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Abstract

In the domain of light-matter interaction, a considerable amount of research has been con-
ducted on studying the electric dipole-dominant nonlinear interactions with the fundamental
transverse electromagnetic mode of the laser. Moreover, such electric dipole-dominant transi-
tions are often studied using light polarization, associated with spin angular momentum, as an
optical probe. In such transition dynamics, the optical phase associated with the wavefront of
light is often neglected, as it has been shown to play a minimal role.

In the past two decades, it has been demonstrated that light beams can also possess orbital
angular momentum associated with structured phase-fronts, possessing a unique helical twist in
space. The realization of such helically phased beams, known as helical beams, has inherently
led to the investigation of using the helical phase as a probe to study light-matter interaction
instead of polarization. Early studies on exploring the helical phase as a tool to examine matter
were not conclusive, as the focus was primarily on dipole-dominant transitions. Recently,
theoretical studies based on higher-order multipole moments proposed the existence of helical
phase-based differential optical response in matter but only limited to certain symmetries. The
experimental evidence of such phase-based differential effects in bulk matter has been elusive,
without the use of an intermediary. Our research demonstrates the existence of helical phase-
dependent dichroism, differential absorption of left- and right-handed helical beams, in different
material phases without any intermediary. Such helical dichroism is intrinsic to all material
phases and exists irrespective of their symmetry. We also explore the use of phase in the
controlled manipulation of matter. The origin of such phase-dependent effects is explained in
terms of proposed nonlinear interaction models.

The primary objective of this dissertation is to demonstrate the observation of :

(i) Helical phase-based dichroism in liquids. We investigate the nonlinear absorption of he-
lical light in chiral and achiral molecules in the liquid phase. Chiral interactions are prevalent
in nature, as chirality is a fundamental property of many biological molecules. Two non-
superimposable mirror images of a chiral molecule, known as enantiomers, have identical phys-
ical and chemical properties when analyzed in achiral environments. Such enantiomers can
only be discerned in chiral environments or when the probe is chiral in nature. Typically, the
chiral structure of the electric field associated with circularly polarized light is utilized as a
chiral probe to induce enantioselective transitions. In this work, we demonstrate the use of the
helical phase as an alternative chiral probe with efficient chiral sensitivity. By not involving the
chirality associated with light polarization, it is shown that enantioselectivity is a phase effect,
and the associated chiral signal can be further controlled. In addition, we show the presence
of unique phase-based dichroism in achiral molecules with asymmetrical helical beams. The
origin of these effects is modeled by considering multipole transition moments in light-matter
interactions.
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(ii) Helical phase as a chiral probe to differentiate bio-synthesis relevant amino acids. We
extend the use of the helical phase as a chiral probe to differentiate amino acid powders in
a dissolved state, with varying concentrations. Moreover, we show the phase-based dichroism
signal to be an order of magnitude higher relative to conventional linear techniques that use
polarization as the chiral probe. The chiral response of powdered enantiomers is explained by
considering the symmetry structure of the enantiomeric ground states.

(iii) Intrinsic dichroism in amorphous and crystalline solids with helical light. We investigate
the nonlinear interaction of helical light in amorphous and crystalline solids. Amorphous solids
do not possess long-range order due to the disordered arrangement of atoms and are isotropic in
nature. The lack of symmetry in an amorphous solid results in the absence of a circular dichro-
ism signal, which is defined as differential absorption of left- and right-circular polarization. In
this work, we demonstrate the existence of intrinsic phase-based dichroism in amorphous solids
using helical light beams. We show that helical dichroism is responsive to short- to medium-
range order present in amorphous solids and is a phase effect. In addition, we demonstrate
that helical dichroism is sensitive to the chirality of crystalline solids, and its strength can be
tuned using the superposition of helical and Gaussian beams. The origin of intrinsic dichroism
is modeled by considering inter-band electron transitions via multiphoton-assisted tunneling.

(iv) Ezistence of helical dichroism in achiral plasmonic metasurfaces. We demonstrate the
presence of helical dichroism in achiral and chiral plasmonic metasurfaces. Our results confirm
the existence of dichroism in symmetric material geometries. These results were achieved by
probing the helicity-dependent linear absorption of linearly polarized asymmetric helical light
beams by the plasmonic metasurfaces.

(v) Spatially controlled nano-structuring. We examine the effect of the helical phase on sur-
face morphology modifications. Due to the resolution limitation imposed by the light diffraction
limit, nanostructuring has been mostly achieved using lithographic techniques based on elec-
tron/ion beams. Here, we introduce a novel helical phase-based ablation method demonstrating
spatially controlled manipulation of a silicon surface with a sub-wavelength positional precision
of 50 nm. This level of control and accuracy paves the way for new possibilities in nano-printing
of materials through methods like laser-induced forward transfer.

This dissertation highlights the potentiality of utilizing the helical phase as an alternative
chiral probe for examining matter, regardless of its symmetry. The theoretically limitless nature
of OAM compared to SAM offers numerous benefits and opens up new possibilities in chirop-
tical spectroscopy techniques, with potential applications extending up to the pharmaceutical
industry. The presence of helical dichroism in amorphous solids provides an alternate approach
to determining the short-range order. The design and control of light-matter interactions with
helical light introduce new opportunities in the laser processing of materials, ultrafast probing
of chiral systems, and nonlinear spectroscopy. The proposed spectroscopy method incorporates
the optical phase-based effects, which generally vanish in the electric dipole approximation, by
including the electric quadrupole transitions.
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Structure of Dissertation

Chapters 1, 2, 6, and 8 of this dissertation follow a monograph format, while Chapters 3,
4, 5, and 7 adopt a dissertation-by-article format, consisting of four peer-reviewed articles.
The chapters following the dissertation-by-articles format are preceded by an introduction,
key results and advances, and an author contribution section. Theoretical and experimental
methods, figures, and references are self-contained within each published article.

Chapter 1 - This chapter outlines the research presented in this dissertation and introduces
beams carrying helical phase front. Such helical beams carry finite orbital angular momentum
in addition to spin angular momentum. Light modes carrying the helical wavefronts are also
discussed, with emphasis on the Laguerre-Gaussian (LG) mode, which is used in our theoretical
models discussed in this dissertation. The asymmetrical LG beams solution is also presented.
This chapter also discusses various methods to generate such helical beams. However, the
emphasis is primarily on the frequently applied device known as the g-plate.

Chapter 2 - This chapter provides comprehensive models for both linear and nonlinear
helical light-matter interactions. The multiphoton absorption model within the perturbative
regime is presented for chiral and achiral liquids, while the multiphoton-assisted tunneling
model in the non-perturbative regime is presented for amorphous and crystalline solids. The
latter part of the chapter focuses on the experimental methods employed in the research.

Chapter 3 - This chapter demonstrates the direct observation of helical light as a chiral
probe for differentiating chiral molecules. The helical dichroism (HD), defined as the differential
absorption of left- and right-helical light, is observed in both chiral and achiral molecules in the
liquid phase without the use of any external intermediary. The method explores the helicity-
dependent nonlinear propagation of asymmetric helical light beams through the liquid sample.
This effect is modeled by considering induced multipole moments, showing that HD arises from
the coupling of electric dipoles and quadrupoles.

Chapter 4 - This chapter extends the helical light-based chiroptical detection of enantiopure
samples to enantiomeric solutions. The use of the helical wavefront as an efficient chiral probe
to differentiate powdered amino acids in the solution phase is demonstrated. The efficiency
is shown to be an order of magnitude higher than the conventional linear techniques and
comparable to other polarization-based nonlinear techniques.

Chapter 5 - This chapter demonstrates the direct observation of dichroism in amorphous
solids with asymmetrical helical beams. Amorphous solids, due to their lack of translational
and rotational symmetry, do not typically show circular dichroism, which is the differential
absorption of circularly polarized light. However, the existence of intrinsic helical dichroism
(HD) in these solids is demonstrated, which could be manipulated by adjusting the beam
parameters. Additionally, it is shown that HD in amorphous solids could potentially provide
an upper limit for their unique short-range order. HD is also modeled by considering the inter-



band electron transitions via multiphoton-assisted tunneling. The presence of dichroism in both
chiral and achiral crystalline solids is also demonstrated.

Chapter 6 - This chapter demonstrates the presence of a dichroism signal in achiral and
chiral plasmonic meta-surfaces with helical beams. Achiral structures, due to their symmetry
properties, do not exhibit dichroism either with circularly polarized beams or symmetric helical
beams. Additionally, efficient chiroptical detection is shown in the case of chiral metasurfaces.
This unique effect is explained using asymmetric helical light-matter interactions based on
higher-order multipoles.

Chapter 7 - This chapter demonstrates the spatially controlled formation of nanocones on
a silicon surface with a sub-wavelength positional precision of 50 nm using helical light beams.
The presented technique exploits the superposition of helical and Gaussian beams to actively
position the fabricated nanocones in two dimensions.

Chapter 8 - Conclusion - This chapter summarizes the key results presented in this dis-
sertation and provides an outlook on the advances made in this dissertation.

Chapter 9 - Future scope and potential applications - This chapter provides a comprehensive
overview of the potential future expansion of the presented helical phase-based spectroscopy
technique. Additionally, three novel potential applications of my research work are proposed.
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Chapter 1

Introduction

Optical spectroscopy is a powerful tool for investigating light-matter interactions, playing a cru-
cial role in various research disciplines and industrial applications. The technique encompasses
various methods that are classified based on the property being examined, such as absorption,
emission, or scattering of light by a material. Optical spectroscopy provides insights into various
material properties, including chemical, electronic, structural, and optical properties.

To understand how optical spectroscopy works, it is essential to consider the interaction
between light and matter. The material’s response to light can be understood in terms of both
microscopic and macroscopic effects. The former involves light-induced electronic transitions in
atoms or molecules. In the linear interaction regime, light absorption occurs when the energy
of the incident photons matches the energy required to excite electrons from lower to higher
energy states. If the photon energies do not correspond to these electronic transitions, light
is typically scattered, either elastically (without a change in energy) or inelastically (with a
change in energy).

Macroscopically, in the linear regime, the material response is characterized by its re-
fractive index, leading to phenomena such as dispersion, refraction, and absorption (through
the imaginary component of the refractive index). An intuitive way to understand the re-
sponse of a material is by applying a Fourier transform to the electric displacement field (D):

=g f e(t—t)E ') dt' < D(w) = gpe(w) - E(w). Here, the convolution of the dielec-
trlc constant (¢) with the applied electric field (E) becomes a multiplication in Fourier space
[1]. This transformation explains how a material acts as an impulse response to individual
frequencies (through e(w fo e~“!dt), and therefore the response of a material in terms
of dispersion, refraction, and hnear absorption of light.

Light-matter interaction differs significantly when the incident light intensity is high enough
to induce a nonlinear response. In optical spectroscopy, nonlinear interaction refers to phenom-
ena that occur when the response of a material to an applied optical field depends nonlinearly
on the strength of the field. Nonlinear interactions can give rise to a variety of effects, such as



multiphoton absorption, high harmonic generation, and four-wave mixing. Even the refractive
index acquires a nonlinear component (ny) via the optical Kerr effect, where the refractive index
of the material changes proportionally to the intensity of the light as n = ng + nsl [2]. These
nonlinear effects are extensively used in nonlinear spectroscopic techniques such as pump-probe
and two-photon absorption spectroscopy, enabling enhanced spatial resolution, sensitivity, and
temporal resolution compared to linear methods [3].

Several properties of light, including polarization, wavelength, intensity, and phase, can be
utilized as optical probes to investigate material properties. The applications of these optical
probes in various spectroscopic techniques, with a focus on absorption, scattering, and emission
processes, are discussed below:

e Emission spectroscopy analyzes the light emitted by atoms or molecules as they transition
from higher to lower energy states. The wavelength of the emitted photons corresponds
to the energy difference between the discrete energy levels, providing insight into the
material’s electronic structure. In atoms, these transitions are typically between well-
defined electronic energy levels, whereas in molecules, the emitted light may arise from
transitions between vibronic states. Fluorescence spectroscopy is one example of emission
spectroscopy, where a molecule absorbs light, typically in the ultraviolet or visible range,
and then re-emits light at a longer wavelength (lower energy). This shift in energy between
absorbed and emitted light is known as the Stokes shift.

In the nonlinear interaction regime, techniques such as multiphoton fluorescence
(MFL) and high harmonic generation (HHG) spectroscopy involve the absorption of two
or more photons by a material. MFL spectroscopy involves the absorption of multiple
photons, leading to emission at a longer wavelength (lower energy). In contrast, HHG
produces photons with frequencies that are integer multiples of the incident photon fre-
quency. [3, 4]. Consequently, emission-based spectroscopic techniques employ various
optical probes, including wavelength tunability and emission intensity (to assess emitter
concentration and efficiency), along with high temporal resolution in detection systems
(for studying excited-state lifetimes)[3].

e Scattering spectroscopy is a technique used to study the interaction between light and
matter by analyzing the light that is scattered by the material medium. In this process,
light is scattered either elastically or inelastically. In elastic scattering (Rayleigh scat-
tering), the wavelength of the scattered light remains unchanged, as there is no energy
exchange between the photons and the material. In contrast, inelastic scattering, such
as Raman or Brillouin scattering, involves an energy exchange between the light and the
vibrational or acoustic modes of the material, leading to a shift in the wavelength. In
the linear interaction regime, Rayleigh, Raman, and Brillouin scattering are widely used
to probe the size, structure, and mechanical properties of molecules [2]. In the nonlinear
regime, techniques like hyper-Raman scattering allow for the study of vibrational modes



that are forbidden in linear Raman scattering due to symmetry constraints, providing
deeper insight into molecular dynamics [3].

In terms of optical probes, several properties of light are utilized by scattering-based
spectroscopic techniques. These include the intensity of the scattered light, shifts in the
scattered photon energies (revealing the vibrational or electronic states of the material),
and the wavelength tunability of the incident light, allowing selective probing of different
energy transitions.

e Absorption spectroscopy measures the amount of light absorbed by a material as a func-
tion of wavelength. It is primarily used to investigate the chemical and physical properties
of atoms and molecules. In the linear regime, absorption spectroscopy is commonly uti-
lized to determine the concentration of particles in a sample, following the Beer-Lambert
Law, which relates absorbance to the concentration, path length, and molar absorptiv-
ity [2]. In the nonlinear regime, multiphoton absorption spectroscopy is widely used for
studying electronic transitions, molecular structures, and optical properties. This nonlin-
ear technique involves the simultaneous absorption of multiple photons, allowing access
to the energy states inaccessible through a single-photon absorption. Several properties of
light serve as optical probes in absorption spectroscopy, including the intensity of absorbed
light (or transmittance), incident photon energies (where absorption at specific photon
energies corresponds to electronic, vibrational, or rotational transitions), and temporal
properties.

Circular dichroism (CD) spectroscopy is a form of absorption spectroscopy that
utilizes circularly polarized light to study materials exhibiting chirality. Such materials
have ‘left-handed’ and ‘right-handed’ forms that are non-superimposable mirror images of
each other. Chiral materials exhibit CD, defined as the differential absorption of left- and
right-handed circularly polarized light, in both linear and nonlinear interaction regimes.
The polarization of light (due to its chiral nature) is utilized as a probe to investigate
the structural and optical properties of chiral materials. Thus, a chiral probe is employed
to study chiral systems. This technique is particularly valuable in the pharmaceutical
industry, where it is used to analyze the stereochemistry, purity, and conformational
stability of chiral drugs, providing essential insights into drug efficacy and safety.

Thus far, we have explored how various spectroscopic techniques utilize polarization, wave-
length, intensity, and temporal properties of light to probe the physical and chemical charac-
teristics of matter. However, the phase of light can also be analyzed and utilized as a tool to
study matter.

e Phase-based spectroscopy encompasses a variety of advanced techniques that analyze
changes in the phase of light as it interacts with materials. For example, interferometric
spectroscopy can be used to measure changes in the refractive index or thickness of a



sample by analyzing phase differences between a reference and a sample beam. In mi-
croscopy, phase contrast techniques enhance image contrast by converting phase changes
into brightness variations. In a nonlinear regime, techniques like Coherent Anti-Stokes
Raman Spectroscopy (CARS) rely on precise phase matching conditions for the growth of
the anti-Stokes signal beam, enabling the study of molecular structures and vibrational
modes [2]. However, the challenges of accurately controlling and measuring the phase
of light, along with the requirement for materials to exhibit low scattering, limit the
applicability of these techniques to specialized research environments.

Therefore, a spectroscopic technique that can employ various properties of light, including
phase, to examine different states of matter without necessarily requiring highly nonlinear
substances or complex experimental setups (e.g., specialized detectors) would provide a valuable
addition to the current toolkit.

In this dissertation, a novel phase-based absorption spectroscopy is introduced. This tech-
nique probes matter using light beams with helical wavefronts. These twisted wavefronts are
associated with an orbital angular momentum (OAM) of +iA per photon. The handedness of
these beams is characterized by the twisting of the wavefront undergoing [ intertwined rotations
within one wavelength. The chiral nature of the helical wavefront is analogous to the chiral
structure of the electric field associated with circularly polarized light. The intensity profile
of these beams is defined by a phase singularity (optical vortex) that leads to a null intensity
region at the center of the beam. These beams are often referred to as helical beams or optical
vorter beams. Additionally, the central phase singularity of the helical beams can be displaced
to generate asymmetric beams. Our technique utilizes these asymmetric beams with the associ-
ated helical phase fronts as a chiral probe for investigating material properties. This technique
is analogous to CD absorption spectroscopy, but instead of using polarization as a chiral probe,
it employs the phase of light. The key features of this technique are outlined as follows:

e Variable absorption: The absorption of helical light by matter can be enhanced by dis-
placing the phase singularity. This controlled absorption of helical light is observed across
various phases of matter, including solids, liquids, gases, and metasurfaces. The underly-
ing principle is applicable in both linear and nonlinear interaction regimes.

e Differential response of matter: When the matter is probed with the left- and right-
handed asymmetric helical light, differential absorbance is observed. This phenomenon is
defined as helical dichroism (HD). In the case of chiral materials, this technique offers an
alternative to conventional CD spectroscopy, providing enhanced enantioselectivity due
to its tunability and scalability.

o Tunability and scalability: The strength of the HD signal can be precisely tuned by
displacing the phase singularity and scaled by changing the OAM value. Additionally,
the signal strength can be controlled by varying the laser polarization. These unique
features are absent in conventional absorption-based spectroscopic techniques.
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e Intrinsic response: The HD signal is also detected in achiral molecules, metasurfaces,
and amorphous solids. This observation challenges the conventional understanding that
dichroism does not exist in achiral and amorphous materials. These observations broaden
the scope of conventional absorption-based spectroscopy.

e Fase of application: This spectroscopy technique is based on transmission measurements
and is not constrained by the requirement for materials exhibiting high nonlinearity.
Moreover, this technique requires minimal to no sample preparation. As a result, it offers
enhanced ease of application compared to several nonlinear spectroscopic methods.

e Qutreach: Since the absorption of light is the first step in the emission mechanism, the
underlying principle can be expanded to other spectroscopic methods. This approach
has the potential to improve the signal efficiency of existing techniques, offering notable
advantages for industrial applications.

This dissertation also introduces a controlled laser ablation technique with sub-wavelength
scale precision. This ablation technique utilizes asymmetrical helical beams to manipulate
matter at the sub-wavelength scale and shares similarities with the introduced spectroscopy
method. The following section (1.1) discusses helical light beams carrying orbital angular
momentum and their origin, as derived from Maxwell’s equations.

1.1 Helical light carrying orbital angular momentum

Light, with its dual nature, can be described through both the wave theory and as particles,
or ‘energy quanta,” known as photons. Maxwell’s equations provide a complete framework
for understanding light as an electromagnetic wave, demonstrating its capacity to carry both
energy and momentum. When light waves interact with matter, energy and momentum are
exchanged. The momentum transferred from light to matter can be divided into linear and
angular components. Angular momentum itself can be further divided into spin and orbital
angular momentum. Spin angular momentum (SAM) is associated with the polarization of
light, while orbital angular momentum (OAM) is related to the structure of the wavefronts.

In the plane wave approximation, light exhibits planar wavefronts where the Poynting vector
is oriented along the direction of wave propagation. This results in energy transport perpendic-
ular to the wavefronts. However, there is no physical restriction on the structure of wavefronts.
A light beam can also carry azimuthally varying or ‘helical’ wavefronts. Such helical wavefronts
undergo [ intertwined rotations within one wavelength, which is described by the azimuthal
phase factor ¢?? (where ¢ is the azimuthal coordinate)[5, 6, 7]. Due to the phase being un-
defined at the beam axis, the intensity profile of such helical beams is uniquely identified by
the central singularity, leading to an annular profile (see Fig.1.1). Consequently, these beams



are also known as optical vortex beams. In contrast to plane waves, the Poynting vector in
helically phased beams follows a spiral path, indicating that energy is transported along this
spiral trajectory.

In terms of a particle description, the rotation of an electric field (circularly polarized light)
can be ascribed to the photons carrying a SAM of ok, where 0 = %1 (left- and right-handed
circular polarization). For the helical light beams, the azimuthal phase structure is associated
with the OAM of [h per photon, where the integer [ is theoretically unbound[5, 6, 7]. The
helical wavefronts, along with the corresponding intensity, phase, and associated OAM mode,
are shown in Fig.1.1. When [ = 0, the phase structure is trivial, consisting of a series of
parallel wavefronts. For [ > 1, the wavefront possesses a helical structure, where the number
of intertwined helices is proportional to the magnitude of I, and the sign of [ dictates the
handedness of the helices.

o =10
|—3>| 27 OAM mode

Figure 1.1: Helical light beams. The 2D phase profile, intensity pattern, and the twisted
wavefront structure of the optical vortex or helical beams. The OAM mode carried by the beam
is given beneath the black arrow. The image is reproduced from [8].



1.2 Wave equations - the paraxial approximation

Maxwell’s equations constitute a set of relations that govern the behavior and propagation of
electromagnetic fields in a material medium. For light propagation in free space, i.e., without
sources (p = 0 and J = 0), Maxwell’s equations are given by [9]

0B 1 0E
V-E=0, V.B=0, VXE4+—=0, VxB—-—=—=0 1.1
Here E and B represent the electric and magnetic fields, respectively, and ¢ represents the speed
of light in a vacuum. Taking the curl of the third and fourth equations above and applying the

vector identity V x V x E = V(V - E) — V?E, we obtain

(v2 — ég—;) { g } =0 (1.2)

The above equation represents the electromagnetic fields propagating in free space. In static
cases, fields can be fully determined by the charge and current densities. However, for time-
dependent configurations, we can combine the above equations using the vector potential (A)
representation. The electric and magnetic fields in terms of the vector potential are given by
E=-VV - %—‘? and B =V x A, where V is the scalar potential. Substituting these equations
into the fourth Maxwell equation, we obtain

ovy A
Ho€o 92

V x (V X A) = —M()EQV <E

Using the vector identity mentioned above and rearranging, we obtain

0?A ov
<V2A — M0€0w> -V (V A+ /1060%) =0 (13)

Here, € represents the electric permittivity, and ug represents the magnetic permeability of free
space, given by ¢? = ﬁ The above equation does not impose any restrictions on the scalar
potential V' or the vector potential A. External conditions can be applied to the potentials
as long as the resulting electromagnetic fields remain unchanged. Such transformations are
generally known as gauge transformations. The Lorentz gauge, (V - A = —uoeo%—‘;), is a
common choice to simplify the wave equation when describing electromagnetic waves in free
space, or when the charge and current densities are well-defined [9]. Therefore, in the Lorentz
gauge, vector potential follows a wave equation similar to that of electric and magnetic fields.

VA — ——— =0 (1.4)



The above equation can be simplified further by separating the time and spatial dependencies.
This can be achieved by approximating the time dependence in the form of sinusoidal waves or
in complex form as A(r,t) = A(r) exp(iwt) where w is the angular frequency of the oscillating
field. Therefore, the above equation becomes

(VP+E)A(r) =0 (1.5)

Here, k is the wavevector, satisfying k = . This equation is known as the Helmholtz equation,
and a general solution to this differential equation can be expressed in terms of the plane wave
solution: A(r) = upe ™Tn, where ug is the field amplitude, k is the wavevector in the direction
of wave propagation, and the unit vector n defines the direction of polarization. Plane waves
are mathematical constructs and do not represent physically realizable solutions. The Fourier
transform of a plane wave yields a delta function in k-space (Fourier space), which corresponds
to a beam with a singular, perfectly defined wave vector and no spread in Fourier space. This
reflects the infinite spatial extent and constant amplitude of a plane wave over an infinite
volume, which is nonphysical.

Generally, for laser beams, electromagnetic fields spread slowly in the transverse direction
and predominantly propagate along a single direction. Consequently, the paraxial approxima-
tion can be applied to the Helmholtz equation. In this approximation, the wave is assumed to
travel primarily in one direction with only a small angular deviation. In Fourier space (k-space),

ki*’“i) This

2%?
indicates that the k-vector is nearly parallel to the z-axis, with k, > k, and k,. As a result,
a complex-valued amplitude envelope modulates the plane wave traveling in the propagation
direction, represented by an exponential factor as

this is reflected in the approximation k. = \/k? — k2 — k2, simplified as k (1 —

A(r,t) = u(r)e i k==wtp (1.6)

The paraxial approximation holds under the assumption that the second derivative of the

. . . . 92w ou . .
amplitude function u changes gradually with respect to z, i.e. ‘W) < |k&‘ which is also
known as the slowly varying amplitude approximation[?]. Substituting Eq.1.6 into Helmolt’z

equation 1.5 and neglecting the second derivative term with respect to z from the Laplacian,
we get

0*u  0%*u Ou

@ —+ 8_y2 — 2@]€$ = 0
Viu — Qik% =0 (1.7)

where transverse Laplacian is given as V2 = 9?/02? + 9? /0y*.

The solution to the above equation, with the complex amplitude function u(r) = u(x,y, 2),
can be calculated in various coordinate systems, such as cylindrical and spherical coordinates.



This leads to the well-known higher-order modes, such as the Laguerre-Gaussian and Bessel
modes, in addition to the standard Gaussian mode. These higher-order modes are discussed in
subsequent sections.

1.2.1 Helical light carrying linear and angular momentum

This section demonstrates that linearly polarized light can acquire orbital angular momentum
(OAM) by introducing an azimuthal phase term in the vector potential. Additionally, beams
with a helical wavefront are shown to carry an OAM value of [h per photon. The following
derivation is based on the theory published by L. Allen [6].

The spatial component of the vector potential (Eq.1.6) for linearly polarized light along the
x-direction can be expressed as

A =u(z,y, z) exp(ikz)x (1.8)

Using the standard identities E = —VV — %—? and B = V x A, where the scalar potential V' is
substituted from the Lorentz gauge as V = ——V - A [9], the electric and magnetic fields are
given as

WHOED

ou .
E =1 2 - U | ikz
w [ux—i—zkaxz} e

(1.9)

du ,
B =ik |ug + i—2| e
{ YT Ry }
From these field equations, the averaged momentum density g = ¢o(E X B) can be evaluated.
Additionally, the momentum density can be expressed in a gradient form by adding a term
Ou/0z of order zero, given by

g =co(E x B) = % (E* x B) + (E x B*)] = iw% (WY — ' Vu) + wkeolu[22 (1.10)

In the above expression, the amplitude function u(x,y, z) is considered in Cartesian coordi-
nates. However, the expression remains valid when transformed into cylindrical or spherical
coordinate systems. Considering the amplitude function in cylindrical coordinates u(r, ¢, 2)
with an azimuthally varying phase dependence exp(il¢), given as

u(r, ¢, z) = up(r, z) exp(ilg) (1.11)



As previously stated, the goal is to demonstrate that the exponential phase term, with
explicit [ dependence, produces a beam carrying OAM of [h per photon. Substituting the
above equation into Eq.(1.10) (with the gradient considered in cylindrical coordinates), the
azimuthal (¢) component of the momentum density is given by

gs = co(E x B)y = gowl|ul?/r (1.12)

The angular momentum (j,) can be readily calculated from the linear momentum density
as j, = r X gy, resulting in the magnitude j, = eowl|u|?. Also, the energy density (w) can be
calculated using w = c- g, = c-go(E x B), = eqw?|u|?. By integrating j. and w over the beam
cross-section, the ratio of angular momentum to energy per unit length can be defined as

L. [[rdrdo(rx(ExB)). [[rdrdeeuwlul> 5l 13
w c[[rdrd¢(E x B), _ffrdrd¢50w2|u|2_a (1.13)

This result is significant because it demonstrates that a linearly polarized beam with an az-
imuthal phase dependence of the form exp(il¢) possesses OAM of [h per photon, independent
of the polarization (SAM) of the light. For an elliptically polarized beam, the vector potential
in Eq.(1.8) can be written as A = (az + fy)u(z,y, 2) exp(ikz), where a and (3 are the weights
of the electric field in the x- and y-directions. Therefore, for elliptical polarization, the ratio of
total angular momentum to energy becomes (using Eq.1.10)

L, h(l+o0)

— =" 1.14

W " (1.14)
where 0 = i (af* — a*f3) = %1 represents right-handed or left-handed circularly polarized light,
and 0 for linearly polarized light. This expression shows that the beam consists of photons with

an OAM of [h and a SAM of oh.

The above results are valid only under the paraxial approximation. For non-paraxial beams,
the separation of total angular momentum into OAM and SAM components is considered to be
nonphysical [10, 1 1], as it violates gauge invariance. In fact, the results derived by L. Allen et al.
for non-paraxial beams [] show that the ratio of total angular momentum to energy includes an
additional correction term compared to the paraxial results in Eq.(1.14). This correction term
depends on o; thus, for circularly polarized beams, it is not possible to separate the total angular
momentum into distinct OAM (Ih) and SAM (oh) components. However, for linearly polarized
beams (o = 0), the correction term vanishes, and the beam possesses only the OAM component,
as described by Eq.(1.14). Therefore, in both the paraxial and non-paraxial regimes, linearly
polarized light can possess distinct OAM components.

From a historical standpoint, it was also shown that only the transverse component of the
total angular momentum can be separated into gauge-invariant components of SAM and OAM
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[12], which are physically measurable quantities [13], given as
J =L, +8S,,

where

S = ao/EL x A d*r, L= 602/Ei(r x V)A' d*r. (1.15)

In conclusion, irrespective of the theoretical and physical interpretations, a light beam can
carry both the OAM and SAM. The following sections provide a more detailed discussion of
the SAM and OAM associated with light beams.

1.3 Spin Angular Momentum - The light polarization

For transverse electromagnetic fields, polarization refers to the direction of the electric field
vector, which oscillates perpendicular to the direction of propagation. In a plane wave solution
to the paraxial wave equation, the resulting wave is linearly polarized in the arbitrary direction
2. Two such waves polarized in orthogonal directions can be expressed as

E1 — Elezkz—zwtﬁg

]_32 — Ezezkz—zwt@

where F; and E5 are complex field amplitudes. The linear combination of these fields results
in a homogeneous plane wave, given by

E(z,t) = (2F, + §L,) ekt

The amplitude and phase relationship between E; and F, determines the polarization state of
the beam. In matrix notation, the above equation can be expanded as

E(z,t) = Ege™* ! { giwy ] = Fyelkowieivn [ B(ZM’ ] (1.16)
where a and 3 represent the weighting factors such that o + 5% = 1, while ¢, and ¢, denote
the respective phases associated with the x and y components of the electric field. The relative
phase difference between two beams is given by ¢ = ¢, — ¢,. For linearly polarized light, both
fields have the same phase, such that ¢ = 0. If the relative phase difference ¢ is between 0 and
7 /2, the light is elliptically polarized. For circularly polarized light, the weighting factors have
the same magnitude (o = f) and ¢ = +7/2, where + represents left-handed, and — represents
right-handed circularly polarized light.
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Polarization is often characterized in terms of Dirac notation, which also facilitates linear
vector operations. The two sets of linear polarizations, vertical |V) and horizontal |H), form a
basis set that fully spans a two-dimensional vector space from which the polarization of light
can be determined. Circular polarization can be expressed in this basis as |L) = \%(lH ) FilV))
for left circular polarization, and |R) = \%(!H ) —i|V)) for right circular polarization. Elliptical
polarization can also be defined as «|H) + i3|V). Another way to represent polarization is
through Jones calculus, which is expressed in terms of matrices. The advantage of using the
Jones matrix is that every optical element, such as polarizers and phase retarders, can be rep-
resented as matrices. Thus, the effect of optical elements on the incident light can be described
by matrix multiplication with the Jones vector, allowing for straightforward computation in
complex optical setups. For a linear polarization basis, Jones vectors are given by

|H>:(é),ﬂ/}:<(1)),foracircularbasisas |L>:\/L§(3>,|R>=\/L§(_1Z.>,and

|D) — |A) bases representing diagonal and anti-diagonal are given as |D) = \/Li ( L > A =

1
L1
2\ -1 )

The polarization of light is also associated with the SAM of light. This can be understood
through the quantum theory of light, which treats light as composed of energy particles called
photons. In a particle physics terminology, photons are bosons with integer spin (specifically,
spin-1 gauge bosons); thus, the polarization degree of freedom represents the ‘intrinsic’ spin of
these particles.

Classically, from Eq.(1.15), it can be shown that the SAM is +h for circularly polarized
light. The SAM of light, in terms of the transverse field components, is expressed as

€o
rad — - E* Ed 1.1
S d Yico X T ( 7)

The above formula is derived by substituting a monochromatic wave of frequency w in Eq.(1.15)

and applying the relationship E = —VV — 224 in the temporal gauge where V = 0. In the

ot
case of linear polarization, the electric field vector has the form E = %i, and its complex

conjugate remains unchanged as E* = E—%fﬁ Therefore, for linear polarization, E* x E evaluates

to 0, and thus SAM = 0. In the case of circularly polarized light, the electric field is given

by E = 5—%(@ + iy) (sign convention for left-handed circular polarization), and its complex
Eo

conjugate is B* = Z5(2 —ig). Hence, E* x E evaluates to i|E[*2Z. From Eq.(1.17), we obtain

€ A
Spad = ii E’zdr (1.18)
where £ represents the handedness of circularly polarized light. Similar to Eq.(1.13), the ratio
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of SAM to the energy density can be evaluated as

S. *h

W hw
This classical description is consistent with the quantization of angular momentum in quantum
optics. In the quantum mechanics analogy, the eigenvalue equation for the SAM operator acting

on the photon eigenstate |1)) is given by S.|¢) = ohli)), where o is +1 for circularly polarized
light.

1.4 Orbital angular momentum - Helical phase front

The orbital angular momentum (OAM) carried by light provides an additional degree of control
alongside SAM and is associated with the unique helical wavefront structure. Consequently,
such helical beams are often referred to as structured light beams. In terms of a particle
description, the helical wavefronts correspond to an OAM of [h per photon. This concept can
be further understood using a quantum mechanical analogy. For paraxial beams, the linear
momentum was derived in the form u*Vu — uVu* (Eq.1.10). This expression resembles the
probability current expression in quantum mechanics [11], given as

h * *
Jp(7)] = 2 [(0"Vp — oV
where ¢ is the particle wave function, and g is the mass of the particle. Using the above
equation, the eigenvalue of m;h for the angular momentum operator L, acting on eigenmode
¢ can be derived[l4]. Similarly, a helicity operator can be defined to act on the eigenmode
u, which represents the beam amplitude function in the paraxial equation (Eq.1.10). The
eigenvalue equation associated with the helicity operator yields an eigenvalue of (A per photon,
given as

A ., ou

L,|u) = 1h8gb = lh|u) (1.19)
Here, L. is not a quantum mechanical operator but rather is defined as a helicity operator,
which is derived by exploiting an analogy between the paraxial beam treatment and quantum
mechanics. Other quantum mechanical properties, such as the orthogonality and normalization
of the wave function, can similarly be extended to the beam amplitude function u. It is
important to note that the OAM and SAM operators do not behave like true quantum angular
momentum operators, as they neither commute nor generate standard orbital rotations[!13].
Nonetheless, both OAM and SAM are physically measurable properties of light beams|[13].
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Figure 1.2: Penrose stair: The artistic impression for the topological structure of Penrose
stairs. The image is reproduced from Shen et al. [15].

The helical wavefront structure of the OAM beams is dependent on the topological charge .
The topological charge arises due to the phase being undefined on the beam axis or around the
central spot of a closed loop. The wavefront structure for different [ values is shown in Fig.1.1.
Physically, the topology of the phase structure can be understood with an analogy of Penrose
stairs, shown in Fig.1.2 [I5]. In such an artistic illustration, the ascending and descending
stairs connect smoothly to their origin after a complete round trip. Even though this is merely
an artistic representation and impossible in real space, it can be realized in phase space. The
phase ¢ after completing a closed loop from 0 to 27l returns to the origin, giving rise to the
continuous smooth phase distributions.

1.5 Light modes with helical phase front

Light modes exhibiting helical wavefronts are solutions to the paraxial wave equation and are
classified as higher-order electromagnetic modes. Examples of such paraxial solutions include
Laguerre-Gaussian beams, Bessel beams, and Hyper-Geometric Gaussian beams. Among these
helical light modes, the Laguerre-Gaussian (LG) mode was utilized in the theoretical framework
of this research work. The LLG mode has been extended to include an asymmetry parameter,
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resulting in the asymmetric LG mode, and its longitudinal field component has also been
derived.

1.5.1 Laguerre-Gaussian Beams

The Laguerre-Gaussian (LG) mode set is one of the solutions to the paraxial wave equation.
This higher-order electromagnetic mode forms a complete orthogonal basis in which other parax-
ial beams can be decomposed. The amplitude of the LG mode is characterized by Laguerre-
Gaussian polynomials, as suggested by its name.

The LG mode field amplitude with azimuthal index [ and radial index p is given as

Figure 1.3: Laguerre-Gaussian beams with varying azimuthal index [ and radial index p.
The size of the central singularity increases with the higher OAM value

U 2 r2
we =gy (55) = () @) L,

exp (—z‘k: : )exp(—il¢)exp(i¢(z))

2R(z)

2
where w(z) is the beam waist as a function of z, given by w(z) = wp/1 + 5—22, with zp = 50
R
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as the Rayleigh range of the beam. Additionally, R(z) = z (1 + i—%) represents the radius of
curvature of the wavefronts, and Lﬁ, are the generalized Laguerre polynomials, with L = 1.
The ¢(z) = (N + 1)arctan (i) is the Gouy phase with an additional phase difference of

(2p+ |¢]+1) in comparison to Gaussian beam, and is acquired as the beam propagates through
the focal region. Additionally, Ej is the normalization constant ( 0% do [° rdrlu(r, ¢, 2)|* = 1),
given as

2p!
m(p+ |1])!

here, the index [ is the azimuthal phase index yielding OAM of A per photon, and p characterizes
the radial node of the LG mode. The effect of the radial node is that the transverse intensity
profile of the beam has p dark nodal rings in addition to the central phase singularity. The
intensity profiles of the few LG modes with varying [ and p indices are shown in Fig.1.1.

by =

The LG mode profile, described by Eq.(1.20), can also be expressed in Cartesian coordinates.
The cartesian coordinate system is often used to describe asymmetric LG modes. The following
section provides a detailed discussion of the asymmetrical mode.

1.5.2 Asymmetrical Laguerre-Gaussian beams - beyond paraxial

The intensity cross-section of the LG beam profile is radially symmetric with respect to the
optical axis of the beam. An additional parameter, §, was incorporated to introduce controlled
asymmetry. This parameter allows the phase singularity to shift within the beam cross-section,
resulting in an asymmetric Laguerre-Gaussian (aLG) beam. Consequently, the wavefront of the
originally symmetric LG beam also becomes asymmetric. Figure 1.4 shows the corresponding
phase and intensity pattern of the aLLG beams.

The motivation for introducing asymmetry in the helical beams stems from the fact that
breaking symmetry offers an additional degree of control for investigating the matter. Examples
of symmetry violations leading to a deeper insight into physical interactions are well-known in
particle physics, such as CPT violation. Similarly, in our research, introducing asymmetry in
the beam enabled us to observe intrinsic dichroism in amorphous solids, achiral liquids, and
metasurfaces.

The aL.G beams were derived following the approach by Cerjan et al. [16], where full-field LG
mode solutions were obtained using the angular spectrum method. The paraxial terms were
derived from the full field components by neglecting the higher-order terms. The resultant
paraxial components consist of a finite longitudinal component. Therefore, this solution was as
termed the ‘correction to the paraxial regime.” The longitudinal component was considered to
take into account its linear dependence on [ and finite OAM contribution. Recent works have
emphasized the crucial role of the longitudinal component in the light-matter interaction. For
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Figure 1.4: Asymmetrical Laguerre-Gaussian beams. Simulated intensity profiles of
asymmetric OAM beams, along with the 2D phase pattern, obtained at different positions
of the singularity.

example, helical light with a finite longitudinal component was used to probe the handedness of
chiral nanoparticle aggregates [17]. In addition, the contribution of the longitudinal component
becomes consequential when light is tightly focused (with a high NA objective).

The radial amplitude function u(r, ¢, z) (Eq.1.20), at beam waist (w(z) = wy), was trans-
formed to Cartesian coordinates and the [-dependent term was expanded as a complex function
with 7!/l exp(il¢) = x & 4y. The phase singularity was displaced by introducing the asymmetry
parameter 0 as x Find and y F i(d, where 1 and ( are parameters that enabled the rotation of
the singularity in the x-y plane. The LG mode amplitude (Eq.1.20) in the case of aLG beams
can be written as

e it iC&))) I - (_M) 710 (2_/)2>

Wo

ut(x,y, 2) = Eyexplikz] (
(1.21)

To derive the longitudinal (F,) component, fields with arbitrary polarization were considered
and expressed as

Applying the first Maxwell’s equation (V - D = 0), we get
Eo(r,0.2) = 0t - (ol 5, 2) + Bt (o, 2) (1.23)
2T, Y, = —O‘zkax Up\T, Y, 2 Zk@y U\ T, Y, =2 .
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The longitudinal component E, can be derived by substituting Eq.(1.21) into the above
equation, which is given below (Eq.1.24). However, this longitudinal component is only an
approximate solution and is not completely accurate. This is because the full set of paraxial
beams is not the exact solution of complete Maxwell’s equations, and using the first Maxwell
equation in the derivation is itself an approximation. Nonetheless, the resultant field is square-
integrable, and the ratio of the total angular momentum flux with the energy flux reproduces
results similar to those derived in Eq.(1.14) and matches the original results of L. Allen et al.[5].
The field components of the alLG in the context of paraxial corrections are detailed as follows:

o (2, y, 2)
E:t(l’,y, Z) = ﬁug(xvyv Z)

Hwo((zFind)Fi iCo
if [(a i) el U o (1, 2) = 2 (ale) + Bly) u (2,9, 2)]

—BLuy(z,y,2)

B*(z,y,2) = akug(z,y, 2)

wo ( iC0)ti(xFind
ifE [(o 2 i) UnelQmCOITinn) ey 2) — 2 (a(y) — B(a)) ui (2.3, 2)

(1.25)

where k represents the wave vector of the beam, w is the laser frequency, f = /27wy, and

= /x?+y? The =+ represents the handedness or rotational direction of [, i.e., OAM,
and p is the radial node. The « and S represents the normalized polarization factors such
that |a|® + |8)*> = 1. The normalization constant Ej for asymmetric beams was obtained by
integrating the intensity overall space (i.e., 0o to + o0), for (I = 1) it is given as:

2k%w
Ey = : 1.2
° \/W(oﬂ+62)(2w8+k2w§+2(<2+n2)52(1+k2w§)) 20

This discussion concludes the theoretical background on the origin of the OAM of light, the
paraxial approximation for the helical light modes, and the description of the asymmetric
Laguerre-Gaussian mode. The following section discusses various experimental techniques used
to generate helical-phased beams.
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1.6 Generating helical light beams

Several techniques for generating helical light beams are discussed in this section. In our
research, the g-plate device was used to generate the unique asymmetrical helical light beams,
which is also discussed in detail.

1.6.1 Diffractive optical elements

The diffractive optical elements can be readily designed to mimic any desired refractive element.
Such elements have been a popular choice for producing helical beams. When a Gaussian beam
is incident on the “forked diffraction grating”, the helically phased beam is produced as the
first diffraction order. This unique forked diffraction grating is generated by the interference of
a planar wavefront beam, ¢, = e***, with the beam having a helical wavefront v, = €. The
interference of these two beams is directly proportional to the following transfer function [18]:

H = |y + o] = ™ + eiw|2 = 2[1 + cos(kz — 16)]

Fig.1.5 shows the simulated and experimentally produced interference patterns. The two pat-
terns are in good agreement. The interference pattern is distinctly characterized by a forked

b

Simulated Experimental

Figure 1.5: Forked interference pattern generated upon the superposition of beams with
planar and helical wavefronts. (a) shows simulated forked grating. For comparison, experimen-
tally obtained superposition is shown in (b), where the red circle highlights the forked part.

structure, which splits proportionally to the [-index of the interfering beam. When such a
diffraction grating is illuminated by the Gaussian beam ¢g = e~"/*", the resulting far-field
diffraction pattern can be computed as the Fourier transform of the product ¥gH, where H
is the transfer function and ¢ is the input radial distribution function. Thus, the diffracted
beam in the far field is given by
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I = F[baH] = F |e 0/ |eihes 4 im0’ (1.27)

The Fourier transform of )¢ H, representing the diffraction of Gaussian beam by the forked
grating structure, is shown in the following Fig.1.6.

Figure 1.6: Diffraction via forked rating. The figure shows the diffraction of incident
Gaussian light with a planar wavefront, equivalent to the Fourier transform of ¥¢H (Eq.1.27),
resulting in a central Gaussian beam with two adjacent first-order OAM beams (I = 1 and
[ = —1) with helical phase fronts. Part of this image is reproduced from Alicia et al.[l5]

Here, the diffraction results in a central Gaussian beam (zeroth-order, n = 0) and two ad-
jacent first-order helical beams corresponding to opposite handedness of the helical wavefronts,
with [ = 1 and [ = —1, respectively. Thus, the resulting output effectively forms holograms
of the input optical components and, therefore, is often referred to as ‘computer-generated
holograms’ (CGHs). These holograms eliminate the need for costly grating fabrication and can

be easily programmed onto pixellated liquid crystal devices such as spatial light modulators
(SLMs).

1.6.2 Spiral-phase plate

Helical light modes can also be generated using a refractive optical element, such as a spiral
phase plate (SPP). A schematic of the SPP is shown in Fig. 1.7. The SPP resembles a rotating
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staircase, where the thickness of the dielectric material increases around the azimuthal angle.
The height of each dielectric step is given by [19]

h=e\0/ 27 (n — ng)]

where [ is the topological charge (OAM of [h) of the resultant beam, ng is the refractive

Spiral phase plate

Figure 1.7: Spiral phase plate(SPP). Working principle of an ideal SPP element. An incident
optical wavefront undergoes azimuthal phase delay while maintaining the direction of the optical
axis. This figure is reproduced from [19].

index of the surrounding medium, n is the refractive index of the dielectric material, X is the
wavelength of the incident beam, and 6 is the azimuthal angle. When a light beam with a planar
wavefront propagates through the SPP, it acquires an additional phase due to the increasing
spiral thickness in the azimuth direction. This azimuth-dependent phase results in a beam
with a helical wavefront structure, which is characterized by a topological charge [. SPPs are
advantageous for their high conversion efficiency, making them ideal for high-power laser beams.
However, they are limited to producing a single mode and require highly precise fabrication.

1.6.3 Q-plate

Several methods for wavefront reshaping using refractive and diffractive optical elements have
been discussed. However, the primary focus here is on an optical method that employs the
concept of Pancharatnam—Berry (PB) phases to generate helical wavefronts [20, 21]. The PB
phase refers to the phase shift that arises when the local polarization state of light traces a
closed loop on the Poincaré sphere (a geometric representation of polarization states) [22].
Upon completing the closed loop, the final polarization state differs from the initial state by a
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phase factor or the PB phase[20, 23, 24]. Optical devices that utilize this principle are known
as Q-plates and were first introduced in 2006 [25, 20].

A g-plate is a liquid crystal (LC)-based optical device with a specific azimuthal arrange-
ment of the LC molecular director around a central point. The following section discusses the
experimental and technological advantages of a g-plate compared to other methods.

(a) N
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Figure 1.8: Q-plate consisting of different optical layers, including liquid crystals, is shown
in image (a), and image (b) displays a real device through a crossed-polarizer. The image is
reproduced from Rubano et al.[20].

1.6.3.1 Key advantages of Q-plate

Q-plates offer several experimental, technological, and practical advantages over alternative
optical devices. In our experiments, helical light beams were generated using the g-plates. The
key advantages are as follows[20]

e Conversion efficiency: The practical utility of any wavefront-shaping device largely
depends on its ability to convert incident light efficiently. With an average conversion
efficiency of over > 97%, g-plates are notably efficient for practical applications.

e Robust optics: A Q-plate is a portable LC-based optical device that is both compact
and stable during continuous use. Its conversion efficiency decreases very slowly over time
and requires minimal maintenance.

e Experimental: A g-plate offers an advantage over reflective optics by operating in a
transmission geometry, which is easier to implement experimentally. Depending on the
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application, these devices can be custom-designed for broadband frequencies and ultrafast
lasers. Additionally, like any transmission-based optic, the effect of the g-plate on the
incident beam can be quantified using the Jones matrix formalism[27].

e Electrical tuning and superposition: A g-plate can be electrically tuned to achieve
either optimal conversion efficiency or controlled partial OAM conversion. In a transmis-
sion geometry, multiple g-plates can be arranged sequentially (cascaded). When coupled
with electrical tuning, cascading enables the coherent superposition of SAM and OAM
states without the need for complex interferometric setups.

e Controlled asymmetry: A Q-plate is a thin LC cell that can easily be mounted on a
2-D translation stage. By calibrating the translation of the stage with the phase singu-
larity, controlled asymmetry can be introduced into the beam profiles. In our research,
asymmetrical helical beams were generated using this 2-D translation stage.

1.6.3.2 Structure and working principle of Q-plates

The g-plate comprises a thin LC cell sandwiched between glass plates with azimuthally pat-
terned coatings, as shown in Fig. 1.8a. The orientation of liquid crystals (LCs) is typically
characterized by a unit vector n, called molecular director, which represents an average local ori-
entation of the anisotropic LCs. Unlike standard LC cells, the molecular director n in g-plates
is oriented in a specific azimuthal pattern in the cell plane around the central point (origin).
Mathematically, the angle between the direction of n and the reference axis is expressed in
terms of the angle o as

a(¢) = qp + ap.

where ¢ is the azimuthal angle, g represents the topological charge, with [ = +2¢ (corresponding
to an OAM of [k per photon), and aq is the initial angle of the LC director. The physical
interpretation of this equation is that for any circular path centered at the origin, the LC
director n undergoes ¢ complete rotations around itself, where ¢ can be negative depending on
the molecular director’s rotation direction. Since q is related to the rotation of n, it can also take
half-integer values. To align the LC molecules along the specific azimuthal pattern, the coating
layer of the LC cells is etched accordingly prior to introducing the LCs. The most common
method for achieving this etching pattern is through the photo-alignment of dye molecules in
the coating layers, which is discussed in the following section.

Another key characteristic of g-plates is their ability to be electrically tuned, enabling precise
control over the phase conversion of incident light. This tunability is governed by the parameter
0, which represents the total birefringent phase retardation of the LC film. Typically, the phase
retardation of any thin LC film is a function of its thickness. However, the alignment of L.C
molecular directors can also be modulated by an applied electric field, resulting in controlled
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phase retardation. This property facilitates the electrical modulation of the g-plate, allowing
it to be switched on and off with minimal adjustment to other system parameters.

The effect of a g-plate on the incident beam can be described by the unitary operator U.
When a beam with defined SAM (o ) and topological charge (¢) is incident on the g-plate, the
portion of the beam is modulated by a factor of sin?(§/2). This fraction of the beam undergoes a
conversion, reversing its SAM and altering its OAM by a factor of +2¢. The remaining portion
of the beam (unconverted photons) retains its initial SAM and OAM states, modulated by a
factor of cos?(6/2). In bra-ket notation, the unitary operator U acts on the incident beams with
left-handed (SAM o = +1) and right-handed (SAM ¢ = —1) circular polarization as follows

U|L) = cos(6/2)|L) + isin(6/2)|R)et2e(@)

1.28
U|R) = cos(6/2)|R) + isin(§/2)|L)e~2(®) 129
Optimal conversion of all input photons is achieved when the phase retardation is adjusted
to § = m. At this setting, the output acquires a helical phase of +2a(¢) = £2 (¢¢ + ap), and all
input photons are converted from right- to left-handed circular polarization (and vice versa).
Under these conditions, the first term vanishes (see Eq.1.28), enabling full conversion. When
a tuned g-plate (0 = m) with ¢ = 1 is used, the total angular momentum (SAM + OAM)
of the photons remains constant, allowing the change in the photon’s SAM to be completely
transferred to its OAM [20]. Thus, g-plates are often referred to as SAM-to-OAM conversion
optics. This process is schematically shown in the Fig.1.9. When a linearly polarized beam
is incident on a perfectly tuned g-plate, the output is a superposition of SAM and OAM
eigenmodes. This occurs because linear polarization can be decomposed into a combination of
|L) and |R) states. Consequently, the output beam is a superposition of |L) and |R) states,
each with opposite OAM states, as described by Eq.1.28. Such beams are known as vector
vortex beams (VVBs), characterized by non-uniform transverse polarization patterns, which
have attracted increasing interest across various research fields[28, 29, 30]. These beams were
pivotal for achieving sub-wavelength positional resolution in the phase-based laser ablation
method, as discussed in Chapter 7.

The fabrication process of the g-plate is briefly discussed in the following section. For all of
our experiments, the g-plates were fabricated and provided to us by our collaborator, Professor
Ebrahim Karimi’s group.

Q-plate fabrication
This section focuses on the commonly used photo-alignment technique for fabricating g-plates

[26]. This technique enables the production of g-plates with both integer and half-integer values
of ¢, although the maximum absolute value of |¢| is constrained by experimental protocols and
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Figure 1.9: Working principle of the g-plate This image shows the optimally tuned g-plate
(0 = ), leading to the full SAM to OAM conversion. This image is reproduced from[2(]

technological limitations. A simplified schematic of the photo-alignment process is shown in
Fig.1.10.

cell

Figure 1.10: Simplified photo-alignment setup. The incident light polarization and the
liquid crystal cell are both rotated with different angular velocities, as shown. This image is
reproduced from[20]

As previously mentioned, the g-plate typically consists of LCs enclosed between glass plates
coated with a specific material. In this method, two glass plates coated with indium-tin-oxide
(ITO) are used due to ITO’s well-known electrical conductivity and transparency. Prior to
introducing the LC between these ITO-coated plates, each glass surface is spin-coated with a
photosensitive azo dye. The birefringence of the LC cell depends on the cell’s thickness; thus,
to ensure precise and uniform thickness, dielectric micro-spacers are placed between the glass
plates before they are glued together. This process results in an empty LC cell that remains
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open on two sides.

In the next step, a specific azimuthal pattern is inscribed onto the photosensitive dye by ex-
posing it to near UV light. The alignment of the azo-dye is dependent on the input polarization
and tends to reorient perpendicular to the polarization direction. The input laser polarization
is precisely controlled using a combination of a half-wave plate and a polarizer. This polarized
light is focused through a cylindrical lens to create a line focus, illuminating only a narrow an-
gular section of the empty cell. For detailed patterning, a half-wave plate, a polarizer, and the
sample are systematically rotated using motorized mounts that can be remotely controlled. The
desired pattern is achieved by adjusting the rotational ratios of these motors. After exposure,
LCs are introduced between the plates, which are then sealed on the open sides. Copper wires
are attached to the ITO coatings post-sealing, allowing complete control over the birefringent
phase retardation 0 through external AC voltages, thus enabling the electrical tuning capability
of the g-plate.
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Chapter 2

Helical light-matter interaction

2.1 Introduction

In the previous chapter, it was established that light waves carry energy and angular momentum,
specifically spin angular momentum (SAM) - associated with polarization, and orbital angular
momentum (OAM) - associated with the helical wavefront. The interaction of helical beams
with matter involves an intrinsic exchange of momentum, a fundamental aspect of light-matter
interaction [1]. This momentum transfer gives rise to radiation and gradient forces, resulting
in polarization- and phase-dependent effects [2, 3]. In fact, the transfer of SAM to matter,
resulting in the generation of mechanical torque, was investigated over 70 years ago [1]. The
macroscopic transfer of OAM (and SAM) has also been demonstrated in optical tweezers,
where trapped particles initiated rotation according to the total angular momentum of light
(SAM+OAM)[1, 5]. These findings also serve as experimental proof that light can carry OAM
independent of SAM, in accordance with the theoretical predictions (see Chapter 1).

The influence of SAM in probing electron transitions has been extensively studied, resulting
in various effects such as optical rotation (OR) [0], circular dichroism (CD), and photoelectron
circular dichroism (PECD). CD refers to circular polarization-dependent differential absorption
of light [7], while PECD involves polarization-dependent differential photo-ionization of elec-
trons [3]. In CD, electronic transitions are facilitated by the coupling of electric dipoles and
magnetic dipoles [7, 9], whereas in PECD, they are mostly governed by electric dipole-dominant
transitions [, 10]. In all of these techniques, circular polarization (SAM) is utilized as a chiral
probe. Chirality is a property of asymmetry, where a system is considered chiral if it cannot
be superimposed on its mirror image. Chiral probes are required to investigate materials that
lack specific symmetries, such as mirror planes (o), improper rotations (S,), and centers of
inversion (7). Materials exhibiting these broken symmetries are classified as chiral materials
[L1]. In contrast, isotropic materials such as symmetric achiral molecules and amorphous solids
are indifferent to the handedness of circular polarization and do not exhibit any of the afore-
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Helical light-matter interaction

mentioned phenomena. Thus, both the symmetry of the material and the properties of light
govern light-matter interactions, as a chiral probe is needed to investigate the chiral materials.

The twisting wavefront of the helical beams can also serve as a chiral probe to study electron
transitions, an alternative to utilizing polarization as a probe. The advantage of using phase is
that the associated OAM ({A per photon) is not limited, as the azimuthal index [ is theoretically
unbounded, while SAM can only take two defined values (¢ = +1h). However, early studies
were not successful in demonstrating the efficacy of using a helical phase front as a chiral
probe. These studies were mostly limited to the linear absorption regime [12, 13] and focused
solely on the coupling of the electric and magnetic dipole transition moments (E1M1 coupling
term), inspired by the CD phenomenon. Recently, several theoretical studies concluded that the
helical phase-based dichroism can only be observed in chiral molecules [14] and ordered solid-
state media [15]. Additionally, they concluded that the combination of both SAM and OAM is
required to observe such effects. Experimentally, the helical phase was recently demonstrated
as a chiral probe to study powdered chiral molecular media [16], chiral metasurfaces [17], and
chiral molecules adsorbed onto the plasmonic nanoparticle aggregates [18]. These materials
exhibited helical dichroism (HD), which is defined as differential absorption of left- and right-
handed helical light, analogous to CD.

Most of the previous studies were limited to investigating chiral media primarily in the
linear absorption regime, often using nanoparticles and explicit chiral geometries as external
intermediaries. These studies concluded that the HD vanishes in the case of randomly oriented
achiral molecules and amorphous solids. The reason for the vanishing of the HD signal was that
these studies focused only on the E1IM1 coupling term and employed symmetric helical beams.
In addition, due to the isotropic averaging in the randomly orientated molecules, they often
neglected the contribution of the coupled electric dipole-quadrupole transition moment (E1E2)
to the overall electron transition rate. Therefore, there is a need for a comprehensive helical
light-matter interaction model focusing on the role of the OAM of light in investigating different
phases of matter. In addition, the proposed model should investigate phase-based electronic
transitions in both linear and nonlinear regimes and address the following questions: (1) Do
chiral molecules and chiral crystalline solids exhibit phase-based differential absorption without
the use of any external intermediary? (2) Can the phase of light be used to study unoriented
achiral molecules and amorphous solids? and (3) If these effects exist, then in which interaction
regime are they observed?

In this chapter, theoretical models describing the helical light-matter interaction in linear
and nonlinear interaction regimes are presented. These models predict that both chiral and
achiral molecules exhibit phase-dependent HD effects. Moreover, helical dichroism is not only
limited to the molecular case; crystalline and amorphous solids also exhibit phase-dependent
preferential absorption. The presence of dichroism in isotropic amorphous solids and unoriented
achiral molecules challenges the conventional wisdom, as these materials exhibit no preferential
response when studied with polarization as a probe. Furthermore, the simulated outcomes of
the discussed models were in qualitative agreement with the experimental results (see Chapters
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3to 7).

The following section discusses different material symmetries in the case of molecules and
solids. In Section 2.3, the single photon transition rate is derived considering the multipole
transition moments within the framework of time-dependent perturbation theory. The results
are verified by deriving the energy absorption rate (which is proportional to the single photon
transition rate) via the induced multipoles in Appendix A. In Subsection 2.3.1, the origin of
CD in chiral systems is discussed, and the origin of the HD in both isotropic achiral and chiral
molecules, including enantiomeric solutions, is discussed in Subsection 2.3.2. In Section 2.4, the
electronic transitions in the case of a nonlinear regime, including different possible mechanisms
(based on the incident energy), are discussed. First, the multiphoton transition rate based
on the perturbation theory is derived, followed by the intermediate nonlinear regime between
multiphoton and strong field tunneling transitions, defined as multiphoton-assisted tunneling
(MPAT). This intermediate regime is responsible for the phenomenon of HD in amorphous
solids. The experimental methods and techniques are discussed in Section 2.5.

2.2 Material symmetry in different phases of matter

The response of matter to the applied electromagnetic fields is influenced by the symmetry of
the material. Symmetry plays a key role in determining the optical, chemical, electronic, and
physical properties of atoms, molecules, and solids. In solids, symmetry is described by the
arrangement of atoms or molecules within the crystal lattice, typically classified using space
groups. In molecules, symmetry refers to the spatial arrangement of atoms and is described by
point groups. Molecules exhibit various symmetry elements, such as rotation axes (C,,), mirror
planes (), inversion centers (¢), and improper rotation axes (S,). These symmetry elements are
essential for determining chemical properties, such as molecular chirality, optical activity, and
other properties. The distinction between chiral and achiral molecules is particularly important,
as it affects their interactions with electromagnetic fields and other molecules.

Achiral molecules are characterized by their property of being superimposable to their
mirror images, which results from the presence of a mirror plane (o) symmetry element. In
addition to mirror symmetry, achiral molecules can also exhibit other symmetry elements,
such as an inversion center (i), rotation axes (C,), and improper rotation axes (S,). For
example, Fig.2.1 shows the achiral methane molecule (C'H,) and its mirror image, which is
superimposable with each other. Methane molecules possess six mirror planes, inversion, and
several axes of rotational symmetry, including four C's axes and three Cy axes. The (5 axes
allow rotation by 120° degrees (360°/3), and the C5 axes allow rotation by 180° ( 360°/2), both
of which restore the molecule to a configuration indistinguishable from its original state. It
also exhibits improper rotation Sg axes (60° rotation followed by a reflection through a plane
perpendicular to the axis).
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Achiral molecule - Cha (

Figure 2.1: Achiral molecule. The mirror image of the achiral tetrahedral methane molecule
(CHy) is shown. The molecule is superimposable on its mirror image.

In terms of light-matter interaction, when the polarization of light is used as a probe, these
molecules do not exhibit optical activity (no net rotation of the plane of polarization). Thus,
they are indifferent to the incident light polarization, and no polarization-based dichroism effects
are observed.

Chiral molecules lack the symmetry elements found in achiral molecules, such as mirror
planes or centers of inversion. A molecule is considered chiral when it is non-superimposable
on its mirror image and does not possess any plane of symmetry. Enantiomers are pairs of
molecules that are mirror images of each other but cannot be superimposed, exhibiting oppo-
site chirality (as shown in Fig.2.2). Despite their mirror-image structures, enantiomers have
identical physical and chemical properties when analyzed in achiral environments. Such enan-
tiomers can only be discerned in chiral environments or when the probe is chiral in nature. The
circular polarization of light serves as a chiral probe to differentiate enantiomers. When illumi-
nated with left- or right-handed circularly polarized light, enantiomer pairs exhibit differential
absorption, resulting in circular dichroism (see Sec. 2.3).

Differentiating enantiomers is crucial for applications such as drug development, where a
molecule’s chirality can significantly influence its biological effectiveness. Enantiomers of a
chiral drug may exhibit different biological activities; one enantiomer may be therapeutic,
while the other could be inert or even harmful. The thalidomide drug, introduced in the late
1950s, serves as a powerful example of the significance of chirality in pharmaceuticals and
its profound implications for drug safety. Thalidomide exists in two enantiomeric forms: R-
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R-enantiomer S-enantiomer

Figure 2.2: Chiral molecule. The mirror image of a chiral generic amino acid molecule and the
original molecule, which are non-superimposable, are called enantiomers. They are identified
by their R~ or S- configurations, indicating their handedness

thalidomide, which has effective sedative properties, and S-thalidomide, which is teratogenic
and causes developmental abnormalities. Initially marketed as a sedative to treat morning
sickness in pregnant women, thalidomide led to one of the most infamous drug disasters in
history, resulting in severe birth defects due to the presence of the harmful S-enantiomer.

Mathematically, the parity operator, P, can be used to describe chiral molecules. The
parity operator transforms a point r in space to —r. In quantum mechanics, this opera-
tor describes how the spatial configuration of a molecule changes under coordinate inversion,
(x,y,2) = (—x, —y, —z). The eigenvalues of the parity operator are £1, corresponding to even:
Vi(z,y,2) =y (—x,—y,—2), and odd: V_(z,y, 2) = —¢_(—x, —y, —z) wavefunctions, respec-
tively. When the parity operator is applied to a chiral molecule’s wavefunction, it produces a
wavefunction that corresponds to its mirror image, essentially generating the enantiomer.

Py =g,

Furthermore, in the case of the stationary state solution of the molecular Schrodinger equation,
each enantiomer can be associated with symmetric and antisymmetric wavefunctions for their
ground energy states. For example, the R-enantiomer can be assigned the symmetric ground
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state U9 = \/Li (¢% + ¢?), while the antisymmetric ¥4, = \/Li (¢9 — %) can be assigned to the
S-enantiomer, where W, (¥_) is even (odd) under parity. This assignment can be justified as a
consequence of slight asymmetry in the molecular potential and is considered a parity violation

argument [19, 20]. Applying the parity operator to such states results in
PUf =P (5 +0)) = = —09) = o8 2.1)
s \/5 + - \/5 + - as

Therefore, applying the parity operator recovers the opposite-handed enantiomer, demonstrat-
ing how both enantiomers are non-superimposable mirror images of each other.

Symmetry in solids

Crystalline Amorphous

Figure 2.3: 3-Dimensional structure of (a) Crystalline solids and (b) Amorphous solids . Crys-
talline solids are uniquely recognized by the presence of long-range order, whereas amorphous
solids lack such order.

Solids can be broadly classified into two categories based on the arrangement of atoms or
molecules within their crystal lattice: crystalline solids (c-solids) and amorphous solids (a-
solids). Figure 2.3 shows the 3-dimensional structure of a c-solid and a-solid.

Crystalline solids are characterized by their highly ordered structures, where atoms, ions,
or molecules are arranged in a three-dimensional lattice that repeats over a long-range or-
der. This long-range order gives rise to distinct directional-dependent (or crystal orientation-
dependent) physical and electrical properties. Crystalline structures can exhibit several sym-
metry elements, including rotational axes, mirror planes, and inversion centers. These elements
form the basis for classifying materials into one of the 230 distinct space groups, each defin-
ing a unique set of symmetry operations. For example, crystals that are non-centrosymmetric
(lacking an inversion center) are crucial for applications requiring nonlinear optical properties,
such as second-harmonic generation[21].
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C-solids can be further divided into chiral and achiral systems. In chiral c-solids, the entire
crystal lattice lacks a mirror symmetry or a center of inversion. Therefore, the lattice acts as
a chiral center. Consequently, crystals can exhibit chirality even if their constituent molecules
are achiral. A common example of a chiral c-solid is quartz, which can be left-handed or right-
handed, depending on the direction in which the helical chains of Si0O, spiral along the c-axis.
This is illustrated in Fig.2.4.

Figure 2.4: Chiral quartz structure. 3-dimensional helical chains of Si0, tetrahedral spiral
forming (a) left - (b) right- handed quartz structures. Here, red spheres represent the oxygen
atoms, and gray represents the silicon atom. This image is reproduced from [22]

Similar to molecules, chiral crystalline solids exhibit differential absorption of circularly po-
larized light, known as solid-state CD. However, the solid-state CD signal in these materials is
often obscured by linear birefringence and macroscopic anisotropies [23]. Consequently, distin-
guishing chiral crystals requires sophisticated techniques, further complicated by the need for
large, high-purity single crystals [21].

Amorphous solids: In contrast to their crystalline counterparts, amorphous solids (a-
solids) lack long-range order, with atoms or molecules arranged randomly (see Fig.2.3b). Con-
sequently, a-solids are isotropic, meaning their physical properties are identical in all directions
and independent of their orientation. The absence of translational and rotational symmetry also
means that amorphous solids do not exhibit differential absorption of polarized light, making
them optically indifferent to polarization as a probe. Despite their lack of symmetry in terms of
long-range order, a-solids are characterized by the presence of short- and medium-range order,
which preserves some degree of ordered structuring at small scales. In the amorphous glass,
this short- to medium-range order can extend up to 20 A [25, 26, 27].

The study of short- and medium-range order in a-solids is an active field of research [28], as
such order can result in phenomena typically observed in c-solids and influence other physical
properties. In fact, this small-scale order is responsible for the formation of delocalized valence
and conduction band energy states. In contrast, the long-range disorder in a-solids leads to the
development of band tail states between energy bands. The long-range disorder in amorphous
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solids also prevents all atoms from satisfying their bonding requirements, resulting in uncoor-
dinated bonds known as dangling bonds. These dangling bonds, which can carry positive or
negative charges, give rise to localized tail states that extend into the bandgap from below the
conduction band edge and above the valence band edge [29]. Additionally, neutral dangling
bonds, along with defects and impurities, contribute to the formation of localized states in the
middle of the bandgap [29]. The energy bands in a-solids with band tail states are shown in
Fig.2.5.

Conduction extended .:..."...

R states L
Dangling bond Eg \Band tail
state — _ states

Figure 2.5: Schematic illustration of energy bands in a-solids. The bandgap is repre-
sented by E,. Part of this image is reproduced from [29]

In the following section, single-photon absorption facilitated by helical light beams is derived.
Additionally, the origin of polarization-based CD and phase-based HD effects is discussed in
detail.

2.3 Single-photon absorption - Fermi’s Golden Rule

In the linear interaction regime, the electron transition rate due to the single-photon absorption
is calculated using quantum-mechanical perturbation theory. Our approach is based on the
multiphoton absorption theory presented by R. W. Boyd[21]. Figure 2.6 illustrates the process
of single-photon absorption between the ground state |g) and the excited state |m).

The time-dependent Schrédinger equation, with the atomic wavefunction ¥ (r,t), is given
by [30]
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Single-photon
absorption

g

Figure 2.6: Single-photon absorption The process of absorption of photons (w) between the
ground state |g) and the excited state |m).

oY(r,t)

ih=s = = Hu(r,t), (2.2)

where H represents the Hamiltonian operator of the system. Moreover, it can be represented
as

H=Hy+V(t). (2.3)

where Hy is the field-free Hamiltonian for a free atom, and V(t) is the interaction Hamilto-
nian describing the interaction of the atom with the electromagnetic field. The multipolar
Hamiltonian in the case of helical light-matter interaction is given as

- 1

V(t) = ~paBa(t) = 5005V aBs(t) = maBa(t) - ... (2.4)

where p represents the electric dipole moment, m the magnetic dipole moment, and 6,5 the
total electric quadrupole moment tensor. In the helical light-matter interaction, the inclusion
of multipoles, particularly the quadrupole (which couples with the field gradient), is necessary.
Thus, the variation in the field gradients results in a significant quadrupole term, which can have
a magnitude comparable to the electric dipole interaction term. The electromagnetic fields in
Eq.(2.4) are considered to be monochromatic waves; consequently, the interaction Hamiltonian
can be expressed as

V(t) = Ve ™ + V¥ (2.5)

where V = —puoE, — %HagvaEg — ma B, — ..., with time dependence written separately.

The solution to the time-dependent Schrodinger equation for the ground state of a free atom
(in the absence of an external field) can be explicitly written as
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Un(r,t) = up(r)e ™ where w, = E, /h. (2.6)

where energy eigenstates [, are associated with the eigenvalue equation ]:Ioun(r) = Eyu,(r).
In the presence of a time-dependent multipolar interaction potential V' (¢), Schrodinger equation

is given as
5 0(r, 1)
h
o

— (ﬁ[o + V(t)) P(r, t). (2.7)

Since the energy eigenfunction u,(r) of the free atom span a complete set of basis functions Ho,
the solution to the above equation can be written as a linear combination of these eigenfunctions

P(r,t) = Z a;(t)u (r)e ™,

l

Substituting the above wavefunction in the Eq.(2.7)
zhz —ul e it iR Z (—iwy) ap(t)uy(r)e ™"
I
= Z ai(t) Byuy(r)e™ ™" + Z al(t)f/ul(r)e_i‘”lt
I I

where the second term on the left and the first term on the right are identical since Eju(r) =
hwlul( ) The above expression can be further simplified by using the orthogonality condition
[ g, r)d3r = 6,y in the above equation

da,

_ —iwimt
zhﬁ = zl:al(t)\/mle ! (2.8)

where wy,,, represents the difference in frequencies given by wy,, = w; — w,, and V,,; is a matrix
element of the interaction Hamiltonian, given by

Vi = <um|V|ul> = /u;f/uldg’r

The matrix form of a Schrédinger’s equation is solved using the time-dependent perturbation
theory. To facilitate this, a perturbation expansion parameter A is introduced, and V,,; is
replaced by A\V,,,; in Eq.(2.8). Additionally, a,,(t) is expanded as a power series in the strength
A of the perturbation, as follows

an(t) = aﬁ}? (t) + )\ag) () + AQag) (t)+---
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Substituting the above expression in Eq.(2.8) and equating both the left and right sides in
powers of \, we get

daly . |
Czit = (Zh)*l Z al(N 1)lee*lwlmt7 N = 17 27 3, . (29)
l

In the linear absorption regime, substituting N = 1 for single-photon absorption in the above
equation. In addition, it is assumed that in the absence of an external electromagnetic field,
the atom remains in its ground state (|g)), given by ago) (t) =1, al(o) (t) =0 for [ #g.
Substituting these conditions into Eq.(2.9), we get

daﬁ})
dt

= —(ih) " [Vipge Cma= )t 4 Y gilomatelt] (2.10)

where V = —pu E, — %QQBVQE@) — moB,. By integrating the probability amplitude in the
equation up to an arbitrary time ¢, we obtain

Ving

Wing — W)

*
Vg

(wmg—w)t
e S TP

[eimotelt 1] (2.11)

Here, the first term represents the single-photon absorption, and the second term represents
the stimulated emission process. Using the rotating wave approximation (neglecting the second
term), the probability pS}B () that the atom is in the state m after absorbing the single photon

at time ¢ is given by

o Dl |etem=or =1

h2

T Vgl 4510 [(wng ) 1/2] _ Vinol®

p,(i) (t) = ‘ag)(t) N2
oms =) (2.12)

Wng — W

where f(t) = M represents a form of the Sinc function. For large times, i.e., t — oo,
Wmg—w
the central peak of the f(¢) vs w curve can be approximated by a delta function. In mathematical
terms, this approximation is known as expanding the d(z) function as a generalized function
(a sequence of functions)[31]. This approximation is written as
lim f(t) = 27t (wmy — w)

t—o0

Substituting the above into the probability Eq.(2.12), we get

2
_ Vil

7 276 (Wing — w)
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In real physical situations, the presence of a delta function in the probability of finding an atom
in the excited state is unrealistic. Due to various line-broadening mechanisms, the transition
frequency wy,, is not precisely defined. Instead, it is spread over a continuous range (density
of states). As a result, the delta function is replaced by the density of states function, or
line shape function, py (wyy = w). To account for this substitution, the delta function in the
previous equation is replaced by the density of states function. Additionally, the probability
p,(ﬁ) (t) is averaged over all possible values of the transition frequency, leading to

_ Vit
-~

Pl (1) 27p (Wmg = W)

The transition rate for single-photon absorption in the case of a multipolar interaction Hamil-
tonian is given by

(n) pgg)(t) 2m 2 2m mg 1 mg mg ?
Ry = = ﬁ|(m|V|g>| P (Wmy =w) = 72 | Ha E, — gﬁaBVaEﬂ —mp9By| p(Wimg = w)

2.13)

This result represents a special case of Fermi’s golden rule. The rule is general and can be
applied to any quantum system describing the transitions resulting from weak perturbations.
Expanding the modulus square in the above equation

Riy =2 (U19E,) (HI9EL)" + (M9 Ey) (m9B,)" + (W9 Es) (3075V o Es)" + (m79B,) (79 E,)"

+(mg9Ba) (300 VaEs)" + (m9Ba) (m79Ba)" + (3005 VaEs) (W Ea)” + (5005 VaLs) (my?Ba)"
_l’_

37apB 37ap
(3008 VaLs) (3005 VaEs)") p(Wing = w)

Here the interaction between electric dipoles (u*¢) is referred to as E1E1 interaction. Simi-
larly, electric dipole-magnetic dipole coupling is termed E1M1, and electric dipole-quadrupole
coupling is referred to as E1E2. Neglecting the M1M1, M1M2, and M1E2 terms due to the

comparatively smaller magnitude of magnetic dipoles, we obtain

mg «@

2m m, m m, mg* * mg , mgx *
Roy =23 [\uﬂf | Bal” + [mi? | Bal” + (u#m?") (BaB) + (mi?iuy®), (BaE)

1 m magx* * m mgx *
+3 ((Omguze) (VB - B2) + (o) (Ea(VaEs)")) pwmg = w)

Here the index p is the orientation-dependent weighting factor arising from the anisotropic
averaging, which is necessary to take into account the orientation of the multipoles. Taking
into consideration the properties of the dipoles, where the electric dipole transition p is a real
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quantity (@ = p*), and the magnetic transition dipole m is imaginary (m = —m*) [32], the
above equation reduces to

2
R = 22 [l Bl + b [Bal? + (i0mg), (BalZy — E,B2)
Ly, oo . .
2 (08, (VaBo s+ Eu(VaEa))) g =)

In writing the above equation, the response of the quadrupole tensor is approximated as a scalar.
Also, the above equation can be written more concisely by using the properties of complex
numbers, i.e., B,EX — E,B: = —2iIm [E}B,] and , (V,EsE! + E,(VaE3)*) =2Re [V, EsE}]
as

2m X 2 X
Riy =5 |27 | Bol® + [mi?* | Bol® + 2{ug“m™) i [E7 Ba) + 2 (1 7055) pRe [Vo B G | p (wmg = w)

E1E1 MI1M1 E1M1 E1E2

(2.14)

Here, E1 and M1 are electric and magnetic dipoles, respectively, while E2 represents the electric
quadrupoles. This is the central equation of our model describing the single-photon absorption
rate in the case of helical light-matter interaction. The E1E2 term contains the field gradient,
which gives rise to [ dependence (due to the derivative) and becomes a dominant term in the
case of the asymmetric beam.

For a single transition, the energy absorbed per unit time (I') can be expressed as the
product of the energy absorbed per transition and the rate at which these single transitions
occur: I' = hw X R%g. Therefore, the above transition rate equation can be written in terms of
energy absorbed per unit of time (for a single transition) as

* 2 *
P, = 2 [ LBl o [ P Ba 2 + 20 mg™) ln [ Bl + 5 (157095 Re [Va g ES) | p (wmg = )

E1E1 Mi1M1 E1M1

E1E2

(2.15)
This equation is in agreement with the energy absorption rate derived considering the induced
multipole moments, as given in Appendix A. Additionally, in the case of one-photon resonance,
the density of states can be py (wy,g = w) can be approximated by the width of level m [21].
The total energy absorbed for N such transitions over the beam cross-section can be written as
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wo
W = N.I,, dzdy (2.16)

—wo

The above equation, representing the total energy absorbed, can be explicitly evaluated for
the right- and left-handed asymmetrical LG beams. The difference in the absorption of left-
and right-handed asymmetrical LG beams is defined as helical dichroism. In addition, the
E1M1 interaction term is responsible for the conventional CD effect when evaluated for left-
and right-circularly polarized light. Each of these effects is discussed in the following sections.

2.3.1 Circular Dichroism - polarization based effect

Circular dichroism is defined as the differential absorption of left- and right-handed circularly
polarized light by a chiral medium. This polarization-based effect arises from the dissymmetry
in the excitation rates of chiral molecules.

To quantify the effect of polarization as a probe, circularly polarized Gaussian beams can
be used. Consequently, using Eq.(2.15) and Eq.(2.16), the differential energy absorbed in the
case of CD can be written as:

wo
CD =W -wh= / (G'[CF = CT]) dedy (2.17)

—wo
Here, the L and R superscript represents the left- and right-handed circular polarization.
The above equation contains the contribution of the E1M1 term, while the contributions
of the E1E1, M1M1, and E1E2 terms vanish, as they are identical for both polarization
states. The term G’ = %.<pggmgm> , represents the material response and the parameter
ChE = 20wIm [(EL/ R)* - BY/ R} represents a local measure of the degree of circular polarization,
known as optical chirality [33]. Therefore, (CT—C%) determines the degree of chiral asymmetry
in the rate of excitation of a chiral molecule [31]. Optical chirality is often used to describe the

phenomenon of circular dichroism in molecules [35, 33].

The CD is an example of true chirality [30], as it involves the interaction of chiral molecules
with chiral light, a true chiral system. True chirality is exhibited by systems that can be
transformed into each other by spatial inversion (parity P) but not by the combination of
time reversal (T) and proper spatial rotation. The breaking of PT symmetry in true chiral
interactions (chiral light and chiral matter) can give rise to enantioselective effects, such as
optical rotation and CD. This can be shown by applying a PT symmetry operation on the
optical chirality (C) term (see Eq.2.17) as

PT{2wIm[E*- B]} - P{—2wIm|[E - B*|} - P{2wIm[E" - B]} = —2wIm [E* - B]
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Thus, CD arises due to the breaking of PT symmetry and is characterized by the presence of
a parity-odd time-even pseudoscalar, C.

2.3.2 Helical Dichroism - phase-based effect

Helical dichroism (HD) refers to the helical phase-based differential response of matter. HD
can be classified into two types, depending on the chirality of both the matter and the light.

HD (Type I) is evaluated by taking the difference in absorption between the left- and right-
helical light for the same material medium. It is a beam-dominated property, and its definition
is independent of the material symmetry. In the definition of HD (Type I), the polarization of
light remains constant for both the left- and right-helical light. Using Eq.(2.15) and Eq.(2.16)
with asymmetric helical beams (Eq.1.24), one obtains

HD;(Type I) = Wy — W, = / (G'[CT = O]+ ATt = Y7]) dedy (2.18)

—wo

where 4 represents the left- and right-handed wavefronts, and  represents the asymmetry
parameter (Eq.1.24) associated with q displacement of the singularity. Additionally, A” =
4;:—; (19075) , represents the material response tensor. The coupling term T+ = 2?“’Re [(Eéi)* . VE;E]
is defined as optical helicity. Analogous to the case of optical chirality (C), optical helicity, T,
is a quantity describing the handedness of helical light. It contains the gradient of the electric
field, which gives rise to the explicit [ dependence. Thus, the HD (Type I) signal scales by
increasing the [ value. Moreover, the HD signal can be tuned and controlled by varying the
0 parameter, ellipticity, and the weighted superposition with a Gaussian beam. These unique

features are absent in the traditional polarization-based CD method.

Upon qualitative evaluation of the above equation, it is evident that HD (Type I) does not
exist for symmetric LG beams. This absence is due to the evaluation of HD as the difference
between beams possessing left- and right-handed phase fronts but with identical polarization.
Consequently, the difference G'[CT — C~] vanishes. This is because the polarization-dependent
E1M1 term (G'C) changes sign only with the handedness of circular polarization, and its
contribution vanishes since the polarization remains unchanged. Additionally, the F1E2 term
is zero as the averaged field gradient vanishes. However, for asymmetric LG beams, while
the F1M1 term still vanishes for the same reasons, the £1E2 coupling term remains nonzero,
leading to the observation of the HD effect.

HD (Type II) is evaluated by taking the difference of absorption between the left- and
right-handed chiral molecules for a specific-handed helical light. Its definition involves both the
material and the light beam to be chiral entities, hence a true chiral interaction [36]. Using
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Eq.(2.15) and Eq.(2.16), one obtains

HDF (Type IT) = W" — Wy = / (CF[GR — G + YT* [A}, — AY]) dady (2.19)

—wo

where R and S represent the two enantiomers. HD(Type II) is a material-dominated property
where both the E1M1 and E1E2 coupling terms contribute to differential absorption for asym-
metric LG beams. For symmetric LG beams, the E1E2 term averages out to zero, but the
E1IM1 term is non-zero and can contribute to the HD. In the case of asymmetric LG beams,
the E1E2 term is responsible for the change in the sign of the HD curves, and the E1M1 term
leads to an offset in the HD curves.

The experimental results demonstrating the presence of helical dichroism in liquids, solu-
tions, solids, and metasurfaces are presented in Chapters 3 to 6. The qualitative origins of these
observations are discussed in the following sections.

2.3.2.1 Case I: Achiral molecules

As previously discussed, CD absorption spectroscopy is the conventional technique for studying
the optical activity and symmetry properties of the molecules. The EIM1 term (including
G'), which is responsible for CD in chiral molecules, vanishes for achiral molecules due to
the rotational isotropic averaging in the case of randomly oriented molecules. Only for chiral
molecules, the EIM1 term survives the isotropic averaging [31]. This is the same reason why
early studies on helical light-matter interaction neglected the E1E2 coupling term, as it also
vanishes for the randomly oriented molecules. However, if the molecules are preferentially
aligned, the quadrupolar interactions contained in the E1E2 term cannot be neglected [37, 34].
This is the case for asymmetric LG beams, where the spatial inhomogeneity in the intensity
profile at the interaction region gives rise to the optical dipole force. This force is defined by
F = a3VE? + a4 (E x B). The first term represents the gradient force, while the second term
corresponds to the scattering force. The scattering force can be neglected when the Poynting
vector remains constant over an optical cycle [3].

Figure 2.7 shows the gradient force component F, integrated over the cross-section of
a linearly polarized beam, as a function of the displaced position of the singularity. Only the
dominant component [, is plotted, while the F,, component is smaller in magnitude but exhibits
similar behavior. The gradient force is zero for symmetric LG beams. As the singularity
is displaced, the gradient force increases initially and then decreases toward zero for large
displacements, where the beam begins to resemble a Gaussian profile. A net non-zero force is
exerted on the induced dipoles, directing them toward the extrema of the radiation field. This
force results in a torque that preferentially aligns the molecular axis parallel to the polarization
plane [2; 34]. Such molecular alignment in an asymmetric LG beam leads to a non-zero averaged
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Figure 2.7: Optical gradient force as a function of the displaced position of the singularity
(0). The optical gradient force is zero for a symmetric LG beam and is maximum at the position
of the displaced singularity. The force converges towards zero for the extreme § where the beam
profile mimics a Gaussian profile. Inset shows the force directed towards the extrema of the
field.

FE1E2 contribution to the HD. Consequently, the HD (Type I) signal is observed only for
asymmetric beams (see Chapter 3 for results).

At low laser intensities, the degree of molecular alignment is negligible, and the E1E2 term
does not contribute to the HD signal. The extent of molecular alignment with an approximately
100-fs laser pulse depends on (1) the laser intensity ~ 103 W /cm?, (2) the molecular polariz-
ability, and (3) temperature and/or solute effects [38, 39, 10]. As the laser intensity increases,
even a small degree of molecular alignment in an asymmetric OAM beam becomes sufficient
for the F1E2 term to become non-zero, contributing to the HD signal. In other words, at
sufficiently high laser intensities, a subset of molecules will always have their molecular axes
aligned parallel to the electric field, resulting in preferential absorption. For results and further
details, refer to the published article and the supplementary file in Chapter 3.

2.3.2.2 Case II: Chiral molecules

In the case of chiral molecules, both the HD (Type I) and HD (Type II) effects are observed.
The HD (Type I) effect is analogous to CD, while the HD (Type II) serves as the enantioselec-
tivity signal. For such molecules, the symmetry of the ground state wavefunctions should be
incorporated into the derivation of the total transition rate (Eq.2.14). As discussed in Section
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2.2, the R-enantiomer can be assigned the symmetric ground state W9 = \/Li (¢4 + 7)), while
the antisymmetric W9 = \/Li (5 — %) can be assigned to the S-enantiomer, where ¥, (V_) is

even (odd) under parity. Therefore, the symmetry of the wavefunction of individual enantiomers
must be considered in the treatment of helical light-matter interactions.

The single photon absorption transition rate, given by Eq.(2.13), can be written as

21

2
= ﬁ ) (wm(s/as) — w) (2.20)

Ron(s/as) <‘I’m|V!‘P§/a5>
where ¥/ Jas TePresents the symmetric/antisymmetric ground state of the enantiomer pair. In
the case of ground-state parity violation, the excited states for both enantiomers can be assumed
to be a mixed parity state, given by v, = % (Y4 +1p1_), where i is a small phase lag factor
between the even and odd states [19, 20]. Additionally, considering the interaction Hamiltonian
(Eq.2.4) in the form

1
V= —ptaEa — 505V aEp.

Here the magnetic dipole term is neglected because it leads to the E1M1 coupling term, whose
contribution vanishes in the case of HD (Type I) (see Section 2.3.2 for details). The detailed
derivation of the single-photon transition rate is given in the article attached in Chapter 4, and
the results are discussed here. The enantiomeric transition rates for R~ and S- enantiomers can
be derived as

Rty = 5p5 [FiB (e lha - Bagl o) = (0= lpta - Bas| ¥4)
€

(2.21)

+ <1/}+ ’00!5| 1/}3—> <¢g ’:U’Oé‘ ¢+> Re [VGEBEZ] P (wm(as,s) - w) .
%

where an/ (Ijs /s) is the single photon transition rate (initial to final state m) for S- and R-enantiomer

and the terms of the form (1_ | . . 6us s )Re [VaBs L =3 (v nalv?) (0% 0ashin) [VaEsEL +
(W10l ) (W |ualtb1) [Ea(VaEg)*] is written using the rotational average over the symmetric
and antisymmetric parity states. The C and D terms represent the mixed electric dipole—quadrupole
response tensors (transition moments), coupled with the electric field gradients. The above
equations can be concisely written in the form.

S/R T *
Rm/(as/s) = ﬁ [D + C] Re [EavaEﬂ] P (wm(as/s) - CU) (222)
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This expression shows that the transition rate for R-enantiomer is of the form: D 4 C and
for S-enantiomer is of the form: D — C, where D is bigger than C since phase lag factor g
is small[19]. This difference in the transition rates for the R- and S-enantiomers leads to the
observed difference in the magnitude of HD (Type I). The experimental results are given in the
article attached in Chapter 4. Also, it is important to note that the analysis presented is only
qualitative. A quantitative analysis of HD magnitude would require detailed information about
molecular response tensors and wavefunctions.

2.4 Nonlinear interactions

The electron transition mechanism is primarily determined by the intensity of the incident beam
and the photon energy relative to the energy gap between the ground and excited states. For
intensities exceeding the nonlinear threshold, if the photon energy is lower than the energy gap,
absorption is governed by nonlinear processes: either multiphoton absorption or strong-field
tunneling at extremely high intensities. The dominant mechanism can be characterized by the
Keldysh parameter, which, for solids, is defined as [11, 12]

,7:_ [

w [mcneoEg} 12
e

where w is the laser frequency, I is the incident laser intensity, m and e are the electron’s
reduced mass and charge, c is the speed of light, n is the refractive index of the material, F, is
the material bandgap, and & is the permittivity of free space. For atoms, the Keldysh parameter
is v/2 times the above expression, with the bandgap replaced by the ionization potential I,

In both solids and molecules, when v 2 2, interband or excited-state transitions are primar-
ily governed by multiphoton processes. Conversely, for v < 1, strong-field tunneling dominates
[11, 43]. The intermediate regime 1 < 7 < 2 involves a combination of both multiphoton
absorption and tunneling, with multiphoton-assisted tunneling (MPAT) being the dominant
mechanism. However, the other two processes can still be present simultaneously in the in-
termediate regime [11, 15]. Feynman diagrams provide a unified approach to describing these
transition mechanisms in both solids and molecules [21], representing interactions as a sum of
time-ordered events and clearly depicting the temporal sequence of processes.

Figure 2.8 shows the Feynman diagram representation of the multiphoton absorption, MPAT,
and tunneling transitions in the case of solids. In the multiphoton absorption process, the si-
multaneous absorption of (n 4 1) photons enables the electron to transition to the conduction
band (1/1]'%) The MPAT process is initiated by the absorption of n photons, leading to inter-
mediate or band-tail states, followed by tunneling into the conduction band. In the tunneling
regime, the incident field is strong enough to force the electron to tunnel from the valence band
(¢7) to the conduction band. In the case of molecules, the valence band corresponds to the
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Figure 2.8: Feynman diagrams for a) multiphoton absorption of (n + 1)hw to reach the
conduction band, b) the MPAT process facilitated by absorption of n photons leading to an
intermediate state and subsequent tunneling to the conduction band, and c¢) the tunneling
transition, where the incident field is strong enough to force the electron to tunnel from the
valence band (17) to the conduction band (%)

ground state, while the conduction band is replaced by the continuum. The inset of Fig.2.8b
shows the MPAT process in atoms.

Research presented in Chapters 3 to 6 explores the use of helical phase-based spectroscopy in
both linear and nonlinear interaction regimes. In the linear regime, plasmonic achiral and chiral
metasurfaces exhibited the helical phase-based differential response. Helical dichroism in chiral
liquids, achiral liquids, and enantiomeric solutions was observed in the nonlinear multiphoton
absorption (MPA) regime. In amorphous solids, the MPAT process was responsible for the
observed phase-based dichroism.

The MPA and MPAT processes are briefly discussed in the following sections. The final
results are presented without detailed derivations, as the comprehensive models can be found
in the published articles. These articles, along with their supplementary files, are included in
Chapters 3 to 5.

2.4.1 Multiphoton absorption - Perturbation theory

The single-photon transition rate, derived using perturbation theory (Eq.2.13), was extended
to the multiphoton transition rate, following the approach by Boyd et al. [21]. The transition
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rate for the two-photon process, involving the states: g — k — m is given as
Z mkv;cg
h? (wyy — w)

mg =27 P (Wmg = 2w) (2.23)
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The two-photon transition rate was obtained by expanding the above equation, neglecting
higher-order terms involving M1 and E2, and applying anisotropic averaging, given by

2 2 m m m 2 *
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The above equation was generalized to the n-photon case, where m represents the final state,
and g denotes the ground state, given by
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The above expression for n-photon absorption is obtained by applying the following approx-
imations: 1) The scalar approximation is considered where tensor properties are restricted to a
dominant component for oriented molecules; (2) Higher-order terms involving M1 and E2, such
as M1E2 and E2E2, are neglected; 3) The cross-correlation terms originating from the square
of summations (summed over indices) are neglected. The purpose of presenting the above equa-
tion is to demonstrate that the F1FE1, F1M1, and F1E2 terms responsible for the HD can be
expressed in terms of optical chirality (C') and helicity (1), similar to the case of single-photon
absorption. Consequently, the variation of the HD signal with singularity displacement also
extends to multiphoton interactions.

2.4.2 Multiphoton assisted tunneling (MPAT) - Nonperturbative
model

In the MPAT process, electron transitions from the valence band (or the ground state in
molecules) to intermediate band-tail states (excited states in molecules [11, 15]) by the ab-
sorption of a single or multiple photons. This is followed by the subsequent transition to the
conduction band (or continuum in molecules) [29] via the tunneling process, as depicted in
Fig.2.8. In terms of the Keldysh parameter, the MPAT facilitates the smooth and continuous
transition from the dominant multiphoton regime to the ground-state tunneling regime. The
MPAT process was first developed for atoms [11, 15], and was extended to the case of solids in
our research.

The reason behind using the MPAT transition regime to describe the phase-based dichroism
in solids was based on the fact that the HD was observed for a certain range of incident laser
intensity. In amorphous fused silica, the HD signal was dominant only within a certain range of
laser intensities (2x 10 to 8 x 101¥ W /em?), which corresponds to a Keldysh parameter varying
from approximately 2.5 to 1.1. In this intermediate regime, the MPAT process dominated as the
primary transition mechanism. Consequently, the multiphoton interaction models developed
for molecules could not be directly applied to solids.

The transition amplitude for the MPAT process involving a single-photon absorption (SPA)
from the valence band (¢,) to an intermediate excited state (1,,) and subsequent tunneling to
the conduction band (v.) is given by

(| Viltho) @ [* '
Mer = Em: h(wm——w)j%/to dr (e(7)| Vi (7) [ (7)) " ), (2.26)

Mspa MrNL

where w is the laser frequency, wy, = (E,, — E,)/h, and E,, and E, are the energies of the
intermediate and valence band states, respectively. In addition, V; and V} are the multiphoton
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and tunneling interaction Hamiltonians written in a multipole expansion and electric dipole
approximation, respectively. The MPAT transition amplitude is a product of two factors: a
time-independent single-photon transition amplitude Mgp4 and a time-dependent excited state
tunneling amplitude Myyp. After substituting the valence, intermediate, and conduction band
wavefunctions for amorphous solids (see Chapter 5 for details), the total differential transition
rate is given as

200 (s 03)

AW = Wi — Wi = W | Re [V,ETE*] —Re [V,E; E* 2.97
d ) 3h2 (wmv B w)Q N [ v] ) l N [ v] 7 l ( )
T+ T

where T+ = Re [V,EjiEli*} represents the optical helicity, p; is the electric dipole moment,
0;; is the electric quadrupole moment, and )4 is the orientation-dependent weighting factor
originating from the anisotropic averaging. Also, W is given by

W L (mepan \P( edo N 2m N O (e — B\
(2m)4h \'m(n —1)! 2mw 72 2 —1) .

where mg and m, are the electron masses in the valence and the conduction bands, m*~! =

m; ' —mg" is the total effective electron mass, E, is the bandgap, and Ay is the magnitude of the
vector potential. Also, n = n+1 is the total number of photons absorbed for linearly polarized
light. The above expression for the total differential transition rate was used to simulate HD
(Type I) in amorphous fused silica. The results of the simulation were in qualitative agreement
with the experimental data (see Chapter 5). Also, quantitatively, the simulated HD values
differed by two orders of magnitude compared to the experimental values. This variation was
attributed to the approximate values used for the material response tensors.

2.4.2.1 Dichroism in amorphous solids

For achiral molecules, the torque generated by the dipole force (in the presence of asymmet-
ric light beams) aligns the randomly oriented molecules. Consequently, the electric dipole-
quadrupole coupling term (E1E2), which is responsible for the HD effect, survives the isotropic
averaging. However, in isotropic amorphous solids, the molecules are fixed in their spatial po-
sitions and cannot be aligned by the presence of the dipole force. So, how do amorphous solids
exhibit dichroism?

The presence of dichroism in amorphous materials can be explained by the existence of
unique short- to medium-range order. During tunneling transitions in atoms, the electron un-
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dergoes a spatial displacement given by xo = I,/ (eE), where I, is the ionization potential [12].
The spatial displacement, xg, is the distance traversed by the electron through the barrier to
the tunnel exit. This mechanism of spatial displacement can also be extended to tunneling
transitions in solids. In solids, the energy absorbed from the incident laser fields is proportional
to the associated injection current, given by J = engxop [10], where e is the electron charge,
ng is the electron density in the conduction band, and p is the injection rate, which is propor-
tional to the transition rate W. Here, xq, denotes the spatial displacement of electrons after
being promoted from the valence band to the conduction band. The current J is fundamental
for maintaining energy conservation, expressed as @« = —J - E. In optical tunneling, energy
conservation is ensured when this current reflects the spatial displacement of electrons, given

by [10]

xo = EE,/ (eE?) (2.29)

where E, is the bandgap and E is the electric field. In amorphous fused silica (£, ~ 9eV[13, 17]),
X, varies from 6 A to 18A corresponding to the range of laser intensities where the HD signal
was significant in our experiments. However, this value of electron displacement represents the
case of direct tunneling from the valence band to the conduction band. In the MPAT process,
there are two contributions to the electron displacement: one from the multiphoton transition
to an intermediate band tail (or defect) state, and another from subsequent tunneling to the
conduction band. As a result, xy in the MPAT process is smaller compared to direct tunneling
transitions, which sets the upper limit for the electron displacement [11, 15]. Furthermore, x
in the MPAT process is comparable to the short- to medium-range order in amorphous solids
(for fused silica, it is less than 20 A [25, 26, 27]). This restricts isotropic averaging to a more
ordered environment, resulting in a finite contribution in amorphous solids, which gives rise to
the finite phase-based dichroism. In crystalline solids, the ordered environment always ensures
a non-zero HD signal upon isotropic averaging.

This concludes the theoretical discussion on helical light-matter interaction in different ma-
terial phases.

2.5 Experimental Methods

The phase-based spectroscopy across various material phases was experimentally investigated
through the transmission experiments. This section provides a detailed discussion of these
experiments. The femtosecond laser system used to perform the transmission measurements is
discussed in the following section.
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2.5.1 Ti-Sapphire Femtosecond laser

The Ti:Sapphire regenerative amplifier laser system was used in all our experiments. The laser
output was centered at 800 nm (bandwidth of ~ 40 nm), with a minimum pulse duration of
40 femtoseconds (fs), and a maximum pulse energy of 2.5 mJ. The laser system was externally
triggered to operate in a gated mode, providing a pulse repetition rate on demand. In its default
configuration, the system operated at a 1 kHz repetition rate, corresponding to a continuous
wave (CW) mode. This section provides an introductory overview of the operational principles
of the Ti:Sapphire femtosecond laser, including both the oscillator and amplifier components.

2.5.1.1 Oscillator

The oscillator generates ultrashort pulses of light with durations ranging from femtoseconds
(fs) to several picoseconds. The low-power fs beam from the oscillator serves as a seed laser for
the regenerative amplifier, which produces high-power fs pulses. Our fs laser system consisted
of a Ti:Sapphire oscillator (Tsunami from Spectra-Physics) producing ~30 fs pulses at an 80
MHz repetition rate. The oscillator has a wavelength tuning range of 780-820 nm, with an
average output power of 400 mW at 800 nm. Figure 2.9 shows the basic layout of the ultrafast
Ti:Sapphire oscillator. The configuration of a typical oscillator system includes a Ti:Sapphire
rod as the gain medium, along with various optical components such as focusing mirrors, beam
splitters, standard mirrors, dispersion control prisms (P, ), a wavelength selection tuning slit,
and an Acousto-Optic Modulator (AOM).

Mode-locking

The oscillator utilizes the mode-locking technique to generate ultrashort, coherent light pulses.
This is achieved by inducing constructive interference among all the longitudinal modes within
the optical cavity. This results in the generation of a single pulse with a sharp peak, repeated
at a rate determined by the round-trip time of light within the laser cavity.

Working principle: In a laser cavity, standing waves are formed when the reflected light
waves interfere constructively. These standing waves produce a discrete set of longitudinal
and transverse modes. Transverse modes are standing wave patterns formed perpendicular
to the direction of propagation. These modes determine the spatial distribution of the laser
intensity. Longitudinal modes are standing wave patterns formed along the length of the cavity.
These modes determine the various frequencies at which the laser can oscillate. These multiple
frequencies are separated by the intermodal spacing, which can be derived from the condition
of a standing wave:

(n+1)c nec ¢
A=2L= Av=v, 1 —Vp=—"———=— 2.30
" v T 2L 2L 2L (2:30)
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Figure 2.9: Ti-Sapphire Oscillator. Schematic of the simplified version of the ultrafast
Ti:Sapphire oscillator. Here, P, represents the dispersion control prisms.

where c is the speed of light, and L is the resonator length. These modes oscillate independently
and do not have a fixed phase relationship, causing irregular fluctuations in laser intensity.
However, it is possible to maintain a fixed phase relationship between each longitudinal mode,
leading to constructive interference, resulting in the generation of a series of ultrashort pulses as
the laser output. This is known as mode-locking, and the resulting laser is called a mode-locked
laser. The mode-locked pulses are separated by the period T = % which is the round-trip time
for a laser beam. This period corresponds to a frequency equal to intermodal spacing Av = %
The single pulse’s temporal duration, t,, is given by [18]

T 2L X\

PT N T eN  2e0M

where N is the number of phase-locked modes given by [18] :

ALSN
N:
S

and O\ is the spectral width (stimulated emission linewidth). Therefore, the broader the spec-
tral width, the shorter the generated pulse. This expression simply illustrates the Heisenberg
uncertainty principle AtAv > 1/4r where At represents the time uncertainty which may be
interpreted as a pulse duration, and Av defines the width of the spectral band. The magnitude
of this product is dependent on the temporal pulse profile. For Gaussian-shaped pulses, the
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frequency-bandwidth product is given by Atpwyy - Avpwry = 0.441. This is the shortest
possible pulse for a given spectral width and describes an ideal, perfectly mode-locked laser
with a pulse called the Fourier transform-limited pulse.

But how is mode-locking achieved? In other words, how can adjacent modes be forced to
maintain a constant phase relationship?

There are various methods to achieve mode-locking, which can be classified as either ‘ac-
tive” or ‘passive.” Active methods generally rely on an external signal to modulate the intra-
cavity light, while passive methods rely on an element within the laser cavity that induces
self-modulation of the light. Despite the differences, the principle remains the same: the phases
of the longitudinal modes are synchronized to maintain a constant phase relationship, often
through mechanisms like optical modulators or saturable absorbers.

e Active mode-locking: The resonator losses are modulated periodically to achieve mode-
locking. This is achieved by placing a gain medium and an optical loss modulator in the
resonant cavity of the laser. When an external signal, with a period matching the cavity
round trip time, is applied to the optical modulator, amplitude or phase modulation
takes place inside the cavity at a frequency equal to the intermodal separation (Awy).
This modulation introduces additional radiation components at frequencies wy £+ Aw,[15].
When these sidebands overlap with neighboring modes, mode coupling occurs. This
coupling forces the modes to share energy and align their phases. This leads to selectively
amplifying modes aligned with the modulation frequency and suppressing the rest. Over
successive round-trips, this process brings all modes into a synchronized phase. This
coupling and synchronization result in a fixed phase relationship between the modes,
leading to the generation of ultrashort pulses. An acoustic-optic or electro-optic effect is
used to introduce a periodic modulation of the loss in the laser cavity.[/]

Acousto-Optic Modulators (AOM): When a sound wave propagates through an acousto-
optic medium, it produces a periodic variation in the refractive index. This modulation
of the refractive index behaves like a moving diffraction grating. Consequently, this
interaction modulates the intensity of the incident laser beam at the frequency of the sound
wave. By matching the modulation frequency to the frequency difference between the
longitudinal modes, AOMs induce mode-locking [18]. The Tsunami Ti:Sapphire oscillator
employed in our experiments uses AOM to achieve mode-locking as shown in Fig.2.9.

FElectro-Optic Modulator (EOM): In the case of an EOM, an external electric field changes
the refractive index of the electro-optic crystal, modulating the phase or amplitude of the
light. By driving the EOM at the frequency equal to the intermodal spacing, light modes
interfere constructively, leading to mode-locking[18].

e Passive mode-locking: Passive mode-locking is a technique used to generate ultrashort
pulses in a laser without the need for external electronic modulation. This is typically
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achieved using a saturable absorber, a material whose absorption decreases with increasing
incident light intensity. Initially, the laser operates with random phase relationships
between the longitudinal modes, resulting in fluctuating output intensity. As the intensity
inside the cavity increases, the saturable absorber becomes more transparent, allowing
high-intensity light to pass through while suppressing low-intensity components. After
multiple round trips within the cavity, this process leads to the formation of a stable pulse
train and the establishment of mode-locking. Another method is Kerr-lens mode-locking
(KLM), which utilizes the intensity-dependent refractive index of a medium to focus the
laser beam and induce mode-locking. Passive mode-locking methods are typically used
for generating femtosecond laser pulses. [15].

Dispersion control

Within the laser cavity, optical components induce a positive group velocity dispersion (GVD),
where shorter wavelengths travel more slowly than longer wavelengths [21]. This difference
in propagation speeds results in an undesirable pulse broadening. To counteract this effect,
various methods utilizing dispersive materials have been developed to correct and manage the
broadening of the pulses.

One effective method for generating stable, short output pulses by compensating for un-
wanted positive dispersion involves the strategic use of a prism sequence. This technique lever-
ages the unique properties of prisms to achieve a negative GVD within the laser cavity. The
working principle of GVD compensation using prisms can be briefly described:

(i) - When a laser pulse enters the first prism, it undergoes spatial dispersion. Typically,
the longer (red) wavelengths travel through more of the prism material than the shorter (blue)
wavelengths. This differential travel affects the speed of the various frequency components
of the pulse, adjusting their relative phases. This process introduces negative group velocity
dispersion within the laser cavity, which can compensate for the positive dispersion caused by
other optical components.

(ii) - The second prism in the sequence compensates for the angular dispersion introduced
by the first prism. This re-collimates the spectral components, although they remain spatially
separated. This re-alignment is crucial for reconstituting the pulse into a coherent beam with
minimized dispersion effects. Adjusting the position of the prisms alters the group velocity
dispersion (GVD) and, consequently, the width of the output pulse. Another pair of prisms after
the second prism cancels out the spatial displacement of the spectral components. Thus, the
original beam can be recovered using four prisms. Additionally, placing a slit after the second
prism acts as a spatial filter, allowing for wavelength tuning as only the desired wavelength is
transmitted. The Tsunami Ti-Sapphire laser utilizes four prisms for both dispersion control
and wavelength tuning, as shown in Fig.2.9.
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2.5.1.2 Laser pulse amplification

When ultrashort laser pulses are amplified, the intensities involved can become extremely high.
Such high peak powers can lead to several nonlinear optical effects, such as self-focusing (optical
Kerr effect) and two-photon absorption, within the gain medium, which not only limit the
achievable amplification but can also damage the medium permanently.

initial short pulse
a stretcher comprising a pair of
. gratings, a pair of lenses, and a
B - ~ pair of mirrors disperses the pulse

short pulse
seed laser

amplified
stretched

stretched pulse; low pulse

(red) frequencies lead
high (blue) frequencies

D (] (e N

amplified
optical amplifiers short pulse

/ - 4

a compressor comprising ‘\ f
four gratings reverses the

dispersion of the stretcher

Figure 2.10: Chirped pulse amplification Schematic of chirped pulse amplification process.
This process consists of pulse stretching, amplification, and compression, leading to the gener-
ation of a high-power femtosecond laser pulse. This image is reproduced from [19]

Chirped pulse amplification (CPA) was developed to circumvent this limitation. This tech-
nique allows for the amplification of ultrashort pulses to high energies without reaching the
damage threshold of the amplifier medium. The term “chirped ” refers to the modification
of the pulse such that its instantaneous frequency either increases or decreases linearly with
time, resulting in a pulse where different frequencies are spread over different times. The CPA
technique is shown in Fig.2.10, where the femtosecond seed pulse from a mode-locked oscillator
passes through a grating-based stretcher, an amplifier, and a compressor. The following points
explain the working principle of the CPA technique:
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e Stretching the pulse: The first step in CPA involves stretching the pulse to lower its
peak power, thereby avoiding damage to the amplification medium. In our laser system,
this is achieved using a pair of gratings. These gratings cause the temporal dispersion
of the pulse. Longer wavelengths are made to travel a longer optical path than shorter
wavelengths, resulting in a stretched pulse.

o Amplification: Once stretched, the pulse’s peak power is significantly reduced while the
fluence remains unchanged. This allows it to be safely amplified without exceeding the
damage threshold of the amplifying medium. In our Ti: Sapphire laser, the regenerative
amplification (RA) process is employed.

In the RA process, the seed pulse is introduced into the amplifier cavity via an electro-optic
modulator. In our laser, a Pockels cell (electro-optic) is used, which utilizes the voltage-
dependent optical properties of the birefringent crystal, leading to a phase shift in the
transmitted light. The Pockels cell precisely controls the timing of the pulse entering and
exiting the amplifier. Once inside the amplifier cavity, the pulse is trapped. The Pockels
cell, by varying the retardation, ensures that the pulse is reflected back and forth multiple
times through the Ti:Sapphire crystal. This crystal is pumped by an external Nd:YAG
laser, producing green light at 532 nm, which excites the titanium-doped sapphire to a
higher energy state. Each passage through the gain medium increases the energy of the
pulse. The pulse remains in the cavity long enough to achieve the desired amplification
level. Once the pulse has achieved sufficient energy, the cavity dump phase is activated,
i.e., the voltage applied to the Pockels cell is turned off to allow the highly amplified pulse
to exit the cavity.

o Compression: After amplification, the pulse is compressed to an even shorter duration to
achieve the high peak power necessary for practical applications. This is accomplished
using another set of gratings, similar to those used for pulse stretching. These gratings
are arranged such that they reverse the temporal dispersion imposed by the first set of
gratings. The longer wavelengths are sped up, and the shorter wavelengths are slowed
down, effectively squeezing the pulse back to a short duration. As a result, a high-power,
ultrafast femtosecond laser is produced at the output.

2.5.1.3 Pulse width measurements

A single-shot autocorrelator was used to continuously monitor the pulse duration of the laser
at its output. This autocorrelator is sensitive within the range of 30-180 fs. The operation of
a single-shot autocorrelator involves splitting the output beam into two separate beams, which
are then focused into a nonlinear medium, such as a BBO crystal. As these beams overlap
through the BBO crystal, a second harmonic (SH) signal is generated in the forward direction.
Single-shot measurements were performed by measuring the spatial profile of the generated
second harmonic using a CCD camera. The spatial width of the autocorrelation trace depends
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on the angle between the split laser pulses. The pulse duration (FWHM - 7,) was determined
from the FWHM Ax of the autocorrelation trace as [50)]

T, = kAxsin(0/2)/c

where 6 is the full angle between the split laser beams incident on the nonlinear medium, and &
is a correction factor dependent on the pulse profile (for a Gaussian profile, k = v/2; for a sech?
profile, kK = 1.3). The single-shot autocorrelator was controlled using the LabVIEW program.

A single-shot autocorrelator is a version of an intensity correlator as the autocorrelation in
time is transformed into a spatial intensity distribution. In a standard intensity autocorrelator,
the intensity of the SH signal is dependent on the variation of the time delay between the
pulses. The signal is at its maximum when there is a temporal overlap between the two beams
and drops off gradually as the temporal mismatch increases. Therefore, the SH signal intensity
A(T) can be expressed by the following mathematical expression [31]

Ar) = /_OO LOOL(t — 7)dt

o0

where I is the intensity of one of the beams, and I,(t — 7) is the intensity of the delayed pulse.
The autocorrelation signal can be calculated considering the incident laser beam intensity as a
Gaussian beam. The autocorrelation of the Gaussian pulse, I(t), with itself can be calculated
using the above formula as

2 2
2v/In 2t 2V In 27
1) = exp | = | X | |+ AT = e |\ = | e
p

The above relation shows that the autocorrelation of a Gaussian with itself is a Gaussian pulse
but with a different FWHM width. The relation between the FWHM of the incident Gaussian

pulse and autocorrelation signal is given as Ar{WHM = 1.41ATZf7 WHM

Optics in the beam path up to the sample induce a positive GVD, resulting in the broadening
of the pulse. So, a negative chirp was introduced (using the laser system) in the experiments
to ensure the shortest pulses in the interaction region. This was optimized by measuring the
second harmonic generation in a BBO crystal placed at the location of the sample. The pulse
duration at the interaction region was about 100 fs.

2.5.1.4 Laser Power and Laser Fluence
The power measurements for most of the experiments presented in this thesis were performed

with a power meter with a silicon-based detector (PRONTO-SI, Gentec-eo), capable of measur-
ing average powers between 200 pW to 800 mW with a power calibration uncertainty of £1.5%
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at 800nm. The energy of the individual pulse was determined by dividing the measured average
power by the repetition rate of the laser (1kHz).

In all experiments, the incident laser power was measured after the focusing objective to
determine the power reaching the target sample. This accounted for all transmission and
reflection losses from the optics. Consequently, laser intensity at the focus and laser fluence
were calculated using the following

I — Prcak F = B — Pave

A A fA

where P,,. is the measured average laser power, F is the laser pulse energy, A is the effective
focal spot area, and, f is the repetition rate (hz). The laser peak power P, is given by

(2.31)

E Py FA
P — e L

peak:?_ fr T

where 7 is the pulse duration (fs). The above formula for fluence and intensity is valid only for
Gaussian beams. For the same spot size, Laguerre-Gaussian beams (with null intensity region
at the center) require higher pulse energies to reach the onset of nonlinear absorption. Also,
since the nonlinear threshold fluence is a material property, it remains the same for beams with
different l-values. The modified fluence and intensity equations for LG beams are given as [51]:

—2r2
F; J = 2Dy 2l e w? E [J] %74 2(\l|+1)r2|l|e;(2f7;22
Lem? |]tmw (Z)Q(MH) l ! - 2(|]+1
‘ |l (z) 2D

where | = 0,+1,42,£3,... is the OAM value, r is the radial direction, w(z) is the radius
of the beam evaluated at z and Ej is the threshold pulse energy, and P, is the peak power for
different [-values.

RIW]  (232)

cm?

The fluence was determined by evaluating the radial parameter r at the maxima of the
intensity profile, which occurs when 77 = w3|l|/2. For a Gaussian beam (I = 0), r = 0, while
for an OAM beam with [ =1, r, = i%, and higher-order modes follow similarly. Substituting
these values for the radial parameter, we obtained the following expression:

Eo
For [ = 0 beam : Fy (rg) = 27r_wg (2.33)

-1 El

2
Twg

For 1 =1 beam : F (1) = 2e (2.34)
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2.5.2 Transmission experiments

The helical phase-based differential response (HD) in various material phases was measured
using transmission experiments. The transmission of single femtosecond (fs) pulses, each with
defined OAM and SAM values, was measured after propagating through the sample. For each
successive pulse, the pulse energy was incrementally increased, and the transmitted signal was
normalized to the incident pulse. These experiments were conducted in both the linear and
nonlinear interaction regimes. The Ti:Sapphire fs laser system, operating in an externally
triggered mode (pulse on demand), was utilized for the measurements. The laser triggering was
controlled by a digital signal generated via the DAQ USB-6251 (National Instruments).

Figure 2.11 shows the schematic of the optical setup used for the transmission measurements.
The linearly polarized Gaussian beam from the laser-amplifier was directed into the transmission
setup (entering from the left in Fig.2.11). Prior to the setup, a small portion (~ 4%) of the beam
was reflected towards the single-shot autocorrelator to measure the incident pulse duration. For
each successive laser shot, the energy was adjusted using a combination of a cubic polarizer and
a half-wave plate (HWP) mounted on a rotation stage (PR50CC, Newport, with a resolution of
0.02°). By rotating the optical axis of the HWP relative to the polarization of the incident light,
the laser intensity was varied. Following the energy adjustment, the incident linearly polarized
Gaussian beam was converted into a helical light beam. This conversion was achieved using a
combination of quarter-wave plates (QWP), a linear polarizer (LP), and a birefringent liquid
crystal-based phase plate known as a g-plate (refer to Chapter 1). The effect of these optical
components on the incident linearly polarized Gaussian beam can be visualized as follows

V) — QWP(£45) —;% Q-plate §i> QWP (F45) 2% QWP(6) — |1, €) (2.35)

The linearly polarized light beam incident on the first QWP generated left-circularly po-
larized (LCP) or right-circularly polarized (RCP) beams, depending on whether the angle of
incidence was 45° or -45° with respect to the horizontal axis. The transmitted circularly polar-
ized beam then propagated through the g-plate with a topological charge ¢, acquiring OAM ((A,
where | = +2¢) and an opposite polarization state (reversed spin angular momentum, SAM).
Depending on the conversion efficiency of the g-plate, a portion of the light remained unchanged
(refer to Section 1.6.3). The conversion efficiency of the g-plates with | = 1 and [ = 3 was 91£2
%. The second QWP transformed the incident circularly polarized OAM beams into linearly
polarized OAM beams, and the unconverted portion of the Gaussian beam also acquired linear
polarization. The subsequent linear polarizer removed the undesired portion of the unconverted
beam, resulting in the linearly polarized OAM beam with zero SAM. The third QWP was then
used to produce the desired ellipticity (€), as described by |l,€) in Eq. (2.35).

The generated helical beam was incident on a glass plate, which reflected part of the signal
onto the avalanche photodiode (APD120A2, Thorlabs), labeled as PD1. An aspheric objective
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Figure 2.11: Transmission experiments (a) The linear polarizer (LP) and half-wave plate
(HWP) controlled the incident laser power. The desired OAM and SAM states were generated
using a combination of quarter-wave plates (QWPs), a birefringent liquid-crystal phase plate
(g-plate), a linear polarizer (LP), and a QWP. Two aspheric lenses (NA=0.3) focused and
collimated the incident and transmitted beams. Photodiode PD1 (PD2) monitored the incident
(transmitted) light. The charge-coupled device (CCD) camera was used to find the surface of the
sample. In the case of experiments with a metasurface, the white light source-based microscopic
setup was used to position the incident beam onto the structures of interest on the sample.

lens( Newport, 16 x 11.0 mm EFL) with a numerical aperture (NA) of 0.3 (spot size of 2
+ 0.2 pm) was used to focus the laser pulses into the desired samples. In all experiments,
the samples were mounted on three-axis translation stages (XMS50, XMS50, and VP-25XA,
Newport), with a resolution of 100 nm along the axial (Z) direction and 50 nm in the lateral (X,
Y) dimensions. mounted on a three-axis translation stage. A second aspheric objective with the
same NA collected and collimated the transmitted light onto a photodiode (PD2) positioned
immediately after the objective. For each laser shot, the transmitted light signal detected by
PD2 was normalized to the incoming light signal detected by PD1. This transmittance was
plotted as a function of incident pulse energies. The signals from PD1 and PD2 were stretched
by an electronic pulse stretcher, digitized, and recorded by a data acquisition card. The control
software was written in the LabVIEW software.

The asymmetrical helical beams, central to the helical phase-based spectroscopy, were pro-
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duced by displacing the singularity (null intensity region) in the OAM beam. This was ac-
complished by translating the g-plate, which was mounted on z- and y-stages with a step size
of 250 + 10um. At the focus, this translation of the g-plate corresponded to a displacement
of the singularity with a step size of 300 £ 20 nm relative to the center of the beam. The
calibration was achieved by measuring the total translation required to displace the singularity
to the periphery of the defocused beam and comparing it to the measured spot size of 2 £+ 0.2
pm, obtained through knife-edge measurements.

In experiments with solids (typical dimensions 10 x 10 x 1 mm) and liquid samples contained
in a 10 mm thick cuvette, the laser was focused in the middle of the sample. This was achieved
by accurately locating the surface of the sample using back-reflected light, which was imaged
by a CCD camera (MCE-B013-US, Mightex). During measurements, for each laser shot, the
pulse energy was increased by approximately 3 nJ, and the sample was translated by 5um to
irradiate a fresh area. The incident pulse energies were measured before reaching the sample

In the case of the metasurface, the laser was focused on the surface over the desired fabricated
nanostructures, and measurements were performed at a fixed spot without translating the
sample. The surface of the substrate was determined using a CCD camera, and the incident
beam focus was positioned over the desired area using a white-light-based microscopic setup
(as shown in Fig. 2.11). Before commencing the experiments, the glass plate positioned in the
beam path was tilted at an angle of approximately 20° to avoid Brewster’s angle.

Multiple transmission curves were obtained for each sample, which were subsequently av-
eraged and smoothed. The difference in the normalized transmission of left- and right-handed
helical light is proportional to the differential absorption, i.e., HD (Type I). These measure-
ments were repeated at different displacements of the singularity (4), and HD was plotted as
a function of displacement. For example, Fig.2.12 shows the transmission curves obtained for
left-circularly polarized (LCP) and right-circularly polarized (RCP) Gaussian beams, as well
as linearly polarized helical light with [ = +3 and ¢ = 900 nm, in the case of an S(-)-camphor
diluted solution.

The transmission curves clearly distinguish two absorption regimes: linear and nonlinear
absorption. When the incident laser pulse energy is below a specific threshold (= 60 nJ for
Gaussian and 140 nJ for helical beams), the transmission is 100% and the sample remains
transparent. This occurs because linear absorption is absent, as the ionization potential is
greater than the incident photon energy of 1.55eV (800 nm). Above the threshold energy,
nonlinear multiphoton absorption occurs, leading to a decrease in transmission as the pulse
energy increases.

To calibrate the sample and minimize background noise in our setup, transmission measure-
ments were always performed without a sample (in air). These measurements ensured that the
photodiodes detected identical signals when changing the helicity of the beam from +/ to —I.
Figure 2.13a shows the transmission curves (ratio of PDy/P D) for the left- (black) and right-
handed (red) asymmetrical LG beams through air. The red and black curves overlap within
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Figure 2.12: Transmission curves for S(—)-camphor diluted in chloroform (a) LCP and RCP
Gaussian beam (s = £1) and (b) linearly polarized helical light s = 0,/ = 3, = 900nm. The
error bands represent the standard error of multiple independent transmission measurements.

0.5% across the entire fluence range. Additionally, Fig.2.13b shows the difference between the
PD1 and PD2 signals for linearly polarized +/ and —I. The signals are centered around zero
with a fluctuation of £0.05V, and the curves nearly overlap over the entire energy range. Both

results demonstrate that no arbitrary signal or noise is introduced by the experimental setup
in the observed differential absorption.

Additional checks were performed to ensure that the measured single-shot beam profile,
pulse spectrum, and OAM value remained unchanged after transmission through the samples.
For further details, refer to the supplementary file attached in Chapter 3.
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Figure 2.13: Transmission of linearly polarized (¢ = 0.05) helical light in air for symmetrical
OAM beam. a) Ratio of PD2 and PD1 signals for [ = +3 (black) and [ = —3 (red). b) The
difference in photodiode signals for the two helicities, PD1 in black and PD2 in red.
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Chapter 3

Nonlinear helicity-dependent light
absorption in chiral and achiral
molecules

3.1 Introduction

In previous chapters, it was established that the polarization of light associated with spin
angular momentum (SAM) can serve as a chiral probe for investigating material chirality. In
practical applications, polarization-based techniques like circular dichroism (CD)[!] and optical
rotation (OR) [2] are often employed to identify enantiomers and facilitate enantioselective
synthesis. In OR, left- and right-handed circularly polarized light travel at different speeds
through the enantiomers, resulting in a rotation of the light’s polarization. On the other hand,
in CD, left-handed and right-handed circularly polarized light are absorbed differently by the
enantiomers, leading to a differential absorption of light. As discussed in Chapter 2, CD arises
from the relatively weak coupling between electric and magnetic dipole moments, contributing
to its low chiral sensitivity, typically in the range of 0.01-1%[3]. The chiral sensitivity of the CD
technique can be improved by exploiting local field enhancements in metallic nanostructures|],
using superchiral light[5], or through strong-field techniques with elliptically polarized light|[6].
Another recent advancement is photoelectron circular dichroism (PECD), a technique used to
study chirality in gases. In PECD, ionizing a chiral molecule leads to an asymmetric ejection of
electrons, creating a distribution that differs between enantiomers. This method is significantly
more efficient than CD, typically one to two orders of magnitude more sensitive, as it relies
solely on electric dipole interactions[7, 8].

One of the significant limitations of the CD technique is that when the chiral signal is inher-
ently weak, it cannot be enhanced without the use of external intermediaries. This limitation
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has led to the search for alternative chiral probes other than polarization. Light beams carry-
ing orbital angular momentum (OAM) associated with helical wavefronts presented a potential
alternative, where the twisted phasefronts could be used as a chiral probe. Such beams are
commonly referred to as helical or OAM beams. These beams can carry a theoretically un-
bounded range of OAM values, [, in contrast to the limited SAM values, offering an advantage
over polarization-based techniques.

Earlier studies investigating the use of helical beams to study chirality were inconclusive.
Most experiments were conducted under the linear absorption regime[9, 10], while theoret-
ical work primarily focused on the interactions between electric and magnetic dipole tran-
sition moments [I1]. Recent theoretical studies have proposed that the circularly polarized
OAM beams could be employed to probe material chirality by involving higher-order transition
moments.[12, 13]. Experimentally, the direct observation of phase-based chiral discrimination
has remained elusive [9]. Helical Dichroism (HD), defined as differential absorption of left- and
right-helical light (analogous to the CD definition), has only been observed in the presence of
intermediaries, such as nanoparticle aggregates (leveraging the local field effects) [14], powdered
chiral molecular media[l5] (utilizing x-ray diffraction) and chiral metasurfaces [16] (engineered
structures. These studies also established that HD vanishes in the case of randomly oriented
achiral molecules. Thus, the question naturally arises: Can the helical wavefronts carried by
OAM beams serve as a chiral probe to study both chiral and achiral molecules without the need
for external intermediaries?.

This research demonstrated the direct observation of HD in both chiral and achiral molecules
in the liquid phase, without the use of external intermediaries. Our approach was based on
probing the helicity-dependent nonlinear absorption of asymmetric helical light beams prop-
agating through the liquid sample. The presence of HD with linearly polarized asymmetric
beams confirmed that enantioselectivity was a phase effect. The light-matter interactions were
modeled by considering induced multipole moments.

This research was published in the Nature Photonics journal (2023), with shared first au-
thorship between my colleague and me, reflecting our equal contributions to the work. The
published article and supplementary file are reproduced in this chapter, where the theoretical
framework, experimental methods, figures, and references are self-contained within each. The
following section presents the key results and advancements.

3.2 Key results and advances

CD measurements were performed in both chiral and achiral molecules by measuring the dif-
ferential absorption of left- and right-handed circularly polarized light (CPL). As expected,
the achiral molecules exhibited no differential response. In the chiral molecules, the CD signal
strength was within the noise level of our experimental setup, demonstrating the inherently
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weak CD at the 800 nm wavelength. In contrast, when the samples were probed with asym-
metrical helical light, differential absorption between left- and right-handed asymmetrical light
was observed, demonstrating helical dichroism (HD). HD measurements were performed in both
chiral and achiral liquids, and the results were plotted as a function of the displacement of the
singularity. The results revealed two types of HD: (i) HD (Type I) and (ii) HD (Type II). The
key findings can be summarized as follows

e HD (Type I): defined as the differential absorption of left- and right-handed helical light.
It is a beam-dominated property, and its definition is independent of material symmetry.
The HD (Type I) was observed in both achiral and chiral liquids. The HD signal was zero
for symmetric OAM beams and nonzero only with asymmetric OAM beams. This allowed
the HD signal to be tuned by varying the displacement of the singularity. Additionally,
the HD signal scaled with the OAM value and was further manipulated by adjusting the
laser polarization. The results are presented in Fig. 3-5 of the article.

e HD(Type II): defined as the difference of absorption between the left- and right-handed
chiral molecules for a specific-handed helical light. It is a material-dominated property,
and its definition involves both the material and the light beam to be chiral entities. HD
(Type II) demonstrated enantioselectivity in chiral molecules. The HD (Type II) signal
was not affected by the displacement of the singularity, although the signal was more
stable when the singularity was displaced. The results are presented in Fig.2 and 4 of the
article.

e Theoretical modeling: The differential absorption of left- and right-handed helical light
was simulated using the derived nonlinear interaction model. The electric and magnetic
fields were also derived for the asymmetric Laguerre-Gaussian mode. The simulated
results, presented in Fig.5 of the published article, were in qualitative agreement with the
experimental data. The simulated curve exhibited a similar sinusoidal-shaped differential
absorption pattern.

The major advances of this research can be summarized as follows:

1. A novel phase-based chiroptical detection method that utilizes the nonlinear absorption
of asymmetric helical light beams in chiral liquids is introduced. The direct observation of
helicity-dependent absorption in achiral systems is also demonstrated.

2. The HD signal is precisely tunable by displacing the singularity within an OAM beam and
can be scaled according to the OAM value. Additionally, the signal strength can be controlled
by varying the laser polarization. These unique features are absent in traditional chiroptical
techniques like CD, which rely solely on laser polarization as a chiral probe.

3. HD is a non-resonant technique that does not require tuning of the laser wavelength to
specific resonances, the application of external electric and magnetic fields, or special sample
preparation.

72



Nonlinear helical dichroism in liquids

4. The underlying principle is general and applicable to a large variety of molecules. This
work shifts the paradigm of chiroptical detection from using laser polarization to the optical
helical phase.

The following section reproduces the author contribution statement from the published
article. The published article is attached later.
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Chiralinteractions are prevalent in nature, driving a variety of biochemical
processes. Discerning the two non-superimposable mirror images of a chiral
molecule, known as enantiomers, requires interaction with a chiral reagent
with known handedness. Circularly polarized light beams are often used as a
chiralreagent. Here we demonstrate efficient chiral sensitivity with linearly
polarized helical light beams carrying an orbital angular momentum of
+lh,inwhich the handedness is defined by the twisted wavefront structure
tracing aleft- or right-handed corkscrew pattern as it propagates in space.
By probing the nonlinear optical response, we show that helicity-dependent
nonlinear absorption occurs eveninachiral molecules and canbe
controlled. We model this effect by considering induced multipole moments
inlight-matter interactions. Design and control of light-matter interactions

with helical light may open new opportunities in chiroptical spectroscopy,
light-driven molecular machines, optical switching and in situ ultrafast
probing of chiral systems and magnetic materials.

Our understanding of light-matter interactions is mainly based on the
propagation of homogeneously polarized light and the dominance
of the dipole-active transitions between different quantum states of
matter. Higher-order multipole effects are oftenignored. The strength
of dipoletransitions is governed by the frequency, intensity and polar-
ization of the incident light. The optical phase, represented by the
wavefront of the light beam, plays a minimal role in such transitions.
Within the dipole approximation, chiral systems are often studied using
circularly polarized light (CPL), in which the dynamical rotation of the
electric-field vector around the propagation direction yields an effec-
tive spinangular momentum (SAM) +A, and therefore the handedness.

Two correlated optical techniques are widely used to probe chiral
systems based on the propagation of polarized light through a chiral
sample: circular dichroism (CD) and optical rotation (OR). In CD,
left-CPL and right-CPL are absorbed differently in the two enantiom-
ers, leading to differential absorption'* In OR, on the other hand,
left-CPL and right-CPL travel with unequal velocities in the two enan-
tiomers, leading to polarization rotation®*. The chiral sensitivity of CD
is poor, on the order of 0.01-1% (ref. °), because it involves coupling
of electric and magnetic dipole transitions. CD can be enhanced by

employing super chiral light®, plasmonic structures”® and strong field
techniques usingelliptically polarized light®"°. A distinct gas-phase chi-
roptical technique that has emerged inrecent yearsis photo-electron
circular dichroism (PECD). In PECD, photo-ionization of a chiral mol-
ecule results in an asymmetric photo-electron angular distribution
for the two enantiomers™. PECD is due to pure electric dipole transi-
tions, so its efficiency is one to two orders of magnitude larger than
that of CD*".

Light can also carry orbital angular momentum (OAM) of +/h
associated with dynamical rotation of the wavefront structure ™. The
handedness of such helical light beamsis defined by the twisting of the
wavefront undergoing /intertwined rotations in one wavelength. This
additional degree of freedom influences the characteristics of light-
matter interactions. The angular distribution'®, time delay"” and dynam-
ics of photo-electrons'" canbe modified during the photo-ionization
of atoms and molecules. Also, the OAM of light can be transferred to
matter either externally by exerting a torque (as in optical tweezers®
and Bose-Einstein condensates®?) or internally by rotating the elec-
tron distribution and resulting in modified selection rules for transi-
tions that depend on the topological charge [ (refs. >**).
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The possibility of no upper bound on the [ value, while SAM can
assume only two defined values, has generated substantial interestin
using helical light beams carrying OAM as a chiral reagent. Early studies
on chirality with twisted photons were not promising. Most experi-
ments were performed in the linear absorption regime®?®, whereas
theory focused solely on the coupling of the electric and magnetic
dipole transition moments responsible for conventional CD?. Helical
dichroism (HD), analogous to CD, was demonstrated by exploiting local
field effectsinmolecules adsorbed on nanoparticle aggregates®, chiral
metasurfaces® and non-chiral nanostructures®. Coupling of the OAM
of light withamaterial’s chirality without any intermediary was recently
showntorequire higher-order transition moments tobe engaged along
with SAM to observe any chiroptical effects®*.

Inthis Article weintroduce a conceptually new form of chiroptical
detection technique based on nonlinear absorption of linearly polar-
ized helical light beamsintheliquid phase. We first demonstrate enan-
tioselectivity inchiral molecules, directly without any intermediary, by
probing the differential absorption between the two enantiomers for
a specific helical light—we call this HD(Type II). Second, we show the
differential absorption of left- and right-helical light inisotropicachiral
and chiral molecules—HD(Type I)-which can be precisely controlled
by displacing the singularity presentinan OAM beam. Third, we reveal
that HD(Type ) is scalable by changing the OAM value and that it can
be further controlled by varying the laser polarization. This feature
does not exist in polarization-based chiroptical techniques, such as
CD. Finally, we show that HD(Type |, II) is a phase effect and does not
necessarily require CPL. To understand HD, we model the light-mat-
ter interaction by considering multipole expansion. We find that HD
arises from coupling of the electric dipole and electric quadrupole
terms, and that it can be tuned by changing the laser polarization in
addition to the OAM value.

To probe the dichroism, we measured the absorption of loosely
focused femtosecond Gaussian and helical light pulses propagating
through aliquid sample contained in a cuvette, as shown in Fig. 1a. A
g-plate converted incident Gaussian light to an optical vortex beam
(OVB) carrying an OAM value thatis two times the topological charge,
q (refs.”***). Further experimental details are provided in the Methods.
Normalized transmission of left- and right-circularly polarized (s = +1)
helical light (/= +1) is shown in Fig. 1b as a function of the peak laser
fluence in S(+)-fenchone, C,,H,;0. For each successive laser pulse, the
energy was varied using a combination of half-wave plate (HWP) and
polarizer, and a fresh sample region was irradiated by translating the
cuvette. Each curve in the figure is an average of three independent
measurements, and the colour band represents the statistical stand-
ard error. At low peak laser fluences, absorption is negligible and all
curvesoverlap. Thelaser fluenceis not sufficient toinduce multiphoton
transitions. At the onset of multiphoton absorption (-1.4 ) cm™), the
transmission starts to decrease monotonically. For a given helicity,
transmission is nearly identical for left- and right-CPL, except at flu-
ences greater than-2.2J cm™

The normalized chiral signal in fenchone, defined as HD

(Typell: £1; £s) = p e L) (see Methods for notation), is shown
D(xl; £5)+L(£; %)

in Fig. 1c (solid lines). For a Gaussian beam (/= 0), the chiral signal is
less than 1% (dashed lines). Overlap of the signal with the error bands
represents the sensitivity of our experiment. The chiral signal is
enhanced significantly when the helical phase is introduced to the
incident beam by switching from a Gaussian beam to an OAM beam.
For[=+1,HD(Typell) is -5%. However, SAM associated with light polari-
zation appears to play a minimal role. For a given helicity, the chiral

signals for left- and right-CPL nearly overlap with each other within
experimental error, similar to the Gaussian beam.

To isolate the role of SAM and OAM, we performed experiments
with linearly polarized (s = 0) helical (£/) and Gaussian beams. It is
worth noting that multiphoton absorption cross-sections depend

on the laser polarization and are typically higher for linear than cir-
cular polarization®. Figure 2a,b shows HD(Type II) in fenchone as
afunction of peak laser fluence for [=+1and [ = +2, respectively. The
results for limonene (C,,H,¢) are shown in Supplementary Section 1.
Also shown in Fig. 2a is the differential absorption of two orthogonal
linearly polarized Gaussian beams (dashed lines). The chiral signal in
fenchoneincreases with laser fluence, reaching amaximum of -4-6%,
and alsoincreases with the helicity (/value) of the beam (Fig. 2a,b). For
[=2,the onset of nonlinear absorption occurs at higher pulse energies.
In experiments with different [ values, the pulse energies were always
varied from below the threshold for the onset of nonlinear absorption
to approximately twice the threshold value, as shown in Fig. 1b. This
ensured that the nonlinear response regime we investigated remained
the same (-10® W cm™), even though the peak fluence of OAM beams
depends on the [ value®® (Supplementary Section 8). Chiral discrimi-
nation with linearly polarized helical light beams demonstrates the
prominent role of the optical phase associated with the OAM of light.

Generally, differential absorption defined by HD(Type I) = A
(+1,s) - A(-1, s) isnotexpected inisotropic achiral molecules with CPL.
This is also true even with helical light”. We did not observe any dif-
ferential absorption of linearly polarized helical light with symmetric
OAM beams where the nullintensity regionis at the centre of the beam.
However, when the singularity in the OAM beam s displaced from the
centre, achiralmolecules with different point group symmetries exhibit
dichroism (Fig. 3). The singularity within the focal region of a focused
OAM beam can be shifted either by (1) detuning the g-plate, leading
to a superposition of the incident Gaussian beam with the converted
OAM beam®, or (2) physically shifting the centre of the g-plate with
respect to the incident beam. We used the latter technique, because
the former gives rise toa Gaussian componentin the transmitted beam.
Theresultantasymmetric OAM beamintroduces anasymmetry in the
intensity profile in the focal region, as shown in Fig. 3a. The orienta-
tion of the laser polarization is perpendicular to the displacement
of the singularity. In the experiment, alignment of the singularity at
the centre of the OAM beam can only be defined before the objective,
which translates to an uncertainty ~+100 nmat the focus (see Methods
for calibration details).

Figure 3b presents the differential absorption of linearly polarized
helical light (/= +1) in achiral molecules, HD(Type I), with no inversion
symmetry—acetone (C;H,0), methanol (CH,OH) and air—for different
positions of the singularity in the focused OAM beam. The differential
absorptionisaveraged over afluencerange fromthe onset of nonlinear
absorption (which depends on the ionization potential) in the normal-
ized transmission curve to-2 ] cm™ Inacetone (blue curve) and methanol
(red curve), differential absorption exhibits a sinusoidal behaviour,
with a change insign as the singularity traverses the zero position from
-1.8 um to 1.8 um. The small variation in the zero-crossing point for
the two molecules (-100 nm) is due to uncertainty in the position of
the singularity. Helicity-dependent absorption does not exist in air
(empty cuvette in the experiment) and is independent of the position
of the singularity (black curve). This represents the background noise
introduced by our experimental set-up (Supplementary Section 5).
Helicity-dependentabsorptionin benzene (C,H,), amolecule with inver-
sionsymmetry, isshownin Fig.3c (black curve). The observed behaviour
issimilar to that of non-centrosymmetric molecules (Fig. 3b), suggesting
that the HD signal does not appear to depend on molecular symmetry.

To disentangle the roles of phase and field gradients in an asym-
metric OAM beam, we studied the differential absorption of a circu-
larly polarized, non-OAM, annular beam that mimics the profile of a
Laguerre-Gaussian (LG) beam with zero OAM value (Supplementary
Section 6). Dichroism in R(-)-fenchone (green curve), S(+)-fenchone
(red curve) and acetone (blue curve) isindependent of the position of
the singularity andis less than 1%, within the standard error. Absence of
differential absorption confirms that helicity-dependent absorptionin
achiral moleculesis a phase effect and not only due to field gradients.
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right-circularly polarized helical light with /= +1in S(+)-fenchone, as a function

16 1.8
OAM fluence (J cm™)

2.0

of peak laser fluence. ¢, Chiral signal with circularly polarized Gaussian (/= 0,
dashed lines) and OAM (I = +1, solid lines) beams in fenchone as a function of peak
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beams. The colour bands represent the propagation error of the chiral signal
for three independent measurements (sample size). These experimental results
were reproduced multiple times under identical conditions.

Figure 4apresentsthe HD(Typel) signalinlimonene enantiomers
for different positions of the singularity in an OAM beam. The spatial
variation of HD(Type I) exhibits the same behaviour as achiral mole-
cules (Fig.3b,c). The key difference is that with asymmetric OAM beam,

the helicity-dependent absorptioninthe two enantiomers is different,
resulting in non-zero chiral signal given by HD(Type Il). Figure 4b,c
show that the HD(Type II) signal in limonene as a function of peak
laser fluence is weakly dependent on the position of the singularity
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AT = ffg [T+ — 1] dxdyis the differential optical helicity representing the
E1E2 coupling term (see main text for details). The error bars represent the
propagation error of the chiral signal for three independent measurements
(samplessize).

within the OAM beam. They were obtained when the singularity is at
the positions marked by solid rectangles in Fig. 4a. Similar results were
obtainedforfenchone (Supplementary Section1). HD(Typell) signalsin
limonene (Supplementary Fig.1) and fenchone (Fig. 2) are of opposite
sign (Methods). Although the HD (Type Il) signal is not affected by the
location of the phase singularity, it is much more stable with an asym-
metric OAM beam. The results were also found not to depend on the
laser focus position inside the cuvette. The effects of propagation of
intense light pulses through the sample were negligible (Supplemen-
tary Sections 2 and 4).

To understand the chiral light-matter interaction, we modelled
therate of excitation (/') of the molecule using time-averaged induced
multipoles (Methods). The coupling terms involving the electric-mag-
netic dipole (EIM1) and electric dipole-quadrupole (E1E2) moments
(equation (8)) are pseudoscalars, so they change sign under improper
rotation, contributing to HD(Type I, I) (equations (10) and (11)).
HD(Typel) was modelled by evaluating equations (9) and (10), assum-
ing full alignment, using the experimental parameters (equations
(12)-(19); w = 2.35 x 10¥ Hz, w, = 2 pm) and approximating the response
tensors G’ and A” with scalars (or pseudoscalar)*°. The EIM1 term van-
ishes because we take the difference between left and right-helical
beams for the same polarization. Hence, the E1E2 term is the major
contributor to the HD(TypeI) for asymmetric OAM beams.

Figure 5a depicts the modelled E1E2 term (described in terms of
differential optical helicity AY) for different polarizations, described
by ellipticity €. The magnitude of differential absorption is maximal

for circular polarization (€ =1), decreases with ellipticity and goes to
zero for perfect linear polarization (e = 0). This is in agreement with
the experimentally observed sinusoidal behaviour of HD(Type ) for
the chiral molecule shown in Fig. 5b and the achiral molecules shown
in Fig. 3b,c. The minimum ¢ value achieved experimentally was 0.05.
Inthe experiments, the displacement of singularity is restricted by the
focal spot, whereas the modelling of the EIE2 term does not include
such boundary effects. As a result, at the extreme positions of the
singularity in the experiment, theintensity profile mimics asymmetric
Gaussian, leading to zero gradient force (Supplementary Section 9)
and subsequently no differential absorption. However, in the model-
ling, the intensity profile does not converge to asymmetric Gaussian.

For asymmetric LG beams, the modelled E1E2 term predicts a
higher magnitude of differential absorption for higher values of /, as
shown in Fig. 5c. Figure 5d shows experimental HD(Type I) for asym-
metricLGbeamsinlimonene for two different OAMvaluesof [ = +1, +3
The magnitude of HD increases withthe /value, in agreement with the
modelled E1IE2 term, where the limonene response tensor is approxi-
mated as a scalar quantity. The E1E2 term is non-zero even for asym-
metric non-OAM annular beams. However, because there is no [
dependence, HD(Type I) does not exist, as shown in Fig. 3c for the
non-OAM, annular beam obtained through Fresnel diffraction.

The contribution of the E1E2 term to the HD signal also depends
on the laser fluence. This vanishes at low laser intensity where the
degree of molecular alignment is negligible. The extent of molecular
alignmentwithan~100-fslaser pulse depends on (1) the laser intensity
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(-10® W cm™), (2) the molecular polarizability and (3) the temperature
and/or solute effects” . As the laser intensity increases, any degree
of alignment in an asymmetric OAM beam is sufficient for the EIE2
term to be non-zero, and its contribution to the HD signal increases,
asobserved in the experiments (Figs. 3 and 4).

Our technique affords tunability of OAM-dependent differen-
tial absorption in both chiral and achiral systems by (1) changing the
ellipticity of the laser polarization (Fig. 5a,b), (2) varying the [ value
(Fig.5c¢,d), (3) superimposing Gaussian and OAM beams to manipulate
the field distributions and (4) shifting the singularity. The technique
is quite general and can be extended to chiral and achiral transparent
solids, plasmonic metasurfaces and gas-phase molecules. The OAM of
light offers an additional degree of freedom to control light-matter
interactions. This opens new opportunities in next-generation chirop-
tical spectroscopy, asymmetric catalysis and light-driven molecular
machines, where ultrashort light pulses can trigger interconversion
of enantiomers for dynamic control of chirality.

A key advantage of using helical light is that the HD signal scales
linearly with the [ value, as predicted by our qualitative model. In
Fig. 5, alinear increase in differential absorption was observed by
changing from [=1to [=3. Our model predicts a linear behaviour
until /=15, therefore, anincrease in differential absorption by afactor
of 15relative to [=1. However, at very high [ values, saturation behav-
iour can be expected, as observed recently in chiral nanostructures®,
due to the increase in the size of the singularity and the finite beam
waist determined by the focusing geometry. The enhanced differen-
tial absorption with asymmetric OAM beams at higher / values can be
utilized in molecular optical switching for digital processing, in which
light transmission can be controlled with helicity.

Another unique feature of the scaling behaviour of the HD signal
is that it leads to higher chiral sensitivity. In contrast, the sensitiv-
ity of current chiroptical techniques that rely on light polarization
is predetermined by the nature of the light-matter interaction,
which is not scalable. In fenchone, the chiral signal increased from
~4%to~6% when [was varied from1to 2 (Fig. 2). However, the chiral
signal in limonene did not show such dependence. Although the
[ dependence of the chiral signal needs further investigation, the
sensitivity of our technique is comparable to PECD and two-photon
absorption CD*.

The demonstrated differential absorption in liquids suggests
a degree of control over the ionization of gas-phase molecules
when irradiated with an intense helical light beam. In addition to
polarization and magnetic field, the OAM of light represents another
parameter to control the continuum trajectory of ionized electrons.
The OAM of light, together with a transverse magnetic field and
longitudinal electric field, generate chiral continuum electrons
scalable with the [ value. In contrast to single-photon ionization,
chiral electron trajectories generated by tunnel ionization have
attosecond resolution and can be used to probe chiral dynamics
with attosecond precision.

Finally, the chiralmotion of free electrons also results inamagnetic
field along the laser propagation axis that can be controlled via the
optical OAM. The magnetic field willbe dominant around the singular
partofthe beamwhere the electric field is weak. For OAM single-cycle
pulses, the magnetic field can be switched on a timescale of -1 fs. This
opens a potentially new way to in situ, ultrafast probing of magnetic
materials.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41566-022-01100-0.
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Methods

Differential absorption measurements

A Ti:sapphire laser amplifier system, operating in an external trigger
mode and producing 45-fs, 800-nm pulses with a maximum pulse
energy of 2.5 mJ, was used in the transmission measurements. An
aspheric objective lens (numerical aperture (NA) of 0.3) was used to
focus the femtosecond pulses into a cuvette (10-mm thick) contain-
ing liquid samples of chiral or achiral molecules. A second aspheric
objective withthe same or higher NA (0.5) collected and collimated the
transmitted light onto a photodiode (PD2), positioned immediately
after the objective. For every laser shot, the transmitted light signal on
PD2 was normalized with the incoming light signal on PD1, reflected
offaglass plate positionedin the beam pathatanangle of ~20° to avoid
Brewster’s angle. The signals generated by PD1and PD2 were stretched
by an electronic pulse stretcher, discretized, and recorded by a data
acquisition card. Acombination of an HWP and a polarizer was used to
vary the pulse energy (power controlin Fig.1a). Theincident pulse ener-
gieswere measured before the objective. During the measurement, for
every laser shot, the pulse energy was increased by -3 n and the sample
was translated by 5 um to avoid microbubbles. Multiple transmission
curves similar to those in Fig. 1a were obtained for each sample, to be
averaged and smoothed. The difference inthe normalized transmission
of left-andright-helical light (/= £1) is proportional to HD(Type ) (that
is, differential absorption). To ensure ashortest pulseintheinteraction
region, a negative chirp was introduced and optimized by measuring
the second harmonic generationinabariumborate crystal placed at the
location of the cuvette. A single-shot autocorrelator then continuously
monitored the pulse duration. The pulse duration at the interaction
regionis~100 fs. Transmission measurements were always performed
in an empty cuvette before each experiment to determine and mini-
mize background errors resulting from any discrepancies between the
PDs (Supplementary Section 5). In addition, the measured single-shot
beam profile, pulse spectrum and OAM value remained unchanged
after transmission through the samples (Supplementary Sections 2-4).

Sign dependence of HD in chiral molecules

We used conventional labelling of a chiral molecule by the sign of the
direction of rotation of polarized light, dextrorotatory (D; +) and levo-
rotatory (L; —). Chiral molecules are also labelled as (S)- and (R)- based
on their absolute chemical configuration, representing the left- and
right-handed isomers. This labelling refers to the spatial orientation of
groupsatthe chiral centre and not to the optical rotation of polarized
light. As a result, it is possible for an isomer to be S(+), S(-), R(+) and
R(-).Thesigndependence of the HD signals arises from optical rotation
by anenantiomer. HD(Typell) signalsin fenchone (Fig.2) and limonene
(Fig.4b,c) are of opposite signs because they rotate the plane of linear
polarizationin opposite directions. R(+)-limonene and S(+)-fenchone
rotate the plane of polarization clockwise, and S(-)-limonene and
R(-)-fenchone rotate counterclockwise.

Generation of OAM beams

Light beams carrying orbital and/or spin angular momentum were
generated and controlled by an OAM/SAM unit (Fig. 1a) consisting
of a combination of a HWP and quarter-wave plates (QWPs), a linear
polarizer (LP) and abirefringent liquid-crystal-based phase plate called
ag-plate®. When an incident Gaussian beam propagates through the
g-plate with a topological charge g, it acquires an OAM defined by
[=+2q,withaphasesingularity and hence anullintensity region atthe
centre of thebeam—an optical vortex. The wavefront structure of such
beams undergoes /intertwined rotations in one wavelength, and the
direction of rotation is determined by the sign of the input polarization.
The conversion efficiencies of the g-plates were 91+ 2% for /=1, 3 and
~80 + 2% for [=2. Circularly (linearly) polarized Gaussian beams were
produced by a QWP. The ellipticity of CPL at the sample was 97 + 2%.
Circularly (linearly) polarized OAM light s=+1, [=+1(s=0, [= 1) was

generated using a combination of QWP, g-plate, QWP, LP and QWP.
Theellipticity of circularly (linearly) polarized OAM light reaching the
sample was 95 + 2% (5 +2%).

Generation of annular beams and displacement of singularity

An annular light beam with no OAM (/= 0) was generated by a circular
aperture and exploiting the Fresnel diffraction of the incident Gaussian
beam to produce an Airy pattern beam with a null region in the centre
ofthe beam (Supplementary Section 6). A Galilean beam expander and
QWP were used to magnify the beam by a factor of four and produce
circular polarization. The singularity/null intensity region in the OAM
(non-OAM beam) beam was displaced by translating the g-plate (circular
aperture), mounted on ax,y-stage, withastep size of 250 + 40 pm. When
focused by the objective, this translated to a displacement step size of
300 +20 nmwithrespecttothe centre ofthe beam. The calibration was
achieved by measuring the total translation required to displace the sin-
gularity tothe periphery of the defocused beam and comparingitto the
measured spotsize of 2 + 0.2 pm obtained by knife-edge measurements.

Multipole expansion of the light-matter interaction

We consider amonochromatic electromagnetic field incident on a mol-

ecule. The resultant time-harmonic charge and current distributions are

described by amultipole expansion. The single-photon rate of excitation of

themoleculewasexpressedintermsoftime-averaged induced multipoles.
Theinduced electric-dipole i, electric quadrupole #and magnetic

dipole m, are expressed in multipole expansion terms as**®

_ - a o L ledq g
fq = %“apfﬁ + %:GaliBlf +3 ;Aaﬂyfﬂﬁ
14

Bap = zy:ayaﬁf ; (€))

My = %:Xaﬂgﬁ + %gaﬁgﬁ

where the Greek alphabet represents the Cartesian indices. a,gis the
electric dipole polarizability, ¥,sis the magnetic susceptibility, A, is
the electric dipole-quadrupole polarizability, where 4,4, = a,45 and
G,pisthe electric-magnetic dipole polarizability, where G5 = —&,; The
field gradient V,4E, is defined by Eg, (refs. ¥~*). The complex electric
and magnetic fields are defined as E (¢) = Eje~‘and B (¢) = Bye~*“ where
E;and B, are arbitrary complex vectors and w is the frequency of the
incident light, The terms with tilde are complex quantities
Bop = Ay + 0, = &5, Aggy = App, il = Aygpand Gy = Gy +iG s

The dynamic multipole interaction Hamiltonian*"**is given by

1
Hine = —Hoko — _GaﬁEaﬁ —MmgBy — ... 2

3

The rate of change of the Hamiltonian gives the rate of energy
absorption by the induced multipoles**%, that is, energy absorbed
fromthe EMfields, expressed in terms of time average:

. . 1,
r= <paEa + 11 By + 519‘,,;15“,;> 3)
t

where j1, i, 0, E, = % (E et + Exe@t) and B, = % (Bge~t + Bzei@t) are
real quantities. By considering the component of dipole moment along
the electric field direction, we replace S with a (ref. *’) to get

W (ExE o W, rEE
I'n_p = 7% (E;;Ea + EﬁEa) = Ipp= 5 %aa [EE}] 4)
Magnetic dipole-dipole excitation (M1-M1) is given by

W, (B B, B DB B
Tyn-mn = 2 Xap (BBB& + /;Ba) = Dyan = szm [B.B;] S
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Electric-magnetic dipole excitation (E1-M1) resultsin the interac-
tion of the electric field with the electric dipole momentinduced by the
magnetic field and vice versa. The expressionis given by

iw ’ P = B w , s B
Iy = 7 <szﬂ>p (B/lE; —Eq ﬂ) = Ipm= EPGmlm [ExBs] (6)

Todescribe the bulk response, the tensor quantity G, ;must beaver-
aged over all degrees of molecular orientation. For partial orientation of
molecules, duetothelaserinduced dipole force (see below), we consider
anisotropicaveraging (Gop)p = PG wherepisan orientation-dependgnt
weighting factor influenced by the degree of molecular alignment®*',

Electric dipole-quadrupole excitation (E1-E2) arises from two
contributions: (1) the interaction of the electric field with the electric
dipole momentinduced by the field gradient and (2) the interaction of
thefield gradient with the quadrupole momentinduced by the electric
field. The expressionis given by

Inp=% <Aaﬁy>p [VoE By + EVBEs | = Tnpa = 3PAwRe[EVaE)] ()

We consider anisotropic averaging (A 50 = PAG where pisan

afy aay’
orientation-dependent weighting factor influenced by the degree of
molecularalignment. For complete alignment (p =1), considering the
principal molecular axisis oriented along the propagation axis (y), the
tensor quantity can be expressed as Ayg)p = Ay + Agy) (ref. ¥).
Because the dominant contributionto the dipole momentisalongthe
electric field direction (a), welimitto Ay,,. This tensor quantity vanishes
for randomly oriented molecules, p = 0 (isotropic averaging). The
higher multipole transitions suchas EIM2, E2M1and E2E2 areignored
because the molecular response tensor for these transitions is very
small. The total rate of excitation is a sum of all four absorption rates
for an asymmetric LG beam:

Fi

- . SR 2 . e\ .
5= SAa BSR4 x 1B +pGIm|(Ef) - BE |+ SparRe|(ES) - VEE]

E1E1

MiM1 E1IM1 E1E2

(8)

The §is the asymmetrical parameter, 6 = 0 forasymmetricLGbeam
and 6 # Ofor anasymmetric LGbeam. The signin "*represents the sign
ofthe OAM. The above equationis generalized to multiphoton absorption
(Supplementary Section 10). E1 and M1 are the electric and magnetic
dipoles, respectively,and E2is the electricquadrupole. The coupling terms
EIM1 and E1E2 are pseudoscalars and change sign under improper rota-
tion. Foraspecific chiral system, the sign change of these quantitiesupon
reflection would lead to non-zero differential absorption, defined as

Wo
AW = f HD (Typel, II) dxdy 9)
—ap

and integrated over the beam cross-section. HD(Type ) is defined as
the difference between the absorption of left-and right-handed helical
light for the same molecule (Figs. 3 and 4a):

HDs (Typel) = I} — Iy = G'[Ct —C ]+ A" [Y*=Y~]  (10)

HD(Type Il) is defined as the difference in absorption between

the two enantiomers for a specific helicity and polarization (Figs. 2
and4b,c):

HDj (Typell) = Iy-Tf=C [G;e - G;] +7* [A,’; —Ag’] (1D

where R and S represent the two enantiomers. The parameter

+ = 29lm [(E';)* . Bg]in equations (3) and (4) is called optical chirality,

alocal measure of the degree of circular polarization, and we define
= %"’Re [(Ef)* -VE;']asopticalhelicity. Bothare time-even psuedos-

calars. Optical chirality is often used to describe the phenomenon of
CD in molecules®**? and metasurfaces®**>**, Optical helicity, ¥, is a
quantity describing the handedness of helical light. It contains the
gradient of the electric field, giving rise to a linear [ dependence. The
above equations, assuming full molecular alignment, show that the
chirallight-matter interaction depends on both molecular transitions
(containedin G’and A”’) and optical chirality C, and optical helicity, Y.
The contribution of the EIE2 term was modelled in Fig. 5by considering
the optical helicity term ¥'(dominant component defined by approxi-
mating A” as ascalar).

The following qualitative behaviour emerges by evaluating equa-
tions (9) and (10) for HD(Type I) and equations (9) and (11) for HD
(Typell):

« HD(Typel)isabeam-dominated property and does not exist for
symmetric LG beams. For asymmetric LG beams, the EIM1
term vanishes (because we take the difference between the
left- and right-helical beams for the same polarization) and the
E1E2 coupling termis non-zero. For a circularly polarized Gauss-
ian beam, the EIM1 term is non-zero and gives rise to conven-
tional CD.

« HD(Typell) is a material-dominated property where both EIM1
and E1E2 coupling terms contribute to differential absorption
for asymmetric LG beams. For symmetric LG beams, the E1E2
term averages out to zero, but the EIM1 term is non-zero and can
contribute to HD. EIM1 and E1E2 are of similar magnitudes**.
For asymmetric LG beams with the same polarization but differ-
ent helicities, the EIE2 term is responsible for the change in the
sign of the HD curves. Because the E1IM1 term changes sign only
with polarization, its finite magnitude leads to an offset in the
HD curves (Fig. 4b,c).

The E1E2 coupling term is often ignored because it vanishes for a
random orientation of molecules due to rotational isotropic averaging.
However, if the molecules are preferentially aligned, the quadrupolar
interactions containing A” cannot be neglected*. This is the case for
asymmetric LGbeams, inwhich the spatialinhomogeneity intheintensity
profile at the interaction region gives rise to an optical dipole force
definedbyF = alve? + a% (E x B), where the first term defines the gradi-
entforceandthesecond termthescattering force, which canbe neglected
when the Poynting vector remains constant over an optical cycle. A net
non-zero force is exerted on the induced dipoles directed towards the
extremaofthe radiationfield (Fig.3a). The resultant torque preferentially
aligns the molecular axis parallel to the polarization plane”, leading toa
non-zeroaveraged E1E2 contributionto HD. The EIE2 contribution toHD
vanishesfor symmetricLGbeamsbecause the gradientforceiszero. The
E1IM1termis non-zero even for randomly oriented molecules.

Asymmetric LG beams
Weintroduced anasymmetry parameter, §, into the symmetric LGbeam
to obtain an asymmetric LG beam. We also consider the longitudinal
component of the field (E,) as a correction to the paraxial regime®®>
totake into account its finite / (OAM) contribution. Theimportance of
the longitudinal componentin the light-matter interaction has been
recently demonstrated in differentiating nanoparticle aggregates using
helical light?®. When light is focused tightly using a higher-NA objective,
the contribution of the longitudinal component becomes significant.
For arbitrary polarizationin the paraxial regime, the field compo-
nents can be written as

u; (x,,2) =

Foexp ike] (ﬁ«x:m@:i(yxrw» )"' oxp (_ (@ >) 1) ( 21)

2 - 2
o [2H p—J [2H

(12)
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Ef (X, Y, 2) = a,Uk (X, 9, 2) (13)
E; (x,y,2) = Bu3 (x, ), 2) (14)
By 2)=
. 2o N o (cFind)Fi(yFits)  + 2 .
’f (az + lﬁz) (X$ir16)z+(y$i(6)2 u() (X, Y, Z) @ (az (X) + ﬁz (y)) uo (X7 Y, Z)
15)
k 4
Bx (X, A Z) = _ﬂzaua (I"), (16)
k .
By(x,y,2)= @G () 17)
BZ (X’ Y, Z) =
18)

ok . Hwo(yFido)+i(xFind)) 4+ o 2 _ +
ify | (@ = iB) o e s (0= - (a: ) = B 00) 5 (0

where f=1/2zw,, p = /x2 + 2 and w, is the beam waist. Also, £, is the
normalization factor obtained by integrating the intensity over all
space (- to + =), and for (/=1) itis given as:

2k202

Ey = 19
¢ z(a? + £2) (202 + k2wt +2(3 +n2) 62 (1 + k2? )
( ) (203 0 )62 ( %)

In our case, there is no radial node, hence p = 0. The + represents
the rotational direction of [. The polarization factors & and  are nor-
malized suchthat|a, | + |8,|* = L Displacement of the singularity in the
x-y plane can be achieved by varying n and {. For generalization, we
substituted n =1/4 and {=1, considering the movement of the singular-
ity is slightly displaced from the axial direction experimentally.

Data availability
The minimum dataset necessary tointerpretthe results can be obtained
fromthe corresponding authors upon reasonable request.

Code availability

The simulation data were obtained by evaluating the equations using
standard technical software. The code is available upon reasonable
request to the corresponding authors.
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1 HD(Type |, Il) in limonene and fenchone

Figures S1 shows HD(Type II) in limonene as a function of fluence for / = -7 (Fig.S1a) and +3 (Fig.S1b) , respectively for
linearly poarized helical light. The chiral signal increases with laser fluence and reaches a maximum of ~ 6-7%. The chiral
signals in limonene and fenchone are of opposite signs (black curve and red curves are flipped) because they rotate the plane of
linear polarization in opposite directions (see Methods). The chiral signal did not increase with /-value in limonene.
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FIG. S 1. HD(Type II) in limonene with linearly polarized light (s = 0) as a function of peak laser fluence. (a) [=+1 . (b)
[ = +3. The colour bands represent the propagation error of the chiral signal for three independent measurements (sample size).
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FIG. S 2. Helical dichroism with asymmetric OAM beams in fenchone. Differential absorption of linearly polarized helical
light I = %1 as a function of the position (or displacement) of the singularity in the OAM beam. The insets show helical
dichroism as function of peak laser fluence when the singularity is at the positions marked by solid rectangles. The error bars
and colour bands represent the propagation error of the chiral signal for three independent measurements (sample size).

Figure. S2 shows that HD signal in fenchone. The spatial variation of differential absorption, HD(Type I), of linearly
polarized helical light in fenchone enantiomers exhibits the same behaviour as achiral molecules (Fig. 3b) as well as limonene
enantiomers (Fig. 4). The insets of Fig. S2 represent HD(Type II) as a function of peak laser fluence when the singularity was
at the positions marked by solid rectangles.

2 Intensity profile of OAM beams before and after the sample

To ensure that the beam profile is not influenced by nonlinear propagation effects at the interaction region we took single shot
images of the beam profile with and without the sample as shown in fig. S3. A pulse energy of 350 nJ for / = 1 was chosen
because the magnitude helical dichroism (see main article) is largest around that energy region. There was no change in the
beam profile after propagating through the sample. This suggests the nonlinear absorption is not influenced by any propagation
effects.
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Single shot OAM mode imaging at 350 nJ for [ = —1

Without sample Simulation With sample

FIG. S 3. Single shot beam profiles of / = —1 for a symmetrical LG (center row) and asymmetrical LG (top and bottom rows)
beams. The left (right) column shows the beam profiles without(with) the sample. The central column shows the simulated
intensity profiles.

3 Measuring the transmitted / value of an OAM beam

To ensure the [ value remained unchanged after propagating through the sample, we performed a set of interference experiments
involving Gaussian and OAM beams to observe the signature fork patterns. Fig. S4 depicts simulated and measured single-shot
fork patterns for / = —1 in air (a,b) , / = +3 in sample (c,d). Fig. S4 e,f shows the measured patterns for / = %7 in the sample.
Though the contrast of the interference patterns is poor in the sample due to single-shot measurement, they are in agreement
with the expected signature patterns. Results indicate no change in the angular momentum value of the light when propagating
through the sample.
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Single shot Gaussian and OAM interference at 350nJ

Without Sample
Simulation In Air

I=-1 l=-1
b)

With sample
=43 l=+3

d)

l=+1

FIG. S 4. Simulated and measured (a,b) two pronged fork pattern for / = —1 in air, (c,d) four pronged fork pattern for / = +3
in sample. (e,f) measured two pronged fork pattern for / = +17 in sample.

4 Single shot transmitted spectrum measurement

Nonlinear affects such as self-phase modulation can influence the propagation of incident light through the sample over the
range of pulse energies used in the experiment. Fig. S5 shows set of single-shot spectra (a) of Ti: Sapphire laser used as
a reference (black curve), (b) after the power and OAM/SAM control optics (magenta curve) with no sample, and (c) after
propagating through (-)-fenchone and (+)-fenchone for linearly polarized helical light, +/ (cyan and green curves, respectively)
and —/ (red and blue curves, respectively). There is no considerable change in the spectral shape after propagating through the
sample suggesting nonlinear affects are negligible. Compared to the reference spectrum, the spectrum of light incident on the
sample is altered due to numerous optics in the beam path.

412

88



Spectrum at the interaction region (350nJ)

1.0 S —— Ti:Sapphire output spectrum
(-)-Fenchone (lin+ve)
—— (-)-Fenchone (lin-ve)
T (+)-Fenchone (lin+ve)
(+)-Fenchone (lin-ve)
—— Spectrum without sample
0.8
> 4
=
g
p '}
£
o) 4
()
N
T 044
S
fem
O
Z
0.2 5
0.0

D = s oo T ; i S R, T d
750 800 850
Wavelength (nm)

FIG. S 5. Single-shot measurement of transmitted spectra. The reference spectrum (black curve) corresponds to Ti:sapphire
laser, spectrum after the power and OAM/SAM contol but with no sample (magenta curve). The cyan (green) and red (blue)
curves are the spectrum of linearly polarized / = 47 (lin +ve) and / = —I (lin -ve) after propagating through (-)-fenchone
((+)-fenchone).

5 Transmission measurements in air in the absence of sample

In the absence of a sample, transmission measurements conducted in air ensure that the photodiodes detect identical signals
when changing the incoming linearly polarized light from +/ to —I. Fig. S6 a) and b) show transmission of a symmetrical
and an asymmetrical LG beams through air. The red (black) curves represent the difference between the PD1 (PD2) signal for
linearly polarized +/ and —/. Both signals are centered about zero with a fluctuation of £0.05V. Moreover, the red and black
curves nearly overlap over the entire energy range, demonstrating no signal change between PD1 (incident light) and PD2
(transmitted light) as the OAM value changed. This indicates there is no arbitrary signal/noise introduced by the experimental
setup to the observed differential absorption in chiral and achiral molecules. Transmission measurements in air were performed
before every experimental run and for every position of the displaced singularity.
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FIG. S 6. Transmission linearly polarized helical light in air (no sample) (a) for a symmetrical and (b) asymmetrical LG beams.
The red (black) curve represents the difference between the PD1 signal for +/ and —I (PD2 monitoring the transmitted light ).

6 Differential absorption with non-OAM beams

Figure S7a shows normalized transmission of a linearly polarized Gaussian beam propagating through left- and right-handed
chiral molecule. Both in the linear and the nonlinear regimes, the two curves overlap exhibiting no differential absorption.
Similar transmission measurements were conducted for S(-)-limonene with left- and right-circularly polarized annular beam
resembling an Airy pattern obtained through Fresnel diffraction (Fig. S7b). In absence of phase, which is responsible for orbital
angular momentum, there is no differential absorption in a chiral molecule for a beam with a null intensity at the center. The
results remained the same even when the null intensity regions was displaced from the center (fig 3c of the main article). This
suggests that differential absorption is not purely due to the field gradient. Helical phase plays a crucial role.
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1.0 4 — - =0, s= 1.0+
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FIG. S 7. (a) Transmission of linearly polarized Gaussian in left- and right-handed limonene. (b) Transmission of left- and
right-circularly polarized annular non-OAM beam for S(-)-limonene. Insets show the beam profiles. The colour bands represent
the propagation error of the chiral signal for three independent measurements (sample size).
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7 Spatial Mapping of singularity

Fig. S8 shows 2D contour map of differential absorption of linearly polarized (€= 0.09) left and right handed OAM (I = +1)
for (+)-fenchone, obtained by displacing the singularity in the xy plane. The results presented in Fig.3, 4 (main text) and Fig.
S2 are a line scan along one axial direction. The sinusoidal behaviour of differential absorption becomes asymmetric as we

displace our singularity off-axis. This behaviour is likely due to the relative angle between the polarization direction and the
direction of displacement of the singularity.

= lin+ve Hin (-ve)

Y-Displacement ( nm )

-1000 L
-1000 -500 0 500 1000
X-Displacement { nm )

FIG. S 8. Differential absorption of linearly polarized helcial light (I = +1) in (+)-fenchone as a function of the displacement
of the singularity in the XY-plane.

8 Fluence calculations

In LG beams with increasing [-value, the size of the null intensity region at the center increases. Consequently, for the same

spot size higher pulse energies are required to reach the threshold for the onset of nonlinear absorption. This can be seen from

the transmission curves shown in Fig. S9 for [ = 1 (left) and [ = 3 (right) plotted as a function of laser pulse energy in fenchone.
From the threshold energies, the peak fluence is calculated based on the below equation!:

72r2
J 2D 2l goi?
l[(cmz)] im0 ;

where [ = 0;41;+£2;43. .. is the orbital angular momentum value, r is the radial direction, ®(z) is the radius of a beam
evaluated at z=0 and E is the threshold pulse energy for different I-values.

For peak fluence, radial parameter r is evaluated at the mamxima of the intensity profile. For Gaussian beam (/ = 0) maxima
occurs at r = 0, for OAM beam with [ =1 at r,; = i% and subsequently for higher order / values at the position of their
respective maxima.

712

91



1.00
——S(-}-C4gH4(1=-1,8=0) 1.0 4 ——8()-C1gH1p (I=-3,5=0)
o S(-)-C10H16(I=+1,S=0) ——8(-)-C4gH1 (I=+3,5=0)

S 095 S

3 3 09

£ Lo

[} [}

c c

g g

= =

T 0.90 -

N ¢

© © i

g g 0.8

o o

z z

0.85 -

—r 77— o+ ¥7—7
180 200 220 240 260 280 300 320 500 550 600 650 700 750 800 850
Energy (nJ) Energy (nJ)

FIG. S 9. Transmission curves of limonene with linearly polarized light (s = 0) as a function of pulse energy. (a) [ = 41 . (b)
| = =£3. The colour bands represent the propagation error of the chiral signal for three independent measurements (sample size).

Substituting the above values for radial parameter, we get

Eth
For [ = 0 beam : Fy (rpk) = 2—02
wg

Eth

Forl=1beam: Fj (ry) =2¢ ' =L

2
wg

One can obtain similar equations for higher order OAM beams from which the peak laser fluences were calculated for the
presented results.

9 Optical dipole force

Here we show that optical gradient forces are non-zero for asymmetric LG beams. The total force acting on a dipole can be
: 2
written as

F=(u-VE+uxB+ix(u-V)B (1)

where U is the dipole moment. Here first term on the RHS containing the inner product(u - V) represents the dipole force
due to inhomogeneity in the fields. Second term is the expression of standard Lorentz force and third term represents particle
movement in the inhomogeneous magnetic field. The above equation was obtained by assuming dipoles does not change the
incident fields. For non relativistic speeds (i << ¢), third term can be neglected as it is much smaller in comparison to first two
terms. Substituting 4t = a(@)E(r) where o is atomic polarizability, we get,

dE
F:a(E-V)EJroc(ExB) 2
Using vector identity (E-V)E = 1V (E?) —E x (V x E) and second maxwell equation we get,
l_ ., d
F=a-VE“+a—(E xB). 3)

2 dt

Here, first term defines the gradient force and second term is the scattering force which can be neglected when the poynting
vector does not change over an optical cycle. Fig. S10 shows the gradient force component (F,) integrated over the beam
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b
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Gradient force (V|E|?)

FIG. S 10. Optical gradient force as a function of displaced position of singularities. Optical gradient force is zero for
symmetric LG beam and maximum at the position of displaced singularity. Force converges towards zero for the extreme
displacement in singularity where beam profile mimics gaussian profile.

cross-section as a function of displaced position of the singularity. For linearly polarized light one of the transverse components
will be dominant. The F, component would be smaller in magnitude however exhibits similar behaviour. The gradient force is
zero for the symmetric LG beam for which the singularity is at the center. When the singularity is displaced, the gradient forces
initially increases and then decreases to zero for large displacement. A non-zero gradient force would give rise to a torque
which preferentially aligns the molecular axis parallel the polarization plane®. Such alignment of molecules in an asymmetric
LG beams will lead to non-zero averaged E1E2 dipole-quadrupole contribution to HD. Therefore, the HD signal, shown in Fig.
5 of the main text, is zero for symmetric LG beams, increases with the displacement of the singularity reaching a maximum and
then decreases when the singularity reaches the beam periphery.

10 Extension of theory to multiphoton case using time-dependent perturbation theory

Using perturbation theory, a generic time-dependent wavefunction

%) = 1) + Y e (1) %) @)
m
satisfies the Schrodinger equation
., 0
(Ho+ AV (1)) |¥) = in - 2) )
where, A is the perturbation parameter and
1
V(I) = —UgEq — gﬂaﬁVaE,; —mgBg — ... (6)

. . . . . . . ", i (0)
is the interaction Hamiltonian*>. The corresponding multipoles and fields are complex quantities. |¥) 0 = lv) O)g—iEn"t/h gre
the stationary states satisfying

d
Hol )" = in—|¥) 0 (7)
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We can expand the time dependent coefficient c,, (¢) in powers of perturbation parameter A.

em(t) = W)+ Ak (1) + A2 (1) + ...+ A" (1) 8)

where different order coeffecients can be obtained by comparing powers of perturbation parameter A

1 4 .
et (1) = (m) [ _atmiv () [g)eiens ©)

and nth order is defined as,

e (t)=< ) / d' (m|v (¢') |el" ") () eiom” (10)
Now, we calculate the single photon absorption rate and generalize it to multiphoton absorption® Considering a interaction

Hamiltonian of the form
V(t) = Ve ' f v+l (11)

By implementing the rotating wave approximation, we neglected the complex conjugate of the field because we are only
considering absorption and ignore the stimulated emission (anti-resonant terms). The probability amplitude can be expressed as

Py (6) = [ei) (1) | (12)

and the rate of transition

(n)
t
R I( ) (13)

therefore, for single photon we obtain Fermi’s golden rule

2V m|V12)PS (g — @) (14)

R
£ h

Single photon transition rate is proportional to absorption cross-section® which is proportional to the rate of energy
absorption (I') derived in the main text. Substituting the interaction Hamiltonian into the rate expression, we get

1 m
He Eq — < 0nsV o Ep — mgBa|*8 (0ng — ) (15)

2
h2 | 3 Olﬁ

For physical situations, the delta function can be replaced by a lineshape function

— U Eq — 36aﬁVaEﬁ My Ba|*p (Ong = ©) (16)

2r 7 : 7 *
R = 37 (i) (B Ee) 4 (W8 Eu) (2B) + () (3059 )+ (0s"Be) ()

m, 1 m, : m, m, 1 m, 1 m, m *
+ (niBa) (3005VaBp )+ (rBa) (B + (05VaBy ) (u*Ea) + (§008Vut ) (50)

l *
+ (392’5VaEﬁ) < aﬁVaEﬁ) >p(wmg =)

Ignoring the M1M1, M1E2 and the E2E2 coupling terms and applying the anisotropic averaging, we get
1 * * * *
R = 7 [ Pl + Pl + (W) (EaBl) + (2 G ) (BaE)
1 mg  mgx mg nmgx* *
+7<<9alg;u'ag > (V(xEﬁE ) <u ge g > <E0£V05Eﬁ))p(wmg:w)
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Here p is the orientation-dependent weighting factor arising from the anisotropic averaging (p = 0 for random orientations and
p = 1 for full alignment of molecules). The dipole transition u is a real quantity , magnetic transition dipole m is imaginary’.
Approximating the response of the quadrupole tensor as a scalar we can rewrite the above expression as:

1 27
Ritg = oy 106 PIEal + Im P Bal + i mi")p (BeEG, — EaBy)
1
+3 (ngeg'g)p (V(XEBE;; +EavaE§)) P (g = ®)
Since BoEj — EqBjy, = —2ilm[E;Bq] and, (E&VaEﬁ +EaVaEE) =2Re [E;VQEI;] we can rewrite the above expression as

. . : g 2 2 2
Rid = =5 | [ PIEal + [ P1Bal + 20 m " plm (B B + 5 (45 055) oRe [EgVaEp] | p(0ng = @) (17)

E1E2

E1E1 MIM1 EIMI1

This is the single photon transition rate and resembles equation (8) of main text. Im [E};By] and Re [E;VQE,;} correspond to
optical chirality C and helicity Y, respectively.
The transition rate for two photon process (transition states: g — k — m) is

Vi Vi
RE) = 2|y — Vol

| b (@ =200 18
7 (- ) | P2 o

2
(uitEa+ L0V aEp +miBo ) (1 Ea+ L 055VaEp +mEBq)

(
R =2 g = 2 19
2
2 (M Eq ) (Mo Ead)+(m3*Ba) (1e Ea )+ (1t Ea) (mf Ba )+ ( § 61 VaEp ) (1o Ea )+ (1 *Ea) (4055 Vakp
) o, ) )t e (e e e (o) o
(20)

Ignoring the higher order terms involving M1 and E2 we get

2 2 N ‘
HEEa| +|HEEa| | (8 Ea) (mBa) "+ (m2*Ba) (n5*Ea)]

2 1 2
RSn(; = ZEZkW {|Hgkaa|

ke, [(unga) (éeggVaEﬁ)* + (éeglgvaEﬁ) (ugnga)*} + ke, [ [(nggEa) (m’fnga)* + (ml&gBa) (,uggEa)*}
el [ (e (1055 Vaks) + (1645 Vals) (4EEx) |} o (00 =20)

Implementing anisotropic averaging, we get

2 2
2 mk k. k mk ,_mks * mk , , mkx *
Rig =214 Mt UGS | VEakal + 1| 1Eal? [(abmi) o (EaBy) + (mi ) (Bay)

1
h4(“’kg_“’)2 {
2 2 * * * %

Eal” [ (130285 (EaVaEy ) + (S 0mbuz)p (VapEg) | + | |Eal® [(REme")p (EaBl) + (miEuis)p (Bay)|

g P 1Bl [ (G085 )0 (EaVaky ) + (16551 )y (VaEsEe) | } 2 (0ng =20)

k,
+ U

R 2wt

1 (g~

2 2
ko 2 kg gk *
a2 [l Vel Gt + itV ki, ) i

2 2
+3 (\ué‘f! |Eal (g 045)p + 15" |Ea\2<u{;ge§’;>p)ke [EzvaEﬁ]}pmng:Zw)
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Generalizing for n-photon case, where m is the final state and g is the ground state state

k;
Lo ud.. u&"uag‘ |Eq|™

R (0p — (1= 1) ©)” ... (O — 20)? (0 — ©)

Ril=27 |y LY

p

2p ((Dmg = I’l(x))

ump w2k *Im ukgmgk + [l |l uk ’urkmkr
+ZZZZZ} o 2! | [0‘ 0‘}2 | | ’ ‘ ‘ ’ o "o
p 1Tk W (@p— (n—1) @) ...(0x —20)* (a)kg—a))
2
o P |k ke [ué’m’o’é’} + |l &"Iz‘uﬁgl (g ml")p

2 (0 — (= 1) ) .. (0 —20)* (0 — ©)°

) [ ‘u ‘ k| Im[ukgegk}+\ua”| ‘u \ ke
+§§'Zf Z’; hz” (a),,lf(nfl)a)) (O —20)° ((ukgfw)2
+ g g ’N ’ Im [ua } ‘u \ T <u’""95'£>

hz" (0p1 = (n—1)0)" ... (0% — 20)* (04, — ®)°

2

(22)

[Eq[*" "V Im[ELBy] p (0mg = no)  (23)

(24)

|Ea|*" "V Re [ELVaEp] p (0ng =nw) | (25)

Neglecting the higher order cross terms, we therefore obtain similar expressions involving E1E1, EIM1 and E1E2 expressed
in terms of optical chirality C and helicity Y. The above expressions were obtained in a scalar approximation regime where
tensor properties are restricted to a dominant component for oriented molecules. However, when the tensor nature of molecular
response is considered there will be multitude of cross terms that arise in case of n-photon transitions whose /- dependence
needs to be investigated further. We considered n-photon transition rates because in our experiments, for example, interaction

of Ti:Sapphire femtosecond laser with limonene (Ip = 8.3 ev) is a 6 photon process.
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Chapter 4

Helical dichroism in enantiomeric
solutions

4.1 Intoduction

In the previous chapter, chiroptical detection in enantiopure liquids was demonstrated. The
strength of the chiral signal was shown to be scalable by varying the [ value (OAM) of the
beam, as well as tunable by changing the ellipticity and displacing the phase singularity of the
beam. These features offered a distinct advantage over conventional CD techniques. However,
for a spectroscopy method to be truly comparable to CD spectroscopy, it must be applicable
and efficient in the liquid solution phase. The chiral response of an enantiomeric solution is
often difficult to observe due to the strong influence of solvent-solute interactions [1]. CD
spectroscopy in biologically relevant solutions is crucial for understanding molecular biology
and is extensively employed in the pharmaceutical industry for drug-binding research. This
raises the question: Can phase-based spectroscopy be expanded to the solution phase to become
relevant for biological applications?

This work demonstrated the presence of HD in enantiomeric solutions without the need
for external intermediaries. The asymmetrical helical beam was utilized as a chiral probe to
differentiate enantiopure powders of amino acids and terpenoids dissolved in an achiral solvent
at varying concentrations. Theoretically, the chiral response of enantiomers was qualitatively
described by incorporating the broken symmetry conditions [2, 3] of the enantiomeric ground
states into the helical light-matter interaction model.

This research was published in the Journal of Chemical Physics (2023) and was selected as
an Editor’s Pick (EP in the published title). The first authorship was shared with my colleague
due to our equal contributions to the work. The published version of the article is reproduced
in this chapter, where the theoretical framework, experimental methods, figures, and references
are self-contained. The following section presents the key results and advances.
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4.2 Key results and advances

Transmission experiments were performed using enantiopure alanine and camphor powders
dissolved in an achiral solvent at varying concentrations. Similar to the case of enantiopure
liquids, the transmission curves for left- and right-handed circularly polarized light overlapped
within the experimental noise, demonstrating a weak CD signal strength in our setup. Also,
the solution exhibited differential absorption when probed with the left- and right-handed
asymmetrical helical light. The key results can be summarized as follows:

e Nonlinear absorption threshold: Transmission measurements revealed a lower onset of
nonlinear absorption for the chiral solutions compared to their respective achiral solvents.
This distinctive property made it possible to differentiate the HD signal of chiral molecules
with minimal interference from the achiral molecules. This distinction was crucial, as
achiral molecules also exhibit helical dichroism.

e HD (Type I, II): The powdered solutions of alanine and camphor exhibited two types of
dichroism: HD (Type I) and HD (Type II), similar to the case of enantiopure liquids. The
HD (Type I) signal increased with the concentration of the solute. As the concentration
approached the solubility limit, the signal exhibited more fluctuations and errors. Addi-
tionally, HD (Type I) could be tuned by displacing the phase singularity. HD (Type II),
or the chiral signal, did not increase with varying concentrations and reached a maximum
of 4%. For comparison, the chiral signal for Gaussian beams reached a relative magnitude
of approximately 1%.

The major advances of this research can be summarized as follows:

1. Extended the helical phase-based chiroptical detection spectroscopy to powdered enan-
tiomeric solutions.

2. The differential absorbance of helical light, d A = 0.05 for camphor and alanine solutions,
is shown to be an order of magnitude higher compared to conventional resonant linear tech-
niques, such as the CD for alanine (0A =~ 0.0076). The demonstrated efficiency is of the same
order as existing nonlinear techniques, such as 0 A =~ 0.03 for alanine with two-photon CD and
0A =~ 0.085 for camphor with PECD.

3. The ability to differentiate enantiomeric solutions using helical light offers an additional
advantage for bio-relevant molecules, which are often in powder form. This makes the phase-
based spectroscopy technique particularly relevant for industrial applications

The following section reproduces the author’s contribution section from the published article.
The published version of the article file is attached later.
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4.3 Statement of contribution

These authors contributed equally: Ashish Jain and Jean-Luc Bégin.

This project was conceived as an extension of the nonlinear helical dichroism in liquids
project and was designed in collaboration with my colleague Jean-Luc Bégin and my supervisor,
Professor Ravi Bhardwaj. It commenced following the completion of the nonlinear helical
dichroism in chiral and achiral molecules research (Chapter 3), where the developed theoretical
model was extended to enantiomers. My colleague and I constructed the experimental setup and
conducted calibration experiments to minimize background noise. Together, we performed all
the experiments and analyzed the resulting data. The theory of helical dichroism in enantiomers
was developed jointly with my colleague and supervisor. All authors contributed to preparing
and reviewing the manuscript.
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ABSTRACT

A novel chiroptical sensing technique was recently introduced that utilized the helical phase of the structured light as a chiral reagent instead
of polarization of light to differentiate enantiopure chiral liquids. The unique advantage of this non-resonant, nonlinear technique is that the
chiral signal can be scaled and tuned. In this paper, we extend this technique to enantiopure powders of alanine and camphor by dissolving
them in solvents of varying concentrations. We show the differential absorbance of helical light to be an order of magnitude higher relative to
conventional resonant linear techniques and is comparable to nonlinear techniques that use circularly polarized light. The origin of helicity
dependent absorption is discussed in terms of induced multipole moments in nonlinear light-matter interaction. These results opens up new
opportunities in using helical light as a primary chiral reagent in nonlinear spectroscopic techniques.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152203

INTRODUCTION

Chirality is often investigated by a variety of linear spec-
troscopic methods, such as Electronic or Vibrational Circular
Dichroism (ECD"” or VCD?),* optical rotatory dispersion,” and
Raman optical activity.® It can also be investigated in the nonlinear
absorption regime through two-photon CD’ and nonlinear optical
activity.® Most spectroscopic techniques are performed using circu-
larly polarized light as the chiral reagent. The chiroptical response is
proportional to the difference between the rate of excitation by right-
and left-circularly polarized (RCP and LCP) light. In CD, enantio-
sensitive transitions in a chiral molecule arise due to the coupling of
the electric and magnetic dipole matrix elements (E1M1).”

The sensitivity of chiroptical techniques that use polarization of
the light as the chiral reagent is limited by the relative size difference
between the molecular dimension and the helical pitch of the cir-
cularly polarized electromagnetic field. As a result, sensitivity scales
inversely with the wavelength of light.'”'" Thus, linear techniques
in the resonant regime, such as VCD, that are performed at infrared
wavelengths are often two to three orders of magnitude lower than
its counterpart, ECD.'” Shorter wavelengths, such as x rays, in which
the helical pitch is on the same order as the molecular size'® lead to
a greater chiral signal.

Pulsed lasers led to the development of non-resonant, nonlin-
ear chiroptical techniques with enhanced chiral sensitivity due to
the intense light fields.'* Further improvements in efficiency require
either to rely exclusively on the electric dipole transitions such as

in Photoelectron circular dichroism (PECD) or to redefine a chiral
reagent that can increase the chiral signal even with weaker higher
order interaction terms. In PECD, ionization of a chiral molecule
with circularly polarized light leads to an asymmetry in electron
angular distribution.'”'® PECD has higher efficiency than CD since
it relies on electric dipole transitions rather the weaker electric and
magnetic dipole coupling term. However, this technique is mostly
limited to gas-phase chiral molecules.'”"*

A conceptually new form of the chiroptical detection technique
was recently introduced using the helical phase of the structured
light beam as a chiral reagent instead of circular polarization."”
Such helical light beams, uniquely identified by a phase singular-
ity resulting in a null intensity region in the center, carry an orbital
angular momentum of +/A.”" Displacing the singularity can induce
a chiral sensitive response in bulk liquids due to the multipole
interference terms, such as electric-magnetic dipole and electric
dipole-quadrupole excitation."”

Chiral response with the use of helical light resulted in two
types of helical dichroism (HD) signals; HD (Type I) in isotropic
chiral and achiral liquids and HD (Type II) in chiral molecules. The
former is defined as the differential absorption of left- and right-
helical light for the specific enantiomer (analogous to CD), and the
latter is differential absorption between the two enantiomers for a
specific helicity and polarization of light. HD (Type I) was shown
to scale with the [ value and tuned by displacing the singularity."”
HD (Type I and II) was demonstrated in enantiopure liquids, such
as limonene and fenchone. However, many chiral systems that have
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biological significance exist in the powder form, which needs to be
dissolved in a solvent.

In this article, we extend the helical dichroism technique from
an enantiopure sample to an enantiomeric solution (chiral solute
diluted in an achiral solvent). First test case is alanine, an amino-
acid used to make proteins, diluted in a water solvent. Second test
case is camphor, a terpenoid dissolved in chloroform. Solvents play
a crucial role in many biological processes as they can influence the
structure and properties of the biomolecules by changing their func-
tion and reactivity.”" Chiral response of an enantiomeric solution is
often difficult to observe due to strong influence of solvent-solute
interaction.”” We demonstrate that both enantiomeric solutions
exhibit HD (Type I and II) via the differential absorption of left-
and right-helical light with an efficiency in absorbance [AA(+l)

= loglo%i%] of AA ~ 0.05 for camphor and alanine solution. In

comparison, the efficiency of linear CD is AA ~ 0.0076 for alanine”
and AA ~ 6.5 x 107° for camphor (VCD).”* The efficiency of existing
nonlinear techniques is AA ~ 0.03 for alanine (two-photon CD)>
and AA ~ 0.085 for camphor (PECD).”®

METHODS

Light can carry Orbital Angular Momentum (OAM) of
+Ih associated with dynamical rotation of the wavefront structure.”’
Such beams are also called helical light beams whose handedness
is defined by the twisting of the wavefront undergoing ! inter-
twined rotations in one wavelength, tracing a left- or right-handed
corkscrew pattern while propagating in space. In addition, light also
carries Spin Angular Momentum (SAM) associated with the dynam-
ical rotation of the electric field vector around the propagation
direction, which is often used as a chiral reagent. The polarization
of the light is defined as the intrinsic spin degree of freedom. For
circularly polarized light, photons carries a spin angular momen-
tum (SAM) of +h, where % is the reduced Planck constant and the
+ sign represents left- and right-circular polarizations. For linear
polarization, SAM is zero.

Helical beams are theoretically modeled using the
Laguerre-Gaussian (LG) beams, which are uniquely identified
by a phase singularity, a null intensity region, in the center of the
beam cross section.’’ However, the singularity can be displaced
to generate asymmetrical LG beams either by superimposing a
Gaussian’’ or by translating the phase plate.'” The asymmetrical
LG beam with displaced singularity is shown in Fig. 1 and can be
plotted using the following equation:

(1
E*(r,6,2) = Eo(wioz(r exp (+i0) F idrs exp (ﬂ:l@)))

” i 21 .
X exp (—F)Lyfjl(y)exp[zkz], (1)

0 0

where r=+/x*+y% rs=+\/C+x’ O=tan"'(y/x), and

O = tan"' (y/{). Here, 5 and { correspond to the displacement of
singularity in x-y plane. In addition, Ey is the normalization
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FIG. 1. Simulated intensity profiles of symmetric and asymmetric
Laguerre-Gaussian beams. The beam size is defined at the focal region.

factor obtained by integrating the intensity over all space
(=0 to +o0); for (I = 1), it is given as:

@

n(((z + ;12) +w§)‘

The above-mentioned beam equation can also be extended to the
longitudinal component of the field as a correction to the paraxial
regime."”

The linearly polarized OAM beam was generated by a combi-
nation of a quarter-wave plate, a linear polarizer, and a birefringent
liquid-crystal-based phase plate called a q-plate.”” ** When an inci-
dent circularly polarized Gaussian beam propagates through the
g-plate with a topological charge q, it acquires an OAM defined
by I = +2q with a phase singularity at the center of the beam. The
conversion efficiency of the g-plate was 91% =+ 2% for I = 3 beam.
The singularity in the OAM beam was displaced by translating the
g-plate, mounted on a x, y-stage, with a step size of 250 + 40 um.
When focused by the objective, this translated to a displacement step
size of 300 + 20 nm with respect to the center of the beam. The cal-
ibration was achieved by measuring the total translation required to
displace the singularity to the periphery of the defocused beam and
comparing it to the measured spot size of 2 + 0.2 ym.

Transmission experiments were performed by propagating
a single femtosecond pulse focused by an aspheric objective
(NA = 0.3) into an enantiomeric solution contained in a cuvette
(10 mm thick and 3.5 ml volume). A second aspheric objective with
the same numerical aperture collaminated the transmitted light onto
a photodiode (PD2), positioned immediately after the objective. The
incident pulse energy was monitored by deflecting a fraction of the
incident beam onto another photodiode (PD1). The signals gener-
ated by PD1 and PD2 were stretched by an electronic pulse stretcher,
discretized and recorded by a data acquisition card.

For every single laser shot, the transmitted light signal on PD2
was normalized with the incoming light signal on PD1 to produce
a transmission curve. These curves, as shown in Fig. 2, are plotted
as a function of incident pulse energies, which were varied using a
combination of a half-wave plate and a polarizer. The incident pulse
energies were measured after the first objective, i.e., energy reaching
the sample, by defocusing the incident light. During the measure-
ment, for every laser shot, the sample was translated by 4 ym to avoid
micro-bubbles, and the pulse energy was increased in the steps of
~3 nJ. Multiple transmission curves similar to Fig. 2 were obtained
for each sample to be averaged and smoothed, producing the nor-
malized transmission curves of left- and right-helical light (I = +3).

pl

Eo = (p+1)!

2
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FIG. 2. Transmission curves for 0.5 g of S(—)-camphor diluted in 3.5 ml of chloroform (a) LCP and RCP Gaussian beam (s = +1) and (b) linearly polarized helical light
s=0,/=+3,0 =900 nm, where + is for different helicities. The error bands represent the standard error of multiple independent transmission measurements. These

experimental results were reproduced multiple times under identical conditions.

Helical dichroism is calculated by taking an average of the difference
in transmission from the onset of nonlinear absorption to about two
times the threshold value.

Femtosecond pulses were produced by a Ti: sapphire laser
amplifier system (45 fs, 800 nm, 1 kHz, 2.5 W) operating in an exter-
nal trigger mode. The pulse duration at the interaction region is
about 100 fs and was continuously monitored using the single-shot
autocorrelator. To ensure a shortest pulse in the interaction region, a
negative chirp was introduced and optimized by measuring the sec-
ond harmonic generation in a B-barium borate (BBO) crystal placed
at the location of the cuvette. To minimize background noise result-
ing from any discrepancies between the photodiodes, transmission
measurements were always performed in an empty cuvette prior to
each experiment. In addition, the measured single-shot beam profile,
pulse spectrum, and OAM value remained unchanged after trans-
mission through the samples.”” All the chemical samples used in
the experiment were purchased from Sigma-Aldrich, Inc. The purity
as specified by the supplier of R(-)- and S(+)-alanine was 98%.
For R(+)-camphor, the purity was 98%, and for S(—)-camphor, the
purity was 95%.

RESULTS AND DISCUSSION

To compare the role of SAM and OAM of light as a chiral
reagent, we measured absorbance of a single femtosecond pulse in
S(-)-camphor (0.5 g diluted in 3.5 ml of chloroform). Figure 2 shows
normalized transmission as a function of incident pulse energy for
(a) circularly polarized Gaussian (s = 1,/ = 0) and (b) linearly polar-
ized helical beams (s = 0, [ = £3). The near overlap of both LCP
and RCP transmission curves in Fig. 2(a) represents a conventional
CD signal with AA ~ 0.005. This signal is considered negligible for
enantiomeric solutions due to overlapping error bands.

The transmission curves for both beams uniquely identify two
absorption regimes i.e., linear and nonlinear absorption. When
the energy of the incident laser pulse is below a certain threshold
[~60 n] for Gaussian and 140 n] for helical beams in S(—)-camphor],
the incident light is not absorbed (transmission = 100%) by the enan-
tiomeric solution because the ionization potential is greater than
the photon energy 1.55 eV (800 nm). Above the threshold energy,
nonlinear multiphoton absorption sets in leading to a decrease in
transmission with increasing pulse energy. The threshold energies
are different for the two types of beams. In OAM beams, due to the
presence of the null intensity region, higher pulse energies (pho-
ton density) are required to reach the threshold for the onset of
nonlinear absorption (to maintain similar photon flux) in compar-
ison to Gaussian for the same spot size.”’ However, the response
regime we investigated remained the same, where the pulse energies
were always varied from below the threshold for onset of nonlinear
absorption to approximately twice the threshold value.

In contrast to Fig. 2(a), significant difference in absorbance of
left- and right-helical light was observed, as shown in Fig. 2(b). This
differential absorbance (AA » 0.04) in S(—)-camphor represents the
HD (Type I) signal that is an order of magnitude higher than con-
ventional CD. The HD (Type I) signal is only non-zero for the
displaced position of the singularity, i.e., asymmetric beams (Fig. 1),
and vanishes for symmetric beams. The above curves in Fig. 2(b) are
obtained for § = 900 nm position of singularity.

To discern the effect of the achiral solvent on the HD signal, we
performed transmission measurements in a control sample (achiral
solvent in black) and in enantiomeric solution (in red) under identi-
cal conditions, as shown in Fig. 3 for asymmetric linearly polarized
helical light (s = 0, [ = —3) for (a) chloroform and 0.5 g of R(+)-
camphor diluted in 3.5 ml of chloroform and (b) water and 0.5 g of
R(-)-alanine diluted in 3.5 ml of water.
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FIG. 3. Transmission curves of linearly polarized helical light (/ = —3, & = 0) nm for (a) chloroform and 0.5 g of R(+)-camphor diluted in 3.5 ml of chloroform and (b) H,O and
0.5 g of R(—)-alanine diluted in 3.5 ml of H,O. The threshold dependence is independent of the singularity position. The error bands represent the standard error of multiple
independent transmission measurements. These experimental results were reproduced multiple times under identical conditions.

Both plots show a lower onset of nonlinear absorption for chiral
compounds relative to their respective achiral solvents. This behav-
ior arises because multiphoton absorption depends on the ionization
potential of a molecule, which is higher for achiral solvent. This sig-
nature property of the nonlinear multiphoton absorption makes it
possible to differentiate the HD signal of chiral molecules with min-
imal interference from achiral molecules. This is crucial as achiral
molecules also exhibit helical dichroism.'” When the handedness of
the helical light is changed the threshold energies remain the same.
However, the amount of nonlinear absorption in chiral molecules
as a function of pulse energy is slightly different, giving rise to
differential absorption, HD (Type I).

Any chiroptical technique should be able to differentiate rel-
atively low concentrations of enantiomeric solution as long as the
solute’s chiral center is maintained. Figure 4 shows HD (TypeI) as a
function of displacement of the phase singularity in the focal region
in camphor and alanine at different concentrations. Figure 4(a)
shows two concentration of R(+)-camphor (0.25 and 0.5 g) diluted
in 3.5 ml of chloroform. For the lowest concentration, we also show
results for S(—)-camphor to demonstrate the differences in the chiral
signal between the enantiomers. In our case, the solubility of cam-
phor is 1 g/ml; therefore, the concentrations (0.14 and 0.07 g/ml)
in Fig. 4(a) are much below the solubility. The magnitude of the
HD (Type I) signal increases with concentration up to ~0.3 g/ml
(not shown) beyond which it decreased possibly due to increased
solute-solvent interactions.””

HD (Type I) does not exist in a symmetric Laguerre-Gaussian
beam as shown for zero displacement of the singularity
(6 = 0). Displacing the phase singularity leads to an asymmet-
ric Laguerre-Gaussian beam [as depicted in Fig. 1 and described
by Eq. (1)], resulting in differential absorption of left- and right-
linearly polarized helical light. HD (Type I) increases with the

displacement of the singularity, reaches a maximum at ~1000 nm,
and decreases with further displacement of the singularity. At
extreme displacement of the singularity relative to the center of
the focal region, the intensity profile of the OAM beam mimics
a Gaussian beam. As a result, the HD (Type I) approaches the
behavior of a Gaussian beam as shown in the transmission curves of
Fig. 2(a).

Figure 4(b) shows HD (Type I) for S(+)- and R(-)-alanine, an
amino acid dissolved in 3.5 ml of water (concentration of 0.14 g/ml).
In contrast to Fig. 4(a) where the concentrations are an order of mag-
nitude lower than the saturation value, Fig. 4(b) shows HD (Type I)
for a concentration that is near the solubility of alanine 0.167 g/ml.
While HD (Type I) exists, there are higher fluctuations in the signal
for negative vs positive displacement of singularity between the two
enantiomers in comparison to camphor [Fig. 4(a)]. This fluctuation
can be attributed to the higher solute concentration (84% reference
to solubility) in Fig. 4(b). In comparison, fluctuations are minimal
at lower concentrations of 14% and 7% with respect to solubility
as seen in Fig. 4(a). Fluctuations at higher concentrations could be
due to intense laser-induced nucleation in saturated solutions and
nonlinear propagation effects.

In addition, amino acid in an aqueous solution can exist as zwit-
terion forms. The concentration of zwitterion forms is dependent
on the pH value of the enantiomeric solution. The change in pH
between enantiomers can introduce spectroscopic differences in the
chiroptical response. In our experiments, the measured pH value of
R(-)-alanine [S(+)-alanine] solution is 5.80 + 0.01[5.85 + 0.01] with
water solvent [pH 5.36 = 0.01]. However, such small difference in
pH value does not affect the HD signal. In addition, the presence
of HD in non-zwitterion solution of camphor and enantiopure lig-
uids'? suggests that zwitterion forms of alanine do not play a major
role.
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FIG. 4. Helical dichroism (Type |) of linearly polarized left- and right-helical light (f = +3) as a function of displacement of the singularity in the focal region. (a) Camphor
diluted in 3.5 ml of chloroform. Black curve represents 0.5 g of R(+)-camphor, and the red and blue curves represent 0.25 g of R(+)-camphor and S(—)-camphor. (b) 0.5 g of
left- and right-handed alanine diluted in 3.5 ml of water. The dashed lines connecting the discrete experimental points are for visualization only. The error bars represent the
standard error over the average energy range starting from the onset of nonlinear absorption to about two times the threshold value.

The helicity dependent differential absorption was described in
terms of energy absorbed from the fields at an average rate as shown
in the following [Eq. (3)]."”*” This energy absorbed is proportional
to absorption transition rates based on perturbation theory for single
photon absorption'”** and extended to the multiphoton case,'’

I = SIS "B+ pG Im(E5)" - B7 ]
N——
E1E1 MIM1 EIM1
2 " HE\* Fat
+ Zpd Re[(E7)" - VE;] 1. (3)
E1E2

where w is the frequency of incident light, E and B are incident
electric and magnetic fields, a”’ represents the electric polarizability,
%" is the magnetic susceptibility, G’ represents the isotropic mixed
electric-magnetic dipole polarizability, A" is the mixed electric
dipole-electric quadrupole polarizability, and p is the orientation-
dependent weighting factor for anisotropic averaging. ¢ is the asym-
metrical parameter, § = 0 for a symmetric LG beam and § # 0 for an
asymmetric LG beam. The sign in T represents the sign of OAM.
El and M1 are electric and magnetic dipole, respectively, and E2
is the electric quadrupole. The coupling terms EIM1 and E1E2 are
pseudoscalars and change sign under improper rotation.

HD (Typel) =I'(+l,s) — I'(-1,s), defined as differential absorp-
tion between right- and left-helical light having identical polariza-
tion. The electric-magnetic dipole term (E1M1), responsible for
conventional CD, vanishes because we take the difference between

left- and right-helical beams for the same polarization. For symmet-
ric LG beams, the E1E2 coupling term also vanishes due to isotropic
averaging of random oriented molecules. The finite HD signal in
chiral molecules arises from multipole coupling terms only in the
case of asymmetric LG beams. The electric-magnetic dipole term
(E1M1), responsible for conventional CD, also vanishes because we
take the difference between left- and right-helical beams for the same
polarization. The only non-zero contribution to the HD (Type I) sig-
nal arises from the electric dipole-quadrupole coupling (E1E2). This
term survives isotropic averaging due to the preferential alignment
of randomly orientated molecules along the light polarization as a
consequence of dipole forces. Such alignment is dependent on the
gradient of the light intensity. In our experiments, the laser inten-
sity ranged from 8 x 10" to 3 x 10"> W/cm®. At these intensities, the
nonlinear absorption regime is dominated by both multiphoton and
multiphoton assisted tunneling since the Keldysh parameter™ ~1.5.
In both regimes, the contribution to HD comes from the induced
electric dipole and quadrupole moments. In the case of elliptically
polarized light, EIM1 term is non-zero and therefore can contribute
to the HD signal along with the E1E2 term.

The HD (Type I) chiral signal for R/S enantiomers (Fig. 4) does
not mirror each other. In contrast, all polarization based chiropti-
cal techniques, such as CD and PECD, display mirroring behavior
i.e., equal magnitude but opposite in sign. In CD, mirroring behav-
ior arises due to the EIM1 coupling term, whereas in PECD, it arises
from change in the sign of the photoelectron angular distribution
(b1 coefficient). The HD signal was obtained for the same polariza-
tion but opposite helicities; therefore, polarization dependent E1M1
does not contribute. HD arises due to the coupling E1E2 term, which
is dependent on the phase (1 value) of the beam. Therefore, HD does
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not exhibit the same symmetry properties as those arising from the
polarization effects.

Figure 4(b) also exhibits a small difference in magnitude of
HD (Type I) between the two enantiomers with respect to the dis-
placement of singularity. This can be understood in terms of a slight
energy difference between the ground states of the enantiomers due
to an asymmetry in the molecular potential, resulting in symmetric
(s) and antisymmetric (as) wavefunctions for the two enantiomers.”
As a result, the enantiomeric transitions rates can be shown as
(see the Appendix)

BRI = 7;[9 F G Re[E; VaEg|p(@m(asss) @), (4)

where R¥X s the single photon transition rate (initial to final
m(as/s)

state m) for S- and R-enantiomer, which is proportional to the
energy absorbed (T3 ) shown in Eq. (3). The & and 9 terms repre-
sent the mixed electric dipole-quadrupole response tensors (transi-
tions moments) coupled with the electric field gradient dependence
of the beam. The above equation represents the E1E2 coupling term
of Eq. (3) expanded in case of enantiomer pairs. This expression
shows that the transition rate for the R-enantiomer is of the form
2+ € and for the S-enantiomer is of the form 2 — &, where @
is bigger than & (see the Appendix for further details). Therefore,
the above transition rates for enantiomers give rise to the differ-
ence in the magnitude of the HD signal. The analysis presented in
the Appendix is only qualitative. A quantitative analysis of the HD
magnitude further requires information about molecular response
tensors and wavefunctions.
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The key result of Fig. 4 is the tunability of the HD (Type I)
signal with the displacement of the singularity. This is the inherent
advantage of our technique in comparison to the conventional CD
techniques that lack any sort of tunability. In addition, our technique
is non-resonant, allowing measurements to be made at a single wave-
length of light. In contrast conventional CD is a resonant process
often requiring a tunable light source.

Another observable is HD (Type II: +[; +s) = 2 %
defined as differential absorption between the two enantiomers for a
specific helicity and polarization. It is a material-dominated prop-
erty arising due to collective contributions from both EIM1 and
E1E2 coupling terms in the case of asymmetric LG beams. For
symmetric LG beams, the E1E2 term isotropically averages out to
zero, but the EIM1 term is non-zero and can contribute toward the
HD signal.

Figure 5 shows HD (Type II) signal for (a) camphor and (b)
alanine as a function of incident laser energy (n]). The chiral sig-
nal in both compounds is for different handedness values of an
asymmetric Laguerre-Gaussian beam (I = +3). For both chiral com-
pounds, the position of the phase singularity was 900 nm, and the
concentration was 0.14 g/ml in their respective achiral solvents,
chloroform and water. In both cases, after the onset of nonlinear
absorption, the relative magnitude of HD (Type II) for different
helicities increases with pulse energy and reaches a maximum of
~4%. For comparison, we show the chiral signal for circularly polar-
ized Gaussian beam (dashed-dotted line) with a relative magnitude
of ~1%, mostly overlapped within the statistical error bands. The
HD (Type II) signal is of opposite sign for S(—)- and R(+)-camphor
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FIG. 5. (a) Chiral signal (Type II) for 0.5 g of camphor diluted in 3.5 ml of chloroform. Dashed-dotted lines are the chiral signal for the circularly polarized Gaussian (/ = 0),
and solid lines are for the linearly polarized helical light (/ = +3, & = —1200 nm) as a function of energy. (b) HD (Type Il) for 0.5 g of alanine dissolved in 3.5 ml of water as a
function of average energy of linearly polarized helical light (/ = +3, & = —900 nm). The error bands represent the propagation error of the chiral signal for three independent
measurements (sample size). These experimental results were reproduced multiple times under identical conditions.
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and S(+)- and R(—)-alanine because they rotate plane polarized light
in opposite direction. The HD (Type II) signal is not influenced by
the displacement of singularity although it is more stable at higher
displacements.

CONCLUSION

Helical dichroism is a non-resonant, nonlinear chiroptical tech-
nique that is not limited to enantiopure samples but can also be
extended to enantiomeric solutions. The differential absorbance
between left- and right-handed helical light reached a high of 5%
for 0.14 g/ml of camphor and alanine in achiral solvents. Despite
the influence of concentration on the chiral signal, the observed
signal efficiency is higher than ECD by an order of magnitude
and VCD by a few orders of magnitude. Moreover, ECD and
VCD are resonant linear optical techniques and therefore require
a tunable light source for measurement. In contrast, HD measure-
ments can be performed at fixed wavelengths by exploiting the
nonlinear properties of the material. Other nonlinear chiroptical
techniques, such as PECD, has efficiencies comparable to HD. How-
ever, PECD is primarily a gas-phase technique but has been recently
extended to liquid micro-jets.'® The ability of HD to differentiate
enantiomeric solution adds an additional benefit for bio-relevant
molecules, which are often in the powder form. This opens new
opportunities to study bio-relevant molecules with helical light. HD
(Type I) can also be tuned by displacing the phase singularity, an
advantage over other chiroptical techniques that employ circularly
polarized light as their chiral reagent. Finally, we have shown that
chiral efficiencies for enantiomeric solutions can be enhanced by
using an alternative chiroptical reagent that exploits the non-dipole
regime.
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APPENDIX: RATE OF ABSORPTION IN CASE
OF ENANTIOMERS

The difference in the magnitude of HD (Type I) between the
two enantiomers can be qualitatively understood in terms of par-
ity violation arguments. The lack of the “perfect” symmetry state
in enantiomers leads to a slight energy difference A, E between
the ground states of the enantiomers, (ApE = Ey — E5).”> This
type of broken symmetry condition is often referred to as de lege
(“lawlike”).”

For single photon absorption transition rate, the Fermi’s golden
rule can be written as*

27
Rm(s/as) = hiz|(qlm|v|\yf/as>|26(wm(s/as) - w)’ (A1)
where ¥* /a5 TEPTESENLS the symmetric/antisymmetric ground state of

the enantiomer pair. We assign the symmetrical ground state ¥ to
the R-enantiomer and the antisymmetrical W, to the S enantiomer.
This can be justified as the consequence of the slight asymmetry in
the molecular potential, leading to eigenfunctions either symmet-
rical ¥¢ = %(1//5 + y%) or antisymmetrical V5, = ﬁ(l//i - 8),
where ¥, (W-) is even (odd) under parity. Therefore, the enan-
tiomer pair is localized in opposite ground states; if R is even, then
S is odd or vice versa. The excited states for both enantiomers are
assumed to be a mixed party state given as ¥, = %(W*’ +iBy_),

where if is a small phase lag factor between even and odd states.””*

The single photon transition rate is proportional to the absorp-
tion cross section,’® which is, in turn, proportional to the time
averaged energy absorption [I'; in Eq. (3)]. Since the HD (Type I)
is defined as the difference between handedness of helical light
for identical polarization, the EIM1 coupling term cancels out;
therefore, the magnetic dipole term is neglected, leaving only the
electric dipole and quadrupole terms in the interaction Hamiltonian,
V= —uaEy - %GaﬁVaEﬁ. Substituting above expression in (Al),
we get

RS 27
7|

Rm(s/as) = h (\Pm| izu’f‘fE“

1
+ geuﬁvaEM‘I’g )|25(wm(5/us) - w), (A2)

s/as
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R,S 27
27l

1
Ry(ssas) = b (W]  pa + gG“ﬁV“Eﬁ‘\Pg )

s/as

* 1 *
X |<\F§/us| j:[lan + g@aﬁvaEM‘PmHa(wm(s/as) — w),
(A3)

where corresponding fields are complex quantities in the lab frame
and multipole moments (dipole y and quadrupole 6) are real quan-
tities in the molecular frame,”” which is considered in writing the

above expression. The sign + in the equation defines the direction of

the intrinsic dipole, which is opposite for each enantiomer.*’

The above expression was evaluated using the following
properties: (i) (E; VaEg + Eav,xE/}‘) =2 Re[E;V(,Eﬁ]; (ii) symmetry
property of an inner product, i.e., [ yipy.d’r =0, [ yi0yzd’r = 0
since y is odd and 0 is even under parity conversion; (iii) neglecting
the 8° term since it is small, and (iv) replacing the delta function by
a lineshape function (p) to represent a physical system.

For the R-enantiomer,

32
 Re[EVaE] + 3 [ (v By ) (e

< [E2Vag] + pelialy? ) Eugly B ]

X P(wms - w)- (A4)

R
Rips =

(B0 By = (9l - ugly)]

The last two terms in the above expression contain
inner products that are complex conjugate of each
other. Since the multipole moments are real quantities,
we can therefore write (v |0uglyd ) (v2 |ualys )| Ex VaEg]
+ (W lal v ) (W 1Bupl v ) [Ea Va5 | = 2(v |Buasly ) (¥ [ualy ) Re
[EaVaE; .

Therefore, we get

Riss = s | iB[{wsltta - Bugly-) = (vl Buply )]

€

o
3K

+<'(l’+‘6a/3|1/’§-><wg|ﬂa|1//+> Re[EZVaEﬂ]P(wms*w) (A5)
D2

for the S-enantiomer,

R = 3z (80wl Ougly=) ~ (vl gl )]
. 1
x Re[Ex VaBg] + [ (v [Ouplyh My lualy:)

(B TaEs] + (el ) i ol ) B85

X p(wm(as) - w)' (A6)
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Solving further for the last term as above, we get

Ry = 3%2 ~iBl{w+lpa - - - Buply) = (y-lpta - - Ouglys)]
€
(v Bl S lualy) | Re[Ex VuEg |p(wp(ag — @),
2
(A7)
where the terms (Y|t - - . Ouplyr+) Re[Ex VaEg]

= 3 (w-lualv) (v 10aplys) [E2VaBs] + 3{y-10ugly®) (v¥ lualys)

E,),V,XEE ] are written using rotational average over symmetric and
antisymmetric parity states. In addition, due to the presence of i
in the expression, only the imaginary part of (u,0,z) mixed tensor
contributes to the transition rate.

Hence, the transition rate for the R-enantiomer is of the form
D + € and for the S-enantiomer is of the form 9 — €, where 9 is
bigger than € since the phase lag factor f8 is small.”” This differ-
ence in the transition rates for the R- and S-enantiomers leads to
the observed difference in the magnitude of HD (Type I) as shown
in Fig. 4.
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Chapter 5

Intrinsic dichroism in amorphous and
crystalline solids with helical light

5.1 Introduction

Thus far, we have observed that both liquids and solutions exhibit differential absorption of
left- and right-handed helical light, irrespective of their molecular symmetry. This observation

naturally prompts the question: Do solids with different symmetries also exhibit phase-based
helical dichroism (HD)?.

Probing solids with light presents unique challenges, as the analysis of their structure and
symmetry is constrained by the fact that the wavelength of light is significantly longer than
interatomic distances. Despite this limitation, light scattering techniques such as Raman spec-
troscopy can still provide valuable information on the symmetry and structure [1, 2]. In general,
solids can be divided into crystalline solids (c-solids) and amorphous solids (a-solids). Crys-
talline solids can be further divided into chiral and achiral, depending upon their molecular
symmetry. In c-solids, the periodic arrangement of atoms results in anisotropy, causing phys-
ical properties to depend on the crystal orientation. These orientation-dependent effects have
been utilized to map crystal symmetry through nonlinear high-harmonic generation processes
[3, 4]. To study the chirality of c-solids, conventional chiroptical techniques like optical rotation
and circular dichroism (CD) can also be extended to solids. However, the dichroism signal in the
solid-state CD is often masked by the inherent birefringence signal and macroscopic anisotropies
in c-solids [5]. Consequently, advanced techniques such as scanning electron microscopy and
single-crystal X-ray diffraction [0, 7] are frequently used to differentiate chiral crystals. While
these advanced techniques can accurately determine chirality in c-solids, they are limited by
the requirement for large, high-purity single crystals.

A-solids lack long-range order due to their disordered atomic arrangement. Consequently,
their physical properties exhibit isotropy, meaning they remain uniform in all directions. The
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absence of translational and rotational symmetry in a-solids also results in the absence of
circular dichroism. However, a-solids are uniquely characterized by the presence of short- and
medium-range order, which can extend up to 20 A[S, 9, 10] in the case of amorphous glass.
This short-range order is crucial for the formation of delocalized extended energy states, such as
valence and conduction bands, while long-range disorder leads to the creation of band tail states
between these energy bands. The band tail states are usually the highest occupied and lowest
energy states in a-solids. The schematic of these states is shown in Fig.2.5. In addition, defects,
impurities, and dangling bonds give rise to localized states in the middle of the bandgap [11].
Investigating the short- and medium-range order in a-solids remains an active field of research
[12], as it can give rise to phenomena typically associated with c-solids [11].

Similar to liquids, most light-based techniques for examining solids have relied on polariza-
tion as a probe, analyzing interactions predominantly through electric dipole transitions. These
transitions are typically independent of the phase of the incident light. Theoretically, several
recent studies based on parity-time (PT) symmetry have proposed the existence of phase-based
dichroism effects, but only in an ordered medium, and do not predict their presence in a-solids
[13, 14]. Thus, for a quantitative understanding of the phase-based effects in c-solids, a com-
prehensive model is required that takes into account interband transition dynamics and the
spatial structure of the beams.

Moreover, if HD exists in a-solids, then identifying the correct transition mechanism is
essential for such isotropic materials. The theoretical explanation in the case of isotropic liquids
has been attributed to electric dipole-electric quadrupole (E1E2) transitions. These transitions
average out to zero in randomly oriented chiral and achiral molecules. The presence of a finite
dipole force and the resulting torque in asymmetric helical beams partially orients the molecules,
leading to nonzero isotropic averaging. However, in solids, although the dipole force exists, the
molecules are fixed in their spatial positions and cannot be rotated. Therefore, the multiphoton
interaction model developed for molecules cannot be directly applied to solids.

5.2 Results

This work demonstrated the existence of intrinsic dichroism in amorphous solids using helical
light beams. This was achieved by probing the nonlinear absorption of linearly polarized, asym-
metric helical light beams propagating through the solids. Similar to the case of liquids, two
types of helical dichroism were observed: 1) HD (Type I), defined as the differential absorption
of left- and right-helical light, was observed in both amorphous and crystalline solids. HD
(Type I) was modeled by considering inter-band electron transitions via multiphoton-assisted
tunneling (MPAT). 2) HD (Type II), defined as the difference in absorptance between left- and
right-handed chiral solids for a specific-handed helical light, was observed in chiral solids. This
effect demonstrated efficient chiral recognition in probing chiral solids.
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This research was published in Nature Communications(2024) journal, where the first au-
thorship was shared with my colleague due to our equal contributions to the work. The pub-
lished version of the article and the supplementary file are reproduced in this chapter, where the
theoretical framework, experimental methods, figures, and references are self-contained. The
following section presents the key results and advances.

5.3 Key advances

e Extended the phase-based spectroscopy from liquids to solids. These results demonstrated
that solid-state matter is responsive to the helical phase structure of the incident light.

e This research challenged the conventional wisdom that dichroism does not exist in amor-
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Amorphous solids do not exhibit long-range order due to the disordered
arrangement of atoms. They lack translational and rotational symmetry on a

macroscopic scale and are therefore isotropic. As a result, differential
absorption of polarized light, called dichroism, is not known to exist in
amorphous solids. Using helical light beams that carry orbital angular
momentum as a probe, we demonstrate that dichroism is intrinsic to both
amorphous and crystalline solids. We show that in the nonlinear regime,
helical dichroism is responsive to the short-range order and its origin is
explained in terms of interband multiphoton assisted tunneling. We also
demonstrate that the helical dichroism signal is sensitive to chirality and its
strength can be controlled and tuned using a superposition of OAM and
Gaussian beams. Our research challenges the conventional knowledge that
dichroism does not exist in amorphous solids and enables to manipulate the
optical properties of solids.

Light as a tool to probe the structure and symmetry of solids is limited
due to the fact that the wavelengths of photons (UV-visible-IR) are
significantly longer than the interatomic distances. In spite of this
limitation, some degree of information on symmetry and phonon
modes can be obtained from light scattering techniques such as
Raman spectroscopy”. In crystalline solids (c-solids), periodic
arrangement of atoms leads to long-range order that gives rise to
anisotropy in which the physical properties depend on the crystal
orientation. Such an anisotropy in absorption and emission of light via
high harmonic generation has been exploited to map the crystal
symmetry**, In chiral c-solids, material handedness (non-super-
imposable mirror images), in principle, leads to differential absorption
of right- and left-circularly polarized light, known as circular dichroism
(CD). However, the chiroptical signal is often influenced by linear
birefringence and inherent macroscopic anisotropies present in
c-solids’. As a result, sophisticated techniques such as single-crystal X-
ray diffraction®, scanning and transmission electron microscope-based
methods’ are often utilized to differentiate chiral crystals but are
limited by the need for large single crystal of high purity.

In contrast, amorphous solids (a-solids) do not have long-range
order due to random arrangement of atoms and are isotropic. A

consequence of the lack of symmetry in a-solids is that they do not
exhibit CD. However, a-solids are characterized by short- and medium-
range order in which the spatial variation of parameters (such as
interatomic distances and angles between neighboring atoms) pro-
vides average structural information and the degree to which the short
and medium-range order is conserved®’. Studying short- and medium-
range order of a-solids is an active field of research®'’ because it can
lead to some phenomena that are typically observed in c-solids. With
recent technological advances, it is now possible to directly observe
the local atomic structure of disordered solids"*>. The presence of
short- and medium-range order in a-solids is in fact responsible for
delocalized energy valence and conduction band states, whereas the
long-range disorder causes the formation of bond tail energy states
between energy bands®. In amorphous glass, the short to medium-
range order extends up to 20 A%+,

Most optical techniques to study solids, to date, relied on using
polarized Gaussian beams (carrying spin angular momentum O, + 1%)
with the interaction described using the dipole dominant molecular
transitions. Such transitions are generally independent of the phase
associated with the wavefront of the incident beam. However, light can
also carry orbital angular momentum (OAM), +[fi, associated with
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dynamical rotation of wavefront structure. The handedness of these
beams is characterized by the twisting of the wavefront undergoing [
intertwined rotations in one wavelength°. The intensity profile of
such light is characterized by a phase singularity (optical vortex) and
hence a null intensity region at the center of the beam. These vortex
beams are also referred as helical light beams' where the helicity is
associated with the helical wavefront structure which is chiral in nat-
ure. This is analogous to the chiral structure of the electric field asso-
ciated with circular polarized light.

The theoretical unboundedness of OAM value generated sig-
nificant interest in using helical light beams as a chiral probe to study
light-matter interaction. Early studies on differential absorption of
helical light beams focused mostly on the linear absorption involving
coupling of electric-magnetic dipole (EIM1) term, which was known to
be responsible for CD. These studies were not successful in demon-
strating the efficacy of using OAM as a chiral reagent. Recently, Helical
Dichroism (HD), defined as differential absorption of left- and right-
handed helical light, was demonstrated in nanoparticle aggregates?,
chiral metasurfaces?, powdered molecular media®*, and achiral/chiral
liquids in nonlinear regime®. Theoretically, several recent studies
proposed the phased-based dichroism effect originates from the
higher-order transition moments, which were shown to be non-
vanishing only in the medium with some degree of orientational
order?*¥, Traditionally, the origin of such effects can be understood in
terms of parity-time (PT) symmetry arguments. Electric dipole transi-
tion moment E1 has odd spatial parity, magnetic dipole moment M1
and electric quadrupole moment E2 have even parity. Hence, the EIM1
and EIE2 coupling terms represent a time-even space-odd pseu-
doscalars which changes sign on spatial inversion indicating a broken
symmetry. However, symmetry arguments can only provide qualita-
tive insight into the existence of dichroism in crystals and does not
predict its presence in amorphous solids. Therefore, comprehensive
models are required for quantitative understanding of the behavior of
HD that takes into account the interband transition dynamics in matter
and spatial structure of the helical light beams.

In this article, we first demonstrate existence of intrinsic HD in
amorphous solids using asymmetrical helical light beams. Such an
effect is typically not expected in amorphous materials due to the
disorderly state of the medium. We define differential absorption of
left- and right-helical light for the same material as HD (Type I).
Therefore, it is a beam-dominated property and can also be observed
in achiral and chiral crystalline solids. In case of amorphous and achiral
solids, HD (Type I) is not considered as true chirality as it does not
involve chiral light and chiral matter interaction. Second, our techni-
que demonstrates higher efficiency in probing chiral solids compared
to conventional solid-state-based optical techniques.This was achieved
in terms of HD (Type II), defined as difference of absorption between
the left- and right-handed chiral solid for a specific-handed helical
light. It is a material-dominated property and its definition requires
both the material and light to be chiral entities. Third, we show that
helical dichroism is tunable and can be precisely controlled by (i)
superposition of OAM and Gaussian beams (ii) varying the l-value, and
(iii) displacement of phase singularity in the beam. These features
combined with the bandgap dependence of HD set our technique
apart from any other existing chiroptical methods. Finally, we model
HD by considering electron transitions via multiphoton-assisted tun-
neling (MPAT). This process ensures that electron displacement
remains within the short- to medium-range order in solids, allowing us
to effectively probe intrinsic dichroism.

Results

We studied HD in both amorphous and crystalline solids by measuring
the absorption of loosely focused femtosecond helical light pulses
(Supplementary Section 1 for experimental setup). We produced
helical light beams carrying OAM using a birefringent plate, called g-

plate, in which the incident Gaussian beam acquires an OAM that is two
times the topological charge, ¢*. To disentangle the effects of spin
and orbital angular momentum on helical dichroism we used linearly
polarized helical light beams. In addition, asymmetric helical light
beams were produced by displacing the phase singularity in the OAM
beam by translating the g-plate in a plane perpendicular to the incident
beam. Additional experimental details are provided in “Methods”
(“Differential absorption measurements”, “Generation of OAM beams”,
and “Displacement of singularity”) and Supplementary (Sections 5-7).

Achiral crystalline solids

Helical dichroism, HD (Type I)=A(+[,s)-A(-1[s), defined as differ-
ential absorption of linearly polarized (s = 0) left- and right-helical light
(I=+3) in the same material, is shown in Fig. 1a for a MgO achiral
crystal as a function of the position of the singularity in the OAM beam.
The inset shows normalized transmission of a single left- and right-
handed helical light pulse as a function of peak laser fluence (Supple-
mentary Section 4) when the singularity was displaced by 900 nm.
Each curve in the inset is an average of three independent measure-
ments, and the color band represents the statistical standard error.
Differences in the transmission of the two helicities start to appear at a
fluence of -0.8J/cm? from the onset of nonlinear absorption and per-
sist over a broad range of peak laser fluences. For each position of the
singularity, HD (Type 1) was obtained by averaging transmission
(shown in the inset) over a fluence range from the onset of nonlinear
absorption to 5J)/cm?

Dichroism does not exist in achiral solids for a circularly polarized
Gaussian beam and also for a linearly polarized symmetric OAM beam
(6=0+A inFig. 1a). However, when the singularity in the OAM beam is
displaced from the center, the material exhibits helical dichroism. HD
(Type 1) signal increases with the displacement, reaches a maximum
around + 1500 nm and displays a sinusoidal behavior with a change in
sign as the singularity traverses the zero-position (Supplementary
Section 7). This can be understood in terms of parity-time symmetry
argument. HD (Type I) is odd under PT resulting in a change in sign
with respect to the § position. In the experiment, alignment of the
singularity at the center of the OAM beam can only be defined before
the objective, which translates to an uncertainty A~+100 nm at the
focus (see “Displacement of singularity” for calibration). HD (Type I)
signal decreases at large displacement of singularity, as expected,
since the intensity profile of asymmetric OAM beam starts to resemble
a Gaussian beam.

Orientation-dependent nonlinear absorption of helical light pul-
ses in MgO crystal is shown in Fig. 1b-d for three different displace-
ments of the singularity as labeled in Fig. 1a. MgO (100) has a cubic unit
cell with a fourfold rotational symmetry and therefore shows a mod-
ulation with a periodicity of m/2. For 6=0, there is no difference in
absorption of left- and right-handed helical light and the curves over-
lap (Fig. 1b). When the singularity is shifted to either side from the
center of the beam, the dominance of absorption switches between
the two helicities of light (Fig. 1c, d). The orientation-dependent
transmission is invariant of the position of the singularity. However,
the magnitude of HD (Type I) signal remains unaffected with crystal
orientation but depends on the position of the singularity. Similar
results were obtained for ZnO (11-20) and a-quartz (z-cut) (Supple-
mentary Section 2). Orientation dependence in crystals can also be
obtained with non-OAM beams® (Supplementary Section 2) and via
high harmonic generation®* in nonlinear regime. Extraction of crystal
symmetry is due to the multiphoton nature of the interaction and
direction dependence of the effective mass of the electron that acts as
alocal probe.”.

Amorphous solids
In a-solids, dichroism and modulation in nonlinear absorption are not
expected due to the absence of long-range order. However, Fig. 2a
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Fig. 1| Helical dichroism and orientational dependent transmission of helical
light in a crystal. a HD(Type I) = A(+ [, s) - A(- [, s) for crystalline MgO (100) as a
function of the displacement of the singularity (6) in linearly polarized (¢ =0.05)
asymmetrical OAM beam (/= + 3). Inset shows transmission of /=+3 beam as a
function of peak laser fluence for 6 =900 nm. b-d Orientation-dependant

270

transmission of /=+3 in MgO at the position of displaced singularities marked in
(a). The error bars in (a) represent the standard error, of multiple measurements
(n=3), calculated for an average fluence range used to obtain HD (see text for
details). The error bands in (b-d) represent the standard error at every position of
the crystal for n =20 points.

shows that dichroism exits even in a-solids. For asymmetric helical
beams, HD (Type I) in fused silica and borosilicate glass, plotted as a
function of the displacement of the singularity, shows similar behavior
as in c-solids (Fig. 1a). Figure 2b shows orientation-dependent trans-
mission of helical light in fused silica (for 6 =-1200 nm), confirming
the lack of symmetry since periodic modulation is absent at all posi-
tions of the singularity. However, nonlinear absorption of light with
opposite helicities is different representing the HD (Type I) shown in
Fig. 2a. The results of Figs. 1 and 2 suggest that helical dichroism is
independent of the crystal orientation and is intrinsic to both materi-
als. This is in contrast to conventional understanding that dichroism
with circularly polarized light is absent in disordered solids (Supple-
mentary Section 5).

Helical dichroism in liquids was recently shown to arise from
coupling between the electric dipole and the electric quadrupole
transition terms>~°. In disordered solids, this coupling term is expec-
ted to vanish upon isotropic averaging while it can survive in gas and
liquid phases due to laser-induced dipole force. The presence of HD
(Type ) in a-solids and its resemblance to c-solids, while displaying no
symmetry in the orientation-dependent transmission due to the
absence of long-range order, suggests that HD (Type I) can be attrib-
uted to short- to medium-range order. The origin of HD in solids can be

understood in terms of electron transitions via Multiphoton-assisted
tunneling (MPAT). The electron displacement during the MPAT serves
as a local probe of the short- and medium-range order whereas the
helicity dependence arises from higher-order multipoles.

In MPAT process, nonlinear absorption of the incident light is first
initiated by multiphoton absorption which promotes an electron from
the valence band to an intermediate excited state within the bandgap
from which tunneling to conduction band takes place. In a-solids, such
intermediate states are the so-called band tail states that extend into
the bandgap. Long-range disorder leads to localized states near the
bottom (top) of the conduction (valence) band and their density
decreases exponentially away from the band edges. In addition,
defects, impurities and dangling bonds give rise to localized states in
the middle of the bandgap®.

MPAT occurs at moderate intensities where the nonlinear
absorption is not dominated by either ground-state tunneling or
multiphoton transition alone. These two regimes are typically identi-
fied by Keldysh parameter® given by Eq. (3) (see “Electron displace-
ment during interband transition” for details). Multiphoton
(or tunneling) transition is dominant when the Keldysh parameter is
larger than -2 (or smaller than 1)**>*. In fused silica, the Keyldysh
parameter corresponding to our experimental intensities used to
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obtain HD are in the range of -1.1-2.5 where MPAT process is pre-
dominant resulting in strong-field induced interband excitation.

In ground-state tunneling, the electron that is promoted from
valence to conduction band gains a spatial displacement (x,) that is
proportional to the bandgap £, and can be approximated by Eq. (2)
(“Electron displacement during interband transition”). In MPAT pro-
cess, Eg has to be replaced by the energy difference between the band
tail state and conduction band edge. This leads to a smaller xo com-
pared to the upper limit set by tunneling from valence to conduction
band, which is in the range of 6-18 A for fused silica (Eg~9ev***). In
comparison, the short- to medium-range order in fused silica is
<20 A°'*1°, The total electron displacement which is a sum of the dis-
placements during tunneling from the intermediate state to the con-
duction band and multiphoton absorption from valence to
intermediate state, is within this range.

Therefore, in a-solids photons are absorbed in a quasi-ordered
environment over distances defined by the short- to medium-range
order. This results in nonzero isotropic averaging of molecular
response tensor. The three-dimensional network of SiO, could still
consist of periodic clusters each oriented in a different direction.
However, these clusters of ordered molecules will absorb the incident
light at varying degrees depending on the overlap between the laser
polarization and their absorption transition moments®. Therefore, the
total absorbed energy by these clusters give rise to a finite contribution
towards interband transitions and a nonzero [-dependence (see “Ori-
gin of Helical dichroism in solids” for details). As a result, the behavior
of HD (Type I) signal is the same in disordered and ordered solids. In c-
solids, the ordered environment always ensures nonzero isotropic
averaging where HD(Type I) arises from electric dipole electric quad-
rupole coupling term. Electron transitions via MPAT process can still
play a role where the intermediate states could be due to degenerate
exciton states, defects, impurities, and boundary effects® >’

Chiral crystalline solids

C-solids also exhibit chirality, typically studied using sophisticated
diffraction and imaging techniques®’. Conventional CD using Gaussian
light (Supplementary Section 5) is inefficient as it is convoluted by
competing signals from optical and material properties’. Using helical
light we show in Fig. 3 that the handedness of a chiral solid can be
probed. Figure 3a shows HD (Type I) signal in crystalline (z-cut) left-
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Fig. 2 | Helical dichroism in amorphous solids. a HD (Type I) for fused silica (blue)
and borosilicate (red) as a function of displacement of the singularity with linearly
polarized (¢ = 0.05) asymmetrical OAM beam (/= + 3). b Orientation-dependent

transmission of [ = + 3 in fused silica at 6 = -1200 nm. The error bars in (a) represent

quartz (L) and right-quartz (R) for different positions of the singularity
in OAM beam. The spatial variation of HD(Type I) is similar to other
crystals and amorphous solids (Figs. 1a and 2a). A key difference is that
with asymmetric OAM beam, the magnitude of helicity-dependent
absorption in the two chiral structures is different. This difference
suggests that chiral solids exhibit another type of dichroism, defined as
HD (Typell:+ [ +s)=2 % HD (Type Il is the difference in
absorption of a specific-handed helical light in the left- and right-
handed chiral solid. It represents a chiral light-chiral matter interac-
tion and is odd under PT symmetry.

HD (Type II) signal, shown in Fig. 3b, as a function of peak laser
fluence changes sign with the helicity of the incident light enabling to
efficient differentiation the handedness of crystal structure. This chiral
signal, obtained at a specific position of the singularity marked by the
rectangle in Fig. 3a, is more prominent with asymmetric OAM beam
and is weakly influenced by the position of the singularity within the
OAM beam. Chiral signal using circularly polarized Gaussian beam
(with [=0, s==1) is also shown in Fig. 3b and demonstrates the signal
fluctuations with lower average efficiency. The obtained chiral signal is
an order of magnitude higher than the reported values from solid-
state-based CD in complex chiral crystals*®* and is comparable to
recently demonstrated hard X-ray-based HD in powdered molecular
media®.

Another representation of HD (Type II) is the orientation-
dependent transmission in different-handed quartz for specific heli-
city shown in Fig. 3¢, obtained when the singularity is at the positions
marked by a solid rectangle in Fig. 3a. A modulation of r/3 shows the
sixfold rotational symmetry for quartz (Supplementary Section 2). This
shows that transmission for specific helicity and position of singularity
is different for both chiral solids. Therefore, crystal structure and
chirality can be probed simultaneously.

Bandgap dependence of helical dichroism

Figure 4 demonstrates HD (Type 1) in materials with different band-
gaps. Figure 4a, shows spatial variation of HD (Type I) as a function of
displacement of the singularity, for TeO, (red, bandgap of 3 eV)*?, ZnO
(cyan, 3.4 eV)*, MgO (black, 7.7 eV)*, fused silica (magenta, 9eV)***,
and quartz (blue, 9.5eV)®. The different magnitudes of HD(Type I)
suggest it is a material-dependent property and HD signal increases
with the bandgap. This material dependence can also be observed in
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the standard error, of multiple measurements (n = 3), calculated for an average
fluence range used to obtain HD. The error bands in (b) represent the standard
error at every position of the crystal for n =20 points.
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Fig. 3 | Probing chirality in quartz with linearly polarized (¢ = 0.05) asymme-
trical OAM beams. a HD (Type ) for left- and right-handed quartz as a function of
displacement of the singularity (/=+1). b Chiral signal, HD (Type ll: £ ; +5) =2
RelesiH2125) as function of peak laser fluence for linearly polarized [=+1and
circularly polarized /=0 beams. ¢ Orientation-dependent transmission of [=+1in

right- and left-handed in quartz. b, c were obtained when the singularity was at the

100 -
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position marked by a solid rectangle in (a). The error bars in (a) represent the
standard error, of multiple measurements (n = 3), calculated for an average fluence
range used to obtain HD. The error bands in (b) represent the error propagation of
the standard error of multiple transmission curves. The error bands in (c) represent
the standard error at every position of the crystal (n =20 points).

our qualitative model discussed in “Origin of Helical dichroism in
solids”. Figure 4b, depicts an average HD (Type I) signal, for three + §
positions (600, 900, and 1200 nm) of Fig. 4a, plotted as a function of
bandgap.

Control and tunability of HD (Type I)

Figure 5 shows simulated and experimental curves obtained by (i)
superimposing Gaussian and OAM beams, and (ii) varying the [-value.
To model HD (Type I), we considered the total rate of interband
transition (W},) evaluated using Eq. (20). It is a product of multiphoton
transition probability amplitude from the ground to the intermediate
state and tunnel ionization probability amplitude from the inter-
mediate state to the conduction band. HD (Type I) is defined in terms
of differential averaged energy absorbed AI', normalized with respect
to the incident laser energy (see “Origin of Helical dichroism in solids”
for details).

Ar=r* -1 =p(v* -v)=p(Re[V£/ ;'] - Re [ViE £;]) )

where Y* is optical helicity which describes the handedness of helical
light and £;; is the electric field described by Eq. (23) (“Superposition of
OAM and Gaussian” and Supplementary Section 7 for details). D
represents a collection of physical quantities (given by Egs. (18)-(20))
that are independent of helicity within our approach, and can be
estimated to be 7.3 x107 (“Origin of Helical dichroism in solids” and
Supplementary Section 9). Therefore, HD (Type 1) is a beam-
dominated property and does not exist for symmetric LG beams

(6=0). For asymmetric LG beams (6 # 0), the electric-magnetic dipole
coupling term in Eq. (17) vanishes (because we take the difference
between the left- and right-helical beams for the same polarization),
and the electric dipole-quadrupole coupling term is nonzero resulting
in HD (Type I). The electric dipole-quadrupole coupling term also
contains the gradient of the electric field giving rise to [-dependence,
as can be seen in Fig. 5c. The simulation curves shown in Fig. 5 are
plotted by integrating HD (Type I) over the whole beam cross-section,
HD (Type ) = fi":}o Ardxdy.

For simplicity, we treated intermediate state tunneling within
the dipole approximation and reduced the multiphoton absorption
to a single-photon transition expanded to higher-order multipoles.
We simulate HD(Type 1) for different ratios of superposition of
Gaussian and OAM beams (Fig. 5a) and [-values (Fig. 5c) using the
above equation. For a specific [-value of an asymmetric OAM beam,
the magnitude of HD (Type I) signal is maximum for a pure OAM
beam and decreases as the amount of Gaussian beam in the super-
position increases (Fig. 5a). In case of linearly polarized light, HD
signal vanishes for a pure Gaussian beam. Experimental results
shown in Fig. 5b for fused silica agrees with the simulations (Fig. 5a).
Also, simulated and experimental HD signals scale with [-value as
shown in Fig. 5¢, d for two different [-values. Similar control and
tunability of HD was also observed in c-solids such as MgO (Supple-
mentary Section 3). The simulated HD values differ by few orders of
magnitude compared to experimental values. This variation could be
due the approximate values used for electric dipole and quadrupole
moment, and material response.
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Fig. 4 | Bandgap dependence of helical dichroism. a HD(Type I) in different

materials as a function of displacement of singularity in the OAM beam for [=+1in
crystalline and amorphous solids. b Average magnitude of HD (Type ) as a function
of bandgap for [=+ 1. The error bars in (a) represent the standard error, of multiple
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measurements (n =3), calculated for an average energy range used to obtain HD.

The error bars in (b) represent the average of three § positions in (a) where the HD
(Type I) signal is maximum. All curves are obtained under identical experimental

conditions.

HD signal changes in discrete steps when [-value is varied but can
be tuned almost continuously by changing the superposition of OAM
and Gaussian beams. In addition, HD signal can also be varied by
changing the ellipticity of laser polarization”. These are the features of
our technique that has no comparable equivalent in other existing
solid-state-based chiroptical techniques. Continuous tunability of HD
by superposition of OAM and Gaussian beams by electrical detuning of
optical retardation offers instrumental advantage. A single higher-
order g-plate is sufficient to reproduce the results of all lower-order g-
plates by controlling the voltage on the g-plate.

Discussion

In conclusion, we demonstrate HD in both amorphous and crystalline
solids including chiral systems. HD in the condensed phase provides
valuable information on chirality. Conventional solid-state chiroptical
techniques such as CD have poor efficiency because the chiral signal is
weaker than the artifact signals from macroscopic anisotropies such as
linear birefringence. The efficiency of HD enables to achieve chiral
recognition on a solid surface and is of fundamental importance in
various fields of surface and material sciences. In addition, the control
and tunability of HD provides new opportunities in the development of
enantioselective catalysis*® and asymmetric synthesis of bioactive
molecules*, chiral sensors*®*°, and molecular electronic devices***. In
laser processing of transparent materials, localized changes induced in
the bulk can result in structural changes on sub-micron dimensions
confined to the laser focal volume®>, These changes modify the
bandgap and are hard to study due to lack of in situ probes. Pump-
probe spectroscopy involving Gaussian and OAM beams can shed light
on such changes by monitoring the magnitude of HD signal due to its
dependence on the bandgap.

The presence of intrinsic dichroism in amorphous materials is due
to the existence of short- to medium-range order. Material response to
the phase of light associated with OAM beams will aid the efforts to
understand the mysterious nature of amorphous materials. Further-
more, HD can be extended to conjugated polymers that are used as
active materials in devices for printed and flexible organic
electronics™. Transport properties in such polymers is widely believed
to be due to long-range order, so research focused primarily on
increasing the crystallinity of polymers. However, recent studies

showed that local aggregation over few chains is sufficient to ensure
high mobility*. In other words, the key to designing high-mobility
polymers is not to increase their crystallinity but rather to improve
their tolerance for disorder. Typically, information on short-range
ordering in polymers is often achieved by means of radial distribution
function derived from X-ray diffraction®®. HD can shed light on short-
range order that influences electronic properties in polymers and
semiconducting alloys.

Methods

Differential absorption measurements

Transmission measurements were performed using a Ti: Sapphire laser
amplifier system, operating in an external trigger mode producing
45fs, 800 nm pulses with a maximum pulse energy of 2.5mJ. An
aspheric objective lens (NA = 0.3) was used to focus the femtosecond
pulses into solid samples with typical dimensions of 10 x10 x 1 mm. A
second aspheric objective with the same or higher numerical aperture
(NA=0.5) collected and collimated the transmitted light onto a pho-
todiode (PD2), positioned immediately after the objective (Supple-
mentary Section 1 for a schematic of the experimental setup). For every
laser shot, the transmitted light signal on PD2 was normalized with the
incoming light signal on PD], reflected off a glass plate positioned in
the beam path at an angle of ~20" to avoid Brewster’s angle. The signals
generated by PD1 and PD2 were stretched by an electronic pulse
stretcher, discretized, and recorded by a data acquisition card. A
combination of a half-wave plate and a polarizer was used to vary the
pulse energy (Supplementary Section 1). The incident pulse energies
were measured before the objective. During the measurement, for
every laser shot, the pulse energy was increased by -3nj and the
sample was translated by 5um to irradiate a fresh sample. Multiple
transmission curves similar to the inset of Fig. 1a were obtained for
each sample to be averaged and smoothed. The difference in the
normalized transmission of left- and right-helical light is proportional
to the differential absorption. To ensure shortest pulses in the inter-
action region, a negative chirp was introduced and optimized by
measuring the second harmonic generation in a BBO crystal placed at
the location of the sample. A single-shot auto-correlator then con-
tinuously monitored the pulse duration. The pulse duration at the
interaction region is about 100fs. Prior to each experiment,
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Fig. 5 | Tunability of Helical dichroism. Simulated and measured HD (Type I), in
fused silica as a function of the displacement of singularity for (a, b) variable ratios
of superposition of linearly polarized (¢ = 0.05) OAM ({/ = + 3) and Gaussian beams,
and ¢, d linearly polarized (e = 0.05) helical light with [=+1, + 3. In simulation,
displacement of the singularity was considered perpendicular to the polarization
following experimental conditions. The error bars in (b, d) represent the standard
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error, of multiple measurements (n = 3), calculated for an average fluence range
used to obtain HD. The HD (Type I) was modeled using the relation ff"fjo Ardx,dy =

f"jjo D(Y* — Y7)dx, dy where D represents a collection of physical quantities and
Y* is optical helicity which describes the handedness of helical light (see text and
“Methods” for details).

transmission measurements were always performed without a sample
(in air) to determine and minimize background errors resulting from
any discrepancies between the photodiodes (Supplementary Sec-
tion 6). In addition, the measured single-shot beam profile, pulse
spectrum, and OAM value remained unchanged after transmission
through the samples®. The crystal samples were procured from MTI
Corp., MSE Supplies and chiral quartz from Knight Optical. Fused silica
was bought from SPI Supplies.

Generation of OAM beams

Light beams carrying orbital and/or spin angular momentum were
generated and controlled by OAM/SAM unit (Supplementary Fig. 1)
consisting of a combination of half- and quarter-wave plates (HWP and
QWP), linear polarizer (LP) and a birefringent liquid crystal based
phase plate called g-plate”***”. When an incident Gaussian beam pro-
pagates through the g-plate with a topological charge g, it acquires an
OAM defined by [=+2g with a phase singularity and hence a null
intensity region at the center of the beam - an optical vortex. The

wavefront structure of such beams undergo [ intertwined rotations in
one wavelength, the direction of rotation is determined by the sign of
the input polarization. The conversion efficiency of the g-plates were
91+ 2% for [=1,3. Linearly polarized OAM light s=0,/=+1 was gen-
erated using a combination of QWP, g-plate, QWP, and LP. The ellip-
ticity of linearly polarized OAM light was 5 + 2% reaching the sample.

Displacement of singularity

The singularity/null intensity region in the OAM beam was displaced by
translating the g-plate, mounted on a X, y-stages with a step size of
250 +10 um. When focused by the objective, this translated to a dis-
placement step size of 300 + 20 nm with respect to the center of the
beam. The calibration was achieved by measuring the total translation
required to displace the singularity to the periphery of the defocused
beam and comparing it to the measured spot size of 2+0.2um
obtained by knife-edge measurements. The helical vortex beams can
be further classified into vector and scalar vortex beams. The super-
position of vector vortex beams with linear Gaussian leads to the
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shifting of singularity towards the periphery of the beam for /=1 and
splitting of the singularity for higher-order [-value®. The superposition
of linear Gaussian with scalar vortex beam causes the null intensity
region to fade and does not lead to the shifting of singularity, which
was used in the experiments.

Electron displacement during interband transition

Classically, in atoms, tunneling results in spatial displacement of the
electron given by X, =/,,/(€E), where I, is the ionization potential®™. X
is the distance traversed by the electron through the barrier to the
tunnel exit. This concept can also be extended to solids. The energy
absorbed from the incident laser fields is proportional to the associated
injection current given by J = enyx,0°°, where e s the electron charge, n,,
is electron density in the conduction band, p is the injection rate which is
proportional to the transition rate W, X, is the spatial displacement of
the electrons after being promoted from the valence band to the con-
duction band. (J) is fundamental to maintain energy conservation
(= —]J - E). In optical tunneling, energy conservation is fulfilled when
this current reflects a spatial displacement of the electrons given by®

Xo=EE,/(eE?) 2

where £, is the bandgap and E is the electric field. We assume a para-
bolic conduction band to eliminate contributions from band anhar-
monicities and Bloch oscillations due to reflections at zone
boundaries®.

Injection current was recently used to explain the origin of strong-
field-induced harmonic generation in fused silica®®. In amorphous
fused silica (E;=9 ev**®), X, varies from 6 to 18 A for the laser inten-
sities used in our experiments. Transition of electron from valence to
conduction band can occur via two mechanisms, multiphoton or
tunneling, depending on the laser intensity. They are typically identi-
fied by the Keldysh parameter (y)*"*. For solids, it is defined as

meneyE, "2
y= % {70 g} 3)

1

where w is the laser frequency, / is the incident laser intensity (Sup-
plementary Section 4), m and e are the reduced mass and charge of the
electron, c is the velocity of light, n is the refractive index of the
material, £ is the bandgap of the material and €, is the permittivity of
free space. When y>2, interband excitations are dominated by mul-
tiphoton process and when y <1 it is dominated by tunneling.

For the laser intensities in the range of 2 x10" to 8 x 10" W/cm?
that were used in the experiments, Keldysh parameter varied from ~2.5
to 1.1 for fused silica. In the intermediate regime when 15y <2 the
electron transitions are dominated by multiphoton-assisted tunneling
(MPAT)**#', The MPAT process, developed for atoms, can be extended
to solids and visualized as electron transition from valence band to an
intermediate state by mulitphoton absorption and subsequent tun-
neling from that state to the conduction band**",

In MPAT process, there will be two contributions to electron
displacement—one from multiphoton transition to the intermediate
state and the other from subsequent tunneling to the conduction band
(xo is given by Eq. (2) where E; needs to be replaced by the energy gap
between intermediate and conduction band states). However, Xq in
MPAT will be smaller compared to direct tunneling transitions from
valence band to conduction band which sets the upper limit for elec-
tron displacement®*®', X, in MPAT is comparable to short-medium-
range order in fused silica which is <20 A**°, As a result, isotropic
averaging is restricted to an ordered environment giving rise to finite
contribution in a-solids. In c-solids, the ordered environment always
ensures a nonzero HD signal upon isotropic averaging. Moreover, our
transmission curves reproduce the crystal symmetry due to its

dependence upon the injection current, similar to the results that were
obtained from the high harmonic yields®.

Origin of Helical dichroism in solids

Helical Dichroism in solids can be understood in terms of molecular
multipole moments during light-matter interaction. When the inci-
dent laser intensity is not sufficient for direct interband tunneling,
electron transitions are facilitated by multiphoton excitation to
intermediate states and subsequent tunneling to the conduction
band. The transition amplitude for MPAT process involving a single-
photon absorption (SPA) from the valence band (¢,) to an inter-
mediate excited state (y,,) and subsequent tunneling to the con-
duction band (¢.) is given by (Supplementary Section 8 for further
details)

(@l Vilepy)

— l(w,,w—w)r
= Yl [ oo e w
Mspy Moy,

where w is the laser frequency, @, =(En—E)/h, E,, and E, are the
energies of the intermediate and valence band states, respectively. In
addition, V/; and V; are multiphoton and tunneling interaction Hamil-
tonians written in multipole expansion and dipole approximation,
respectively. The MPAT transition amplitude is a product of two factors;
a time-independent single-photon transition amplitude Msp,4 and a time-
dependent excited state tunneling amplitude M. The interaction
Hamiltonian is given by V/(¢') = ;L. [2ep - A(R,t) + €2A*(R,t)], where the m
is the electron mass, p is the momentum vector in the molecular frame
(r) and A(R, ¢) is the vector potential in the laboratory frame (R).

In crystals, the eigenstates are written in terms of bloch wave-
functions (plane wave modulated by the crystal periodicity function
u(r). For a-solids, we can approximate the eigenstates as bloch-like
wavefunctions (as long as the electron displacement is within Xo") with
effective wave vectors k', k" and k for valence band state, intermediate
state and the conduction band state, respectively. The valence band
and intermediate state wavefunctions are given by

g, (r,1)) = uf, ek Te- it ®)

(r,D)) = Ul (r)eX eI T )

The conduction band state is approximated by a Volkov-type
solution®

1¢c(r,7)) = i (r) exp {i (k . / 'E c[k(t”)]dt”ﬂ 7)
h- 0

EK(E)=Ey+ 5 (hk — eAL')) ®
m

where E, = % mg and my are the effective mass of the valence and the
conduction bands, Eg is the bandgap, r is the spatial coordinate in
molecular frame and A is the vector potential in laboratory frame given
by (A(t)=Ay(acoswtx +PBsinwty) for elliptical polarization. In our
intensity range, the above Volkov-like wavefunction can be limited to a
linear dependency of the vector potential. Solving the time integral
leads to

()

zk r—{(EgT +E T +yoh[kasin(@T)—k,Seos(wT)]) (9)
(2 )3/2

¢(r,1)) =

where E_ = " k is the kinetic energy of the conduction band and

Yo=m EAJ is the quiver amplitude. Substituting all the above states

(Egs. (5) (7)) in the transition amplitude (Eq. (4)) and taking the
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evolution of states over to = — T/2, t = T/2, with the limit 7> «%%, we
obtain

- e

M
@ mhmy*?

3, (% iK'~k 3
Zm/ ut ()W, (f)e® O ¢ /% uf (N (e oty

T/2
x Tlim eilEs *C"“")'(apx COSWT +ﬁpy sin wr)eayu[k(asm(wr)—ky/}cas(m)]dT
o0 -T2

10)

Solving the time integral using Jacobi-Anger expansion

cos wtel@sinwt =15 nJ,(a)e"™*, we obtain

iAge 1 pSPA
mh(2m)** Yo 4 ’"”,Z(,_w

2hsin (B +€ ~ Nha) %)}

w™

/ uk(r)[p"rﬁpy(}u (p)el RT3y

X Jp(— Yok @I (Vok,B) {T‘L“; (Eg+e—Niw)

an

where e= "k js the total kinetic energy, m™!=m;! — mg! is the total
effective electron mass, and Nhw = (n + Qhiw + hw is the total number of
photons absorbed during the MPAT process. Use of Jacobi-Anger
expansion allowed us to discretize the tunneling contribution and, for
analytical analysis, treated the transition from intermediate state to
conduction band state non-perturbatively. p 37 represents the single-
photon absorption probability amplitude given by

SPA _

il (1)K KT By
Py = h(wm—w)/ )V Ul (1)ef d’r

12)

We further define the tunneling probability amplitude as

TNL _ m

Pim = 7 Z ) (—voke@l (Vok,B) / uk(r)[p sz+py Z}u ek 0Ty

mhm??,
13)

Using the property lim;_ . T?S"%) =2mnT6(e+E, — Nhw) where
Xx=(Eg+€— Nhw) Z—Th“, the transmon rate from the valence to the con-

duction band, defined as W, = 4 |M,,|?, can be expressed as

W) =2mhw? S DI DSt 6 €+ Eg — Nho) 14)
m

where the delta function demonstrates the energy conservation for the
full transition. The transition rate W,,(k) is proportlonal to a product of
the single-photon absorption probability |p3F” A| (electron promoted
from the valence band to intermediate state) and the tunneling
probability |pT’VL (electron tunnelmg from intermediate state to
conduction band). Expanding |p3F/ A| in Eq. (14) in terms of higher-order
multipoles®, the absorption rate for left- and right-helical light (with
identical polarization) represented by +sign, W>’, can be written as

W00 = 2 Y [(PIN ™ P 7+ (PN ™ ) o B 1+ 2P 0 ™ ™)
m
8(e+Ey — Nhw) )

im [£7°B¢ ] + 2 (ol ey, Re [V 7]

h((‘)mu - w)z

where, E and B are incident electric and magnetic fields (Supplemen-
tary Section 7 for asymmetric Laguerre-Gaussian beam equation),
u; represents the intrinsic electric dipole, m; is the intrinsic magnetic
dipole, 6; represents the intrinsic electric quadrupole. Since photons
are absorbed in an ordered environment within the short-range
distances in both c-solids and a-solids, we assume that the anisotropic
averaging,()p, results in a finite orientation-dependent weighing factor

Q;-1.4. As aresult of this simplification, the above expression reduces to

W) =2m > |pINt 2
m

{ol [ PIES P+ Qp|lmi 2B 12 + Qyu™ m™)Im [E* "B}’ |
—_—

EIE1 MimM1L EIM1

8(e+E, — Nhw)

2 R
e ]
mv

EIE2

6)

where E1 and M1 are electric and magnetic dipoles, respectively, and E2
is the electric quadrupole. The coupling terms EIM1 and EIE2 are
pseudoscalars and change signs under improper rotatlon Wk is a
product of tunneling probability amplitude |pT’VL| and single-photon
absorption probability amplitude |p;P4|”. The above equation can be
generalized to the multiphoton case and was also shown to be
responsible for the origin of HD in chiral and achiral molecules®.

HD (Type 1) is proportional to the difference in the interband
transition rates between left- and right-handed helical light with beam
asymmetry parameter § can be expressed as:

W= W; Wy =2 D [0 ) (1 57 ] - 5]
m

~0, (30 ) (Re [0 ] - Re[vi7 ]| %
my

a7

E1E1 and M1M1 terms do not contribute to HD (Type I) because the field
intensities and profiles remain the same for both helicities. Evaluation
of above equation shows that HD (Type I) is a beam-dominated
property as the material tensors are identical for both the helicities.
Moreover, within dipole approximation, the tunneling contribution
IPTM? results in identical rates for both helicities.

The HD (Type I) is dependent on the beam asymmetry parameter
6 where 6 = 0 represents symmetric beam and 6 # 0 asymmetric beam
(Supplementary Section 7 for beam profiles). The EIM1 contribution
for both symmetric and asymmetric beam vanishes because we take
the difference between the left- and right-helical beams for the same
polarization. Therefore, HD (Type ) arises due to EIE2 coupling term.
The E1E2 term contains the gradient of the electric field giving rise to [-
dependence. Therefore, for symmetric beams EIE2 contributions
average out to zero and only exist for asymmetric beams. For left- and
right-circularly polarized light, the EIM1 term is nonzero and gives rise
to conventional chiral signal

The total transition rate, W.,, can be obtained by integrating,
W,,(K), over all momentum states. For numerical estimation, shown in
Fig. 5, we assume the summation over all intermediate states in the
above equation is dominated by a single state that is pre-determined
by the incident photon. The total transition rate is enhanced when the
intermediate state is in resonance with the incident photon energy. In
addition, we use linearly polarized light to simplify W,,(k) and perform
the integration using the properties of Bessel’s functions and the weak-
field limit for the non-perturbative discrete transition rate*°>* (Sup-
plementary Section 9 for details) to obtain

20,00 * .
WP W= P T EYES — ETET|) = oY
AW=W} — W; 3h2(wm,,—w)2W<Re [V,EI E; } Re [V,Ej E; ]) D(Y* —Y7)

18)

where Y* = Re[V,E; '] represent the optical helicity describing the
handedness of the helical light, its association with the field gradient
gives rise to [-dependence. This quantity is odd under parity with a
change in the sign of the displacement of the singularity, §, and time
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reversal changes the handedness of helical light. Also,

L (mopg, \? [ edg \ (2 i — E\ PV
@m'*h <m(17—1)!> <2m1w> <hT> <(2117*1)>

where n=n+1 is the total photons absorbed for linearly polarized
light. HD(Type I) can now be defined in terms of energy absorbed I'
normalized with respect to the incident laser energy, &;,. as:

W=

_ (W5 —W5)

Ar=rt 1= SRS p(T Y (20)

where D= ’;—D HD (Type 1) is obtained by integrating over the beam
cross-section J%, Ardxdy

For an order of magnitude estimation of D, we used the following
values; the intrinsic dipole as g; = 1.65 x 107° Cm®, the quadrupole for
fused silica molecule as 6;=9.3 x10™* Cm*(glass)*, Ao =Eo/w where
Ep=71x10%t015x10" V/m and @ =2.35x 10" Hz. p,,,,/m~E, /m"*’E,
is the bandgap between intermediate and conduction band (7.4 eV),
m*=mo=m;=107°kg*, and E; =9 eV is the full bandgap. We assumed
(i) Q4 =1 (ordered environment for crystals and amorphous materials
within the short-medium-range distances), (ii) single level dominates
the total transition rate, (iii) The summation of the Bessel functions is
evaluated by retaining in the sum over n only the term closest to
resonance for the intermediate state tunneling contribution and (iv)
one-photon transition is highly nonresonant so that w,,;,, — @ = ®** (v)
dominant component of optical helicity (Y) with respect to displace-
ment of singularity. Due to discretization of transition from inter-
mediate state to the conduction band during the tunneling process we
assume 7 =5 and n=n +1 corresponding to bandgap energy. Thus, the
value of D is 7.3 x107°. The above numerical estimate was plotted in
Fig. 5a, c as a function of displacement of singularity. The estimated HD
values differ by few orders of magnitude compared to experimental
values. This variation could be due the approximate values used for
electric dipole and quadrupole moment and the material response.

For n-photon transitions, |pf,ﬁf‘|2 should be substituted by the

multiphoton contribution (|p’,‘n45"|2) in the transition rate W,,(k) and
will contain multitude of cross-correlation terms arising from the
summation in the modulus square of the transition amplitude. How-
ever, optical helicity Y* will still be present giving rise to the observed

HD (Type I)%.

Helical dichroism obtained using MPAT is not only limited to the
tunneling interaction Hamiltonian l7f written in the dipole approx-
imation. Our experimental results can also be described as long as one
or both of the interaction Hamiltonian either Vf (V) used in the tun-
neling (multiphoton) probability amplitude includes the contribution
of higher-order multipoles to obtain the EIE2 coupling term. For
higher incident intensities, the interband excitations are dominated by
ground-state tunneling transitions. In this regime, the HD can be
explained as long as the interaction Hamiltonian contains the con-
tribution of higher-order multipoles which gives rise to the [
dependence.

Superposition of OAM and Gaussian

The experimental optical setup consists of a combination of wave-
plates and a g-plate (Supplementary Section 1). When an incident cir-
cularly polarized Gaussian beam propagates through the g-plate, it
acquires an OAM defined by [ =+ 2q. Experimentally, we can measure
the efficiency of the the conversion process. If the conversion effi-
ciency is not 100%, as is often the case, the transmitted light will
consists of a superposition of Gaussian and Laguerre-Gaussian beam.
In other words, a portion of the incident Gaussian will transmit

unaffected and the remaining portion will be converted to OAM. In our
setup, the incident light is vertically polarized.

LHC

g

[V)—s QWP(£45)

I+ 21
RHCQ—pIate_) (ed)]

-QWP(¥45)— QWP (6)

Vertically polarized light incident onto the first quarter-wave plate
(QWP) generates left-CPL (Right-CPL) if the angle of incidence is 45°
(-45°) with respect to the horizontal axis. Experimentally, the
transmitted light has an ellipticity between 90 and 95% therefore the
major and minor axes are not identical. We must take this in account by
introducing two variables a and 8 (such that |a|? + |,B|2 =1) which are
used to vary the ellipticity of the transmitted light that is subsequently
incident on the g-plate. Depending on the conversion efficiency of the
g-plate, a portion of the light will remain unchanged and the other will
acquire an [-value with opposite polarization due to the retardance of
radians. The ratio of Gaussian to Laguerre-Gaussian is determined by
the retardation angle &. The second QWP was used to generate linearly
polarized superimposed Gaussian and OAM beam. The third QWP
could be used to produce the desired ellipticities. To determine the
polarization state after each optics we will implement the Jones
matrices convention for QWP(6) and HWP(6), where @ is the angle with
respect to the horizontal axis®®*°, We can define the operation of the
g-plate by means of a unitary operator Mg*"’°. The handedness of the
helical light is determined by the incident circular polarization on the
g-plate.

MqILHC) = cos(§) | LHC) +isin(§) RHC )¢ .
Mgl RHC) = cos(§)RHC) +isin(§) |LHC e (22)

The portion of the light that acquires an [-value also gains a m phase
shift between polarization components i.e., the g-plate acts like a HWP
with respect to the incident polarization. The output unit vectors of
the electromagnetic field can be determined via Jones matrix multi-
plication of the second and third QWP. Introducing the spatial
components of the incident light we can express the electric field for
both helicities as

B .
i ) ug (x,y.Z)]

(23)

<?‘> = iz {COS(E/Z) (;)e’%ug(xd’rlﬁ Si“(f/2)<
I+

The magnetic field can be obtained via the relation

B(x,y,2)=z xE(x,),2).

(3), -l () suca (o]
[+

(24)

These expressions were used for the simulations shown in Fig. 5a, c.
The uj (x,y,z) and uy(x,y, 2) are the Laguerre-Gaussian and Gaussian
beam expressions given in Supplementary Section 7%. The % sign
represents the handedness of the helical light.

Data availability

The minimum dataset necessary to interpret the results can be
obtained from the corresponding authors upon request. The raw and
processed data are not deposited in a repository because transmission
measurements generate multiple sets of columns and without proper
context the data could be hard to interpret.
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Code availability 26.

The simulation data were obtained by evaluating the equations using
standard technical software. The code is available upon request to the
corresponding authors. 27.
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1 Experimental setup

Transmission measurement were performed using a Ti: Sapphire laser amplifier system (45 fs, 800 nm pulses, pulse energy
of 2.5 mJ). Figure S1 shows the schematic of our experimental setup. For each successive laser pulse, the energy was varied
using a combination of half-wave plate (HWP) and polarizer. Light beams carrying orbital and/or spin angular momentum
were generated and controlled by OAM/SAM unit consisting of a combination of quarter-wave plates (QWP), linear polarizer
(LP) and a birefringent liquid crystal based phase plate called g-plate!-?>. When an incident Gaussian beam propagates through
the g-plate with a topological charge g, it acquires an OAM defined by / = £2¢ with a phase singularity (optical vortex). The
singularity/null intensity region in the OAM beam was displaced by translating the g-plate, mounted on a Xx-,y-stages. Moving
the g-plate with a step size of 250 + 10um translates to a displacement of the singularity by 300 +20nm at the focus.

For every laser shot, the transmitted light signal on the photodiode (PD2) was normalized with the incoming light signal
on PDI, reflected off a glass plate positioned in the beam path. An aspheric objective lens (NA=0.3) was used to focus the
femtosecond pulses to a spot size 2+0.2 pum into solid samples mounted on a three-axis translation stage. A second aspheric
objective with the same NA collected and colliminated the transmitted light onto a photodiode (PD2), positioned immediately
after the objective. For each experiment, laser was focussed in the middle of solid sample with typical dimensions 10 x 10 x 1
mm. This was achieved by accurately finding the surface of the sample using back-reflected light that was imaged by a CCD
camera. The signals generated by PD1 and PD2 were stretched by an electronic pulse stretcher, discretized and recorded by a
data acquisition card. The incident pulse energies were measured before the objective. During the measurement, for every
laser shot, the sample was translated by Sum to irradiate fresh sample. A single-shot auto-correlator (not shown) continuously
monitored the pulse duration. The pulse duration at the interaction region was about 100fs.
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FIG. S 1. Schematic of the experimental setup. The power control consists of a combination of linear polarizer (LP) and
half-wave plate (HWP). The OAM and SAM control consists of a combination of quarter-wave plates (QWPs), a birefringent
liquid-crystal phase plate (q-plate) and LP (a third QWP can be used to generate elliptically polarized OAM light). Photodiode
PD1 (PD2) monitors the incident (transmitted) light. The CCD camera was used to find the surface of the sample. A (X,y,z)
translation stage was used to displace the sample. A combination of two aspheric lens (NA=0.3) was used to focus and
collimate the incident and transmitted light.

2 Crystal symmetry from transmission measurement

Orientation dependent nonlinear absorption of helical light pulses in ZnO (11-20) and left-handed quartz (z-cut) crystal are
shown in Fig. S2 for a specific displacements of the singularity. ZnO (11-20) has a cubic unit cell with 4-fold rotational
symmetry and therefore shows a modulation with a periodicity of /2. Quartz has a cubic unit cell with 6-fold rotational
symmetry and therefore shows a modulation with a periodicity of 7r/3. Both crystals exhibit differential absorption between left-
and right-handed asymmetrical helical light, defined as HD(Type I). The orientation dependence of transmission is independent
of the position of the singularity. However, the magnitude of HD(Type I) signal remains invariant with crystal orientation.
Similar results obtained for MgO (100) were presented in the main text.

—— (8=-1200 nm, I=-3, s=0)

—— (6=-300 nm, I= +3, 5=0)
a) EY —— (9=-1200nm, =43, 5=0)  b) 90

—— (6=-300 nm, I= -3, s=0)

Transmission of helical light (%)
Transmission of helical light (%)

FIG. S 2. Orientational dependent transmission of helical light in crystal. For linearly polarized (¢ = 0.05) asymmetrical
OAM beam (I = £+3) in (a) ZnO (11-20) for a displaced singularity (6 = —1200 nm) and (b) Left-handed a-quartz (z-cut) for
a displaced singularity (6 = —300 nm). The error bands represent the standard error at every position of the crystal for n=20.
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The crystal structure can also be reproduced using linearly polarized Gaussian light pulses as shown in Fig. S3a for MgO
(100) crystal, similar to the case of helical light (fig 1b-d). Therefore, the orientation dependent transmission is not limited to
helical light. Fig. S3b shows the energy dependent transmission for a linearly polarized symmetric OAM beam (I = +1,6 = 0)
plotted as a function of crystal orientation. As the pulse energy is increased, the transmission of helical light decreased due to
the increase in nonlinear absorption. For all three pulse energies above the onset for nonlinear absorption, the 4-fold symmetry
is present.

—— MgO (I=0,5=0) b) (6=0 nm, I=+1, s=0)

90 94 nJ
100 120 r 60 | ——137nJ

 ——170nJ

9
100 120 ) 60

150 30 94 150 30

96

Transmission of helical light (%)

210 330 94 210 330

o
Transmission of helical light (%)
8

98

100 240 300 100 240 < . 300
270 270

FIG. S 3. Angle dependent transmission of helical light in MgO (100). (a) For linearly polarized (¢ = 0.05) Gaussian beam.
(b) Energy dependent transmission as a function of crystal orientation for linearly polarized (¢ = 0.05) symmetrical OAM
beam (/ = 13 ). The error bands represent the standard error at every position of the crystal for n=20.

Fourier analysis of the orientation dependent transmission identifies the different modulation periodicities associated with
the crystal symmetry. Figure S4 shows the Fourier power spectrum for the orientation dependent transmission curves of MgO
(black) and quartz (blue). For MgO, single peak at 90° corresponds to a 4-fold symmetry. The quartz exhibits a dominant peak
at 60 degrees and a smaller one at 120 degrees demonstrating the 6-fold symmetry. Stronger modulation depth in MgO than in
quartz could be due to different crystal nonlinearities.

25—< --—- MgO
20 i\ ---=- Quartz
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FIG. S 4. Discrete Fourier transform of the orientational dependent transmission in crystals. The black (blue) curve
demonstrate the /2 (7/3) periodicity in MgO (left-handed, z-cut, @-quartz).
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3 Tunability and scalability of HD(Type I) in crystals

Figure S5 shows experimental results on control and tunability of HD(Type I) in MgO, obtained by (i) superimposing Gaussian
and OAM beams, and (ii) varying the /-value. Similar to a-solids (Figure 5), the electric dipole-quadrupole coupling term is
non-zero for asymmetric LG beams resulting in HD(Type I). Since this coupling term contains the gradient of the electric field
it gives rise to [-dependence, both on its sign and value.

In c-solids, the MPAT process can still play a role, although ordered environment, both short and long range always ensures
non-zero HD(Type I) signal upon isortropic averaging. In this case the intermediate states could be due to degenerate exciton
states, defects, impurities, and boundary effects®4.

12 12
a) 104 OAM : Gaussian : ,i‘\i\ b) 0] = 1=3 . ,I A 1
. . B . S
--m--90:10 : ',& b e =1 : A T,
84 --m--70:30 ; 2 $§§ 8 : 2 x
g omEn 0 IR B -
ry CoE A 8“7 Y R E S
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FIG. S 5. Tunability of Helical dichroism. Measured HD(Type I) in MgO as a function of the displacement of singularity for
a) variable ratios of superposition of linearly polarized (€ = 0.05) OAM (/ = £3) and Gaussian beams, and b) linearly
polarized (€ = 0.05) helical light with [ = 17, £3. The error bars in a) and b) represent the standard error, of multiple
measurements (n=3), calculated for an average peak fluence range used to obtain HD.

4 Fluence Calculation

In Laguerre-Gaussian beams with increasing /-value, the size of the null intensity region at the center increases. Consequently,
for the same spot size higher pulse energies are required to reach the threshold for the onset of nonlinear absorption®. However,
the peak fluence and intensity remains the same for all /-values as can be seen from the inset of Fig. 1a for /=3 and Fig.S6 for
1=0.

From the threshold energies and peak power, the /-dependent peak fluence and the intensity was calculated based on the

following equations®:
) —2r2
J 22120 o w()? w 211 20 o wi)?
Hem2 | = s B e 200+ ) ! &)
cm 1| 17w (z) 21D cm 117w (2) 20D

where [ = 0;+1;£2;+3... is the orbital angular momentum value, r is the radial direction, w(z) is the radius of a beam
evaluated at z and E is the threshold pulse energy, and P, is the peak power for different /-values.

The peak fluence was obtained by evaluating the radial parameter r at the maxima of the intensity profile, which occurs
when rl2 = w%\l|/2. So, for a Gaussian beam (/ = 0) r = 0, and at for OAM beam with [ =1 r| = :t%and so on. Substituting
the above values for radial parameter, we obtain

For [ =0 beam : Fy (rp) = 2E—02 2)
w;

| E

Forl=1beam: F (r;) =2e 5
w§

A3)

The [-dependent peak intensity was used to obtain the Keldysh parameter (eq - main text) and the spatial displacement xj.
Similarly, peak laser fluences or intensities were obtained for higher order OAM beams. In our experiments with different
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[-values (Fig-1,4), HD was obtained by taking an average of differential absorption between left- and right- handed helical

light over a peak fluence range after the the onset of nonlinear absorption. This insured that response regime we investigated
remained the same.

5 Differential absorption with circulary polarized Gaussian beam

Circular dichroism (CD), defined as differential absorption of circularly polarized (CP) Gaussian beam, is not expected to be
observed in amorphours solids. On the other hand, chiral solids such as quartz exhibit CD. However, solid-state CD signal is

often overshadowed by signals arising from macroscopic anisotropies and linear birefringence’, as can be seen in the figure
below.

To discern the role of polarization and phase of light, we performed transmission measurements with CP Gaussian beams
(I=0) in crystalline and amorphous solids. Figure S6 shows normalized transmission of a left- and right-CP Gaussian beam
propagating through left-handed quartz and fused silica. In the absence of phase, the two curves overlap in the linear regime
exhibiting no differential absorption. In the nonlinear regime, any signal fluctuations are within noise for both types of solids.
Similar results were obtained in the case of MgO and right- handed quartz (not shown).

a) 100 - b) 100
i a Quartz - Fused Silica
— (=0, s=+1) (1=0, s=+1)
—— (=0, s=-1) ——(1=0, s=-1)
90 o0
S g
< 804 &
g 5
2 8
5 5
704 a
(S £ 704
[} S
= =
601 60 -|
50 ) j " T ) T T T i T i ! 50 T T T T T T T 1
08 1o 12 14 16 18 20 22 08 10 12 14 16 18 20 22
2.
Fluence(J/cm?) Fluence(J/cm?)

Fig S 6. Normalized transmission of Gaussian beams as a function of peak fluence in crystalline and amorphous solids.
Transmission curves for left-circularly polarized (s = +1) and right-circularly polarized (s = —1) light in a) left-handed
a-quartz and b) fused silica. The error bands represent the standard error for for n=3 independant measurements.

6 Noise check: Transmission measurements in air in the absence of sample

In order to check the background noise in our experimental setup, we performed transmission measurements conducted in air
(absence of a sample). Such measurements enable us to ensure that the photodiodes detect identical signals when changing the
helicity of the incoming linearly polarized light from +/ to —I. Fig. S7 a) shows transmission curves (ratio of PD,/PDy) of left
(black) and right (red) handed asymmetrical LG beams through air. The red and black curves overlaps (within 0.5% ) over
the entire fluence range. In addition, Fig. S7 b) shows the difference between the PD1 (PD2) signal for linearly polarized +1
and —/. Signals are centered about zero with a fluctuation of +0.05V and curves almost overlap over the entire energy range.
Both these results demonstrates that there is no arbitrary signal/noise introduced by the experimental setup to the observed
differential absorption in crystalline and amorphous solids. Transmission measurements in air were performed before every
experimental run and for every position of the displaced singularity.
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FIG. S 7. Transmission of linearly polarized (¢ = 0.05) helical light in air for symmetrical OAM beam. a) Ratio of PD2
and PD1 signals for / = 43 (black) and / = —3 (red). b) The difference in photodiode signals for the two helicities, PD1 in
black and PD2 in red. PD1 (PD2) monitors the incident (transmitted) light.

7 Asymmetric Laguerre-Gaussian beams

Asymmetric Laguerre-Gaussian beams denoted by an asymmetry parameter, 8, was used in our theoretical analysis. For
arbitrary polarization in the paraxial regime, the field components can be written as’

. . . 7]
(51 2) = Eoexplika] (ﬂ <<x¢ms>iz<y¢zc6>>> xp (_ s +2y2>)L|p<z+j,->| (2% > @
wo wo Wo
( oy (x,,2)
E*(x,,2) = Buy (x,y,2) (5)

\ if [(a +iB) IIIviop)rc]qu)ni)(ﬂyF;(lygg)Cé)u(ﬂ)E (x,y,2) — Wio (a(x)+B()) ua—L(x,y, z)}

_B %u(_)t(xv}@ Z)
B*(x,y,z) = aﬁuﬁ(x,y,z) (6)

if 5 (et ip) Mol E ) e (v, y.2) — 2 (a(y) — B()) g (+,7.2)]

where f = A /27wy, @ is the laser frequency and p = \/x2 + y2. The = represents the rotational direction of / with no radial
node, p = 0. The polarization factors & and 8 are normalized such that |Ot|2 +|B |2 = 1. Displacement of singularity in the x-y
plane was achieved by varying 1 and {. For generalization, we substituted n = 3/2 and § = 1/8, considering the movement of
singularity to be perpendicular to the polarization following experimental conditions.

Ey is the normalization factor obtained by integrating the intensity over all space (-co to + o0), for (/ = 1) it is given as :

B 2k*w3 o
TN\ Z (@24 B2 2w+ W +2(82+12) 82 (14 K2w2))

Intensity profile of asymmetrical Laguerre-Gaussian beam with varying singularity position (6) is shown in Fig. S8. As a
correction to the paraxial regime (due to its finite / dependence) the longitudinal component of the field (E,) can be considered®°.
The contribution of the longitudinal component becomes significant when light is focused tightly using a higher NA objective
and is recently demonstrated in differentiating nanoparticle aggregates using helical light!°.
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FIG. S 8. Asymmetrical Laguerre-Gaussian beam. Simulated intensity profiles of asymmetric OAM beams obtained by
varying the & parameter.

8 Multiphoton assisted tunneling

Absorption of electromagnetic field by any material results in electron transition from an unperturbed ground state to an excited
state or continuum (conduction band in case of solids). The transition mechanism is primarily governed by the energy of
the incident photon and energy difference between the ground and excited/continuum states. When photon energy is lower
than the energy difference, absorption is dominated by nonlinear process either via multiphoton absorption when the incident
field intensity is low or via tunneling when the field intensity is sufficiently large. The type of mechanism can be identified
by Keldysh parameter, 7, for both solids and gases. When y 2 2, transitions are dominated by multiphoton and when y < 1
they are dominated by tunnelling!!'='3. 1 < y < 2 is the intermediate regime in which combination of both multiphoton and
tunneling contribute to electron transitions, known as Multiphoton Assisted Tunneling (MPAT).

In MPAT, electron transitions from the ground state (valence band in solids) to an intermediate state (band tail/defect states
in solids) by absorption of a single or multiple photons followed by transition to the continuum (conduction band in solids) via
tunneling. MPAT is therefore responsible for the smooth and continuous transition from the dominant multiphoton ionization
to the pure tunneling regime characterized by the varying Keldysh parameter. The idea of MPAT is based on the fact that
whenever an incident photon is absorbed it causes the wavefunction to extend to larger distances depending on the wavelength
and intensity of the incident light. Tonization via tunneling can readily occur from such extended and weakly bound states''.

a b "
) ) l|lvseo) C)
[wite) /',,:7 Trve
N (e, (t2)) "Iwﬂrf))
o )
[we,(t2)) [ Titpa ‘:;:"’ Irae
o N/ e (22))
[e, (£) o  Fpa w5 o)
w2 A@/ Ie, (62)) t
[v5eo) | o
- N w3 o)
t w1

FIG. S 9. Feynman diagrams for a) multiphoton regime, it takes an absorption of (n+ 1)Ai® to reach the conduction band. b)
MPAT process, absorption of n-photon leading to an excited/tail state and subsequent tunneling to the conduction band. c)
tunneling regime, the incident field is strong enough to force the electron to tunnel from the valence band(yy) to the conduction

band(w}‘;).

Ionization probability for MPAT process can be qualitatively understood by a unified approach where the total probability
amplitude consists of a product of two separate amplitudes corresponding to single/multiphoton absorption and tunneling. It
can also be visually understood using Feynman diagram shown in Fig. SO for all three different regimes. In general, transition
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amplitude is defined as a projection of non-interacting state to a fully evolved state at large times'*"'® given by
Mii = lim (0] %4(0)) ®)

where W;() is the total wave function of time-evolved ground state, y,, when the laser field is turned on. ¥;(r) is a solution
of the time-dependent Schrodinger equation, [ih% — H(t)]¥;(t) = 0. In the presence of the laser field, the full Hamiltonian
is given by H(t) = Hy+ V (t) where Hj is the field-free Hamiltonian and V (¢) represents the interaction Hamiltonian of the
system at time . The final state y(¢), and initial state are orthogonal, (Y| I[I§> = 0. The total wavefunction is obtained by
solving the the time-dependent Schrodinger equation using the Green function G(z,t"). The Green function is closely related to
the time evolution operators, G(z,t') = —i@®(r — ') U (¢,1')'*1° where @(r — 1) is the Heaviside step function and U (¢,1') is a
unitary time operator. Therefore, the total wavefunction can be expressed as

[P (1)) = Uo(t,t0) | We) — %/t:@(z — U)WV ()| we(t'))dt’ )

The first term corresponds to unperturbed evolution, Uy(z,1), of the ground state and the second term corresponds to
evolution of the ground state when the laser is turned on at time fy.

The transition amplitude is not limited to just initial and final states. We can partition the total Hamiltonian to introduce
intermediate excited states, which can be obtained by expanding the time propagator U (¢,t') in terms of the Dyson series'+!7.
In the Dyson expansion, we consider up to the second order term which corresponds to first order MPAT process (a single
photon absorption to the intermediate state and subsequent tunnelling from this intermediate state to the continuum/conduction
band). By substituting the expanded time propagator into the total wavefunction (eq. 9) and afterwards inserting this expanded
wavefunction into the transition amplitude (eq. 8) we obtain

My = [ st leide+ 25 [ [ @10 (00 (w.5) hw)lys(e)dnde (10)

where V; and Vf are the interaction Hamiltonian at time 7; and 7, respectively. Also, we used the property of the Heaviside
step function lim ©(¢ — 7) = 1. The first term in the above equation represents standard ground state tunneling and the second
[—ro0

term represents the first order MPAT process. When experimental intensities are not sufficient for ground state tunneling
(intermediate regime, 1 < ¥ < 2) the second term becomes dominant. Therefore, for a multitude of intermediate states, the
MPAT transition amplitude is given by

M= 2 [ [ 0197 2) i (00 ()10 (2.2 V) s ) an

where we introduced the projection of the intermediate state 1 = Y,,,| W, (7)) (W (7)|'8. Using the property (y;,,(7)|U (7,71) =
(W (71)], and explicitly writing the time component we obtain

1 t A T A .
My = ¥ [ @0 @) [ (wnlVie)lyg)estdnds (12)
m Y10 <50

The multiphoton component of the interaction Hamiltonian, V;, can be written in a non-dipole form containing E1, M1 and
. . . 2 I iot’ - . .
E2 terms. For single photon absorption, we substitute V; (') = V;e™'®" in the above equation (where  is the laser frequency)
to get

<wm|‘7l|Wg> l/t N -(w 760)1-

M, =Yy 2rmitive/ - . o |

fs ;h(wmg—w) 7y dt(wy (7)|Ve(7)|Wm(T)e )
Mgpa [

The transition amplitude My, is a product of time-independent transition amplitude, Msp4, corresponding to a single photon
absorption to an intermediate state and time-dependent amplitude, M7y, corresponding to tunneling from intermediate state to
continuum/conduction band. V; (V) is the multiphoton (tunneling) interaction Hamiltonian.
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For the n’* order MPAT process, the transition amplitude consists of a product of the n-photon absorption and subsequent
tunneling.

2 1 T . ’
o= () T [ axtur o) [ artwnl @) el () o 14

where cl - (7:) is the probability amplitude of the (n — 1) order perturbation (multiphoton probability amplitude)'®. The n®
order probability amplitude can be expressed as

" 1 ¢ A . o
o) (1) = <n) X [ tyl¥ () lyief" (1) e (15)
1 Yo

Multiphoton transitions in MPAT will result in multitiude of excited state cross-correlation terms and coupling terms
arising from multipole expansion due to the tensor nature of the material response. However, the material cross terms (such as
electric—magnetic dipole and electric dipole—quadrupole coupling) will have similar qualitative behaviour as that of a single
photon case. Therefore, to keep the equations tractable, we consider the MPAT process using single photon absorption in the
manuscript.

Equations 12 can also be obtained by writting the time evolved initial state y,(7) as a linear combination of eigenstates

(bound-state) of the unperturbed Hamiltonian!®-29, as

v (r,7)) = Yelr) (2)e  F F g (r Zcm (2)| (. 7)) (16)

m

where E,, is the energy of the m™ eigenstate, W, (r), where @,y = (E,, — E;) /h

9 Total MPAT transition rate for linear polarization

To obtain a numerical estimate of the total transition rate, for simplicity, we consider the incident field as linearly polarized.
Therefore the probability amplitude from the main text (equation 11) becomes:

iAge 1 spaDem o . 2nsin ((Eg+ € — nho) %)
My =——-77— In(—vky) | 1 17
T mn2r) R &Pk, n;mn n(=10ks) | fim, (E; + € —nho) a7
where € = * " is the total kinetic energy, m*~! = ml_1 —my !is the total effective electron mass and nfi® = Nho + ho,

and assummg the intermediate and conduction band states have similar k ( kK’ ~ k’ =~ k) the material response p¢;, =
o ui (x) paady (0)dr

Following the main text, we further define the tunneling transition contribution as

TNL mj Pem
Pem —W . Z NIy (—Ykx) (18)

2
Using the property lim T? S’"Xz(x) 27hT 8 (€ + Eg — nhw) where x = (Eg + € —nh®) £ ', the transition rate from valence
—yo0

to the conduction band, defined as W,., = 5 |M , can be expressed as
2 2
Wey (k) = 27the* Y L™ || 8 (€ + Eg — nho) (19)
m

The total transition rate (per unit of volume) can be obtained by integrating over crystal momentum associated with the

discrete transition:
W = / ﬁw (k)
- (27‘[)3 cv

Using the properties of Bessel’s functions, the weak-field limit for the non-perturbative discrete transition rate is given
by?1:22
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2n—1)/2
_ 1 Z mlwl?cm |SPA eAo \*" 2m’” ez M o (20)
(27)*h - 2m @ 12 (2n—1)

where

1 * my nvm *
DS = o I PIES P b PIBE P 4 2 m ) ol (£ B 4+ (01 pRe [ViEFEE] | 2)
B (O — ©)° J

Difference in the interband transition rates between left- and right-handed helical light with beam asymmetry parameter &
can be expressed as:
_ 1 - 2 S _
AW =W} -W; = W [Q <3u{"”9f]’") (Re[ViEf Ef*| ~Re|ViE | )} DX -17) (22
1= (O — @)

HD(Type I) can now be defined in terms of energy absorbed I" normalized with respect to incident energy, &, as:

h
Eine

Al=Tr—-T" =
N——
HD (Type I)

(W =W5)=2(r"-17) (23)

where W = ’pSP A! W from eq-29, 9 = P‘I—D and Y* = Re {V,EJiEli*} represent the optical helicity term describing the

handedness of helical light. Optical helicity can be expanded as™, Y* = [(VoEgEy +Eq(VaEp)")] =Re [Eii*ViEfT} . The
above equation was plotted in Fig.5 as a function of displacement of singularity in the main text.
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Chapter 6

Selective absorption of helical light in
achiral and chiral plasmonic
metasurfaces

6.1 Intoduction

Until now, we have seen how matter behaves when helical light interacts in the nonlinear interac-
tion regime. From the multiphoton interaction regime in liquids and to the multiphoton-assisted
tunneling (MPAT) regime in solids, the phenomenon of phase-based differential response was
observed. However, a spectroscopy technique can only be considered universal (in terms of
application across various disciplines) if it also operates within the linear regime. A straight-
forward way to investigate the linear interaction of helical light is by using metals.

This work demonstrated the presence of helical dichroism in plasmonic nano- and micro-
structured achiral and chiral metasurfaces. Similar to liquids and solids, the achiral structures
exhibited a phase-based differential response, which had previously been shown to be non-
existent in earlier studies [1, 2]. The results were consistent with numerical simulations based on
linear absorption theory using helical light and were further validated through light propagation
simulations using the Lumerical FDTD software. This work has been accepted for publication
in the ACS Nano journal.

6.2 Statement of contribution

Ashish Jain and Ravi Bhardwaj conceived, designed, and planned the experiments. Howard
Northfield fabricated the plasmonic metasurfaces. Ashish Jain performed the experiments and
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Linear helical dichroism in metasurfaces

conducted the Lumerical FDTD and numerical simulations. Ashish Jain and Ravi Bhard-
waj analyzed the results. Pierre Berini, Ebrahim Karimi, and Ravi Bhardwaj supervised the
project. Ashish Jain and Ravi Bhardwaj prepared the first draft, and all authors reviewed the
manuscript.
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ABSTRACT: The symmetry of achiral metasurfaces suggests
selective absorption is nonexistent when irradiated either by
circularly polarized Gaussian or twisted light beams carrying
orbital angular momentum (OAM). In chiral metasurfaces, the
lack of symmetry leads to differential absorption when probed
with chiral light either in the form of circular polarization
(circular dichroism) or helical phase fronts (helical dichroism).
Here, we demonstrate differential absorption of asymmetric
twisted light beams, known as helical dichroism, which exist in
an array and a single achiral structure and can be controlled.
When extended to chiral structures, these asymmetrical chiral
light modes enable to enhance and tune chiroptical sensitivity.
Our technique offers more control parameters than just

changing the OAM value, as presented in previous studies. Selective response to asymmetric helical light beams is
qualitatively explained in terms of induced multipole moments. The presence of dichroism in achiral nanostructures offers a
significant fabrication advantage over complex chiral structures and enables the development of next-generation plasmonic-

based chiroptical spectroscopy and molecular sensing.

KEYWORDS: OAM beams, controlled light absorption, helical dichroism, chiral spectroscopy, achiral nanostructures, optical activity,

plasmonics

INTRODUCTION

Chiroptical spectroscopy exploits chiral light-matter interaction
where an object’s handedness or asymmetry creates optical
activity. Probing chirality at the molecular level is challenging
because optical activity is inherently weak due to the mismatch
between the size of the molecule and the wavelength of light.
To enhance the chiroptical signal, metallic/dielectric nano-
particles' ™* and metasurfaces’ ° have been employed to
leverage local field effects associated with plasmon resonances.
Chiral metasurfaces offer advanced light-manipulating abilities
because their optical response is dependent on the design
parameters.” In addition, they offer design flexibility by
reducing the complexity involved in their fabrication in
comparison to 3D chiral structures.'”'' A metasurface is
structured as an array (matrix) of nanostructures in order to
produce a large enough chiroptical response when illuminated
by a loosely focused beam (an individual chiral nanostructure
produces a weak chiroptical response).

Conventional chiroptical techniques based on optical
rotation (OR) and circular dichroism (CD) utilize the spin
angular momentum (SAM) of light associated with circular

© XXXX American Chemical Society

\ 4 ACS Publications A

polarization as an excitation to probe a chiroptical response.
Recently, the orbital angular momentum (OAM) of light,
denoted =+ I per photon, associated with the dynamical
rotation of the phase front was proposed as an alternative
probe. The handedness of these beams is characterized by the
twisting of the wavefront undergoing [ intertwined rotations in
one wavelength.'”"> Such beams are referred to as optical
vortex or helical light beams. The phase singularity at the
center of a vortex beam leads to a null intensity at that location.
Helical dichroism (HD) arises from the differential absorp-
tance of left- and right-handed helical light by a chiral structure
illuminated by a vortex beam. HD has been observed in chiral

14,15 1.7.16 17,18 . .
molecules, "~ solids, ” nanostructures'”"° and single micron-
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Figure 1. Experimental setup and SEM images of plasmonic structures. (a) The linear polarizer (LP) and half-wave plate (HWP) control the
laser power. The desired OAM and SAM states are generated using the combination of quarter-wave plates (QWPs), a birefringent liquid-
crystal phase plate (g-plate), a linear polarizer (LP), and a QWP. Two aspheric lenses (NA = 0.3) focus and collimate the incident and
transmitted beams. Photodiode PD1 (PD2) monitors the incident (transmitted) light. The charge-coupled camera (CCD) and the white
light source are used to find the surface of the sample and position the incident beam onto the structures of interest in the sample. SEM
images of plasmonic (b-d) nano- and (e-g) microstructure arrays. (b,e) are achiral and (c,f,d,g) are left- and right-handed chiral structures.
Each SEM image is scaled such that the 1 gm scale bar is identical on each. See the supplementary section 1 for all structure dimensions.

sized dielectric and metallic structure.'””® The key advantage
of HD is that [ has no upper bound, so the HD response can, in
principle, be enhanced. In contrast, CD depends on the
polarization state of light, which has only two bound values
(SAM = 0 for linear and SAM = + 1 for circular).

Optical activity typically arises from the intrinsic chirality
present in any chiral structure. This is primarily a material-
dominated property where both the system and the probe are
chiral and can be explained through parity-time symmetry.
Intrinsic chirality has been shown to originate from the
coupling of (a) electric and magnetic dipole moments in a
linear intensity regime and, (b) electric dipole and electric

) . 14
quadrupole moments in a nonlinear regime.

Optical activity can also originate from extrinsic chirality,
produced by oblique incidence of light on achiral meta-
structures.”' "> When the incident wave vector does not lie on
the plane of symmetry, an effective chiral geometry is created.
By varying the angular orientation of the achiral metastructure
with respect to the incident circularly polarized beam, a
chiroptical response is generated due to the asymmetric
distribution of the electric field. However, extrinsic chirality
does not exist at normal incidence. Chiroptical responses are
not confined to only intrinsic or extrinsic chiral geometries.
The OAM-induced CD was demonstrated in a nonchiral
circular nanoaperture** by exploiting the combined effect of
helical phase and circular polarization of light. However, the

https://doi.org/10.1021/acsnano.4c06983
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Figure 2. Helical dichroism in achiral plasmonic structures. (a) Plasmonic nanostructure array and (b) a single plasmonic microstructure, vs.
displacement of the singularity, §. Helical dichroism is defined as HD(], s) = A(J, s) — A(—1, s). SEM images of structures similar to those
excited are shown as insets with a scale bar of 1 gm shown on each. The blue and black curves are for linearly polarized (¢ = 0.05) OAM
beams with I = +1 and I = £3, respectively. The red curve is for circularly polarized (¢ = 0.95) OAM beams with (I = +3). The error bars
represent the standard error over multiple measurements (n = 3), calculated for an average energy range used to measure the HD (see text
for details). The bottom right inset of part (a) shows the measured circular dichroism (CD) response as a function of incident pulse energy,

where the band represents the standard error.

chiroptical response from achiral nanostructures using only
OAM as a probe has been elusive."”

In this article, first, we show that an achiral plasmonic
metasurface, consisting of an array of nanostructures and single
micron-sized structures, exhibits selective absorption of linearly
polarized asymmetric left- and right-helical light at normal
incidence, leading to HD. The observation of HD without
involving SAM confirms the existence of a phase-based
differential response in achiral nanostructures, a phenomenon
that has remained elusive in prior studies. Second, we
demonstrate a giant HD response (25%) in chiral plasmonic
metasurfaces with asymmetric helical beams without the need
for high OAM values. Moreover, our technique offers
tunability and control of the HD response in both chiral and
achiral metasurfaces by (i) displacing the phase singularity of
the incident beam, and (ii) varying its OAM value. Third, we
show that a single micron-sized plasmonic chiral structure also
exhibits HD, providing insight into the chiral light-matter
interaction of individual objects by eliminating averaging and
coupling effects present in an array. Lastly, the origin of HD in
achiral and chiral metasurfaces is explained qualitatively in
terms of induced multipole moments. Theoretically, we show
that HD arises from coupling the induced electric dipole with
the magnetic dipole (E1M1) and the electric dipole with the
electric quadrupole (E1E2).

RESULTS AND DISCUSSION

To study achiral nanostructures, we expanded the HD
technique by incorporating asymmetric helical light beams, in
contrast to previous studies that employed symmetric beams.
Here, the displacement parameter associated with the phase
singularity provides an additional degree of freedom with
adjustable [- value control. HD experiments were conducted by
measuring the differential absorptance of weakly focused left-
and right-handed asymmetric helical light passing through the
metasurface sample for a specific polarization of light, as shown
in Figure la. The asymmetric helical light beams were

generated by displacing the phase singularity in the OAM
beams by translating the g-plate by 6 in a plane perpendicular
to the incident circularly polarized Gaussian beam. The inset of
Figure la shows the beam cross sections after the q-plate for
different 0 positions. The transmitted signal was normalized to
the partially reflected incident signal. The white light source
and CCD camera were used to position the incident beam
focus over the desired metasurface. Additional experimental
details are presented in the Methods section.

Figures 1(b-g) shows SEM images of the achiral and chiral
(right- and left-handed) gold plasmonic nanostructure (b-d)
and microstructure (e-g) arrays fabricated on a fused silica
substrate. All SEM images were scaled identically to highlight
the size differences between them. The gold thickness was set
to 65 + S nm (see Methods for sample fabrication), and the
dimensions of each structure are provided in the supple-
mentary section 1. The helical light beam was focused to a spot
size (wy) of ~2 ym by a 0.3 NA aspheric objective (see
Methods). The transverse dimensions of the large micro-
structures (Figures le-g) are ~2 ym X 2 pm each, facilitating
the study of light-matter interaction on individual structures. In
contrast, an array of at least 6 X 6 of the nanostructures
(Figures 1b-d) is irradiated, enabling the investigation of
coupling effects associated with surface plasmons and lattice
resonances.”” The observation of HD (if any) in individual
large microstructures would ease fabrication requirements and
eliminate the need for large nanostructure arrays and
metasurfaces for chiroptical measurements.

Achiral nanostructures are not expected to show any optical
activity.'”*® The bottom right inset of Figure 2a reaffirms this
fact since the average CD response of ~0.13% is below the
noise level. The CD response was obtained by taking the
difference in the transmittance of left- and right-circularly
polarized light, as a function of pulse energy. The pulse energy
was varied for each successive pulse without changing the
sample position. The error bands represent the standard error
obtained by averaging over three transmittance curves. See the
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Figure 3. Helical dichroism in chiral plasmonic metasurfaces. Left- and right-handed OAM HD responses of (a) nanostructure arrays and (b)
microstructures, vs displacement of the singularity, 5. SEM images of structures similar to those excited are shown as insets. The black and
red curves are for linearly polarized (¢ = 0.05) OAM beams with I = +3. The blue and pink curves are for circularly polarized (¢ = 0.95)
OAM beams with (I = +3). The error bars represent the standard error over multiple measurements (n = 3), calculated for an average energy

range used to measure the HD (see text for details).

supplementary section 2 for the CD response of the
microstructure.

To study HD as a function of displacement of the singularity
in an OAM beam, we employed the same methodology as for
the CD measurements. For a specific position of the
singularity, 6, the transmittance was measured for left- and
right-helical light and averaged over an energy range of 6—8 nJ
for the nanostructure arrays and 14—16 nJ for the micro-
structures. The HD response of the sample can originate from
two contributions - one from the plasmonic metasurface and
the other from the substrate (fused silica). Recently, HD was
observed in amorphous fused silica when pulse energies were
above the nonlinear absorption threshold.'® To eliminate the
contribution of the substrate, transmittance measurements
were carried out in the linear absorption regime. To minimize
the background errors and quantize the instrumental noise,
transmittance measurements were always performed on a blank
surface and in the air before each experiment (see
supplementary section 4). The average noise in our HD
measurements was <0.5%.

Figures 2a,b show the differential absorptance of polarized
left- and right-helical light incident on achiral structures,
determined as HD(J, s) = A(l, s)— A(=1, s), where A(+], s) is
absorptance. The insets show SEM images of nano- and
microstructures similar to those irradiated within the cross-
section of the laser beam. For a symmetric OAM beam, d = 0,
the HD response is zero within experimental error, as observed
in previous studies.'” The finite HD observed in some
instances is due to the error in defining 6 = 0 experimentally
(See Methods). The HD response for [ = + 3 increases by a
factor of ~4 relative to [ = + 1 and by a factor of ~2 when the
polarization changes from linear to circular.

The HD responses in Figure 2a exhibit a sinusoidal behavior
as a function of §, reaching a maximum and then decreasing
when the beam profile starts to mimic the Gaussian profile.
This behavior can be qualitatively understood by considering
the dependency of the HD signal on the field gradients (see
E1E2 coupling term in eq 1), where the dichroism signal
primarily arises from the difference in coupling term for

opposite helicities. The field gradients have different
magnitudes for asymmetric left- and right-handed helical
beams. For a symmetric OAM beam, the difference in coupling
term cancels out (averaged over the beam cross-section),
resulting in a null HD signal. When the singularity is displaced
within the beam cross-section, the nonzero field gradient in the
coupling term gives rise to HD signal. As the singularity is
displaced from the center, the field gradients increase, and the
HD signal reaches a maximum. Any further increase in
displacement leads to a decreasing HD signal because the
beam starts approaching a symmetric Gaussian profile.

Figure 2b shows the HD of an individual microstructure as a
function of ¢ for linearly polarized OAM light of I = + 1 and |
= =+ 3. The behavior of the HD response is similar to that of
the nanostructure array. However, the signal strength for a
single microstructure is weak compared to that of a
nanostructure array. This is due to the lower fill factor as the
dimension of the microstructure of 1.6 ym is comparable to
the laser beam waist of 2 ym. As a result, coupling effects
between different structures, such as surface lattice resonance,
are minimal. Indeed, to obtain a measurable HD response, the
beam was slightly defocused to about 6 ym in diameter. A
portion of the neighboring structures (shown in the inset)
might also have been irradiated. These results demonstrate the
robustness of our HD technique over conventional techniques,
which are restricted to exciting large arrays of nanostructures
and where optical activity is absent for achiral structures. Also,
unlike the nanostructure array, HD signal for an individual
microstructure does not get enhanced by changing the
polarization of light from linear to circular (not shown).

In chiral dielectric microstructures, the HD response
obtained with symmetric OAM beams is known to enhance
with increasing I-value, approaching ~25% for | > S for a
specific handed structure.'” Figure 3a shows the HD response
of chiral plasmonic nanostructure arrays as a function of
displacement of the singularity of OAM beams, for = + 3 and
linear and circular polarizations. For linearly polarized
symmetric OAM beams (§ = 0), the HD response is ~4%
and increases as the singularity is displaced, reaching a
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Figure 4. Experimental and simulated helical dichroism in single and double chiral microstructures. (a) Measured HD response of a single
left-handed (red) and double right-handed chiral microstructure vs displacement of the singularity (§) for circularly polarized (e = 0.95)
OAM beams with I = +3. The inset shows a SEM image of two adjacent right-handed microstructures. Shifting the laser focus (dashed black
box) irradiates two chiral microstructures that effectively represent a left-handed structure, labeled as a double chiral structure. (b) FDTD
simulations of HD responses as a function of wavelength for single (left-handed, red curve; right-handed, blue curve) and double (left-
handed, black curve; right-handed, pink curve) microstructures. The OAM beam is symmetric (§ = 0) with I = +1 and s = 1 (circular
polarization). The FDTD simulation domain for single and double chiral microstructures is shown in the inset where the shadowed region

identifies the laser beam grid.

maximum of ~15% for left-handed nanostructures. However,
the difference between the HD responses of opposite-handed
structures (red and black curves) is small on average for most
displacements 6. The HD responses for a specific handed
nanostructure are further enhanced to ~25% by changing the
polarization from linear to circular (See the supplementary
section S for other handedness). Figure 3a shows that the HD
responses can be tuned and enhanced even for lower [-values
by employing asymmetric OAM beams. This is in contrast to
earlier studies where very high l-values were used with no
tuning capabilities (see supplementary section 6 in which the
table summarizes various studies on HD).

Figure 3b shows the HD responses for different 6 positions
of an individual chiral plasmonic microstructure. Unlike
nanostructure arrays where the HD response remained the
same irrespective of the handedness of the structures, the HD
responses of an individual microstructure differ by a sign
change between the opposite-handed structures. This could be
due to the absence of averaging effects, which highlights the
subtle difference in how light interacts with individual and
arrayed structures. Also, the HD response is comparatively
weak, which could be attributed to the lack of interaction
between structures and a lower fill factor. In addition, the HD
signal remains the same irrespective of the laser polarization
(not shown), in contrast with nanostructure arrays (Figure 3a).

When microstructures are arranged in an array, the laser
beam can be adjusted to irradiate an individual structure or
slightly shifted to straddle two adjacent structures, as shown by
the dotted box in the inset of Figure 4a. The latter case leads to
a change in the handedness of the structure from left to right
and vice versa. As a result, the HD response will not exhibit the
behavior of Figure 3b when the laser focus partially irradiates
two adjacent structures of one-handedness while the opposite-
handed structure is individually irradiated. This is shown in
Figure 4a, where the HD response is plotted as a function of &
for a left-handed chiral structure (red curve) and a right-

handed double chiral structure (black curve), which effectively
becomes left-handed. However, the response is weak due to
the low fill factor of a single structure.

This behavior was simulated by employing the Finite
Difference Time Domain (FDTD) method (Lumerical Inc.)
in which the transmittance of linearly polarized symmetric
OAM beams through the chiral structures was computed for
different wavelengths over the bandwidth of the femtosecond
pulse centered at 800 nm. The insets of Figure 4b show the
two left-handed chiral structures used in the simulation. In one
case, the laser beam partially irradiates two adjacent structures,
while in the other, it fully irradiates a single structure. The
computed HD response is shown in Figure 4b for both handed
structures in each of the two scenarios. In shifting the laser
focus from an individual left-handed structure (blue curve) to a
double left-handed structure (pink curve), the response
becomes similar to an individual right-handed structure (blue
curve) and vice versa.

The origin of HD in molecules and solids was recently
shown to arise from higher-order multipole moments,
specifically, the electric dipole to electric quadrupole coupling
term.'*”'® The same theory can be extended to metasurfaces
by analogy. For linearly polarized symmetric OAM beams, the
induced higher-order multipole moments do not contribute to
HD. Therefore, FDTD simulations can provide insight into
symmetric OAM light-matter interactions because the input
material parameters (e.g., refractive index) are scalar quantities,
leading to the dominance of induced dipole effects. However,
the FDTD method is limited when extended to asymmetric
OAM beams. This is largely because multipole effects require
tensor properties of materials that need to be evaluated for
specific geometries, and this requires further investigation.

To gain insight into HD with asymmetric OAM beams, we
evaluated the contribution of higher order multipoles to the
total energy absorbed, I', based on a recently proposed theory
involving single-photon interaction with matter.'*™'® HD was
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Figure 5. Modeled differential response. (a) HD of an achiral metasurface for different positions of the singularity (8) for linearly (blue, red)

and circularly (black) polarized OAM beams with I = + 1, + 3. HD was modeled using the relation AW ~ A”AY where AY = [}

-

—w,

Y ]dxdy is the differential optical helicity with contributions from only the E1E2 coupling term (see text for details). The inset shows the
polarization ellipses (for € = 0.05) distributed across the symmetric OAM beam profile. (b) HD of left- and right-handed chiral metasurfaces
for linearly (pink, blue) and circularly (black, red) polarized OAM beams with I = + 3. The differential response is plotted by considering
the contributions from the E1IM1 and E1E2 coupling terms (see text for details).

defined as the difference in the absorption of left- and right-
handed helical light in an achiral or a specific-handedness
chiral metasurface. We computed the HD by integrating the
differential energy absorbed over the beam cross-section given
by (see Methods):

HD, = / '(TF - T5)dxdy

/ “([G//+C+ + G//—C—] + [A”+Y+ _ A//—Y—])
—wy

dxdy (1)
where 6 is the asymmetry parameter, 6 = 0 for symmetric and 6
# 0 for asymmetric helical beams. The sign + represents the

handedness of OAM of light. C* = (;f)Im[(E}i Y*Bf] is the
electromagnetic field chirality, and the optical helicity is

defined by Y* = %Re[vE;-(Ef)*]. E and B are the complex
electric and magnetic field vectors, G” is the mixed electric
dipole magnetic dipole polarizability vector, and A” is the
mixed electric dipole electric quadrupole polarizability tensor.
Optical helicity contains the gradient of the electric field, which
gives rise to | dependence, leading to scaling of the HD
magnitude with increasing | value. Optical properties are
contained in C and Y while material properties are contained
in G” and A”. For specific geometries of metasurfaces, HD can,
in principle, be evaluated quantitatively if the mixed polar-
izability tensors A” and vector G” are available. In their
absence, qualitative analysis can still be performed by
substituting the material responses by their dominant
components with respect to the beam components (i.e., by
approximating them as a scalar).

Figure 5 shows the qualitative modeling of HD in achiral
and chiral structures involving contributions from the E1M1
(G’C) and EIE2 (A"Y) coupling terms. The structural
dimensions were not considered within the scalar approx-
imation. Consequently, the modeled response is similar for

nano- and microstructures. For an achiral structure, due to
symmetry, the contribution of the EIM1 term vanishes as the
induced electric dipole is orthogonal to the magnetic dipole
leading to G” o Im (f* - M) = 0. Moreover, the mixed
polarizability tensor A” ( Im fi* - 8)) is identical for both
helicities of the beam (A”* = A”7). Therefore, HD was
evaluated by the equation HD; ~ A" [™, (Y* — Y7)dxdy,

shown in Figure Sa as a function of displacement of the
singularity in the OAM beam. For symmetric LG beams (§ =
0), HD does not exist since the field gradient contained in Y
vanishes when integrated over the beam cross-section. For
asymmetric beams (§ # 0), the nonzero field gradient in the
E1E2 coupling term gives rise to a sinusoidal behavior, where
HD increases with increasing §, reaches a maximum, then
decreases as the beam starts mimicking a Gaussian profile. HD
also scales with  value for linearly polarized helical light (blue I
=1, red | = 3) and is further enhanced by changing the
polarization from linear to circular (black I = 3). Recently, G”
was theoretically shown to exist in plasmonic achiral
nanostructures for circularly polarized helical beams.”” This
can, in principle, lead to a weak HD response for 6 = 0.
However, the finite response in our experiments (Figures 2a,b)
is comparable to the background noise, thus making it
inconclusive. HD can also be understood in terms of parity-
time symmetry arguments for both chiral and achiral
plasmonic structures (see the supplementary section 7).
Figure 5b shows the modeled differential absorption in chiral
metasurface for linearly and circularly polarized asymmetric
helical light. Within scalar approximation, HD was evaluated
by considering both EIM1 and E1E2 coupling terms in eq 1.
HD was evaluated for € = 0.05 and 0.95 to match the
conditions of the experiments (Figure 3a). When & = 0, the
E1E2 term vanishes (discussed above) and a nonzero HD
response arises due to the EIM1 coupling term, which is also
responsible for conventional CD when circularly polarized
light is used. For a nonzero delta, we assumed the EIM1 and
E1E2 terms to be of the same order.”®*” The separation of the
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HD curves for the left-handed (black) and right-handed (red)
structures remains the same around ¢ = 0 but increases with 6
for circularly polarized light. This separation changes with the
relative strength of EIMI1 and E1E2 terms. For linearly
polarized light, the magnitude of HD and the separation
between the left- and right-handed structures are small, even
for large 6. For an individual micron-sized chiral structure, the
opposite behavior in the HD response for different handedness
shown in Figure 4b could be explained by considering a change
in the sign of the induced dipole, as in the case of chiral
molecules.™

CONCLUSION

To summarize, we have shown that helical dichroism can exist
in achiral plasmonic structures excited by linearly polarized
asymmetric OAM beams. Our method allows for precise
control and tunability of HD by (i) displacing the singularity in
the OAM beam, (ii) changing the OAM value, and (ii)
varying the laser polarization. This approach enhanced the HD
response in chiral plasmonic structures with low OAM values,
enabling the development of helical phase-based chiroptical
spectroscopy. The presence of dichroism in achiral micro-
structures is technologically advantageous as it simplifies
fabrication compared to complex chiral nanostructures. The
controlled absorption of helical light in achiral nano- and
microstructures could potentially enhance the functionality
and efficacy of existin§ plasmonic optical devices such as
switches,”! modulators,>* and sensors.>’

METHODS

Helical Dichroism Measurements. Transmission measurements
were performed using a Ti: Sapphire laser amplifier system, operating
in an external trigger mode, producing 45 fs, 800 nm pulses with a
maximum pulse energy of 2.5 mJ. An aspheric objective lens (NA =
0.3) was used to focus the femtosecond pulses onto the samples. A
second aspheric objective with the same numerical aperture collected
and collimated the transmitted light onto a photodiode (PD2),
positioned immediately after the objective. Regions of interest in the
metasurface were identified by monitoring the reflection of the
focused light on the CCD camera. The position of the structures
within the sample was determined by an in situ transmission
microscope consisting of a white light source introduced after the
second objective (Figure 1). The magnification of the image was
adjusted by changing the converging lens before the camera.

For every laser shot, the transmitted light signal on PD2 was
normalized to the incoming light signal on PDI, reflected off a glass
plate positioned in the beam path. After identifying the metasurface
position, the glass plate was rotated at an angle of ~20° to avoid
Brewster’s angle so that the polarization of light remains unaffected.
The signals generated by PD1 and PD2 were stretched by an
electronic pulse stretcher, discretized, and recorded by a data
acquisition card. A combination of a half-wave plate and a polarizer
was used to vary the pulse energy. The incident pulse energies were
measured before the objective. During the measurement, for every
laser shot, the pulse energy was increased without translating the
sample. Multiple transmission curves similar to Figure S4 (see
supplementary section 3) were obtained for each sample and
averaged. Helical dichroism was obtained by taking the difference
between the transmission of left- and right-helical light. A single-shot
autocorrelator continuously monitored the pulse duration, which was
about 100 fs in the interaction region. Prior to each experiment,
transmission measurements were always performed on a blank surface
and without a sample (in the air) to determine the background
response (see supplementary section 4), quantize instrumental noise,
and minimize it. The average noise in our HD measurements was
<0.5%.

Generation of Asymmetric OAM Beams. Light beams carrying
orbital and/or spin angular momentum were generated by a
birefringent liquid crystal-based phase plate, termed a g-plate,** ¢
as shown in Figure 1. When a circularly polarized Gaussian beam
propagates through the g-plate with a topological charge g, it acquires
OAM given by I = + 24, with a phase singularity and a null intensity
region at the center of the beam. Such beams are termed optical
vortex beams. The generated OAM beam has a circular polarization.
Its wavefront undergoes [ intertwined rotations in one wavelength,
and the direction of rotation is determined by the sign of the input
circular polarization. A combination of a quarter-wave plate (QWP)
and a linear polarizer (LP) was used to manipulate the polarization of
the OAM beam. The ellipticity of linearly (s = 0) and circularly (s = +
1) polarized OAM light was S + 2% and 95 + 2%, respectively, for | =
+ 1, + 3. The conversion efliciency of the g-plate was 91 + 2% for [ =
+ 1, & 3. The singularity/null intensity region in the OAM beam was
displaced by translating the g-plate, mounted on a precision x-y stage
with a step size of 250 £ 10 gm. When focused by the objective, this
translated to a displacement step size of 300 + 20 nm with respect to
the center of the beam. The calibration was achieved by measuring
the total translation required to displace the singularity to the
periphery of the defocused beam and comparing it to the measured
spot size of 2 & 0.2 ym obtained by knife-edge measurements.

Metasurface Fabrication. The chiral and achiral metasurfaces
were fabricated using electron beam lithography (EBL). First, a
PMMA (950A2) resist monolayer of thickness ~110 nm was
prepared on a fused silica substrate by spin-coating and curing.
Second, the substrate bearing the resist monolayer was exposed to the
electron beam to write the prescribed pattern into the resist. Third,
the PMMA (positive resist) was developed with MIBK/IPA 1:3
developer, leaving re-entrant-profiled resist wherever it was not
exposed. Fourth, the metal layers were deposited in the order of
chromium of thickness ~3 nm (adhesion) followed without breaking
vacuum by the gold of thickness ~60 nm. The final metasurface
structures were obtained after the lift-off removal of the residual resist
layer. Details of the structure dimensions are provided in the
supplementary section 1.

Asymmetric Laguerre-Gaussian Beams. Asymmetric Laguerre-
Gaussian beams, identified by an asymmetry parameter &, were used
in our numerical simulations. Under the paraxial regime, the field
components for arbitrary polarization can be written as'**’

V2 ((x ¥ ind) + iy F iL5)) ]I

_ (x2 + ,vz) |(1)|[2Lz]
% w % W @

EF = aui(x, y, z)
Ey = pui(x, y, 2)

llwo((x F 6) F i(y F () i
(x ¥ ind)* + (y T i)

ui(x, y,z) = Eoexp[ikz][

Ef(x, y,2) =

E = if[(a +if)

(%9, 2) — = (alx) + fO))ui(x, y, 2)
"o (3)

where f = A/27w,, k is the wavevector, w,, is the spot size, @ is the laser

radian frequency and p = (x* + y*. L]L(I)' is the generalized Laguerre
polynomial and + represents the rotational direction of ! with no
radial node, p = 0. The polarization factors & and f are normalized
such that lal* + |#? = 1. Displacement of the singularity in the x—y
plane was achieved by varying # and {. For generalization, we
substituted # = 1 and { = 0, considering the movement of the
singularity to be parallel to the polarization following experimental
conditions. E is the normalization factor obtained by integrating the
intensity overall space (-co0 to + o0) for I = 1:
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a2 component of dipole moment along the electric field direction (a =
— o
E, = 5 5 57 o o) p), the total rate of excitation in case of asymmetric OAM beam is
ala” + p)Qwy + k'wy + 2(C° + 717)8°(1 + k'wy)) given as' '

(4)

In the paraxial regime, as was the case in our experiments, the z-
component was not considered as the light was focused using a 0.3
NA objective. The corresponding diameter of the focused beam was
~4 pm, considerably larger than the wavelength (1) of the light. The
contribution of the longitudinal component (E,) becomes significant
only for tight focusing (>0.6 NA) due to its finite / dependence. The
longitudinal contribution is typically treated as a correction to the
paraxial regime, as was recently demonstrated in differentiating
nanoparticle aggregates using helical light."”

FDTD Simulations. Finite Difference Time-Domain simulations
(Figure 4b) were performed using Lumerical FDTD Solutions, Inc.
To match experimental parameters imposed by the fabrication
method, the simulations used a 0.5 mm thick fused silica substrate
with a 3 nm chromium layer on which 65 nm thick gold
nanostructures were deposited. The built-in optical parameters from
Johnson and Christy were used for the refractive index of gold. A
plane wave source and periodic boundary conditions on the x and y
boundaries, along with perfectly matched layers placed along the z
boundaries, were employed to model circular dichroism (Supporting
Information file). The symmetric OAM beam (5 = 0) was inserted as
a custom import source where the incident electrical field distribution
of defined polarization (eqs 2 3) was inserted in the k-space (Fourier
space) beam profile description based on the method by M.
Mansuripur.*® Helical dichroism was obtained with perfectly matched
layer boundary conditions along the x, y, and z directions. The mesh
accuracy setting of 4 was used to obtain a fine grid in the FDTD
solver region. The dimensions of the metasurface were finalized after
optimizing for the CD and HD responses.

Numerical Simulations. Energy absorbed by the metasurface was
computed in terms of the induced multipole response of the material.
The induced electric dipole, fi, magnetic dipole, 71, and electric

quadrupole, , were expressed in terms of multipole expansions given
by?73940

” - Z a{z 3E/i =i Z Grz )’B/i + = 2 A(t/}/E/iyf 9(1/3
Br

—Z“mﬁEwm —ZMB/NL‘Z e )
S

where the Greek alphabet represents the Cartesian indices. The
presence of i in the second term of the induced i and differentiates
metasurfaces from the molecular case.”*”*' Q,p represents the electric
dipole polarizability, and %,s is the magnetic susceptibility. The
coupling between the magnetic dipole, electric dipole and electric
quadrupole modes gives rise to the electric dipole magnetic dipole
Polarxzablhty G‘,/,, and electric dipole electric quadrupole polarizability
Ayp, and Ayp, = Gyop The field gradient VﬂE is denoted Ej, 3% f‘o The
complex electric and magnetic fields are written E@) = E e and
B(t) = Bye ", where E, and By are arbitrary complex vectors and @ is
the radian frequency of the incident hght The terms with a tilde are
complex quantities &, = aaﬁ + 10:,4; aﬁa, Aaﬂ, ALy, + lAa/;y A
and G{xﬁ = G(lﬂ + lGa/}
The interaction Hamiltonian expanded in terms of multipoles is
given by

afy rap

1
I_Iint :uaE(l 39r1/iE(1/} - mrzBrz e (6)

Energy absorbed from the electromagnetic fields is given by the
time-averaged rate of change of the Hamiltonian:*”*"*°

1
r= </4E + 1B, + 9,E,>
ot aPa 3 aff=af , (7)

_1/5 —imt ** tmt
E, = J(Ese ) and

_ l/5 —iot % iwt s . .
—E(B”e + B,e'”") are real quantities. C0n51dermg the

where i, m, 0,

@ ng=x "
rf= TP + 4 BP + ¢'Im[(E)* B
E1E1 MIM1 EIM1

+ %A”Re[VE;(E;)*]
EIE2 (8)

0 is the asymmetrical parameter, 6 = 0 for a symmetric OAM beam
and & # 0 for asymmetric OAM beam. The sign in I'* represents the
sign of OAM. The mixed polarizability tensor G” changes sign with
the handedness of OAM beam®” and also with the handedness of the
chiral nanostructure.*” E1E1, MIM1, EIM1, and E1E2 are electric
dipole electric dipole, magnetic dipole, electric dipole magnetic
dipole, and electric dipole electric quadrupole coupling terms,
respectively. Other higher-order multipole transitions were ignored
because the material response tensor for these transitions is very
small.
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Chiral effects in terms of parity-time symmetry

1 Metasurface dimensions

All the chiral and achiral metasurfaces were designed with a gold layer thickness of 65nm on top of a ~ 3nm chromium thin
film deposited on 500um fused silica substrate using the Lumerical FDTD (Ansys Inc).

Fig S1a shows the achiral nanostructure array designed with dimensions of a = 150 nm, b = 310 nm, center-to-center
distance of 650nm, edge-to-edge distance of 330nm. Fig S1b shows a chiral nanostructure array with 810nm periodicity from
the center with ¢ = 320nm, d = 170nm, and e = 70nm. The dimensions were identical for both left- and right-handed chiral
nanostructure arrays.

a Left-handed b c

(—A—\

aot Right-handed

Fig S 1. Achiral and chiral nanostructure arrays dimensions (a) achiral nanostructure array with a= 150 nm and b= 310nm
(b) chiral left handed nanostructure with ¢ = 320nm, d = 170nm, e = 70nm. The dimensions were identical for both left- and
right-handed chiral nanostructure arrays.

Fig S2a shows an achiral microstructure array with design with dimensions: a = 800 nm, b = 1600 nm, c= 1500nm center

to center distance of 4um. Fig S2b shows chiral microstructures with 4yum periodicity from the center with d = 700nm, e =
850nm, f = 750nm. The dimensions were identical for both left- and right-handed microstructure arrays.
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Yb Right-handed Left-handed

Fig S 2. Achiral and chiral microstructure dimensions (a) achiral microstructure with a = 800 nm, b = 1600 nm, c=
1500nm (b-c) chiral left- and right- handed microstructure with d = 700nm, e = 850nm, f = 750nm. The dimensions were
identical for both left- and right-handed microstructure arrays.

2 Circular Dichroism

Circular dichroism (CD), defined as differential absorption of left- and right-circularly polarized (CP) Gaussian beam, is not
expected to be observed in achiral geometry. This is because achiral structures do not have a ‘handedness’, and thus, they treat
light waves with left- and right-rotating electric fields equally. On the other hand, chiral structures, which are asymmetric
and have a ‘handedness’ like our left and right hands, exhibit CD. These structures can interact differently with the left- and
right-rotating light waves. This difference in interaction leads to a difference in absorption, which leads to circular dichroism.

chiral nanostructure —— achiral
right handed

E left handed

8 | chiral microstructure

right handed

4

chiral nanostructure
right handed
left handed
chiral microstructure
right handed
—— left handed

——achiral

Circular Dichroism (%)
o
Circular Dichroism (%)

-10 — 17— -2 . - T - +
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 780 790 800 810 820
Energy (nJ) Wavelength (nm)

Fig S 3. Circular Dichroism in achiral, chiral nanostructures and microstructure arrays (a) Experimental measurements
as a function of pulse energy at 800 nm. (b) FDTD simulation as a function of wavelength covering the bandwidth of the laser
pulse. In both, the figures, the black curve represents the achiral nanostructure, and the red (blue) curve represents the right
(left) handed chiral nanostructure. The green (pink) curve represents the CD signal for chiral right(left) handed chiral
microstructures. The error bands in a) and b) represent the standard error of multiple measurements (n=3).

Fig S3a shows experimental CD signal as a function of pulse energy obtained experimentally for an achiral nanostructure
(black curve), left- and right-handed chiral nanostructures (red and blue curve), and microstructures arrays (green and pink
curve). The average CD signal for an achiral nanostructure array is close to zero. A similar curve with a vanishing CD signal
was obtained for achiral microstructure arrays(not shown). For chiral structures, the average CD signal for specific handed
nanostructure arrays is ~ 6% and ~ 2-3% in microstructures.

S3b shows a simulated CD signal using FDTD software with left- and right-handed circularly polarized plane wave source.
The achiral structure does not exhibit a CD signal as expected. The CD signal obtained for chiral nanostructure is ~ 2% and
~ 1% in the case of microstructure arrays. Qualitatively, CD signals obtained experimentally and through simulation are in
agreement. However, quantitatively, the magnitude of CD obtained experimentally is higher than the simulated value. This
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discrepancy could potentially be attributed to the use of a plane wave source in the simulations, as opposed to the Gaussian
source used in the experiment.

3 Transmission curves

Transmission experiments were performed to measure the phase-based differential response in the achiral and chiral meta-
surfaces. HD(I,s) = A(l,s) —A(—[,s) was evaluated by taking the difference between the transmission curves for left- and
right-handed helical light. Fig S4 shows the transmission curves in achiral nanostructures with left- and right-handed linearly
polarized symmetric and asymmetric helical light beams, plotted as a function of incident pulse energies. The inset in the figure
shows the beam profile. The error bands represent the standard error of multiple measurements (n=3).

a 105 b 1.01
—— (1=+1, $=0) —(I=-1,5=0)
— (I=-1, 5=0) — (I=+1, s=0)
1.00
8 S
é 1.000 | 3
E é 0.99
= [
el el
o
%‘ ﬁ 0.98
g 0.995 g
2 2
E - E
0.990 . . . I " T = | 0.96 . : . : . . —
6.0 6.5 7.0 75 8.0 6.0 6.5 7.0 75 8.0
Energy (nJ) Energy (nJ)

Fig S 4. Normalized transmission curves in achiral nanostructures for left- and right-handed linearly polarized helical
light plotted as a function of incident pulse energy for (a) for a symmetrical and (b) asymmetrical LG beams (I = 1). Insets
show the beam profiles. The difference between the curves is the HD signal. The error bands in a) and b) represent the standard
error of multiple measurements (n=3)

The HD signal is only non-zero for the displaced position of the singularity, i.e., asymmetric beams (Fig. 1), and vanishes
for symmetric beams (! = 1). The transmission curves in Fig. S4(b) are obtained for & = —600 nm position of singularity. The
difference between these curves for different positions of singularity produces the sinusoidal behavior of the HD curve, as
shown in the main text.

4 Background noise check

In order to check the background noise in our experimental setup, transmission measurements were conducted in the air
(absence of a sample) and on the substrate surface without metasurface (blank area). Such measurements enabled us to ensure
that the photodiodes detect identical signals when changing the helicity of the incoming linearly polarized light from +/ to —1.
Additionally, any signal produced in these check experiments was regarded as background noise arising from the instrument
and calibration errors. Fig. S5 (a-b) shows helical dichroism obtained without the sample (in the air) and on the blank substrate
surface, plotted as a function of displacement of singularity.

Results for both in air and on blank substrate surface demonstrate that an average < 0.5% signal/noise was introduced by
the experimental setup to the observed differential absorption in chiral and achiral metasurface. The maximum background
noise can be subtracted from the obtained HD for each position of singularity. Transmission measurements on the substrate and
in the air were performed before every experimental run and for every position of the displaced singularity.

5 HD in chiral metasurface with circularly polarised helical light

To discern the role of phase and polarization, the helical dichroism was evaluated for linearly and circularly polarized helical
light beams for both achiral and chiral geometries. HD(l,s) = A(l,s) —A(—1,s), was obtained by changing the phase and
keeping the polarization constant. When the polarization is switched from linear (s=0) to circular (s=%1), the magnitude of HD
increases, as shown in the results presented in the main text. However, results for only one-handedness of circular polarization
(s=+1) were presented. Here we present the HD curve for both left- and right- handed polarization.
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FIG. S 5. Background noise check in transmission experiments obtained by evaluating helical dichroism in (a) air (without
the sample) (b) the surface of the substrate (blank area without metasurface). The average of < 0.5% signal/noise was
introduced by the experimental setup to the observed helical dichroism.

Figure 6a shows HD in left- handed nano structure, plotted as a function of displacement of singularity . The results shows
HD signal is slightly displaced and almost overlapping (considering errors) when the polarization is switched from left to right.
These results confirms that HD is predominantly a phase effect and polarization plays minimal role. Figure 6b is continuation
of fig. 3a of main text where the HD signal for only right handed structure was presented. The difference between the curves
suggest that another form of HD exists that can be defined as HD(/,s) = R(l,s) — S(I,s), which is the difference between signal
for right- and left- handed chiral structures keeping the phase and polarization constant. This shows that our method can also be
used to differentiate between the handedness of structures.
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Fig S6 6. Helical dichroism in chiral plasmonic metasurfaces for / = 3 (a) Differential absorption of left-and
right-handed helical light in left-handed nanostructures as a function of displacement of the singularity for left-circular (black)
and right-circular (red) polarization. (b) HD in left-handed (black) and right-handed (red) chiral nanostructures as a function of
displacement of the singularity, &, for a specific circular polarization (¢ = 0.95). Insets show the SEM images of the structures.

The error bars represent the standard error of multiple measurements (n=3), calculated for an average energy range used to
obtain HD (see text for details)
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6 HD signal strength comparison with published literature

Study Dimensions Material SAM and OAM states | Structure symmetry HD strength
This work ls\frf;furzrsld nano- Gold S fl’ 71;13 Achiral and chiral éﬁgarfﬂ:z;;)%
Ni et al.! Micro-structures Dielectric [ — 1:1 ?0 20 Achiral and chiral éﬁi:f 1::2822
Cao et al.2 Microspeheres g?gliziied 3D [ — Z::l :)0 30 Achiral and chiral é}(iil;f 1::2(3)2
Ni et al.? Microhelix Gold [ — 1:1 ?o 30 Achiral and chiral éﬁ?rl;f 1::1(2)?%
Dai et al.* Microhelix Copper [ — S:t:1 2) 30 Chiral Chiral = 50%

7 Chiral effects in terms of parity-time symmetry

HD is defined as the difference in absorption of left- and right-handed helical light irrespective of material symmetry. When a
chiral structure is involved in the interaction with chiral light, HD represents true chirality (traditionally represented by PT odd
symmetry) and is analogous to the definition of CD. In the case of achiral structures, it represents a difference in absorption of
left- and right-handed helical light and is also explained by PT odd symmetry.

In chiral structures, HD arises due to the contribution of both EIM1 and E1E2 (as explained in eq. 1 of main text). In
achiral structures, only the E1E2 coupling term (paragraphs following eq. 1) contributes to HD. The multipolar coupling terms
EIM1 and E1E2 can be further expanded in terms of PT symmetries.

e Conventional CD is described by the electric-magnetic dipole coupling term E 1M1 o (G”) C*where C represents optical
chirality defined as C* = 2wIm [(E;E)* E:ﬂ . This coupling term is a space odd-time even pseudoscalar and can be shown as

[0} o] o] o
PT {Elm[E* -B]} - P{—Elm[E-B*]} - P{zlm[E* -B]} = Im[E"-B
Therefore, optical chirality is odd under PT symmetry.

e HD is described by the electric dipole-quadrupole coupling term E1E2 « (A”) Y+ where optical helicity Y is defined
as Yf =Re [V,EliEli*} . The optical helicity is a vector quantity that is odd under parity with a change in the sign of the

displacement of the singularity, 8, and time reversal only changes the handedness of helical light. Also, optical helicity is
polarization invariant. Therefore, the optical helicity under PT symmetry is given as

PT [ris} — PT[Re [VE; (21, +:8)E;(£1,£8)"]] = P[Re[ViE;(£1, £8) « Ei(1, +8)]] —
P[RC [V,EJ(ZFZ,:E(S)E,(ZFZ,:ES)*H — —Re [V,E/(:FI,ZF(S)E,(:FI,:F5)*] = —Tia

Using this property, the symmetry of the E1E2 term in the case of achiral and chiral systems is as follows:

In achiral system (interaction with asymmetrical left- and right-handed helical beams): According to equation 1 in the
article, PT[HD] = PT {A” [Tié - Y;SH ={PT[A"]} {71‘:5 +T*_'5} =-A" [Y*_’af Y__a} where PT [A”] = —A", since electric
dipole moment is space odd-time even and quadrupole is space even-time even moments. Therefore, HD is odd under PT
symmetry with respect to +-8 position. This is observed in our experimental results (Figs. 2).

In Chiral system (interaction with asymmetrical left- and right-handed helical beams for a fixed-handedness of chiral
structures): For simplicity, we use the concept of considering the chiral nanostructures as an effective metamolecule. Therefore,
PT symmetry on right-handed metamolecule( R) will lead to left-handed metamolecule(S) PT [Zr] = — [Zs]. This simply
means the operation of PT symmetry on a one-handed chiral system generates the other-handed system with odd symmetry.
If the parallel to molecular enantiomer is drawn, this odd parity can be explained in terms of symmetric and antisymmetric
wavefunctions®®. Therefore, PT[HD] = PT {@R [Yis —T;SH = {PT [%g|} [_T:S +Tf6} = -9 {Yfa _T:(S] This is
observed in our experimental results (Fig. 3). In this case, HD can be considered as intrinsic chirality and is analogous to CD.
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Chapter 7

Controlled material manipulation using
helical light

7.1 Introduction

So far, we have learned how matter exhibits a differential response when investigated with
asymmetric helical light beams. The asymmetry in both the phase and intensity profile was
employed to probe the differential response of matter and to demonstrate the helical phase-
based spectroscopy. This prompts the question: Can these asymmetric beams be utilized in
other applications where light-matter interactions play a dominant role?

Direct laser processing (DLP) of materials is one such application. DLP exploits the nonlin-
ear nature of light-matter interactions to achieve sub-diffraction spatial resolution in nanofab-
rication [I, 2]. Ultrafast laser pulses have been employed to fabricate 3D structures with
sub-wavelength feature sizes. DLP has enabled the creation of nanoholes [3, 1], dots [5], and
laser-induced periodic surface structures (LIPSS) [0, 7] through ablation or above-threshold
material modification. Another widely used direct-write technique in nanofabrication is the
Laser-Induced Forward Transfer (LIFT) [2, 9]. This method involves depositing small vol-
umes of complex materials into user-defined, high-resolution patterns. The spatial resolution
achievable is constrained by the size of the laser spot and the dynamics of material transfer.
Additionally, DLP has enabled the fabrication of nanocones. When silicon is irradiated with
ultrafast OAM beams, its intensity distribution is mapped onto the silicon surface, causing
localized melting. The molten material moves from high- to low-temperature regions due to
thermocapillary and hydrodynamic forces, leading to the formation of nanocones at the posi-
tions of the null intensity (phase singularity) in the OAM beams [10, 11, 12]

Although light-induced nanostructures with sub-diffraction feature sizes can be fabricated
through various techniques, the degree of spatial control with light remains limited. For in-
stance, in the case of nanocone formation using OAM beams, the spatial position of the
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nanocone is fixed to the beam center, and active positioning cannot be achieved. But why
is the ability to achieve spatially controlled nanofabrication significant?”

Nanoscale spatial precision and control are critical for engineering material properties in the
development of nano-devices. For instance, in the LIFT technique, enhanced spatial control
and precision in material deposition would enable the nano-printing of complex patterns. In
the case of nanocones, controlled fabrication has applications across various fields; for example,
semiconductor and metal nanocones can be used as field emission tips [13, 14] and for scanning
probe technologies.

7.2 Results

Our research demonstrated controlled material manipulation in 2D with nanoscale positional
precision. This was achieved by the spatially controlled formation of nanocones on a silicon
surface with a sub-wavelength positional precision of 50 nm. This technique exploited the
coherent superposition of an optical vector vortex beam (VVB) and a Gaussian beam to actively
position the fabricated nanocones. VVBs are helically phased light beams characterized by the
spatially variant polarization structure in the transverse plane of the beam.

Electrical detuning of the g-plate led to the superposition of the incident Gaussian beam
with VVBs, which resulted in the displacement of the phase singularity. Angular positional
precision in displacing the singularity was achieved by varying the phase retardation of the
input Gaussian beam. Fine electrical control over the phase retardation and g-plate detuning
enabled a nanoscale positional resolution.

Apart from the numerous advances of our technique (outlined in the following section), it
suffered from certain limitations. The primary limitation was that nanocones could be efficiently
fabricated only on non-transparent materials, where the melt layer remained two-dimensional.
In transparent materials, light penetration into the medium resulted in a three-dimensional
melt layer, leading to surface swelling and material ejection rather than the formation of a well-
defined nanocone. Additionally, nanocones were consistently accompanied by an outer rim, the
relative height of which could be minimized by adjusting the laser parameters, albeit with a
corresponding reduction in the nanocone height.

This research was published in the Scientific Reports journal (2020). The published version
of the article and supplementary file are reproduced in this chapter, where experimental meth-
ods, figures, and references are self-contained within each. The following section presents the
key advances of this research.
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7.3 Key advances

e Phase-based material manipulation: A new phase-based laser ablation method was in-
troduced. By utilizing the superposition of different-order helical beams and the phase
retardation of the input beam, a controlled material manipulation was achieved.

o Sub-wavelength spatial positioning: Nanocones formed during the ablation process were
positioned with a 50 nm precision in an area of 40 um?. The light wavelength used in
our experiments was 800 nm. Therefore, the spatial positioning resolution obtained was
approximately eight times below the diffraction limit (~ A\/2).

o Complex unconventional structures involving multiple nanocones were fabricated using
our method. The control and precision shown for a single nanocone could be translated
to multiple cones with the same precision.

7.4 Femtosecond laser interaction and nanocone forma-
tion

The first step in the laser ablation process is the absorption of the incident photons by the target
solid material. This absorption can occur via a linear process when the energy of an incident
photon exceeds the bandgap, or through nonlinear processes if multiple lower-energy photons
collectively exceed the bandgap. Irrespective of the light absorption regime, the material in
the focal region is heated to its melting point. Depending on the laser intensity and pulse
width, the material may be further heated to its vaporization temperature. The absorption
mechanisms vary among different materials, such as metals, semiconductors, and transparent
dielectrics [16]. In transparent materials, linear absorption is absent, and laser energy is primar-
ily absorbed through nonlinear processes. Conversely, in opaque materials, linear absorption
typically dominates when dealing with long pulse widths (i.e., low peak intensity). However, at
ultrashort pulse widths with extremely high peak intensities, nonlinear absorption can become
the dominant mechanism [17].

When a solid-state material is exposed to femtosecond (fs) pulses, it undergoes several stages
of excitation and relaxation before returning to equilibrium. These stages include 1) carrier
excitation, 2) thermalization, 3) carrier removal, and 4) thermal and structural effects. Each
stage occurs over specific timescales, as depicted in Fig.7.1. The interaction of fs pulses is
unique in the sense that the pulse imparts energy to the material in a time frame smaller than
the electron-phonon coupling relaxation time. Therefore, only the electrons receive energy from
the incident pulse, leaving the ions in a relatively ‘cold’ state. The transfer of thermal energy to
the lattice occurs at sub-nanosecond (ns) timescales when the pulse is no longer active. Thus,
for fs pulse interactions, optical absorption and lattice thermalization are independent processes
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Figure 7.1:  Timescales of various electron and lattice processes in laser-excited solids are
illustrated, with each green bar representing the approximate range of characteristic times.
The figure depicts the excitation and relaxation dynamics of both electrons and the lattice in
a laser-excited direct bandgap semiconductor. This figure is reproduced from Sundaram et al.

[15].

that uniquely characterize the interaction. The following paragraphs briefly discuss each step
in the excitation process and are based on the detailed review by Sundaram et al. [15].

Carrier excitation: In opaque solid materials, photon absorption is facilitated through
either linear or nonlinear processes, depending on the material’s bandgap. For absorbing ma-
terials, such as metals and semiconductors, with a lower bandgap than the incident photon
energy and a large density of free electrons, linear absorption is the dominating mechanism.
The free electrons simply wiggle (oscillate) under the incident field and do not gain net energy
(when averaged over an optical pulse cycle). However, they can gain energy through scattering
processes such as carrier-carrier scattering and carrier-phonon scattering. This energy transfer
is known as laser-induced heating. Carrier-carrier scattering occurs on the timescale of the
pulse duration, while interactions with the lattice can extend up to picoseconds (ps), as shown
in Fig. 7.1. This step is characterized as thermalization. If carriers are accelerated to kinetic
energies exceeding the bandgap energy, impact ionization may occur. In this process, energized
electrons excite bound electrons, imparting enough energy to overcome their bandgap energy,
thereby generating additional free electrons. This process continues post-pulse for tens of ps,
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as shown in Fig.7.1.

In the case of transparent materials, light absorption is facilitated by a nonlinear process[16].
The nonlinear absorption process can occur through mechanisms like avalanche ionization and
multiphoton absorption. Avalanche ionization, a repetitive impact ionization, leads to an ex-
ponential increase in free-electron density from an initially low seed electron density. When
this density reaches the critical density, where the plasma oscillation frequency equals the laser
frequency, the material becomes highly absorptive (completely opaque in the case of transpar-
ent materials). In multiphoton absorption, when the laser peak intensity is sufficiently high,
bound electrons can be directly excited to the conduction band by simultaneously absorbing n
photons in the laser pulse such that nhy > E,, where hv is the energy of the photon, and £,
is the bandgap.

Thermalization: This phase involves energized electrons transferring their energy to other
bound carriers and the atomic lattice through scattering processes, as previously discussed. Fol-
lowing the carrier excitation process, electrons and holes undergo redistribution across conduc-
tion and valence energy bands through interactions involving carrier-carrier and carrier-phonon
scattering. In carrier-carrier scattering, a free electron impact ionizes another electron, leading
to energy transfer and material heating, often referred to as laser-induced heating. Although
this type of scattering can dephase the coherence between the excited carrier and the electro-
magnetic field in less than ten fs, transitioning the carrier distribution towards a Fermi-Dirac
distribution under equilibrium conditions requires several hundred fs.

In the carrier-phonon scattering process, energy is transferred to the lattice by the emis-
sion of a phonon. This scattering process does not alter the carrier density, but their energy
decreases. In opaque materials, such as metals and semiconductors, following the excitation
process, carrier-carrier and carrier-phonon scattering take place simultaneously. However, since
energy transfer is facilitated by phonons, which carry minimal energy, numerous subsequent
scattering events are needed before the carriers and the lattice achieve thermal equilibrium,
extending this phase to tens of picoseconds, as shown in Fig.7.1.

Carrier removal: This phase describes the mechanisms by which charge carriers (electrons
and holes) are removed from the conduction and valence band. After the thermalization step,
upon reaching equilibrium between the carriers and the lattice, the material stabilizes at a
consistent temperature. Despite the carrier distribution sharing the same temperature as the
lattice, there is a surplus of free carriers compared to what is present in thermal equilibrium.
These excess carriers are eliminated through radiative, diffusion, and non-radiative processes,
as shown in Fig.7.1.

Radiative recombination, as the name suggests, results in the release of energy in the form
of photons, which are generated when electrons and holes recombine. This process reduces the
overall number of free carriers and typically takes place over timescales ranging from several
picoseconds to microseconds. Carrier diffusion drives carriers from areas of high concentration
to regions of lower concentration. Unlike recombination, this process does not reduce the free
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carrier density and typically takes place over timescales ranging from several picoseconds to
microseconds. In the non-radiative process, also known as Auger recombination, an electron
and a hole recombine, and the energy from this recombination is transferred to a third carrier,
exciting it to a higher state in the conduction band. This occurs quickly, within picoseconds
to nanoseconds, and is significant in materials with high carrier densities, such as metals and
semiconductors.

Thermal and structural effects: This phase is critical for understanding the physical
changes that materials experience under conditions of extreme thermal stress. It describes the
series of transformations a material undergoes following the carrier and lattice attaining an
equilibrium temperature and the removal of surplus free carriers. It comprises processes like
ablation and evaporation, thermal diffusion, and resolidification, each occurring over distinct
timescales that range from picoseconds to microseconds, as shown in Fig.7.1. Additionally, the
quick heating and cooling associated with this method can create substantial thermal gradients
within the material, potentially causing thermal stress and cracking.

If the carrier-lattice equilibrium temperature exceeds the melting point of the material,
vaporization or melting can occur on the ps timescale. This process can be described as an
ablation process, which is characterized by the explosive removal or vaporization of the mate-
rial’s surface within nanoseconds to microseconds. The ablation process involves the conversion
of the laser pulse’s energy into the kinetic energy of the lattice ions, which results in the de-
tachment of atoms, ions, molecules, or clusters from the surface, leading to evaporation and
sublimation. Subsequently, thermal diffusion redistributes the heat from the heated regions
to cooler areas of the material. This process decreases the rate of temperature increase by
cooling the photoexcited region but does not prevent further thermal effects. This occurs over
hundreds of picoseconds to tens of nanoseconds. After the peak temperature is reached and
if energy absorption ceases, the material begins to cool. Consequently, resolidification occurs,
returning it to a solid state below critical temperature thresholds. If no significant phase tran-
sition happens, the material cools to ambient temperature within microseconds due to thermal
diffusion.

Nanocone formation: From the above discussion, we can understand the formation of
nanocones on silicon when it is exposed to a helically-phased OAM beam. Initially, the interac-
tion starts with carrier excitation in silicon, driven by both single and two-photon absorption
processes. This excitation is influenced by the annular intensity distribution of the OAM
beams, which leads to a similar spatial distribution of the free carriers produced. After this
phase, during the thermalization step, a stable equilibrium temperature is achieved within a few
picoseconds, preserving the temperature distribution in the shape of the beam’s intensity. En-
ergy from these free carriers is then transferred to the lattice, primarily through non-radiative
recombination and thermal diffusion.

Subsequently, due to thermal and structural effects, melting occurs on the nanosecond scale,
transforming only a thin layer of silicon into liquid. Thermocapillary and hydrodynamic forces
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propel the molten silicon both radially outward to the edges and inward towards the center of
the crater. The outward motion forms a rim akin to that observed with a Gaussian beam, while
the inward motion exerts a compressive force that ejects the molten material from the surface.
This rapid movement results in the material’s resolidification into a nanocone. Mitra et al.[l1]
have modeled the nanocone formation by considering the dynamics of the molten material,
using the continuity equation and the Navier-Stokes equation.

The author contributions are presented in the following section. The published version of
the article and supplementary file are attached later.

7.5 Statement of contribution

Ashish Jain and Mitra G. Rahimian contributed equally to the experimental work.

Mitra G. Rahimian analyzed the data and prepared figures and graphs. Ashish Jain per-
formed the simulations and theoretical calculations.

Hugo Larocque built the g-plate and assisted in producing vortex beams. Paul Corkum,
Ebrahim Karimi, and Ravi Bhardwaj supervised and designed the experiment.

All authors contributed to writing the manuscript.
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Spatially controlled
nano-structuring of silicon
with femtosecond vortex pulses

M. G. Rahimian, A. Jain, H. Larocque, P. B. Corkum, E. Karimi & V. R. Bhardwaj"*

Engineering material properties is key for development of smart materials and next generation
nanodevices. This requires nanoscale spatial precision and control to fabricate structures/defects.
Lithographic techniques are widely used for nanostructuring in which a geometric pattern on a mask
is transferred to a resist by photons or charged particles and subsequently engraved on the substrate.
However, direct mask-less fabrication has only been possible with electron and ion beams. That is
because light has an inherent disadvantage; the diffraction limit makes it difficult to interact with
matter on dimensions smaller than the wavelength of light. Here we demonstrate spatially controlled
formation of nanocones on a silicon surface with a positional precision of 50 nm using femtosecond
laser ablation comprising a superposition of optical vector vortex and Gaussian beams. Such control
and precision opens new opportunities for nano-printing of materials using techniques such as laser-
induced forward transfer and in general broadens the scope of laser processing of materials.

The fundamental limit to spatial resolution of any optical system is governed by diffraction and is approxi-
mately half the wavelength of light'. Diffraction also dictates how tightly a laser beam can be focused, which in
turn determines the feature size one can achieve in laser ablation of materials. Therefore, shorter wavelengths
(ultraviolet) are often used in combination with lithographic techniques to produce sub-wavelength features as
small as 50 nm?. Driven primarily by the semiconductor industry, research efforts are ongoing to use coherent
and non-coherent extreme ultraviolet light to produce features smaller than 10 nm to meet the ever increasing
demand for miniaturization®*. Concurrently, alternate methods are also being explored to overcome the dif-
fraction limit of light that does not involve the use of a photomask. These fall into two categories—near field
and far field approaches.

Nanofabrication using near field approach exploits local field enhancement around a nanoparticle to confine
light to sub-wavelength dimensions and thereby induce local deformations (melting or ablation) of the substrate.
Large scale periodic array of nanoholes were fabricated by laser irradiation of a monolayer of microspheres®—a
multistep process with no direct control on the position of nanostructures, analogous to lithographic techniques®.
Alternately, controlled fabrication of individual nanostructures can be achieved using scanning probe microscope
either directly” or by irradiating the tip with light®.

Direct laser processing of materials is a far field approach that exploits the nonlinear nature of the light-matter
interaction and localized energy deposition. Using ultrashort laser pulses, three-dimensional (3D) control was
achieved in transparent materials”'® and sub-wavelength structures were created with enhanced spatial precision
in a cold ablation process due to negligible lateral heat transport to the surrounding material. Exploiting near
threshold ablation, feature dimensions far below the diffraction limit were demonstrated'!2. However, in such a
threshold based material response, the ablation features were found not to be dependent on the nonlinear process
responsible for light absorption but rather correspond to a one-to-one mapping of the beam profile at threshold
intensity'®. Nanoholes'*!*, nanocones'®""%, nanodots® and self-organized periodic nano-ripple patterns®-** were
also fabricated in different materials either by ablation or material modification using above threshold laser
pulse energies.

Another non-contact direct laser-write technique that is widely used in nano-printing is Laser Induced Fro-
ward Transfer (LIFT) to “drop and place” small volumes of complex materials into user-defined, high-resolution
patterns**?%. A thin film of material on a donor substrate is melted locally by the laser beam and lifted off in the
form of a droplet that gets deposited onto a receiver substrate separated by a small gap. The spatial resolution
one could achieve in placing individual droplets is few hundreds of nanometers.
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Although light induced nanostructures with feature sizes smaller than diffraction limit could be fabricated
either by ablation or material modification®, the degree of spatial control with light is restrictive. For example,
it is not feasible to position individual structures with nanoscale precision. Only partial spatial control has
been achieved with nano-ripples whose orientation and spacing was varied by changing the laser polarization
and wavelength (4)*. In this context, the present article addresses how light can be used to actively manipulate
materials in two dimensions with a precision of ~ /20. It demonstrates positioning of ~ 0.1 um? of the molten
material in the form of a nanocone with 50 nm precision in an area of 40 j)Lm? by manipulating the beam shape.
The technique is extended to fabricate complex, unconventional structures involving multiple nanocones and
control their relative positions with the same precision.

Apart from laser fabrication and spatial control of nanostructures, surpassing the diffraction barrier imposed
by the wave nature of light is also critical in imaging/microscopy. It is accomplished by using the same (a) near
field techniques that exploit the information contained in the evanescent wave®®*” or confine light using plas-
monic nanostructures?®?, and (b) far field techniques that exploits the optical nonlinearity of the medium as in
stimulated emission depletion microscopy®.

Our approach to sub-wavelength precision in nano-fabrication is based on the coherent superposition of
optical vector vortex beam (VVB) and a Gaussian beam?®'. VVBs are characterized by spatially variant linear
polarization in the beam transverse plane. They may possess phase singularities in the transverse plane at which
the field amplitude vanishes. VVBs can be expanded in terms of orbital angular momentum (OAM) carrying, i.e.
twisted, beams. Twisted beam carry an OAM value of £/ per photon, where £ is the redueced Plank constant, and
£ indicates the number of twists in the helical wavefront in one wavelength which its sign determines the chiral-
ity of the helix. We produce VVBs using a birefringent plate enclosing a patterned liquid crystal layer, known
as a g-plate. The liquid crystals in the g-plate have an optic axis whose orientation depends on the azimuthal
coordinate, thereby forming a pattern defined by a topological charge g consisting of either a full or a half-integer
value. As light propagates in the g-plate, spin angular momentum associated with light polarization is coupled
to photon OAM of £ = £24. The conversion efficiency is determined by the g-plate’s optical retardation, which
can be controlled by an externally applied electric field.

Results

Our technique exploits two unique properties of VVBs. First, the annular intensity distribution of the VVB when
focused is mapped onto the silicon surface causing melting of a thin layer, determined by the optical penetration
depth of light. Thermo-capillary and/or hydrodynamic forces displace the molten silicon radially outward to
the periphery and also radially inward to the centre of the crater. Compressive forces arising from radial inward
motion of the molten material pushes it away from the surface. Rapid expansion causes re-solidification into a
nanocone formed (Fig. 1a) at the centre where VVB has a zero intensity point!®. Simultaneously, the radial out-
ward motion of the molten material re-solidifies after reaching the cold boundary of the ablation region to form a
rim. The height of the nanocone is ~ 500 nm and increases with the increasing pulse energy while the rim height
is only ~ 100 nm'®. Longer nanocones or nanoneedles have been produced with vortex beams using nanosecond
and picosecond pulses on silicon®* and metals®*. They were shown to exhibit chirality and has been attributed
to (a) mapping of the orbital angular momemtum of the beam on to the handedness of the nanoneedles®*, and/
or (b) tailored chiral intensity distribution that also controls the handedness of nanoneedles®. In contrast, there
was no clear signature of the chirality-control fabrication (by changing OAM value) of nanocones produced by
femtosecond pulses.

Second, when a pure VVB is perturbed by adding coherently a tunable amount of a linearly polarized Gauss-
ian beam, the central singularity either shifts or unfolds into multiple singularities depending on the topological
charge. The shift can be precisely controlled by adjusting the applied external field to the g-plate. This action varies
the optical retardation and thereby detunes the strength of the spin-to-orbital angular momentum coupling of
light. A fraction of the input Gaussian beam co-propagates with a partly converted VVB. As a result, for g=1/2
or £ = %1, the position of the nanocone within the ablation region can be varied with nanometers precision
(Fig. 1b,c). As the weight of the Gaussian beam increases, the position of the singularity shifts towards the outer
region of the ablated region (also see Supplementary Fig. S2). For a pure VVB produced by g=1/2 plate, the output
polarization was radial, azimuthal, or spiral?> when the angle of the incident linear polarization with respect to
the g-plate axis was 0°, 90°, or 45°, respectively.

The nanocone position can be controlled by moving the singularity anywhere in the transverse plane of
the beam as shown in Fig. 2, for azimuthally polarized VVB. For a fixed optical retardation (relative weight of
Gaussian beam to VVB), a half-wave plate (HWP) in front of the detuned g-plate rotates the input polarization
with respect to the g-plate axis and changes the angular position of the singularity at the transverse plane rotat-
ing it in a circular arc. Radius of the circular arc depends on the optical retardation. Varying the applied electric
field to the g-plate and rotating the incident linear polarization, the nanocone can be positioned anywhere in
2D space within the interaction region of ~ 40 | m? with a precision of 50 nm. Similar results were obtained for
radial and spiral VVBs.

Figure 3 shows unfolding of the singularity when a pure VVB with a star-shaped polarization pattern®
with £ = £2 (topological charge of g = —1) is perturbed by a Gaussian beam. The perturbation is achieved by
electrically detuning the g-plate. In VVBs, the total field orientation is undefined along the beam axis and this
polarization singularity is typically referred to as a V-point. A small perturbation to pure VVB causes the local
polarization states to acquire a tiny ellipticity. The V-point no longer exists, instead two pairs of C-points appear
where the orientation of the polarization ellipse is undefined. Unfolding of the polarization singularity also
deforms the intensity pattern of the pure VVB giving rise to two null intensity points. The separation between
these points can be controlled by varying the relative weight of Gaussian beam superimposed on the VVB and
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(a) (b) (c)

Figure 1. Displacement of the nanocone and phase singularity with retardation. Superposition of linearly
polarized Gaussian beam with VV beam produced by a g-plate with topological charge of g = +1/2, having
different weights (a) 0:100 (pure VV beam), (b) 10:90, and (c) 15:85. The top row shows SEM images of the
nanocone position and the bottom row shows the corresponding intensity profile of the superposition beams.
A sinzgle laser pulse with an energy of 280 nJ created the nanocone. The corresponding peak fluence is 2.3 + 0.3
J/cm?.

increases with the amount of Gaussian contribution. This results in the formation of two nanocones whose
separation and relative orientation can be precisely controlled by detuning the g-plate and adding an extra phase
to the superimposed beams (as in Fig. 2), respectively (see Supplementary Fig. S4).

Figure 4 shows how complex intensity patterns can be generated by superimposing different VVBs produced
by a combination of two g-plates with topological charges of g = —1and g = 1/2. AHWP between theq = —1
and a detuned g = 1/2 plates produces a superposition state (e ep+e 2P er) + Be’? e + e~ ep), where
and B are given by the detuning parameter. The resultant intensity distribution displays three singularities around
the central region where the intensity is also minimum (Fig. 4c). As a result 4 nanocones are formed (Fig. 4a).
In the absence of the HWP the output corresponds to a superposition state defined by a(e”?® eg + e"2?e;) +
(e? e; + e 7739 ep). The intensity pattern consists of 5 null points around the central null region (Fig. 4d). This
should lead to 6 nanocones. However, any slight detuning of the ¢ = —1 plate leads to splitting of the central
singularity resulting in the formation of 7 nanocones (Fig. 4d) (see Supplementary Fig. S6).

Discussion

There are some similarities between our laser processing technique and stimulated emission depletion (STED)
microscopy/ lithography in surpassing the diffraction barrier. Both use superpositions of Gaussian and non-
Gaussian beams. In STED microscopy, a focused Gaussian beam that excites the fluorophores is superimposed
with a beam having a doughnut intensity distribution that switches off the fluorophores except at its centre. In
STED lithography the doughnut beam is used to inhibit photo-polymerization induced by the writing beam.
However, the main drawback of STED lithography is the design and development of suitable photoresists**. In
our method, varying the phase retardation between the VVB and Gaussian beam shifts the null intensity posi-
tions within the focal region enabling us to control the position of the nanocone.

However, the underlying physics is different between the two methods. In STED microscopy, the doughnut
beam depletes the fluorescent state by stimulated emission in all molecules in the intense regions of the beam.
The intensity of the doughnut beam determines (a) the probability of fluorescence switching that scales expo-
nentially, and (b) the area to which fluorescence is confined that scales inversely thereby enhancing the spatial
resolution. In our technique, VVB induces localized melting via multiphoton absorption and the subsequent
fluid dynamics around the unmodified region of the material (due to null intensity region) displaces matter on
nanoscale. The probability of such nonlinear interaction scales with n* power of laser intensity, where # is the
number of photons involved in the multiphoton process. In silicon (band gap of 1.14 eV), the interaction of 800
nm light (photon energy of 1.55 eV) is dominated by single and two photon absorption. The intensity of the VVB
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Figure 2. Controlled positioning of the nanocone in 2D space. (a) For a fixed relative weight (25:75) of
Gaussian and VV beams produced by an electrically detuned g-plate with topological charge of g=+1/2,

SEM images show the motion of the nanocone in a circular arc when an additional phase is added to the
superimposed beams by rotating the polarization axis of the incident Gaussian beam with respect to the g-plate
axis. A single laser pulse irradiated the sample with a pulse energy of 600 nJ. (b) The corresponding simulated
intensity profiles. (c) Polar plot showing the measured relative shift of the nanocone with respect to its position
for a pure VV beam as a function of the rotation angle of the HWP (relative phase of the linearly polarized
Gaussian beam) for different optical retardations (different weights of Gaussian and VV beams). The dashed
lines are the simulated nanocone position.

determines the amount of the material displaced leading to nanocone formation whose height increases but the
apex angle remains the same'®. Therefore, the spatial resolution remains the same.

In our experiments, the spatial precision of ~ 50 nm is due to loose focusing of the laser beam. The use of
a high numerical aperture lens will reduce the size of the null intensity region and will lead to a smaller lateral
extent and apex angle of the nanocone (see Supplementary Fig. S3). However, at very high numerical apertures
the longitudinal component of the field can hinder the interference process and limit the spatial resolution. The
spatial precision can be further improved to 10 nm by (a) using a highly stable power supply that can change the
small voltage applied to the g-plate in 1 mV steps, and/or (b) changing the angle of the half-wave plate in front
of the detuned g-plate in smaller steps of 0.1°. The laser pulse duration is not critical in our technique. In fact,
longer durations were found to give rise to jum sized nano-needles likely due to larger melt volume®.

The main limitation is that the nanocones can be efficiently created only on non-transparent materials where
the melt layer is two dimensional. In transparent materials, light penetration into the medium leads to a 3D melt
layer whose dynamics lead to surface swelling and ejection of the material instead of a well-defined nanocone.
Also, the nanocones are always accompanied by an outer rim whose relative height can be minimized by laser
parameters albeit with concomitant reduction in nanocone height'®. Controlled fabrication of nanocones in
semiconductors and metals can be used as field emission tips*>*’, scanning probes, whispering gallery optical
resonator”®, and for enhanced solar absorption in photovoltaics*. When implemented with LIFT, our technique
provides the ability to control the deposited material with sub-wavelength precision in nano-printing of complex
materials with applications ranging from microelectronics to bio-photonics.
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Figure 3. Separation of nanocones with unfolding singularity. Superposition of linearly polarized Gaussian and
VV beams produced by a detuned g-plate, topological charge of g = —1, with different relative weights of (a)
10:90, (b) 15:85, (c) 20:80 (d) 25:75. Top panels shows the SEM images of two nano-cones generated by a single
laser pulse with an energy of 310 nJ. The bottom panels show the corresponding intensity profiles. Separation
between the singularities increases with increase in the Gaussian component.

0

Figure 4. Fabrication of complex nanostructures. Mapping of complex intensity profiles generated by VVB
produced by two g-plates with topological charge of g = —1,and g = 1/2. (a) A HWP between theg = —1

(£ = £2) plate and a detuned g = 1/2 (¢ = +£1) plate, and (b) without the HWP between the two g-plates. The
corresponding calculated intensity profiles are shown in (¢, d). Experimental patterns were produced by a single
pulse with an energy of 700 n].

Methods

Experiment. Femtosecond light pulses from a Ti:sapphire laser system (800 nm, 1 kHz, 45 fs, 2.5 m]/pulse)
were focused on a silicon surface with a 0.25 NA (16X) aspheric lens. The sample was mounted on three-axis
translation stages with a resolution of 100 nm. The sample was irradiated with a single pulse selected by operat-
ing the laser in an external trigger mode. The incident pulse energies, varied using a half-wave plate (HWP) and
a polarizer, were measured after the microscope objective taking into account the transmission and reflection
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losses of all the optics. The pulse duration before the microscope objective was 70 fs. The laser-ablated regions
were characterized by a scanning electron microscope (SEM), with the electron beam incident normal to the
sample surface and atomic force microscopy (AFM) in non-contact mode.

In our experiment, complex intensity profiles were generated using birefringent-based liquid crystal beam
converters, called g-plates*®*!, with topological charges of g = +1/2 and —1. The optical retardation of the
g-plates was changed by varying the voltage applied to them. At the optimal voltage, the g-plates converted line-
arly polarized Gaussian beams to optical VVBs composed of OAM states with ¢ = +1and ¢ = +2, respectively*>.
Complex spatial intensity profiles were produced by varying the voltage applied on the g-plate. This process called
voltage tuning of the g-plate results in varying the extent of coherent superposition of laser beam components.
In other words, detuning the individual g-plate produced a superposition of partially converted VVBs with the
incident Gaussian beam. A combination of different g-plates resulted in complex intensity profiles due to the
superposition of VVBs. See Supplementary Fig. S1 for additional details.

Numerical. Intensity profiles of different order VVBs and their superposition states were simulated using
the Laguerre Gaussian beam

16 e 2 > 2
U(,,d,,z)zﬁ(rﬁ) exp( r )L}‘fl( 2r )exp( ikr —iEdb—ikz—i—i\I!(z)), 1)

w(z) \ w(z) w2(2) w(2) 2R(z)

where p > 0 is the radial index and ¢ is the azimuthal index. L are the generalized Laguerre polynomials and
CZS; is a normalization constant. R(z) is the radius of curvature of the wavefront, w(z) is the beam width and
W(z) is the Gouy phase. r and z are the radial and axial distances. k is the wave number and ¢ is the phase
factor containing the £ term.
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Spatially controlled nano-structuring of silicon with
femtosecond vortex pulses
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Department of Physics, University of Ottawa, 25 Templeton Street, Ottawa, K1IN 6N5, Canada

I. EXPERIMENTAL SETUP

A schematic of the experimental setup used to demonstrate spatially controlled formation of
nanocones on silicon with femtosecond vortex pulses is shown in Fig. S1. Linearly polarized
input pulses with a Gaussian spatial profile were converted to optical vortex pulses by employing
g-plates with topological charges of g = +% and -1. The resultant radial profile of the vector
vortex (VV) pulse is similar to that of Hyper-Geometric Gaussian modes [1].

The g-plate is a slab of a birefringent material based on liquid crystal technology with uniform
birefringent phase retardation () and a transverse optical axis pattern with a topological charge
of q [2]. The optical phase of the generated modes varies by 2nq when circling once the beam
axis. The topological charge q is an integer or semi-integer, positive or negative value. A circular
aperture after the g-plate filtered the central part of the beam resulting in a vortex beam with an
annular spatial profile similar to that of Laguerre-Gauss modes.

Different polarization states with a variety of spatial intensity distributions were produced by
(i) using a combination of different g-plates and wave plates, and (ii) varying the optical
retardation of the g-plate, resulting in the superposition of pure vortex and Gaussian beams. The
pulse energies of the emerging vortex beam with complex polarization and spatial structure were
controlled by a combination of half wave plate (HWP) and polarizer. A glass plate (G) reflected
a portion of the incident pulse on to a fast photodiode (PD) that was used for power calibration
by operating it in the linear regime with the help of neutral density filters (ND).

An aspheric lens (16x with 0.25 NA, f = 11mm, Newport) focused the vortex pulses on to a
crystalline (100) p-type silicon mounted on a precision 3-axis (X, y, z) motion control system.
The position of the laser focus relative to the sample's surface was determined accurately (x5
um) by imaging the back-reflected light from the silicon surface. Glass plate directed the back-
reflected light towards a charge-coupled-device (CCD) camera (MCE-B013-US, Mightex) after
propagating through a focusing lens (Thorlabs, f = 100 mm, plano-convex lens). The Si surface
morphology was analyzed using a field emission scanning electron microscope (Zeiss Gemini
SEM 500) with both In-Lens detection mode (top-view images) and secondary electrons
detection mode (side—view images) and a Park NX10 atomic force microscope in a non-contact
mode.

The setup shown in Fig. S1(a) produces a nanocone whose position can be shifted by
changing the voltage applied on the g-plate with a topological charge of % (QP1). This
corresponds to Fig. 1 in the main text. A half-wave plate in front of the QP1, as shown in Fig.
S1(b), enables to change the angular position of the nanocone. This corresponds to Fig. 2 in the
main text. A g-plate with topological charge of -1, QP2, as shown in Fig. S1(c) is used to
produce two nanocones whose separation can be varied by changing the voltage applied on the
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QP2. This corresponds to Fig. 3 in the main text. The setup shown in Fig. S1(d) produces three-
petal shaped flower like structure with four nanocones, corresponding to Fig. 4a in the main text.
Removing the half-waveplate between QP2 and QP1, as shown in Fig. S1 (e), produces five-
petal shaped flower like structure with 6 nanocones. This can be increased to 7 nanocones by
detuning QP2, corresponding to Fig. 4b in the main text.

Figure S1. The schematic shows the experimental setup. ND: neutral density filter, CCD: charge-coupled-device
camera, G: glass plate, PD: photodiode, P: polarizer, L: Lens, OBJ: objective, QP1: g-plate with topological charge
of %2, QP2: g-plate with topological charge of -1, HWP: Half-wave plate.

I1. OPTICAL RETARDATION CALIBRATION WITH THE APPLIED VOLTAGE

A square-wave signal generator operating at 7 KHz and 4 KHz was used to adjust the driving
voltages to the q = +%2 and q = -1 plates, respectively. At optimal voltage of 2.97V, both g-plates
produced pure VV beams. Varying the voltage on the g-plates causes a change in the optical
retardations (o) enabling the tuning of the g-plates. When the g-plate is detuned, if the input
Gaussain beam is circularly polarized, the resultant output beam will be a coherent superposition
of two fundamental optical states; (i) the unconverted part of the input Gaussian beam with the
same polarization as the input and (ii) the converted annular VV beam with opposite handedness
to the input polarization with €= x1(or £2). Invoking different input polarization states, optical
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retardation values, and/or different location of polarization optics within the setup produced a
combination of converted and unconverted parts of the beam.

In a simple configuration, with only q = % plate in the setup we were able to control the
relative position of the nanocone with respect to its original location (produced by a pure vortex
beam with ¢ = £1). For a fixed relative phase between the LG beam components, varying the
optical retardation shifted the nanocone as shown in Fig. S2. This was achieved by detuning the
voltage on the g-plate. As the relative weight of the Gaussian beam increased with respect to a
pure VV beam (voltage decreased) the vortex and hence the nanocone position shifted linearly
away from the center of the ablated region and moved towards the boundary (rim). The first data
point corresponds to the nanocone’s position when the composite beam is dominated by the
Gaussian component while the last data point corresponds to a pure VV beam.

The following procedure illustrates how the optical retardation was calibrated with the voltage
applied on the g-plate. Left-circular (L) polarized light was passed through the q = % plate to
achieve spin to orbital angular momentum conversion. After the g-plate, a quarter wave plate
(QWP) whose optics axis is at 45° with respect to the g-plate and a polarizing beam-splitter
(PBS) produced two output beams; a pure converted beam with a doughnut-shaped profile as a
transmitted component, and an unconverted beam with a Gaussian profile as a reflected
component. The transmitted component corresponds to the pure VV beam with right circular
polarization (R, £=1) while the reflected component corresponds to pure Gaussian beam with left
circular polarization (L, €=0).
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Figure S2. The left ordinate in blue shows relative position of the nanocone as a function of voltage on the g-plate,
measured with respect to its original location when a pure OAM beam irradiated the silicon surface. The green
dashed line corresponds to the theoretical value demonstrating linear dependence. Right ordinate in pink
demonstrates variation of optical retardation with applied voltage.
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For a total power of Py, the powers of the coherently converted (Pr1) and unconverted (PL,)
components depend on the optical retardation as,

. o0

P, =P, sin’ (E)
)

P, =P, cos’ (E)

Varying the applied voltage to the g-plate and measuring the power of the two output beams of
the PBS determined the optical retardation. The torque exerted on the liquid crystal molecules by
the applied electric field is responsible for such dependency [3].

(S1)

I11. NA=0.25 VERSUS NA=0.55

Spatial precision of ~ 50nm was achieved in placing the nanocone within the ablated region
by focusing vortex pulses with a numerical aperture (NA) of 0.25, determined primarily by the
dimensions of the nanocone tip. The spatial precision can be improved further by tighter
focusing with a high NA lens. This creates a smaller null intensity region leading to a
smaller/sharper nanocone as shown in Fig. S3. The graph shows two nanocones with radii of
curvature of 30 nm and 80 nm produced by aspheric lenses with NA=0.25 and NA=0.55,
respectively. The results confirm that the radius of curvature of the nanocone tip decreases as the
numerical aperture of the objective increases. Figure S3(b) presents a side-view SEM image of a
nanocone produced by a single vortex pulse with an energy of 400 nJ.
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Figure S3. (a) The AFM measurements for two nanocones produced by aspheric lenses with NA=0.25 and
NA=0.55. The radii of curvature of 30 nm and 80 nm were achieved, respectively. (b) A side-view SEM image of a
nanocone created by a 400 nJ vortex pulse.
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IV. NANOCONES SEPARATION VS OPTICAL RETARDATION

When a pure VV beam of =2 is perturbed, two nanocones are formed within the ablated
region. Their separation can be precisely controlled by detuning the g-plate as shown in Fig. S4.
In a detuned g-plate, Gaussian beam is superimposed on the VV beam. Such superposition
results in decomposition of the vortex into two single-charged vortices (each dark spot with
charge of £=1). Varying the voltage on the g-plate changes the relative weights of the Gaussian
and vortex components. In other words, the optical retardation hence the separation between the
nanocones changes.

Figure S4 shows the nanocones separation decreases as the portion of the Gaussian beam
decreases or the optical retardation increases. The orientation of the two nanocones can also be
precisely controlled by varying the relative phase between the two components of the
superimposed beams, as shown in Fig.2 of the main text. This can be achieved by rotating a
HWP introduced before the g-plate.

Nanocones Separation (um)
SN

1.4 1.6 18 2.0 22 2.4 2.6
Retardation (rad)

Figure S4. Decrease in nanocones separation as the optical retardation of q = -1 plate is increased. For a tuned g-
plate, only one nanocone exists at the center of the ablated region. When g-plate is detuned, optical retardation
decreases leading to an increase in the weight of the Gaussian beam and the nanocones separation.

V. MANIPULATING THE NUMBER AND POSITION OF THE NANOCONES

Optical retardation and topological charge of the g-plate play a crucial role in determining the
number and the location of the nanocones. For a fixed topological charge, changing the optical
retardation changes the relative weight of the optical states present in the coherent superposition
leading to different asymmetric intensity distributions. For instance, a three-petal flower intensity
profile was produced by an experimental configuration consisting of a g-plate with topological

177



charge of q = -1 followed by a HWP and a g-plate with topological charge of q = 2. Varying the
voltage applied on the second g = % plate while the applied voltage on the first q = -1 plate was
fixed for a maximum conversion (6 = w), allowed us to set the intensity ratio and achieve several
position-controlled nanocones. In this case, a superposition of two beams with ¢ = +1 and (=-2
was generated which allowed to have an optical vortex of charge (= +1 at the centre surrounded
by three vortices of charge -1 arranged symmetrically and located at the same radial distance
from the centre at the angles of n/3, m, and 5n/3 [4]. As the relative amplitude of the ¢=-2
component in the superimposed beam was decreased (increased), the peripheral vortices and
hence the nanocones positions moved radially in (out), as shown in Fig. S5.

Figure S5. (Top panel) the SEM images show the peripheral nanocones moving radially outward as the relative
amplitude of the €=-2 component in the superimposed beam increased. Three nanocones are located at the same
radial distance from the centre at the angles of n/3, w, and 5n/3. (Bottom panel) Simulation of intensity profiles
corresponding to the SEM images.

We were also able to generate a five-petal flower intensity distribution by using a sequence of
a HWP, a tuned g-plate with topological charge of q = -1, and a q = % plate with an adjustable
voltage. When the alignment is accurate, the vortex laser beam regenerated in this configuration
produced a structure consisting of a single nanocone at the centre and five peripheral nanocones
located at the same radial distance from the central cone, as shown in Fig. S6(a). A small
detuning of the first g-plate with topological charge of g = -1 resulted in the central nanocone to
split into two, as shown in Fig. 4b of the main text. The corresponding AFM image is shown in
Fig. S6(b). The nanocones height varies between 400 nm and 670 nm.
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Figure S6. (a) The SEM image shows a 5-petal flower-shaped structure produced by a tuned q = -1 and detuned q =
% plates. The structure consists of a single nanocone at the centre of the ablated region surrounded by 5 nanocones
located at the same radial distance from the centre. (b) The AFM image of the 5-petal flower-shaped structure,
shown in the Fig. 4b of the main text, with the central cone splitting into two due to detuning of the q = -1 plate. The
heights of the nanocones vary from 400 nm to 670 nm.
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Chapter 8

Conclusion

The research work presented in this dissertation establishes a novel helical phase-based spec-
troscopy technique. This technique probes the helical phase-dependent linear and nonlinear
absorption of helical light beams across different material phases. In contrast to conventional
methods that rely on polarization as a primary optical probe, this technique utilizes the helical
phase carried by orbital angular momentum (OAM) beams, offering a new way to investigate
light-material interactions.

Controlled phase-dependent light absorption across various material phases is demonstrated.
At the core of this technique is the introduction of asymmetry in the phase and intensity profile
of the helical light beams. This additional degree of control enabled us to observe the phase-
based dichroism effect in amorphous solids, achiral metasurfaces, and achiral molecules. This
intrinsic phase-based dichroism effect can be qualitatively understood in terms of parity viola-
tion in helical light-matter interactions caused by the added asymmetry in the beam. In solids,
these findings will aid in understanding the mysterious nature of amorphous materials and serve
as an indirect method to calculate the upper limit of their short- and medium-range order. The
bandgap dependence of the phase-based dichroism is a potential tool for material profiling, a
unique fingerprint of solid-state materials. In plasmonic achiral nano- and micro-structures,
the controlled absorption of helical light could potentially enhance the efficiency of existing
plasmonic-based optical sensors. Additionally, the phase-based preferential response observed
in achiral molecules would expand the scope of absorption-based spectroscopic techniques in
investigating isotropic materials.

A new phase-based chiroptical detection method is also proposed, which can be used to study
chiral liquids, solutions, solids, and engineered nanostructures. In the case of enantiopure
liquids and enantiomeric solutions, the chiral signal strength of our non-resonant, nonlinear
chiroptical technique is an order of magnitude higher than the conventional industry-standard
electronic circular dichroism (CD) and on the same order as the other standard nonlinear
techniques such as two-photon CD and PECD. In the linear interaction regime, enhanced
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chiroptical detection was observed with plasmonic metasurfaces. Additionally, the scaling of
the dichroism signal by changing the OAM value, along with controlled tuning of its strength
by varying the polarization and singularity displacement, sets our technique apart from other
conventional chiroptical techniques. Moreover, the ability to differentiate enantiomeric bio-
relevant molecules positions this technique as a strong candidate for industrial applications,
especially in the pharmaceutical industry.

This dissertation also explores the application of asymmetric helical light beams in laser
ablation. Controlled material manipulation was achieved by utilizing the superposition of
different-order helical beams. The spatial resolution achieved in positioning the nanocones
was approximately eight times below the diffraction limit. This work can potentially comple-
ment advanced nanofabrication techniques such as STED-based lithography and laser-induced
forward transfer (LIF'T).

The research presented in this dissertation was organized into three parts to effectively
establish the results and outcomes discussed above. These can be summarized as follows:

e In the first part of this dissertation (Chapters 1 and 2), the theoretical basis of heli-
cal light-carrying OAM and SAM was established. Various experimental methods for
generating these beams were also discussed. Later, theoretical models for studying and
simulating helical light-matter interactions were derived in linear and nonlinear regimes.
The effect of material symmetry in governing helical light-matter interactions was also
examined. Lastly, experimental methods to observe and characterize such helical phase-
based differential effects were presented.

e In part two of this dissertation (Chapters 3 to 6), published research articles establishing
the presence of helical dichroism in chiral and achiral liquids, enantiomeric solutions,
amorphous and crystalline solids, and plasmonic metasurfaces are presented. The key
results and advances for each case were summarized to present the findings of the attached
articles effectively.

e In part three of this dissertation (Chapter 7), a novel direct laser lithography technique
for the fabrication of nanocones with sub-wavelength positional resolution is presented.
The key advances and limitations of the proposed technique are also discussed.

In summary, a new helical phase-based spectroscopic technique is presented with a compre-
hensive theoretical and experimental basis. This technique demonstrates the untapped potential
of helical light beams in investigating various material properties.

This concludes the research I have conducted as part of this dissertation.
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Chapter 9

Future scope and potential applications

The helical phase-based spectroscopy technique was demonstrated in solids, liquids, and meta-
surfaces. A natural extension of this technique is to investigate the ionization of atoms and
molecules in the gas phase using asymmetric helical beams. This has already been pursued
by our research group, with results demonstrating preferential helical phase-based ionization.
These findings highlight the universality of the technique, which exhibits controlled phase-
dependent absorption across different material phases within the linear, weak-field, and strong-
field interaction regimes. Another promising future extension would be to investigate the re-
sponse of advanced materials like carbon nanotubes and graphene. Single-walled nanotubes
and 2D graphene exhibit promising saturable absorber properties, which have been exploited
for passive mode-locking in fiber lasers [1, 2, 3]. Both materials exhibit strong nonlinear re-
sponse, characterized by an intensity-dependent two-photon absorption coefficient 3. Utilizing
the helical phase-based spectroscopy in such materials could allow controlled absorption of he-
lical beams, leading to a variable absorption coefficient 5. This additional degree of control
over [3, alongside intensity, could be consequential in enhancing the efficiency of such advanced
material-based saturable absorbers for industrial applications.

Another significant aspect of our research is that the developed analytical and experimental
methods could serve as a foundation for investigating the effects of asymmetrical phase fronts
in other optical phenomena. Various properties and outcomes of the phase-based spectroscopic
technique, such as controlled asymmetry in phase, superposition beams, induced dipole forces,
and phase-induced coupled quadrupole moments (E1E2), could be employed as tools to explore
established optical effects. For example, asymmetry-induced dipole forces can be utilized to
orient anisotropic molecules. This could, in principle, impact Rayleigh-wing scattering, which
originates due to fluctuations in the orientation of anisotropic molecules[]. Differential degrees
of orientation for left- and right-handed helical beams could enable control over the spectral
width.

In conclusion, the research presented in this dissertation constitutes foundational research
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Future Outlook

into the extensive potential of the helical phase-based spectroscopy. Alongside the above-
discussed future extensions, I present some of my ideas for potential applications of my research.

9.1 Potential applications

This section presents research ideas utilizing the tools and methods developed for the phase-
based spectroscopy technique. Additionally, an extension of my published research on opti-
mizing optical data storage in common plastics is discussed. The data storage work was also
conducted during the course of PhD, as part of a collaborative industry project.

9.1.1 Enhancing the resolution of fluorescence-based microscopy

Proposal: To increase the spatial resolution of any fluorescence-based microscopy by a factor
of 4X (max. limit).

Resolved Resolution Limit Unresolved

Intensity
Intensity
Intensity

Radial Distance Radial Distance Radial Distance

Figure 9.1: 2D point spread functions for resolved, just resolved (Resolution limit), and
unresolved point emitters. The corresponding intensity variation over radial distance is also
shown with an individual (blue and gray) and combined PSF (green). The image is reproduced

from [7]
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Background: For any microscopy, the spatial resolution, defined as the minimum separation
between two objects corresponding to a certain relative contrast, is given by the diffraction
limit. When two objects are brought together, their point spread functions (PSFs) combine,
and the combined PSF is imaged by the microscope. The two objects are identified as resolved
(Fig.9.1) when the separation between the objects is sufficient, leading to a decrease in the
intensity of the combined PSF and an increase in relative contrast. The minimum separation
distance - 7, (resolution limit) is usually defined in terms of the Rayleigh criterion defined as :

0.61A
r = —-
"7 NA

where ) is the wavelength of the incident light, and NA is the numerical aperture of the objective
lens. This separation distance defines the minimum feature size discernible in the image. Also,
this expression determines the minimum spot size radius achievable by any microscopic lens,
known as the airy disc radius. A more practical version of the above limit is explained in terms
of FWHM size, changing the prefix from 0.61 to 0.51 [7].

In the case of fluorescence-based microscopy, imaging beyond the resolution limit is possible
by using advanced techniques like STED (Stimulated Emission Depletion) and multiphoton
microscopy. While fluorescence is typically a linear process, these advanced techniques achieve
this by utilizing nonlinear processes. For example, STED microscopy uses a depletion laser
to effectively shrink the point spread function, and multiphoton microscopy involves nonlinear
excitation with multiple photons where the interaction volume is smaller compared to the case
of linear interaction. Two-photon fluorescence microscopy (TPFM) is one of the traditional
techniques used for imaging biological samples [6]. For TPFM, the modified resolution limit,
in terms of the minimum spot size radius, is given by [0]:

0.32)
U NA <07

0.325\

rrp =

where ry, represents the 1/e radius of the squared intensity profile. The above equation results in
a smaller minimum feature size compared to the linear case described by the previous equation.
The enhancement in resolution for TPFM can be determined by comparing the two equations
as follows (1/e? radius):

0.32v2\1p

TP V2NA 0.52\7p
p— pu— 9. ]—
n TR T .

Therefore, rrp = 0.52 % 1, resulting in the minimum feature size being halved as compared to
what is achieved from single-photon fluorescence microscopy, assuming the wavelength remains
the same.
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Proposed method

The proposed technique for enhancing the spatial resolution of fluorescence-based microscopy
relies on recording the fluorescence of two unresolved objects (see Fig. 9.1) using asymmetric
helical beams at different singularity displacements. This concept is illustrated in Fig.9.2.

Figure 9.2: a 2D beam profile of asymmetric LG beams at different singularity displacements.
b The fluorescence signal of two unresolved objects aligned vertically. The overlap of images
in row a) and the two unresolved objects in b) is shown in ¢

Figure 9.2a illustrates the intensity profile of an asymmetric Laguerre-Gaussian (aLG) beam
with an azimuthal index of [ = 1, at three different displacements of the phase singularity.
Additionally, Figure 9.2b shows two unresolved peaks aligned vertically, while Fig.9.2¢ presents
the overlap of the alLG beams at the displacements shown in Fig.9.2a with the unresolved peaks.
The overlap depicted in Figure 9.2c demonstrates that, when fluorescence is excited using such
asymmetric beams, the majority of the signal originates from the region of peak intensity in the
beam. In other words, the fluorescence signal predominantly follows the intensity distribution
of the beam.

After recording several fluorescence images at different singularity displacements, the cross-
correlation technique can be utilized to find the similarity among them. The cross-correlation
technique employs the principles of mathematical linear or cyclic convolution, utilizing Fourier
transforms [7], to determine the effective correlation, which represents the optimal overlap
between two objects. In the case of image processing, the MATLAB function ‘normxcorr2’[s]
can be utilized to perform the above mathematical function. The working principle of this
function can be summarized as follows:

Zero padding — FFT — Frequency domain multiplication — Inverse FFT — Normalization‘
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In the first step, zero padding is done on the second image to ensure that the convolution
operation accounts for all possible overlaps between the source and the second image. In the
second step, the Fast Fourier Transform (FFT) is applied to both images, as convolution in the
time domain corresponds to multiplication in Fourier space: F{xz(t)*h(t)} = X(f)-H(f). The
third and fourth steps involve multiplication and the inverse Fourier Transform to obtain the
convolution signal in the spatial domain. The last normalization step adjusts the calculated
cross-correlation signal to account for local variations in intensity.

The fluorescence signal is modeled in the form of an alLG profile at three different singu-
larity displacements, and the cross-correlation results are shown in Fig.9.3. The rationale for
approximating the fluorescence signal in the form of al.G profile is discussed in the descrip-
tion of Fig.9.2. Figure 9.3a shows the fluorescence signal approximated in the same profile as
alLG beams for three different displacements of the singularity, labeled as images 1, 2, and 4.
In Row 1, the cross-correlation of images 1 (symmetric profile) and 2 (asymmetric profile) is
given in the third column. This correlated image is labeled as Image 3 in Row 2, and further
cross-correlation is performed with Image 4 (where the singularity is displaced farther). The
final cross-correlation is shown in the third column of Row 2, which shows the spatial feature
of approx. 1/4 the size of the original structure in image 1.

a) Image - 1 Image - 2 Cross-correlation b) . e
! |

Row

1

*Imag% Cross-correlation

Image - 3

Normalized Intensity

60
Pixels

Figure 9.3: a The MATLAB simulation results for cross-correlation of the fluorescent signal in
images 1 & 2 are shown in row 1 and images 3 & 4 in row 2. b The normalized correlation of
image 1 with itself (autocorrelation) and cross-correlation of image 3 and 4 in Fourier space.
The red box shows the optimal overlap region of the two curves, highlighting their relative
widths.

Figure 9.3b also shows the correlation of image 1 with itself (autocorrelation) and the
cross-correlation of images 3 and 4 in Fourier space. Inside the red box, the thin peak of the
cross-correlation curve (green) relative to the autocorrelation curve (blue) indicates that images
3 and 4 are more sharply aligned compared to the structure of image 1. Therefore, the cross-
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correlation happens over a smaller region, making it easier to filter the resultant signal. The
secondary peaks arise due to the presence of noise and periodic features.

The cross-correlation is shown in Fig.9.3a can also be obtained for the vertically downwards
displacement of the singularity (opposite to what is shown) and would result in a similar cor-
relation signal, but in the opposite direction. Combining the two simulations yields the signal
shown in Fig. 9.4b. The minimum feature size is reduced, enabling the distinction of point-
emitter objects. Thus, the proposed method results in resolved point emitters compared to the
unresolved state in Fig. 9.4a. Consequently, the spatial resolution is enhanced, with the mini-
mum feature size reduced to approximately 1/2 to 1/ of the original size. Moreover, the shape
of the resolved signal can be further refined to resemble round point emitters by convolving
the fluorescence for azimuthal displacements of the singularity, i.e., across the entire 2D profile.
These azimuthal displacements were demonstrated in Chapter 7, where the positional resolu-
tion of A/20 in displacing the singularity was shown. Also, no further increase in resolution is
achieved using the helical beams with higher [ values (results not shown).

Unresolved Resolved

Figure 9.4: Enhanced resolution. a The fluorescent signal of two unresolved point emitters.
b The simulated fluorescent signal obtained with the proposed method. Simulation results
show a decrease in the minimum feature size, enabling the resolution of the point emitters. The
signal around the correlation peaks includes the manually added noise, representing a realistic
scenario.

Advantages:

e The proposed method is general and can be employed with any fluorescence-based mi-
croscopy to potentially increase its resolution. It can also be implemented with nonlinear
microscopy, such as TPFM, as well as with super-resolution techniques, like STED.

e The experimental implementation of this technique is straightforward, requiring only the
introduction of an electrically controlled g-plate and HWP into the beam path before the
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sample. The proof of principle can be easily demonstrated by fabricating a PMMA cast
infused with fluorescent particles, such as carboxyl-based fluorescent polystyrene particles
from CD Bioparticles Inc. These particles have a size of 400 nm, an excitation wavelength
of 480 nm, and an emission wavelength of 520 nm (DCFG-L005).[9]

Disadvantages:

e Exciting the fluorescence at different singularity displacements may result in the photo-
bleaching or saturation of the sample, particularly with biological specimens. Addition-
ally, computing the cross-correlation of numerous high-definition images would be com-
putationally demanding.

e The proposed technique does not offer any improvement in axial resolution.

9.1.2 Light-driven controlled nano-motor

Proposal: To control the rotational speed of the light-driven plasmonic nanomotor. This can
be achieved by utilizing the controlled and tunable absorption of asymmetric helical beams in
plasmonic nanostructures based on the research presented in Chapter 6.

Background: The concept of plasmonic nanomotors was demonstrated by Liu et al.[10].
The snippet of the published article with a gammadion-shaped chiral nanostructure sandwiched
between two glass slides (fused silica microdisks) and dark-field microscopy images at different
time frames demonstrating rotational movement is shown in Fig.9.5.

The nanoscale motors were designed as planar gammadion-shaped gold nanostructures.
When illuminated with the linearly polarized light, these chiral structures interacted strongly
in terms of resonant plasmonic excitations (resonant wavelength), giving rise to significant
photon light absorption and scattering. Consequently, the exchange of angular momentum from
the beam resulted in a mechanical force being imparted onto the nanostructures. This force
generated the torque, which rotated the larger fused silica microdisks. This was a significant
demonstration as a single plasmonic motor rotated a 4,000 times larger (in volume) microdisk
(area 2.2x2.2 mm?) suspended in deionized water. Alternatively, this can be understood as
the broken mirror symmetry in gammadion structures gave rise to a chiral distribution of the
Poynting vector (Fig.9.6a), which resulted in an optical torque. The rotation direction and
speed were controlled by tuning the wavelength of the incident light (Fig.9.6b).

CST Microwave Studio was used by Liu et al. [10] to model the electric and magnetic field
distributions around the nanostructure. Parameters for the Drude model of gold permittivity
and the boundary conditions were used in simulations. The torque on each point given by
7 = r X F where r is the displacement and F is the Lorentz force F = ¢(E + v x B), was
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a
{ LETTERS nature
PUBLISHED ONLINE: 4 ULY 2010 | DOE 10.1038/NNANO20T0.28 nanO[CCh nology

Light-driven nanoscale plasmonic motors

b)

Figure 9.5: a The snippet of the published article by Liu et al.[10]. b Light-driven nanoscale
motors in the form of gammadian-shaped plasmonic nanostructure sandwiched between two
fused silica microdisks. ¢ dark-field microscopy images at different time frames demonstrating
the rotation of nanostructure (as shown by markings in yellow)

calculated by inserting the simulated field distributions. For multiple nanomotors, the sum of
individual local torques gave the total torque on the system.

Analytically, the force on individual nanomotors can be approximated in terms of electric
dipole, magnetic dipole, and recoil forces. The expression for total force can be given as [11]

4

1 k
F)=— E*. B* m—- 2 * 2
(F) 2Re \Y4 u+ VvV m 67reoc(“><m) (9.2)

Here, the p and m represent the induced electric and magnetic dipole. The E and B are
the incident electric and magnetic fields, and the rest are the standard wave propagation con-
stants. These optical forces for the case of an electric dipole are also derived in Chapter 3
(supplementary file). The total torque can be calculated from the above force equation.

The induced dipoles were further expressed in terms of electric polarizability a, magnetic
polarizability x and mixed electric-magnetic polarizability G tensors.

p=a-E+iG-B, m=x-B-iG-E, (9.3)

Fabrication Process: The nano-fabrication process employed by Liu et al. [10] is briefly dis-
cussed here. The gammadion-shaped plasmonic nanomotor was fabricated using the standard
electron beam lithography technique, which was sandwiched between two micro-disks(SiO2 lay-
ers). The process involved multiple steps of coating, patterning, etching, and lift-off procedures
to achieve the final structure. Further, the micro-disks were placed in deionized water between
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Figure 9.6: a Field excitation with intensity distribution shown by the colormap. The red
arrows show the distribution of the Poynting vector. b Rotational speed vs incident wavelength.
The rotation direction and speed were controlled by tuning the wavelength. These results were
published by Liu et al.[10] and are reproduced here.

two glass slides. Gravitational force ensured that the microdisks settled at the bottom of the
glass slide (not suspended), with the gammadion structures normal to the incident light. This
setup minimizes Brownian motion and reduces friction, with viscous drag being the primary
limitation of rotation. The surface roughness and fine structure of the microdisks were not
consequential due to the laminar flow conditions, as determined by the low Reynolds number
(resulting from the low rotational velocity).

Proposed method

The idea of controlling and scaling the rotational speed of the light-driven plasmonic nanomo-
tor is based on the tunable absorption of asymmetric helical beams in plasmonic nanostructures.
This was demonstrated in Chapter 7, where a similar plasmonic chiral gammadion-shaped
nanostructure exhibited controlled absorption when probed with asymmetric beams. The ab-
sorption of light varied with a displacement of the singularity, ellipticity (€), and the azimuthal
index [ of the beam (see results and transmission curve section in Chapter 7). Hence, a similar
plasmonic nanomotor would also exhibit similarly controlled absorption when propelled with
asymmetric helical beams. Therefore, in principle, the rotational velocity can be controlled by
changing the [-value, €, and singularity displacement. The direction of rotation can be changed
by the combination of chiral phase and polarization.

Theoretically, the optical force (Eq.9.2) on induced dipoles can be extended to include the
contribution of electric quadrupole, which was demonstrated to be responsible for phased-based
preferential absorption. As discussed in Chapter 3 and 7, for asymmetric beams, the coupling
of electric dipole and electric quadrupole is responsible for the controlled absorption of light.
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Therefore, the optical force and torque equations 9.2 and 9.3 can be extended to include induced
multipole. This can be derived by considering the potential energy of induced multipoles as

U= Uelec. dipole + Uelec. quadrupole + Umag. dipole -
1

The force on induced multipoles in the electromagnetic field can be given as

1 oF;

3 3xj
where induced dipoles are expanded in terms of electric polarizability o, magnetic polarizability
X, mixed electric-magnetic polarizability G tensors and electric dipole-quadrupole polarizability
A;ji (see Chapter 7).

1

Additionally, the numerical simulation for the optical force and torque can be performed using
the Lumerical FDTD or Comsol software packages. In this software, the input beam source
needs to be custom-defined for asymmetric LG beams.

Advantages:

e The proposed technique is straightforward to implement, requiring only the replacement
of the incident light mode in the previously demonstrated method. Fabrication and
characterization can be easily performed using the approach outlined by Liu et al. [10].

e The proposed method provides several advantages over the approach previously demon-
strated by Liu et al. [10], which involved controlling the rotational speed and direction
by tuning the wavelength of incident light. The earlier method is limited to broadband
sources, where the rotational speed cannot be scaled. Furthermore, its efficiency decreases
as the wavelength is varied (see Eq.9.6).

9.1.3 Increasing the 3-D optical data storage density in an optical
disc
This application extends our research conducted as part of a collaborative industrial project

and is not directly related to phase-based spectroscopy. The research publication is included
here for reference.
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Proposal: To increase the 3D optical data storage density in a standard compact disc (CD)
beyond the previously demonstrated capacity of 275 GB per disc.[12].

Background: With the rise of social media, the majority of globally generated data is
now classified as ‘cold data.” This type of data is not accessed frequently, but requires long-
term archival. This has spurred a critical need for enhanced data storage solutions. Such data
storage solutions must not only offer vast capacities but also ensure extended shelf life. Opti-
cal data storage (ODS) offers a superior shelf life compared to other existing technologies but
lags in storage capacity when compared to conventional magnetic and silicon-based systems.
Traditional optical data storage methods, like those used in DVDs and Blu-ray discs, involve
data storage on the surface of the disc. This conventional planar technology is constrained by
the response and design of materials below 400nm light. This limitation can be addressed by
recording data in the 3D volume of the recording medium instead of just the surface. By utiliz-
ing the depth of the material, 3D-ODS can significantly increase the amount of data stored in
a given volume, offering a promising solution to long-term data storage architectures. Among
existing 3D-ODS technologies, ultrafast laser-induced permanent material modification is often
used for storing data in binary form (1-on and 0-off). These modifications are in the form of
refractive index modifications[!3], restructuring of metal nano-clusters[14], or creation of emis-
sion centers via nonlinear interaction[15]. Our 3D-ODS technology was based on fluorescence
emission from femtosecond laser-modified regions in readily available common plastics, such as
polycarbonate and PMMA. A storage capacity of 275 GB per standard 1.2mm thick plastic
CD was demonstrated.

The capacity of any ODS technology is determined by the recorded bit size and the spacing
between them. In 3D, the number of modified layers scales the storage density. The size of the
bit (and the spacing between bits) in any ODS technique is limited by the spherical aberrations
introduced by the optical elements in the setup and the storage medium. Aberrations caused
by optical setup are determined by the wavefront distortions from the focusing lenses and other
refractive optics. The aberrations introduced by the medium increase with depth, causing the
laser spot size to enlarge. This typically limits the number of layers that can be efficiently
recorded and retrieved. The publication proposed an energy gradient technique to minimize
these aberrations. This technique involves precisely determining the nonlinear modification
threshold energies at different layers (depths) and adjusting the pulse energy dynamically dur-
ing the recording process. The threshold energy increases with depth due to the increase in
aberrated spot size. By precisely adjusting the laser pulse energy to match nonlinear threshold
energies at different depths, the aberrations caused by the medium were minimized.

The publication employed diffraction theory [16, 17] to model the effect of spherical aber-
ration introduced by the medium, as well as finite-difference time-domain (FDTD) simulations
to describe light propagation through multi-layered materials. These simulations were used to
optimize the data reading and writing processes. The experimental results were in agreement
with the simulations.
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Abstract: Storage capacity of a conventional optical disc can be enhanced significantly by recording
data within the three-dimensional volume. However, spherical aberrations and light-scattering limit
the number of layers that can be efficiently recorded and retrieved. In this paper, we show that by
optimizing the multi-layer data recording and reading parameters, the number of fabricated layers
could be tripled to 60 in commercial grade poly-methyl-methacrylate polycarbonate and reduce the
read laser power by a factor of 7 by the 20th layer. Influence of spherical aberration on write laser spot
size was studied by using vector diffraction theory and compared with experimental values obtained
by monitoring the threshold energy of the write laser with depth. Scattering losses of the read laser
were studied by simulating the propagation of light through multi-layered micro-structured material.
The main advantage of our technique is its practical implementation, as it refrains from the use of
index-matching liquids and specialized optics during the read—write process.

Keywords: optical data storage; nanofabrication

1. Introduction

The majority of the data generated globally every year is the so-called cold data
that needs long-term storage for archival purposes and is accessed only occasionally.
Consequently, there is an ever-increasing demand for not only higher data storage capacities
but also longer shelf life. Among the existing technologies, optical data storage (ODS) has
a better shelf life but lags behind magnetic and silicon-based technologies in terms of data
storage capacity. This is because in conventional optical discs (DVDs and Blu-ray), data is
stored on the surface, and this planar technology cannot be scaled due to the response and
design of materials below 400 nm. This limitation can be overcome by encoding multilevel
and multiplexed information within the three-dimensional volume of a recording medium.

The 3D ODS often relies on using ultra-fast lasers to induce permanent changes in
the medium on a micron scale in the form of refractive index/birefringence [1,2], aggre-
gation/shape alteration of metal nanoclusters/rods [3,4], or emission centers [5]. It was
first demonstrated in photopolymers [6] and glass [2] by modifying the refractive index
to record data bit by bit. The technique was later extended to demonstrate 4D ODS in
silver-doped zinc phosphate glass in which the write laser-induced silver nanoclusters
that emitted fluorescence, upon excitation by the read laser, whose intensity represented
the fourth dimension [3]. The 5D ODS was recently demonstrated in glass by using laser-
induced form birefringence and in stacked gold nanorods mediated by surface plasmon
resonances [4,7,8]. In addition to three spatial dimensions, the former exploited two addi-
tional dimensions associated with the orientation and retardance of periodic nanostructures,
whereas the latter exploited wavelength and polarization of light to multiplex data within
the same bit. Recent advances to significantly enhance the storage capacity, in principle,
include employing techniques such as multifocal optical nanoscopy [9]. Stimulated emis-
sion depletion in specially designed photoresists [10], development of nanocomposites [11],
and incorporation of machine learning algorithms [12]. However, their implementation in
developing a viable consumer electronic device remains challenging.
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Data recorded in a pristine transparent medium with ultra-fast lasers is not erasable
and therefore not rewritable. Such ODS, categorized as write once read many times
(WORM) type, ensures the highest level of data security and integrity with applications in
archival storage. Erasable/rewritable 3D ODS systems require photo-refractive poly-
mers [13] or transparent glasses doped with rare-earth ions [14] or nanocrystals [15].
Alternate technologies, such as holography and two-beam lithography, do not rely on
ultra-fast lasers to record bits but require a specially designed photosensitive recording
medium [16,17].

The capacity of an ODS is determined by the bit size and spacing, and the number
of layers embedded in the recording medium. Smaller bit sizes can be achieved by using
a higher numerical aperture (NA) objective in conjunction with index-matching liquids.
However, their usage in a practical implementation is restrictive, especially when existing
Blu-ray /DVD technology is extended to 3D ODS. Moreover, spherical aberrations and
light-scattering generally limit the number of layers that can be efficiently recorded and
retrieved. This is true even for the practical and cost-effective 4D ODS technology that we
demonstrated in readily available common plastics based on fluorescence emission from
femtosecond laser-modified regions [5].

In ODS, the beam emerging from the high-NA objective focuses deeply through an
interface between two media of different refractive index leading to spherical aberrations,
which increases dynamically at increasing depths. Consequently, the spot size of the write
laser increases with depth leading to an increase in the threshold fluence required to record
a bit. Spherical aberrations can be compensated by correcting the wavefront by using
passive or adaptive optics (such as a spatial light modulator or digital micro-mirror device)
to dynamically adjust for different depths [18,19]. Because the practical implementation
of such correction techniques is not easy, we adopted a simpler technique of varying the
pulse energy with depth during the recording process.

In this letter, we maximize storage capacity without the use of index-matching liquids
and employing an energy gradient technique to compensate spherical aberrations of the
write laser beam. We optimize the coupling of read laser light by simulating the propagation
of light through multi-layered micro-structured material. We effectively tripled the number
of layers that can be fabricated in a commercial grade PMMA and also reduced the read
laser power requirement by a factor of 7. We measured the threshold fluence required to
record bits at different depths to extract the aberrated spot sizes. The write laser power was
then accordingly adjusted for each layer to maintain the same fluence while recording the
bits. We used vector-diffraction theory to simulate the variation of spot size with depth and
compared it with the measured values. To maintain a constant readout signal, we show
that the read laser power needs to be adjusted layer to layer to account for scattering losses
during propagation through multi-layered nanostructures.

2. Methods
2.1. Data Fabrication

Femtosecond pulses from a Ti:sapphire laser system (800 nm, 1 kHz, 45 fs, 2.5 mJ/pulse)
were focused inside clinical quality (CQ grade from Goodfellow, UK), commercial grade
(CG) PMMA samples and commercial grade polycarbonate (PC) with a 0.5, 0.83 numerical
aperture (NA) aspheric objective. Samples with the thickness of 2 mm were mounted
on three-axis translation stages with a resolution of 100 nm (Figure 1a). Pulse energies,
measured after the aspheric objective, were varied from ~ 25-70 nJ] by a combination of
half-wave plate and polarizer. The pulse duration at the aspheric objective was 70 fs, moni-
tored continuously by using a single-shot auto-correlator. Multiple layers were fabricated in
PMMA starting from the bottom with the last layer being at 100 pm depth from the top sur-
face. Each layer consisted of a 25 x 25 array of bits/modified regions, each irradiated with
a single laser pulse. Typical bit spacing was 2.0, 0.8 um, and the layer spacing was 10 pm.
Fluorescence emission from bits was recorded by using a Nikon confocal fluorescence
microscope with a 40x objective (NA 0.8/1.1, working distance 2 mm, water immersion)
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at an excitation wavelength of 488 nm, and an emission window in the 500-550 nm range,
respectively. Sensitivity of the detector at 488 nm excitation was 140 and the pinhole size
for confocal microscope was optimized at 39.6 um. The CW read laser power measured at
the sample was in the range of 1 pW-150 pW.

(a)

Femtosecond
Laser

CCD Camera ND-filter
Digital Trigger

V Sample
x,, 2 translation P

stage

[

Figure 1. (a) Schematic (b,c) Top and side view of the FDTD grid showing the layout of the modeled
nanostructured PMMA. The pink arrow shows the plane wave propagation direction. In addition,

the blue (green) arrow represents electric (magnetic) field. Yellow lines, positioned 1 um above and
below each layer, represent the power and field profile monitors.

2.2. Aberration Correction by Energy Gradient

Spherical aberrations increase the laser spot size with depth. Consequently, the
threshold energy to induce modification in a medium increases. If the incident pulse energy
is not dynamically adjusted with depth to compensate for the change in laser fluence, the
number of layers that can be fabricated is limited. This can be overcome by adjusting
the incident pulse energy to the threshold value, which ensures a minimum laser spot
size and spherical aberration. To determine the variation of threshold pulse energies with
depth, a single layer containing an array of bits was fabricated at different depths with
an incremental increase in pulse energy between adjacent lines within the array. This
information was implemented during the automated fabrication of data in different layers.

2.3. Numerical Simulations
2.3.1. Spherical Aberrations

The effect of aberrations on the spot size was quantified by using the vector diffraction
theory developed by Wolf [20] and Torok [21,22]. The focusing lens was assumed to be
free of spherical aberration and the wavefront was assumed to be uniform at the focusing
plane. The Cartesian components of the electric field at any point p inside the material of
refractive index ny, is given by a linear combination of diffraction integrals:

= —iK[I{" + )" cos(20,) | e, = —iKI{" sin(26,), . = —2KI|") cos 6,
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Here, ¢ and ¢, are angles of incidence and refraction at the interface between two
materials of mismatched refractive indices and the aberration function

Y (1, o, —d) = —d(n1 cos ¢ — npcos ¢y),

and the normalized radial and axial coordinates v and u are given by v = ky (x? + y?) 2 ging
= kirpsing, sina, u = koz sin?a = korp cos ¢y sin? &, where « is the solid semi-angle of
the lens in the first material, kg, k1, and k, are the wave numbers in the vacuum, first and
second medium (PMMA), respectively, f is the focal length of the lens in the vacuum, [y is
an electric field amplitude factor, 75, and ¢, and 6, are spherical polar coordinates to the
point p where the fields are being evaluated. The standard expressions were used for the
Fresnel transmission coefficients 7; and 7, and for the Bessel functions J, of the first kind.
Numerical integration was performed by using the adaptive Gauss-quadrature method
and evaluated at the first maximum of energy density in z.

2.3.2. FDTD Simulation

To optimize the coupling of the read laser light, we simulated the absorption of the
plane wave (478-498 nm) traversing through 20 layers of laser-modified regions/bits in
PMMA by using the FDTD: 3D Electromagnetic Simulator (Lumerical FDTD Solutions,
Inc., Vancouver, Canada) Each laser-modified region/bit was assumed to have a cylindrical
structure (1 pm diameter and 4 pm length) with 0.15% higher refractive index than the
surrounding, unmodified PMMA and an imaginary refractive index of about 8 x 10~ [23].
A7 x 7 array with a bit spacing of 2 pm was considered with periodic boundary conditions
in the transverse x—y plane. The first layer was positioned 30 pm below the surface and
subsequent layers were spaced 10 pm apart. Total simulation dimensions were 15 x 15 pm
in the transverse plane and 230 um along the propagation direction. Power and field profile
monitors were positioned 1 pm above and below each layer to study the propagation of
light. The side and top view of the FDTD simulation model is shown in Figure 1b,c.

3. Results

Figure 2 shows the variation of fluorescence intensity of an array of bits from different
layers fabricated in CQ and CG grade PMMA for different bit spacing (Figure 2a) and
layer spacing (Figure 2b). Bits in each layer were fabricated with fixed incident energy.
Fluorescence intensity drops significantly as the number of layers increases. Vertical
dashed lines represent the layers where the read laser power had to be increased and
the fluorescence intensity normalized. CG-PMMA produces a lesser fluorescence signal
compared to CQ-PMMA. As a result, only 21 layers could be fabricated in CG-PMMA
compared to 35 in CQ-PMMA. This is most likely due to the different chemical compositions
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of the additives and UV stabilizers. For a fixed layer spacing of 10 pm, the fluorescence
signal is lower for smaller bit spacing (Figure 2a). Confocal images of layers 5, 15, 25, and
35 are shown in Figure 2¢, d, e, and f respectively, for a bit spacing of 2.0 ym.
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Figure 2. Variation of fluorescence intensity with the number of layers fabricated in PMMA for
(a) fixed layer spacing of 10 um and bit spacing of 2.0, 2.5 um in clinical quality (CQ), and 2.0 pm in
commercial grade (CG), and (b) fixed bit spacing of 2.0 pm and layer spacing of 10, 15, and 20 pm
in CQ grade. Vertical dashed lines represent the layers where the read laser power was adjusted to
produce the same fluorescence signal (see text for details). (c—f) Confocal microscope images of bit
arrays, fabricated at a fixed energy of 35 & 3 nJ energy, for layers 5, 15, 25, and 35, respectively.

There are two major contributions to the rapid change in fluorescence intensity with
the number of layers: (1) spherical aberrations influencing the write laser fluence, and (2)
coupling losses of the read laser due to scattering from multiple micro-structured layers.
For a fixed bit spacing (Figure 2b), the former leads to lower fluorescence intensity with
the increase in layer spacing. This is because the depth at which the layers are fabricated
increases, causing the spherical aberration to increase the laser spot size and thereby reduce
the fluence for a fixed incident pulse energy. The latter requires the use of higher read laser
powers. With a 0.5 NA aspheric objective, 10 pm is the optimum layer spacing—a balance
between aberrations (that scales with NA of the objective) and cross-talk between layers
(that depends on the confocal parameter).

The influence of spherical aberrations on the ability of the write laser to fabricate bits
at different depths is shown in Figure 3. For this study, a single layer containing an array
of bits was fabricated at different depths with an incremental increase in pulse energy
between adjacent lines within the array. As the depth increased the number of lines in the
array visible under an optical microscope decreased, as shown in Figure 3b—d. This is due
to an increase in the threshold fluence required to modify PMMA as a result of an increase
in the spot size from spherical aberrations. Figure 3a shows the threshold energy required
to observe fluorescence from bits at different depths. A nearly linear variation of write laser
energy with depth makes it easy to implement an energy gradient during the automated
fabrication of data in different layers.
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Figure 3. (a) Variation of threshold energy required to fabricate bits at different depths in PMMA.
(b-d) Optical microscope images of an array of bits, fabricated with increasing pulse energies from
bottom to top, at depths of 100, 150, and 350 um.

Figure 4 shows the variation of write laser spot size, both experimental and simulated,
with depth inside PMMA. Experimentally, the spot size was extracted from Figure 3 by
comparing the threshold fluorescence intensity for a given layer with that of the first layer
(100 pm below the surface) as a reference. The spot size was obtained by considering bits at
different depths (50 pm apart) fabricated with a specific write laser energy that produced
fluorescence intensity similar to the reference signal. The effect of aberrations on the spot
size was quantified by using the vector diffraction theory developed by Wolf [20] and
Torok [21,22] (see Methods).
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Figure 4. (a) Variation of spot size with depth in PMMA extracted from the threshold energies of
Figure 3 (black squares) and calculated from the vector diffraction theory (red circles). (b,c) Spatial
profile of the simulated laser spot size at depths of 100 pm and 200 pm focused inside PMMA with a
0.5 NA aspheric objective.

The spatial profile of the simulated focal spot produced by a 0.5 NA aspheric objective
at an apparent depth of 100 and 200 pm inside the PMMA is shown in Figure 4b,c. Spherical
aberration increases the spot size and energy density in the secondary maxima of the Airy
pattern with depth. Simulated bit sizes were obtained by taking 1/e diameter of the central
maxima in the diffraction pattern. Agreement with the experimentally obtained spot sizes
establishes the fact that non-linear effects such as self-focusing are not dominant at the
write laser energies used (up to 60 nJ).

In commercial grade PMMA employing fixed write laser energy, the maximum number
of layers that could be recorded and retrieved is limited to only 20 layers, beyond which
fluorescence intensity is comparable to background noise (Figure 2a). By employing the
energy gradient technique to offset spherical aberration effects and shifting alternate layers
in the x—y direction by half the bit spacing, we could fabricate 60 layers with 10 um layer
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separation and 2 um bit spacing in each 25 x 25 array as shown in Figure 5a. Multiple
layers were fabricated by incrementally increasing the write laser energy based on the
dependence of threshold energy on depth (Figure 3a). Figure 5b shows the dependence of
read laser power required to record different layers for the two fabrication methods—fixed
write laser energy and energy gradient. For the latter, the read laser power is lower by a
factor of 7 for the 20th layer. Lower read laser powers ensure no photo-bleaching of the
emission centers induced by the write laser, hence no damage to the recording medium.
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Figure 5. Fabrication of 60 layers in commercial grade PMMA by compensation of spherical aber-
rations. Fluorescence intensity variation (a), and read laser power variation (b) as a function of
the number of layers fabricated with fixed pulse energy (black squares) and with energy gradient
technique (red circles).

The effectiveness of our method is demonstrated by fabricating 50 layers of data with
0.9 num bit spacing and 10 um layer spacing in CG grade PC (Figure 6a—c) by using a 0.8 NA
objective with no index-matching liquid. The NA of the objective is similar to the one
used in Blu-ray disc making it a viable 3D ODS technology. Spherical aberrations are more
dominant when using such a higher NA objective. However, our method is effective in
minimizing spherical aberrations with higher NA objectives up to depths of ~400 pm
where the bit size increased only by ~25% (Figure 6f). The read laser power required to
obtain nearly constant fluorescence intensity from different layers is shown in Figure 6d,e.

The gradual increase in the read laser power with depth is due to coupling losses aris-
ing from scattering and absorption from micro-structured multiple layers. To optimize the
coupling of the read laser light, we simulated the absorption of a plane wave (478-498 nm)
traversing through 20 layers of laser modified regions/bits in PMMA by using the FDTD:
3D Electromagnetic Simulator (Lumerical FDTD Solutions, Inc., see Methods).
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Figure 6. Fabrication of 35 layers in commercial grade PC using a 0.83NA lens. (a—c) Confocal
microscope images of bit arrays with 0.9 um bit-spacing, for layers 8, 16, and 35, respectively.
Fluorescence intensity variation (d), and read laser power variation (e) as a function of number of
layers fabricated with energy gradient technique (red circles), (f) Spot size variation as a function of
number of layers.

Figure 7a—f shows the field patterns 1 pm below layers 8, 9, and 10, respectively, for
two cases in which the bits in alternate layers are either unshifted and lie on top of each
other (top row) or shifted in the x—y direction by 1 pm (middle row). In the unshifted case,
after propagating through the first few layers, the scattered light localizes near the bits and
in the regions between the bits. As the number of layers increases, the scattered light in the
regions between the bits increases in magnitude (Figure 7a—c) and less light propagates in
the center relative to the edges. Consequently, during imaging, this can reduce the contrast
between bits and lead to darkening of the central region of an array of bits as observed
previously [24]. When bits are shifted between alternate layers, light is localized near the
bits with very little scattering in the surrounding regions (Figure 7d—f). As a result, the bit
contrast is enhanced, and coupling losses are reduced.
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Figure 7. Simulated field patterns of light propagating through an array of unshifted bits between
alternate layers, (a—c) 1 pm below layers 8, 9, and 10, respectively. (d—f) The same as above for the
shifted bits.
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Figure 8a,b shows field patterns 1 um above layer 9 for the unshifted and shifted
bits cases, respectively. In the unshifted case, field patterns change drastically while
propagating a distance of less than 5 pm. The regions where fields are stronger, just after
layer 8 (Figure 7a), become weaker and vice versa. However, in shifted case, light undergoes
a simple defocusing effect.

Figure 8c shows the simulated coupling losses of the read laser for shifted (red) and
unshifted bits (blue). Relative losses are low for the layers close to the top surface but
increase significantly with the number of layers. Assuming coupling losses to be the major
contributor for an increase in read laser power, we compare the simulated losses directly
with the experimental variation of the read laser power as shown (black). Fabrication and
imaging of 60 layers shown in Figure 5 were only feasible by shifting the bits between
alternate layers. For the unshifted case, the maximum number of layers that could be
imaged was about 25.
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Figure 8. Simulated field patterns of light propagating through an array of unshifted bits between
alternate layers, (a) 1 pm above layer 9. (b) The same in case of the shifted bits. (c) Experimental
(black) and simulated read laser coupling losses for unshifted (blue) and shifted bits (red).

4. Discussion and Conclusions

Development of 3D ODS technology with enhanced storage capacity relies on simulta-
neous innovations in two research areas. First, we must find a suitable recording medium
capable of storing data in multiple layers with a long shelf life. Secondly, we must spatially
localize the data bits and retrieve them from multiple layers.

By using common, inexpensive transparent plastics such as PMMA and PC, we
eliminate the need to search for and develop novel composite materials that exhibit pho-
tosensitive properties. The embedded data is thermally stable up to the glass transition
temperature of the recording medium, thereby offering a long shelf life [5]. PMMA and
PC do not fluoresce inherently. Irradiation by an ultra-fast laser results in the localized
formation of carbonaceous clusters [25,26] within the focal volume that fluoresces upon
excitation. In other words, the ultra-fast laser induces photo-sensitivity.

By refraining from the use of index matching liquids and specialized optics during
the read—write process, we demonstrate enhanced storage capacity. This was achieved
by minimizing spherical aberrations during the write process and optimizing the light-
scattering during the read process. Our method enables practical implementation in
developing a viable consumer electronic device. Higher bit density can be achieved with
high NA objectives but requires index-matching liquids and is limited by the working
distance of the objective. Our method does not use index-matching liquids to compensate
for spherical aberrations but exploits the depth variation of threshold pulse energies
required for modification. However, it requires an accurate determination of the threshold
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pulse energies. Any variations in incident pulse energy or determining the threshold
energies can lead to either darkening of bottom layers or a low signal-to-noise ratio. In
addition, for objectives greater than 1 NA, the method can be ineffective in minimizing
aberrations beyond 60 layers (120 layers bi-directional). To simulate spherical aberrations,
the focusing lens was assumed to be aberration-free and the wavefront was assumed to be
uniform at the focusing plane.

To optimize the coupling of the read laser with different layers in a stack and the
scattering of fluorescence signal from the above layers, FDTD simulations assumed each
laser-modified region/bit to have a cylindrical structure to mimic the experimental Rayleigh
range. Varying the radial bit size changes the scattering regime from Rayleigh to Mie
scattering. As a result, the contrast between the modified and unmodified regions is higher
when the bit size is greater than the wavelength of the read laser and reduces when the
bit size is smaller than the wavelength of light. Varying the axial bit length influences
the cross-talk between the adjacent layers and determines the number of layers that can
be packed in a standard optical disc. Light coupling is also influenced by the bit spacing.
There is an optimum bit spacing that allows a maximum number of layers that can be
detected. According to FDTD simulations, a bit spacing of minimum of 1.5A gives the best
contrast and enables the reading of maximum number of layers.

To conclude, we demonstrate the fabrication and imaging of 60 layers of data in
CG grade plastics by optimizing the multi-layer data recording and reading parameters.
This allows us to stack 120 layers of data in a standard 1.2-mm-thick optical disc by
using bidirectional read—write geometry. Optimization using our technique highlights
the practical implementation of our method into a fluorescence-based optical data storage
technology. A storage capacity of 275-GB disc can be easily realized with the demonstrated
bit spacing of 0.9 nm. This can be further enhanced by reducing the bit size (and therefore
bit spacing) by using higher NA lenses and shorter wavelengths. Employing adaptive
aberration correction and reduced axial bit dimension can potentially lead to recording 150
layers of data in PMMA. Manipulating light propagation by strategically introducing gaps
between a set of layers in order for the light to regroup, can further reduce coupling losses
of the read laser.
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Proposed extension:

The most straightforward way to increase the 3D-ODS capacity is to decrease the spot size
by using a high NA oil immersion objective lens. However, the use of high NA oil immersion
objectives is not practically feasible in any type of disc reader due to the intricacies of oil
immersion systems.

Another way to decrease bit size is by wavefront correction using phase-modulated spatial
light modulators to dynamically adjust for different depths. Although diffraction-limited spot
size can be achieved[!8], the phase-modulated spatial light modulators (SLMs) are not an
economical industry-relevant solution (consumer product applications). The following methods
are proposed to decrease the bit size by minimizing spherical aberrations resulting from the
optical elements in the setup and enhancing axial resolution through a combination of spatial
and temporal focusing. These methods are experimentally feasible and relatively cost-effective
compared to the techniques discussed above.

Minimizing aberrations

The spot size can be decreased by minimizing spherical aberrations arising from the optical
elements in the setup. The focusing lens contributes to the majority of these aberrations. One
effective approach is to use aspheric lenses, which are specifically designed to minimize these
aberrations. The aspheric lens (0.83 NA- Edmund optics) was used in the publication. However,
these lenses are commercially produced for a specific design wavelength, i.e., the aberrations are
minimized for the specific wavelength. The design wavelength for the 0.83 NA lens used in the
publication was 587 nm. For any other wavelength, even within the working range specified by
the supplier, the aberrations would result in the spot size larger than the diffraction limit. This
was observed in our experiments, where the average fluorescent spot size was ~ 0.7 um (or ~ 1
um for 1/e?). Considering the nonlinear two-photon interaction, as the bandgap of commercial
polycarbonate is 3 - 3.5ev [19], this corresponds to the focused spot size of &~ 2 um for linear
interaction (see Eq.9.1), which is not the diffraction-limited spot size for 0.83 NA lens.

Such aberrations from the focusing lens can be minimized by using optical design software
such as Zemax. In Zemax software, most of the commercially available lenses can be imported,
with all of the design parameters, from the inbuilt library. Through the variation of design
parameters like length, width, and conic surface shapes, a diffraction-limited spot size can be
obtained at any specific design wavelength. Figure 9.7 shows the snippet of the simulations
performed in Zemax. The non-paraxial 0.83 NA lens (designed for a wavelength of 587 nm)
was optimized to achieve diffraction-limited spot size at 800 nm.

The diffraction-limited spot size for 0.83NA lens with 800 nm light, calculated in terms of
airy disc (black circle) radius, was 757 nm, as highlighted by the red underline in Fig.9.7a.
Without optimization, the root mean square (RMS) radius was approximately 1.41 pm (not
shown). The RMS value in Zemax measures the average spread of rays around the centroid
of a spot, providing a quantifiable measure of the achievable spot size by considering various
aberrations. After optimization of the lens, the RMS radius decreased to 886 nm, as shown by
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Figure 9.7: Zemax simulations performed for minimizing the spherical aberrations introduced
by the lens for the 800nm input wavelength. a The diffraction-limited spot size in terms of airy
disc radius (757 nm), highlighted by the red underline and by the black circle in the image.
Also, the RMS radius was achieved at 886 nm after optimization. b The combination of plano-
convex and aspheric lens utilized for optimization of the spot size

the red arrow in Fig.9.7a. This was achieved by reducing the thickness of the objective lens
from 9.71 mm to 9.21 mm and adding an additional plano-convex lens with a focal length of
300mm (Fig.9.7b). The conic surface and length of the lens were not adjusted, as altering these
parameters is not practically (or economically) feasible given the manufacturing constraints of
commercial manufacturing. Therefore, an approximate 5% reduction in spot size is achieved
by optimizing the focusing lens of the designed system.

Temporal Focusing

The temporal focusing technique can be utilized to enhance the axial resolution, thus allow-
ing for a higher density of recorded data layers in 3D-ODS. This technique operates on principles
similar to chirped pulse applications. Light pulses are stretched (or spectrally separated) and
then compressed only at the focal plane of the lens. As a result, the pulse duration is shortest
(high peak power) at the focal plane, leading to a strong intensity gradient at the spatial focal
plane. These high-intensity gradients ensure that the energy required to induce two-photon
absorption or nonlinear interaction, which initiates material modification, is only achieved at
the focal plane. This creates a highly localized modification, avoiding unwanted modifications
above or below the focal plane, thus achieving enhanced axial resolution. This technique was
recently employed by Saha et al. [20] in the two-photon lithography (TPL) method and demon-
strated high axial resolution 2w, ~ 1 pm with 1.2 NA lens and 800nm laser wavelength. This
is near the modified diffraction limit in the case of a two-photon process [0] (refer to Eq.9.5).
Therefore, using temporal focusing, Saha et al. [20] achieved diffraction-limited axial spot size.

Figure 9.8 shows the schematic of the temporal focusing technique, which can be easily
integrated into the existing setup. The step-by-step process is discussed below:
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Figure 9.8: Schematic of the temporal focusing technique. aFemtosecond pulses are
stretched and compressed as they pass through the optical system to implement temporal fo-
cusing. The micromirror array spectrally separates the different wavelengths of the femtosecond
pulse and stretches it, whereas the objective lens focuses the pulse in the time domain. b A
4f-like optical arrangement to ensure that the optical path lengths for all wavelengths are equal
between the micromirror array and the focal plane of the objective lens but unequal everywhere
else, leading to the shortest pulse at the focal plane. Part of this schematic is reproduced from
Saha et al.[20]

DMD - Micromirror
array

e Temporal focusing begins with the stretching of the femtosecond pulse by passing it
through a dispersive digital micromirror array (DMD), optimized to achieve efficient
diffraction for the central wavelength of 800 nm, as shown in Fig. 9.8a. This DMD
causes different wavelengths of the pulse to spatially separate and to travel at slightly
different speeds, effectively elongating the pulse duration.

e The stretched pulse is then directed through an optical setup designed to recompress the
pulse specifically at the focal plane. A 4f-like optical arrangement (Fig. 9.8a) can be
used to ensure that the optical path lengths for all wavelengths are equal between the
micro-mirror array and the focal plane of the objective lens, while remaining unequal at
all other points. Consequently, at the focal plane, the various wavelength components
realign temporally, and the laser spectrum spatially overlaps, resulting in the shortest
pulse duration, as illustrated in Fig. 9.8b.

e Material dispersion also stretches the pulse as it propagates through the sample. How-
ever, for ~ 50fs pulse widths, the pulse broadening introduced by 1.2mm thick PMMA
with GVD of 81.808fs*/mm is 0.295fs, which can be neglected. However, if only a few
cycle pulses were employed, pulse broadening would be significant and would need to be
dynamically compensated.
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Therefore, temporal focusing avoids any modification above or below the point where the
pulse duration is shortest, leading to a highly localized modification. Thus, high axial resolution,
near the modified diffraction limit for two-photon microscopy, can be achieved. The diffraction-
limited axial spot size in the case of TPM is given as [(]

~0.532)

1
W,
V2 [n— Vn2 —NA?

Substituting A = 800nm, NA = 0.83 and n = 1.57 for polycabonate, the axial spot size 2w,
= 2.54 pm. In the publication, a maximum of 120 layers were recorded in a 1.2 mm disc due
to a layer spacing constraint of 10 pm, determined by the axial spot size of approximately 7
nm of the fluorescent spot. Thus, in principle, by employing the temporal focusing technique,
the layer spacing can be effectively reduced by half - nearly doubling the storage capacity.

(9.5)

Advantages:

e The proposed method can be easily integrated with the existing data writing setup.

e Temporal focusing combined with optical design optimizations in Zemax can lead to at
least a twofold increase in 3D-ODS capacity.

e Compared to oil immersion high NA objectives and phase-modulated SLMs, the proposed
method is both practically feasible and cost-effective for consumer applications.

Disadvantages: There is an inherent complexity in optical alignment to ensure the path
length of different wavelengths is the same at the focal plane. If not properly compensated,
this pulse stretching can result in a loss of intensity gradient at the lens’s focal plane, thereby
decreasing resolution.
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Appendix A

Energy absorption rate via induced
dipoles

The energy absorption rate for a single-photon transition is attributed to induced higher-order
multipoles. When a monochromatic electromagnetic field interacts with a molecule, it generates
oscillating charge and current distributions, which are described through a multipole expansion.
As outlined by Barron et al. [l], the induced electric dipole, fi, electric quadrupole, 9~, and
magnetic dipole, m are expressed through a limited series expansion, representing a linear
combination of dynamic molecular tensors [2, 1].

= Z&QBEN'[? + Z GQBBB + é ZAaﬁvEN'BV; éaﬁ = Z 7aﬁ Mq ZX&BBB + ZgaﬁEﬂ
B B By

' (A.l)

where the cartesian indices are represented by Greek letters. The electric dipole polarizability
is given by complex dynamic tensor d.g, the magnetic susceptibility is given by Xags, electric
dipole-quadrupole polarizability is given by Aam, where Aam = Gyap, and the electric-magnetic
dipole polarizability is given by Gag where G5 = —g,5. The double subscript notation ngy
is used to represent field gradients VﬁE7 [2, 1]. The electrlc and magnetic fields are defined
with time dependence expressed separately as E (t) = Ege ™" and B (t) = Bye ™!, where Ej
and By are the field magnitude represented in terms of complex vectors and w is the frequency
of the incident light. All the terms represented with tilde in the above equation are complex
quantities dap = i + i s = A, Aoy = Alp, +iALs = Ay, Gop = Glp+iGhs.

The rate of change in the multipole interaction Hamiltoman reflects the time-averaged rate
at which energy is absorbed from the electromagnetic fields by the induced multipoles [2, 1].
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1.
I' = (fiaEq + Mo By + geaﬁEag)t (A.2)

where f1,m,0, E, = 1 (Eae_i“’t + E;ei“’t> and B, = 1 (Bae_m + Bre™') are real quantities.
By examining the component of the dipole moment in the direction of the electric field, [ is
replaced with « to derive the following expression,

FE'lel = %O/O/(ﬁ <E;Ea + EgE;) — FEle'l = g()éga [EQE;] (A3)

Magnetic dipole-dipole excitation (M1-M1) is given by

w

w ~ o~ ~ o~ ~  ~
Par-an = =X (BBB; + B;;Ba> = Daioan = 5 X [BQBZ] (A.4)
The electric-magnetic dipole excitation (E1-M1) arises from the interaction between the
electric field and the electric dipole moment induced by the magnetic field, and vice versa. The

corresponding expression is given by

w . . w .
Peran = 1 (Gls)y (BﬂE;; . EQBE> = D1 = 5pGh,Im [E;Ba} (A.5)

To accurately model the bulk response of the material, it is essential to average the tensor
quantity G, 5 over all possible molecular orientations. However, when molecules exhibit partial
alignment due to laser-induced dipole forces, the assumption of isotropic orientation no longer
holds. In such cases, an anisotropic averaging method must be employed. This approach mod-
ifies the averaging process to ( ;B) » — pGl,, where p is an orientation-dependent weighting
factor that reflects the extent of molecular alignment within the system [3].

Electric dipole-quadrupole excitation (E1-E2) arises from two distinct contributions. The
first is the interaction between the field gradient and the quadrupole moment induced by the
electric field. The second involves the interaction between the electric field and the induced
electric dipole moment. The corresponding expression is given by

Tt s — %’< Cde | VaBy B+ Eo (Vs Ev)] S Tprm = gpAgMRe viEs( E;t>]
(A.6)

here we applied anisotropic averaging to the tensor ( gw p = PAna,, Where p is a weighting
factor that depends on the degree of molecular alignment. When complete molecular alignment
is achieved (p = 1) and the principal molecular axis is aligned with the propagation axis (),
the tensor simplifies to (A%, ), = (AL, + A%s,) [2]. Since the primary contribution to the
dipole moment is along the electric field direction («/), we focus on the term Aga'y' This tensor
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component vanishes for randomly oriented molecules, representing isotropic averaging. Higher-
order multipole transitions, such as E1M2, E2M1, and E2E2, are excluded from consideration,
as their corresponding molecular response tensors for these transitions are negligibly small.

The total rate of excitation is a sum of all four absorption rates given below for an asym-
metric Laguerre-Gaussian (LG) beam

. . AN 2 = AN
0F = SAIEE P+ X\ B + oG/ | (EF) - Bf |+ 5pA"Re [VES - (E5) |} (A)
2 N—— N / §

7

-~

~
E1E1 MI1M1 E1M1 E1E2

here § represents the asymmetry parameter, where 6 = 0 indicates a symmetric LG beam, and
§ # 0 indicates an asymmetric LG beam. The sign in ['* represents the sign of OAM.
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