the THz frequency range. Together with recent advances in
integrated photonic platforms, these developments could contribute to future THz commu-
nication, imaging, and sensing technologies [[141-{143].

Overall, the concepts developed in this thesis establish a foundation for future investi-
gations of coherent light-matter interaction using engineered THz metamaterials. By com-
bining strong coupling, ultrafast spectroscopy, and hybrid material systems, this platform
offers opportunities to explore both fundamental physical phenomena and practical device
applications. Future research along these directions is expected to further strengthen the

role of THz metamaterials in modern photonics and quantum technologies.
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Appendix A

Chapter 5 & 6: Supplementary Data

Role of Phonon Activation in Metamaterial

To isolate the effect of the phonon mode on the metamaterial response, we perform system-
atic numerical simulations of the individual resonators (rod and SRR) as well as the coupled
EIT configuration using CST Microwave Studio. The simulations are carried out under two
distinct conditions: (i) with the phonon response deactivated, where the perovskite layer is
treated as a passive dielectric medium, and (ii) with the phonon mode activated through the
inclusion of a Lorentz oscillator centered around 1 THz. This approach allows us to clearly
distinguish between purely dielectric effects and genuine phonon-mediated interactions.

In the absence of the phonon mode, the presence of the perovskite layer modifies the

Figure A.1: Simulated transmittance spectra of (a) rod resonator, (b) split-ring resonator
(SRR), and (c) the coupled EIT metamaterial system obtained using CST Microwave Studio,
shown for two cases: with the phonon mode deactivated (passive dielectric response) and
with the phonon mode activated at 1 THz. In the absence of phonon activity, the perovskite
layer acts as a dielectric medium, leading to a redshift of the resonance frequencies due to an
increase in the effective refractive index. Upon activation of the phonon mode, the spectral
response deviates from this dielectric-shifted baseline, indicating the influence of phonon-
mediated interactions. The effect is consistently observed across the individual resonators
as well as the coupled EIT configuration.

124



local electromagnetic environment primarily through its dielectric permittivity. This leads
to a systematic redshift of the resonance frequencies of both the rod and the SRR, consistent
with the increase in the effective refractive index experienced by the resonators, as shown
in Figure [A.1]. Such dielectric-induced shifts have been discussed in the Chapter [, where
even without phonon activation, the metamaterial resonances are observed to move to lower
frequencies due to the altered cavity conditions. The effect is observed consistently across
the individual resonators and the coupled EIT system. For the rod and SRR, the resonance
dips shift when the phonon is inactive, reflecting the dielectric loading of the structure. In
the coupled system, the EIT window also undergoes a corresponding shift, demonstrating
that both the bright and dark modes are influenced by the same environmental modification.
When the phonon is activated, the spectral response of the EIT system deviates further,
indicating the onset of phonon-mediated interaction beyond simple refractive index effects.

Resonance Modes and Near-Field Distributions

To build a clearer physical picture of the bright-dark mode coupling mechanism underpin-
ning the EIT-like response, we present the simulated transmittance spectra and the corre-
sponding near-field electric field distributions for the individual and coupled resonator con-
figurations. When the isolated rod resonator is excited by a y-polarised THz field, it exhibits
a strong dipole resonance at f,,q = 1.2 THz with near-complete absorption, consistent with
its role as the radiative bright mode, as shown in Figure [A.Ja, green curve. The isolated SRR
pair, by contrast, is completely non-responsive under y-polarised excitation, as shown in Fig-
ure [A.2a black curve, but displays a well-defined LC-type resonance at fggg = 1.25 THz
when the incident field is oriented along the x-direction, as depicted in Figure [A.2a blue
curve. This polarisation selectivity confirms that the SRR acts as a dark mode under the
experimental excitation geometry. The spatial profiles of the in-plane electric field magni-
tude |E| at the respective resonance frequencies further reinforce this picture. At f;oq, the
field is predominantly distributed along the length of the rod, exhibiting the characteristic
dipolar pattern of a half-wave antenna, as shown in Figure [A.2b. At figg, the field energy
is tightly localised at the capacitive gaps of the split rings, with negligible field at the rod,
depicted in Figure [A.2c.

When the rod and SRR pair are brought into proximity within the near-field coupling
regime, the transmittance spectrum of the combined structure changes substantially. Two
pronounced absorption dips appear at frequencies f; and f, creating a transparency peak at
Jfp = 1.27THz, as shown in Figure [A.2d. These spectral features correspond to the lower
dressed state, the EIT transparency peak, and the upper dressed state of the hybridised sys-
tem, respectively. The near-field distributions at these three frequencies provide a direct
view of the underlying mode hybridisation. At both f; and f, the electric field is simulta-
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neously enhanced at the rod extremities and the SRR gaps (Figures [A.2e and [A.2g), indi-
cating that both resonators contribute to the electromagnetic response at these frequencies.
These are hallmarks of hybridised bright-dark superpositions. At the transparency peak f,,
however, the picture changes dramatically: the rod field is markedly suppressed while the
SRR gap fields remain strongly excited, as displayed in Figure [A.2f. This redistribution of
near-field energy away from the rod and into the dark mode is the direct electromagnetic
manifestation of destructive interference. The SRR near-field effectively cancels the rod’s
dipole radiation, channelling the stored energy into the subradiant mode and opening the
transparency window.

Figure A.2: Simulated transmission spectra and the corresponding near-field electric field
distributions of the individual and EIT metamaterial resonators. (a) The transmittance spec-
tra of the rod resonator (green curve), the split-ring resonator (blue and black curves). Here,
the blue and black curves represent the SRR response when the incident Eryy, is parallel
and perpendicular to the y— direction, respectively. The spatial distribution of the in-plane
electric field magnitude |E|, highlighting the strong localization of the fields along (b) the
rod, consistent with a radiative bright mode, and (c) the capacitive gaps. (d) Transmittance
spectrum of the coupled EIT system. Here, the f, />, and f, represent the lower-, upper-
dressed states, and the EIT peak frequency of the system. (e-g) The near-field distribution
corresponding to f,, f,, and f;, respectively. Taken from Ref. [28]
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Figure A.3: (a) Optical microscopic image showing the unit cell of EIT meta-structure.
The EIT-/ike metamaterial unit cell consists of a central rod resonator accompanied by a
pair of split-ring resonators (SRRs) positioned symmetrically on either side of the rod. The
geometric parameters of the metamaterial structure are as follows: L = 75 um, [ = 23.5 um,
w = 5um, g = 3 um, s = 3 um with periodicity of 67 um and 93 um, along the x- and y-
directions, respectively. The metamaterial structures are patterned in aluminium (Al) with a
film thickness of 120 nm. (b) THz electric-field transients transmitted through the substrate
and the metamaterial sample, and (c) the corresponding THz spectra. Taken from Ref. [28]

Metamaterial Linear THz Characterisation

Figure [A.3a shows an optical microscope image of the fabricated EIT meta-structure unit
cell. The unit cell consists of a central rod resonator positioned symmetrically by a pair of
split-ring resonators (SRRs) on either side. The fabricated array is uniform over an area
considerably larger than the THz beam waist at the sample plane, ensuring spatially homo-
geneous illumination during all spectroscopic measurements. The THz time-domain char-
acterisation of the sample is presented alongside the optical microscope image. The electric-
field transients transmitted through the bare z-cut quartz substrate and the metamaterial-on-
substrate are shown in Figure [A.3b, with the corresponding amplitude spectra obtained via
Fourier transformation shown in Figure [A.3c. The incident THz polarisation is oriented
along the y-direction, i.e., parallel to the rod resonator. A pronounced suppression of the
transmitted spectral amplitude is visible near the EIT window frequency.
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Origin of Spectral Asymmetry in the ABB Photon-Echo Sig-
nal

A slight but reproducible spectral asymmetry is evident between the upper and lower dressed
state peaks in the experimental ABB photon-echo signal. To determine the physical mech-
anisms responsible for this asymmetry, we performed a series of controlled numerical sim-
ulations in which individual model parameters were varied while keeping the rest fixed. In
the first simulation, as shown in Figures [A.4a—c, the bare mode detuning was set to A = 0
with unequal damping rates (y, # 7,) and a pulse centre frequency of fo = 1.0 THz. De-
spite the detuning being zero, which implies that both dressed states should contain equal
bright-mode character. In principle, this should lead to equal spectral weights. However, a
pronounced asymmetry is observed, with the lower-frequency dressed state appearing con-
siderably more intense. The origin of this asymmetry is spectral: the driving pulse, centred
at 1.0 THz, has greater overlap with the lower dressed state and preferentially excites it,
resulting in an intensity imbalance that is unrelated to any intrinsic asymmetry in the cou-
pling. In the second simulation, as shown in Figures [A.4d—f, the pulse centre was shifted
to fo = 1.2 THz to bring it into resonance with the bare bright mode, while maintaining
A = 0 and y, # y,. The asymmetry is substantially reduced under these conditions, di-
rectly confirming that the unequal spectral excitation of the two dressed states in the first
case was a consequence of the off-resonant pulse rather than any structural asymmetry in
the system. In the third simulation, as depicted in Figures [A.4g—i, both the detuning and
the damping asymmetry were simultaneously removed (A = 0, y, = y,, fo = 1.2THz).
The two dressed state peaks now appear with nearly equal spectral amplitudes in both the
diagonal and cross-diagonal cuts, confirming that the system is inherently symmetric when
neither detuning nor differential damping is present.

Taken together, these simulations establish that the asymmetry observed in the exper-
imental ABB photon-echo signal has two distinct physical origins. The first is the offset
of the incident pulse centre frequency (fy = 1.0 THz) from the bright mode resonance at
1.20 THz, which causes the two dressed states to receive unequal spectral excitation. The
second is a finite energy detuning of A = 0.05 THz between the bare bright and dark mode
resonances of the fabricated structure, which breaks the symmetry of the dressed state mix-
ing and causes the state with the larger bright-mode admixture to appear with greater spectral
weight in the photon-echo response. The structural coupling g, determines the separation
between the dressed states but plays no role in setting their relative spectral intensities.
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Figure A.4: Theoretical ABB photon-echo signal JABB (v, v;) under different model con-

ditions. (a-c) Strong asymmetry, with f, = 1.0 THZ, A =0,y # y, (df) Reduced
asymmetry, with fo = 1.2 THz, A = 0, y, # y,. (g-i) Nearly symmetric, with fo = 1.2 THz,
A =0, y, = y,. Taken from Ref. [28]

Robustness of the Density Matrix Model Parameters

To verify that the extracted dynamical parameters are not critically sensitive to the precise
value of the structural coupling strength g, we performed additional simulations in which
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Figure A.5: Theoretical 2D nonlinear frequency maps jni (vy, v;) simulated for three values
of the structural coupling strength: (a) g, = 0.14radps~! (—5%), (b) g, = 0.15radps~!
(original), and (¢) g, = 0.16radps™' (+5%), with all other parameters kept fixed. The
positions and relative intensities of all four nonlinear signals pump-probe at (v(,0) and
(vo, —vy), and photon-echo at (vy, vo) and (vo, —2v) - remain essentially unchanged across
the three cases, confirming the robustness of the 2D spectral features against small varia-
tions in g,. Taken from Ref. [2§]

g, was varied by £5% around its optimal value of 27 x 0.15rad ps~', with all other Lind-
blad parameters held fixed. Figure [A.3 shows the resulting 2D nonlinear frequency maps
for g, = 27 x 0.14, 0.15, and 0.16 rad ps~'. Across all three cases, the positions and rela-
tive intensities of the four nonlinear signals such as the pump-probe features at (v, 0) and
(vo, —v9), and the photon-echo features at (v, vo) and (vo, —2v), remain essentially un-
changed. This insensitivity of the spectral peak positions to small changes in g5 confirms
that the 2D frequency map is robustly constrained by the experimental data and does not
depend critically on fine-tuning of the coupling parameter. Beyond +5% variation, the
nonlinear signals begin to show meaningful deviations from the experimental observations.

The extracted relaxation and coherence timescales are equally stable within experimen-
tal uncertainty across this parameter range. The relaxation times 7, obtained for the three
values of g; span 1.74 — 1.8 ps, and the coherence times 7, lie between 1.06 and 1.1 ps, both
well within the respective fitting uncertainties. There is a natural decoupling between the
spectral peak structure and the temporal decay dynamics. The spectral peaks are governed
primarily by g;, while the decay envelopes are controlled by y,, 7,, and y,,. This separation
demonstrates that all model parameters are independently and robustly constrained by the
data.

It is worth noting that the metamaterial structures were fabricated using a Heidelberg
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maskless laser lithography system, which achieves a dimensional resolution on the order of
~ 1 um. At this resolution, the SRR gap size and the rod—SRR separation are the geometric
parameters most directly linked to gs. These features may carry small fabrication-induced
variations across the array. Such variations can produce slight shifts in resonance frequency
and modest changes in coupling strength. However, because the EIT transparency window
arises from the interference between the coupled modes rather than from precise geometric
matching, the overall EIT character is preserved even under realistic fabrication tolerances.
The coherence time 75 is somewhat more susceptible to fabrication-induced disorder, since
structural inhomogeneities introduce additional dephasing pathways and can broaden the
resonance linewidth. The relaxation time 77, being determined primarily by radiative and
ohmic losses, is comparatively less sensitive to such variations. The qualitative conclusions
drawn from the density matrix model are therefore expected to remain robust across the
sample.

Model Parameters

The parameters used in the time-resolved density matrix model are summarized in Table [A.1].
These values are chosen based on the experimentally observed resonance frequencies and
decay dynamics of the system. They provide a consistent framework for capturing both the
coherent coupling and dissipative processes in the THz regime.

Table A.1: Parameters used in the time-resolved density matrix model.

Symbol Value Description

Hamiltonian parameters
Ey, E1, E; 0.0, 1.20, 1.25 THz Bare energy levels

g5 27 x 0.15 rad ps~! Structural coupling strength
Lindblad decay rates

7 0.15ps~! Decay [1) — |0)

75 0.05 ps~! Decay [2) — |1)

Yo 0.8 ps~! Pure dephasing rate

Extracted timescales
T, T,, T, 196, 1.0, 1.34ps Relaxation, coherence, and dephasing times

THz pulse parameters

fo 1.0 THz Central frequency

o 0.35 ps Pulse width

y 1.6 ps Chirp parameter
|Eal, |Eg| 20, 40kVcem™! THz field amplitudes
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Appendix B

Astrella Ti:Sapphire Laser System

The ultrafast laser system, as shown in Figure B.1], used in this thesis, is a Coherent Astrella
regenerative amplifier based on a Ti:Sapphire gain medium. The system consists of four
main subsystems. The seed oscillator is a Vitara Ti:Sapphire cavity pumped by a Verdi-
G continuous wave diode-pumped solid-state laser operating at 532 nm with a specified
output power of 5W. In our system, the Verdi-G operates at 4.7 W. The Vitara produces
ultrashort seed pulses at 800 nm with a pulse duration of approximately 20 fs, a repetition
rate of 80 MHz, and a pulse energy of 7.6 nJ at 610 mW average power. These seed pulses
are stretched in time by a grating stretcher before entering the regenerative amplifier cav-
ity. The amplifier is pumped by a Revolution Nd:YLF laser producing 532 nm pulses of
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Figure B.1: Schematic of the Coherent Astrella ultrafast laser system: M1-6 (mirrors);
RM1-4 (regen amplifier mirrors); S1-2 (seed mirrors); PM1-2 (pump mirrors); T1-2 (tele-
scope); PC1-2 (pockels cell); QWP (quarter wave plate); Pol (polarizer); R-PD (regen
photo-diode); BS (beam splitter); BPF (bandpass filter); Ir (iris); P1-2 (periscope); Ti:Sa
(titanium-sapphire).
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approximately 180 ns duration at a repetition rate of 1 kHz and a specified average power
of 38 W. After amplification and recompression in the grating compressor, the Astrella de-
livers pulses at 800 nm with a pulse duration of 100 fs, a repetition rate of 1 kHz, a specified
pulse energy of 7mJ, and a specified average output power of 7 W.

Working Principle of the Astrella System

The Astrella operates on the principle of chirped-pulse amplification (CPA) [|144], a tech-
nique developed by Strickland and Mourou that makes it possible to amplify ultrashort
pulses to high energies without destroying the gain medium or the optical components
along the beam path. The core problem CPA solves is straightforward. A 100 fs pulse
with millijoule-level energy carries a peak power in the tens of gigawatts (GW). If such a
pulse were amplified directly inside a laser crystal, the intensity would exceed the damage
threshold of any known optical material. CPA resolves this by separating the amplification
process into three distinct stages: the pulse is first stretched in time by several orders of
magnitude to reduce its peak power to safe levels, then amplified to the target energy, and
finally recompressed back to its original duration. The individual components of the CPA
system, namely the oscillator (Vitara), pump lasers, stretcher, amplifier, and compressor,
are discussed in detail in the following subsections, with emphasis on their respective roles
in achieving high energy ultrashort pulse generation. The overall layout and working prin-
ciple of the chirped pulse amplification scheme used in the Astrella system are illustrated

in Figure B.2.

As shown in Figure B.2, an ultrashort pulse generated by the Ti:Sapphire oscillator is
first directed into a grating-based stretcher, where different spectral components experience
different optical path lengths, resulting in a temporally stretched, chirped pulse with reduced
peak power. This stretched pulse is subsequently amplified in the gain medium, where its
energy is increased while the chirped temporal profile is preserved. The amplified chirped
pulse is then sent to a grating-based compressor, which introduces dispersion of opposite
sign and recombines the spectral components in time. As a result, the pulse is restored to its
original short duration while retaining the amplified energy, thereby producing a high peak
power output.

Ti:Sapphire as a gain medium. The gain medium of both the oscillator (Vitara) and
the regenerative amplifier is a Ti:Sapphire crystal. When titanium ions in the 3 oxidation
state are substituted into a sapphire (Al,O3) host lattice, the result is a vibronic laser medium
whose gain bandwidth spans roughly 650 to 1100 nm, with peak gain near 800 nm []145].
This exceptionally broad bandwidth arises because the optical transition of the Ti** ion is
strongly coupled to the phonon modes of the surrounding lattice. The electronic transition
does not occur at a single sharp frequency but is broadened across a wide range of vibrational
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Figure B.2: Schematic representation of chirped pulse amplification. An ultrashort pulse
generated by the Ti:Sapphire oscillator (Vitara) is temporally stretched using a grating-based
stretcher, where different spectral components acquire different optical path lengths, result-
ing in a chirped pulse with reduced peak power. The stretched pulse is then amplified in the
gain medium, increasing its energy while maintaining the chirped temporal profile. Finally,
a grating-based compressor introduces dispersion of opposite sign, recombining the spectral
components in time and restoring the pulse to its original short duration, thereby producing
an amplified high-peak-power pulse. The rainbow color representation in the stretcher and
compressor stages is used for illustrative purposes to indicate the spectral bandwidth and
dispersion of different frequency components; in practice, the laser operates in the near-
infrared region and the beam does not appear as visible rainbow light.

sublevels [[146]. It is this bandwidth that supports the generation and amplification of pulses
as short as a few tens of femtoseconds. Beyond its spectral properties, Ti:Sapphire has
a relatively large stimulated emission cross-section, high thermal conductivity, and good
mechanical hardness, allowing reliable operation over a wide range of repetition rates and
pulse energies at room temperature. These combined properties make Ti:Sapphire the most
widely used gain medium for ultrafast laser systems based on chirped pulse amplification.

The Verdi-G oscillator pump. The Ti:Sapphire oscillator (Vitara) in the Astrella sys-
tem is optically pumped by a continuous wave green laser source provided by the Verdi-G
laser. The Verdi-G has a specified output of 5 W at 532 nm, and in our system it operates
at 4.7 W, which is used to excite the Ti:Sapphire gain medium, as shown in Figure B.1l.
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The Verdi-G operates based on optically pumped semiconductor laser technology, in which
semiconductor quantum well structures are optically excited by high power laser diodes
to generate intracavity infrared radiation. This radiation is subsequently converted to green
output through second harmonic generation in a nonlinear crystal. The resulting continuous
wave beam is directed into the Ti:Sapphire crystal, where it excites Ti*" ions and establishes
the population inversion required for laser operation. The high beam quality and low inten-
sity noise of the pump source are essential for stable oscillator performance and consistent
femtosecond pulse generation.

The Vitara oscillator and Kerr-lens mode-locking. The Vitara oscillator produces ul-
trashort seed pulses through Kerr-lens mode-locking (KLM) [147,[148]. The optical Kerr ef-
fect causes the refractive index of the Ti:Sapphire crystal to increase slightly in proportion to
the local intensity of the light passing through it. For a beam with a Gaussian spatial profile,
this creates a weak but real focusing lens whose focal length depends on the instantaneous
intensity. When the intracavity power is high, as it is during a short pulse, this nonlinear
lens focuses the beam and improves its spatial overlap with the pump region. A continuous
wave beam, having lower peak intensity, is focused less efficiently and experiences greater
loss at the intracavity aperture. The cavity therefore self-selects for pulsed operation: once
the system is briefly perturbed into a pulsed state, the nonlinear lens stabilises it there. The
resulting mode-locked output is a coherent superposition of all the resonant longitudinal
modes of the cavity, all oscillating with the same phase. This produces a train of ultrashort
pulses separated in time by the cavity round-trip period, corresponding to a repetition rate
of 80 MHz. Each pulse has a duration of approximately 20 fs and carries an energy of 7.6 nJ
at an average power of 610 mW, as shown in Figure B.1].

Pulse selection from the oscillator train. The mode-locked Ti:Sapphire oscillator (Vi-
tara) generates a continuous train of ultrashort pulses at a repetition rate of approximately
80 MHz. However, as indicated in the system schematic, the downstream regenerative am-
plifier operates at a significantly lower repetition rate of 1 kHz. Therefore, it is necessary to
reduce the repetition rate of the oscillator output by selecting only a single pulse from every
80,000 pulses. As shown in the Figure B.1], the pulse selection stage is implemented using
an electro-optic pulse picker consisting of two Pockels cells (PC1 and PC2) in conjunction
with polarization optics, including a polarizer (Pol) and waveplate elements. The oscilla-
tor output is first incident on the polarization control stage, after which it passes through
the first Pockels cell (PC1). In the absence of an applied voltage, the polarization state of
the pulses remains unchanged, and they are rejected by the downstream polarizer. When
a high-voltage trigger signal is applied to PC1, synchronized with the system timing elec-
tronics, the induced birefringence rotates the polarization of a selected pulse, allowing it
to pass through the polarizer and continue along the optical path. The second Pockels cell
(PC2) further refines the temporal gating and ensures precise selection and routing of the
pulse toward the stretcher and regenerative amplifier chain. This two-stage configuration
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improves the extinction ratio and enhances the stability of the pulse picking process. The
timing of the Pockels cells is controlled by an external delay generator, ensuring that the
selected pulse arrives at the amplifier at the correct time relative to the pump pulse.

The pulse stretcher. The selected seed pulse enters a grating-based pulse stretcher prior
to amplification. In this stage, diffraction gratings introduce angular dispersion such that
different spectral components of the pulse traverse different optical path lengths. As a re-
sult, the spectral components become temporally separated, producing a positively chirped
pulse in which the instantaneous frequency varies monotonically with time. The pulse du-
ration increases from approximately 100 fs to several hundred picoseconds, leading to a
reduction in peak power by several orders of magnitude. Although the total pulse energy
is approximately conserved, it is now distributed over a much longer time, ensuring that
the peak intensity remains well below the damage threshold of the Ti:Sapphire crystal and
other optical components during amplification.

The regenerative amplifier. The stretched seed pulse is injected into a regenerative am-
plifier cavity, where it circulates multiple times through a pumped Ti:Sapphire gain medium.
During each round trip, the pulse extracts energy from the population inversion via stim-
ulated emission, leading to a gradual increase in pulse energy. The detailed processes of
pulse injection, amplification, and ejection are described in the following section.

The after-burner. After the seed pulse is injected into the regenerative amplifier cavity
and begins circulating through the Ti:Sapphire gain medium, a portion of the green pump
light passes through the crystal without being absorbed and leaks out from the back. The
afterburner is a mirror-lens assembly positioned behind the crystal that captures this trans-
mitted green light, reflects it, and refocuses it back into the Ti:Sapphire gain medium. By
recycling the otherwise wasted pump photons, the afterburner increases the effective pop-
ulation inversion available within the crystal during amplification. This leads to a higher
stored energy and, consequently, a greater pulse energy at the output. The afterburner does
not involve a separate gain medium or an additional amplification pass of the seed pulse; it
acts solely on the pump beam, improving the efficiency with which the green pump energy
is converted into population inversion in the primary crystal.

The pulse compressor. Following amplification, the temporally stretched pulse is di-
rected into a grating-based compressor, which is designed to compensate the dispersion
introduced by the stretcher. The compressor employs diffraction gratings arranged to intro-
duce negative group delay dispersion, thereby reversing the positive chirp acquired during
stretching. This process realigns the spectral components in time and recompresses the
pulse toward its transform-limited duration. In practice, precise adjustment of the grating
separation and incidence angle is required to optimize the compensation of both second-
order and higher-order dispersion terms. When properly aligned, the system produces
pulses of approximately 100 fs duration with an energy of 7.5 mJ and an average power of
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7.5 W at a repetition rate of 1 kHz. The corresponding peak power reaches approximately
75 GW, enabling efficient nonlinear processes such as terahertz generation via optical rec-
tification.

Regenerative Amplification

The regenerative amplifier provides the primary energy gain in the system, amplifying the
stretched seed pulse from the nanojoule level to the millijoule level, corresponding to an
overall gain on the order of 10°. This is achieved by trapping the pulse within a resonant
cavity, allowing it to pass multiple times through the pumped Ti:Sapphire gain medium and
extract energy during each round trip.

The Revolution pump laser and population inversion. Before the arrival of the seed
pulse, the Ti:Sapphire crystal inside the regenerative amplifier must be prepared with a
significant population inversion. This is achieved using the Revolution laser, a Q-switched
solid-state laser based on a neodymium-doped yttrium lithium fluoride (Nd:YLF) gain
medium. The gain medium is optically pumped by diode bars operating near 806 nm.
During Q-switched operation, the intracavity losses are initially kept high, preventing
lasing while the population inversion builds up. As a result, the inversion reaches a level
significantly higher than that achievable under steady-state lasing conditions. When the
cavity losses are rapidly reduced, the stored energy is released in the form of a short,
intense pulse. In the Astrella system, this process generates pulses at 532 nm through
second harmonic generation, with a pulse duration on the order of 180 ns and a repetition
rate of 1 kHz. Each pulse carries an energy of approximately 38 mJ, corresponding to an
average power of about 38 W. These pump pulses are synchronised with the system timing
electronics to arrive at the Ti:Sapphire crystal just before the injection of the seed pulse,
ensuring optimal population inversion for amplification.

The 532 nm pump photons are absorbed by the Ti:Sapphire crystal, exciting Ti** ions
from the ground state to higher-lying vibronic levels of the excited electronic manifold.
This excitation is followed by rapid phonon-assisted relaxation within the excited mani-
fold, occurring on a picosecond timescale, which brings the population down to the lowest
vibrational levels of the excited state. The 1ons then accumulate in this state for the fluores-
cence lifetime of approximately 3.2 us [|149,[150]. During this time interval, a substantial
population inversion is established between the excited state and the lower vibronic levels
of the ground state manifold. When a seed photon at approximately 800 nm propagates
through the inverted medium, it stimulates the emission of additional photons that are iden-
tical in frequency, phase, and direction, leading to optical amplification. The magnitude of
the single-pass gain depends on several factors, including the deposited pump energy, the
length of the gain medium, and the spatial overlap between the pump and seed beams.
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The cavity architecture. The regenerative amplifier is configured as a linear optical
resonator containing the Ti:Sapphire gain crystal, a thin-film polarizer (TFP), and a Pock-
els cell, along with cavity mirrors that define the optical path. The TFP is designed to
transmit one linear polarization while reflecting the orthogonal polarization. In the absence
of an applied voltage to the Pockels cell, the polarization of an incoming pulse remains
unchanged, and the pulse is transmitted through the TFP without being coupled into the
resonator. Under this condition, the cavity does not trap the pulse and remains effectively
open. Controlled manipulation of the polarization state using the Pockels cell allows selec-
tive injection, trapping, and ejection of the pulse within the cavity. This polarization-based
switching forms the basis of regenerative amplification.

Injection of the seed pulse. When the stretched seed pulse arrives at the regenerative
amplifier, a high-voltage signal is applied to the Pockels cell in synchronisation with the
system timing electronics (SDG in the laser system). The Pockels cell operates based on
the linear electro-optic effect in birefringent crystals such as potassium dideuterium phos-
phate (KD*P) or rubidium titanyl phosphate (RTP). The applied electric field modifies the
refractive indices along the principal axes of the crystal, introducing a phase delay between
orthogonal polarization components of the optical field. By selecting an appropriate volt-
age, the Pockels cell acts effectively as a waveplate, such that after a double pass through
the crystal the polarization of the seed pulse is rotated by 90° . This rotation changes the
interaction of the pulse with the thin-film polarizer, causing it to be reflected into the res-
onator rather than transmitted. In this way, the seed pulse is coupled into the cavity and
begins circulating within it.

Round-trip gain and saturation. Once the seed pulse is injected into the regenerative
amplifier cavity, it becomes trapped and circulates repeatedly through the Ti:Sapphire gain
medium. During each round trip, the pulse passes through the crystal twice and extracts
energy from the population inversion via stimulated emission. In the initial stage of ampli-
fication, when the inversion is largely undepleted, the pulse energy increases approximately
exponentially with the number of round trips. This regime is commonly referred to as the
small-signal gain regime, where the gain per pass remains nearly constant. As the pulse en-
ergy increases, the interaction with the gain medium becomes progressively stronger, and a
significant fraction of the stored inversion is depleted during each pass. Consequently, the
gain per round trip decreases, and the amplification gradually transitions into the saturation
regime. At this stage, the net gain approaches unity, meaning that further round trips do
not result in a substantial increase in pulse energy. The pulse energy therefore approaches
the maximum extractable energy determined by the stored inversion and the cavity losses.
In typical operation of Ti:Sapphire regenerative amplifiers such as the Astrella system, sat-
uration is reached after a limited number of round trips, generally on the order of 10 to
20. The entire amplification process takes place within a few hundred nanoseconds, which
is well within the upper-state lifetime of Ti:Sapphire. This ensures efficient extraction of
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the stored energy before significant spontaneous decay of the population inversion can oc-
cur [149,1150].

Ejection of the amplified pulse. After the pulse energy has reached saturation, PC2
is switched on by the timing electronics. The applied voltage rotates the polarization of
the circulating pulse to vertical. When this vertically polarized pulse reaches the thin-film
polarizer, it is reflected out of the cavity rather than transmitted through it, and exits as the
amplified output. The timing of injection and ejection is controlled by programmable delay
parameters in the SDG, which determine the number of round trips the pulse undergoes
within the cavity. These timing parameters are critical for maintaining stable operation, as
they directly influence the output pulse energy, efficiency of energy extraction, and overall
pulse quality.

Why stretching is essential. The necessity of pulse stretching in chirped pulse ampli-
fication can be understood by considering the peak power of the amplified pulse. The final
output of the Astrella system corresponds to an energy of approximately 7.5 mJ compressed
to a duration of about 100 fs, resulting in a peak power on the order of 75 GW. If such a
pulse were directly amplified without temporal stretching, the resulting intensity within the
regenerative amplifier would far exceed the optical damage threshold of the Ti:Sapphire
crystal and other intracavity components. By stretching the pulse to a duration of several
hundred picoseconds prior to amplification, the peak power is reduced by several orders of
magnitude, while the total energy remains approximately constant. This reduction in peak
intensity ensures safe operation of the amplifier and prevents optical damage. After ampli-
fication, the pulse is recompressed to its original duration, restoring the high peak power
required for subsequent nonlinear optical applications.

(A) Turning ON Astrella from START

The switch-on and switch-off procedures described below must be followed in the precise
sequence given. Departing from the prescribed order risks damage to the Pockels cell crys-
tals, the Ti:Sapphire gain medium, or the pump laser. All operating parameters must be
recorded in the laser logbook at the end of every session.

1. Switch ON the chiller power switch, then the switch behind the unit, and then press
the start button on the front panel.

2. Wait for 2 — 3 minutes and check the temperature (20 °C) and water flow (15 - 16
LPM).

3. Start the laptop.
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10.
11.

(B)

10.

Start the Revolution using the power switch and then switch ON from the front panel.

. Start the Revolution software.

Go to Settings and click the “Factory” tab.

Click the “toggle switch” down to set the LBO temperature to 325.9 °F and verify on
the front panel of Revolution that it is effective.

Exit and close the Revolution software.
Switch OFF the Revolution from the front panel (keep the power ON).
Wait for 30 — 45 minutes for the temperature to reach the set value.

Finally, follow the steps in chronological order as in procedure (B) to switch ON.

Switching ON the Astrella: Daily Procedure

. Before switching on any component, verify the following pre-start conditions:

(a) The chiller is running and the distilled water temperature is approximately
20°C.

(b) The LBO temperature reads 325.9 °F.
(c) The chiller flow rate is between 15 and 16 LPM (liter per minute).

Switch ON the Vitara Power and the Vitara Control using the main switches and/or
the back switch.

. Turn ON the laser laptop.

Turn ON the USB Hub.
Switch ON the Oscilloscope.
Press the REMOTE button in the software.

Open the Vitara software on the computer.

. Press the Vitara SWITCH to ON in the front panel.

Press the Diode ON button in the software.

Turn the Vitara KEY to ON from the front panel.
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I1.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

Switch ON the SDG unit and verify the front panel indicators:

(a) Press the RESET button on the front panel of the SDG.

(b) A continuous RED light indicates ERROR. A blinking RED light indicates NO
ERROR. Proceed only if the indicator is blinking.

Press the SDG delay buttons ON [ENABLE] in the front panel.
Turn the Revolution KEY to ON in the front panel.

Enable the SDG delay channels in the following order and record the values in the
logbook:

(a) Enable in order: Delay 3 — Delay 2 — Delay 1.
(b) Verify and record the following delay values:

i. D1: 5018.50ns
1. D2: 5132.75ns
1. D3: 5187.50ns

Remove the beam block CAP from the Astrella output port and place the power meter
head directly in front of the output.

Switch ON the external Compressor/Stretcher control unit.
Open the Revolution software on the laptop.

Press and hold the “RUN” button until you hear the “BEEP” sound. Release the
button immediately upon hearing the sound. The current should read 21.2 A. Monitor
the software display.

(a) If a warning dialog appears, click “OK” to dismiss it.

(b) Confirm that the Q-switch mode is set to “External” by clicking “Evolution
Settings” and verifying the selection.

Monitor the REGEN build-up on the oscilloscope until the signal is stable.

Monitor the power meter. The Revolution output power reading should stabilise at
approximately 33.65 W.

Monitor the Astrella output power at the power meter head. The reading should be
approximately 7 W.

Check the Vitara software for the following conditions. All indicators must be
GREEN before the system is considered ready:
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23.

(a) Lasing, Mode-locked, and Power track indicators are all GREEN.
(b) Wait for stable mode-locking to establish before proceeding.
(c) Confirm that the Pump power displayed in the power supply reads 4.74 W.
(d) Confirm that the Vitara output power is approximately 605 mW.
Record the following parameters in the laser logbook and the Excel tracking file be-

fore beginning any experiment: Vitara pump power, Revolution power output, D1,
D2, D3 delay values, and Astrella output power.

(C) Switching OFF the Astrella: Daily Procedure

10.

I1.

12.
13.

14.

. Click the “STOP” button in the Revolution software.
. Exit and close the Revolution software. Close it only once.
. Turn the Revolution KEY to OFF in the front panel.

. In the SDG front panel, disable the delay channels in the following order:

* Delay 1 — Delay 2 — Delay 3.

Switch OFF the SDG unit using the power switch either on the rear of the unit or on
the front panel. REMEMBER: Do NOT switch off the Revolution power switch
at any point during this procedure. Do NOT reverse the delay disable order.

. In the Vitara software, press “Diode” OFF.

Turn the “Remote” switch OFF in the front panel of the Vitara unit.

. Turn the “Key” OFF in the front panel of the Vitara unit.

Exit the Vitara software.
Press the “STOP” button in the Revolution software.

Switch OFF the Vitara Control and Vitara Power units by switching off the power
points.

Switch OFF the external Stretcher/Compressor control unit.
Shut down the laptop.

Switch OFF the power meter.
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15.

16.

17.
18.

19.

Place the beam block CAP back over the Astrella output port.

Switch OFF the USB Hub. REMEMBER: Do NOT switch off the chiller power
switch. The chiller must remain running.

Switch OFF the Oscilloscope.
Keep the chiller running and verify the coolant temperature is stable.

Leave the Revolution power supply in standby mode. Do not switch it off.

(D) Shutting Down Astrella Completely

After following all the steps in the chronological order as in (C), follow the following pro-
cedure:

. Switch ON the Revolution from the front panel (NOT the “KEY™!).

Start the Revolution software.

. Go to Revolution Settings and click the “Factory” tab.

. Click the “toggle switch” up to set the LBO temperature to 75 °F and verify on the

front panel that it is effective.

. Exit and close the software.

. In the meantime, you can shut down the laptop.

Switch OFF the Revolution from the front panel (BUT keep the power ON).

. Wait for 30 — 45 minutes for the temperature to reach 75 °F. Once reached, you can

switch OFF the Revolution completely using the power switch.

Switch OFF the chiller: first from the front panel, then the switch behind, and finally
the main power switch.
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Notes on Safe Operation

The step sequences in both procedures are strictly prescribed and must not be modified. The
most critical requirement in the switch-on procedure is the order in which the SDG delay
channels are enabled: Delay 3 must be enabled first, followed by Delay 2, and then Delay
1. On shutdown, this order must be exactly reversed. The reason for this is that the delay
channels control the timing of the Pockels cell switching pulses relative to the pump laser
pulse. Enabling or disabling the channels out of order can expose the Pockels cell crystals
to high-voltage switching events outside the safe timing window, which causes permanent
damage to the crystals. Replacing Pockels cell crystals is an expensive and time-consuming
process that requires realignment of the full regenerative amplifier cavity.

The Revolution power switch must never be turned off during the daily shutdown. The
unit is designed to remain in standby between sessions, and switching off the mains power
disrupts the thermal equilibrium of the Nd:YLF, which takes several hours to restabilise.
The chiller must remain running at all times while the laser is on and must not be switched
off until the Ti:Sapphire crystal and the pump optics have returned to room temperature.
All numerical parameters listed in Step 22 of the switch-on procedure must be recorded in
the laser logbook at every session. Systematic logging is the most reliable way to detect
gradual performance degradation before it affects experimental results.
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Appendix C

Laser Chiller Cleaning Procedure

The Ti:Sapphire laser system is water-cooled by a recirculating chiller unit. Over time,
biological growth and particulate contamination accumulate within the chiller tank and in-
ternal tubing. This reduces cooling efficiency, raises the distilled water temperature, and
risks thermal damage to the laser head. Periodic cleaning of the chiller with an alkaline
detergent solution, followed by thorough rinsing and refilling with fresh distilled water, is
therefore essential for maintaining stable laser performance. The procedure below should
be carried out whenever visible contamination, discolouration, or foaming is observed in
the distilled water, or as part of scheduled preventive maintenance.

Materials Required

Distilled water (a minimum of 100 litres should be available to ensure adequate rins-
ing)

* Alconox laboratory detergent powder (70 g per cleaning cycle)

Optishield Plus coolant additive
* One replacement chiller filter

* Clean containers for preparing and mixing the detergent solution

Procedure

1. Prepare the cleaning solution by dissolving 70 g of Alconox detergent powder in
7 litres of distilled water. Stir continuously until all powder is completely dissolved
and no particles remain suspended in the solution. Do not proceed if undissolved
particles are present.

2. Drain the chiller tank completely.
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C Laser Chiller Cleaning Procedure

3. Fill the chiller tank with the Alconox solution prepared in Step 1. Set the chiller
thermostat to 26 °C and start the chiller unit.

4. Allow the chiller to run continuously for approximately 12 hours. This circulates the
hot detergent solution through the full internal tubing circuit and dissolves accumu-
lated biological and particulate deposits.

5. Drain the chiller tank completely.

6. Fill the tank with fresh distilled water and run the chiller for 10 minutes to flush
detergent residue from the circuit.

7. Drain the tank completely. Repeat Steps 6 and 7 for a total of 12 to 15 cycles, until
the drained water runs completely clear with no visible foam. Thorough rinsing at
this stage is critical. Detergent residue remaining in the circuit will react with the
Optishield additive and may promote corrosion of the aluminium laser head compo-
nents.

8. Replace the chiller filter with a new unit.

9. Fill the chiller tank with fresh distilled water and add the Optishield as specified by
the manufacturer.

10. Set the chiller thermostat to 20 °C and run the chiller for 3 hours to allow the distilled
water with Optishield mixture to fully circulate and stabilise throughout the circuit.

11. After 3 hours, check the distilled water flow rate and verify that the flow meter output
is within the normal operating range specified by the chiller manufacturer. Record
the flow reading in the laser maintenance logbook.

Notes

The 12 to 15 rinse cycles specified in Step 7 are a minimum guideline. The criterion for
stopping is visual: the drained water must be clear and completely free of foam, regardless
of how many cycles this requires. If foam persists after 15 cycles, the likely causes are either
an excess detergent concentration in Step 1 or a heavy contamination load in the circuit. In
the latter case, a second full detergent soak should be performed before rinsing is repeated.
Optishield should not be substituted with alternative coolant additives. Many commercially
available additives are incompatible with the aluminium alloys used in the laser head and
the chiller heat exchanger. An incompatible additive can accelerate corrosion and cause
irreversible damage. The manufacturer’s recommended concentration ratio for Optishield
should be followed precisely, as both under-concentration and over-concentration reduce
its effectiveness as a biocide and corrosion inhibitor.
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Data Accessibility

The data shown in this thesis is archived at \UTHD-Members\Amit Haldar (PhD 2021-
2026)\My Thesis in the UTHD group’s internal server. The folder is organized according
to the Chapters of this thesis. All data supporting the findings of this thesis are available
from the author upon reasonable request.
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