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Abstract

Chiroptical sensing is challenging due to the inherent weak chiral-light-matter in-

teractions, but in the pharmaceutical industry, chiral sensing plays a key role be-

cause specific enantiomeric forms of drugs can simultaneously affect functionality

and toxicity. Current techniques are inefficient for real-time analysis and lab-

on-a-chip integration platforms. In this thesis, we developed a quantum-optical

effect that overcomes these limitations and improves chiral sensing by utilizing

nonlinear optical techniques and operating chiral-light-matter interactions in a

nanophotonic environment that amplifies the inherent weak chiroptical sensitiv-

ity. We use a perturbative approach within the density-matrix formalism to cal-

culate molecular observables using Time-dependent Density Functional Theory

(TDDFT) and quantum-chemical methods. We observe that the nonlinear optical

technique based on Electromagnetically Induced Transparency (EIT) and Lasing

Without Inversion (LWI) significantly enhances the differential absorption cross-

section of the chiral molecule upon optical pumping and probing by circularly

polarized (CP) radiations, with great potential for the development of novel non-

linear spectroscopic techniques capable of detecting chirality at the single molecule

level. Additionally, we investigate Spontaneous Emission (SE) of polarized radi-

ation in a chiral cavity, where results suggest that a strain-engineered solid-state

emitter with an advanced microcavity can effectively manipulate CP-SE, with

clear potential for integrated CP single-photon sources.
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Chapter 1

Introduction

“True chirality is exhibited by systems that exist in two distinct enantiomeric

states that are interconverted by space inversion, but not by time reversal

combined with any proper spatial rotation.”

— L. D. Barron, Chem. Phys. Lett. 123, 423 (1986)

The story of chiroptical spectroscopy starts with attempts to answer a simple ques-

tion: What is light? Previously, geometrical optics was developed with modern

astronomy. Later, in the seventeenth century, according to Newton’s corpuscular

model and Huygens’ wave theory, the nature of light was explained by the optical

phenomena of reflection and refraction [ 1 , 2 ]. In the nineteenth century, Fresnel

[ 3 , 4 ] explained interference and diffraction, declaring light as a transverse wave

with the help of Huygens’ ideas. In the meantime, Biot, Faraday, and others made

combined work on optical phenomena, electric currents, and magnetic fields, and

the progress made was significant [ 5 , 6 , 7 ]. Eventually, Maxwell provided the

electromagnetic theory, which declares that light is a propagating wave consisting

of mutually orthogonal electric and magnetic fields [ 6 , 8 ]. Further, Planck and

Einstein added the photon concept, giving the idea of quanta without the field

1
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picture, which is important for describing light–matter interaction [ 9 , 10 ].

In classical–quantum physics, polarization is defined as a key property of the

electromagnetic field. A monochromatic beam can be considered as linear, cir-

cular, or elliptical polarization depending on how the electric and magnetic field

vectors oscillate in time [ 2 , 4 ]. In 1936, Beth’s experiment [ 11 ] showed that

circularly polarized light carries angular momentum corresponding to photon spin

(±1) [ 12 , 13 ]. The connection between polarization and angular momentum

[ 14 ] is important for chiral interactions because it allows a definite handedness

to light itself. As a result, Left Circular Polarization (LCP) and Right Circular

Polarization (RCP) modes, which are mirror images of each other, experience dif-

ferent interactions when propagating through chiral media [ 15 ]. Later, in the

mid-twentieth century, with the development of lasers [ 16 , 17 ] and semiclassical

radiation theory, it became possible to produce strong optical fields to describe

absorption, stimulated emission, and Nonlinear (NL) interactions [ 18 ], giving a

basic idea of chiroptical spectroscopy [ 19 ].

Experimentally, the optical activity was well developed before chirality was

defined. In 1811, Arago observed that certain quartz crystals [ 20 ] produce colour

patterns when placed between polarizers, indicating that the plane of polarization

of transmitted light is rotated. Later, Biot [ 21 ] developed that sugar and other

organic solutions also rotate linearly polarized light, establishing Optical Rotation

(OR) as a bulk property of specific liquids and crystals, and Fresnel observed this

effect in terms of different refractive indices for LCP and RCP, with differential

absorption of these modes giving rise to CD [ 22 ]. The origin of these macroscopic

effects was explained by Pasteur, who made a connection between opposite OR

of tartrate crystals with their non-superimposable mirror-image shapes [ 5 ]. In

molecular stereochemistry, Kelvin [ 23 ] later developed this by defining a body

as chiral if it cannot be superimposed on its mirror image by any combination of

rotations and translations. The term chiral originates from the Greek word χειρ,
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which means hand [ 24 ], an example of a chiral entity. Historically, enantiomorphs

(chiral twin structures) are typically defined as left- or right-handed due to this

connection with the word hand.

Later in the twentieth century, a general theory of chiroptical interactions was

developed using quantum chemistry and electrodynamics. In the macroscopic de-

scription, optically active media are considered bi-isotropic (Pasteur) materials

[ 25 ], in which electric and magnetic fields are coupled by a chirality parameter,

so that LCP and RCP waves propagate with different complex refractive indices.

In the macroscopic description, quantum mechanical treatments show that chi-

roptical signals such as ORD and CD [ 26 ] originate from interference between

electric and magnetic transition dipole moments, providing a direct connection be-

tween spectra and the three-dimensional arrangement of atoms in chiral molecules.

These developments, together with advances in instrumentation, established linear

chiroptical methods as a convincing method for determining absolute configura-

tion and observing biomolecular structure in chemistry, biology, and pharmacology

[ 27 , 28 ].

In recent days, chiral light-matter interaction, in turn, “new age of molecular

chirality,” [ 29 ] has been measured by ultrafast lasers, strong high-intensity fields,

and nanophotonic control of electromagnetic modes [ 30 , 31 ]. Modern concepts

such as optical chirality and electromagnetic helicity measure the handedness of

general, structured fields and make it possible to design super chiral and optimally

chiral light that enhances weak chiroptical responses [ 32 ]. Also, with the help of

nanofabrication and metamaterials, which make chiral near fields and resonant en-

vironments that selectively amplify the response of one enantiomer over the other

and, in turn, focus on chiral sensing at low concentrations and measure enantios-

electivity of electronic molecular structure [ 33 , 34 , 35 ]. Against this historical

backdrop, this thesis explains how modified environments and NL excitation can

be used to measure chirality in areas previously inaccessible to optical activity,
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EIT & LWI in
 chiral molecules

Fundamental of 
Chirality &Photonics

Chapter 1

Chapter 3
SE of polarized radiation

in chiral cavity

Chapter 4

Chapter 2
Electromagnetic interaction

 with chiral molecules

Figure 1.1 Schematic representation of thesis outline.

making them important for future research in molecular and nanophotonic chi-

roptics.

1.1 Outline

This thesis focuses on the theoretical modeling of chiral light-matter interactions

using NL optical spectroscopy, also in a nanophotonic environment.

The thesis is organized as follows:

• Chapter 1 presents the fundamental concepts of chirality and, for measur-

ing it, introduces basic linear optical spectroscopy. First, we describe pulse

propagation in optical media by introducing the macroscopic Maxwell equa-
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tions and the constitutive relations and by giving a basic idea of the linear

and NL contributions arising from the total polarization. Then we discuss

the basic concepts of light, considering it as a plane wave and its polariza-

tion, review the Stokes parameters, and establish the CP states as a natural

basis for describing light-matter interaction in chiral media. Then, a brief

description of chiroptical activity was introduced, discussing the CD and

ORD methods for measuring the chirality of drug solutions. Then, we pro-

vided a basic overview of analytical and separation-based techniques that can

also measure chirality and addressed the challenges of measuring chirality

at low concentrations. Then, we present theoretical modeling to study the

enhancement of inherently weak chiroptical signals through NL chiroptical

spectroscopy in a nanophotonic environment. In the first section, we present

theoretical modeling of NL and ultrafast techniques such as Sum-Frequency

Generation (SFG), Second-Harmonic Generation (SHG), the optical Kerr ef-

fect, and pump-probe spectroscopy, and we study the possibilities outlined in

some articles to enhance molecular chirality. In the following section of this

chapter, we discuss the nanophotonics environment, including plasmonic,

dielectric, and hybrid nanostructures, as well as Plasmon-Coupled Circular

Dichroism (PCCD) and Surface Plasmon Polariton (SPP), and how these

amplify chiroptical sensitivity at reduced sample volumes using nanodevices.

• In Chapter 2, we describe the theoretical modeling of the interaction be-

tween chiral molecules and light, which is important for chiroptical sensing.

First, we introduce the fundamental concepts necessary for developing a

mathematical framework. In the following section, we describe chiroptical

interactions theoretically within the density-matrix formalism. Upon excita-

tion with external radiation, we evaluate the field-induced dipole moments

and orientational-averaged microscopic responses through the Euler rota-
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tion matrix approach. Then, we calculate the macroscopic response and

bianisotropic constitutive relation of the chiral drug solution. In the follow-

ing section, we eventually discuss the enantioselective properties of chiral

molecules. The theoretical framework will be helpful for studying the chap-

ters that follow in detail.

• In Chapter 3, we present a theoretical modeling of EIT and LWI in chi-

ral molecules and study how these two NL optical techniques can enhance

weak chiroptical signals. First, we discuss the EIT and LWI in a standard

three-level atomic system; then we discuss how the polarity and chirality of

the chiral molecule fluoroxirane enable optical pumping to excite a virtual

state in a two-level system. First. We present a theoretical model of the NL

chiroptical interaction using the density-matrix formalism and the Lindblad

operator approach, and then provide a perturbative solution for the density

matrix from which it is possible to derive the electric and magnetic dipole

moments, which are incorporated with the coefficients of the pump and sig-

nal field obtained at zero-order and first-order response in the multiscale

expansion, respectively. Then, using the chiral optical theorem, we calculate

the molecule’s absorption cross-section and investigate it as a function of

different optical parameters. In MATLAB, using the analytical expressions

based on the calculated electronic structure and spectroscopic quantities of

fluoroxirane, we perform some simulations. In the results and discussion

section, we first study linear response, obtaining the absorption at reso-

nance for signal-field excitation only. Then we introduce a NL response that

includes the interaction between the pump and signal fields, in which we ob-

serve transparency or amplification rather than absorption. Then we study

the transparency or gain for the molecular orientation. Finally, we evaluate

the NL-Dissymmetry Factor (DSF), which gives the enhancement rate of
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the weak chiroptical signal. We study it as a function of polarization and

molecular orientation. Then, we present the most important threshold pump

intensity, which is required to obtain the transparency or amplification, and

with that threshold pump intensity, we calculate the orientation-averaged

NL-DSF by averaging over impinging signal orientations.

• In Chapter 4, we present a theoretical modeling of polarization-dependent

SE. First, we provide an overview of SE, including in free space and across

different environments, and discuss how it can be enhanced or inhibited us-

ing the Quantum Electrodynamics (QED) and DGF approaches. Then we

focus on the main concept of this chapter: studying SE in a chiral cavity.

First, we characterize the cavity wall made of TAPCs and, using TMA, we

evaluate the scattered field. Then we study reflectance and transmittance

at a particular incident wavelength and study them for different molecular

orientations, and establish that the cavity wall exhibits helicity-preserving

reflectance for one CP and very high transmittance for another CP. Then,

we evaluate the total DGF to define the right and left CP-SE rates. Then,

considering Rubidium as a quantum emitter by using the calculated elec-

tronic structure, we perform some simulations in MATLAB. First, in the

results and discussion, we evaluate the SE in free space; then we present the

dependence of the CP-SE rate on the cavity width; and, finally, we observe

the dependence on specific dipolar positions/orientations.

Finally, Chapter 5 concludes the thesis with a summary and a discussion of

the future scope of the thesis work. A schematic map that links the chapters

of this thesis outline is presented in Fig 1.1 .
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1.2 Chirality

As discussed at the beginning of this chapter, chirality is a fundamental geomet-

rical property that arises when an object cannot be superimposed with its mirror

image by any combination of rotations and translations [ 21 ]. Two such mirror-

related forms are said to be left and right-handed structures of chiral matter.

Although this definition is purely geometric, its consequences are well established

in chemistry, biology, and optics because chiral objects interact differently with

other chiral systems and with fields that themselves possess a sense of handed-

ness, such as CP of light [ 36 , 37 ]. Physically, chirality refers to the breaking of

mirror-image symmetry, which means an achiral system is indistinguishable from

its mirror image, whereas a chiral system is not. This symmetry breaking concept

provides an idea for the chiral matter to interact with the helicity of electro-

magnetic fields, so that LCP and RCP light can experience different absorption,

refraction, or scattering. These differences give rise to chiroptical phenomena,

which provide key tools for the detection and characterization of chirality [ 21 ].

1.2.1 Chirality in nature

In our lives, one of the most common examples of chirality is provided by our

hands and feet; though they are similar in shape and proportions, they are not

identical. If we look at our mirror image of the left hand, it appears identical to

the right hand. In everyday life, some objects, such as screws and propellers, are

chiral. A right-handed screw is the mirror image of a left-handed screw, and the

two cannot be made to coincide by any rotation or translation. If we compare

propellers, the situation is similar. A right-handed and a left-handed propeller

turning with the same sense of rotation will push a boat in opposite directions,

while a right-handed propeller turning clockwise and a left-handed propeller turn-
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ing counterclockwise both drive the boat forward. In both screws and propellers,

a rotation around an axis is always linked with a translation along that axis, and

the way these two motions are combined depends on the handedness of the ob-

ject. This simple example shows how chirality naturally combines rotational and

translational motion, which is helpful in understanding dynamic chirality [ 24 ].

In the macroscopic scale, chirality is also visible in the coiling direction of

plant tendrils, the spiral shells of certain mollusks, and helical growth patterns

in vines and microorganisms [ 21 ]. In our biological function molecular chirality

plays an important role especially in the case of deoxyribonucleic acid (DNA),

which contains a right handed double helix structure, which is important for the

replication and transcription of genetic information [ 37 , 38 ]. Also, proteins

responsible for catalysis and structural support in living systems are made from L-

configured amino acids, while nucleic acids and many carbohydrates are made from

D-sugars [ 39 , 40 ]. This global homochirality of biomolecular building blocks is

believed to be important for specific molecular recognition because enzymes and

receptors are chiral and therefore differentiate between enantiomers of substrates

[ 41 , 42 ].

There are a lot of natural products; for example, many alkaloids, terpenes,

steroids, and antibiotics are biosynthesized in a single enantiomeric form, and

their biological activity is directly linked to their stereochemistry [ 41 , 43 ]. Pre-

viously, the medicines derived from plants and animals had already revealed the

chiral nature of their active components [ 44 , 45 ] before the molecular origins

of their efficacy were understood. The connection between molecular handedness

and macroscopic biological response only became clear in the nineteenth century.

This clarity came with the development of stereochemistry and the work of Louis

Pasteur, Jacobus Henricus van’t Hoff, and Joseph Achille Le Bel [ 44 ].
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1.2.2 Enantiomers

The two mirror-image forms of a chiral molecule are termed enantiomers. They

possess identical atomic composition and bonding connectivity but differ in their

arrangement, such that the two structures are non-superimposable mirror im-

ages [ 21 ]. An achiral environment exhibits the same physical properties, such

as melting point, vapor pressure, and electronic transition energies. However,

they respond differently to chiral environments and exhibit distinct biological and

chemical behaviors [ 21 , 41 ]. A racemic mixture is defined as an equal amount

of both enantiomers.

For distinguishing enantiomers, the widely used structural scheme is the Cahn-

Ingold-Prelog (CIP) system, which assigns each stereogenic center an absolute

configuration denoted as R (from rectus, right) or S (from sinister, left) accord-

ing to the priority ordering and spatial orientation of its substituents [ 46 ]. Also,

experimentally determined classification is based on optical activity: enantiomers

are described as (+) or (–) depending on whether they rotate the plane of Linear

Polarization (LP) of light clockwise or counterclockwise in an OR experiment

[ 21 ]. This sign does not follow directly from the R/S configuration and must be

measured for each compound. In biochemical contexts, the D/L notation, defined

according to the stereochemistry of glyceraldehyde, is used to specify the config-

uration of sugars and amino acids. In the present work, the CIP R/S convention

is used to identify molecular enantiomers.

In biochemical systems, chiral molecules occur in a single enantiomeric form.

Amino acids incorporated into proteins are almost exclusively L-enantiomers,

while the saccharides in nucleic acids and many polysaccharides are predomi-

nantly D-enantiomers [ 37 , 47 ]. Numerous antibiotics, steroids, and other bioac-

tive natural products are also synthesized as single enantiomers. Despite such

homochirality, the ability to discriminate between opposite enantiomers remains
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important because they can function distinctly in living organisms [ 48 ].

1.2.3 Chirality in medicine

The importance of enantiomer discrimination is particularly evident in pharmacol-

ogy. Biological targets such as enzymes, transporters, ion channels, and receptors

are chiral macromolecules and therefore often bind selectively to only one enan-

tiomer of a chiral drug [ 41 ]. As a result, the two enantiomers of a pharmaceutical

compound may exhibit different pharmacodynamics. In many cases, one enan-

tiomer exhibits the expected therapeutic effect, whereas the other is less active or

inactive [ 41 ].

In the case of thalidomide, the R-enantiomer has sedative and anti-nausea ef-

fects, while the S-enantiomer has been associated with teratogenic effects leading

to severe birth defects during pregnancy [ 49 , 50 ]. Another example is metham-

phetamine: the L-enantiomer (levomethamphetamine) has been used as a rela-

tively mild nasal decongestant, while the D-enantiomer (dextromethamphetamine)

is a powerful stimulant for the central nervous system with high abuse potential

and strong addictive properties [ 51 , 52 ]. Ketamine, used in anesthesia and anal-

gesia, is considered to be a racemic mixture, but its R- and S-enantiomers exhibit

different properties for NMDA receptors, giving rise to the motivation for the

development of single-enantiomer formulations to improve the therapeutic index

[ 53 , 54 ].

These and many other cases have led regulatory agencies to require the separate

evaluation of each enantiomer of new chiral drugs [ 27 , 55 ]. Therefore, precise

chirality analysis and accurate determination of enantiomeric excess are essential

for drug development [ 56 ].
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1.2.4 Current techniques for measuring chirality

In the following sections, we first discuss linear chiroptical spectroscopy in sec-

tion 1.4 and some analytical techniques in section 1.5 for measuring chirality,

focusing on their capabilities and limitations, see section 1.6 . We then introduce

NL chiroptical methods in section 1.8 and nanophotonic environments in sec-

tion 1.9 that overcome these challenges and enhance the sensitivity of chirality

measurements.

1.3 Pulse propagation in optical media

The propagation of light in an optical medium can be explained in the framework

of macroscopic Maxwell equations [ 6 ]:



∇ ·D = ρ,

∇ ·B = 0,

∇× E = − ∂B
∂t
,

∇×H = J+
∂D

∂t
,

1.1

where E and H are the electric and magnetic fields, D is the electric displacement

vector, B is the magnetic flux density, ρ is the free charge density, and J is the

free current density.

For source-free optical media (ρ = 0, J = 0) the dependence of the electric

displacement vector D and the magnetic flux density B on the electric E and

magnetic H fields is described by the macroscopic constitutive relations as

D = ε0E+P,

B = µ0 (H+M),

1.2
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where P is the material-induced polarization and M is the induced magnetization.

In general, the polarization depends nonlinearly on the electric field strength [ 18 ],

while ε0 and µ0 are the permittivity and permeability of vacuum, respectively.

1.3.1 Linear response

In a homogeneous, isotropic medium, the linear response of the material, that is,

the polarization and magnetization, can be expressed as temporal convolutions of

the electric and magnetic fields with the response functions [ 57 ] respectively, as

follows:

P(r, t) = ϵ0

∫ +∞

−∞
dt′χe(t− t′)E(r, t), 1.3a

M(r, t) =

∫ +∞

−∞
dt′χm(t− t′)H(r, t). 1.3b

Here, χe(t − t′) and χm(t − t′) are the temporal response functions that depend

only on the time difference (t−t′) because the system is time invariant, and spatial

locality is assumed so that P(r, t) and M(r, t) depend only on E and H at the

same position r. For a homogeneous, isotropic medium, χe(t− t′) and χm(t− t′)

are position independent, and the integrals in Eq. 1.3 extend from −∞ to +∞.

In turn, it is necessary that χe(t− t′) = 0 and χm(t− t′) = 0 for t′ > t, which leads

to the Kramers-Kronig relations [ 6 ] and is responsible for the analytic properties

of the frequency-dependent electric and magnetic susceptibilities χe(ω) and χm(ω)

respectively.

Introducing the Fourier representation

F (t) =
1

2π

∫ +∞

−∞
dω F (ω) exp(−iωt), 1.4

for F (t) = E(t),H(t),P(t),M(t) the convolution theorem [ 58 ], converts Eq. 1.3
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into the algebraic relations:

P(r, ω) = ε0 χe(ω)E(r, ω), 1.5a

M(r, ω) = µ0 χm(ω)H(r, ω), 1.5b

with χe(ω) and χm(ω) are the linear electric and magnetic susceptibilities [ 18 ]

respectively. Inserting Eq. 1.5 into Eq. 1.2 gives the frequency dependent con-

stitutive relations as

D(r, ω) = ϵ0ϵ(ω)E(r, ω), 1.6a

B(r, ω) = µ0µ(ω)H(r, ω), 1.6b

where ε(ω) = 1 + χe(ω) and µ(ω) = 1 + χm(ω), so that ε(ω) and µ(ω) are the

frequency-dependent relative dielectric permittivity and relative magnetic perme-

ability of the medium, respectively.

Combining Maxwell’s equations 1.1 with the constitutive relations 1.2 and

using the vector identity ∇×∇×E = ∇(∇ ·E)−∇2E, which reduces to −∇2E

in a homogeneous, source-free isotropic medium where ∇ ·E = 0, one obtains the

time-domain wave equation for the electric field [ 6 , 18 ]:

∇2E(r, t)− 1

c2
∂2E(r, t)

∂t2
=

1

ε0c2
∂2P(r, t)

∂t2
, 1.7

where c = 1/
√
ε0µ0 is the speed of light in vacuum. This equation declares that

the polarization acts as a source of the propagating wave through its contribution

to the displacement field.
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1.3.2 Nonlinear response and effective wave equation

Taking the temporal Fourier transform of Eq. 1.7 according to Eq. 1.4 yields

the frequency-domain vector wave equation

∇2E(r, ω) +
ω2

c2
µ(ω) ε(ω)E(r, ω) = −

ω2

ε0c2
µ(ω)P(r, ω). 1.8

Now, splitting the polarization into linear and NL contributions,

P(r, ω) = PL(r, ω) +PNL(r, ω), 1.9

and using the linear constitutive relation PL(r, ω) = ε0χ
(1)(ω)E(r, ω) as discussed

in the previous section 1.3.1 , and absorbing the linear response into ε(ω) and

µ(ω), one obtains the NL wave equation

∇2E(r, ω) +
ω2

c2
µ(ω) ε(ω)E(r, ω) = − ω2

ε0c2
µ(ω)PNL(r, ω), 1.10

where, PNL contains all higher-order contributions in the electric field.

If the NL response is neglected (PNL = 0), Eq. 1.10 reduces to the homoge-

neous Helmholtz equation

∇2E(r, ω) +
ω2

c2
n2(ω)E(r, ω) = 0, 1.11

where we introduce n2(ω) = ε(ω)µ(ω). Thus, in the linear regime, from the

refractive index, n(ω) we obtain information about dispersion and absorption in

linear spectroscopic propagation, while the NL polarization PNL acts as a source

term, giving rise to new frequencies in the field in case of NL optical processes

[ 18 ].
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1.3.2.1 Plane waves and polarisation states

A particularly important solution of the homogeneous wave equation corresponds

to plane waves, for which the electromagnetic fields are uniform over planes per-

pendicular to the direction of propagation. We consider a monochromatic plane

wave propagating in a homogeneous isotropic medium, whose electric field in the

time domain may be written as

E(r, t) = Re
{
E0 e

ik·r−iωt} , 1.12

where E0 is the complex field amplitude, k is the wavevector, and ω is the angular

frequency. Substitution of Eq. 1.12 into the linear wave equation 1.11 derived

in the previous section, we obtain the dispersion relation

k =
n(ω)ω

c
, 1.13

which describes the propagation of monochromatic waves in the medium. The

refractive index n(ω) therefore fully determines the phase velocity and dispersive

properties of the propagating field.

The polarization state of an electromagnetic wave is defined by the direction

and the time evolution of the electric field vector in the plane which is transverse

to the direction of propagation.

In the transverse plane, we consider propagation along the +z direction, k =

k ẑ. The electric field then lies in the transverse (x, y) plane and may be written

as

E(r, t) = Re
{[
Ex êx + Ey e

iϕ êy
]
eikz−iωt

}
, 1.14

where Ex and Ey are the complex amplitudes of the orthogonal field components

and ϕ is their relative phase difference. When the relative phase satisfies ϕ = 0
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(or an integer multiple of 2π), the two transverse components oscillate in phase,

and the field reduces to

ELP(r, t) = Re
{
(Ex êx + Ey êy) e

ikz−iωt} , 1.15

which represents LP light. In this case, the electric field oscillates along a fixed

direction in the transverse plane.

We define CP as when the two orthogonal components have equal magnitudes,

|Ex| = |Ey| = E/
√
2, and a relative phase difference ϕ = ±π/2. Using the identity

e±iπ/2 = ±i, the electric field becomes

E±(r, t) = Re

{
E√
2
(êx ± i êy) eikz−iωt

}
, 1.16

which describes a field which rotates uniformly in the transverse plane. The CP

unit vectors can be defined as below

ê± =
1√
2
(êx ± i êy) , 1.17

so that the RCP and LCP states may be written as

ERCP(r, t) = Re
{
E ê+ e

ikz−iωt} , 1.18a

ELCP(r, t) = Re
{
E ê− e

ikz−iωt} . 1.18b

These two CP states are orthogonal and form a natural basis for describing

light–matter interactions in isotropic and chiral media.
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1.4 Linear chiroptical spectroscopy

Chiral media respond differently to LCP and RCP of light, giving rise to linear

chiroptical effects such as OR, ORD, and CD [ 59 , 60 ]. These phenomena can

be understood at the macroscopic level with bi-isotropic (Pasteur) constitutive

relations and at the microscopic level as interference between electric and magnetic

transition dipole moments. This section introduces the basic field description of

isotropic chiral media, and then we discuss ORD and CD as the two observables

of linear chiroptical spectroscopy.

In general, a bi-isotropic medium is characterized by the property that the

polarization state of light changes as it propagates through the material. The

constitutive relation for these chiral media for the electric displacement vector D

and induction magnetic field B in terms of electric E and magnetic H fields can

be expressed as: 
D(r, t) = ε0 εE(r, t)−

iκ

c
H(r, t),

B(r, t) = µ0 µH(r, t) +
iκ

c
E(r, t).

1.19

where ε and µ denote the relative permittivity and relative permeability of the

medium, while ε0 and µ0 are the permittivity and permeability of free space,

respectively and c represents the speed of light in vacuum. The measurement of

the degree of chiral handedness is given by the chirality parameter κ, and its sign

reverses for opposite enantiomers.

By combining Maxwell’s equations 1.1 with the constitutive equations 1.19

above, the wave equation can be obtained as below

∇2E+ 2κ
ω

c
∇× E+

(
εµ− κ2

) ω2

c2
E = 0. 1.20

The above expression 1.20 contains an additional curl term proportional to κ
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with angular frequency ω. This term denotes the distinct propagation of different

polarization states.

For a homogeneous medium, we choose the plane wave propagated along the

z direction, and the eigenmodes of the wave equation, which are in CP mode can

be written as

E(RCP) = [Ex êx + i Ey êy] e
ik(RCP)z, 1.21a

E(LCP) = [Ex êx − i Ey êy] eik
(LCP)z, 1.21b

corresponding to RCP and LCP waves with amplitudes Ex and Ey in the direction

defined by unit vectors êx and êy, respectively, where the propagation constant k

satisfies the equation below:

k2 =
(ω
c

)2
(
√
εµ± κ)2 . 1.22

The wave vectors for two CP eigenmodes are obtained as:

k(RCP) =
ω

c
(
√
εµ+ κ) , k(LCP) =

ω

c
(
√
εµ− κ) . 1.23

Therefore, as a result, these double mode propagation RCP and LCP waves expe-

rience different refractive indices, n(RCP) =
√
εµ + κ, n(LCP) =

√
εµ − κ and con-

sequently propagate with different phase velocities, v(RCP) = c

Re[n(RCP)]
, v(LCP) =

c

Re[n(LCP)]
.

1.4.1 Optical rotatory dispersion (ORD) and polarimetry

When a linearly polarized electromagnetic wave propagates through a chiral medium,

its plane of polarization generally rotates about the direction of propagation. This

phenomenon, called OR, is characterized by the two CP of the medium, RCP and
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Figure 1.2 (a) In an achiral medium, a linearly polarized electric field E can be
decomposed into coherent RCP and LCP components, E(RCP) and E(LCP). (b) In a
chiral medium, the recombination of these components after propagation leads to
a rotation of the polarization plane by the optical rotatory dispersion angle ΦORD,
arising from the different orientations θ(RCP) and θ(LCP) of the CP excitations.

LCP of waves, propagating with different phase velocities due to circular birefrin-

gence [ 21 , 59 , 60 ]. As described in the previous section 1.4 , we see that this

birefringence comes from the splitting of the refractive indices n(RCP) and n(LCP),

or equivalently, from the difference in propagation constants k(RCP) and k(LCP).

A LP of a field is considered as an equal superposition of RCP and LCP eigen-

modes. In an achiral medium, these components propagate with identical phases

and, upon recombination, reproduce the original polarization state. Within a chi-

ral medium, there is a relative phase difference between the two CP components

that comes from the difference in propagation constants. After propagating a

distance d, the differential phase shift ∆ϕ is given by:

∆ϕ = (k(RCP) − k(LCP))d, 1.24

which causes the recombined field to remain as in LP state, but rotated relative

to the incident polarization direction.
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As shown, schematically in Fig. 1.2 , see Fig. 1.2 (a), the incident linearly

polarized field is decomposed into its RCP and LCP components, whose electric-

field vectors rotate with equal magnitude but opposite handedness. In an achiral

medium, the two components remain phase-matched and recombine without rota-

tion. But in a chiral medium, see Fig. 1.2 (b), the RCP and LCP field components

propagate with different phases. At a given propagation distance and time, their

electric-field vectors are oriented at angles θ(RCP) and θ(LCP) relative to the initial

polarization direction. The resulting LP is oriented midway between these two

circular components. Hence, the net rotation ΦORD of the polarization plane in

radians can be written as

ΦORD(λ) =
θ(RCP) + θ(LCP)

2
. 1.25

The rotation angle depends on wavelength and propagation length and can be

expressed in terms of the refractive indices of the two circular eigenmodes. We

write the refractive indices as complex quantities, n(RCP) = n(R) + in(R)′′ and

n(LCP) = n(L) + in(L)′′ , the OR arises from the difference in their real parts. For a

propagation length d, the rotation angle is given by

ΦORD(λ) =
πd

λ

(
n(R) − n(L)

)
, 1.26

where λ is the vacuum wavelength. This wavelength dependence of the OR defines

ORD. The real parts of n(RCP) and n(LCP) determine the phase velocities v(RCP) =

c/Re[n(RCP)] and v(LCP) = c/Re[n(LCP)].

Also, we express ΦORD(λ) in terms of the transmitted complex phases of RCP

and LCP of fields, using

ΦORD(λ) =
1
2

[
arg(T (RCP))− arg(T (LCP))

]
, 1.27
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where T (RCP) and T (LCP) are the complex transmission coefficients for the two

CP states. This form denotes that ORD directly probes the phase response of

the medium and is therefore sensitive to the real part of the chirality parameter

Re(κ).

We measure the ORD spectrum experimentally by using polarimetry, where

an incident linearly polarized beam passes through the chiral sample, and an

analyzer (a second linear polarizer) is rotated until the transmitted intensity is

maximized to determine Φ(λ) as a function of wavelength and thereby obtain the

ORD spectrum. This ORD spectrum is particularly sensitive to dispersive changes

in the real part of the chiral refractive index and complements CD measurements,

which probe the imaginary part.

1.4.2 Circular dichroism

When LCP and RCP of light experience different attenuation upon propagation

through a chiral medium, the resulting differential absorption gives rise to CD. As

shown in Fig. 1.3 (a), a linearly polarized wave entering a chiral sample can be

decomposed into RCP and LCP components that propagate with different phase

velocities, leading to OR, whereas in Fig. 1.3 (b) the same two components are

absorbed at different rates so that their transmitted amplitudes no longer match,

which defines CD.

In this case, as discussed in the section. 1.4 , when the imaginary parts of the

refractive indices differ, n(R)′′ ̸= n(L)′′, the two CP eigenmodes are attenuated at

unequal rates as they propagate through the chiral medium.

As the RCP and LCP states are absorbed at different rates, the CD signal is

expressed in terms of the differential absorbance

∆A(λ) = A(RCP)(λ)− A(LCP)(λ), 1.28
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Figure 1.3 (a) Schematic diagram of OR where a linearly polarized wave prop-
agating through a chiral medium experiences a rotation of its polarization plane
due to different phase velocities of the RCP and LCP components. (b) Schematic
diagram of CD where RCP and LCP waves are absorbed at different rates by a
chiral medium, resulting in unequal transmitted amplitudes for the two different
polarizations.

while the mean absorbance

A(λ) =
A(RCP)(λ) + A(LCP)(λ)

2
1.29

where A(RCP)(λ) and A(LCP)(λ) denote the absorbance of RCP and LCP of light,

which explains the total absorption independent of chirality [ 60 ].

The corresponding intensity transmission coefficients of RCP and LCP of light

waves after propagating a distance d through the chiral medium are defined as

T (RCP)(λ) = I(RCP)(d)
I0

, T (LCP)(λ) = I(LCP)(d)
I0

, where I0 is the incident intensity.

According to the Beer-Lambert law, the intensity of a monochromatic wave

propagating through an absorbing medium decays exponentially,

I(d) = I0 exp
[
−2ω

c
n′′ d

]
, 1.30

with n′′ denoting the imaginary part of the refractive index. In a chiral medium,
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the RCP and LCP eigenmodes experience different transmitted intensities,

I(RCP)(d) = I0 exp
[
− 2(ω/c)n(R)′′d

]
, I(LCP)(d) = I0 exp

[
− 2(ω/c)n(L)′′d

]
,

1.31

which explains the microscopic asymmetry of light–matter interaction that defines

CD.

We measure CD using the dissymmetry (anisotropy) factor g(λ) [ 61 ], first

introduced by Kuhn in 1930. Considering the interaction between a chiral molecule

and CP of light, the molecular chirality is revealed in the difference between the

differential absorbance for two CP of light waves, normalized to their average as

below:

g(λ) = 2
∆A(λ)

A(RCP)(λ) + A(LCP)(λ)
. 1.32

Also, the strength of CD is expressed in terms of ellipticity, because unequal

attenuation of the RCP and LCP components converts an initially LP of wave

into an elliptically polarized one. The ellipticity η can be expressed in terms of

the transmission amplitudes for RCP and LCP as

η =
1

2
sin−1

(∣∣T (RCP)
∣∣2 − ∣∣T (LCP)

∣∣2
|T (RCP)|2 + |T (LCP)|2

)
, 1.33

and is reported in degrees or millidegrees in conventional CD spectroscopy. Also,

it is converted to molar ellipticity to determine the concentration and path length

[ 60 ]. Modern CD spectrometers use this by modulating between RCP and LCP

using a photoelastic modulator and recording the corresponding transmitted in-

tensities as a function of wavelength.

Within the Pasteur description of chiral media, CD is directly related to the
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imaginary part of the differential refractive index,

CD(λ) ∝ Im
[
n(RCP)(λ)− n(LCP)(λ)

]
∝ Im[κ(λ)] , 1.34

and therefore probes the absorptive component of the chiral magnetoelectric cou-

pling. Together, CD and ORD provide a complete characterization of the linear

chiroptical response of a chiral medium [ 59 , 60 ]. Thus, CD probes the imagi-

nary part of the chiral coupling parameter κ. At the same time, ORD is directly

proportional to its real part, making CD and ORD two standard methods for the

linear chiroptical response.

1.5 Analytical and separation-based techniques

With the above optical methods, there are also some separation-based analytical

techniques that are useful for measuring chirality in the pharmaceutical industry,

such as High-performance liquid chromatography (HPLC) , capillary electrochro-

matography, gas chromatography, and NMR-based methods, which are commonly

used for measuring chirality. HPLC is an analytical technique used to separate and

identify the R- and S-enantiomers of chiral compounds [ 62 ]. NMR spectroscopy

can differentiate enantiomers of chiral solvents, giving both structural information

and accurate enantiomeric ratios [ 63 ]. These techniques are highly sensitive but

need careful sample preparation for a long time; also, in the case of in situ or

on-chip measurements, they can measure chirality up to milliliter volume.
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1.6 Challenges in measuring chirality at low con-

centration

Measuring chirality with linear chiroptical spectroscopy (CD and ORD) 1.4 faces

some challenges [ 1 ]. These techniques produce noisy signals with inherently low

sensitivity, arising from interference between oscillating electric-dipole and much

weaker magnetic-dipole (or electric-quadrupole) moments in organic molecules.

Also, in linear chiroptical spectroscopy, the material’s response does not depend

on the intensity of light. Additionally, the separation-based methods 1.5 can

measure chirality with large milliliter-scale sample volumes with long preparation

times, where these chiroptical signals suffer from limited sensitivity and are too

weak to be detected. Therefore, the above methods are not suitable for precision

medicine and nanomedicine, which are innovative solutions for tailored treatment

and in-situ analysis of genetic variations, where chirality should be measured at

nanoliter volumes.

1.7 Nonlinear and ultrafast spectroscopy and nanopho-

tonic environments for chiral sensing

The inherently weak chiroptical response can be enhanced by using NL ultrafast

techniques, which provide much higher sensitivity to molecular chirality. In ad-

dition, nanophotonic environments can amplify chiroptical signals far better than

what is achievable with conventional linear chiroptical spectroscopy.

In linear optical activity, the polarization angle of a light beam cannot change

with the intensity of light. When a high-intensity electric field interacts with atoms

or molecules, the valence electrons are strongly driven by the applied field. As a

result, the induced polarization of the medium depends nonlinearly on the electric



1.8. Nonlinear and ultrafast chiroptical spectroscopy 27

field amplitude. This NL polarization gives rise to new frequency components and

phenomena, and this is the origin of NL optics. Additionally, chiral sensing in a

nanophotonic environment depends on the interaction between chiral molecules

and appropriately designed nanostructures. By engineering the near field around

these structures, linear CD signals can be strongly enhanced. The nanostructures

act as binding sites for the analyte and support resonance modes that further

enhance the chiral response. Moreover, near-field scattering in such systems can

modify the molecular transition frequencies; in turn, the chiral molecules can mod-

ify the effective surface properties and resonances of the nanophotonic structures.

1.8 Nonlinear and ultrafast chiroptical spec-

troscopy

To study the NL optical effect with high-intensity electromagnetic field, the po-

larization is expanded in powers of the electric field. The total polarization can

be written as

PNL(r, ω) = ε0

[
χ(1)(ω)E(r, ω) + (χ(2)(ω)E(r, ω)E(r, ω)+

(χ(3)(ω)E(r, ω)E(r, ω)E(r, ω) + ...
] 1.35

The linear optical phenomena, such as refraction and absorption, are described by

the first term, where χ(1) is the linear susceptibility tensor. NL optical effects arise

from higher-order terms in the Eq. 1.35 . As the intensity of the field increases,

the polarization drifts from its linear behaviour. Here, we focus on 2nd- and

3rd-order NL optical effects. The second-order susceptibility tensor χ(2) depends

quadratically on the electric field and gives rise to SHG and SFG, whereas the

third-order NL susceptibility tensor χ(3) depends nonlinearly on the electric field,

giving rise to some NL optical effects like the optical Kerr effect and pump-probe
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spectroscopy. These NL optical phenomena can be used to measure chirality with

linear as well as CP of light, leading to NL chiroptical spectroscopy; however, the

intensity will be much larger than in linear spectroscopy.

1.8.1 Sum Frequency Generation in chirality

SFG is the second-order NL optical process where the pulses with two different

frequencies ω1 and ω2 overlap, and the output field is generated at frequency ω3

as the sum of two incident fields as shown in the Fig. 1.4 with an induced NL

polarization P(2) at the sum frequency given below:

ω3 = ω1 + ω2 1.36

Within the electric–dipole approximation, the second-order polarization at ω3 is

P(2)(r, ω3) = ε0χ
(2)(ω3;ω1, ω2) : E(r, ω1)E(r, ω2), 1.37

where, χ(2) is the second-order susceptibility tensor and E(r, ωj) denotes the field

amplitudes. In the case of centrosymmetric and isotropic achiral media, the elec-

tric dipole contribution to the second-order susceptibility tensor χ(2) does not

exist, so SFG cannot be produced in that case. But in the case of isotropic chiral

media, there is no inversion symmetry, so the second-order susceptibility tensor

χ(2) is non-zero. If we take the orientational average for the randomly oriented

chiral molecule, then the second-order polarization in chiral liquid [ 64 ] becomes

PSFG(r, ω3) = ε0 χ
(2)
χ (ω3;ω1, ω2)

[
E(r, ω1)× E(r, ω2)

]
, 1.38

where χ
(2)
χ is a pseudoscalar susceptibility, for opposite enantiomers, its sign re-

verses. In above equation 1.38 the polarization is perpendicular to the plane with
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Figure 1.4 Schematic representation of SFG process. (a) Energy level diagram
showing the absorption of photons at frequencies ω1 and ω2 and emission at the
sum frequency ω3 = ω1 + ω2, (b) Schematic diagram of two input fields at ω1 and
ω2 interacting in a nonlinear medium with χ2 to produce the SFG output.

unit vectors ê3 = ê1× ê2 and the output SFG beam is emitted along the direction

with phase matching condition k3 = k1 + k2.

As SFG is produced from the electric–dipole interactions, so a NL signal can

be produced with SFG even at lower intensity lasers, but with high resolution in

femtoseconds [ 65 ]. If we consider SFG in a randomly oriented chiral molecule of

two color noncollinear fields at frequencies ω and 2ω, the total electric field can

be written as below

E(r, t) = Re
{
E(1)
ω e−iωt+ik1·r + E(2)

ω e−iωt+ik2·r + E
(2)
2ω e

−2iωt−iϕ2ω+2ik2·r
}
, 1.39

where the field components E
(1)
ω and E

(2)
ω are cross-polarized within the plane of

propagation, E
(2)
2ω is polarized perpendicular to that plane, and ϕ2ω is the two-color

phase delay. For this chiral field, there are two electric-dipole pathways that lead

to radiation at the third harmonic 3ω. One chiral SFG signal is produced with

frequency ω + 2ω → 3ω and polarization P
(2)
SFG(3ω) ∝ χ

(2)
χ (3ω;ω, 2ω)E(ω)E(2ω),

which have equal amplitudes and opposite phases for the two enantiomers. Also

an achiral Third-Harmonic Generation (THG) signal is produced with frequency

ω + ω + ω → 3ω and polarization P
(3)
THG(3ω) ∝ χ

(3)
ach(3ω;ω, ω, ω)E(ω)

3, which is

identical for the two enantiomers P
(3),L
THG = P

(3),R
THG.
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In a proper noncollinear geometry, THG has the same phase matching condi-

tion as chiral SFG. So the polarization at 3ω can be written as

PL
tot(3ω) = P

(3)
THG(3ω) +P

(2)
SFG(3ω), 1.40a

PR
tot(3ω) = P

(3)
THG(3ω)−P

(2)
SFG(3ω), 1.40b

where the far field intensities are expressed as IL/R(3ω) ∝
∣∣PL/R

tot (3ω)
∣∣2. Because

only the chiral SFG contribution changes sign, the interference term 2Re[P
(2)
SFG(3ω)·

P
(3) ∗
THG(3ω)] is strongly enantiosensitive. By adjusting the relative amplitude of the

2ω field and the two-color phase ϕ2ω, the interference can be controlled from con-

structive for one enantiomer to destructive for the other.

1.8.2 Second Harmonic Generation CD

SHG is a second-order nonlinear optical process in which two photons of the

fundamental field at frequency ω are absorbed to produce a single photon at

double the frequency 2ω [ 18 ].

The SHG field transmission intensity depends on SHG conversion efficiency,

which includes the second-order susceptibility tensor χ(2), the incidence angle of

radiation, and the properties of the sample. As discussed in the previous section

1.8.1 , the second-order susceptibility tensor χ(2) vanishes in centrosymmetric me-

dia, but in the case of surfaces, SHG perpendicular to the surface is symmetry-

allowed. The second-order susceptibility tensor χ(2) is made of achiral and chiral

tensor elements. The achiral elements are electric quadrupole and magnetic dipole,

but electric dipole is forbidden.

SHG, combined with CD, can measure chirality by producing different second-

harmonic signals for RCP and LCP radiation. The anisotropy factor g [ 66 ] of

SHG-CD can be defined by the difference of the second harmonic produced by left

ILCP and right IRCP circularly polarized intensity, respectively, by normalizing
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over their average as below:

g = 2
∆I

I(RCP) + I(LCP)
, 1.41

where ∆I = I(LCP) − I(RCP), and it is worth mentioning that SHG-CD is more

sensitive [ 67 ] than linear chiroptical spectroscopy; also, SHG-CD, with the ar-

rangement of transition dipole moments, depends on molecular orientation.

Also, it is reported in [ 68 ] that MoS2 with SHG is very useful for integrated

photonics and nonlinear optical devices. By fabricating for different chiralities

and by studying their SHG performances, which is explained by the superposition

theory of the second harmonic field, depending on certain chirality and diameter,

SHG intensity can be greatly enhanced and used as a simple, nondestructive probe

of the handedness of the nanoscrolls.

1.8.3 Optical Kerr effect

The third term associated with χ3 in Eq. 1.35 is responsible for the optical Kerr

effect, where the refractive index of the medium is modulated by the incident

field intensity. In the presence of an χ3 medium exhibits an intensity-dependent

refractive index see Fig. 1.5 as below:

n = n0 + n2I 1.42

where n2 = 3χ3/4n2
0ε0c is the is the Kerr coefficient [ 69 ], n0 is the linear refractive

index and I is intensity of the incident fields. Self-focusing of light in some material

is produced by this intensity-dependent refractive index, which is referred to as

the Kerr effect [ 70 ].

Using the Kerr nonlinearity, various NL interactions can be explored, includ-

ing self-phase modulation, self-focusing, and NL refraction. Additionally, we can
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Figure 1.5 Schematic diagram of intensity-dependent refractive index by strong
electric field intensity I(E) through third-order nonlinear susceptibility χ3 in an
optical medium.

explore transient grating or self-diffraction using third-order Kerr nonlinear inter-

action. If we consider Transverse Electric (TE) and Transverse Magnetic (TM)

waves incident on a glass surface, we can use the Kerr nonlinear interaction in a

chiral medium with a bi-anisotropic dispersion relation as below:

D(r, t) = ε0 [ε(ω0)E(r, t)− i µ0c κ(ω0)H(r, t)]

+ ε0χ3(ω0) [E(r, t) · E(r, t)]E(r, t),

B(r, t) = µ0

[
i κ(ω0)

µ0c
E(r, t) + µ(ω0)H(r, t)

]
.

1.43

A standard transient grating forms when pump fields with the same polariza-

tion interfere, creating a modulation in the medium’s refractive index. But in case

of using orthogonal polarization in an achiral medium, TE and TM polarization

will remain as TE and TM after interaction because a standard Kerr medium does

not change the polarization state due to perpendicular incident fields; therefore,

no cross-polarization effects occur, and standard transient grating formation is

not possible with orthogonally polarized pump fields in an achiral medium. But

a chiral medium has the ability to rotate the plane of polarization, which is why,

by exploring Kerr nonlinear interaction in a chiral medium, it is possible to form
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a transient grating or self-diffraction in the presence of two orthogonally polarized

pump fields.

Hence, we can study the intensity-dependent refractive index in an optically

active substance, and, using the Kerr NL interaction, the transient grating signal

will be stronger than the linear chiroptical signal, so we can measure chirality at

low concentrations.

1.8.4 Pump–probe nonlinear CD

Pump–probe spectroscopy is another NL optical technique used to study ultrafast

carrier dynamics in a various range of materials, from semiconductors to molecular

chromophores [ 18 , 71 ]. A strong pump pulse prepares the system in a nonequi-

librium excited state, while a weaker probe pulse investigates the optical response

at a proper time delay. The weaker beam is often referred to as the probe or

signal field, and the stronger beam as the pump or control field. By observing

the pump-induced changes in probe transmission or absorption as a function of

delay, one can study ultrafast NL optical phenomena such as EIT, LWI, transient

gratings and Kerr effects.

To study nonlinear CD, we consider a chiral sample irradiated by a pump (P)

and a signal (S) monochromatic field with vacuum wavelengths λP,S. The total

electric and magnetic induction fields are ET(t) = EP(t) + ES(t) and BT(t) =

BP(t) +BS(t) where the individual pump and signal components are written as

EP,S(t) = Re
[
EP,S

0 e−iωP,St
]
, BP,S(t) = Re

[
BP,S

0 e−iωP,St
]
. 1.44

Here EP,S
0 and BP,S

0 are complex vector field amplitudes at the molecule, ωP,S =

2πc/λP,S are the angular frequencies of the pump and signal, and c is the speed

of light in vacuum.

We can model this by using time-dependent density functional theory and
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Figure 1.6 Schematic of the chiral pump-probe configuration, indicating the pump
ωP and signal ωS beams interacting with the chiral sample.

using the chiroptical theorem in terms of the signal-field energy dissipation rate,

dUS/dt = ⟨
∫
τ
JS · ES dτ⟩TS , the pump-induced nonlinear signal absorption cross

section can be calculated as below:

σNL = (1/IS)(dUS/dt) 1.45

where IS = (1/2)ϵ0c|ES
0|2 is the intensity of the impinging signal, energy dissipation

rate.

By calculating σNL for LCP and RCP pump-induced signals, and comparing

with the linear absorption cross section by putting the intensity of the pump

field to zero, one obtains the pump-induced enhanced CD signal that is the

intensity-dependent contribution to the differential absorption of LCP and RCP

light in the chiral sample. From the enhancement factor, pump–probe spec-

troscopy in the NL EIT regime describes how much the CD is amplified by the

pump, by which we can measure chirality and its polarization dependence. In

Chapter 3, we present an enhanced chiroptical sensing approach by EIT and LWI

in chiral molecules.
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1.9 Nanophotonic environment for chiral sens-

ing

At the subwavelength scale, nanophotonic platforms can enhance chirality. As

molecular CD is weak because the molecular structures are comparable with the

wavelength of light used for sensing. Additionally, Ultraviolet (UV) light is ab-

sorbed by chiral molecules; that is why it is more difficult to measure UV optics

than the visible light range. So, to enhance weak CD signals, the nanomaterial

environment can be used. Also, it shows strong CD because of localized surface

plasmon, where the free electrons in the structure oscillate coherently with the

external electromagnetic field, which occurs, in fact, in the visible or Infrared (IR)

range. Therefore, a nanophotonic environment can produce a large chiroptical sig-

nal at resonance with the transition energy of the chiral molecule. We will discuss

different nanophotonic platforms for sensing chirality.

1.9.1 Chiral sensing using differential absorption

We can measure the absorbance of the chiral molecule for different CP excitations,

as below:

∆A(λ) = A(RCP)(λ)− A(LCP)(λ), 1.46

where A(RCP)(λ) and A(LCP)(λ) denote the absorbance of RCP and LCP of light,

the corresponding transmission coefficient for the considered chiral medium of

thickness d is given by

T (RCP)(λ) =
I(RCP)(d)

I0
, T (LCP)(λ) =

I(LCP)(d)

I0
, 1.47

where I0 is the incident intensity.

For the chiral material, the transmittance and absorptance are different de-
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pending on the two CP though the reflectance remains the same. For the chiral

nanostructure, of course, we can measure CD in the same way as the chiral isolated

molecules. But CD spectra of chiral nanophotonic structures are generated by the

combined molecular and optical responses of the nanostructure. However, the

chiral nanostructures exhibit complex interactions between molecular and optical

resonances.

1.9.1.1 Chiral sensing in the near field or superchiral field

Optical chirality for a monochromatic electromagnetic field can be defined as

C ≡ ε0
2
E · ∇ × E+

1

2µ0

B · ∇ ×B = − ω

2c2
Im(E∗ ·H) 1.48

where E and H are the electric and magnetic fields, ε0 and µ0 are the permittivity

and permeability of free space, ω is the angular frequency, and c is the speed of

light in vacuum. For generating a large chiral density C, both the electric and

magnetic fields should be parallel components; they should have a nonzero phase

difference, and the field should be a high-intensity field.

In free space the optical chirality for CP excitation, the optical chirality CCPL

can be written as:

CCPL = ±ε0ω
2c

E2
0 1.49

The superchiral field is generated when regions satisfies |C| > |CCPL|. The ab-

sorption rates of LCP and RCP excitation by a chiral molecule can be written

as

A(LCP,RCP) = ω
[
α′′ |E|2 ±G′′C

]
, 1.50

where αee is the imaginary part of the electric–dipole polarisability and G′′ is

the imaginary part of the mixed electric–magnetic (chiral) polarisability. The CD
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signal is then

∆A = AL − AR = 2ωG′′C, 1.51

If we increase the local optical chirality C, it enhances the chiral absorption dif-

ference for different CP excitations.

1.9.1.2 Plasmonic chiral sensing

Plasmonic nanostructures are a promising area for nanophotonic devices used to

enhance chirality. Due to the large electric polarizability, localized surface plasmon

resonances interact with the electric field of light [ 72 ] intensely. But because they

lack magnetic polarizability, they cannot interact with the magnetic field and thus

fail to enhance chiral density. But these structures still produce enhanced optical

chirality through superchiral field generation, which supports the circulation of

electric charges and induces magnetic near-field enhancement [ 73 ].

In the case of chiral plasmonic nanostructures for containing the intrinsic chi-

rality, there is an advantage for these materials to enhance chirality measurements.

But in some cases, the RCP and LCP respond simultaneously, and their effects

cancel, resulting in weak chiral response. But it has already been reported in [ 74 ],

where they propose a way to overcome these challenges by fabricating a 3D chiral

material in which the fundamental modes of the plasmonic nanostructure contain

electric and magnetic dipoles that are not perpendicular to each other; they are

parallel. Thus, this structure can enhance chirality by containing multiple helices.

If we change the chirality, the relative direction of the field vectors will change.

For example, in the case of fabricating 3D structures that suffer from some making

procedure mistakes, like they have large size, they need a long processing time,

the group [ 75 ] reported making an asymmetric bent split-ring resonator based

on ion-beam matter interaction. CD enhancement increases with increasing bend-

ing angle of the split ring. Also, numerical analysis confirms the enhancement in
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CD resulting from the cross-coupling of the parallel electric and magnetic fields.

Also, the 2D planar chiral nanostructures [ 76 ], which are known as pseudochiral

nanostructures, exhibit chiral response and interact with circularly polarized light

at normal incidence. There is no need for 3D characteristics; these structures

exhibit chirality through symmetry-breaking.

In the case of achiral plasmonic nanostructures, which have the advantage of

no background CD, though they lack magnetic-field enhancement [ 77 ], they can

still produce superchiral near fields. It is reported in [ 78 ], where they propose a

double-spiral ring resonator by generating superchiral near fields, which provides

strong evidence for an achiral plasmonic nanostructure. Another achiral nanos-

tructure was reported in [ 79 ], where gold nanorods, which are essentially pat-

terned nanostructures, produce large CD enhancements, playing important roles

in the generation of optical chiral responses. Also, optical chirality was reported

in a symmetric plasmonic nanostructure, produced by considering three gold nan-

odisks [ 80 ], in which optical chirality arises from near-field interference between

plasmon modes.

1.9.1.3 Dielectric nanostructures

Dielectric nanostructures are also another promising nanophotonic platform. Though

the electric field enhancement is somewhat weaker than that of plasmonic nanos-

tructures, high-index dielectric materials can support electric and magnetic res-

onances for chirality sensing. Also, dielectric nanostructures exhibit low optical

losses [ 81 ] which can help protect materials from heating. Additionally, another

drawback of dielectric nanostructures is that the electric and magnetic Mie reso-

nances at similar frequencies occur in the IR region, which is why they failed to

enhance CD in the UV region.

For achiral dielectric nanostructures, it was proposed to use achiral Si nanodisk

material for sensing chirality. The Kerker-like condition [ 82 ] was introduced, in
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which the electric and magnetic fields are spatially overlapped and transmitted

at that frequency. Chiral density is enhanced up to 138-fold with a phase lag of

90 degrees between the electric and magnetic dipoles around the disk. Also, it

was found [ 83 ] that off-axis LP excitation produces strong superchiral localized

hotspots within dimer gaps, which, when using CP excitation to generate a su-

perchiral field, is unnecessary. The optical chiral field was enhanced 300-fold, as

reported. Also, Ge-treated [ 84 ] resonators successfully generated a strong super-

chiral field via strong electric and magnetic fields via Mie resonance.

In the case of dielectric chiral metamaterials such as all-dielectric waveguides

and polarimeters, it was shown that chiral crossed-bowtie Si nanoantennas can

create strong hotspots of enhancement C in the bowtie junction [ 85 ], which is

promising for enhancing CD signals from nearby molecules. Later, chiral-slotted Si

nanodisks were introduced, in which a parallelogram-shaped slot supports electric

and magnetic resonances that hybridize with those of the disk, thereby increasing

C. Although experimental demonstrations of fully dielectric chiral metasurfaces

for sensing remain limited, dielectric material mixing with plasmonic nanostruc-

tures will make a promising nanophotonic platform, as we’ll see in the next section.

1.9.1.4 Plasmonic and Dielectric hybrid nanostructures

Plasmonic nanostructures exhibit a strong enhancement in the electric field but

a weak response in the magnetic field. So, a hybrid platform provides strong

electric and magnetic responses and can achieve a strong near-field, producing

strong optical chirality. To achieve maximum optical chiral density, the electric

and magnetic fields must be parallel with a π/2 phase difference. It is reported

in Ref. [ 86 ] that a hybrid composition of gold metallic and silicon dielectric

particles with a high refractive index exhibits electric and magnetic resonance,

maintaining the π/2 phase difference in the electric and magnetic field compo-

nents. Also, Ref [ 87 ] reports chiral density enhancement using a combination
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of hexagonal Au-GaAs nanowires. Another enhancement was reported in Ref.

[ 88 ]for the hybrid nanostructure composed of graphene ribbons and Si rods on

Cu substrate. Additionally, plasmonic hybrid nanostructures show a strong re-

sponse to magnetic particles [ 89 , 90 , 91 ]. These nanostructures were applied to

enhance the vibration CD for chiral molecules. It was reported in Ref. [ 92 ] that

a cavity-coupled achiral material was presented for sensing surface-enhanced vi-

bration CD. Therefore, a hybrid nanostructure is definitely a promising platform

for measuring chirality.

1.9.2 Plasmon-coupled CD

Chiral-molecule sensing is also possible using PCCD. The dipolar and multipolar

Coulomb interaction between a chiral molecule and an achiral plasmonic structure

generates the CD here [ 93 ]. The PCCD mechanism proposes a theoretical expla-

nation based on the quasistatic approximation and a general equation for the CD

of a chiral molecule and a metallic nanophotonic structure. Some mechanisms by

which PCCD can be generated were proposed, including near-field dipole-dipole

interactions and far-field electromagnetic coupling. For low-concentration ana-

lytes, PCCD can be understood in terms of near-field interactions [ 94 , 95 , 96 ,

97 ], in which the electromagnetic field enhances CD at a nearby achiral plasmonic

nanophotonic structure. Using far-field electromagnetic coupling [ 98 ], molecular

chirality can be measured for an achiral plasmonic substrate, where this CD is

obtained from the differential refractive index of CP excitation.

Theoretically, PCCD can be explained by the equation that describes the in-

teraction of the plasmonic field enhancement matrix and the electric magnetic
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transition dipole element, as given below:

CDmol+pl = CDmol + CDpl,

CDmol ∝ E2
0

γ0∣∣ℏω − ℏω0 + iΓ0

∣∣2 Im[(P̂·d12

)
·m12

]
.

1.52

where CDmol+pl is the total CD of the molecule–plasmon complex, CDmol is the

intrinsic molecular CD, and CDpl is the PCCD contribution. The molecular term

becomes maximum near the molecular resonance frequency ω0. Here, E0 is the

local electric-field amplitude, γ0 and Γ0 describe the damping and broadening of

the molecular transition, and d12 and m12 are the electric and magnetic transition

dipole moments. The imaginary part of
(
P̂·d12

)
·m12 gives the chiral interference

between the electric and magnetic transition channels, which is the origin of the

molecular CD.

PCCD has been reported experimentally and theoretically for various nanos-

tructures containing chiral molecules, including proteins [ 99 , 100 , 101 ], DNA

[ 102 , 103 ], and peptides [ 104 , 105 ]. Therefore, this mechanism has been ex-

plored by various researchers for achiral plasmonic nanostructures with different

compositions and optical parameters.

1.9.3 Surface plasmon polariton

A SPP is described as an electromagnetic wave that is locally confined to a metal-

dielectric interface propagating along a planar interface [ 106 , 107 , 108 ]. This

wave is generated by the coupling of free-electron oscillations in the metal with

the optical field, which enhances the electromagnetic field intensity near the metal

surface. SPPs are generally well-suited to the dielectric properties of the media

used in biosensor devices [ 109 , 110 , 111 ]. Also, the field enhancement can be

used in single nanoparticles for detecting the spectroscopy of a single molecule.

The propagation of SPP waves has a limitation of ohmic loss in the metal. So,



1.9. Nanophotonic environment for chiral sensing 42

a special material composition and geometric configuration are needed to excite

surface modes. A metal–dielectric interface with permittivities of metal ϵm(ω)

and permittivities of dielectric ϵd(ω) supports SPPs when Re[ϵm(ω)] < 0 and

Re[ϵd(ω)] > 0.

Theoretically, we can explain the propagation of SPP along the x direction

through the dispersion relation [ 112 ] as follows:

kSPPx (ω) =
ω

c

√
ϵm(ω) ϵd(ω)

ϵm(ω) + ϵd(ω)
. 1.53

Here, kSPPx denotes the in-plane wave vector of the SPP mode, ω is the angular

frequency, and c is the speed of light in vacuum. For any given ω and neglecting

losses, the SPP wave vector is larger than that of a plane wave in free space, kSPPx >

klight, where klight = ω/c. Consequently, the SPP wavelength λSPP = 2π/kSPPx is

smaller than the free-space wavelength.

SPP excitation is highly sensitive to variations in the dielectric environment.

The strong light-molecule interaction can be achieved through unique features of

SPP, such as subwavelength confinement, and through strongly enhanced local

fields [ 113 , 114 , 115 ]. That can significantly enhance the CD signal for chiral

drug solutions.

1.9.4 Chiral sensing using differential emission

The nanophotonic structure can modify the characteristics of the photon emitter.

For photon emission, the cavity modification is known as the Purcell effect. For a

resonant chiral nanostructure, the Purcell effect becomes effective. In free space,

there will be no imbalance in SE between two CPs. However, when using a chiral

nanostructure, we can study CP-SE manipulation, which we discuss in detail in

Chapter 4.
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1.10 Concluding remarks

In this introductory chapter, basic concepts of optical propagation in chiral media

are briefly described. After introducing chirality, the basic linear spectroscopy

methods, CD and ORD, for measuring chirality were described.

For the inherently weak chiroptical signal, which failed to measure chirality at

low concentration, the chiroptical sensitivity can be further amplified by ultrafast

enantioselective NL optical techniques and a nanophotonic environment that over-

comes these challenges and enhances the sensitivity of chirality measurements to

achieve advanced levels of detection and selectivity, as discussed in the following

sections of this chapter.



Chapter 2

Electromagnetic interaction with chi-

ral molecules

“Symmetry principles illuminate the profound laws of physics; the breaking of

symmetry often unlocks the precious secrets of nature.”

— Adapted from L. D. Landau and E. M. Lifshitz, Quantum Mechanics

The history of chirality and optics was well introduced before in the 19th

century with the introduction of polarization and chirality, which is well known

and already discussed in Chapter 1. In this chapter, we discuss the theoretical

modeling of chiral light-matter interaction. Basically, the response of the opti-

cal medium to the external radiation depends on how the charged particles of an

atom, like electrons or protons, are bound to the nucleus and interact with exter-

nal electromagnetic radiation. The microscopic response of any material is defined

by an ensemble of atoms and molecules with discrete electronic, vibrational, and

rotational levels, which primarily determine light–matter interactions. Also, the

strength of this chiral light-matter interaction depends on the internal energy of

the spectrum, the intensity of the incident field, and the degree of resonance be-

44



45

tween the driving frequency and the material eigenmodes. Therefore, we apply

electromagnetic radiation to study the response of an optical medium, though this

is difficult because a material has many degrees of freedom, making it impossi-

ble to solve many dynamical equations. Therefore, we introduce some systematic

approximations, such as a weak-coupling regime and slowly varying envelopes, to

study chiral light-matter interactions. By using these approximations, we treat

the optical field as a classical quasi-monochromatic wave that interacts with the

molecular system quantum mechanically, allowing us to work with only those de-

grees of freedom in resonance with the incident field. The remaining degrees of

freedom, which are off-resonant and weakly coupled to the system, are included

through damping and dephasing rates that describe the energy flow into a ther-

mal bath composed of these degrees of freedom. Consequently, we introduce the

density-matrix description, in which relaxation is included through the Lindblad

operator. We observe that electronic transitions dominate in the ultraviolet and

visible regions, vibrational transitions give rise to infrared frequencies, and rota-

tional modes contribute in the far-infrared or microwave regions of electromagnetic

radiation. In the case of indirect resonance, two-photon processes such as Raman

and Brillouin scattering [ 116 ] provide a different idea of how the higher-order

light-matter interaction excites low-frequency modes.

In this chapter, we present a theoretical model of chiral light-matter interac-

tions by first applying a semiclassical approach, treating electromagnetic radiation

classically and the chiral molecule quantum mechanically through the density-

matrix formalism. This theoretical framework is very useful in describing how

electromagnetic radiation interacts with the dipole moments of chiral molecules.
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2.1 Fundamental concepts

This chapter develops such a framework, beginning with a multilevel description

of the molecular Hamiltonian and using perturbations introduced by the electric

and magnetic components of externally applied radiation. A complete treatment

of coherence, population dynamics, and dissipative processes—all important for

characterizing the time-dependent response—is made possible by the subsequent

introduction of the density matrix formalism. Moreover, rotational averaging is

performed across molecular orientations to relate microscopic molecular properties

to the macroscopic response. This statistical approach is important given the ran-

dom orientations in most experimental samples and is performed via Euler angle

rotations of the molecular dipole moments into the laboratory frame. With this

approach, we obtain essential quantities, including electric and magnetic polariz-

abilities and their cross-coupling terms, which together characterize the medium’s

chiral and bianisotropic properties. These parameters completely describe how

electromagnetic waves propagate through chiral materials when they are included

in modified Maxwell’s equations and constitutive relations. Computational meth-

ods that combine electronic and vibrational states provide a clear understanding of

how chirality changes the optical properties of reparixin in aqueous solution, which

is a chemically and biologically essential compound. A comprehensive understand-

ing will become clear upon examining the detailed discussion of the theoretical

approach presented in the following sections of this chapter.

2.2 Multilevel chiroptical interaction

We consider the interaction of a chiral sample with electromagnetic radiation. We

start our analysis with the unperturbed Hamiltonian of the system with some

discrete molecular energy levels.
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The unperturbed Hamiltonian for the system can be defined in the N-level

approximation as follows:

Ĥ0 =
N∑
n=1

ℏωn|n⟩⟨n|, 2.1

where |n⟩ represents the eigenstates of the molecule with the corresponding energy

value ℏωn.

Now we can find an approximate solution to the system by applying a pertur-

bation in the form of external radiation driving the molecule. Therefore, we write

the general form of the Hamiltonian as below:

Ĥ(t) =
N∑
n=1

ℏωn|n⟩⟨n| − V̂ , 2.2

where V̂ denotes the perturbation due to external electromagnetic radiation.

Also, we consider the electric and magnetic dipolar approximation, and the

interaction energy ĤINT of the system can be expressed in the following way:

ĤINT = −E(t) · d̂−B(t) · m̂. 2.3

Now, the total Hamiltonian of the system, see Fig. 2.1 can be defined as

below:

Ĥ(t) =
N∑
n=1

ℏωn |n⟩ ⟨n| − E(t) · d̂−B(t) · m̂. 2.4

The expression above includes both intrinsic molecular energy and electric/-

magnetic dipolar interaction, which describe how the external field perturbs the

system.

In the expression of the total Hamiltonian, see Eq. 2.4 , these two terms E(t)·d̂

and B(t)·m̂ arise because we assume that the system is excited by monochromatic
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Figure 2.1 Schematic illustration of a multilevel molecular system with discrete
energy states |n⟩, when illuminated by a monochromatic field with energy ℏω.
However, owing to chirality, the molecule possesses non-orthogonal transition elec-
tric d1,i and magnetic m1,i dipole moments through which chiroptical interaction
occurs, and there is a transition from initial states with energy ℏω1 to different
excited states with energy ℏωi.

external radiation fields consisting of electric and magnetic fields as follows:

E(t) = Re
[
E0e

−iωt] , 2.5a

B(t) = Re
[
B0e

−iωt] , 2.5b

where ω is the angular frequency and λ = (2πc)/ω denotes the carrier vacuum

wavelength, where c is the speed of light in vacuum.

Also, the electric transition dipole moment operator d̂ and magnetic transition
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dipole moment operator m̂ in dyadic representation are given by

d̂ =
N∑

n,m=1

dn,m |n⟩⟨m|, 2.6a

m̂ =
N∑

n,m=1

mn,m |n⟩⟨m|, 2.6b

where the matrix elements dn,m and mn,m denote the electric and the magnetic

transition dipole moments, respectively, between the states, which can be defined

as below:

dn,m = ⟨n|d̂|m⟩, 2.7a

mn,m = ⟨n|m̂|m⟩, 2.7b

where |n⟩⟨m| denotes the projection operator, which defines whether n = m, that

is, the diagonal component represents the static electric dipole moment within a

single state |n⟩, while if n ̸= m, that is, the off-diagonal component represents the

transition between the molecular states |n⟩ and |m⟩.

2.2.1 Density matrix formalism

The density matrix approach is used to define how the quantum state of the system

changes with time when it interacts with external electromagnetic radiation. The

density matrix describes not only the pure quantum states but also the mixed

states [ 18 , 117 ].

At any time, the state of a system can be described by a density matrix, usually

denoted as

ρ̂ =
N∑

n,m=1

ρn,m|n⟩⟨m|, 2.8

where |n⟩ and ⟨m| represent the discrete quantum states of the molecule, and the

coefficients ρn,m denote the populations (n=m) and coherence (n ̸= m) between



2.2. Multilevel chiroptical interaction 50

these states.

2.2.2 Lindblad operator approach

A physical system will interact with its environment because any real physical

system cannot be perfectly isolated. To treat such interaction of a quantum system

with the environment, the mathematical technique using the Lindblad operator

[ 118 ] is very important to describe the non-unitary processes from dissipation to

decoherence [ 119 ] for the quantum system.

In the case of our considered system, the temporal evolution of the density

matrix is governed by the Liouville-von Neumann equation, which can be written

in the following way:

dρ̂

dt
=

1

iℏ

[
Ĥ(t), ρ̂

]
+ L̂(ρ̂), 2.9

where the coherent quantum evolution of the system is included through the total

Hamiltonian term Ĥ(t), also, L̂(ρ̂) is the Lindblad operator that accounts for the

dissipative processes, such as non-radiative recombination to the ground state or

decoherence in the system, which can be expressed mathematically as follows:

L̂(ρ̂) =
N∑
n=2

γn
2

[
2ρn,n|1⟩⟨1| − |n⟩⟨n|ρ̂− ρ̂|n⟩⟨n|, 2.10

where, γn denotes the decoherence of the system.

Therefore, using the density matrix formalism and the Lindblad operator ap-

proach, from Eq. 2.9 and Eq. 2.10 , the system can be described by the general

form of the equation:

dρ̂

dt
=

1

iℏ

[
Ĥ(t), ρ̂

]
+

N∑
n=2

γn
2

[
2ρn,n|1⟩⟨1| − |n⟩⟨n|ρ̂− ρ̂|n⟩⟨n|. 2.11

Above Eq. 2.11 defines how the system evolves in time as a result of these

interactions. Now, the general form of the density matrix equation provides the
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following:

ρ̇i,j = −i (ωi − ωj) ρi,j

+
1

iℏ

N∑
n=1

{
ρi,n

[
E(t) · dn,j +B(t) ·mn,j

]
− ρn,j

[
E(t) · di,n +B(t) ·mi,n

]}
+
{ N∑
n=2

γnρn,n

}
δi,1δj,1 −

γi
2
ρi,j (1− δi,1)−

γj
2
ρi,j (1− δj,1) . 2.12

In the above Eq. 2.12 , δi,j the Kronecker delta is defined as δi,j = 1 if i = j, and

0 if i ̸= j. The dynamics of the system are described through the above equation

for the temporal evolution of each matrix element, ρi,j, where the indices i and j

refer to the quantum states that represent how population (diagonal terms) and

coherences (off-diagonal terms) vary with time due to external fields.

For the diagonal terms, we obtain from the above equation

ρ̇1,1 =
2

ℏ

N∑
n=2

Im {ρ1,n [E(t) · dn,1 +B(t) ·mn,1]}+
N∑
n=2

γnρn,n,

ρ̇i,i = −
2

ℏ
Im {ρ1,i [E(t) · di,1 +B(t) ·mi,1]} − γiρi,i, (i ̸= 1).

2.13

These equations describe how the populations of the molecular ground and ex-

cited states are influenced by coherent interactions with the ground and excited

states mediated by external fields, as well as by spontaneous non-radiative decay,

represented by γi.

For the off-diagonal elements, we get

ρ̇1,i =
[
i(ωi − ω1)−

γi
2

]
ρ1,i +

i

ℏ

{
[E(t) · d1,i +B(t) ·m1,i] (ρi,i − ρ1,1)

+ [E(t) · (d1,1 − di,i) +B(t) · (m1,1 −mi,i)] ρ1,i

}
− i

ℏ

N∑
n=2
n̸=i

ρ1,n [E(t) · dn,i +B(t) ·mn,i] , (i ̸= 1).

2.14
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The above equation 2.14 describes how the quantum mechanical superpositions

between the ground and excited states change with time under an external driving

field and population differences with the other coherences.

In general, Eq. 2.12 is a bit difficult to solve analytically. Using perturbation

theory [ 18 ], we introduce a small parameter λ that varies from 0 to 1, which

characterizes the strength of the perturbations, with λ = 1 corresponding to the

physical situation.

Applying perturbation series expansion, we can write the density matrix ele-

ments ρi,j in the following form:

ρi,j = ρ
(0)
i,j + λρ

(1)
i,j + λ2ρ

(2)
i,j . 2.15

Since this solution should hold for any value of the perturbation density parameter

λ, each term in the expansion must independently satisfy the resultant equation

at each order in λ. Thus, multiscale expansion up to the second order provides

ρ
(i̸=1)
1,i = ρ

(1)
1i + ρ

(2)
1i 2.16a

ρ11 = 1 + ρ
(2)
11 2.16b

ρii = ρ
(2)
ii 2.16c

. This expansion helps us to calculate the linear response (at first order) of the

system upon excitation by electromagnetic radiation.

2.2.3 Linear response

We apply the perturbation solution to the density-matrix equation of motion and

calculate the linear response of the molecular system. By solving the density
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matrix at first order, we obtain:

ρ
(1)
1i (t) = −

i (d1,i · E∗0 +m1,i ·B∗0)

ℏ
{
γi + 2i

[
ω − (ωi − ω1)

]}eiωt − i (d1,i · E0 +m1,i ·B0)

ℏ
{
γi − 2i

[
ω + (ωi − ω1)

]}e−iωt,
≡ P

(+ω)
1i eiωt + P

(−ω)
1i e−iωt. 2.17

The above equation describes the first-order coherence term in the molecular

system in the quantum states |1⟩ and |i⟩ interacting with an external electromag-

netic field. It defines the linear quantum response of the molecule to the electric

and magnetic field at frequency ω, and P
(±ω)
1i denotes the amplitudes corresponding

to ±ω.

2.2.4 Induced dipole moment

The expectation values of electric and magnetic dipole moment operators can be

derived from density matrix formalism discussed in the previous section 2.2.1 .

Therefore, we calculate the expectation values of induced electric d(t) and mag-

netic m(t) dipole moment operators as follows:

d(t) = Tr{d̂ρ̂} =
N∑

i,j=1

ρi,jdj,i

= ρ1,1d1,1 +
N∑
i=2

ρi,idi,i + 2
N∑
i=2

Re [ρi,1d1,i] , 2.18a

m(t) = Tr{m̂ρ̂} =
N∑

i,j=1

ρi,jmj,i

= ρ1,1m1,1 +
N∑
i=2

ρi,imi,i + 2
N∑
i=2

Re [ρi,1m1,i] . 2.18b
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Upon substituting the obtained first-order solution described in Eq. 2.17 for the

density matrix coherence see Eq. 2.16 , we simplify this expression Eq. 2.18 to:

d(t) = d1,1 +
N∑
i=2

Re
{[

2d1,i

[
P

(+ω)
1i

]∗
+ 2di,1P

(−ω)
1i

]
e−iωt

}
,

m(t) = m1,1 +
N∑
i=2

Re
{[

2m1,i

[
P

(+ω)
1i

]∗
+ 2mi,1P

(−ω)
1i

]
e−iωt

}
.

2.19

These equations clearly indicate how external electromagnetic fields induce oscil-

lating electric and magnetic dipole moments within the chiral molecule. Specif-

ically, it explains contributions from the static electric d1,1 and magnetic m1,1

dipole moments and electric d1,i and magnetic m1,i transition dipole moments

between the states.

2.2.5 The evaluation of molecular orientation

Generally, in various branches of nonlinear optical spectroscopy, such as CD or

pump-probe experiments, the molecular sample is randomly oriented, so we aver-

age over all possible molecular orientations to relate microscopic molecular prop-

erties to macroscopic ones. We can sum the response over all molecules and divide

by the total number of molecules, a process known as ensemble averaging [ 120 ].

Simultaneously, we can average the response of a single molecule over all orien-

tations, a process known as rotational averaging. We consider two coordinate

systems, described in Fig. 2.2 , namely the molecular frame with axes x, y, and

z, and the laboratory frame with axes X, Y, and Z, for calculating the rotational

averaging. Here, Euler’s angles are used to define the orientation of the molecule

in the laboratory frame, where ϕ is the polar angle between the molecular z-axis

and the laboratory Z-axis, and θ is the azimuthal angle between the projection of

the molecular z-axis onto the XY plane and the X-axis and χ denotes the rotation

around the molecular z-axis.
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Figure 2.2 Schematic of the molecular frame with axes x, y, and z and laboratory
frame with axes X, Y, and Z with Euler’s angle θ, ϕ, and χ.

In the macroscopic system, we can calculate the dependence of the molecular

response by averaging over molecular orientations. We use the direction cosine

matrix, also known as the rotation matrix [ 121 ], which transforms vector and

tensor quantities from the molecular frame to the laboratory frame, to perform

this averaging.

The matrix is defined as below:

R̂(ϕ, θ, χ) =


cosϕ cos θ cosχ− sinϕ sinχ − cosϕ cos θ sinχ− sinϕ cosχ cosϕ sin θ

sinϕ cos θ cosχ+ cosϕ sinχ − sinϕ cos θ sinχ+ cosϕ cosχ sinϕ sin θ

− sin θ cosχ sin θ sinχ cos θ

 .
2.20

Using R̂(ϕ, θ, χ), it is possible to compute transformed induced electric and

magnetic dipole moments from the molecular frame to the laboratory frame.

Therefore, to define the orientation-dependent response of a function f(θ, ϕ, χ),

to calculate the total response, we need to take the average of this function as given
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below:

⟨f⟩ = 1

8π2

∫ 2π

0

dϕ

∫ π

0

sin θ dθ

∫ 2π

0

dχ f(θ, ϕ, χ). 2.21

This way, we can easily calculate the average electric or magnetic dipole moment

after rotational averaging.

2.2.6 Dipole Moment Transformation via Euler Rotations

To calculate the average electric/magnetic dipole moment in the laboratory frame,

we take an orientational average for the randomly oriented molecules over all

directions. First, the individual dipole moment rotates using the direction cosine

matrix, denoted as R̂(ϕ, θ, χ), where (ϕ, θ, χ) are the Euler angles that describe

the molecular orientation. Upon molecular rotation, the diagonal and transition

electric and magnetic dipole moments rotate as:


D1,i(α, β, γ) = R̂(ϕ, θ, χ)d1,i

Dn,i(α, β, γ) = R̂(ϕ, θ, χ)dn,i

Di,i(α, β, γ) = R̂(ϕ, θ, χ)di,i


M1,i(α, β, γ) = R̂(ϕ, θ, χ)m1,i

Mn,i(α, β, γ) = R̂(ϕ, θ, χ)mn,i

Mi,i(α, β, γ) = R̂(ϕ, θ, χ)mi,i

.

2.22

Now these transformed dipole vectors can be averaged over all molecular orienta-

tions; therefore, from the above equation Eq 2.22 , the average electric/magnetic

dipole moment using rotational averaging integrals can be expressed as follows:

⟨d(t)⟩ = 1

8π2

∫ 2π

0

dϕ

∫ π

0

dθ

∫ 2π

0

dχ sin θD(t),

⟨m(t)⟩ = 1

8π2

∫ 2π

0

dϕ

∫ π

0

dθ

∫ 2π

0

dχ sin θM(t). 2.23
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2.2.7 Microscopic response

We consider the linear dependence of the applied electromagnetic field; therefore,

the above dipolar responses are simplified as follows.

⟨d(t)⟩ = Re
{
[Ad,EE0 +Ad,BB0] e

−iωt} ,
⟨m(t)⟩ = Re

{
[Am,BB0 +Am,EE0] e

−iωt} . 2.24

Here, Ad,E and Am,B are the linear isotropic electric and magnetic polarizabilities,

respectively, and Ad,B and Am,E denote the linear isotropic mixing polarizabilities

that characterize the chiral bi-anisotropic response of the molecule. The linear

polarizability coefficients in the microscopic system [ 122 ] are defined in terms of

the transition dipole matrix element as:

Ad,E =
N∑
n=2

|d1,n|2

3ℏ

{
1

[ω + (ωn − ω1) + iγn/2]
− 1

[ω − (ωn − ω1) + iγn/2]

}
,

2.25a

Ad,B =
N∑
n=2

(d1,n ·m1,n)

3ℏ

{
1

[ω + (ωn − ω1) + iγn/2]
+

1

[ω − (ωn − ω1) + iγn/2]

}
,

2.25b

Am,B =
N∑
n=2

|m1,n|2

3ℏ

{
1

[ω + (ωn − ω1) + iγn/2]
− 1

[ω − (ωn − ω1) + iγn/2]

}
,

2.25c

Am,E =
N∑
n=2

2 (d1,n ·m1,n)

3ℏ

{
−2[ω + (ωn − ω1) + iγn
4[ω + (ωn − ω1)]2 + γ2n

+
−2[ω − (ωn − ω1) + iγn
4[ω − (ωn − ω1)]2 + γ2n

}
,

2.25d

where (ωn − ω1) is the transition frequency between the excited state and ground

state, n and 1, respectively, and γn denotes the corresponding decay rate. We

observe from the above equations that electric polarizability Ad,E is dependent on
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(a) (b)

(c) (d)

Figure 2.3 Dependence of real (shown in red solid curve) and imaginary (shown
in blue dashed curve) parts of (a) linear isotropic electric polarizability Ad,E,
(b) magnetic polarizability Am,B, and (c,d) linear isotropic mixing polarizabil-
ities Am,B,Am,B on vacuum wavelength λ. These results are obtained for aque-
ous solutions of pure S Reparixin enantiomer at fixed molecular number density
nmol = 10−2nm−3.

the electric transition dipole moment, and magnetic polarizability Am,B is deter-

mined by the magnetic transition dipole moment and the mixed linear isotropic

polarizabilities Ad,B, Am,E depend on the scalar product d1,n ·m1,n, which defines

the chirality of the considered molecular transition.

Additionally, as the equation 2.25d can be simplified to Am,E = −Ad,B there-

fore, this reciprocity is important for studying the enantioselective behavior of the

chiral molecule, which is discussed in the following section 2.2.13 of this chapter.
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To study the bi-anisotropic response of the considered chiral molecule, we il-

lustrate the dependence of the microscopic response in terms of polarizabilities

on vacuum wavelength λ, see Fig. 2.3 ). We observe a strong wavelength de-

pendence of the polarizabilities, with the polarizabilities highest at resonance. In

the Fig. 2.3 (a), the linear isotropic polarizability for the electric part Ad,E shows

a dispersive real part (shown in the solid red curve) and a peak imaginary part

(shown in the dashed blue curve) in resonance, which denotes the absorption and

dispersion for the microscopic response of the aqueous solution of reparixin. The

Fig. 2.3 (b) shows the corresponding behavior of magnetic polarizability, which

is smaller than Ad,E as expected.

Also, the mixed polarizabilities are most important, as they determine the

magneto-electrocoupling of the chiral response. As shown in the Fig. 2.3 (c,d),

where the electric and magnetic transition dipole moments interfere effectively,

we observe an intense chiral response. Also, we observe that the reciprocity is

satisfied in the Fig. 2.3 (c,d) as they show opposite natures. Next, we study the

macroscopic response.

2.2.8 Macroscopic response

The macroscopic chiral molecular response can be determined by averaging the

full microscopic polarizability over time. By individually averaging the electric/-

magnetic dipole moments, the dipolar contribution should be multiplied by the

molecular number density to obtain the polarization P(r, t)) and magnetization

M(r, t) fields.

The macroscopic polarization and magnetization in the limit of low molecular

density can be expressed by averaging microscopic electric and magnetic dipole
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moments as:

P(r, t) = ε0Re

{[
nmolAdE

ε0
E0 +

nmolAdB
ε0

B0

]
e−iωt

}
= Re{P0(r)e

−iωt} 2.26a

M(r, t) = Re
{
nmol (AmEE0 + AmBB0) e

−iωt}
= Re{M0(r)e

−iωt} 2.26b

where these time-dependent fields are as mentioned below:


P0 = nmolAd,EE0 + Ad,BB0

M0 = nmolAm,EE0 + Am,BB0

2.27

These polarization and magnetization fields, in turn, produce microscopic charge

and current densities as

ρP(r, t) = −∇ ·P(r, t), 2.28a

ρM(r, t) = 0, 2.28b

JP(r, t) = ∂tP(r, t), 2.28c

JM(r, t) = ∇×M(r, t), 2.28d

where ρP(r, t) and ρM(r, t) are the polarization and magnetization charge density

respectively, while JP(r, t) and JM(r, t) are the polarization and magnetization

current densities, respectively.
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2.2.9 Microscopic Maxwell Equations

Introducing these source terms, we obtain the microscopic Maxwell equations for

the monochromatic field with angular frequency ω as described below:



∇ · E(ω)
0 (r) =

1

ε0εsol(ω)
ρ
(ω)
P (r)

∇ ·B(ω)
0 (r) = 0

∇× E
(ω)
0 (r) = iωB

(ω)
0 (r)

∇×B
(ω)
0 (r) = µ0J

(ω)
P (r) + µ0J

(ω)
M (r)− iω

c2
εsol(ω)E

(ω)
0 (r)

2.29

where εsol(ω) is the relative electric permittivity of the chiral medium. The above

equations define how they influence the generation of electromagnetic fields in a

chiral medium. In the macroscopic environment, these equations can be reformu-

lated.

2.2.10 Macroscopic Maxwell Equations

Using the polarization P and magnetization M in the displacement field D and

magnetic field vector H, we calculate the macroscopic formulation.



∇ ·D(ω)
0 (r) = 0

∇ ·B(ω)
0 (r) = 0

∇× E
(ω)
0 (r) = iωB

(ω)
0 (r)

∇×H
(ω)
0 (r) = −iωD(ω)

0 (r)

2.30

This macroscopic formulation is more useful for studying bulk optical properties

of chiral molecules.
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2.2.11 Constitutive relation

The electromagnetic behavior of the chiral medium is described by constitutive

relations, which are given by:



D
(ω)
0 (r) = ε0εsol(ω)E

(ω)
0 (r) +P

(ω)
0 (r)

D
(ω)
0 (r) = ε0

[
ε(ω)E

(ω)
0 (r)− iµ0cκ(ω)H

(ω)
0 (r)

]
B

(ω)
0 (r) = µ0H

(ω)
0 (r) + µ0M

(ω)
0 (r)

B
(ω)
0 (r) = µ0

[
iκ(ω)
µ0c

E
(ω)
0 (r) + µ(ω)H

(ω)
0 (r)

]
2.31

These equations reflect the bi-anisotropic nature of chiral media, where electric

and magnetic fields are connected due to molecular chirality, and we introduce

parameters through the constitutive relations.

To describe the response more clearly, the following effective material param-

eters are introduced:

ϵr(ω) = εsol(ω) +
nmolAd,E

ε0
+

µ0n
2
molAm,EAd,B

ε0 (1− µ0nmolAm,E)

κ(ω) =
inmolAd,B

ε0c (1− µ0nmolAm,B)

µr(ω) =
1

1− µ0nmolAm,B

2.32

Here ϵr(ω) define the effective permittivity of the chiral medium and µr(ω) defines

the effective permeability and κ(ω) is the chirality parameter, which is responsible

for optical activity and circular birefringence.

These quantities define the full linear response of a chiral material and serve

as input to wave equations for determining measurable optical phenomena such

as optical rotatory dispersion and circular dichroism.
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2.2.12 Macroscopic bi-anisotropic response

2.2.12.1 Reparixin in water

To study the interaction of radiation with Reparixin in water [ 123 ], we consider

computational approaches to find quantum molecular observables (e.g., electric

and magnetic moments, ground-state energy, and electronic and vibrational exci-

tation energies), which provide us with an idea of finding the macroscopic bian-

isotropic response of Reparixin for different molecular conformations in an aqueous

solution. Subsequently, we calculated the electric and magnetic transition dipoles

and their associated UV/vibrational spectra for aqueous reparixin by taking an

ensemble average. First, we consider the solvent interaction through the den-

sity matrix formalism. The unperturbed vibronic structure of each enantiomer is

expressed by independent electronic/vibrational Hamiltonians as below:

Ĥel
0 (k, a) =

5∑
i=1

ℏωi(k)|i(k, a)⟩⟨i(k, a)|, 2.33a

Ĥvib
0 (k, a) =

∑
ν=0,1

(ν + 1/2)ℏων |ν(a)⟩⟨ν(a)|, 2.33b

where two enantiomers of Reparixin are labeled with index a = R, S and ℏωi(k)

and ℏων(ν+1/2) are the electronic and vibrational energy eigenvalues respectively

with eigenstates |i(k, a)⟩ and |ν(a)⟩.

By solving the density matrix equations perturbatively up to first order, the

induced electric da and magnetic ma dipole moments are expressed as below:

oel,vib
a =

4∑
k=1

p(k)Tr
[
ρ̂el,vibk,a ôel,vib

a (k, a)
]
, 2.34

where o = d,m denotes the induced electric/magnetic dipole moments, p(k) =

0.25 is the statistical weight for each conformation, and ρ̂el,vibk,a denotes the density

matrix for each state. Therefore, by applying the Euler angle rotation averaging,
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the resultant isotropic electric, magnetic, and mixing polarizabilities are obtained

as follows:

α
(a)
e,b,m(ω) = C

(vib)
e,b,m(a)F

vib(ω) +
4∑

k=1

p(k)
5∑
j=2

C(el)j,e,b,m(k, a)F
el
j,k(ω) 2.35

where

C(vib,el)e =
1

3ℏ
⟨|D(vib,el)

e |2⟩, 2.36a

C(vib,el)b =
1

3ℏ
⟨|M(vib,el)

e |2⟩, 2.36b

C(vib,el)m =
i

3ℏ
⟨Im

[
D(vib,el)

e · M(vib,el)
e

]
⟩, 2.36c

Fvib(ω) =
∑
σ=±1

σ

ω + σ⟨ων⟩+ iγ/2
, 2.36d

F el
j,k(ω) =

∑
σ=±1

σ

ω + σ⟨ωj(k)− ω1(k)⟩+ iγelj (k)/2
. 2.36e

Here, the notation ⟨(...)⟩ denotes the ensemble averaging; additionally, Dvib =

d01,Del
j = d1j,Mvib = m01,Mel = m1j. The relaxation rate γν = 0.012 fs−1 is

denoted for the ν = 0→ 1 transition vibrating with energy ℏων = 0.218 eV. The

calculated vibrational dipole moduli are
√
⟨|d01|2⟩/d0 = 0.105,

√
⟨|m01|2⟩/m0 =

0.398, and the pseudoscalar chiral projection Im[d01 ·m01]/(d0m0) = 0.007. Here,

d0 = |e|a0 is the atomic unit of electric dipole, m0 = eℏ/(2me) is the Bohr mag-

neton, and a0 = ℏ/(mecα) is the Bohr radius.

In the low molecular density limit, the bi-anisotropic response of reparixin can

be expressed by the following constitutive relations:

D(r, t) = ε0Re
{
[εr(λ)E0(r)− iµ0cκ(λ)H0(r)] e

−iωt} , 2.37a

B(r, t) = µ0Re

{[
iκ(λ)

µ0c
E0(r) + µr(λ)H0(r)

]
e−iωt

}
, 2.37b
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Figure 2.4 (a− f) Dependencies of the macroscopic bi-anisotropic response of an
aqueous solution of pure S-Reparixin enantiomer on (a− c) vacuum wavelength λ
and (d− f) molecular number density nmol are shown for (a,d) relative dielectric
constant correction ∆ϵr, (b, e) relative magnetic permeability correction µr − 1,
and (c, f) chiral parameter κ. These results are obtained for (a− c) fixed nmol =
10−2 nm−3 and (d− f) fixed λ = 0.6µm. [Courtesy of Matteo Venturi.]

with the effective medium parameters defined as:

εr(λ) = εH2O(λ) +
nmolαe(λ)

ε0
, 2.38a

µr(λ) = 1 + µ0nmolαb(λ), 2.38b

κ(λ) =
i

ε0c

∑
a=R,S

n
(a)
molα

(a)
m (λ). 2.38c

These relations illustrate that Reparixin in water shows a chiral bi-anisotropic

response, which is described by relative dielectric permittivity εr(λ), relative dielec-

tric permeability µr(λ), and the chiral parameter κ(λ) directly measures CD. Also,

α
(R)
m = −α(S)

m , hence optical activity vanishes for a racemic mixture (n
(R)
mol = n

(S)
mol).

To the overall chiroptical response of Reparixin, we observe both the contri-

bution of the electronic transition ≈ 250nm and the vibrational transition around

≈ 6µm. At lower concentrations, as illustrated in Fig. 2.4 (a-d), the real part
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of the relative permittivity Re[εr(λ)] has a negligible effect on the refractive index

dispersion, as it is influenced mainly by the water refractive index at these dilute

levels. Simultaneously, the imaginary part Im[εr(λ)], which describes the light

absorption, is not influenced by chirality but dominated by water absorption. The

magnetic permeability µr(λ), which does not depend on the molecules’ handed-

ness, comes from the magnetic response of reparixin. The effects of absorption

and dispersion are minimal, as seen in Fig. 2.4 (b-e). Also, we observe the depen-

dence of the chiral parameter κ(λ) on wavelength, see Fig. 2.4 (c), and molecular

concentration, see Fig. 2.4 (e), where we see the chiral parameter reaches its peak

values close to the electronic and vibrational resonance wavelengths of Reparixin.

The real part κ(λ) determines the ORD, and the imaginary part of κ(λ) denotes

the CD.

2.2.12.2 Ladarixin in water

To study the interaction of radiation with Ladarixin in water [ 124 ], we present the

following Figure: 2.5 shows the optical constants for aqueous Ladarixin, where

we observe the dependence of some quantities on the vacuum wavelength λ and

the molecular concentration nmol for pure R-Ladarixin. From these results, we see

that the chiroptical response of Ladarixin arises from electronic resonance near λ ≃

236 nm and a vibrational resonance around λ ≃ 5.4 µm. In the low concentration,

it is dominated by the real part of the relative dielectric permittivity ϵH2O(λ) of

water; also, water shows sufficient absorption, which is clear from the imaginary

part of the permittivity of water (Im[ϵH2O]) dominates over the imaginary part of

ϵcs(λ).

Specifically, Fig. 2.5 (a-c) display the wavelength dependence at a fixed molec-

ular number density of n
(R)
mol = nmol = 10−2 nm−3, illustrating 2.5 (a) the change

in relative permittivity ∆ϵcs(λ) = ϵcs(λ) − ϵH2O(λ) compared to water, (b) the

magnetic permeability difference µcs(λ) − 1, and (c) the chiral parameter, κcs(λ)
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(a)                                                (b)                                                 (c)

(d)                                                (e)                                                 (f)

Figure 2.5 (a− f) Dependencies of the macroscopic bi-anisotropic response of an
aqueous solution of pure R-Ladarixin enantiomer on (a− c) vacuum wavelength λ
and (d− f) molecular number density nmol are shown for (a,d) relative dielectric
constant correction ∆ϵr, (b, e) relative magnetic permeability correction µr−1, and
(c, f) chiral parameter κ. These results are obtained for fixed nmol = 10−2 nm−3

and λ = 5.4µm. [Courtesy of Raju Adhikary.]

and the panels 2.5 (d-f) determine how these same properties vary with molecular

concentration n
(R)
mol = nmol at a fixed wavelength of λ = 5.4 µm.

From the results, we see that Ladarixin’s chiroptical response arises from two

main sources: an electronic resonance near 236 nm and a vibrational resonance

around 5.4 µm. Due to the low concentrations considered here (between roughly

10−3 nm−3 and 10−3 nm−2), the relative permittivity is dominated by water’s

real part, ϵH2O(λ), taking contribution from the molecules. Also, water’s strong

absorption in the mid-infrared region (as shown from the imaginary part of its

permittivity (see Im[ϵH2O]), in Fig. 2.5 (b) means that the imaginary component

of ϵcs(λ) is also mostly dependent on the solvent rather than Ladarixin. For the

magnetic response, the relative permeability µcs appears from Ladarixin’s molec-

ular magnetism, but it is not sensitive to chirality. Its influence on the overall

refractive index is minimal, as seen in Figs. 2.5 (b,e). Importantly, at the vi-
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brational resonance wavelength near 5.4 µm, Ladarixin shows a clear Vibrational

Circular Dichroism (VCD), explained by the imaginary part of the chiral parame-

ter κcs(λ). In the following section, we will discuss the enantioselective properties

of the considered chiral sample.

2.2.13 Enantioselective properties

In chiral molecules, the mirror-image forms of asymmetry are known as R and

S enantiomers. They cannot be superimposed on each other with rotation or

translation operations. The enantioselective properties determine different physi-

cal properties for the separate enantiomers due to differences in their electric and

magnetic dipole moments.



ˆ (S)np
(R)p

Polar Axial



ˆ (S)na

(R)−a

Figure 2.6 Schematic diagram of a (a) polar vector p(R) and an (b) axial vector
a(R) transformed by the reflection operator Rn̂ = I − 2n̂n̂ where is n̂ the unit
vector perpendicular to the mirror plane.
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2.2.13.1 Dipole moment transformation

We introduce a reflection operator as follows:

Rn̂ = I− 2n̂n̂ 2.39

where there is no reflection symmetry with the plane perpendicular to the unit

vector n̂. Here I is the identity operator, which n̂n̂ represents the dyadic product of

n̂ with itself. If we apply the reflection operation, the polar vector p(R) transforms

according to

p(R) = R̂n̂ p(S) = p(S)− 2[p(S) · n̂]n̂ 2.40

Also, under reflection, the axial vector a(R) transforms to

a(R) = −R̂n̂ a(S) = −a(S) + 2[a(S) · n̂]n̂ 2.41

Therefore, the polar vector a(R) flips the component perpendicular to the mirror,

while the axial vector a(R) changes sign under the reflection operation. For the

R and S enantiomers, the polar vector p(R) and the axial vector a(R) undergo

reflection, as shown in Fig. 2.6 . It is worth mentioning that the magnitudes of

the polar and axial vectors remain unchanged by enantiomeric inversion:

|p(R)| = |p(S)|, 2.42a

|a(R)| = |a(S)|. 2.42b
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2.2.13.2 Dependence on Linear Polarizabilities

Now, we define the dependence of the linear polarizabilities using the reflection

operator as follows:

Ad,E(R) ∝ |p(R)|2 ∝ |p(S)|2 = Ad,E(S), 2.43a

Ad,B(R) ∝ p(R) · a(R) ∝ −p(S) · a(S) = −Ad,B(S), 2.43b

Am,B(R) ∝ |a(R)|2 ∝ |a(S)|2 = Am,B(S), 2.43c

Am,E(R) ∝ p(R) · a(R) ∝ −p(S) · a(S) = −Am,E(S). 2.43d

This property is very important for many chiroptical effects, such as OR and CD,

in which enantiomers interact differently with a polarized electromagnetic field.

Therefore, we calculate the enantiomeric imbalance by the following expression

∆nmol

nmol

=
n
(S)
mol − n

(R)
mol

n
(S)
mol + n

(R)
mol

, 2.44

where n
(R)
mol and n

(S)
mol are the molecular number densities for the R and S enan-

tiomers, respectively.

To study the enantioselective properties for two pharmaceutical chiral drugs,

reparixin and ladarixin, Fig. 2.7 shows the wavelength λ and enantiomeric im-

balance ∆nmol

nmol
dependence on the chiral response, which is denoted by the chiral

parameter κ. In the expression Eq. 2.44 , the ratio +1 denotes the purely S

enantiomer, −1 denotes the purely R enantiomer, and for a racemic mixture, for

an equal amount of R and S enantiomers, it is zero. We observe in the above Fig.

2.7 that κ changes from positive to negative for R and S enantiomers, meaning

different enantiomers produce different chiral responses, as expected, which indi-

cates the chiral parameter is enantioselective. For the racemic mixture, we observe

that when equal amounts of R and S enantiomers are present, there is no chiral
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Figure 2.7 Dependence of the (a,c) Real and (b,d) imaginary parts of κ as

a function of wavelength (λ) for relative concentration (∆nmol/nmol = [n
(S)
mol −

n
(R)
mol]/nmol) of two enantiomeric mixtures of R and S for (a,b) reparixin in mixed

solvent and (c,d) ladarixin in water.

effect. At resonance with external electromagnetic radiation, the chiral response is

strongest, as indicated by the peak in the lowest-wavelength region; off-resonance,

the response is weak, as indicated by the flat region, which reflects the strong

wavelength dependence of the chiral response. Most importantly, the real part

of the chiral parameter Re[κ] in Fig. 2.7 (a,c) determines the OR, which means

how the phase response differs for the enantiomers of the chiral substance, and the

imaginary part Im[κ] in Fig. 2.7 (b,d) determines the CD, which determines the

differential absorption of the chiral response. The rapatixin and ladarixin show

different microscopic responses, of course, due to different molecular structures
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and solvent environments.

2.3 Concluding remarks

In this chapter, we present a theoretical modeling of chiral light-matter interac-

tions. We present a theoretical approach to determine multilevel chiroptical inter-

actions using the density-matrix formalism. We solve the density-matrix equation

perturbatively to calculate the induced electric and magnetic dipole moments.

Then, using Euler’s rotation matrix approach for randomly oriented molecules,

we average over arbitrary orientations. Then, by calculating macroscopic polar-

ization and magnetization, we obtain the constitutive relation that relates the

microscopic and macroscopic responses. In the following chapter, we will use this

relation to study the enhancement of the weak chiroptical signal by the nonlinear

optical method, also by using a nanophotonic environment.



Chapter 3

Electromagnetically induced trans-

parency and lasing without inver-

sion in chiral molecule

“In quantum optics, opacity is not a property but a choice of driving field.”

— Adapted from standard descriptions of coherent control in electromagnetically

induced transparency, where tailored driving fields can transform an absorbing

medium into a transparent or even amplifying one.

EIT and LWI are optical manifestations of quantum coherence control, a research

frontier in modern photonics. Here we theoretically investigate these effects in a

chiral molecule, fluoroxirane, in our calculations, coherently driven by an optical

pump, finding that probe fields can undergo chiroptical absorption quenching or

amplification within particular spectral windows at pump intensities as low as

≈ 1kW/cm2. Our calculations reveal that molecular chirality has the capacity to

dramatically alter quantum coherence phenomena at peculiar wavelength ranges,

modulating efficiently CD depending on the polarization state of both pump and

73
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probe fields and the molecular orientation. We find that, for a given molecular

orientation, the DSF probed upon RCP/LCP excitation by the signal can get

maximized by pump polarization tuning and the signal direction. By averaging

over impinging signal orientations, we find that the orientation-averaged DSF

can diverge owing to EIT producing vanishing averaged absorption cross-sections.

Our results hold great potential for the development of novel NL spectroscopic

techniques capable of detecting chirality at the single-molecule level.

3.1 Introduction

Arising from the destructive interference of distinct quantum excitation pathways,

EIT lies in the quenching of optical absorption in an atomic system coherently

driven by a pump laser field [ 125 , 126 , 127 ]. Practically, the transmission

spectrum of probing light features a transparency resonance over a narrow spectral

window within the wider absorption profile, resulting in a pronounced phase shift

and a significant group delay produced by slow light regime [ 128 , 129 , 130 ].

Analogously, LWI also arises from quantum interference, coherently amplifying

a probe field at the expense of the driving pump laser power without the neces-

sity to attain population inversion [ 131 ]. As such, LWI is particularly relevant

for achieving lasing action at wavelength ranges that are hardly accessible with

existing laser systems.

Because EIT and LWI are merely coherent phenomena, whose quantum mani-

festation typically arises in gas-phase atomic systems [ 132 ] even with single pho-

tons [ 133 ] and atoms [ 134 ], they can also be simulated and exploited for diverse

applications in analogue classical systems, e.g., waveguides [ 135 ], silicon-based

resonators [ 136 ], drop-filter cavity-waveguide systems [ 137 ], plasmonic metama-

terials/metasurfaces [ 138 , 139 , 140 , 141 ], and optomechanical systems [ 142 ].

In the context of such all-optical analogues, the interplay between EIT and chiral-
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ity – the handedness of a geometrical object with broken mirror symmetry – has

been explored in non-Hermitian systems where transparency and absorption are

modulated by chiral optical states at exceptional points in an indirectly coupled

resonator system [ 143 ].

Chirality is crucial in diverse areas of science, and particularly for drug enan-

tiomers – molecular forms with opposite handedness – presenting chirality-dependent

interactions with biological tissues [ 41 ]. Chiroptical sensing techniques like po-

larimetry [ 144 ] and vibrational CD [ 145 ] currently enable the enantiomeric im-

balance detection of dilute chiral drug solutions above ml volume owing to the

inherently weak chiroptical signal. Nanophotonics, besides enabling effective chi-

roptical responses in artificial materials far exceeding those found in natural ones

[ 146 , 147 , 148 ], amplifies chiroptical sensitivity to reduced sample volumes

by nanodevices [ 149 , 150 , 151 ]. Metal-based nanostructures enable plasmon-

enhanced chiroptical spectroscopy of chiral drugs [ 152 , 153 , 154 ], enhancing

sensitivity to drug nanolitres thanks to surface plasmon polariton excitation at

noble metal interfaces [ 123 ]. Chiroptical sensitivity can be further amplified by

ultrafast enantioselective NL optical techniques, enabling advanced levels of de-

tection and selectivity [ 155 , 156 ].

3.2 Objectives and Hypothesis

Here, we investigate the interplay of EIT and LWI with chirality at the single-

molecule level, exploring their potential for innovative chiroptical spectroscopy

techniques. We observe that, conversely to atomic three-level systems where EIT

and LWI arise from quantum interference of the distinct excitation pathways, in

a chiral molecule such phenomena can also occur between two levels only, owing

to virtual states and the coherences provided by static/transition electric/mag-

netic dipole moments; see Fig. 3.3 . As such, starting from first principles, we
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adopt a density matrix formalism to account for light-matter interaction beyond

the standard electric dipole approximation to include also magnetic interaction,

playing a crucial role in the chiroptical response due to molecular chirality. Adopt-

ing the two-level approximation for the chiral molecule electronic structure, flu-

oroxirane in our calculations, we evaluate the density matrix temporal evolution

upon coherent driving by monochromatic pump and signal fields, calculating the

signal ACS through the derivation of a generalized optical theorem. Our calcu-

lations reveal that, within the EIT and LWI spectral windows, the ACS heavily

depends on both molecular orientation and the polarization of pump/signal fields.

Orientation-averaged predictions indicate that EIT enables to attain a diverging

DSF producing giant enhancement of standard CD. Our results are promising

for advanced NL spectroscopic techniques capable of detecting chirality at the

single-molecule level.

3.3 Electromagnetically induced transparency and

Lasing without inversion overview

With the introduction of a new optical crystal, developed in the 1970s and 1980s

from a material with advanced optical properties, the NL optical conversion ef-

ficiency increases in the UV region. Also, in optical media, the phase-matching

condition, or coherence, is another important property of atomic or molecular

media. When a coherent radiation field is allowed to pass through an atomic va-

por, it is basically absorbed by the atomic system, but in the presence of another

coherent radiation field having higher intensity, the absorption of the first field

by the medium reduces, resulting in the optical properties of the medium being

modified in the presence of another coherent radiation field. The field having

higher intensity is called the pump field or control field, and the field having lower
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intensity is called the probe field or signal field. EIT originates from the idea:

E for electromagnetic radiation, I for induced, meaning this is the reason, and T

for transparency, meaning that before EIT, light was absorbed by the media, and

now it becomes transparent. In the absence of pumping, the usual absorption line-

shape is observed, see Fig. 3.2 (a), where the absorption peak is denoted in the

blue curve. The introduction of a pump suppresses absorption at the resonance

wavelength, leading to a dip in the absorption spectrum. We put this probe field

at very low intensity so that all the electrons stay in the ground state, and the

pump field is off-resonant around the transition, so, of course, it will not produce

the population inversion but will still produce transparency by simply transferring

coherence energy between the pump and signal fields due to quantum interference.

LWI is an application of EIT. If we achieve EIT, we just need to put some

electrons in the upper excited state, and then lasing is possible even with a small

population in that state. Usually, the gain medium of a laser works on the basis

of a population inversion. Essentially, for a simple system, the upper laser level

has a higher population than the lower laser level, so stimulated emission can

provide a positive net gain. However, it was shown that optical amplification and,

consequently, LWI are possible by using an additional optical or microwave field

that induces quantum coherence in the atoms of the gain medium. The basic idea

is to provide two different pathways for atoms to get from the ground state to the

excited state—a direct one and another one via a third energy level—and to induce

a quantum coherence so that the quantum-mechanical probability amplitudes for

both processes cancel. In effect, this suppresses reabsorption, allowing a positive

net gain even with a small population in the upper excited state. In principle, LWI

could help, e.g., in realizing lasers operating on very short wavelengths, where a

population inversion is difficult to achieve. So far, LWI has to be considered as a

definitely interesting quantum-mechanical effect.

Historically, there is some evidence of EIT. In the 1960s, Fano showed that the
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photoionization spectrum of multielectron atoms with autoionizing states shows

asymmetric line shapes and even narrow transparency windows due to interference

between direct excitation into the continuum and excitation through a discrete,

strongly decaying state coupled to the same continuum [ 127 ]. Also, another

experiment by Madden and Codling on helium confirmed that such autoioniz-

ing resonances can generate transparency regions inside a broad absorption band.

Later, Armstrong and Wynne used interference between autoionizing resonances

in strontium to enhance NL sum-frequency generation to the vacuum UV: absorp-

tion was suppressed in frequency regions where the NL response remained large,

leading to more efficient frequency conversion [ 127 ]. This work already contained

the main concept of EIT: cancel linear absorption by interference, but keep the

NL susceptibility or even enhance it. In the late 1980s, Harris and co-workers re-

alized that similar interference can be engineered with ordinary bound transitions

using strong laser fields [ 127 ]. In 1990, Harris and collaborators used the term

electromagnetically induced transparency to describe this cancellation of linear sus-

ceptibility in a laser-dressed medium, and Boller reported the first experimental

observation of EIT in strontium vapour, soon after [ 125 , 127 ].

Now we’ll give a basic idea in the following section for achieving EIT and LWI

in a standard three-level atomic system through quantum interference.

3.3.1 A three-level description of Electromagnetically in-

duced transparency

A physical picture of EIT in a three-level atomic system is shown in Fig. 3.1 . A

weak probe field with angular frequency ωS is applied to the |1⟩ ↔ |2⟩ transition,

while a strong coupling field drives the |2⟩ ↔ |3⟩ transition. We consider the

transition |1⟩ ↔ |3⟩ to be dipole forbidden.
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Three level system
Figure 3.1 Schematic illustration of a three-level atomic system when illuminated
by monochromatic pump and signal fields with angular frequencies ωP and ωS,
respectively.

We describe the unperturbed Hamiltonian of the atomic system as given below:

Ĥ0 =
3∑

n=1

ℏωn |n⟩⟨n|. 3.1

In the electric-dipole approximation, the interaction Hamiltonian can be writ-

ten as, Ĥint(t) = −ET(t) · d̂ where ET(t) = EP(t)+ES(t) denotes the total electric

field, including contributions from the pump (P) and probe (S) fields.

We consider both pump and probe fields to be monochromatic excitations,

given by

EP(t) = Re[EP
0 e
−iωP t], 3.2a

ES(t) = Re[ES
0 e
−iωS t]. 3.2b

Upon optical excitation, the time (t) dependent total Hamiltonian of the system

is given by Ĥ(t) = Ĥ0 − ET(t) · d̂.
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Now we introduce pump and probe Rabi frequencies as

ΩP =
d23 · EP

0

ℏ
, ΩS =

d21 · ES
0

ℏ
. 3.3

Applying the rotating wave approximation, the interaction Hamiltonian can be

written as

Ĥ(RWA)
int = −ℏ

2

(
ΩSe

−iωSt |2⟩⟨1|+ ΩPe
−iωPt |2⟩⟨3|+H.c.

)
. 3.4

The total Hamiltonian of the system can be described as

Ĥ(t) = ℏω1 |1⟩⟨1|+ ℏω2 |2⟩⟨2|+ ℏω3 |3⟩⟨3|

− ℏ
2

(
ΩSe

−iωSt |2⟩⟨1|+ ΩPe
−iωPt |2⟩⟨3|+H.c.

)
.

3.5

The temporal electron dynamics of the system are accounted for by the single-

electron density matrix ρ̂ =
∑3

n,m=1 ρnm(t)|n⟩⟨m|, satisfying the Liouville-von

Neumann equation,

dρ̂

dt
=

1

iℏ

[
Ĥ(t), ρ̂

]
+ L̂ (ρ̂) , 3.6

where ℏ is the reduced Planck constant and L̂ (ρ̂) is the Lindblad operator that

accounts for relaxation and dephasing.

We introduce Γ21 and Γ23 the as the spontaneous decay rates from |2⟩ to |1⟩

and |3⟩, respectively. The corresponding coherence decay rates are denoted by

Γ21, Γ31, and Γ23. The optical Bloch equations for the density-matrix elements are
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ρ̇21 = −
(
iω21 + Γ21

)
ρ21 +

i

2
Ω∗Se

−iωSt(ρ11 − ρ22) +
i

2
Ω∗Pe

−iωPt ρ31, 3.7a

ρ̇31 = −
(
iω31 + Γ31

)
ρ31 +

i

2
Ω∗Se

−iωSt ρ32 +
i

2
ΩPe

+iωPt ρ21, 3.7b

ρ̇23 = −
(
iω23 + Γ23

)
ρ23 +

i

2
Ω∗Pe

−iωPt(ρ33 − ρ22) +
i

2
Ω∗Se

−iωSt ρ13. 3.7c

In the weak-probe regime, the pump field is assumed to be much stronger than

the signal field and ωP = ω23, and initially almost all the population stays in the

ground state |1⟩. Also, we apply a perturbation interaction with ΩS, therefore, by

approximating, we obtain

ρ
(0)
11 = 1, ρ

(0)
22 = 0,

ρ
(0)
33 = 0, ρ

(0)
32 = 0.

3.8

Assuming these, we can write

ρ21 = ρ̃21e
−iωSt, ρ31 = ρ̃31e

−i(ωS−ωP)t. 3.9

Under this approximation, the weak signal field cannot establish an appreciable

coherence ρ32 to first order,so we write

˙̃ρ21 = −
(
Γ21 + i∆

)
ρ̃21 +

i

2
Ω∗S +

i

2
Ω∗P ρ̃31, 3.10a

˙̃ρ31 = −
(
Γ31 + i∆

)
ρ̃31 +

i

2
ΩP ρ̃21, 3.10b

The steady-state coherence equations then reduce to

0 = −
(
Γ21 + i∆

)
ρ̃21 +

i

2
Ω∗S +

i

2
Ω∗P ρ̃31, 3.11a

0 = −
(
Γ31 + i∆

)
ρ̃31 +

i

2
ΩP ρ̃21, 3.11b
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In steady state, ˙̃ρ21 = ˙̃ρ31 = 0 by solving the above equations, we obtain the

microscopic polarization at the signal frequency as below:

ρ̃21 =

(
iΩ∗S/2

)(
Γ31 + i∆

)(
Γ21 + i∆

)(
Γ31 + i∆

)
+ |ΩP|2/4

. 3.12

where the probe detuning can be written as

∆ = ω21 − ωS 3.13

The full time-dependent probe coherence is ρ21(t) = ρ̃21 e
−iωSt. For an ensemble

with atomic number density N , the macroscopic polarization induced at the probe

frequency is

PS(t) = N (d21ρ12(t) + d12ρ21(t)) = Nd12ρ̃21e
−iωSt + c.c., 3.14

where d21 = d∗12 is the electric dipole matrix element.

The polarization can also be expressed in terms of the electric susceptibility

χ(ωS) = χ′ + iχ′′ as

PS(t) =
1

2
ε0ES

[
χ(ωS)e

−iωSt + χ(−ωS)e
+iωSt

]
, 3.15

where ES is the complex amplitude of the probe field.

Comparing Eqs. 3.14 and 3.15 we get the EIT-modified susceptibility at the

probe frequency as below:

χ(ωS) =
2N |d12|2

ε0ℏ
i
(
Γ31 + i∆

)
(Γ21 + i∆)(Γ31 + i∆) + |ΩP|2/4

. 3.16



3.3. Electromagnetically induced transparency and Lasing without
inversion overview 83

A
bs

or
pt

io
n

Frequency

A
bs

or
pt

io
n

G
ai

n

0

Frequency

(a) (b)

Figure 3.2 Schematic illustration of (a) EIT, where the blue curve represents the
absorption window and the red curve denotes the transparency window, and (b)
LWI, where the shaded region represents the amplification or gain region.

Separating real and imaginary parts of susceptibility, we obtain the following:

χ′ =

(
N |d12|2

ε0ℏ

)
∆ [Γ31(Γ21 + Γ31) + (∆2 − Γ21Γ31 − |ΩP|2/4)]
(∆2 − Γ21Γ31 − |ΩP|2/4)2 +∆2(Γ21 + Γ31)2

, 3.17a

χ′′ =

(
N |d12|2

ε0ℏ

)
∆2(Γ21 + Γ31)− Γ31(∆

2 − Γ21Γ31 − |ΩP|2/4)
(∆2 − Γ21Γ31 − |ΩP|2/4)2 +∆2(Γ21 + Γ31)2

. 3.17b

The residual absorption at the probe resonance is then given by

χ′′(∆ = 0) =

(
N |d12|2

ε0ℏ

)
Γ31

Γ21Γ31 + |ΩP|2/4
. 3.18

This vanishes when the pump Rabi frequency |ΩP| exceeds the decay rate Γ21 of

the probe transition.

At zero detuning, there is no absorption; that is, it becomes transparent under

a strong, coherent pump field. See Fig. 3.2 (a); there is an illustration of the

absorption of the atomic system with the signal frequency. When there is only a

signal field, an absorption peak is observed (blue curve); when there is coupling

between the pump and probe fields, a transparency peak is observed (red curve).
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3.3.2 Lasing without inversion description

In a multilevel system, however, absorption can be strongly reduced by destructive

quantum interference, while emission is still possible. We obtain net gain even in

the absence of conventional population inversion. This is the main physical idea

behind LWI.

For the considered system, photon absorption to the upper state |2⟩ occurs

through two coherent pathways from the lower states |1⟩ and |3⟩, see Fig. 3.1 .

If the lower states are prepared in a coherent superposition with a fixed relative

phase, these two absorption amplitudes interfere. Under suitable phase conditions,

the total absorption amplitude vanishes, whereas emission from the upper state

to the two lower states is not canceled in the same way; by using this approach

LWI is possible.

First, we consider the atoms are in the two lower states as described by the

initial conditions as below:

c2(0) = 0, c1(0) =
1√
2
, c3(0) =

1√
2
e−iψ, 3.19

Using a perturbative approximation, the probability amplitude of the upper state

|2⟩ is then given by the coherent sum of the two excitation pathways,

c2(t) ≃
i t

2
√
2

[
ΩSe

−iϕS + ΩPe
−i(ϕP+ψ)

]
, 3.20

where ϕS and ϕP denote the phases of the signal and pump fields, respectively.

For simplicity, we consider

ΩS = ΩP ≡ Ω. 3.21
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In that case, the population of the upper state becomes

|c2(t)|2 =
t2Ω2

4
[1 + cos(ϕS − ϕP − ψ)] . 3.22

We see from the above Eq. 3.22 that the absorption probability depends on

the relative phase between the two excitation pathways. Therefore, complete

cancellation of absorption occurs when

ϕS − ϕP − ψ = ±π. 3.23

Under this condition, the two optical amplitudes interfere destructively so that

the atom cannot be excited into |2⟩ by absorption.

Also, the emission from the upper state is not canceled in the same way. For

this, let’s consider that all the atoms are initially in the excited state,

c2(0) = 1, c1(0) = c3(0) = 0. 3.24

For short times, the amplitudes of the two lower states are approximately equal

c1(t) ≃ i
Ω∗St

2
, c3(t) ≃ i

Ω∗Pt

2
, 3.25

so that the total emission probability is

|c1(t)|2 + |c3(t)|2 =
t2

4

(
|ΩS|2 + |ΩP|2

)
, 3.26

which is always positive and independent of relative phase ψ. That is why absorp-

tion can be completely reduced by destructive interference, yet emission is still

possible.

There is also a semiclassical approach reported in [ 157 ]. Based on our system,
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let the field amplitude be denoted by E . The emission probability is proportional

to the upper-state population ρ
(0)
22 , whereas the absorption probability from the

lower-state doublet depends on the coherent sum of the lower-state amplitudes.

The emission can be written as below:

Pemission =
(
|k2→1|2E2 + |k2→3|2E2

)
ρ
(0)
22 , 3.27

while the absorption contribution is

Pabsorption = κ
(
ρ
(0)
11 + ρ

(0)
33 + ρ

(0)
13 + ρ

(0)
31

)
E2, 3.28

where κ, k2→1, and k2→3 are constants depending on the dipole matrix elements

and the atom-field coupling strengths. So, we see the absorption probability de-

pends not only on the lower-state populations ρ
(0)
11 and ρ

(0)
33 , but also on the lower-

state coherences ρ
(0)
13 and ρ

(0)
31 .

Accordingly, the field amplitude may be written in the form

Ė =
A
2

[
ρ
(0)
22 − ρ

(0)
11 − ρ

(0)
33 − ρ

(0)
13 − ρ

(0)
31

]
E , 3.29

where A is a proportionality constant. In an ordinary laser, the coherence terms

ρ
(0)
13 and ρ

(0)
31 are absent, and we require ρ

(0)
22 > ρ

(0)
11 + ρ

(0)
33 in order to obtain gain,

while in a coherent system, these extra terms can reduce or cancel the lower-state

absorption. If the cancellation is complete, Eq. 3.29 reduces to

Ė =
A
2
ρ
(0)
22 E , 3.30

which shows that the field amplitude can increase even if the upper-state pop-

ulation is smaller than the total lower-state population. This is the basic idea

by which it is possible to achieve LWI in a three-level system. See Fig. 3.2 ;
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the shaded region, where the absorption coefficient becomes negative, denoting

the amplification or gain region, which occurs by simply coherent energy transfer

between the pump and probe fields.

3.4 Electromagnetically induced transparency and

Lasing without inversion in chirality

Until now, we have discussed the standard EIT and LWI in an atomic system. Now

that we focus on the main concept of this chapter, we’ll see the interplay between

EIT and chirality and how this nonlinear technique can detect chirality at the

single-molecule level. We’ll first discuss this by describing the molecular spectral

information, then present a theoretical approach, and, using the spectroscopic

quantities, produce the results discussed in the following sections.

3.4.1 Electronic structure and spectroscopic quantities of

fluoroxirane

We consider the chiral molecule fluoroxirane (C2H3FO). This is a model molecule,

and it is not very stable. It was used only as a model of a rigid chiral scaffold.

The ground (ℏω1) and excited (ℏω2) fluoroxirane energy levels of states |1⟩, |2⟩

see Fig. 3.3 , with energy gap ℏω0 = ℏ(ω2 − ω1) ≃ 8.417 eV, are calculated by

time-dependent density functional theory complemented with molecular dynamics

simulations, see Table 3.1. Such calculations also provide the transition electric

(|d12| ≃ 1.143 × 10−30 Cm) and magnetic (|m12| ≃ 9.883 × 10−24 Am2) dipole

moments, as well as the static electric dipole moments in ground (|d11| ≃ 8.391×

10−30 Cm) and excited (|d22| ≃ 8.724 × 10−30 Cm) states |1⟩, |2⟩, together with

their orientation.

Because fluoroxirane is not a magnetic molecule, the static magnetic dipole mo-
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ments of both ground and excited states are vanishing m11 = m22 = 0. However,

due to its polarity and chirality, fluoroxirane has finite static electric (d11,d22) and

transition magnetic (m12) dipole moments, respectively, which are not orthogonal

to the transition electric dipole moment d12.

3.4.2 Theoretical Model

In this section, we outline the theoretical framework adopted to describe the NL

interaction of electromagnetic radiation with a chiral molecule.

3.4.2.1 Nonlinear chiroptical interaction

Fig. 3.3 schematically illustrates the system under consideration, where a single

molecule in vacuum is irradiated with pump (P) and signal (S) external monochro-

matic radiation with vacuum wavelengths λP,S.

Upon optical excitation, the time (t) dependent total Hamiltonian of the sys-

tem is given by

Ĥ(t) = Ĥ0 − ET(t) · d̂−BT(t) · m̂, 3.31

where Ĥ0 =
∑2

n=1 ℏωn |n⟩⟨n| is the unperturbed Hamiltonian, ET(t) = EP(t) +

ES(t) and BT(t) = BP(t) + BS(t) are the total electric and induction magnetic

fields.

The electric and induction magnetic pump/signal fields, assuming monochro-

matic field excitation, can be written as

EP,S(t) = Re[EP,S
0 e−iωP,S t] 3.32a

BP,S(t) = Re[BP,S
0 e−iωP,S t] 3.32b

with the vectorial field amplitudes EP,S
0 and BP,S

0 at the molecule position, ωP,S =
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Atomic positions (in Å)

Atom x y z

H -1.8054 0.8354 0.6515

C -0.9770 0.6222 -0.0221

C 0.2161 -0.0691 0.4542

H -0.8986 1.2463 -0.9099

O -0.7229 -0.7985 -0.2590

F 1.4055 0.1496 -0.1942

H 0.4029 -0.3582 1.4862

Permanent dipole moments (a.u.)

Component d11 d22

x -0.4653 -0.4286

y 0.6245 0.6827

z 0.6108 0.6395

Transition dipole moments (a.u.)

Component d12 m12

x -0.0472 -0.0282×1i
y 0.0819 0.5189×1i
z -0.0961 0.1178×1i

Spectroscopic parameters

Excitation energy ℏω0 = 8.4167 eV

Decay rate γ = 1.1518× 107 s−1

Dipole moments (SI)

d11 = [−3.9447êx + 5.2947êy + 5.1786êz]× 10−30 Cm

d22 = [−3.6334êx + 5.7880êy + 5.4218êz]× 10−30 Cm

d12 = [−4.0018êx + 6.9438êy − 8.1477êz]× 10−31 Cm

m12 = i[−0.5230êx + 9.6242êy + 2.1849êz]× 10−24 Am2

Table 3.1 Fluoroxirane S enantiomer: geometry, dipole vectors, spectroscopic
parameters, and SI vector expressions.

2πc/λP,S are the pump/signal angular frequencies, c is the speed of light in vacuum,

and d̂ =
∑2

n,m=1 dnm |n⟩⟨m| and m̂ =
∑2

n,m=1 mnm |n⟩⟨m| are the electric and

magnetic dipole moment operators, respectively.
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Figure 3.3 Schematic illustration of fluoroxirane (C2H3FO) electron dynamics in
the two-level approximation when illuminated by monochromatic pump and signal
fields with angular frequencies ωP and ωS, respectively. Because fluoroxirane is
not a magnetic molecule, the static ground and excited magnetic dipole moments
vanish m11 = m22 = 0. However, owing to chirality, fluoroxirane possesses non-
orthogonal transition electric (d12) and magnetic (m12) dipole moments, as well
as static electric ground (d11) and excited (d22) dipole moments arising from its
polarity, all producing quantum interference.

The temporal electron dynamics of the system is accounted for by the single-

electron density matrix ρ̂ =
∑2

n,m=1 ρnm(t)|n⟩⟨m|, satisfying the Liouville-von

Neumann equation; see Eq. 3.6 where the Lindblad operator can be written for

a two-level system as below

L̂ (ρ̂) = γ

2
[2 ρ22 |1⟩⟨1| − |2⟩⟨2| ρ̂− ρ̂ |2⟩⟨2|] 3.33
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accounts for the dephasing (γ/2) and recombination (γ) rates, the spontaneous

emission produces γ = γrad ≃ 1.15× 107 s−1 for fluoroxirane.

Explicitly, 3.6 provides

ρ̇ij = −i (ωi − ωj) ρij + γρ22δi,1δj,1 +−
γ

2
ρij (1− δi,1)−

γ

2
ρij (1− δj,1)+

+
1

iℏ

2∑
n=1

{
ρin [ET(t) · dnj +BT(t) ·mnj]− ρnj [ET(t) · din +BT(t) ·min]

}
,

3.34

where i, j = 1, 2, and δi,j indicates the Kronecker delta. Because in our calcu-

lations, see the Results and Discussion section 3.5 below, we consider a pump

field with λP ≃ 1000 nm >> λ0 heavily detuned from the largest fluoroxirane

electronic resonance wavelength λ0 = 2πc/ω0 ≃ 147.3 nm, we ignore electron pop-

ulation depletion from the ground level, approximating ρ11 = 1 and ρ22 = 0 in Eq.

3.34 .

3.4.2.2 Perturbative solution of the density matrix equations

Moreover, following a perturbative approach in the signal field amplitude (|ES
0|),

we express the coherence ρ12 as the superposition

ρ12 = ρ
(0)
12 + ρ

(1)
12 , 3.35

where the zero-order response can be written as

ρ
(0)
12 = rP0 +

∑
f=±1

rPf e
ifωPt 3.36

which accounts non-perturbatively for the pump-induced coherences, neglecting

harmonic generation, while the first-order is expressed as

ρ
(1)
12 =

∑
f,f ′=±1

rmix
ff ′ e

i(fωS+f
′ωP)t +

∑
f=±1

rSfe
ifωSt 3.37



3.4. Electromagnetically induced transparency and Lasing without
inversion in chirality 92

which accounts for the wave-mixing and coherence-modulation produced by the

pump on the weak signal field, neglecting its effect on the pump.

Inserting this Ansatz in Eq. 3.34 , one gets the coefficients rP0 , r
P
f , r

mix
ff ′ and

rSf , which are reported below.

3.4.2.3 Zero order response

The zero-order optical coherences induced by the pump field are evaluated by

neglecting the signal field and inserting the Ansatz as given below:

ρ
(0)
12 = rP+e

iωPt + rP−e
−iωPt + rP0 3.38a

ρ11 = 1 3.38b

ρ22 = 0 3.38c

Also, in Eq. 3.34 , providing the pump-induced coherence amplitudes rP0 and rP±,

explicitly given by

rP− = − C0
D0

(
d12 · EP

0 +m12 ·BP
0

)
− (D · EP

0 )
2

D0

(
d12 · EP∗

0 +m12 ·BP∗
0

)
, 3.39a

rP+ =
rP−
C0

(D · EP∗
0 )2 +

2ℏΩ
C0

(
d12 · EP∗

0 +m12 ·BP∗
0

)
, 3.39b

rP0 =
rP+
2ℏΩ

(
D · EP

0

)
+

rP−
2ℏΩ

(
D · EP∗

0

)
, 3.39c

where Ω = ω0 + iγ/2, D = d22 − d11, and

C0 = 4ℏ2Ω(Ω− ωP)−
∣∣D · EP

0

∣∣2 ,
D0 = 4ℏΩ

[
2ℏ2(ω2

P − Ω2) +
∣∣D · EP

0

∣∣2] . 3.40
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3.4.2.4 First order response

At first order o(|ES
0 |) the optical coherences, resulting from the mixing of pump

and signal fields, are evaluated by taking the Ansatz as given below:

ρ
(1)
12 = rmix

++e
i(ωS+ωP)t + rmix

+−e
i(ωS−ωP)t + rmix

−+e
−i(ωS−ωP)t

+ rmix
−−e

−i(ωS+ωP)t + rS+e
iωSt + rS−e

−iωSt.

, 3.41

Therefore, by neglecting higher order contributions o(|ES
0 |n) with n > 1, provides

rS+ = −2iℏ
D1

(d12 · ES∗
0 +m12 ·BS∗

0 + rP0D · ES∗
0 )+

−
rP+(D · EP

0 )(D · ES∗
0 )

[i(ωS − ω−) + γ/2]D1

−
rP−(D · EP∗

0 )(D · ES∗
0 )

[i(ωS − ω+) + γ/2]D1

≡

≡ a · ES∗
0 + b ·BS∗

0 , 3.42a

rS− = −2iℏ
C1

(d12 · ES
0 +m12 ·BS

0 + rP0D · ES
0)+

+
rP+(D · EP

0 )(D · ES
0)

[i(ωS + ω−)− γ/2] C1
+

rP−(D · EP∗
0 )(D · ES

0)

[i(ωS + ω+)− γ/2] C1
≡

≡ c · ES
0 + d ·BS

0, 3.42b

and

rmix
++ =

D · (rP+ES∗
0 + rS+E

P∗
0 )

2iℏ [i(ωS − ω−) + γ/2]
, 3.43a

rmix
+− =

D · (rP−ES∗
0 + rS+E

P
0 )

2iℏ [i(ωS − ω+) + γ/2]
, 3.43b

rmix
−+ =

D · (rP+ES
0 + rS−E

P∗
0 )

2iℏ [−i(ωS + ω−) + γ/2]
, 3.43c

rmix
−− =

D · (rP−ES
0 + rS−E

P
0 )

2iℏ [−i(ωS + ω+) + γ/2]
, 3.43d
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where ω± = ω0 ± ωP, and

D1 = 4ℏ2 [i(ωS − ω0) + γ/2] +

∣∣D · EP
0

∣∣2
i(ωS − ω−) + γ/2

+

∣∣D · EP
0

∣∣2
i(ωS − ω+) + γ/2

,

C1 = 4ℏ2 [−i(ωS + ω0) + γ/2] +

∣∣D · EP
0

∣∣2
−i(ωS + ω−) + γ/2

+

∣∣D · EP
0

∣∣2
−i(ωS + ω+) + γ/2

.

3.44

3.4.2.5 Evaluation of the induced electric/magnetic dipole moments

Thus, because we neglect the pump dynamics and here we focus on the CD en-

hancement produced by EIT and LWI, we calculate the induced electric and mag-

netic dipole moments only at the signal frequency, retaining only ±ωS angular

frequency terms as below:

dS = Tr
[
ρ̂ d̂
]
ω=±ωS

, 3.45a

mS = Tr[ρ̂ m̂]ω=±ωS
. 3.45b

The induced electric dS and magnetic mS dipole moments at the signal fre-

quency are calculated as the expectation values of electric d̂ =
∑2

n,m=1 dnm |n⟩⟨m|

and m̂ =
∑2

n,m=1mnm |n⟩⟨m| magnetic dipole moment operators over the time-

dependent density matrix oscillating with ±ωS angular frequencies, i.e.,

dS = 2Re
[
d12

(
rS∗+ + rS−

)
e−iωSt

]
, 3.46a

mS = 2Re
[
m12

(
rS∗+ − rS−

)
e−iωSt

]
. 3.46b

We obtain

dS(t) = Re
{
[α̂dE : ES

0 + α̂dB : BS
0]e
−iωSt

}
, 3.47a

mS(t) = Re
{
[α̂mE : ES

0 + α̂mB : BS
0]e
−iωSt

}
, 3.47b
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where α̂dE, α̂dB, α̂mE, α̂mB are electric, magnetic, and mixing hyperpolarisability

tensors, respectively, reported below. Such tensors depend on the entire pump

vectorial field amplitude EP
0 = EP

0 n̂P, where E
P
0 = |EP

0 |eiϕP is the pump scalar

amplitude with phase ϕP and modulus |EP
0 | =

√
2IP/ϵ0c depending on its intensity

IP, ϵ0 is the dielectric permittivity of vacuum, and n̂P is the pump polarization

unit vector.

Thus, dS and mS can get expressed as Eq. 3.47 , where

α̂dE = 2d12 ⊗ (a∗ + c), 3.48a

α̂dB = 2d12 ⊗ (b∗ + d), 3.48b

α̂mE = 2m12 ⊗ (a∗ − c), 3.48c

α̂mB = 2m12 ⊗ (b∗ − d), 3.48d

the ⊗ operation indicates the dyadic product, and the vectors a,b, c,d are defined

in Eq 3.42 .

3.4.2.6 Chiral optical theorem

In light-matter interactions, electromagnetic radiation exchanges energy with mat-

ter, maintaining energy conservation. We calculate the signal energy dissipation

rate as below:

dUS/dt = ⟨
∫
τ

JS · ES dτ⟩TS 3.49

where JS is the current density radiating the electric field ES.

Assuming monochromatic field excitation, one gets

JS(r, t) = Re
[
JS
0(r) e

−iωSt
]
,

ES(r, t) = Re
[
ES

0(r) e
−iωSt

]
.

3.50

The signal energy dissipation rate, assuming monochromatic field excitation, can
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be expressed as,

dUS

dt
= −1

2

∫
τ

Re
[
JS∗
0 (r) · ES

0(r)
]
dτ 3.51

The signal current density within the molecular volume τ and averaged over the

signal single-cycle TS = 2π/ωS can be calculated as

JS(r, t) = (ddS/dt)δ(r− r0) +∇× [mSδ(r− r0)], 3.52

where r0 is the position vector indicating the molecule position, and δ(r − r0) is

the three-dimensional Dirac delta-function.

In turn, we obtain

dUS

dt
=
ωS

2
Im
{
d∗S · ES

0(r0)
}

− 1

2
Re

∫
τ

ES
0(r) · {δ(r− r0)∇× [m∗S] + [∇δ(r− r0)]×m∗S(r)} dτ.

3.53

We obtain the signal energy dissipation rate as below:

dUS

dt
=
ωS

2
Im
[
d∗S · ES

0(r0) +m∗S ·BS
0(r0)

]
, 3.54

where dS and mS are expressed in Eq. 3.47 .

The signal ACS is in turn calculated as

σNL = (1/IS)(dUS/dt), 3.55

where IS = (1/2)ϵ0c|ES
0|2 is the intensity of the impinging signal, explicitly given

by

σNL =
ωS

ϵ0c
Im

{
n̂∗S ·

[
α̂dE : n̂S +

1

c
α̂dB :

(
k̂S × n̂S

)]
+

+
1

c

(
k̂S × n̂∗S

)
·
[
1

c
α̂mB :

(
k̂S × n̂S

)
+ α̂mE : n̂S

]}
,

3.56
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where n̂S = ES
0/|ES

0| and k̂S are unit vectors of the signal electric field and wave

vector, respectively. Note that, owing to the assumption of weak signal intensity,

the ACS depends solely on the pump intensity IP and not on the signal IS, while

depending on the polarization/propagation direction of both pump/signal waves

and thus on molecular orientation.

We express the expression of the signal ACS below in a more simplified way

σNL = 2
ωS

ε0c
Im

{
[n̂∗S ·d12] [(a

∗ + c)·n̂S]

+
1

c2

[
(k̂S × n̂∗S)·m12

] [
(b∗ − d)·(k̂S × n̂S)

]
+

1

c
[n̂∗S ·d12]

[
(b∗ + d)·(k̂S × n̂S)

]
+

1

c

[
(k̂S × n̂∗S)·m12

]
[(a∗ − c)·n̂S]

}
.

3.57

where a, b, c, d is expressed above; see Eq. 3.42 .

3.5 Results and Discussion

In this section, we first discuss the linear optical response of the chiral molecule.

Next, we introduce the NL response and study how molecular orientation affects

the corresponding observables. We then examine how the NL-DSF depends on

different system parameters, and determine the minimum pump intensity required

to achieve EIT and LWI. Finally, at this optimal intensity, we evaluate the NL-

DSF to determine the enhancement of the chiroptical signal. In the following

subsections, each point is discussed in detail.

The entire linear and NL chiroptical properties of the considered molecule

upon pump excitation are incorporated in Eq. 3.56 , as well as its inherent

anisotropy. As a consequence, the chiral molecule experiences a modulated ACS

upon pump/signal excitation.
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Therefore, over distinct directions, in spherical coordinates, are accounted for

by the unit vectors as given below:

k̂P,S = sinϑP,ScosφP,Sêx + sinϑP,SsinφP,Sêy + cosϑP,Sêz, l 3.58

where êx,y,z are Cartesian unit vectors spanning the x, y, z axes, and ϑP,S, φP,S

are the pump/signal wavevector zenithal and azimuthal angles in the considered

reference frame, respectively.

Moreover, the molecule experiences a NL DACS ∆σNL =
(
σLCP
NL − σRCP

NL

)
upon

RCP/LCP illumination by the signal, accounted for by the RCP/LCP unit vectors

as given below:

n̂
(s)
S = N−1

(
Nxêx +N (s)

y êy +N (s)
z êz

)
,

where, s = +1 → RCP,

s = −1 → LCP.

3.59

Upon arbitrary excitation direction as described by the equations below,

Nx = 1− sin2 ϑ cos2 φ, 3.60a

N (s)
y = − sin2 ϑ sinφ cosφ+ is cosϑ, 3.60b

N (s)
z = − sinϑ

(
cosϑ cosφ+ is sinφ

)
. 3.60c

where the magnitude of the vector is denoted as N =

√
|Nx|2 + |N (s)

y |2 + |N (s)
z |2.

3.5.1 Linear response

The linear molecular ACS can be straightforwardly calculated by setting IP = 0
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Figure 3.4 (a) Dependence of the average linear ACS σ̄L = (σRCP
L +σLCP

L )/2 on the

signal wavelength λS for fixed propagation direction k̂S = êz and several distinct
recombination rates γ = γrad (black curve), 102 × γrad (blue curve), 104 × γrad
(green curve), and 106 × γrad (red curve). (b) Dependence of the linear DACS
∆σL = σLCP

L − σRCP
L on the signal wavelength λS for identical signal propagation

direction and electron recombination rates, with the same colour code as in (a).
The plots are obtained for the fluoroxirane S enantiomer.

in

α̂dE =

{
−d1,2 ⊗ d1,2

ℏ (ωS − Ω)
+

d1,2 ⊗ d1,2

ℏ (ωS + Ω)

}
, 3.61a

α̂dB =

{
d1,2 ⊗m1,2

ℏ (ωS − Ω)
+

d1,2 ⊗m1,2

ℏ (ωS + Ω)

}
, 3.61b

α̂mE =

{
−m1,2 ⊗ d1,2

ℏ (ωS − Ω)
− m1,2 ⊗ d1,2

ℏ (ωS + Ω)

}
, 3.61c

α̂mB =

{
m1,2 ⊗m1,2

ℏ (ωS − Ω)
− m1,2 ⊗m1,2

ℏ (ωS + Ω)

}
. 3.61d

where Ω = ω0 + iγ/2 see Eq. 3.39 , providing the linear ACS as

σL(ωS) =
2ω2

Sω0γ

ε0ℏcD
{(|d̃12|2 + |m̃12|2) +NRe[d̃12m̃12]}, 3.62

where D(ωS) = (ω2
0 − ω2

S + γ2/4)2 + γ2ω2
S, N (ωS) = (ω2

0 + ω2
S + γ2/4)/ωSω0,

d̃12 = d12 · n̂S, and m̃12 = m12 · (k̂S × n̂∗S)/c.
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Figure 3.5 (a) Dependence of the linear DACS ∆σL = σRCP
L − σLCP

L on the az-
imuthal φS and zenithal ϑS signal wavenumber angles for fixed resonant excitation
wavelength λS = 147.3 nm and decay rate γ = γrad = 1.15 × 107 s−1. (b) Illus-
tration of the molecule orientation in the considered x− y − z cartesian reference
frame spanned by the unit vectors êx,y,z. The plots are obtained for the fluoroxi-
rane S enantiomer orientation depicted in (b).

In the linear limit, the DACS ∆σL = σLCP
L − σRCP

L is in turn given by

∆σL =
4ω2

Sω0γN
ε0ℏcD

F , 3.63

where

F =
1

c
Re
{(

d12 · n̂(−)
S

) [
m12 ·

(
k̂S × n̂

(−)∗
S

)]}
. 3.64

Fluoroxirane ACS σ̄L = (σRCP
L + σLCP

L )/2 and DACS ∆σL = σLCP
L − σRCP

L

of the signal characterized by wavelength λS are illustrated in Figs. 3.4 a,b for

wave propagation k̂S in êz direction, where the variation of several distinct re-

combination rates γ = γrad (black curve), 102 × γrad (blue curve), 104 × γrad

(green curve), and 106 × γrad (red curve) are shown. Note that both the ACS

and the DACS are resonant at λ0 ≃ 147.3 nm, reaching values of the order of

σ̄L =
(
σLCP
L + σRCP

L

)
/2 ≃ 103 nm2 and ∆σL ≃ 102 nm2, producing resonant CD.

Moreover, the DACS heavily depends on the signal wavevector azimuthal and

zenithal angles, as illustrated in Fig. 3.5 a, which is plotted for a fixed resonant
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excitation wavelength λS = 147.3 nm and decay rate γ = γrad = 1.15 × 107 s−1,

and therefore the DACS heavily depends on molecular orientation, which in our

calculations is fixed as illustrated in Fig. 3.5 b. Note that, depending on the

excitation direction, the DACS can be positive or negative, but with a positive

average, which reflects the left-handed nature of the S-enantiomer; the opposite

result is obtained for the R-enantiomer.

3.5.2 Nonlinear response

In the NL regime, EIT and LWI come into play after a particular pump intensity

threshold dependent on the recombination rate γ, see below. Indeed, although the

molecule possesses only two real energy states, |1⟩ and |2⟩ with transition energy

ℏω0 = ℏ(ω2 − ω1), the optical pump produces virtual states with transition ener-

gies ℏ(ω0 + ωP) and ℏ(ω0 − ωP), see Fig. 3.3 . These virtual excitations mediate

coherent processes in which energy is exchanged between pump and signal fields

via molecular polarization without populating the real excited states. Indeed, the

pump field substantially modifies the absorption profile beyond the primary reso-

nance, as additional sidebands appear at λ ≃ λ± = 2πc/(ω0±ωP) as a consequence

of pump-induced virtual states.

3.5.2.1 Variation with signal field

Figs. 3.6 a,b illustrate the NL-ACS dependence on the signal wavelength λS of

the fluoroxirane S enantiomer for RCP/LCP (solid and dashed black curves, re-

spectively) of the signal for fixed pump wavelength λP = 1000 nm, and pump

intensities IP = 400, 700, and 1000 TW/cm2 are shown in blue, green, and red

curves, respectively; see Fig. 3.6 b. In Figs. 3.6 a,b the pump and signal fields

propagation directions are fixed to k̂P,S = êz, and the pump field is linearly po-

larized with unit vector n̂P = êx and αP = 0◦. Note that, for the considered
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Figure 3.6 (a-b) NL-ACS σNL (in nm2) as a function of the signal wavelength λS
calculated at a fixed pump wavelength λP = 1000 nm, for (a) RCP and LCP of
the signal (solid and dashed black curves, respectively) and fixed pump intensity
IP = 1000 TW/cm2. (b) Zoom of the NL-ACS around the two wavelengths
λ+ = 2πc/(ω0 + ωP) (top panel) and λ− = 2πc/(ω0 − ωP) (bottom panel), where
EIT and LWI features appear, for RCP of the signal and pump intensities IP = 400,
700, and 1000 TW/cm2 (blue, green, and red curves, respectively). The plots are
obtained for the fluoroxirane S enantiomer in vacuum, with a large damping rate
γ = 106× γrad responsible for the large unphysical IP involved (IP can get heavily
reduced to kW/cm2 for smaller damping, see Fig. 3.13 and the pump and signal
fields propagation directions are fixed to k̂P,S = êz, and the pump field is linearly
polarized with αP = 0◦.

pump and signal fields, the NL-ACS vanishes at specific EIT wavelengths and be-

comes negative at peculiar LWI wavelength ranges around λ+ ≃ 127−129 nm and

λ− ≃ 171−174 nm, depending on the signal RCP/LCP, see 3.6 a. The sidebands

lie around λ ≃ λ± because nonlinearity induces a resonance shift; see Fig. 3.6 b.

The zero baseline (gray line) in both figures denotes transparency, meaning that

the molecule does not absorb the signal, whereas negative absorption indicates sig-

nal amplification that does not arise from population inversion, but rather from

a coherent energy transfer from the optical pump. Such a coherence-mediated

gain follows distinct dipole pathways incorporating d11 − d22, d12, and m12, as

schematically depicted in Fig. 3.3 , and thus producing CP-dependent EIT and

LWI owing to molecular chirality.
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Figure 3.7 (a,b) NL-ACS dependence on λS and (a) the signal LP angle αS (for
fixed αP = 0◦) or (b) the pump LP angle αP (for fixed αS = 0◦) for fixed RCP
of the signal and pump intensity IP = 1000 TW/cm2. In (a,b) the colour bar
is saturated in order to better illustrate EIT and LWI features. The plots are
obtained for the fluoroxirane S enantiomer in vacuum, with a large damping rate
γ = 106× γrad. In figures (a-b) the pump and signal fields propagation directions
are fixed to k̂P,S = êz, and the pump field is linearly polarized with αP = 0◦ but
not in (b), where αP is modulated.

Figs. 3.7 a,b illustrate the NL-ACS dependence on signal wavelength λS and

also the signal LP angle αS for a fixed pump LP angle αP = 0◦ see Fig. 3.7 a,

and the pump LP angle αP for a fixed signal LP angle αS = 0◦ see Fig. 3.7 b.

Note also that, due to anisotropy, such coherent processes occur also for LP of the

signal, see Fig. 3.7 a. The signal polarization unit vector and pump polarization

unit vector are defined as below:

n̂S = cosαS êx + sinαS êy 3.65a

n̂P = cosαP êx + sinαP êy 3.65b

These polarization unit vectors lie in the x-y plane for k̂S = êz, and are expressed

in terms of a LP angle αS with respect to the x-axis. Note that, at resonance, the

NL-ACS is predominantly absorptive and only weakly dependent on αS, producing

the broad yellow band in the middle of 3.7 a. Conversely, in the intensity- and CP-

dependent sidebands around λ±, σNL becomes highly sensitive to αS, producing
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absorption, amplification, or transparency (highlighted by the gray dashed circles),

depending on the particular signal LP angle αS. Analogously, also the pump

polarization unit vector n̂P as denoted in Eq. 3.65 lies in the x-y plane for k̂P = êz

and can be expressed in terms of a LP angle αP with respect to the x-axis. In 3.7 b

both signal and pump fields are assumed to propagate in the z direction with fixed

RCP of the signal, and LP pump fields with fixed intensity IP = 1000 TW/cm2 and

distinct LP angles αP ranging from 0 to 2π. Note that, while the central resonant

spectral region is almost insensitive to αP, the sidebands show pronounced positive

and negative lobes controlled by the pump LP. We emphasize that the colour bar

in Figs. 3.7 a,b is saturated in order to better illustrate the NL-ACS modulations,

which are considerable at the sidebands’ resonances λ± ≃ 128 nm, 173 nm, but

comparatively very weak at the electronic transition resonance λ0 ≃ 147.3 nm

denoted by the central region in Figs. 3.7 a,b.

3.5.2.2 Variation with the pump field

In Fig. 3.8 a the dependence of the NL-ACS on the pump intensity IP for fixed

αP = 0◦ and λP = 1000 nm is examined for the two distinct signal wavelengths

λS1 = 171 nm and λS2 = 174 nm, and for both RCP/LCP signal fields. Note that

as IP increases from 0 to 1000 TW/cm2, the NL-ACS σNL increases or decreases

linearly depending on the wavelength and the polarization and can cross the zero

line, marking a transition from net absorption (σNL > 0) to net amplification

(σNL < 0). For λS1 = 171 nm, the LCP signal (dashed blue curve) exhibits an

increasing positive σNL, whereas the corresponding RCP signal (solid blue curve)

decreases with pump intensity, entering a gain regime highlighted by the shaded

region. At λS2 = 174 nm, the behaviour is reversed, as the LCP signal (dashed

red curve) can get amplified while the RCP signal (solid red curve) remains ab-

sorbed. The crossings of the curves through σNL = 0 produce CP-dependent EIT,

while regions with σNL < 0 label LWI regime. Indeed, we emphasize again that
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(a) (b)

Figure 3.8 (a) NL-ACS dependence on the pump intensity IP for fixed signal
wavelengths λS = 171 nm (blue curves) and λS = 174 nm (red curves) and both
RCP (solid curves) and LCP (dashed curves) of the signal. (b) Dependence of
NL-ACS on the pump wavelength λP for fixed RCP of the signal with wave-
length λS = 171 nm and several distinct pump intensities IP = 400, 700, and
1000 TW/cm2 (blue, green and red curves, respectively). The plots are ob-
tained for the fluoroxirane S enantiomer in vacuum, with a large damping rate
γ = 106× γrad responsible for the large unphysical IP involved (IP can get heavily
reduced to kW/cm2 for smaller damping, see Fig. 3.13 ). In (a-b) the pump and
signal fields propagation directions are fixed to k̂P,S = êz, and the pump field is
LP with αP = 0◦.

here amplification is achieved without resonant pumping, as λP = 1000 nm is far

detuned from the UV signal transitions. Fig. 3.8 b illustrates the NL-ACS σNL

dependence on the pump wavelength λP for fixed RCP of the signal with wave-

length λS ≃ λ− ≃ 171 nm and several distinct pump intensities IP = 400, 700,

and 1000 TW/cm2. Note that, in such λS ≃ λ− conditions, the NL-ACS decreases

with the pump wavelength and becomes negative after an intensity-dependent

wavelength threshold.

Note that all plots in Fig. 3.6 , 3.7 and 3.8 are obtained for the fluoroxirane

S enantiomer in vacuum, with a large damping rate γ = 106 × γrad ≃ 1.15× 1013

s−1. Such a damping rate, typical for molecules in the gas phase at ambient

temperature and pressure, is responsible for the large unphysical pump intensities
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(a) (b) (c)

Figure 3.9 (a-c) Dependence of the NL-DACS ∆σNL = σLCP
NL − σRCP

NL on the

azimuthal φS and zenithal ϑS angles of the signal normalized wavevector k̂S for
(a) LP with αP = 0◦, (b) RCP, and (c) LCP pump field with intensity IP =
400 TW/cm2 and wavelength λP = 1000 nm. All simulations are performed at
a fixed signal wavelength λS = 174 nm and damping rate γ = 106 × γrad ≃
1.15× 1013 s−1 for the S enantiomer of fluoroxirane in vacuum.

IP > 500 TW/cm2 producing EIT and LWI above the molecular dissociation

threshold [ 158 ]. However, such intensities can get heavily reduced to kW/cm2

for smaller dampings, e.g., through laser cooling and trapping, producing γ ≃ γrad,

see below. In these plots we adopt a large damping in order to better illustrate

the EIT and LWI spectral features, which become extremely narrow for γ ≃ γrad

and thus it is difficult to grasp but maintain the same trends with λS,P, n̂S,P, and

IP.

3.5.3 Molecular orientation

Due to molecular anisotropy, the NL-DACS ∆σNL = σLCP
NL − σRCP

NL depends on

the zenithal angle ϑS and the azimuthal angle φS of the impinging signal nor-

malized wavevector k̂S. In 3.9 we illustrate the NL-DACS ∆σNL(ϑS, φS) de-

pendence on ϑS, φS for LP, RCP, and LCP of the pump at fixed pump inten-

sity IP = 400 TW/cm2, pump wavelength λP = 1000 nm, signal wavelength

λS = 174 nm and damping rate γ = 106 × γrad ≃ 1.15 × 1013 s−1 for the S

enantiomer of fluoroxirane in vacuum.

Note that, depending on the excitation angles ϑS, φS, the signal LCP can get

more absorbed than RCP in positive areas of the NL-DACS and vice versa. How-
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Figure 3.10 Dependence of the NL-DSF ηdsf = ∆σNL/σNL on the signal wave-
length λS and pump intensity IP for fixed LP with αP = 0◦, The plot is obtained for
the S enantiomer of fluoroxirane with damping rate γ = 106×γrad ≃ 1.15×1013 s−1,
fixed pump wavelength λP = 1000 nm and the pump and signal excitation along
the z-direction, i.e., k̂P,S = êz.

ever, such NL-DACS modulations with alternating sign, which exact shape de-

pends on the particular pump polarization, see Figs. 3.9 a,b,c, do not average

to zero as they are reminiscent of the left-handedness of the S fluoroxirane enan-

tiomer, where the opposite result is obtained for the R enantiomer.

3.5.4 Evaluation nonlinear dissymmetry factor

To quantify the chiral sensitivity of the NL optical response, we evaluate the NL

DSF ηdsf = ∆σNL/σNL, measuring the ratio between the NL-DACS ∆σNL and the

average NL-ACS σNL = (σLCP
NL + σRCP

NL )/2.

Fig. 3.10 illustrates the dependence of the NL-DSF on both the pump inten-

sity IP and the signal wavelength λS. Note that the NL-DSF is greatly amplified at

the virtual states resonances λ± = 2πc/(ω0±ωP) and grows with increasing pump

intensity, reflecting the central role played by pump-induced molecular coherence

in amplifying the NL chiroptical signal.
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Figure 3.11 (a-b) Dependence of the NL-DSF ηdsf = ∆σNL/σNL on the signal
wavelength λS and pump (a) LP angle αP for fixed intensity IP = 1000 TW/cm2,
and (b) ellipticity εP (for fixed intensity IP = 1000 TW/cm2 also). The black
dashed circles in (a) indicate maximum NL-DSF enhancement. The plots are
obtained for the S enantiomer of fluoroxirane with damping rate γ = 106× γrad ≃
1.15× 1013 s−1.

Similarly to the DACS, also the NL-DSF depends heavily on the pump po-

larization, as illustrated in Fig. 3.11 a, depicting the NL-DSF dependence on

the pump LP angle αP for fixed intensity IP = 1000 TW/cm2 and wavelength

λP = 1000 nm. Note that optimal NL-DSFs are attained around λ± and specific

pump LP conditions, highlighted by the dashed black circles in Fig. 3.11 a, due

to the mutual direction of the pump electric EP
0 and magnetic BP

0 vectorial field

amplitudes with respect to D = d22 − d11, d12, and m12, see Eq. 3.39 , modulat-

ing the interference pathways producing the observed NL chiroptical response. To

investigate more general pump polarization dependence, in Fig. 3.11 b we depict

the NL-DSF versus signal wavelength λS and pump ellipticity εP at fixed intensity

IP = 1000 TW/cm2 and wavelength λP = 1000 nm. Elliptical pump polarization

is accounted for by the unit vector n̂P = (êx+ eiπεP/2êy)/
√
2, where the ellipticity

εP varies from 0 (indicating LP with αP = 45◦) to 1 RCP. Note that, similarly to

LP, the NL-DSF is highly sensitive to εP, producing a NL-DSF exceeding the one

observed for LP at particular excitation conditions identified by the yellow curve

in Fig. 3.11 b.
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Figure 3.12 Orientation-averaged NL-DSF ηdsf as a function of λS for different
damping rates γ = 1.15 × 1013 s−1 (top panel) and γ = 1.15 × 1012 s−1 (bottom
panel), and for fixed pump intensity IP = 1000 TW/cm2 with LP angle αP = 0◦.
The plot is obtained for the S enantiomer of fluoroxirane where γ is modified as
described, and fixed pump wavelength λP = 1000 nm. The NL-DSF is averaged
over the signal-normalized wavevector zenithal ϑS and azimuthal φS angles.

We emphasize that Figs. 3.10 and 3.11 are obtained for pump and signal

excitation along the z-direction, i.e., with normalized wavevectors k̂P,S = êz. How-

ever, as illustrated in Fig. 3.5 a and Figs. 3.9 a-c, the chiroptical response heavily

depends on the excitation direction. In turn, in order to quantify the average chi-

roptical response over molecular orientation, we calculate the averaged NL-DSF

over the signal wavevector solid angle d2ΩS = sinϑSdϑSdφS, explicitly given by

η̄dsf = ⟨∆σNL⟩ϑS,φS
/⟨σ̄NL⟩ϑS,φS

, where ⟨(...)⟩ϑS,φS
=
∫ 2π

0
dφS

∫ π
0
dϑSsinϑS(...)/4π.

Fig. 3.12 illustrates the dependence of η̄dsf on the signal wavelength λS for

two distinct damping rates γ = 106 × γrad ≃ 1.15 × 1013 s−1 (top panel) and

γ = 105 × γrad ≃ 1.15 × 1012 s−1 (bottom panel). Note that smaller γ values

produce sharper and larger NL-DSF features, consistent with longer coherence

lifetimes that strengthen chiral wavemixing pathways. Indeed, by decreasing the

decay rate by one order of magnitude, the NL-DSF amplitude increases by ≃ 3
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Figure 3.13 Dependence of the EIT pump intensity threshold Imin
P (pump prop-

agating in the êz direction with fixed n̂P = êx polarisation) on the damping rate
γ for both LCP (blue circles) and RCP (red circles) signals propagating along
êz. The shaded region above the EIT intensity threshold line highlights the LWI
regime producing net signal gain.

orders of magnitude and the resonances around λ± become more pronounced, see

Fig. 3.12 .

3.5.5 Evaluation of the threshold pump intensity for achiev-

ing EIT and LWI

As discussed above, decay rates ≃ 1013 s−1 are typical for gas-phase molecular

systems at ambient temperature and pressure. However, the decay rate of molec-

ular systems can decrease down to the radiative one (γrad ≃ 1.15× 107 s−1 for the

lowest-energy electronic transition of fluoroxirane considered here), e.g., by optical

trapping combined with laser cooling techniques [ 159 ].

In turn, we systematically find the pump threshold intensity Imin
P producing

EIT scanning the decay rate in the range γ = 107−1013 s−1, see Fig. 3.13 , finding
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(a) (b)

(c) (d)

Figure 3.14 (a,b) Orientation-averaged (a) NL-DACS ∆σ̄NL and (b)
polarization-averaged NL-ACS ⟨σ̄NL⟩ as a function of λS for several distinct pump
intensities IP = 0, 1 kW/cm2, and 100 MW/cm2 (blue, green and red curves, re-
spectively), and pump/signal excitation along the z-direction, such that k̂P,S = êz
for fixed damping rate γ = γrad = 1.15 × 107 s−1, (c,d) Zoom of (a) (left panel)
and (b) (right panel) around the wavelength λ+ = 2πc/(ω0 + ωP) for RCP of the
pump with intensities IP = 0, 1 kW/cm2, and 100 MW/cm2 (blue, green and
red curves, respectively). All plots are obtained for the fluoroxirane S enantiomer
pumped with fixed wavelength λP = 1000 nm.

a remarkably low Imin
P ≃ 1 kW/cm2 for λP = 1000 nm and γ = γrad, attainable

with Continuous Wave (CW) laser systems. The EIT condition is attained at two

distinct wavelengths λleftS (for LCP) and λrightS (for RCP) almost centered around λ+

and weakly shifting with IP. The boundary separating the EIT and LWI regimes

follows an approximate power-law relationship Imin
P ∝ γ2, reflecting the fact that

stronger dephasing rate (γ/2) suppresses coherence and therefore requires higher
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pump intensity to recover destructive interference in the absorption channel. The

shaded region indicates conditions where the signal experiences LWI, while the

line marks the EIT threshold.

3.5.6 Evaluation of enhancement factor

In Figs. 3.14 we illustrate the orientation-averaged (a) NL-DACS ∆σ̄NL and

(b) polarization-averaged NL-ACS ⟨σ̄NL⟩ as a function of λS for several distinct

pump intensities IP = 0, 1 kW/cm2, and 100 MW/cm2 (blue, green and red

curves, respectively), and pump/signal excitation along the z-direction, such that

k̂P,S = êz for fixed damping rate γ = γrad = 1.15 × 107 s−1. Note that, owing to

the reduced damping rate, the spectral EIT- and LWI-induced spectral features

at λS ≃ λ± = 2πc/(ω0±ωP), which spectral behaviour is zoomed in Fig. 3.14 c,d,

become much more pronounced and narrower at CW laser intensities ≃ 1 kw/cm2.

Remarkably, in contrast to any other chiroptical sensing technique to the best

of our knowledge, EIT produces an orientation-averaged NL-DSF η̄dsf that can

reach diverging values η̄dsf → ∞ owing to the vanishing of ⟨σ̄NL⟩ around the

virtual states resonances λ̄± ≃ λ±.

In Figs. 3.15 a,b we illustrate the dependence of the NL-ACS averaged over

both molecular orientation and signal CP (⟨σ̄NL⟩) on the signal wavelength λS

and pump intensity IP around the wavelengths (a) λ+ = 2πc/(ω0 + ωP) and (b)

λ− = 2πc/(ω0−ωP) for fixed damping rate γ = γrad = 1.15× 107 s−1. The dashed

black lines illustrate the diverging orientation-averaged NL-DSF curves, which can

be obtained for IP > 100 kW/cm2. Indeed, while for fixed molecular orientation

the EIT intensity threshold can get as low as Imin
P ≃ 1 kW/cm2, see Fig. 3.13 ,

its average over molecular orientations increases to Imin
P ≃ 100 kW/cm2 due to

anisotropy.
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Figure 3.15 (a-b) Dependence of ⟨σ̄NL⟩ (NL-ACS averaged over both molecular
orientation and signal CP) on the signal wavelength λS and pump intensity IP
around the wavelengths (a) λ+ = 2πc/(ω0 + ωP) and (b) λ− = 2πc/(ω0 − ωP)
for fixed damping rate γ = γrad = 1.15 × 107 s−1. All plots are obtained for the
fluoroxirane S enantiomer pumped with fixed wavelength λP = 1000 nm.

In any case, the observed giant CD enhancement produced by quantum in-

terference can be attained at intensities currently achievable through commercial

CW laser systems.

3.6 Concluding remarks

In this paper we investigate the potential of EIT and LWI to enhance the DACS

of fluoroxirane upon optical pumping and probing by RCP and LCP signals. We

observe that, thanks to the polarity and chirality of fluoroxirane, EIT and LWI can

occur also in the two-level approximation due to the excitation of virtual states

produced by optical pumping. Because EIT and LWI are merely coherent phe-

nomena, we find that the pump intensity threshold Imin
P to observe such processes

is highly dependent on the dephasing rate.

We find that, while one gets unphysical Imin
P > 100 TW/cm2 for decay rates

typical for gas-phase molecular systems at ambient temperature and pressure (γ ≃

1013 s−1), by reducing the decay rate to the radiative one through optical trapping

combined with laser cooling techniques (γrad ≃ 1.15×107 s−1 for the lowest energy

electronic transition of fluoroxirane considered here), one gets Imin
P as low as Imin

P ≃
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1 kW/cm2 for fixed molecular orientation. Moreover, we systematically investigate

EIT and LWI regimes, finding that they heavily depend on pump and signal

polarization and molecular orientation. We find that, thanks to CP-sensitive EIT

and LWI, one gets diverging orientation-averaged CP dissymmetry factors η̄dsf →

∞ with Imin
P ≃ 1 kW/cm2, highlighting the great potential of EIT and LWI to

probe chirality at the single-molecule level with current commercial CW laser

systems.

3.7 Author contribution

The work presented in this chapter was carried out by the author. The author

developed the research concept, implemented the theoretical and computational

models, and performed all numerical simulations. She conducted the formal anal-

ysis and validation of the results, as well as data curation and visualization. The

author also wrote the original draft of the manuscript and contributed to the

presentation of the findings.



Chapter 4

Spontaneous emission of circularly

polarized radiation in a chiral cav-

ity

“Today, spontaneous emission is not a limit but a resource that we bend, split,

and polarize, building new devices from the quantum field.”

— Adapted from the ideas of Purcell, Novotny’s Principles of Nano-optics and

contemporary quantum optics literature

In nanophononics and quantum optics, the engineering of single-photon helicity

has significant applications in chiral light-matter interactions for quantum com-

munication. It was established that this purely quantum phenomenon is highly

affected by the local environment of the quantum emitter. In this study, we ex-

plore the SE in a chiral cavity formed by two TAPCs structures. Given a specific

vacuum wavelength, the considered mirror can be engineered to exhibit very high

helicity-preserving reflectance for one CP and very high transmittance for the

other CP for an incidence angle of 20◦ with respect to the optical axis. We con-

115
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sider a two-level atomic quantum system in a cavity to calculate the complete

DGF, taking into account both the inhomogeneous environment and scattering

effects. We also analyze the impact of two CP on the SE rates induced by the

chiral cavity; the effects differ by 3% after averaging over random dipole orienta-

tions. This approach can measure chirality and can provide insight into photonics

devices that emit CP excitations at sub-micrometer scales.

4.1 Introduction

SE is an intrinsic radiative property of an atom or molecule in which the atom

interacts with vacuum fields. Still, in a local environment, SE is influenced by the

density of photonic states of the quantum emitter and the corresponding vacuum

fluctuations of the electromagnetic field [ 160 ]. To observe this effect, one must de-

sign devices with dimensions on the order of the emission wavelength so that many

relevant transitions occur in the optical range [ 161 ]. The atomic and molecular

SE near different material structure has been reported in numerous articles, such

as near a dielectric microsphere [ 162 , 163 , 164 ] and even near a cluster of two

spherical nanoparticles [ 165 , 166 , 167 ]. Recent research has shifted its focus to

study the SE in a chiral environment, such as a chiral nanoellipsoid [ 168 ], even

near a cluster of two spherical chiral particles [ 169 ]. Additionally, it has been

reported theoretically [ 170 ] and experimentally [ 171 , 172 , 173 , 174 ] that the

in-cavity environment can influence SE, which means that radiative properties can

be altered using cavity walls [ 175 , 176 , 177 ]. In fact, SE can be inhibited [ 178 ,

179 , 180 , 181 , 182 ] if the cavity is off-resonant or the cavity is located at the

node of a mode function. Also, it can be enhanced if the cavity is in resonance

and the atom is located at the antinode of the mode function [ 183 , 184 , 185 ,

186 , 187 , 188 , 189 , 190 ].

The cavity-emitter coupling is a promising area of research in quantum optics
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that has a huge range of applications from low-threshold laser development to the

development of brighter single-photon sources, which are important in quantum

cryptographic systems [ 191 ]. Also, the manipulation of SE plays an important

role in technologies, integrated photonic circuits, and even solar energy harvesting

[ 192 , 193 , 194 ]. Nowadays, researchers focus on studying the SE rate in pho-

tonic crystal cavities and plasmonic metal nanoparticles [ 195 , 196 , 197 ] that

can modify the electromagnetic modes to operate the emitter’s radiative properties

at the nanoscale.

In quantum communication [ 198 ], the field of chiral cavities is a new path. In

Fabry-Pérot cavities [ 199 , 200 ], the different chirality measurement techniques,

such as CD or birefringence, provide a helpful method for molecular sensing [ 201 ,

202 ]. Additionally, by studying the various polarization effects of chiral matter,

researchers can break the material symmetries, providing a clear idea of non-

equilibrium phases of matter using ultrashort laser fields [ 203 , 204 ].

SE different approaches from a theoretical point of view within quantum sta-

tistical theories [ 205 ], such as using Macroscopic QED [ 206 , 207 , 208 , 209 ],

which gives the representation of the electromagnetic field in a second-quantized

formalism that describes the influence of dispersive and absorptive materials on

light-matter interactions. Therefore, this approach gives all information about

the quantized electromagnetic field within the classical DGF [ 210 , 211 ], which

determines how the environment influences the local density of states and, in turn,

provides insight into the SE [ 212 , 213 , 214 , 215 , 216 ] rate.

The DGF provides an idea of the response of the whole system to a point-source

excitation and, accordingly, provides the theoretical prediction and engineering

of emitter properties in different nanophotonic devices. In fact, the effects of

absorption, dispersion, and complex geometrical configurations can be explained

by using macroscopic QED, which can overcome the limitations of simpler cavity

QED models, which will be helpful for both finding out experimental data and
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designing nanophotonic devices that can detect emission properties [ 217 ].

Therefore, the cavity-emitter system in chiral nanophononics is a strong area of

quantum optics that uses macroscopic QED theory. Such systems offer promising

techniques for controlling light-matter interactions and can enable the next gen-

eration of quantum devices for communication, energy conversion, and sensing.

4.2 Objectives and Hypothesis

In this study, theoretically, we investigate a particular form of Fabry-Pérot cav-

ity mirrors composed of TAPCs. These mirrors are made of stacks of uniax-

ial anisotropic layers whose extraordinary axis is progressively tilted around the

stacking direction [ 218 ].

In this study, the TAPCs mirrors act as efficient CP diodes, meaning the

TAPCs mirrors can reflect one polarization with helicity preservation while trans-

mitting the opposite polarization efficiently. These devices are particular realiza-

tions of Reusch piles [ 219 , 220 ]. These materials can exert an optical torque

on the polarization of the electromagnetic field [ 221 ]. The handedness selectivity

within the cavity forms a resonant standing-wave excitation, depending on the

cavity width and dipolar orientation/position.

We consider the atomic two-level quantum system and, in a chiral photonic

crystal environment, study modifications to the SE rate in TAPCs-based micro-

cavities, enabling LDOS manipulation for RCP and LCP excitation. Depending

on cavity width and dipolar orientation/position, we find an imbalance of 3% in

the CP excitation after averaging over random dipole orientations. We observed

that, for a fixed dipolar orientation, the imbalance can reach up to 20%. The

limited CP-SE imbalance we observe is due to constructive and destructive in-

terference effects in an anisotropic environment and, secondarily, to the planar

cavity geometry, which manipulates the LDOS efficiently for the particular waves
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oriented around the cavity axis. We investigate the limitations of large CP-SE

for a fixed dipolar orientation, which can be overcome by engineering advanced

microcavities.

First, in this chapter, we give an overview of SE in different materials, then

explain the chirality-induced imbalance in the SE rates between the two CP.

4.3 Spontaneous emission overview

As outlined in detail in [ 161 ], in QED, the interaction between the atomic transi-

tion and the quantized electromagnetic field can be distinguished based on whether

it is a strong or weak coupling. These two regions are differentiated based on the

atom-field coupling constant given below

k =
d

ℏ

√
ℏω0

2ε0v
4.1

where, ω0 is the atomic transition frequency, d denotes the dipole matrix element,

and v is the volume of the cavity. In strong coupling, which satisfies k ≫ γcav,

where γcav represents the spontaneous emission rate, QED can give an accurate

description. But in the weak coupling k ≪ γcav, QED and classical electromagnetic

theory provide almost the same result, so next we study the QED approach to the

SE in detail.

4.3.1 QED of spontaneous emission

Here, we study the SE for a quantum two-level atomic system located at r = r0

in free space. Applying the QED approach, we analyze the combined atom-field

contribution. We consider a transition from the initial atomic state |e, {0}⟩—where

the atom is excited and the field is in its vacuum state—to the final states where

the atom is in its ground state and the field contains a single photon, |g, {1ωk
}⟩.
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Figure 4.1 Schematic illustration of spontaneous decay of a two-level quantum
atomic system, where transitions are shown by the range arrows from an initial
state |e, {0}⟩ to a set of final states|g, {1ωk

}⟩. The energy difference between initial
and final states is (Ei − Ef ) = ℏω0.

Each possible final state is defined by a photon with frequency ωk and mode index

k, as illustrated schematically in Fig. 4.1 .

According to Fermi’s Golden Rule, γ is given by:

γ =
2π

ℏ2
∑
f

∣∣∣⟨f |ĤINT|i⟩
∣∣∣2 δ(ωi − ωf ) 4.2

where,

ĤINT = −d̂ · Ê 4.3

is the interaction Hamiltonian in the dipole approximation.

In the above equation 4.3 the electric field operator Ê can be written in terms

of mode functions at r = r0 as follows:

Ê =
∑
k

[
E+

k âk(t) + E−k â
†
k(t)

]
4.4
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where âk(t) = âk(0) exp (−iωkt) , â†k(t) = â†k(0) exp (−iωkt), in which âk(0) and

â†k(0) are the annihilation and creation operators of photons in mode k respectively

and E+
k =

(
E−k
)∗

are the positive and negative part of the complex field Ek.

Also, in the same equation 4.3 the dipole moment operator d̂ can be written

as:

d̂ = d
(
σ̂+ + σ̂−

)
4.5

where σ+ = |e⟩⟨g| , σ− = |g⟩⟨e| and d̂ is the transition dipole moment operator.

For the atom+ field combined system, the states are the product of the atomic

state and the single-photon state, which can be expressed as below:

|i⟩ = |e⟩ |{0}⟩

|f⟩ = |g⟩ |{1ωk′}⟩
4.6

Here, |{0}⟩ and |{1ωk′}⟩ denote the zero-photon state and one-photon state respec-

tively and the difference between the initial and final states is given by (Ei − Ef ) =

ℏω0, it is worth mentioning that all the final states have the same energy.

Henceforth, we calculate d̂ · Ê (r, t), express γ in equation 4.2 as below:

γ =
2π

ℏ2
∑
k

(
d · Ek

+Ek
− · d

)
δ (ωk − ω0), 4.7

where the outer product Ek
+Ek

− can be written in terms of normal mode uk as:

Ek
+ =

√
ℏω

k

2ε0
uk, Ek

− =

√
ℏω

k

2ε0
uk
∗ 4.8

With the delta function ensuring ωk = ω0 in the equation 4.7 , the decay rate γ
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and the partial local density ρd (r0, ω0) can be expressed as

γ =
2ω

3ε0ℏ
|d|2ρd (r0, ω0) 4.9a

ρd (r0, ω0) = 3
∑
k

[nd · (ukuk
∗) · ndδ (ωk − ω0)] 4.9b

The dipole moment can be written as d = dnd in which nd is the unit vector.

4.3.2 Approach of the Dyadic Green’s Function

To avoid these singularities in the expression of partial local density in Eq. 4.9 (b),

it is better to build a relation between normal modes and the Green function, so

that we can finally find out the SE rate and partial local density in terms of

the Green function for a considered system. The normal modes satisfy the wave

equation:

∇×∇× uk(r, ωk)−
ω2
k

c2
uk(r, ωk) = 0, 4.10

and the modes are orthonormal over the field volume.

We can write the Green function
↔
G in terms of normal mode as:

↔
G (r, r′;ω) =

∑
K

CK (r′, ω)uk (r, ωk) 4.11

where CK is the coefficient whose value is to be determined. According to the

definition of Green’s function

∇×∇×
↔
G (r, r′;ω)− ω2

c2
↔
G (r, r′;ω) =

↔
I δ (r− r′) 4.12

Now we can easily determine the value of CK with help of equations 4.12 , 4.12

and putting it in equation 4.11 we get

↔
G(r, r′;ω) =

∑
k

c2
u∗k(r

′, ωk)uk(r, ωk)

ω2
k − ω2

4.13
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By using contour integration, we determine the imaginary part of the Green’s

function to evaluate the spontaneous emission of a dipole at position r0,

Im
{↔
G(r0, r0;ω)

}
=
πc2

2ω

∑
k

1

ωk
u∗k(r0, ωk)uk(r0, ωk) δ(ω − ωk) 4.14

Now we fix r = r0 and ω = ω0 and decay rate can be rewritten as

γ =
2ω

3ε0ℏ
|d|2ρd (r0, ω0) 4.15a

ρd (r0, ω0) =
6ω0

πc2

[
nd · Im

{↔
G (r0, r0;ω0)

}
· nd
]

4.15b

Therefore, we establish the relation between the green dyadics and the partial

local density, so it is now possible to find out the SE for a two-level quantum

system with an arbitrary reference frame by just knowing the green dyadics of

that reference frame.

In case of having no fixed dipole axis, we need to do an orientational averaging

on the system.

〈[
nd · Im

{↔
G (r0, r0;ω0)

}
· nd
]〉

=
1

3
Im
[
Tr
{↔
G 0 (r0, r0;ω0)

}]
4.16

In free space, (
↔
G =

↔
G 0) leads to

1

3
Im
[
Tr
{↔
G 0 (r0, r0;ω0)

}]
=

ω0

6πc
4.17

The free space spontaneous decay can be rewritten as

γ0 =
ω3
0 |d|2

3πε0ℏc3
, 4.18a

ρ0 =
ω2
0

π2c3
. 4.18b

Therefore, the spontaneous decay rate depends on the partial local density of
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states, which is determined by the orientation of the transition dipole between the

two atomic levels involved. Only in homogeneous environments, or after averaging

over all dipole orientations, can this partial density of states be replaced by the

total local density of states. This explains why changes in the surroundings can

strongly influence the decay rate.

It is well established that changing the photonic environment can significantly

modify the SE of a quantum emitter. Different interfaces, photonic crystals, and

plasmonic structures can either enhance or suppress the emission rate compared

with free space [ 161 ]. Recent studies have also shown that the situation becomes

even more interesting when a chiral molecule interacts with a structured chiral

medium.

For example, see [ 168 ], where analytical expressions for the emission rate of

an optically active molecule placed near a chiral nanoellipsoid are derived. Their

results show that both the shape of the particle and its intrinsic chirality can lead

to strong, enantioselective changes in the radiative decay rates of right- and left-

handed molecules. These effects arise from chiral plasmonic resonances and from

the combined roles of electric and magnetic dipole contributions in the emitter

and its environment.

Also, it is reported in [ 222 ] that emission near a semi-infinite bi-isotropic ma-

terial shows that the local photonic density of states can be heavily altered by the

chiral and magnetoelectric properties of the medium. In more complex situations,

such as clusters of two chiral particles, collective electromagnetic behavior enables

controlled, enantioselective emission, which is helpful for chiral sensing [ 169 ].

Overall, these developments make it clear that by designing the electromag-

netic environment—especially using chiral or plasmonic nanostructures the SE of

quantum emitters can be tuned for various applications in nanophotonics, quan-

tum optics, and chiral spectroscopy.



4.4. Spontaneous emission in chiral cavity 125

4.4 Spontaneous emission in chiral cavity

Until now, we have presented SE in free space; we have also presented the DGF

approach to determine it in any other reference frame. In fact, we presented

a literature review that focused on SE enhancement rather than the free-space

decay rate, indicating that, depending on the environment, it can be enhanced. In

this section, we study SE in a chiral cavity, as this allows us to study polarization-

dependent results that will be helpful for measuring chirality with the provided

nanophotonic structure. So in this section first, we investigate the characterization

of the cavity walls, then evaluate the total DGF for the definition of right and left

CP-SE rates, and then, in the results and discussion section, we study the different

polarization effects in SE rates, which have a high dependence on the width of the

cavity and the position of the quantum emitter.

4.4.1 Characterization of the cavity walls

The cavity we study is composed of two structures designed to exhibit chiral optical

behavior. Each unit cell of the TAPCs is made of uniaxial anisotropic layers of

calcite (CaCO3). There are 30 unit cells; each unit cell has 4 layers of a stack of

uniaxial anisotropic media.

Fig. 4.2 represents the schematic diagram of the cavity composed of chiral

mirrors. A complete mathematical and physical description of these cavities made

of chiral mirrors can be found in [ 223 ]. Here, we briefly describe the structure of

these TAPCs and their optimization for normal incidence at a vacuum wavelength

of 780, nm see Fig. 4.2 . Each unit cell of the TAPCs consists of four layers with

thicknesses of d1 = 56.1, nm, d2 = 85.9, nm, d3 = 64.0, nm, and d4 = 45.1, nm, and

a total of N = 30 unit cells. We consider the extraordinary and ordinary refractive

indexes nE = 1.4822 and nO = 1.6495, respectively, at vacuum wavelength λ = 780
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(a)                                                      (b)           
(1)

(2)

(3)

(4)

(a)                                                     (b)                                                  (c)                                        

Figure 4.2 A two-level emitter at z = zDIP within a cavity of width w whose walls
are the TAPCs described in [ 223 ] made of (N = 30)×4-layers stack of uniaxial
anisotropic media. The wall on the left is obtained through π−rotation of the
right one around the x−axis. Moreover, in red we depict the propagating emitted
field, while in blue the scattered one.

nm [ 224 ]. The extraordinary axes of the four uniaxial crystal layers lie in the x−y

plane, and each of them is chosen to be rotated by an angle of π/4 radians with

respect to the nearest neighbors, starting from vertical (x-direction) for the first

layer to 3π/4 tilting with respect to the x−axis for the fourth layer in clockwise

orientation along positive (negative) z for the mirror on the right (left) [ 223 ].

4.4.1.1 Transfer Matrix Approach

Generally, the TMA is used to determine the propagation of electromagnetic fields

through a medium composed of a stack of layers. Here, in our study, we use

the TMA to derive the scattered field within the cavity. For both mirrors of our

system, the refraction/reflection at the different interfaces is accounted for by three

transfer matrices, i.e., from vacuum to an anisotropic medium layer, between two

distinct layers, and from the last layer to vacuum.
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We adopt the index k = 1, 2, 3, 4 to label each layer in a single 4-layer stack; we

can write each angular spectrum component of the electric field within the k−th

anisotropic layer as

E
(k)
AN(k⊥, t) =

∑
f=±1

∑
ξ=x,y,z

∑
l=1,2

C
(l,f,k)
ξ eifβ

(k)
l zêξe

ik⊥·r−iωt. 4.19

where k⊥ = (kx, ky), f = 1 is associated with forward propagating modes and

f = −1 to backward ones. In particular, the two eigenmodes l = 1, 2, where the

mode l = 1 denotes only the ordinary refractive index while the l = 2 mode is

affected by both ordinary and extraordinary refractive indices are such that

C(1,f,k)
x = sin θ

(k)
E β

(k)
1 A

(f,k)
1 /D

(k)
1 ,

C(1,f,k)
y = − cos θ

(k)
E β

(k)
1 A

(f,k)
1 /D

(k)
1 ,

C(1,f,k)
z = fγ(k)A

(f,k)
1 /D

(k)
1 ,

4.20

where,

D
(k)
1 =

[(
ω2

c2

)
εO −

(
α(k)

)2]1/2
,

θ
(k)
E =

π

4
(k − 1),

β
(k)
1 =

[(
ω2

c2

)
εO − |k⊥|2

]1/2
.

similarly, for the C
(2,f,k)
x,y,z mode we find

C(2,f,k)
x =

[
ω2

c2
cos θ

(k)
E −

kx
εO
α(k)

]
A

(f,k)
2 /D

(k)
2 ,

C(2,f,k)
y =

[
ω2

c2
sin θ

(k)
E −

ky
εO
α(k)

]
A

(f,k)
2 /D

(k)
2 ,

C(2,f,k)
z = − f

εO
α(k)β

(k)
2 A

(f,k)
2 /D

(k)
2 ,

4.21
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where

D
(k)
2 =

[(
ω2

c2

)
− ε−1O

(
α(k)

)2]1/2

×

[(
ω2

c2

)
+

(εE − εO)
(
α(k)

)2
ε2O

]1/2
.

4.22

and β
(k)
2 =

[
(ω2/c2)εE − (εE/εO)

(
α(k)

)2 − (γ(k))2]1/2.
We define the functions as below:

α(k) = kx cos θ
(k)
E + ky sin θ

(k)
E ,

γ(k) = −kx sin θ(k)E + ky cos θ
(k)
E .

4.23

. Eventually, we observe that

εO = n2
O,

εE = n2
E.

4.24

Now we put boundary conditions

êz ·Dj (r, t) = êz ·Di (r, t) ,

êz ·Bj (r, t) = êz ·Bi (r, t) ,

t̂ · Ej (r, t) = t̂ · Ei (r, t) ,

t̂ ·Hj (r, t) = t̂ ·Hi (r, t) ,

4.25
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where i, j = VAC, k and i ̸= j, we can write the following matrix relations:

M̂ f
VAC



EINC
1,f

EINC
−1,f

EREFL
1,−f

EREFL
−1,−f


= M̂1



A
(+,1)
1

A
(+,1)
2

A
(−,1)
1

A
(−,1)
2


,

M̂i



A
(+,i)
1

A
(+,i)
2

A
(−,i)
1

A
(−,i)
2


= M̂j



A
(+,j)
1

A
(+,j)
2

A
(−,j)
1

A
(−,j)
2


,

M̂4



A
(+,4)
1

A
(+,4)
2

A
(−,4)
1

A
(−,4)
2


= M̂ f

VAC



ETRANSM
1,f

ETRANSM
−1,f

0

0


.

4.26

For the propagating modes, we have

M̂1
VAC = N



1 1 1 1

M
(−)
VAC −M (+)

VAC −M (+)
VAC M

(−)
VAC

−i i −i i

−iM (−)
VAC −iM (+)

VAC iM
(+)
VAC iM

(−)
VAC


, 4.27

where

M
(±)
VAC =

ikVACβ ± kxky
β2 + k2y

,

N =

√
β2 + k2y
2k2VAC

.
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Also,

M̂k =



sin θ
(k)
E β

(k)
1

D
(k)
1

ω2

c2
cos θ

(k)
E −

kx

ε
(k)
O

α(k)

D
(k)
2

sin θ
(k)
E β

(k)
1

D
(k)
1

ω2

c2
cos θ

(k)
E −

kx

ε
(k)
O

α(k)

D
(k)
2

− cos θ
(k)
E β

(k)
1

D
(k)
1

ω2

c2
sin θ

(k)
E −

ky

ε
(k)
O

α(k)

D
(k)
2

− cos θ
(k)
E β

(k)
1

D
(k)
1

ω2

c2
sin θ

(k)
E −

ky

ε
(k)
O

α(k)

D
(k)
2

ω2

c2
ε
(k)
O cos θ

(k)
E −kxα

(k)

kVACD
(k)
1

−
ω
c
sin θ

(k)
E β

(k)
2

D
(k)
2

−
ω2

c2
ε
(k)
O cos θ

(k)
E −kxα

(k)

kVACD
(k)
1

ω
c
sin θ

(k)
E β

(k)
2

D
(k)
2

ω2

c2
ε
(k)
O sin θ

(k)
E −kyα

(k)

kVACD
(k)
1

ω
c
cos θ

(k)
E β

(k)
2

D
(k)
2

−
ω2

c2
ε
(k)
O sin θ

(k)
E −kyα

(k)

kVACD
(k)
1

−
ω
c
cos θ

(k)
E β

(k)
2

D
(k)
2


.

4.28

For the anisotropic crystal mode basis, in-layer propagation matrices are easily

obtained as

P̂k = diag
[
eiβ

(k)
1 dk , eiβ

(k)
2 dk , e−iβ

(k)
1 dk , e−iβ

(k)
2 dk

]
. 4.29

We calculate the field on one side of the mirror in terms of the field on the

other side by solving the linear problem for the amplitudes as given below:



ETRANSM
1,f

ETRANSM
−1,f

0

0


= M̂ 1

4→VACP̂4M̂3→4P̂3M̂2→3P̂2M̂1→2P̂1

(
M̂4→1P̂4M̂3→4P̂3M̂2→3P̂2M̂1→2P̂1

)N−1
M̂ 1

VAC→1︸ ︷︷ ︸
M̂TMA,1

×



EINC
1,f

EINC
−1,f

EREFL
1,−f

EREFL
−1,−f


.

4.30

where

M̂ 1
VAC→1 =

(
M̂1

)−1
M̂ 1

VAC,

M̂i→j =
(
M̂j

)−1
M̂i,

M̂ 1
4→VAC =

(
M̂ 1

VAC

)−1
M̂4.
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We consider the same for the left mirror, taking care to properly identify the

impinging and reflected fields and modifying the involved matrices accordingly.

4.4.1.2 Evaluation of the scattered field with TMA

We use the TMA for birefringent layered media [ 225 , 226 ] to express the fields

on one side of the wall as a function of those on the other side as follows,



ETRANSM
1,f

ETRANSM
−1,f

0

0


= M̂TMA,f



EINC
1,f

EINC
−1,f

EREFL
1,−f

EREFL
−1,−f


,

EREFL
1,−f

EREFL
−1,−f

 = M̂ f
REFL

EINC
1,f

EINC
−1,f



=
1

M f
34M

f
43 −M

f
33M

f
44︸ ︷︷ ︸

Df

 M f
44 −M f

34

−M f
43 M f

33


M f

31 M f
32

M f
41 M f

42


EINC

1,f

EINC
−1,f

 ,
ETRANSM

1,f

ETRANSM
−1,f

 = M̂ f
TRANSM

EINC
1,f

EINC
−1,f



=

{M f
11 M f

12

M f
21 M f

22

+
1

Df

M f
13 M f

14

M f
23 M f

24


 M f

44 −M f
34

−M f
43 M f

33


M f

31 M f
32

M f
41 M f

42

}
EINC

1,f

EINC
−1,f

 .
4.31

where M f
ij =

(
M̂TMA,f

)
ij

are elements of the total transfer matrix, and i, j =

1, 2, 3, 4 identify rows and columns, respectively, for both forward (f = 1) or

backward (f = −1) impinging fields, depending on which cavity wall we consider;

the forward fields f = 1 are reflected/transmitted by the right mirror, while

the backward ones f = −1 by the left one. Moreover, ETRANSM
s,f , EREFL

s,−f , EINC
s,f

are the transmitted, reflected, and incident electric field amplitudes, respectively,
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Figure 4.3 Wavelength dependence of the reflectance (R
(L)
L ) and transmittance

(T
(L)
L ) for the two-level quantum emitter for LCP light with normally incident LCP

light and RCP light with normally incident RCP lights, respectively, are shown
in blue and red curves. The dashed line indicates the reflectance/transmittance
at λVAC = 780 nm. The plot is obtained for Rubidium-85 (85Rb) as a quantum
emitter, choosing the atomic transition to be 5S1/2 → 5P3/2 with a reduced electric
dipole matrix element |dge| = 5.98211ea0, with e the absolute value of the electric
charge, a0 Bohr radius.

related to either RCP (s = 1) or LCP (s = −1), and M̂ f
TRANSM, M̂

f
REFL are

transmission and reflection matrices, respectively. We present the full derivation

of the corresponding transfer matrix M̂ rmTMA,f in the section.

4.4.1.3 Evaluation of reflectance and transmittance

In Fig. 4.3 we present the wavelength dependence of the calculated reflectance

and transmittance. We obtain R
(L)
L = 0.9971 which denotes the reflectance of

LCP excitation impinging with LCP excitation and T
(R)
R = 0.9700 denoted in red

curve. The blue curve denotes the transmittance of RCP excitation impinging on

RCP excitation for a normally incident field with a vacuum wavelength λvac =

780 nm. The dashed grey line indicates the chiral cavity simultaneously achieves
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(a) (b)

Figure 4.4 (a) Dependence of reflectance R
(L)
L and (b) transmittance T

(R)
R at

λVAC = 780 nm over both the zenithal (θ) and azimuthal (ϕ) angles of incidence.

Note that for θ ranging from zero to the red dashed lines in (a,b) R
(L)
L , T

(R)
R > 0.90.

The plots are obtained for Rubidium-85 (85Rb) as a quantum emitter, choosing
the atomic transition to be 5S1/2 → 5P3/2 with a reduced electric dipole matrix
element |dge| = 5.98211ea0, with e the absolute value of the electric charge, a0
Bohr radius.

R
(L)
L = 0.9971 and T

(R)
R = 0.9700, which confirms the structure provides high

helicity-preserving reflection for LCP excitation and high transmission for RCP

excitation at the operating wavelength.

4.4.1.4 Angular dependence of reflectance and transmittance

The Fig. 4.4 shows the angular response for the TAPCs for the corresponding

vacuum wavelength λVAC = 780 nm of the reflectance and transmittance. We

observe that for the zenithal angle |θ| ≲ 30◦ and for almost all azimuthal angles

ϕ, the reflectance remains larger than 0.90, as indicated by the red-shaded region.

It signifies helicity-preserving reflection of LCP light by the TAPCs over a wide

region around the normal incidence.

Also, we observe T
(R)
R also exceeds 0.90 for |θ| ≲ 30◦ for the full range of

azimuthal angles ϕ, which declares the transmission of RCP excitation in the

region. We see the cavity walls act as chiral Bragg mirrors that selectively reflect

LCP and transmit RCP light for a wide region, not only in normal incidence.
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4.4.2 Evaluation of the total DGF for the definition of

right and left CP-SE rates

We investigate the SE of a two-level quantum emitter. Spontaneous decay, the

process by which an excited quantum state transitions to a lower-energy state while

emitting a photon, is a pure quantum mechanical phenomenon, and to investigate

it requires the approach of QED. The atom and electromagnetic field together

form a composite quantum state that evolves over time.

The energy of the two-level system’s excited state |e, {0}⟩ is given by

Ee = ℏωe 4.32

Transitions occur to a set of final states, |g, {1ωk,s}⟩ each with identical energy,

denoted as below:

Eg = ℏωg 4.33

Here, Eg is the energy of the ground state, where the final states differ by mode

wavevector k and polarization index s [ 227 , 161 ].

We use Fermi’s Golden Rule, which relates the transition probability per unit

time to the matrix element of the interaction Hamiltonian ĤINT between the initial

and final states, as well as to the density of available final electromagnetic field

states. The SE rate, denoted by γ, is expressed as a sum over all allowed photon

wavevectors and polarizations:

γ =
2π

ℏ2
∑
k,s

∣∣∣⟨g, {1ωk,s}| ĤINT |e, {0}⟩
∣∣∣2 δ [ω − (ωe − ωg)] , 4.34

where, ĤINT = −d̂ · Ê (r, t) is the interaction Hamiltonian is written in the dipole

approximation where, d̂ is the atomic dipole operator, and Ê is the electric field

operator. The delta function in Eq. 4.34 defines energy conservation.
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For the electric dipole (DIP) operator d̂ for a two-level system, we use a matrix

that includes both ground and excited state terms given by:

d̂ =

 dgg dge

deg = d∗ge dee

 4.35

However, we consider a two-level quantum system for an atom with spherical

symmetry, with a resonant transition that has a diagonal dipole matrix element

that vanishes, i.e., dgg = dee = 0. Simultaneously, only the off-diagonal elements

of the transition dipole moments exist.

The quantum emitter now interacts not only with the emitted radiation but

also with fields scattered and reflected by the cavity walls. To study the SE of a

two-level system located at rDIP = (r⊥, zDIP) [rDIP = (x, y)] within a chiral cavity,

the electric field should take into account both emitted and scattered contributions.

Now we have to calculate the total electric field. As discussed earlier, using

macroscopic QED [ 206 , 207 , 208 , 209 ] it is possible to describe quantum ef-

fects in nanophotonic systems. This approach is can be used to study SE. The

macroscopic QED contains all the important details about the quantized electro-

magnetic field are that are encoded in classical electromagnetic DGF [ 210 , 211 ],

which acts as a bridge between the quantum theory and classical field solutions.

We consider the dipolar contribution in vacuum within the cavity walls. We

calculate the electromagnetic field of an oscillatory current as given below:

j (r, t) = Re
{
j (r, ω) e−iωt

}
4.36

which is located in the same nonmagnetic environment.

Now, according to Maxwell’s equations and the superposition principle, the

total electric field can be separated into the emitted (particular) field for which

the solution corresponds to a source in an infinitely extended medium and the
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scattered (homogeneous) field for which the solution is associated with the presence

of boundaries.

In particular, the total electric field can be written asE (r, t) = Re {E (r, ω) e−iωt}

can be written as

E (r, ω) = EPART (r, ω) + EHOM (r, ω) , 4.37

separating the particular EPART (r, ω) and homogeneous EHOM (r, ω) solutions.

The particular solution satisfies

∇ ·DPART (r, t) = ρ (r, t) ,

∇ ·BPART (r, t) = 0,

∇× EPART (r, t) = −∂tBPART (r, t) ,

∇×BPART (r, t) = µ0j (r, t) + µ0∂tD
PART (r, t) ,

4.38

where DPART and BPART are the displacement and the induction magnetic fields,

respectively, while ρ (r, t) is the volume charge density satisfying the continuity

equation ∂tρ (r, t) +∇ · j (r, t) = 0.

From the above equations 4.38 we get

∇× EPART(r, t) = −∂tBPART(r, t)

⇒ ∇× [∇× EPART(r, t)] = −∂t[∇×BPART(r, t)]

⇒ ∇×∇× EPART(r, t) + µ0ϵ0∂
2
tE

PART(r, t) = −µ0∂tj
PART(r, t)

4.39

So in frequency space, the equation reads:

(
∇×∇×−ω

2

c2

)
EPART(r, ω) = iωµ0j

PART(r, ω) 4.40

From the system of equations 4.38 , one easily retrieves the inhomogeneous Helmholtz
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equation 4.40 .

The homogeneous field solution can be found by setting the right-hand side of

Eq. 4.40 to zero. Its amplitudes are fixed by the boundary conditions that encode

the full geometry of the environment. We have to solve the above inhomogeneous

Helmholtz equation 4.40 to find out the total electric field, see Eq. 4.37 . In

order to find a particular solution to the problem, the above equation 4.40 can

be written in terms of DGF as follows:

EPART (r, ω) = iωµ0

∫
V

d3r′
←→
G EMISS (r, r

′, ω) · j (r′, ω) , 4.41

where
←→
G EMISS (r, r

′, ω) is the DGF satisfying

(
∇×∇×−ω

2

c2

)
←→
G EMISS (r, r

′, ω) = I3δ (r− r′) , 4.42

where V is the cavity volume. By using the condition of Eq. 4.42 and by substi-

tuting 4.41 in 4.40 , we find Eq. 4.40 is satisfied.

In this study, the considered quantum system possesses translational invariance

in the xy-plane; therefore, we write

rDIP = (r⊥ = 0, zDIP) 4.43a

j (r′, ω) = −iω dge δ (r
′ − zDIPêz) 4.43b

where êz is the unit vector along the z−direction that is chosen to be perpendicular

with respect to the cavity walls and dge is the non-trivial dipole transition element.

Using equations 4.43 and 4.41 we express EPART (r, ω) as below:

EPART (r, ω) = ω2µ0

∫
V

d3r′
←→
G EMISS (r, r

′, ω) δ (r′ − zDIPêz) · dge

⇒ EPART (r, ω) = ω2µ0
←→
G EMISS (r, zDIP, ω) · dge

4.44
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The DGF using the Fourier transform can be computed as:

←→
G EMISS (r, zDIP, ω) =

∫
d3k

(2π)3
←→
G EMISS (k, zDIP, ω) e

ik·r 4.45

where,

δ (r− zDIPêz) =

∫
d3k

(2π)3
eik·(r−zDIPêz) 4.46

Substituting Eq. 4.45 and Eq. 4.46 into Eq. 4.41 , we obtain the DGF in the

angular spectrum decomposition through contour integration over kz as follows:

4.4.2.1 Evaluation of the emission DGF for z ̸= zDIP

Combining Eqs. 4.42 , 4.45 and 4.46 , and solving separately for the orthogonal

subspaces k⊗ k/k2 and I3 − k⊗ k/k2, we retrieve

←→
G EMISS (r, zDIP, ω)

∫
dk

(2π)3
eik⊥·r⊥eikz(z−zDIP)

k2VAC (k2 − k2VAC)
×

×


k2VAC − k2x −kxky −kxkz

−kxky k2VAC − k2y −kykz

−kxkz −kykz k2VAC − k2z


. 4.47

For z ̸= zDIP, defining ∆z = z − zDIP and

I(∆z) =

∫
dkz

eikz∆z

k2z − β2
= iπ

eiβ|∆z|

β
, 4.48

We can determine all the entries of the angular spectrum representation of the

DGF. Eq. 4.48 describes the tensor’s entries, whose numerator is proportional

to k0z .

Therefore, ∫
dkz

kze
ikz∆z

k2z − β2
=

1

i

∂I

∂∆z
= iπsgn(∆z)eiβ|∆z|, 4.49
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and ∫
dkz

k2ze
ikz∆z

k2z − β2
= − ∂I

∂∆z
= 2πδ(∆z) + iπβsgn(∆z)eiβ|∆z|. 4.50

This allows us to determine the full angular spectrum decomposition of the DGF.

For ∆z ̸= 0, the delta term in Eq. 4.50 vanishes, and we recover the standard

evanescent DGF.

This leads to

←→
G EMISS (r, zDIP, ω) =

∑
f=±1

∫
dk⊥
(2π)2

eik⊥·r⊥eiβ|z−zDIP|×

× iΘ [f(z − zDIP)]

2k2VACβ


k2VAC − k2x −kxky −fkxβ

−kxky k2VAC − k2y −fkyβ

−fkxβ −fkyβ k2VAC − β2


︸ ︷︷ ︸

←→
G EMISS

f (k⊥)

, 4.51

where,

kVAC = ω/c,

k⊥ = kxêx + kyêy,

β =
√
k2VAC − k2⊥ + i0+,

and and Θ(x) is the Heaviside step function.

The above treatment for β declares that it always has a non-negative imagi-

nary part. For evanescent waves (k2VAC < k2⊥), the argument of the square root

is negative, and adding +i0+ pushes the value into the second quadrant of the

complex plane. We evaluate the positive imaginary part by calculating the square

root, which is important for spatial decay.

However, the expression in Eq. 4.51 holds only for z ̸= zDIP, while for the

evaluation of the SE rate, we are interested in expressing the DGF at the dipole

position [ 216 ]. We perform contour integration in the complex kz plane by closing

the integration path either in the upper half-plane (for z > zDIP) or in the lower
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half-plane (for z < zDIP) by using the above condition.

4.4.2.2 Evaluation of the emission DGF for z = zDIP

Starting from Eq. 4.47 and using the Sokhotski-Plemelj relation, we now have

I(∆z) =

∫
dkz

k2z − β2
=

= P
∫

dkz
k2z − β2 + i0+

+ iπ

∫
dkzδ(k

2
z − β2 + i0+) =

=
iπ

β
.

4.52

The entries proportional to kz are zero due to arguments related to the oddness

of the integrand function. Eventually,

∫
dkz

k2z
k2z − β2

=

∫
dkz + β2

∫
dkz

k2z − β2
=

=∞+ iπβ.

4.53

Therefore, the real part of the integral diverges.

But, for the evaluation of the SE rate, we only need the imaginary part of the

DGF. In this case, we get

Im
{←→
G EMISS (zDIP, zDIP, ω)

}
=

=

∫
dk⊥
(2π)2

i

2k2VACβ


k2VAC − k2x −kxky 0

−kxky k2VAC − k2y 0

0 0 k2VAC − β2


. 4.54
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We can now express Eq. 4.54 as below:

Im
{←→
G EMISS (zDIP, zDIP, ω)

}
=

=

∫
dk⊥
(2π)2

i

2k2VACβ


k2VAC − k2x −kxky −kxβ

−kxky k2VAC − k2y −kyβ

−kxβ −kyβ k2VAC − β2


, 4.55

We observe that the integrand functions of the new non-zero entries actually give

null contributions to the integral since they are odd functions of either kx or ky.

We aim to detect an imbalance in the SE rate between RCP and LCP light

due to the cavity being influenced by Local Density of Optical States (LDOS).

Hence, we decompose the total DGF in the CP basis.

Now, we define the following Hermitian projection operators

P̂f (k⊥) =
(
(k⊥, fβ)⊗ (k⊥, fβ)

†) /|k|2
P̂n̂s,f (k⊥) = n̂s,f (k⊥)⊗ n̂†s,f (k⊥)

4.56

where, P̂f (k⊥) is the projector along the kdirection. At the same time, the other

two are projectors on either the right (s = 1) or left (s = −1) CP basis for forward

(f = 1) or backward (f = −1) directions.

Therefore, n̂s,f (k⊥) are the CP unit vectors are defined as below:

n̂s,f (k⊥) = N
(
êx +

fiskVACβ − kxky
β2 + k2y

êy+

−iskVACky + fkxβ

β2 + k2y
êz

)
,

N =

[
1 +
|fiskVACβ − kxky|2∣∣β2 + k2y

∣∣2 +
|iskVACky + fkxβ|2∣∣β2 + k2y

∣∣2
]−1/2

.

4.57

The solutions are obtained by solving the homogeneous system of Maxwell’s equa-

tions in vacuum and using the CP unit vectors.
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Therefore, for z ̸= zDIP the transverse electromagnetic field, we define

←→
G EMISS

s,f (k⊥) = P̂n̂s,f (k⊥)

←→
G EMISS

f (k⊥)P̂
†
n̂s,f (k⊥) 4.58

which gives the decomposition of the radiative field in the CP basis as below:

←→
G EMISS

f (k⊥) =
∑
s=±1

←→
G EMISS

s,f (k⊥) 4.59

because,

P̂f (k⊥, fβ)
←→
G EMISS

f (k⊥)P̂f (k⊥, fβ)
† = 0, 4.60

We note that the CPs do not mix because the emitter is in an isotropic, homo-

geneous medium (vacuum). Moreover, for z = zDIP the angular spectrum com-

ponents of the DGF in Eq. 4.55 show a trivial projection on the longitudinal

direction (fixing f = 1).

Inside the chiral cavity, we solve the homogeneous problem in a vacuum, and

we express the field as

EHOM (r, ω) =

∫
dk⊥

eik⊥·r⊥

(2π)2

∑
s,f=±1

EHOM
s,f (k⊥)n̂s,f (k⊥)e

ifβz =

= iωµ0

∫
V

d3r′
←→
G REFL (r, r

′, ω) · j (r′, ω) ,
4.61

where (
∇×∇×−ω

2

c2

)
←→
G REFL (r, r

′, ω) = 0, 4.62

where the spectral decomposition can be expressed as below:

←→
G REFL (r, r

′, ω) =

∫
dk⊥
(2π)2

←→
G REFL (k⊥, r

′, ω) eik⊥·r⊥eifβz. 4.63
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The total transverse field can be written as below:

E (r, ω) = ω2µ0

∑
s,f=±1

[←→
G EMISS

s,f (r, zDIP, ω)+

+
←→
G REFL

s,f (r, zDIP, ω)
]
· dge,

4.64

where
←→
G REFL (r, r

′, ω) =
∑

f,s=±1
←→
G REFL

s,f (r, zDIP, ω) is the DGF accounting for

cavity reflections and thus for the homogeneous contribution to the field.

To determine the homogeneous solution, we now apply the TMA approach as

discussed in the section 4.4.1.1 .

For our problem, we need two transfer matrices: one for the mirror located at

z = w/2 and one for the mirror at z = −w/2, where w denotes the cavity width.

For the mirror at z = w/2, we may use the matrix as computed in Ref. [ 223 ],

and discussed in the section 4.4.1.1 .

For the mirror at z = −w/2 we must account for a global geometric rotation

of π about the x−axis relative to the former mirror (see Figure 4.2 . Basically,

the mirrors’ optical axes are reversed, though they are physically identical. So, for

that, we need to recalculate the appropriate incident, reflected, and transmitted

field components and compute the corresponding transfer matrix.
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Therefore, for a given k⊥ we have [ 228 ]

EHOM
1,1

EHOM
−1,1

 e−iβ w
2 = M̂−1

REFL×

×

 ω2µ0n̂
†
1,−1 ·

←→
G EMISS
−1 · dgee

iβ|w2 +zDIP| + EHOM
1,−1 e

iβ w
2

ω2µ0n̂
†
−1,−1 ·

←→
G EMISS
−1 · dgee

iβ|w2 +zDIP| + EHOM
−1,−1e

iβ w
2

 ,
EHOM

1,−1

EHOM
−1,−1

 e−iβ w
2 = M̂1

REFL×

×

 ω2µ0n̂
†
1,1 ·
←→
G EMISS

1 · dgee
iβ|−w

2
+zDIP| + EHOM

1,1 eiβ
w
2

ω2µ0n̂
†
−1,1 ·

←→
G EMISS

1 · dgee
iβ|−w

2
+zDIP| + EHOM

−1,1 e
iβ w

2

 .

4.65

In particular, this expression holds for a dipole that is not located in correspon-

dence with either one or the other wall.

With the decomposition
←→
G EMISS

f (k⊥) =
∑

s=±1
←→
G EMISS

s,f (k⊥) and solving the

system, we retrieve the reflected DGF, which can be as well decomposed as

←→
G REFL

f (k⊥) =
∑

s=±1
←→
G REFL

s,f (k⊥).

We solve for the homogeneous part, and we write it as below:

EHOM
1,1

EHOM
−1,1

 = ω2µ0

 GREFL
1,1 n̂†1,1 · dge

GREFL
−1,1 n̂†−1,1 · dge


EHOM

1,−1

EHOM
−1,−1

 = ω2µ0

 GREFL
1,−1 n̂†1,−1 · dge

GREFL
−1,−1n̂

†
−1,−1 · dge


, 4.66

where
←→
G REFL

f (k⊥) =
∑

s=±1 GREFL
s,f (k⊥)n̂s,f (k⊥) ⊗ n̂†s,f (k⊥) is the final scattering

DGF.

We can then find GREFL
s,f (k⊥) and express the total transverse electric field

within the cavity as shown in Eq. 4.64 .
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we can express the SE rate in terms of the total DGF as

γ =
2ω2

0

ℏε0c2
d∗ge · Im

{←→
G TOT (rDIP, rDIP, ω0)

}
· dge,

γR =
2ω2

0

ℏε0c2
d∗ge · Im

{←→
G s=1

TOT (rDIP, rDIP, ω0)
}
· dge,

γL =
2ω2

0

ℏε0c2
d∗ge · Im

{←→
G s=−1

TOT (rDIP, rDIP, ω0)
}
· dge,

4.67

where γR and γL are SE rates for RCP and LCP light, respectively; ω0 = ωe − ωg

is the characteristic transition frequency of the two-level system, and

←→
G TOT (rDIP, rDIP, ω0) =

∑
s=±1

←→
G s=±1

TOT (rDIP, rDIP, ω0) , 4.68

where
←→
G s=±1

TOT (rDIP, rDIP, ω0) =

∫
dk⊥
(2π)2

[←→
G EMISS

s (k⊥, ω)+

+
∑
f=±1

←→
G REFL

s,f (k⊥, zDIP, ω) e
ifβzDIP

]
,

4.69

The emission term can be calculated from Eq. 4.55 by decomposing into the CP

basis.

Also, we can define the partial LDOS for both CP states

ρs|dge| ∝ n̂ge · Im
{←→
G s

TOT (rDIP, rDIP, ω0)
}
· n̂ge, 4.70

where n̂ge is the unit vector along which the dipole is oriented. We calculate this

DGF at the location of the two-level system. In the spontaneous decay, a photon

of energy ℏω0 can be released for the given dipole orientation and position, which

is indicated by LDOS, which denotes the number of modes per unit volume and

frequency. Therefore, we observe from Eq. 4.70 and Eq. 4.67 that SE is strongly

dependent on the mode distribution and position of the theoretical nodes and

antinodes.
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4.4.3 Results and discussions

For studying polarization-sensitive spontaneous emission, we consider Rubidium-

85 (85Rb) as a quantum emitter. We choose the atomic transition to be the D2

line for detailed analysis, i.e 5S1/2 → 5P3/2, commonly used in quantum optics

due to its sharpness and resonance with a vacuum wavelength near λVAC = 780

nm, with a reduced electric dipole matrix element |dge| = 5.98211ea0 [ 229 ], with

e the absolute value of the electric charge, a0 Bohr radius. We neglect the internal

degeneracy or magnetic sub-levels; that is, we consider a pure two-level atomic

system.

Therefore, we first find the SE rate for the considered system in vacuum, then

study polarization-dependent results by placing the quantum emitter in a chiral

cavity. Then we first study the imbalance between two CP by varying the cavity

width for different fixed dipolar orientations; then we fix the cavity width and

vary the dipolar position to study the imbalance in the SE rate.

4.4.3.1 Evaluation of SE in vacuum

We calculate the SE for this transition in free space. We consider only the

emission contribution of the DGF. The calculation gives us γ ≈ 1.5279× 108s−1.

In free space, there is no preference for either RCP or LCP when there are no other

influences; both rates are γ/2, which is half of the total one. It is worth mentioning

that the DGF, which solves Maxwell’s equations, accounts for evanescent (non-

radiative) modes, but our calculation only focused on the propagating modes.

Evanescent modes do not support the constructive interference required to form

Fabry-Pérot cavity resonances. Therefore, they do not enhance SE for RCP and

LCP modes.
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Figure 4.5 The panels illustrate, from top to bottom, the dependence of SE rate
for RCP ight and LCP, and the ratio between these two emission rates associated
with a 87Rb emitter positioned at the origin of our reference frame, which is
modified at a vacuum wavelength of approximately 780 nm. In each figure, the
values are plotted as a function of the optical cavity width w and for several
distinct fixed dipole orientations n̂ge = êx,y,z, indicated by the blue (êx), green
(êy), and red curves (êz), where the bottom plot includes a dashed black circle
that marks the specific ratio observed when the dipole is oriented along the x-axis
and the cavity width is set to half the vacuum wavelength at w = 0.5λVAC.

4.4.3.2 Evaluation of SE varying the cavity width and for different

fixed dipolar orientations

The SE rates are primarily dependent on the radiative field and its associated

cavity modes for the given cavity length at least 0.4λVAC.

First, we consider a dipole at the origin of the reference frame, see Fig 4.2 ,

and we calculate γR and γL, see Eq. 4.67 , by changing the width of the cavity

from 0.4λVAC up to 1.6λVAC. For the incidence angle of 20◦ close to the normal

wall (z-axis), the cavity transmits RCP excitation and reflects LCP excitation.

In Fig 4.5 we observe the variation of SE from top to bottom panel for SE rate
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Figure 4.6 SE rate by a 87Rb emitter at λVAC ≃ 780 nm for RCP, LCP, and
their ratio, respectively, from the top to the bottom panels. These quantities are
illustrated as a function of the emitter position within a cavity of fixed width
w = 0.5λ rmV AC and for fixed dipole orientation n̂ge = êx. The red dashed circle
in the bottom panel highlights the configuration of maximum imbalance between
RCP and LCP SE rates, which is approximately 20%.

for right and left, and the ratio between the two as a function of the cavity wall

width. Also, we observe this variation across different fixed dipolar orientations in

the êx, êy, and êz directions, denoted by the blue, green, and red curves. The black

dotted circle in the bottom panel highlights the dipole moment oriented along the

x-axis and the cavity width, set to half the vacuum wavelength, i.e w = 0.5λVAC.

We observe in the TAPCs that, due to a lack of cylindrical symmetry, the

imbalance in the SE ratio between RCP and LCP is inverted when the dipolar

orientation changes from êx to êy. Physically, it signifies that the system has

truncated the anisotropic photonic crystal, so the edge effects are introduced by the

first CaCO3 layer’s extraordinary axis aligned with êx. A x−dipole couples to the

extraordinary mode, while a y−one to the ordinary one changes the accumulation

of the reflection phase and shifts the Purcell resonance modes, which signifies that
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the LDOS itself, see Eq. 4.70 , is strongly dependent on the dipole orientation due

to the effective anisotropy of the environment. For the dipole orientation along

the z direction, the net imbalance is overall smaller than the one reported for the

other two cases, which confirms that the polarization sensitivity of the cavity walls

corresponds to the emission angle, where the dipole field is weaker.

4.4.3.3 Evaluation of SE for different dipolar positions

Now we fix the cavity width w = 0.5λ rmV AC and orientation along the x-direction,

where we expect the interaction between the cavity walls and the emitter’s position

to be relatively strong; see Fig. 4.5 . We change the dipole position from one part

of the cavity wall to another. We study the dependence of the SE rate for right γR

(top panel), left γL (mid panel), and the ratio γR/γL (bottom panel) over zDIP/w.

In the bottom panel, the maximum imbalance CP-SE rate is highlighted in the

red circle. We found approximately 20% for the given configurations.

Physically, it signifies that, due to the lack of mirror symmetry in the geometry

of the system, such plots are not symmetric under the reflection transformation

z → −z.

4.4.3.4 Angular dependence of polarization dependence SE rate

Now we fix zDIP = −0.3103w and modify the dipole orientation, as depicted in Fig.

4.7 , which illustrates the zenithal (θDIP) and azimuthal (ϕDIP) dipole direction

dependence of SE rate for right (a) γR, left (b) γL, and the ratio between the two

CP (c) γR/γL.

We observe that, depending on the azimuthal and zenithal angle, CP-SE im-

balance maxima and minima alternate periodically, repeating with a π period;

see Fig. 4.7 c. We express the dipole unit vector in spherical coordinates as

n̂ge = (sin θDIP cosϕDIP, sin θDIP sinϕDIP, cos θDIP). Basically, when we rotate the

dipole in the x-y plane, we change the relative phases of the circular components
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Figure 4.7 (a,b) SE rates for (a) RCP γR and (b) LCP γR, and (c) their ratio
γR/γL, as a function of the dipole orientation accounted for by the zenithal and
azimuthal angles θ, ϕ, respectively. All plots are obtained for 87Rb emitter at
λVAC ≃ 780 nm and fixed cavity width w = 0.5λVAC and dipole position zDIP =
−0.3103w.

of the linearly polarized field, which changes the reflection phase. Interestingly,

we can observe from Figs. 4.7 (a),(b) that if the dipole is oriented along z, the SE

is inhibited for both RCP and LCP light, meaning that the cavity is off-resonant

and/or the atom is located at a node of mode functions. The dipolar orientation

is random, as the process has no particular driving field, so the emission rate is

averaged over orientations as follows:

γAV =
1

4π

∫ 2π

0

dϕ

∫ π

0

dθ sin θγ(θ, ϕ),

γAVR =
1

4π

∫ 2π

0

dϕ

∫ π

0

dθ sin θγR(θ, ϕ),

γAVL =
1

4π

∫ 2π

0

dϕ

∫ π

0

dθ sin θγL(θ, ϕ).

, 4.71

where, γ(θ, ϕ), γR(θ, ϕ), γL(θ, ϕ) are given by Eq. 4.67 which denotes the total

emission rate for a given dipole orientation given by zenithal θ and azimuthal

angles ϕ, while γAVR and γAVR correspond to the orientation average rates for RCP

and LCP excitations, respectively.

After performing these angular integrations we obtain the values γAVR = 5.47×

107 s−1 and γAVL = 5.63× 107 s−1, , still keeps w = 0.5λVAC and zDIP = −0.3103w.

Consequently, with this configuration, we obtain an imbalance γR/γL = 0.97 for
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the specific cavity geometry and position considered. Therefore, the calculated

ratio between the averaged RCP and LCP emission rates is approximately 0.9704.

4.5 Concluding remarks

In this chapter, theoretically, we study the functionalities of the chiral cavity made

of TAPCs. We study the polarization-dependent SE rate and compare it to the

enhancement rather than the free-space decay rate. Our theoretical calculations

mainly depend on the DGF approach and the TMA approach for studying the

functionalities of TAPCs. We consider a pure two-level quantum emitter and, by

averaging over random dipole orientations, observe that the system can produce

a 3% CP-SE imbalance. Also, this imbalance is limited by effects such as dipole

orientation averaging, which leads to a mixing of constructive and destructive

interference contributions in a strongly anisotropic environment. Also, the pla-

nar cavity geometry, which mainly enabled LDOS manipulation for wave vectors

collimated around the cavity. We observe that, for a fixed dipolar orientation,

the imbalance can increase significantly, reaching up to 20%. But by controlling

this limitation by adjusting dipole orientation through the design of advanced

microcavities, it may be possible to achieve a high CP-induced SE rate. This is

a promising platform for measuring chirality that can emit CP excitation at the

sub-micrometer scale.

4.6 Author contribution

The work presented in this chapter is the result of a collaborative effort. The

author contributed to refining the research concept and actively participated in

implementing the theoretical and computational models. She was involved in the

investigation and analysis of the results, including validation, data interpretation,
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and the preparation of selected figures. The candidate also contributed to the

manuscript’s writing, revision, and editing, helping shape the final presentation of

the findings.



Chapter 5

Conclusion

5.1 Summary of the thesis

This thesis is based on theoretical modeling of electromagnetic interaction and

chiral molecules. In nano-optics, the interaction of electromagnetic radiation at

the sub-wavelength scale is of primary importance. Also, in pharmacology, molec-

ular chirality plays an important role because a drug’s efficacy depends on its

chiral composition. Therefore, chiral purity and selectivity are important for the

development of new drugs. The linear, inherently weak chiroptical signal has a

limited sensitivity, allowing measurement of chirality up to a milliliter in volume.

This is why our perspective on measuring chirality with advanced techniques is

that we can adjust the sensitivity limits and measure the enantiomeric imbalance

in nanoliter volumes.

In this thesis, we developed analytical tools to model the propagation of light

at the subwavelength scale. To that end, we focus on two advanced techniques

for measuring chirality: first, NL optics with pump-probe spectroscopy, and sec-

ond, a nanophotonic environment with a chiral cavity. To apply the NL optical

phenomena, EIT and LWI in the chiral molecule fluorooxoirane, we investigated

how the EIT and LWI enhance the DACS of molecules using optical pumping by

153
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different CP excitations. In another work, we introduced a chiral cavity mirror

as a nanophotonic environment and separately studied the modulation of the SE

rates of LCP and RCP excitations.

The result obtained can be summed up as follows:

• We investigated EIT and LWI in a two-level approximation for the virtual

chiral molecule fluoroxirane, which was excited by optical pumping. Thanks

to the polarity and chirality of the fluoroxirane, we were able to observe this

in a two-level system. For theoretical modeling, we use NL chiroptical inter-

action, introduce a perturbative approach to the density-matrix formalism,

evaluate the electric and magnetic fields for optical excitation, and finally

apply the chiral optical theorem to determine the ACS as a function of dif-

ferent optical parameters. We observe that the pump threshold intensity is

highly dependent on the dephasing rate because these are coherent phenom-

ena. For the decay rate (γ ≃ 1013 s−1) which is typical for the gas-phase

molecular systems for a particular temperature and pressure, we find an un-

physical minimum pump intensity Imin
P , but we manage to produce results

with a decay rate (γrad ≃ 1.15 × 107 s−1) for the radiative one through the

laser cooling, for that minimum intensity Imin
P ≃ 1 kW/cm2 is not unphysical

for a particular molecular orientation. Thanks to CP-sensitive EIT and LWI,

we achieve diverging orientation-averaged CP dissymmetry factors η̄dsf →∞

with Imin
P ≃ 1 kW/cm2. Thus, we systematically investigate the two NL op-

tical phenomena and observe a strong dependence on the pump and signal

polarizations and on molecular orientation.

• We investigate the polarization dependence SE in a chiral cavity composed of

TAPCs for considering Rubidium-87 (87Rb) as a quantum emitter. Thanks

to the CP sensitivity of the chiral mirror, we are able to observe modula-

tion in the SE rate rather than the free-space decay rate. For theoretical
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modeling, we study the QED of the system using the TMA approach to

evaluate the scattered field, which assesses TAPCs functionalities, and the

DGF approach to determine the SE rate for different CP excitations. For a

given vacuum wavelength, we engineered a mirror that reflects one CP and

transmits the other at an incidence angle of 20◦. The free space SE rate

is calculated as γ ≃ 1.5279 × 108 s−1 without any imbalance between RCP

and LCP excitations. But within the chiral cavity we obtain the SE rate for

RCP as γAVR = 5.47× 107 s−1 and for LCP as γAVL = 5.63× 107 s−1, emitter

at λVAC = 780 nm placed at zDIP = −0.3103w within a cavity of width

w = 0.5λVAC. These configurations produce a 3% CP-SE imbalance after

averaging over random dipole orientations. Thus, we systematically inves-

tigate SE and observe polarization-dependent behavior for specific dipolar

orientations/positions and cavity widths.

Our work on the EIT and LWI has great potential to develop a novel nonlin-

ear spectroscopic technique. The technique can measure chirality at the single-

molecule level with a commercial CW laser system. Also, our results related to the

SE imbalance between two CPs suggest to us that designing proper microcavities

with proper optical parameters can produce huge CP-induced SE rate, which is a

promising area for the development of integrated circularly polarized single-photon

sources and a CP lasing system. Therefore, this is another promising platform for

studying chiral light-matter interaction.

5.2 Scope of future work

There are some interesting problems that can be pursued in the future, depending

on the present results of my thesis. Some of the ideas are discussed below:

• EIT and LWI for a particular time delay in chirality:
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Till now, we have not put any time delay between the pump and probe

spectroscopy, so in the future, maybe we can add a time delay between

the pump and signal and study nonlinear optical phenomena, such as EIT

and LWI, as a function of time delay; maybe we’ll observe some interesting

results by investigating chiral light-matter interactions.

• Transient grating in chiral medium:

If we consider the bi-anisotropic dispersion relation presented in this thesis,

we may be able to explore Kerr nonlinear interaction in a chiral medium.

When a chiral medium is used for incident TE and TMwaves, cross-polarization

occurs because the chiral medium can rotate the plane of polarization,

though a standard transient grating is possible when the same polariza-

tion interferes in an achiral medium. Therefore, we can measure chirality by

using a transient grating or self-diffraction.
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⋆ Spontaneous emission of circularly polarized radiation in a chiral
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2026).
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Anatoly V. Zayats. Spin–orbit interactions of light. Physics Reports, 592:1–

38, 2015. (cited on page 2.)

[14] David L. Andrews and Mohamed Babiker, editors. The Angular Momentum

of Light. Cambridge University Press, Cambridge, 2013. (cited on page 2.)

[15] C. Genet. Chiral light–chiral matter interactions: An optical force perspec-

tive. ACS Photonics, 9(1):1–15, 2022. (cited on page 2.)



Bibliography 160

[16] Anthony E. Siegman. Lasers. University Science Books, Sausalito, 1986.

(cited on page 2.)

[17] Peter W. Milonni and Joseph H. Eberly. Laser Physics. Wiley, Hoboken,

2010. (cited on page 2.)

[18] Robert W. Boyd. Nonlinear Optics. Academic Press, London, 4 edition,

2020. (cited on pages 2, 13, 14, 15, 30, 33, 49, and 52.)

[19] Prasad L. Polavarapu. Chiroptical Spectroscopy: Fundamentals and Appli-

cations. CRC Press, Boca Raton, 1 edition, 2016. (cited on page 2.)

[20] Mengxin Ren, Eric Plum, Jingjun Xu, and Nikolay I. Zheludev. Giant non-

linear optical activity in a plasmonic metamaterial. Nature Communications,

3:833, 2012. (cited on page 2.)

[21] Laurence D. Barron. Molecular Light Scattering and Optical Activity. Cam-

bridge University Press, Cambridge, 2 edition, 2004. (cited on pages 2, 8, 9,

10, and 20.)

[22] Edward U. Condon. Theories of optical rotatory power. Reviews of Modern

Physics, 9(4):432–457, 1937. (cited on page 2.)

[23] William Thomson Kelvin. The Molecular Tactics of a Crystal. Clarendon

Press, Oxford, 1894. (cited on page 2.)

[24] Georges H. Wagnière. On Chirality and the Universal Asymmetry: Reflec-

tions on Image and Mirror Image. Wiley-VCH, Weinheim, 2007. (cited on

pages 3 and 9.)

[25] Ismo V. Lindell, Ari H. Sihvola, Sergei A. Tretyakov, and Ari J. Viitanen.

Electromagnetic Waves in Chiral and Bi-Isotropic Media. Artech House,

Boston, 1994. (cited on page 3.)



Bibliography 161

[26] David L. Andrews and Michael W. Tretton. Physical principles of circular

dichroism. Journal of Chemical Education, 97(12):4487–4498, 2020. (cited

on page 3.)

[27] Rebecca U. McVicker and Niamh M. O’Boyle. Chirality of new drug ap-

provals (2013–2022): Trends and perspectives. Journal of Medicinal Chem-

istry, 67(4):2305–2320, 2024. Perspective. (cited on pages 3 and 11.)

[28] Koji Nakanishi, Nina Berova, and Robert W. Woody, editors. Circular

Dichroism and the Conformational Analysis of Biomolecules. University

Science Books, Mill Valley, 1994. (cited on page 3.)

[29] Olga Smirnova. A new age of molecular chirality. Nature Physics,

19(10):1379–1381, 2023. (cited on page 3.)

[30] Olga Smirnova, Yann Mairesse, and Serguei Patchkovskii. Opportuni-

ties for chiral discrimination using high harmonic generation in tailored

laser fields. Journal of Physics B: Atomic, Molecular and Optical Physics,

48(23):234005, 2015. (cited on page 3.)

[31] R. Cireasa, A. E. Boguslavskiy, B. Pons, M. C. H. Wong, D. Descamps,
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G. Dan Pantos, Nicholas A. Kotov, and Ventsislav K. Valev. Third-

harmonic mie scattering from semiconductor nanohelices. Nature Photonics,

16(2):126–133, 2022. (cited on page 55.)

[122] Lars Jensen, Marcel Swart, and Piet Th. van Duijnen. Microscopic and

macroscopic polarization within a combined quantum mechanics and molec-

ular mechanics model. The Journal of Chemical Physics, 122:034103, 2005.

(cited on page 57.)

[123] Matteo Venturi, Raju Adhikary, Ambaresh Sahoo, Carino Ferrante, Isabella

Daidone, Francesco Di Stasio, Andrea Toma, Francesco Tani, Hatice Al-

tug, Antonio Mecozzi, Massimiliano Aschi, and Andrea Marini. Plasmon-

enhanced circular dichroism spectroscopy of chiral drug solutions. The Jour-

nal of Chemical Physics, 159(15):154703, 2023. (cited on pages 63 and 75.)

[124] R. Adhikary, M. Venturi, G. Salvitti, A. Sahoo, C. Ferrante, P. Benassi,

F. Di Stasio, A. Toma, H. Altug, M. Aschi, and A. Marini. Vibrational



Bibliography 174

circular dichroism of plasmonic nanostructures embedding chiral drugs. Sci-

entific Reports, 15:13116, 2025. (cited on page 66.)
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[130] M. D. Lukin and A. Imamoğlu. Controlling photons using electromagneti-

cally induced transparency. Nature, 413:273–276, 2001. (cited on page 74.)

[131] J. Mompart and R. Corbalán. Lasing without inversion. Journal of Optics

B: Quantum and Semiclassical Optics, 2:R7–R24, 2000. (cited on page 74.)

[132] A. M. Akulshin, S. Barreiro, and A. Lezama. Electromagnetically induced

absorption and transparency due to resonant two-field excitation of quaside-

generate levels in Rb vapor. Physical Review A, 57:2996–3002, 1998. (cited

on page 74.)



Bibliography 175
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Vidal. Macroscopic qed for quantum nanophotonics: Emitter-centered

modes as a minimal basis for multi-emitter problems. Nanophotonics,

9:4813–4831, 2020. (cited on pages 117 and 135.)

[208] Alessandro Ciattoni. Quantum electrodynamics of lossy magnetodielectric

samples in vacuum: Modified langevin noise formalism. Physical Review A,

110:013707, 2024. (cited on pages 117 and 135.)

[209] Alessandro Ciattoni. Quantum-optical scattering by macroscopic lossy ob-

jects: A general approach. Physical Review A, 112:013704, 2025. (cited on

pages 117 and 135.)

[210] A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinski. Methods of Quantum

Field Theory in Statistical Physics. Courier Corporation, 2012. (cited on

pages 117 and 135.)

[211] Stefan Yoshi Buhmann. Dispersion Forces I: Macroscopic Quantum Elec-

trodynamics and Ground-State Casimir, Casimir–Polder and van der Waals

Forces, volume 247 of Springer Tracts in Modern Physics. Springer, 2013.

(cited on pages 117 and 135.)

[212] A. G. Kofman, G. Kurizki, and B. Sherman. Spontaneous and induced

atomic decay in photonic band structures. Journal of Modern Optics,

41:353–384, 1994. (cited on page 117.)



Bibliography 185
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