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Abstract

The problem of reflection and refraction at
law and Fresnel formulations considering the incident light as plane wave. However, a real
laser beam that consists of an infinite number of plane wavessiigtiitly different wave
vectors doesndét exactly follows the | aws of
beam centroid position is displaced by a-stdvelength distance either-ptane or out of the

plane of incidence, known as optical beanitskvhile the outof-plane shift is referred to as

the ImbertFedorov (IF) shift or the photonic spin Hall effect (PSHE), which results from
photonic spirorbit interactions, the Hplane shift is known as the Goebkinchen (GH) shift,

which arises from th dispersion of reflection coefficients. The fundamental significance of
these sulwavelength scale phenomena, along with their enormous potential for use in
advanced optoelectronics and photonic sensors, have made them a focus of active research in
recentdecades. Therefore, it is increasingly clear that the intricacies of thismagter
interaction and its regulating characteristics need to be studeetail However, detecting

this minuscule effect is problematic due to its small size (spatial shift ~ nanometer, angular
shift ~ nanoradian). As a result, the weak value amplification (WVA) approach is used,
enhancing the wavelengttale optical beam shift todlbeam width scale.

In this thesis, we have investigated how the polarization states and angle of incidences can
control the Googdanchen (GH) shift in the vicinity of critical angle of incidences in total
internal reflection condition. A general theoretical model using Jamedsix formalism is
developed. The application idea of tunable GH shift values irsdmgor orpolarization
controlleddevices is also discussed in detail. Next, the interaction surface dependent variation
of GH shifts is investigated considering mongeliged (ML) tungsten eselenide (WSg placed

on SiQ-Si substrate. It is observed that the critical angle of incidence is drastically shifted as
compared to the glassr interface which is also predicted from reflection coefficients that are
calculated using transfer matrix method (TMM). Further, to ingatt how the beam shape

can affect the magnitude of GH shifts near the critical angle, two orthogonal first order
HermiteGauss (HG) light beam, HGand HG: are created using phase only spatial light
modulator (SLM) and employed in WVA setup. The experimental data presents angular
dependence of GH shifts in TIR region for both the modes. A comparison of shift values for
HG modes with the case simple Gaussian light beam ¢bEdearly dictate the advantage of

using higher order light beams over Gaussian beam.

Vi



Next, the study of photonic spaplitting (PSS) in transverse as well as longitudinal direction

is investigated using-@and spolarized Gaussian light beam. The investigation is focused near
the Brewster angle of incidence during the partial reflection at ML X¥88&&-Si interface.
Finally, employing a vortex light beam, how the generalized PSS get modified by the azimuthal
index (), postselection angle and polarization states at different angle of incidences are
investigated at aiglass interface. Ashe conventionalWVA formalism is restricted at the
strong coupling regime and very close to orthogonalgré posiselection states, an improved
weak measurement model is developed using wave vector formalism to support the
experimentally obtained results. The develogeteralized theoretical model is valid for
external as well as internal reflection from absorptive material interaction surface irrespective
of theabovementionedimitations. Even the optimum overlap of pesd postselection states

to get maximum amplified PSS is also elaborated. The important findings of this thesis will
enrich theunderstandingof optical beam shifts and open up the different application
possibilitiesin wavefront manipulation, determination of optical parameters, optical sensing,

and nanephotonics

vii
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List of symbols

: Spatial GH, IF Shift

: Angular GH, IF Shift

: Angle of incidence / Incident angle

: Refractive index

: Wavelength of incident light

: Angle of deviation / rotation from orthogonal condition
: Polarization angle

: Preselection angle

: Postselection angle

: Relative phase difference betweer&ps-polarization

. Initial phase difference betweengnd spolarization

: Complex Fresnel reflection coefficient

: Amplitude of the reflection coefficient

: Phase of the reflection coefficients

: Real part of ¥ order derivative of reflection coefficient
: Imaginary part of $order derivative of reflection coefficient
: Beam waist

: Propagation distance

: Rayleigh range

: Amplified photonic spin splitting in longitudinal direction

: Amplified photonic spin splitting in transverse direction
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Introduction

Optical beam shift, one of the most fascinating light matter interactions, have become a center
of active research in last few decades because of its fundamental importance as well as huge
application possibilities. This sulavelength scale phenomena h#ae to not only rigorous
theoretical studies but also several advanced optoelectronic and sensors applications are being
proposed. Consequently, it is becoming more and more obvious to investigate the details of
this lightmatter interaction and its modting parameters. However, the measurement of this

tiny effect is challenging and the weak value amplification technique is utilized. In this thesis,
we not only will unveil interesting characteristics of beam shifts experimentally but also
developed appmoiate theoretical models that support the experimental findings. We have
demonstrated that the displacement of beam centroid position in longitudinatKi@oolsen

shift) and transverse (Imbdfedorov shift/Photonic spin Hall effect) direction can be
maripulated by properties of incident light beam (polarization state, beam shape, orbital
angular momentum), interaction medium and the configuratoametersf the experimental

setup (angle of incidence, pestlection angle) as will be elaborated in detail in this thesis.

Since the discovery of optical beams carrying intrinsic orbital angular momentum
(OAM) by Allen et. alin 1992, it has been proven to have diverse applications in the field of
wave front manipulations, optical trapping, high resolution imaging, data transmission and
optical communications, and even in quantum informatoving to its extreordinary
properties such as helical phase structure, phase singularity at the core of intensity profile and

multi-dimensional topological charges, respectively.

In recent years, the advancement of science and technology has generated immense
curiosity in layered materials. A whole new branch of-ttumensional (2D) materials has
emerged in the community. There are several members in 2D materials such as graphene,
transition metal dchalcogenides (TMDC) and more are being added day by day. Due to their
inherent properties, TMDCs show a lot of interesting phenomena like charge density waves,
magnetism, and superconductivity making them a focus of the research ciiynmun
Molybdenum disulphide (Mo9) is one of the most studied TMDCs which have great potential
in naneelectronics and optoelectronics. Keeping in mind the importance of 2D materials in
optics and optical applications, we have chosen them as the basic system to study optical beam

shift bah theoretically and experimentally.
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Starting from the solutions of Ma x-we | |
including Cartesian (plane wave), spherical, and cylindriead haveintroduced the concept
of beamlike solutions via the paraxial approximationGhapterl. We then discussed several
optical beams, including Gaussian, Herin@aussian, and Laguer@®aussian beams,
highlighting their key properties and applications in nphotonics. A brief overview of
techniques for generating higherder beams using different optiedémentss provided, with
particular emphasis on the role, advantages, and limitations of spatial light modulators (SLMs).
The chapter concludes with an introduction to vector beams, setting the stage for their further

exploration in subsequent chapters.

Chapter?2 starts with the basic introduction to the phenomena of optical beam shifts.
Different types of norspecular effects, their origin and related initial controversy, final
explanation, several modulating parameters, and the available application possiiétie
discussed in detail.

Chapter 3 provides a brief overview of the available experimental techniques and
difficulties in the measurement of the small shift values. Then the idea of quantum weak
measurement along with the optical analog of it and its application in the study of detecting

tiny optical effects are briefly discussed.

In Chapter4, we investigate thpolarizationcontrolledGoosHanchen (GH) shift ear
the critical angle of incidences in total internal reflection condition. A general theoretical model
using Jones matrix formalism is proposed for the reflection of a Gaussian light beam. Along
with the polarization dependence, the incident angle depeadeatso presented for arbitrary
linear polarization state. The application idea of tunable GH shift values isebsor or

polarizationcontrolleddevices is also disesed in detail.

Chapter5 mainly deals with the interaction surface dependent variation of GH shifts.
Due to the interaction of incident light beam with monolayered (ML) tungsteseleiide
(WSe) placed on Si@Si substrate the critical angle drastically shifted to other angle of
incidence as compared to the gtassinterface. Then the variation of small GH shifts values
with angle of incidence, poselection angle and linear polarization state are elaborated
experimentally. Using transfer matrix method (TMM) theaefiion coefficients are calculated
and used in the theoretical model of weak value amplified GH shifts. Also, a comparison with
the previous work is discussed to establish the benefit of using ML/®iSgSi structure and
the weak value amplification technique over other ones.

XX
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Chapter6 explores how the beam shape can affect the magnitude of optical beam shifts
near the critical angle of incidences. To do so, two orthogonal first order H&anies (HG)
light beam, HGo and HG: are created using phase only spatial light modulator (SLM) and the
experimental setup is upgraded as we will see. The experimental data presents angular
dependence of GH shifts in TIR region for both the modes. A comparison of shift values for
HG modes wth the case simple Gaussian light beam (t&Mearly dictate the advantage of
using higher order light beams over Gaussian beam. Also, the manipulation of beam shape at
orthogonal condition and a compatible theoretical model based on propagation of light through

different optical elements are elaborated

In Chapter 7, the study of photonic spisplitting (PSS) in transverse as well as
longitudinal direction is investigated using and spolarized Gaussian light beam. The
investigation is focused near the Brewster angle of incidence during the partial reflection at
ML WSe/SiO.-Si interface. Interesting features of PSS depending upon the incident angle,
polarization state, and peselection angle are described. Theoretically an improved weak
measurement model is developed using wave vector formalism to support the expesimentall

obtained amplified PSS ioth transverse and longitudinal direction.

Chapter 8 describes a rigorous study of generalized PSS using arbitrary linearly
polarized orbital angular momentum (OAM) incident light beam aglass interface. How the
PSS values can be tuned using fsmdection angle, polarization angle at different inciden
angle and topological charge of incident light beam are thoroughly investigated. The developed
generalized theoretical model using angular spectrum representation is valid for external as
well as internal reflection from absorptive material iatdion surface also irrespective of
coupling strength. Even the optimum overlap of pred posiselection states to get maximum
amplified PSS is also elaborated. The experimental data proves the consistency of theoretical
model is at strong (angle of iWence near Brewster angle) and weak coupling (far from

Brewster incidence) region.

Finally, chapter9 discloses theverall summary antuture prospective®f the works

extensively presented in this thesis
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Chapter 1: Different Optical Beams

1 Different Optical
Bea ms

Beginning with Maxwell 6s equations, their
coordinate systems, with particular emphasis on beam -like solutions such as
Gaussian, Hermite dGaussian, and LaguerredGaussian beams. In parallel, various
techniques for generatin g these beam profiles are outlined, and the applications

of higher -order light beams in nano -photonics are summarized here.



1.1 Introduction

The visible light constitutes only a small portion of the broad electromagnetic spectrum, which

Chapter 1: Different Optical Beams

e X t e n d saysfarooenextreme to radio waves at the other. Between these two limits lie X

rays, ultraviolet radiation, visible light, infrared radiatiomdamicrowaves, arranged in

decreasing order of frequency. It is well known that light exhibits a dual charattewing

both particlelike (photon) and wawke behaviours though these two aspects are mutually

exclusive in a single measurement. In g@ah the propagation of light in free space or in a

medium can be well described by classical electrodynamics, whereas the interaction of light

with matter requires a quantum mechanical framework.

In this thesis, our primary focus is on the studypfical beam shiftsising different

optical beam profileswhich correspond to the wave nature of light. Beginning with the

cl assical

its solutions in various forms, including plane, spherical, and cylindrical waves. We then obtain

f or mul at

i on b

ased on Maxwel

0s

equ

the exact Helmholtz equation and show how, under the paraxial approximation, it leads to

beamlike solutions in different coordinate systems.sTtarmalism allows us to establish that

light beams possessing specific azimuthal phase structures carry orbital angular momentum

(OAM). The essential characteristics and generation technigues of such optical beams are

discussed briefly. Thehapterconcludes with an introduction to vector beams and a discussion

on the potential applications of higherder light beams as established in contemporary

research.

1.2 Maxwell Equation
The set of

Ma x we |

| 6s

equations

describe

encompassing both its electric and magnetic properties. The most general form of the

macroscopic

Ma x

we l

ngr D " M

g

| 6s e
MO T

Tl o

gualfi ons

n

S|

(1.1)
(1.2)

(1.3)

(14)
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Where, the source$, »p and L »d present in the right, are the free charge and current

densities, respectively.

The fields appearingontheldftand si de of Maxwell 6s equat
two categories: the vacuum fields, represented by the electricAigitd and the magnetic
flux density”A "Ird , and the macroscopic fields, represented by the electric displacement
A7l and the magnetic field intensity "Id . Together, these equations describe the

interdependence between the electric and magnetic fields and their physical sources.

The first equatior{1.1) , commonly known as Gausso6s | av
act as the sources or sinks of electric displacement field lines. Eq(ha&pmndicates that
magnetic field lines have neither sources nor sinks, implying that magnetic monopoles do not
exist in nature. Equatiofl.3) , known as Faradaydés | aw of ele
that a timevarying magnetic field gives rise to a circulating electric field. Finatyation
(1.4), or the AmpereMaxwell law, embodies two fundamental observations: first, that electric
currents produce circulating magnetvargngf i el ds
electric displacement field also generates a circulating magnetic &éisldntroduced by

Maxwell.

1.3 Wave Equation

The solutions of Maxwell 6s equations cannot
properties of the medium with which the electromagnetic fields interact. Specifically, it is
essential to establish the relationships between the electric A&l and the electric
displacement fieldA "IFd , as well as between the magnetic field'lid and the magnetic
induction”A "IFd . Considering the propagation of an electromagnetic (light) wave through a
medium characterized by permittivity and permeability* , the constitutive relations

connecting these quantities are expresséil]as

r PO T D (1.5)

(BN 4 (16)
Wheref | p ... ,° “ p ... withf and® denotingthe vacuum permittivity
and permeabilityrespectively and.., ... represent the electric and magnetic susceptibilities,

respectively.
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In general, the permittivity and permeability of a medium are tensor quantities and
may also be complexalued, depending on the material properties. Their tensorial nature
accounts for anisotropy, while the complex components represent absorption or loss within the
medium. These parameters determiteether the medium behaves linearly or nonlinearly
under the influence of electromagnetic fields. A detailed discussion of these aspects lies beyond
the scope of the present work, as they are not central to the objectives of this thesis.

Comprehensive tré@ents can be found in standard textbooks on Electromagndt3jn [

The electric and magnetic fields appear:
coupled. However, in a sourfee medium, where "Id  mandé "Id 1, these equations
can be decoupl ed, |l eading to the homogeneou

expressed as follows:

ngr MO T (1.7)
ng| o T (1.8)
1w (1.9)

noF MO T T
. T =MD 1.10
no|| s T l_; 5 T (1.10

By taking the curl of equatiofi.9) and interchanging the order of the curl and time derivative
in the second term, followed by substituting equatibh0) into the resulting expression, we
obtain:

§ T MO (1.11)
To

Using the welknown vector identityn 1 ] n nd] n | equation(1.11) can be

written as,
g D 1 be'ﬁf) (1.12)
Finally, using equatio(i.7) in (1.12), we have,
NG TTIF_’F“) T[ (1.13)
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This represents the wave equation for the vector ﬁvebﬁ‘) , Where the propagation speed is

given byo — In a similar manner, by taking the curl of equat{@ri0) and employing

equationg1.8) and(1.9), an analogous wave equation fberD can be derived as

Ll o TT T|| b»hb - (1.14)
Thus, both of thewave equation(1.13) and (1.14) are linear, homogeneous, secoeorler
differential equation. Owing to its linearity, the principle of superposition holds true. This
principle states that if- (Q plglol8 Fe) are individual solutions of the wave equation, then
any linear combinatioB | [ also represents a valid solution, wherare arbitrary constants
(real or complex).

The specific form of the solutions depends on the physical conditions of the system. All
light fields in a homogeneous medium must satisfy the wave equation; however, realizing a
particular solution experimentally requires precise control of external pteesn Some
solutions are mathematically convenient yet difficult to achieve in practice. Conversely,
deliberate manipulation of external conditions can yield a specific class of solutibas

generation of coherent light in a laser being a prominemhpbeaof this principle.

In the following sections, several monochromatic solutions of the wave equation in a
homogeneous medium are discussed in detalil.
1.3.1 PlaneWave Solution
The general solution of the wave equatfjtbri3) and(1.14) can be written in the forras
PO MDA D% (1.15)

| »o | »d A D% (1.16)

Where »0and| w0 are the amplitude of electric and magnetic field of EM waves and
%o M is the phase of the wave. A plane wave is characterized by fhake at any given
time; remain constant in a plane perpendicular to the direction of propagation of the wave. The

phase,
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%o MO 10 (1.17)

obeys this condition as the dot prod@®»remains constanf( ) as the tip of the position

vector, »moves over a given plane perpendicular to the direction of propagatibere,i is
the component of»in the direction of propagatiomn general, the wave vector is complex

given by,

" (119

is the real part of the propagation vector smslreal attenuationvector denoting the
attenuation (or the gain) of the amplitude of a wave during the propagation through a medium.

It can be shown that, anyell-behavedunction of (

1 9 can represent a plane wave.
Now, by substituting equatiqd.15) i nt o Ma x w€Ll7)l- (@.50), wemphtaant i o n s
(1.19

(1.20)

(1.22)

(1.22)

The above equations represent the transversality condition for the complex field amgitudes

and || . It should be noted that the electric and magnetic fields are transverse to the real wave

vector ¢ only when the medium is neabsorbing ¢ ). Furthermore, by combining

equationg1.21) and(1.22) and applying the vector triple product identity, eanobtain

7 (1.23)

Where

€ ‘T (1.29)
With &€ being the complex refractive index of the medium which is given by,

€ & Qf (1.25)

Where¢ andt are known as the refractive and extinction indices of the medium, respectively.
A few simple steps following equatiok23) - (1.25), we can get
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. 1 (1.26)

So, it can be concluded that in place of permittivity and permeability, the complex refractive
can now describe the bulk properties of an optical material.

1.3.2 Cylindrical and Spherical Wave Solution

An infinite line source located at 1tin an isotropic medium produces coaxial cylindrical
wavefronts that either propagate outward or converge inward toward the line mt The

harmonic cylindrical wave solution of the wave equation can thus be expressed as

€ vy 6 € T~V \ 1.2
Oiho :A g8 Q1 1 o (£.27)
M
Similarly, a point source generates spherical wavefronts that either propagate radially outward
fromi Tor converge toward 71U The scalar electric field of a harmonic spherical wave

can, in general, be expressed as

. 0 .
oifb  SAg® DI o (128)
In both cases, the radial dependenpgli for cylindrical waves angj i for spherical waves
- can be derived by integrating the wave equation expressed in cylindrical or spherical

coordinates, respectively, while taking into account the principle of energy conservation.

1.3.3 Beamtlike Solution: Helmholtz Equation and Paraxial Approximation

One of the most striking characteristics of laser light is its exceptional directionality, closely
resembling that of a plane wavdowever, unlike a plane wave, the field amplitude of laser
light decreases rapidly in the transverse plane. Additionally, laser light exhibits divergence
during propagation, although for short distances this divergence is much smaller than that of a
spheical wave. While laser light is not perfectly monochromatic, it represents the closest
practical approximation to monochromatic light. Therefore, to model a solution that closely
approximates laser light, the field should be nearly monochromatic, higklstidnal, and

exhibit minimal divergence.
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We begin by assuming that both the refractive index of the medium and the propagation vector
of the light wave are real, so that the electric field of a sifrglguency wave can be expressed
as

FMD  YOn »AGDQ 0o (1.29

Where| is the angular frequency of oscillation and» is the complex spatially dependent

part of the electric field. Similaype of equation also existsr the magnetic field.

Now, substituting equatiofi.23) into equation(1.13), we obtain the vector Helmholtz
equation for the complex electric field as follows:

nne QR T (1.30)
Where'Q 1 j Qis the wave vectowith G@dbeingthe speed of light in vacuum.

This is a vector equation that specifies the direction of oscillation of the electric field. However,

as noted by Lax et al], the paraxial approximation of the Helmholtz equatibB0) applied

to a single polarization is notlL?if(ll0lbnd consi
therefore must be treated with caution. To avoid such inconsistencies, it is preferable to
formulate the Helmholtz equation in terms of the vector potentidl]. The concept of the

vector potentia&=can be introduced starting from equat{@r8) as follows:

| n = (131

Again, using this in equatio(iL.9), we get,

—a

= (132
n -
F e T

which gives us the idea of existence of a scalar potegpti@dfined as,

—n

= 1.33
n B Ir _(‘) ( )

Now, the equatio(l.3l)and(1.33) i denti cally sati éB)iaed9.t he Ma
To find out the dynamical behavior of scalar and vector potential we need to substitute equation
(1.31) and(1.33) in (1.7) and(1.10), respetively.

Next, utilizing the Loentz qugen8= —— T, we can get,
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pT (1.39)
= =——= T

w'!o

pT (1.39
5 oGrelB T

From trese, the Helmholtz equation for the vector potential can be derived by considering the

ansatz= 'YX A@DQ ofor amonochromatic waygielding:

nX QX T (1.36)

By solving this as we get the equation of vector potential, the electric field can be calculated

as,

& 1.3
Ry (137)
The vector form of the Helmholtz equation can be reduced to a scalar form by assuming a
constant polarization vector of unit magnitude. Let the optical axis be alomgdihection,
and choose the vector fields to be polarized transverse to this axis. Introducing a general symbol
to represent the electric field, magnetic induction, or the vector potential, and denoting the

unit polarization vector byl, we can write:
v > (1.38
Following this ansatz, the vector Helmholtz equafibB0) can be reduced to scalar form:
n, Q, m (1.39)

So, this is the starting point of thealysisof several optical beantsaving different shape and

properties.

In geometric optics, a ray that makes a very small angle with the optical axis is referred
to asparaxial. Similarly, if the angular spectrum of a light beam is composed primarily of plane
waves whose propagation directions |ié@ close

axis), the beam is termedparaxial light beam Consequently, for a paraxial light beam, the

dominant component of the wave ved hies along thex-direction and can be expressed as:

- = - 1.40
. Q 1 (1.40)
cQ

Whetrell ‘Q  Q is denoted as transverse wave number.

-9-
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For a field propagating predominantly along tiv@xis, a suitable solution to the scalar

Helmholtz equatiorl.39) can be expressed as:
, > U QrRQA (1.42)

WhereU » is the amplitude distribution that slowly varies with respec tbhis is because
the primary factorQ & /2 Qdnas been written explicitlyNow, substituting Eq(1.41) into
(1.39), weobtaina partial differential equation for the amplitude distribution
142
n o T—,t‘) c"QgQD Tt (1.42)
Ta T a
Considering the slow variation of the profile adirection as compared to the variation in
transverse plane, we can say
T O . (1.43)
— L V)
rg - ¥ %
The other consideration is that the second derivatitlerespect tais much smaller than the
first derivative multiplied by the overall wavenumber,
o .,Tov 1.44
L0 gl (49
ra T a

Applying both of the above conditionsequation(1.42) we get,

) 14
nu cQ"TQé) Tt (1.49)

T
This is known aparaxial wave equatio(PWE)which describes a wave that propagates in a
highly directional manner along tkreaxis.So, we are looking for a restricted classalution

of PWEwhich are also well known in the context of laser optigs [

The most welknown solution of the paraxial wave equation (PWE) is the Gaussian
beam. Other important and widely used solutions include the Héfatessian (HG),
LaguerréGaussian (LG), and Besg@aussian (BG) beams, which naturally arise as solutions
in rectangular and cylindrical coordinate systems. Among these, the Bessel beam is particularly
significant due to the separability of its transverse and longitudinal components. Collectively,
these beam types form a complete set of solutions to the PWIE.N@hbeams do not possess
orbital angular momentum (OAM), both LG and BG beams can carry OAM, which makes

them valuable for various advanced optical applications. To understand the key characteristics

-10-
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of these fundamental beam types, we begin with the Gaussian beam, followed by brief

discussions of the others.
(a) Gaussian beam

For Gaussian beam, the intensity in the planeT, called thewaist planeis assumed as of a
Gaussian form,
"C \ |" rl" D \ |" rl" OZ ‘I" rl" "Cx.z 7‘ (1.46)

Where'Ois the peak intensity and is the root mean square width in the waist plane.

i Besm

(@) ©
() . (@) - s - 4
! = W(Z)l
y ::“\ Z’
ﬁWu Wo ""'n\
— \"n._
Zp =
Position (x, }")

Figurel.1 (a) Transverse intensity profile of a Gaussian beam propagatindgiriection. (b
Variation of intensity with transverse coordinateyj (c) 3d intensity distributiofd) Gaussia
beam width,w(z) as a function of distance along the beam, which forms a hyperb

0 dx AEGEIUEEAAAd 2 AUT AECEA

Intensity (W';‘mz)

As evident from experiment that the transverse intensity profile remains Gatissitorm of

the possible solution is assumed as

O » 00Q T Q (1.47)

Wherer] @ andn a are complex functionshich need tabe determined.

Substituting(1.47) in equation(1.42), rigorous calculations afterwards lead us to the solution

of the form,

-11-
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p . (1.48)

p aJja
Where'Y & & «jaistheradius ofcurvature0 ¢ 0 p & ja isthe effective
beam width as functiona@f, 5 & OAT ¢ & isthe Gouy phase shifty, “0 j_is

the Rayleigh rangando "Ois the amplitudef the Gaussiarbeam

It is evident that the plan@ T corresponds to the location of minimum beam width
and is referred to as the beam waist. The Rayleigh range is defined as the distance from the
waist at which the beam width increases by a factdfcofompared to the waist radius ()
[Figure1.1]. It should be noted that a Gaussian beam is sim@peant during propagation,
meaning that although its width varies alongdkexis, it retains its Gaussian intensity profile
throughout.

(b) Hermite-Gaussian (HG) beam

2 2 2
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- 0. > 04 » 0.4
03 03
0. N 0. X
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o
: 2 2
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23 1
{09
2 {08
10.7
B {0.6
I
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20 0.1
7 2 0 2
X (mm)

Figurel.2 Transverse intensity distribution of higher order Hers@tuss light bearatz =
0 plane.
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In Cartesian cordinates it is possible to separate the amplitude funétiohufa into two
functions where one of which depends upon one transverse vawabl@) and on the

longitudinal variablexin the following way:

b ohuhx O 0 (1.49
Wherem andn denotethe order of the Hermite polynomialin andv , respectively.

Each of these functions follows the PWE in one transverse dimension and that can be obtained
by solving the PWE in either one dimension as,
. 150
T—‘ CQ:TQ- 0 (.d’D( Tt ( )
Tw T a
The solution of this can be presented as a product of Gaussian with a Hermite polynomial in

the following form[2],

o 0 n WQ 0 o < (1.59)
L  an —Agmo—— Agb —— A@DPQa
0 & ca « L a
N
Pao 22
L QA
Here, O pic GAc¢i“ | is the normalization constant afi@ is the Hermite

polynomial of orden .

Following a similar approach) ¢ can be obtained in the same manner. By
combining both components, the complete HerB@ussian modé  ¢huha is derived.
Figure 1.2 illustrates the intensity profiles for several Herm@aussian beams of different
mode orders. Here, the indicésand¢ represent the number of nodal lines alongdahand
wrdirections, respectively. The parameters0 & ,'Y &, andd retain the same definitions
as those for the fundamental Gaussian beam discussed earlier. It is evidentithatgor T,
the solution reduces to the fundamental Gaussian beam. The variations in the transverse
profiles alongw and w at any givenda arise solely from the Hermite polynomial factors
corresponding to the mode indicesand&. However, the evolution of the Gouy phase in

Hermitd Gaussian beams is modified as:

O
>\
—_
Q
Q

B & 0 pB a o p (1.52

Where the combined order of the mode, & €.
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So, n case of higher order modes the Gouy phase will be increased by the factgr as

compared to Gaussian mode.

(c) Laguerrei Gaussian(LG) beam
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Figure 1.3 Transverse intensity distribution of several Lagu€ssaiss light beam at =0

plane.

Another complete set of beams are the Lagu@aessiai{LG) modes which are the solution

X (mm)

of PWE in cylindrical ceordinates:

X (mm)

p 1

"

CQ{L‘ o

Tt

X (mm)

(153

Where” ande are the radial cordinate and azimuthal angle, respectively. The normalized

form of the LG beams is giveas P],
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" A~ SR ” ” (1.54)
. 0 n
O "P _,—,C Agp R ® ,c
vDa LA v a
.7
A@‘DQ?W AgDoAZPR «a

Here, 0°% are the generalized Laguerre polynomials with appropriate normalization constant

o) st nA“ n LsAand BB G ¢l < pBk & isthe Gouy phase shift
The LG beams also form an orthonormal set in the mode indetten integrated over the

radial coordinate as,

o "RR T (1:59

c
=
a(

The orthogonality property of the Lagudr@aussian (LG) modes give rise to the generalized
Laguerre polynomials6]. The transverse intensity profiles of LG beams exhibit concentric
rings, the number of which is determined by the radial imgess illustrated ifrigure1.3. The
second mode index appears in the azimuthal phase Ae@®a ,» which producesys
intertwined helical wavefrontssurfaces of constant phase. The handedness of these helices is
determined by the sign of The orbital angular momentum (OAM) associated with LG modes

originates from this azimuthal phase structure.

Furthermore, the LG modes are orthogonal with respect to the azimuthal dntier
integrated over the azimuthal variableand in fact, they are orthonormal in both mode indices
nh under integration over the entirefe  plane, as expressed by:

, e . .l (1.56)
Q% "Q° "k 0 "hHR 1

(d) Bessel Gauss(BG) beam

The full Helmholtz equation also admits a class of solutions whose transverse profiles remain
invariant during propagation. Consequently, these beams were tdinded f f Hfreec t i on
b e a nbg Durninet al.[7]. These are exact solutions of the complete Helmholtz equation;
however, they possess infinitely extended transverse profiles. Therefore, their practical
realization is constrained by the finite aperture of any real optical system. Another notable
featureof these beams is that their field distributi@mas be separated into radial, azimuthal,

and axial components. The corresponding amplitude distribution can be exprd&§ed as
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., PR 0 Il "AgBaAIERG (1.57)
Here,0 Il " denotes the Bessel functiod].[As observed, Bessel beaalsopossessimilar
azimuthal phase factoh @® ,+as the Lagueri&aussian (LG) modes and therefiralso
cariiesorbital angular momentum (OAM). A closer examination reveals that, in transitioning
from the full HelImholtz equation to the paraxial wave equation (PWE), the transverse part of
the differential equation remains unchanged; however, the relationship arheng t
wavenumbersQ I, and™Q is get modified. Consequently, the ansatz for the solution of the

PWE can be expressed as
O 'R 0 I "A®aA TG (1.58)

Where’Q Q "Qis the reduced longitudinal wavenumber.
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Figurel.4 2D and 3D intensity distribution of Besgghuss light beam.

The2D (atd Tmplane) and 30ntensity profiles of Bessel bearareillustrated inFigure1.4.

As evident from the figure, the fundamental (zerder) Bessel beam exhibits an amplitude
maximum at the origin, whereas higteder Bessel beams (HOBBS) possess an axial phase
singularity along the beam axis, where the amplitude vanishes. HOBBs Isaynekoth

vortex (helicoidal) and newmortex forms.
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Unlike conventional optical (or acoustic) beams, Bessel beams maintain their transverse
profiles during propagationshowing neither diffraction nor spreadingespite being tightly
localized. Another remarkable property of Bessel beams is thehlesihg ability: even when
partially obstructed, the beam reconstructs itself after a certain propagation distance.
Furthermore, it has been both theoretically priedi B] and experimentally demonstrated] [
that Bessel beams can be engineered to accelerate along arbitrary trajectories in free space, and

can even compensate for attenuation during propagation through absorbing media.

1.4 Generation of Different Optical Beams

In optics, a Gaussian beam is an idealized electromagnetic wave whose transverse amplitude
envelope follows a Gaussian function, leading to a characteristic Gaussian intensity
distribution It is characterized by a symmetric, sintfibed intensity distribution, minimal
divergence, and high spatial coherence. The most straightforward way to generate a Gaussian
beam is by employing singletransverseanode lasersuch as a HéNe laser, diode laser with

spatial filtering, fiber laser, Tisapphire laser, or NdvAG laser, which naturally emits a
Gaussian beam in its fundamental mode. In cases where the laser does not produce a perfect
Gaussian beam, several techniques can be employed to achieve a Gaussian profile, including
spatial filtering, singlenode opticalfiber coupling, or designing the laser cavity to favor

fundamentaimode operation.

Although laser beams are often well described by Gaussian modes mathematically,
many lasers naturally emit higherder Gaussian beams. The most common examples of these
are the HermifeGaussian (HG) beams. Unlike the fundamental Gaussian beam, which has a
singlelobed intensity distribution, higherder HG beams exhibit multiple intensity spots
corresponding to their mode indic8here are several approaches to convert a fundamental
Gaussian beam into a Hernii@aussian beam. One method involves desgtiia laser cavity
to introduce astigmatism using cylindrical lenses or tilted mirrors, allowing the cavity to
support higheorder HG modes1]0]. While this approach can directly generate pure HG
modes from the laser, it is relatively complex and requires precise alignment. An alternative,
simpler method is to use two cylindrical lenses placed at specific distances to convert a

Gaussian beam infO"O modes 11].

As discussed earlier, in most cases the transverse field distribution of a laser beam is
actually a superposition of Hermi€@aussian (HG) modes. For a laser cavity with rectangular

symmetry, HG modes naturally occur. However, even in cavities with circular symmetry, the
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output mode is rarely a pure Lague@aussian (LG) mode. In circular cavities, astigmatism

breaks the frequency degeneracy among the constituent HG modes, resulting in the observation
of a Adoughnut o mode rather than-eitherfhiouge LG m
specially designed laser cavitids] or by using cylindrical lensed 8] - pure LG modes can

be generated.

Apart from transforming HG modes into LG modes, several optical elements such as
spiral phase platesand g-plates can generate LG modes with npero orbital angular
momentum (OAM) directly from a Gaussian input bgad]. These elements have an optical
thickness that increases continuously with the azimuthal angle, completing a full cycle around
the beam. This structure imparts a helical phase front to the transmitted beam. Spiral phase
plates require extremely tight mextical tolerances to ensure that 8tep height corresponds
exactly to an integer multiple of the optical wavelength. Alternatively, they can be deliberately
designed with a step height thanist an integer multiple of the wavelength, which produces

fractional orbital angular momentum.

Another interesting optical element in the field of optics isakieon leng15]. An
axicon, also referred to as a rotationally symmetric prism, is a lens with one conical surface
and one plano surface. It can convert a Gaussian beam intediffnactive Besselike beam
or a conical, nowiverging beam. During this conversion, tflano side of the axicon should
face the collimated input beam. Further details on axicons can be foul@. in [

Another convenient method to generate LG mode structures is the bhs@fams
Holograms are similar to diffraction gratings but are designed so that therfiestdiffracted
beam acquires a specific phase and amplitude profile. Experimentally, the required grating can
be created by interfering the desired beam with a refererare-tior example, a pure Gaussian
beam. The resulting interference pattern can be recorded on a holographic film, which, once
developed, produces the desired beam when illatathby the reference beam. Alternatively,
the diffraction grating can be calculated numerically and implemented spatal light
modulator (SLM]17], a commercially available device capable of dynamically controlling the
phase or intensity of an optical beam.

Among other useful techniques, the use of diffractive optical elements (DOE) or spatial
light modulators (SLM) is particularly prominent. These devices impose a specific phase
pattern on an incoming beam, thereby altering its waveffafit This methodology is highly
flexible, allowing the creation of arbitrary beam modes and enabling dynamic switching
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between different modes. Inehfollowing, we briefly discuss the use of SLMs, as this
instrument has been employed to generate higtdar light beams in the studies presented in

the following chapters.

. . Modulated reflected
Incident light light
Structure of LCOS
Glass substrate
Transparent
electrode film
| |

layer T

/ Alignment film

Reflective film P —
s 1 2]
Applied voltage

Figurel.5 Schematic of the structure of spatial light modulator (SLM) and how it works

<— Liquid crystal . . . . .

Spatial light modulators (SLMs) are essential components in modern optical systems and are
extensively used in advanced applications including holography, laser beam shaping, and
optical communications/arious types of SLMs are commercially available, including liquid
crystal (LC), digital micromirror devices (DMD), electoptic (EO), waveguide, acoustptic

(AO), and magnetoptic (MO) based SLMs. Among these, the liquid crystal on silicon
(LCOS) SLMis particularly popular.

In an LCOS device, the reflective liquid crystal display panel consists of three layers: a
silicon backplane, a liquid crystal layer, and a glass substrate with a transparent electrode, as
shown inFigure 1.5. When a voltage is applied to the millions of electrodes (pixels) on the
silicon backplane, the liquid crystal molecules rotate in response to the electric field. This
rotation changes the refractive index of the liquid crystal layer, thereby modulatipgabe
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2 Optical Beam Shifts

This introductory chapter reviews the literature on optical beam shifts,
focusing on the Goos dHanchen and Imbert dFedorov effects. Their origin, key
dependencies, and practical applications are demonstrated in detail. While
extensive studies exist, certain  aspects remain insufficiently explored, thereby

motivating the investigations undertaken in this thesis.
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2.1 Introduction

In optics, the study of reflection and refraction at the interface between two dielectric
media forms a fundamental aspect of lighatter interaction. When the incident light is
modelled as a plane wave, this problem can be accurately described using@Snel | aw anc
Fresnel equationsl]. However, in practice, real laser beams consist of a superposition of
infinitely many plane waves with slightly di
and Fresnel equations no longer provide a complete description of reflection and refraction
While each constituent plane wave individually satisfies these laws, their collective
superposition exhibits unconventionBehaviour giving rise to a range of intriguing
phenomena, including the Gadtinchen (GH) shift, the Imbé&fedorov (IF) shift, ad the
photonic spin Hall effect (PSHE2].

Building on the discussion from the previous chapter, we begin here with the reflection
and refraction of plane waves. We then briefly introduce thespewcular phenomena
mentioned above, outlining their underlying mechanisms and dependence on vaiitals opt
parameters. A unified framework for describing optical beam shifftarbitrarily shaped
incident beams will also be presented. Finally, we highlight the applications of optical beam

shifts in optical sensing and metrology, concluding with the prirabjgctives of this thesis.

2.1.1 Laws of reflection

The weltknown laws of reflection were first formulated by the ancient Greek mathematician

Euclid around 300 BCE. T™secan be summarized as follows:

(a) The incident ray, the reflected ray, and the normal at the point of incidence all lie in the

same plane.
(b) The angle of incidence is equal to the angle of reflectior, i.e.,— —.

Depending on the nature of the reflecting surface, reflection is generally classified into
two categories: regular reflection and irregular (or diffuse) reflection. Regular reflection occurs
when light strikes a smooth, polished surface such as a mirnoretal plate, where it is
reflected at the same angle as the incident &aguire2.1]. In contrast, irregular reflection
takes place when light falls on a rough surface, causing the reflected rays to scatter in different
directions. In practice, most reabrld surfaces are rough at the scale of the wavelength of

light, and our visual perpgion of objects arises largely due to this diffuse reflection.
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The fundamental origin of Iight reflectio
since light is an electromagnetic wave. When a light wave is incident on a material surface, it
drives the electronef the medium into oscillation, leading to the polarization of the atoms.
These oscillating charges then emit secondary wavelets in all directions. According to the
HuygensFresnel principle, the superposition of these secondary waves gives rise to the

observed phenomena of reflection and refraction.

Incident ray . Reflected ray

n, >n,

! Refracted ray

Figure 2.1 Pictorial depiction of reflection and refraction at the boundary of two diel
mediums having refractive indic€ - and¢ .

2.1.2 Laws of refraction

One of the earliest quantitative studies of refraction was carried out by the Egyptian astronomer
Ptolemy, who proposed that the angle of refraction is proportional to the angle of incidence.
However, the complete law of refraction was first discoverethbyiragi mathematician Ibn

Sahl. A major advancement came in 1621, when the Dutch astronomer Willebrord Snellius
established the precise mathematical relation between the angles of incidence and refraction at

the boundary between two media, now univeysalk nown as Snell 6s | aw.
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French mathematician Pierre de Fermat offere
principle of least time, which states that light always follows the path that minimizes the travel

time between two points.

When light traveling in one transparent medium encounters a boundary with another
(for example, air and glass), part of the light is reflected back into the first medium while the
rest is transmitted into the second medium. The transmitted portion urslergenge in
direction as it enters the new medium; this bending of the light path is known as refraction
[Figure2.1].

The relationship governing this phenomenon is expressed by the law of refraction, or
Snel |l 6s | aw, whi ch r ed andés anglehoé refractigpt),eotto f i nc
measured with respect to the normal (a line perpendicular to the surface). Mathematically, it is

written as:
¢ OF-- ¢ O~ (2.1)
where¢ and¢ are the refractive indices of the first and second medium, respectively.

The index of refraction of a medium is a dimensionless constant defined as the ratio of
the speed of light in vacuum to its speed in that medium. Refraction occurs because light travels
at different speeds in different media. This change in speed caeskesritiing of light as it
crosses the boundary between two media. When light enters a denser medium, it slows down
and the refracted ray bends toward the normal. Conversely, when light emerges obliquely from

a denser to a rarer medium, it speeds up andhthbends away from the normal.

2.2 Concept ofbeam shifts

The classical laws of reflection and refraction provide an accurate geometrical optics
description of light propagation. However, for a real optical beam with finite wititd is, a

beam comprising a spectrum of plane wavtee behaviour becomes more complex. In such
cases, the reflected and transmitted beams deviate from the predictions of geometrical optics
at the wavelength scale. Neglecting shape deformations of the secondary beams, these
deviations can be primarily claBed into four types: ifplane and oubf-plane spatial shifts,

and the corresponding angular deflections [2]. A schematic representation of these shifts is
presented irFigure 2.2. Spatial and angular shifts can also be interpreted as changes in the

beamés <coordinate and moment um, respecti vel
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directions of the secondary beams. In conventional terminology, these phenomena are referred
to as spatial and angular Gobtinchen (GH) and ImbéfEedorov (IF) shifts. In addition,
another fundamental nespecular effect, the transverse photonic spin Etéct (PSHE),

arises during partial reflection and shares a common physical origin with the IF shift. Notably,
these basic beam shifts can occur in virtually any beam reflection or refraction scenario across
optical systems. In recent years, GH, IF, BIHE have attracted significant research interest,
particularly in the context of narahotonics, where lightatter interactions at subwavelength

scales are of central importance.

Figure2.2 Schematic representation of Gadanchen (GH) and ImbeFRedorov (IF) shifts
both spatial ¥) and angular shiftgy) are shown explicitly.

In the following sections, we provide a concise discussion of the origin, influencing

factors, and potential applications of GH, IF, and PSHE phenomena.

2.2.1 Longitudinal shift (Goos-Hanchen shift)

The first prediction of a displacement of the beam centroid during total internal reflection (TIR)
was made by Sir Isaac Newton in his seminal wopticks(1704), where he attributed this
effect to the penetration of light into the rarer medium [3]. The first experimental observation,
however, was reported by H. Goos and H. Hanchen in 1947, who employed multiple reflections

to demonstrate that this longitndl shift is intrinsically linked to the wave nature of light [4].
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Theoretical modelling of this phenomenon was subsequently developed by Artmann (1948)
[5], using the stationary phase approximation, and independently by Von Fragstein (1949) [6],

based on energy flux conservation.

Art mannds approach treated the incident
waves, where the rapidly varying phases largely cancel out, and the stationary phase condition
determines the dominant contribution to the optical .p&haring TIR, the imaginary
component of the Fresnel reflection coefficients generates an additiondHamaten phase,
which leads to a longitudinal displacement of the optical path. Although initially verified only
for transverse electric (TE) polarizab n Ar t ma om as lateroaxtenddd aa
transverse magnetic (TM) polarization. While generally successful, his model diverges near
the critical angle, where experimental measurements indicate a finite shift. This divergence
issue was addressed by Wolter [7] and subgetyyenore effectively, by Artmann himself [8].
Further investigations in the 1970s by Brekhovskikh [9] and Lotsch [10] demonstrated that
discrepancies between theory and experiment arose from limitations in the analytical

derivation, which breaks down the vicinity of the critical angle.

Mathematically, the theoretical expressions of GH shift for the incident TE (s) and TM (p)
polarized beam was derived by Lotsdg][as,

o = OB} p i Q& (2.2)
“Mi Q& & P £
OE+ ¢ OBEL ¢i Qe 1 Q& ¢ (2.3)

o
Il

i 0t & OBELt GE i | Q& &

where,_is the wavelength of incident light;s the refractive index of the medium arbleing
the angle of incidence.

Meanwhile, Renard proposed an alternative theoretical approach based on energy flux
conservation, in which the tirreeveraged Poynting vector of the evanescent wave above a
totally reflecting surface acquires a finite, rmgro value [11]. A schematic regentation of
this energy flux is shown iRigure2.3, where the center of the incident beam is denoted by
and the reflected beam shifted by a distanc&drelative to the incident beam. Energy flux

crosses th&/N plane, and since the incident and reflected beams have identical intensities
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under TIR,the principle of energy conservation dictates that this flux transfer can occur only
if the reflected beam is shifted from the position predicted by geometrical.g}diesresult, a
downward flux component of the incident beam is introduced, which is not compensated by
the upward flux component of the reflected beam through the COD plane. This flux difference
is localized in a strip of widtEsmear the beam center, and by conservation of energy, it must

correspond to the energy flux carrieglthe evanescent wave acrossiti¢ plane.

ng = n;

Figure2.3 Schematic of total reflection where I: incident beam,rtially reflected beat
Ru: displaced reflected beam owing to therggeconservation principlthat leads t@&sH shiff

(d).

According to energy flux conservation approadi][ the GH shift for s and p
polarized incident plane wave are given by,
OE+ (2.4)
VE 1 Q& »p

0O
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¢ OB+ (25)

This formalism demonstrated that the GH shift is a direct consequence of energy flux
conservation wunder tot al i nternal refl ectio
stationary phase approacparticularly away from the critical angi¢he two models converge
as the incidence angle approaches the critical region. The inaccuracies in this derivation were
later addressed by Lai et al. in 1986 [12]. In the intervening period, several researchers,
including Horowitz and Tamir [13] as well & wanandAni | i n [ 14], devel op
theoretical models by performing direct integration of the reflected electric field, further
refining the understanding of beam shift phenomena.

In parallel with studies of the spatial GH shift, angulsitettions from theestimate®f
ray optics were alsoecognizedand analyzed, particularly for partially reflected or transmitted
beams. In 1973, Ra et al. investigated this type of shift by analyzing the integrated reflected
beam for internal reflection, establishing the critical angle as a boundary separatingsgatia
angular GH shifts [15]. Subsequent studies by Antar and Boerner [16], White et al. [17], and
Chan and Tamir [18] provided modetailed theoretical analyses of the angular GH shift near
the Brewster angle and offered insights into its physical interpretation. In 2009, Aiello and
Woerdman revisited angular deviations in the Brewster region [19, 20], deriving explicit

expressions foboth s and ppolarized incident beanss,

A —Y —h— O0—h— Q-0 (2.6)
A'Y —h— O—h— Q-0

A

8—0O

where, 'Y —h— is the intensity reflection coefficient of the plane wave-h— and

'Y —h— "O—h— represent the reflected beam.

Finally, it has been theoretically established that GH shifts originate from the dispersion of the

Fresnel reflection or transmission coefficients, as expressed in [21]

n I 2.7
o g 27)
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Here,i ; denotes the Fresnel reflection coefficients, and the real and imaginary parts of

correspond to the spatial and angular GH shifts, respectively.

It is evident fromequation(2.7) that, under total internal reflection or upon interaction
with complex dispersive interfaces, the reflection coefficient generally becomes complex,
resulting in both spatial and angular GH shifts. Specifically, for TIR at adispersive
interface, thespatial GH shift is determined by the angular gradient of the phase of the Fresnel
reflection coefficient. In contrast, the angular GH effect arises from the angular gradients of
the amplitude of the Fresnel coefficients in cases of partial reflectiogfraction with real
coefficients. Therefore, both spatial and angular GH shifts are intimately linked to the spatial
dispersion of the scattering coefficients. Although the eigenmodes of GH shifts correspond to
s and plinearly polarized waves, polarizati is not essential for the existence of these
phenomena, as scalar wave models can also reproduce GH e#fguist explored in detalil

in recent studies [2].

In the past decade, numerical methods have been employed to investigate the validity
ranges of existing analytical formulas and to identify the incidence angles that yield maximum
shifts [22]. Recent analytical and numerical studies by De Leo et al.fd3raujo et al. have
further explored phenomena such as frequency crossover [24], symmetry breaking, and
composite GH shifts [25, 26].

2.2.2 Transverse shift (Imbert-Fedorov shift)

After the discovery of the longitudinal Gad$anchen (GH) shift, Soviet physicist Fedor
Fedorov (1955) was the first to point out that, during total internal reflection, thetienaged

Poynting vector associated with the evanescent field possessep@neninperpendicular to

the plane of incidence within the lower refractive index medium [27]. Consequently, a
transverse (oubf-plane) displacement of the reflected beam is also expected. Building upon
Art mannés stationary p R8wasthafjpspto deravean anahdicah i | | i
expression for this transverse shift in the case of circularly polarized light, which can be written

as,

[ Q&0 E -+ (2.9)
[ Q& & Oé +—

&

Where (+) and-} signs represent for the right and left circularly polarized beam dedotes

the wavelength of incident beam.
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The peculiarity of Schillingbs approach | i e
evanescent region do not explicitly appear in his calculations. Instead, his derivation relies
solely on the boundary conditions of the electric and magnetisfialong with the linearity

of the governing wave equations.

Later, in 1970, French physicist Christian Imbert experimentally confirmed the
existence of such transverse beam shifts. Subsequently, he also provided a theoretical
formulation of the effect [29], deriving an expression for the transverse displacenmgnthesi
concept of transverse energy flux within Fre
an energy conservation argument analogous to those previously employed by Kristoffel [30]
and Renard [11] in their derivations of the longitudinal Gétém c hen ( GH) shi ft .
formulation was both compact and consistent with the experimental observations. It was further
noted that the magnitude of the Imbé&wdorov (IF) shift is significantly smaller than that of
the GH shift; even under optimal cotidns - namely, circular polarization and incidence
angles approaching the critical angieremains finite and on the order of approximately half

a wavelength.

According to I mbertés calculation the trans

beam is given bj29],

o [ QEhE (2.9)
b £ [ 0F £ OE

o

However, certain limitations were inherent in this approach as well. In the conventional
treatment based on energy flux conservation, within the region where the incident and reflected
beams overlap (as illustrated fiigure 2.3), the total Poynting vector is generally considered

as the simple superposition of the individual Poynting vectors of the incident and reflected
beams. Neverthel ess, according to Maxwel | 6
superposition principle doewt strictly apply to Poynting vectors, since they are quadratic in

the field quantities.

As a consequence, both of these early approaches failed to accurately describe the
behavior of the transverse shift for incidence angles below the critical angle. Thus, the study
of the Imbert Fedorov (IF) shift has long been a subject of debate and gerdgyowithin the
optics community. In 1987, Fedoseyev and Player [31, 32] demonstrated that the IF shift is
fundamentally linked to the balance and conservation of the total angular momentum (AM) of
light, incorporating the intrinsic spin AM associatedhgtrcular polarization. Later, in 1992,
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Li berman and Zel 6dovich [ 33] rederived the |
the concept of spirorbit interaction of light. Subsequently, in 2004, Onaataal. [34]

interpreted the transverse shift as a manifestation of the spin Hall effect of light, related to the
geometric Berry phase, and once again obta
momentum conservation arguments. More recently, Bliokh an&kIBli85, 36] provided a
comprehensive theoretical framework for the IF shift, va&ti an exact and generalized
expression improving upon Schillingds result

Imbert Fedorov shift.
The complete theoretical formula for transverse shifts is givg8Hy

[
& G T héb (2.10)

() Q- p — wE-e
W i

(2.12)

Where @, @ are the complex amplitudes which determines the polarization of the incident

light beam.

This formulation clearly indicates that the Imbé&wdorov (IF) shifts fundamentally
originate from the intrinsic polarization properties of light. In the case of partial reflection or
transmission, the eigenmodes corresponding to the spatial IF shitreutarly polarized

waves, whereas linearly polarized waves are responsible for the angular IF shift [38].

It is noteworthy that, while a clear theoretical explanation of the Gtirschen (GH)
effect was established long ago following its discovery, an accurate and comprehensive
formulation of the IF shift along with its experimental verificatiorhas been achieved only
in recent years [389]. The primary reason for this lies in the fact that GH shifts can be fully
described within the twdimensional geometry of the plane of incidence, whereas the IF effect
inherently involves more intricate thre@mensioml physics and requires a precise

characterization of the polarization states of both the incident and reflected fields [36].

2.3 Unified approachto beam shape dependent shift

It can be observed from equatigfsr/), (2.10), and(2.11) presented in the previous sections
that the expressions for the Gadénchen (GH) and ImbeRedorov (IF) shifts are completely

independent of the beamdbs spati al profile. H
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conditions where the beam shape becomes distorted due to interaction with the interface. Such

deformation typically occurs when the beam is incident at the Brewster angle, foriwRich
mand® becomes ildefined. In this case, a special theoretical treatment is required (details

are provided irChapter8).

Considering a weltollimated monochromatic light beam with wavenumbB@r
propagating along thé -direction (as illustrated ifrigure 2.1), the real electric field of the

beam can be expressed as,
0 wohold 'Y ol Qo Qoo (2.12)
Where&bddenotes the speed of light in vacuum and
0 whohy Oo OGO "Qohnh (2.13)
is the complex analytic signal associated to the real si@nabhohy hd . Here, the two

complex amplitudesd and & define the polarization of the beam ai@whohy , the

complex scalar function represent the spatial shape of the beam.

For example;Qohohx can be Gaussian, Hermi@aussian or Laguer@aussian

function which are widely used in optict].

After reflection, the analytic signél @hohx get modified tad afuhx as B1],

O chuld ®O1 —Q & O O o (2.14)
O —0Q o dOho O
wherei —,1 — are the Fresnel reflection coefficients evaluated at the incident-angle

— The negative sign in thexdependence of the shifted distribution arises from the parity

inversion introduced by reflection, as observed in the reference frame of the reflected beam.

The four dimensionless complex shift parameters have been defined in the previous
section [seequationg2.7), (2.10), and(2.11)]. Expresng in terms of their real and imaginary

components, these complex shinddwcan be written as,

w ® O (2.15
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The center of the reflected beam can now be determined as the centroid of the overall intensity
distribution in thewxwplane Denotingw  wandw  win the Cartesian coordinate system,

the beam centroid is defined as

Ay .m0 0w . (2.16)
a» Oq —————————-hw pg
. 0O 0w
where,
T Dpip Q0 O dph (2.17)

represent thiotal reflectedntensity distribution functioni the transverse plane fprand s

polarizations, respectively.

Then the position of this centroid with respect to origin = ) 1T onthed @wé €80 0

plane, defines both the spatial and angular GH and IF shifts as,

L Q¢ :
3 aOmh g L ,q (219
T a
o aOd 2.19
3 aOnh g T-T é; (219

Here, the integratioalways denotethe definite integrals over the whaotey plane keeping
& wé £8in terms of physical interpretation, equati@il6) implies that the first moments

of the intensity distribution©); correspond to the relative shifis G4 of the reflected beam.

Now, by substituting the expressions from the previous sections into eq(&fign
and performing a rigorous calculation assuming a seunégrable functionQahuha , A.
Aiello derived the general formulas for the Gold&nchen (GH) and ImbéifEedorov (IF)

shifts for an arbitrary beam shape [37]

&d & o0 0 O (2.20)
& ® 0 0 &
Where
wxamﬁgrnmm (2.22)
(0]
‘T smome
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The first term on the righttand side of equatiof2.20) indicates that if the beam centroid is
initially centered at the origin of thiewplane, it will experience real displacemegitsand®

along thewandwdirections, respectively.

The second term is particularly interesting. The diagonal elements @f tltematrix
connect the imaginary parts of the complex shiftsnd & with the real displacements of the
intensity distribution. As equatiof2.21) shows, all elements of the matrix are functions of
only; hence, the imaginary padsandd describe the propagatiatependent behaviour of the
shifts. Specifically, the diagonal elemedts andd are responsible for the angular Gbos

Hanchen (GH) and Imbé&fedorov (IF) shifts, respectively.

Moreover, the ofdiagonal elementd andd mix the real part ofXQ) in the a(w)
direction with the imaginary part of the shic) in thea(c) direction. The presence of these
non-zero oftdiagonal elements is a distinctive feature of the shifted distribution and can be
exploited to enhance beam shifts using specially shaped light beams.

For example, considering Lagueiregsauss paraxial beam describedchrapterl [equation
(1.54)], it can be shown following the above discussed formalism that,

. a
We & —p O @ (2:22)

. a
GOe @ --p Lo (229

If | = 0, the LG beam reduces to the fundamental Gaussian beam and the above equations

become
- " a .. (2.24)
aOe — W
' B 0!
. N a . (2.25)

Denoting® ; and®y, in terms of spatial and angular GH and IF shifts as,

® 3> h & dag (2.26)

® 3h ® ag (2.27)

We can obtain,
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@Oe =  ap 8y o g (2.28)

@Oe > ap g g (2.29)

It is evident that the orbital angular momentum (OAM) of light exerts afdlebeffect on the
GoosHanchen (GH) and Imbéeedorov (IF) shifts. First, it enhances the angular longitudinal
or transverse shifts by an amount proportionalda Second, it induces an algebraic mixing

of the spatial GH (IF) and angular IF (GH) shifts, proportional ichese effects are universal

for LaguerreGaussian (LG) beams, implying that they are independent of both the polarization

of the incident beam and the material composition of the interacting medium.

This type of mixing was predicted previously [4Bfwever, we have elaborated on it
in greater detail through rigorous calculations and experimental verification using vortex beams
in Chapter8. Additionally, using Hermitésaussian and fundamental Gaussian beams, both

GH and IF shifts are examined@hapterss and 7, respectively.

2.4 Dependence of optical beam shifts

As discussed earlier, several intrinsic and extrinsic parameters associated with the incident
optical beam such as its spatial width, state of polarization, transverse field distribution (beam
shape), wavelength, and the electromagnetic properties of the reflecting or refracting interface
- collectively govern the interaction dynamics at the boundary. Variations in these parameters
can modify the phase and amplitude response of the reflected or transmitted field components,
thereby leading to correspondimodulations in the spatial and angular beam shifts. In the
subsequent discussion, these parameters are enumerated and their individual contributions to
the beam shift phenomena are briefly examined.

(a) Wavelength

Early theoretical and experimental studies have firmly established that the magnitude of optical
beam shifts is generallfo he or der of the incident | ightos
proportionality between thenr@onsequently, an increase in the operating wavelength generally

leads to an enhancement in the observed beam shift [2].
(b) Beam width

The beam width of the incident optical beam plays a crucial role in governing the magnitude
and behaviour of beam shifts, as it directly influences the modal composition of the beam [43].
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For Gaussian beams, the number of supported modes varies with the beam width, resulting in
distinct reflected intensity profiles. When the incident Gaussian beam has a relatively small
waist, the reflected field exhibits significant distortion due to tiesgnce of multiple higher

order modes. Conversely, for beams with larger widths, the number of contributing modes
decreases, leading to reduced distortion and a more ideal Gaussian profile upon reflection.
Hence, a beam with a sufficiently large width matosely approximates a perfect Gaussian

mode, minimizing modal loss during reflection.

Previous studies [43] have also shown that for a narrow Gaussian beam, the field
penetrates deeper into the medium, and since the penetration depth is proportional to the
magnitude of the beam shift, a relatively larger displacement is observed. Asringviokia
increases, the magnitude of the shift decreases rapidly and eventually saturates to a nearly
constant value for sufficiently large widths. This behaviour arises from the fact that a wide
Gaussian beam tends to approximate a uniform plane waveyhioh beam shift effects

become negligible.
(c) Polarization of incident light

Since the first observations of optical beam shifts, it has been well established that both Goos
Hanchen (GH) and ImbéifEedorov (IF) shifts are highly dependent on the polarization state
of the incident beamSpecifically, the eigenmodes associated with GH shifts correspond to
linearly polarized transverse magnetic (TM,prand transverse electric (TE, §rmodes,
whereas circularly polarized light gives rise to IF shifts. In the follovahgpters we will
demonstrate how the GH shift can be preciselytrolled by varying the polarization angle of

the incident beam. Furthermore, even for purepofarized light, the transverse beam shifts

can be significantly enhanced in the vicinity of the Brewster angle.
(d) Beam shape

The spatial profile of the incident beam is another critical factor influencing both GH and IF
shifts, as discussed in the previous section. The most commonly studied beam shapes in optical
beam shift investigations are Gaussian, Heiindtussian (HG), anidaguerré Gaussian (LG)

modes. Recently, several studies have extended these investigations to more complex beam
structures, including paraxial Bessel beams [44];panaxial Bessel beams [45], LG beams

with higher radial orders [46], HG beams [47], m@thussian Schethodel beams [48], and

dipole radiation [49]. General considerations of beam shape effects on beam shifts have also
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been reviewed in Ref. [37]. However, the dependence of beam shifts on beam shape has been
subject to considerable debate over time [50, 51]. In the forthcarhamerswe aim to clarify

some of these issues, which fall within the scope of this thesis.
(e) Surface of interaction

The characteristics of the reflecting and refracting interface play a crucial role in determining
the magnitude and direction of GH and IF shifts. Numerous studies have explored these effects
by varying the intrinsic and extrinsic properties of differeatenals, including the use of thin

films versus bulk media, modulation of sample thickness, application of external magnetic
fields, and the engineering of artificial metamaterials [52]. In the subsequent chapters, we will
examine in detail how the propiess of the reflecting surface influence optical beam shifts,
with specific consideration of diglass interfaces and monolayer transition metal

dichalcogenide (TMDC) sample.
(f) Special angles

Certain angles of incidence, such as the critical angle, the p8sadster angle during
internal reflection, and the Brewster angle during external reflection, are associated with rapid
variations in the Fresnel reflection coefficients. Consequentli, fymtial and angular beam

shifts exhibit anomalous behavior near these specific arfgtesious sidies have reported

that GH shifts are enhanced near the critical angle, whereas the photonic spin Hall effect
(PSHE) is amplified close to the Brewster @nddowever, it is important to note that these
enhancements are not universal; the behavior of GH and IF shifts at these special angles can
vary significantly depending on the optical properties of the reflecting interface. This thesis
addresses this issuedetail, providing a comprehensive analysis of beam shift behavior near

exceptional incidence angles.
(g9) Experimental parameters

As will be discussed in the followinghapter several experimental techniques are available to
investigate optical beam shifts. It has been observed that parameters specific to each
experimental method can significantly influence the measured magnitude of these subtle
effects. In the context of theeak value amplification method [39], propagation distance and
postselection angle are particularly important. The angular deflection of the beam can be
enhanced by increasing the propagation distance aftdveidum interacts with the sample.
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Furthermore, the influence of the pa&llection angle on GH shifts and the PSHE for specific

angles of incidence is analyzed in detail in the subsegheapters

2.5 Applications of optical beam shift

As discussed in the previous sections, research on optical beam shifts has been ongoing for
several decades, leading to a wide range of intriguing applications. As previously noted, GH
and IF shifts are sensitive to the intrinsic properties of the integaatedium, including
thickness, refractive index, conductivity, susceptibility, and other exotic characteristics [52].
This sensitivity enables the precise determination of these material parameters through
experimental measurement of beam shifts; a igoencommonly referred to as precision

metrology of optical parameters.

The process generally involves three key steps: first, establishing a quantitative
relationship between the beam shift and the relevant physical parameters; second,
experimentally measuring the specific beam shifts using an appropriate technique; and third

using the measured shifts as a pointer to accurately characterize the material parameters.

To date, both GH shifts and tipdotonic spin Hall shiftsRSHS) have demonstrated
significant utility in precision metrology for a variety of materials, including nanometallic
films, semiconductors, and tadimensional atomic crystals, as well as in biomolecular
sensing. Further applications of optical beam shift phrma include optical beam shift
spectroscopy, detection of chemical concentrations and reaction rates, optical differential
operations, image edge detection, and optical computing [52]. Quersity, the study of GH
and IF shifts has become a critical component in the advancement of modern optical research.

2.6 Concluding remarks

In summary, this chapter has provided an overview of the reflection and refraction of both
plane waves and optical beams, highlighting the emergence of the fundamergpknolar
phenomena, namely Gobkinchen (GH) and ImbeRedorov (IF) shifts. The origin of these

beam shifts has been examined in detail, along with a historical perspective on the development
of the relevant theoretical models. The influence of highder light beams on GH and IF

shifts has also been discads Finally, the key factoraffecting beam shifts were identified,

and the chapter concluded with a discussion of their applications in precision metrology,
particularly within the domain of naraptics.
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3 Experimental
Methodologies

Here, we examine different experimental approaches for the measurement of
GoossHanchen and Imbert dFedorov shifts. Through a discussion of their
strengths and | imitations, the effectivene

technique is also demonstrated .
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3.1 Introduction

In the previous chapter, we noted that the magnitude of optical beam shifts is extremely small.
Specifically, the spatial shift is usually on a smévelength scale, whereas the angular shift is
typically on the order of milliradiansConsequently, detecting such subtle effects is
experimentally very challenging. This may explain why, although the concept of beam shifts
was first proposed by Newton [1], their experimental observation was not achieved until 1947
by H. Goos and H. Haneh [2]. Among these ddtts, the Gooeslanchen (GH) shift is
generally the most prominent, as the Imidegtiorov (IF) and spin Hall shifts are typically an
order of magnitude smaller [3,4]. Owing to tBisanty naturenumerous attempts were made
from the 1970s onward to measure these effects more accuratélyj.[5However, early
experiments were limited in scope: they primarily examined beam shifts near the critical angle
of incidence, where the shifts are compasedyiviarger, but did not systematically explore
variations withparameters such as angle of incidence, wavelength, or the properties of the

interaction medium.

The first major breakthrough in the experimental study of beam shifts and their
applications came with the landmark experiment by Onur Hosten and Paul Kwiat in 2008,
where weak value amplificatiofWwVA) was employed for the first time to detect the minute
photonic spin Hall effect [12]. Since then, numerous modifications have been introduced to
improve amplification efficiency and achieve closer alignment with theoretical predictions
[13i 15]. In parallel,several alternative experimental techniques havwe la¢éen developed,

each offering distinct advantages depending on the specific requirements of a given study.

In this chapter first, we have provided aconcise outline of the evolution of
experimental techniques used to study optical beam shifts. Subsequently, five different
methods are discussed in the following sections, along with their respective advamtages
disadvantages

3.2 Different experimental techniques

In their pioneering experiment, H. Goos and H. Hanchen showed that, under total internal
reflection, the point where the reflected ray emerges is shifted from the geometrical intersection
of the incident ray with the dielectric interfaceEhe central idea of their work was to exploit
multiple reflections of the incident beam in order to amplify the longitudinal displacement of
the reflected beam centroid relative to a reference ray. To achieve this, they used a thin plane

parallel glass late with silver strips placed at the reflection points, thereby generating the
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reference beam. The detailed configuration of the setup is illustrat€igime 3.1. By
employing multiple reflections, the displacemddn became sufficiently enhanced to be

observable even with the naked eye.

Figure3.1 Principle of multiple reflections. P1 and P2 are two Fahgled prisms attached
the ends of the glass plate using immersion oil. The solid path PM corresponds to re
from the silver strips (without shift), while the dotted path PN represefiéstions from th
glass plate (with Godsianchen shift).

Within a few years of the original work, the Goblinchen (GH) effect was revisited multiple

times. In 1973, Greeet al.repeated the measurements using a setup similar to that of Goos

and Hanchen (1947, 1949), achieving improved accuracy [5]. Building on the fact that the GH
shift is proportional to the incident wavele
measurement using single reflections of longe&velength microwaves [6], thereby
significantly enhancing the observable shift. Their rodthelied on generating a reference

beam from a metallic coating, which suppressed the formation of evanescent waves and
ensured reflection without displacement. The relative shift was then measured with respect to
the displaced centroid of the beam refbecfrom the prism base. They investigated the
longitudinal shift for parallel, perpendicular, and intermediate linear polarizations, and their
observations were consistent with the predictions of stationary phase theory. However, the
beam quality in thiscase was relatively poor, with a transverse size on the order of the
wavelength. This resulted in a broad distribution of incident wave vectors and, consequently,

an averaging of the GH shiftés dependemce on
et al. reported the first experimental measurement of the GH shift arising from a single

reflection using a HeNe laser source [7].
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In parallel with investigations of the spatial GH effect, anguldled®ns from the
predictions ofray optics were also identified and studiaitl overthe twentieth century. This
phenomenon, now referred to as the angular &Gtioghen shift, attracted considerable
theoretical attention. Several studidyy Ra.et al.[8], Antar and Boerner [9], Whitet al.[10],
and Chan and Tamir [11Jmathematically analyzed4plane angular deflections under partial
reflection during the 1970s. However, it was not until 2006 that the first experimental
observation of the angular GH shift was reported using microwaves [16]. Shortly thereafter, in
2009, Aiello et al. achieved its detection for a single reflection of a laser beam [17], firmly

establishing the angular GH effect as an experimentally accessible phenomenon.

On the other hand, only a few years after the discovery of the GH effect, Christian
Imbert experimentally confirmed the existence of a transverse displacement of circularly
polarized light during total internal reflection in 1970 [4]. Unlike Goos and Hémdhe did
not employ the multipleeflection method, since in this case the transverse displacements
would cancel out due to their opposite signs at successive reflections. Instead, Imbert
significantly modified the experimental approach to reveal tmisfare delicate effect. Later,
in 1977, J. J. Cowan and B. Anilin revisite
beams with circular polarization and succeeded in detecting an Tibddrov (IF) shift of

about 6 mm [6].

However, these earlier methods were not sufficiently versatile to allow the experimental
detection of beam shifts in a wide range of applications. A major breakthrough came with the
development of weak value amplification in the 19903 208, which not oty enabled the
detection of the photonic spin Hall effect in 2008 [12], but also facilitated precise studies of
spatial and angular GH and IF shifts in subsequent year2%210ver time, several other
techniques have been proposed and gaiogdlprity within the research community due to

their relative ease of implementation {30].

To provide a comprehensive overview, the following sections present five commonly
used experimental methods for measuring optical beam shifts. Each method is described briefly
along with its working principle, advantages, and typical applications. Thiststed
discussion will allonusto understand not only the historical development but also the practical

considerations that guide the choice of technique in modern research.
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3.2.1 Weak valueamplification

In quantum mechanics, theidgfad measur ement 6 i s counter intui
mechanics as it i's Iimpossible to perform a
system measured which is so called collapsing of a quantum 3tht&q¢r this reason, John

Von Neumann introduced experimentally implementable idea of quantum measurement where

0t he systemb, | .beme atshuer equoirdanntidli givesain axpeeimental

readout to the resulting change in the system afiegisurement are coupled by an impulse
function [32]. Here, the relative uncertainty in the meter state should be somewhat smaller than

the measurement perturbation to get meaningful results after the measurement, which is known
as O6strong quantum measur ement 0 .racthhtonmatiere r , i n
of both the canonical variables of a quantum system restricted by uncertainty relations of
conjugate variables3p]. In the opposite limit i n a Oweak measuremento
uncertai pdnyewod itHhel &@&rger than the measur ement

information on this variable3f].

."l.z
Weak S-G magnet

/ ¥ 4 >
X A

Strong S-G magnet

Figure3.2 The SterinGerlach experimental set@sproposed by Aharonost al.to measur
the weak value of the electrondés spin
oriented along an arbitrary direction first passes through a weak magnetic field aligne
the z-axis. It then encounters a strong, inhomogeneous magnetic field aloxagiise whicl
separates the beam. The resulting deflection of the spot on the detection screedimettier
is proportional to the weak value of the spin.

Following the Von Neumann measurement idieked withpre- and postselection Aharonov,
Albert and Vaidmann (AAV) introduced a unique idea to extract information from quantum
weak measur ement i n t e[BdmSheirosfudydilwaeiarhs vtah aite 00 ti hr
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of a measur ement of a component of the spin
implying thatwhen the posselected state is nearly orthogonal to thegmiected state, the
corresponding weak value becomes extremely large and may even lie outside the eigenvalue
spectrum of the measured observatiech is referred to as weak value amplification (WVA)
[Figure3.2].

Consequently, Duck et al9] and Ritchie et alg0] established all these features of
WVA using standard classical wave interference approach which leads to widespread
applications in optics domaiQver the next decade, WVA technique was utilized to improve
precision in detecting small opéiteffect, such as beam displaceméd,[phase shifts35],
angular rotations3g|, time delays 37] and many more. Even it was utilized extensively in the
field of quantum information science, through several tdides state tomography3pg,
detecting wave functiorBp], measurement problemé4q , Har dy @HetcpFmallg d o x |
the groundbreaking work by Hostein and Kwiat in 2008 explored the measurement of tiny
photonic spin Hall effect (PSHEJuring the transmission of linearly polarized light beam
proving again the colossal importance of WVA in observing fundamental weak effects.
Following their work, theexperimental detection of amplified Géétanchen shift 21],
ImbertFedorov shift 23] and the photonicsn Hall effect R4] was accomplished. Even in
the transmission case, those measurements were also executed at different mediums like
uniaxial crystal, 2D materialglp]. These studiekadto huge application of WVA combined
with optical beam shifts in precision optical measurements like concentration, chemical
reaction rate detection, nalestructive optical parametersuch as optical conductivity,

absorption, refractive index, thickness, layer numbers of 2D materials defd&jion

Here, wewill briefly discuss the idea of weak measurements and its optical afidleg
detailed experimental technique with proper theoretical background of measuring the GH shift,

Photonic spin splitting will be discussed in the subseqtleterswhere it is needed.

The typical procedure of WVA is depictedkigure3.3. A two-level quantum system
(QS) is first preselected in stat&s & @& iqJc g0 | "Q&j¢'Q P& The initial

pointerstate(PS)is prepared as a Gaussian superposition state given by

. L 31
e Qi ©—00n —— g G0

]
Qf 2 Qon, i 9
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where@oband@bare conjugate variables for example position and momentum, respectively.
Correspondingly,g)6 and )& denote the position and momentum eigenstate of meter
observabled and 0, respectively.The QS interacts with the PS through the coupling

HamiltonianO Q] 6 o 6§ 0, whered represent an observableof @& and 696

coupling strength. The interaction leads to the entangled joint state,

W Qon Q '00os 68 o d (32)
Next, the joint state is poselected in the statg, wéEHggw | Qg Q Pa
of the QS.After postselection the PS is given Id3 r W n with the success
probabilityr) [ W .Inthe weak measurement scenarit (g), the final PS can be
approximated to
N s o e ~ (3.3
B %r Qun Q& 1 ga %r p QW T 30(( )
T . oy on
— p Q®WOUL ga
n
Where the weak value is defined as
. 0 34
oo L O°f (34)
I
Taking into account the additional condition of AAV approximation,
ooor o (359
a w(ﬁQ#I: . FEI1O phchB &
the final PS can be written as,
% Qon QB0 ¢ 8 (3.6)

From equation(3.4), it is evident that when the prand posiselected states of QS are very
close to orthogonal to each otherife. | © T, then the modulus of the weak val@@0

becomes significantly larger than the maximum eigenvalue of the obsediablés weak

value can also be complex in genedd][ In both cases, the weak value referred as anomalous.
Both the real and imaginary parts of the large weak value can be obtained by the average value

of the corresponding observablésdr 0) of the PS as,
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OO QY ®HO (3.7)

GO —2 0G0 (3.8)
With 6@ being the mean value of the observabldsin . This amplification form represents
the initial and widely form of WVA which is named as standard WS#hcethe observables
0 and0 are incompatible, the measurement of either observable may not extract the complete
information of a complex weak valuEor a given problem, researchers generally choose the
weak value to be either purely real or purely imaginary in a WVA scheme, depending on the
specific requirements of the studyor example, considering prand postselected states as
— “j¢ §,— “j ¢ ande . M, with a smalf < , a large real weak value
¢jf can be obtainedHowever, this amplification comes at the cost of a corresponding decrease

in the success probability of pestlection, approximately given lgy T

Now, in different context depending upon the precise measurement of the parameter,
the pointer state and the quantum system get chadggdere, as we are focusing on the
problem of optical beam shift measuremevrd,will briefly discuss the optical analog of WVA,
where the polarization and the transverse spatial mode of photons serve as the quantum system

(QS) and the pointer system (PS), respectively.
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[.2 Detector

—
/ ‘L H | >
Pre-selection . Weak. Post-selection
interaction

Figure3.3 Schematic representation of optical analogue of weak value amplification alo
the pictorial presentation of peelection, weak interaction and the psslection.

The arrangements of different optical components are presenftgguire 3.3. Here, a
He-Ne laser producing good quality fundamental Gaussian light beam is used as source and
the pre and postselection procedures are executed using two polarizers. Meanwhile, the weak
interaction is performed by a birefringent crystalline quartzepthat separated the two
orthogonal polarization states of the laser beam by a distance which is much less than the waist

of the laser beam.
The electric field of the incident light is given by,

L . (3.9)
O Oano— WWEIl  wl Qe
where, the incident linearly polarized beam oscillating at an angligh respect to the x axis

is propagating along thedirection and) is the beam waist.

The optic axis of the uniaxial crystal is along the x axis and the plane is rotated from the
y-axis by an angle-as shown ifrigure3.3. The uniaxial birefringent crystal spatially separates

the two orthogonal linear polarization components (the ordinary andaxirary rays) of the
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incident | ight & iwhlidc,h by & nmhildt arsce& odmpared t
a phase differenc¥cbetween the two rays is also introduced by the birefringence plate due to
the slight optical path differencBleglecting the displacement caused by refraction present in

bothpolarizationsthe electric field of the emergent beam is given by,

, S NP ¢ I I (3.10
@) O Qwn o wQ oosqur]o—
wl §|2£Qwr]0—
Next, the polarizeris appliedtopeste | ect t he out putf odelw-axisrti cx f i

As a result, the postelected electric field becomes,

, R T ¢V B o (3.12)
O ©OQwn o Q oos||oosT|Qwr]l,)—
I Qe "PeEQ wn o ww el wi Qe
Now, the intensity distribution of the transmitted light beam in the transverse plane can be

expressed a®© w 71 which is given by,

"Ow (3.12
Oweli wel Qwr]l,)— i Qe Qeano—

Wl 0 o

CRE %0l DETTT "PET "REQ GA
with 60b6being the maximum intensity of the light beam.

The displacement between theag and eray,] & 0 .To get maximum displacement,

“j T is considered.

Considering | , the resultant intensitow will be generated by the constructive
superposition of two Gaussian distribution. TH&p is nearly single, wshifted Gaussian.
When the second polarizer in the output is rotdigd |  “jc¢, then destructive
interference happens and the beam centroid splits into twobyaatslistanc#IcO . Next, as
we rotate the P2 by peselection anglg, from orthogonal condition the beam centroid
positions will get displaced in a specific directibmthis case, if joc0 L | L p satisfied,

the interference would yield a single Gaussian with the centroid shifted by the weak value given

by,
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5 2 oa oo 313
C
As fbhei s6 very smal | ¢ 0 nbedordesenermouslytlalgeassompaked v a | U
to] 0On the other hand, the intensitythis condition is given by — — O, which is

reduced significantlyTherefore Ritchie et al 20] showed that the birefringence induced
separatior, ds amplified up to 20 times larger than the actual displacement, demonstrating
the potential of weak value to amplify small optical effe€lss is the basic principle of optical

analogue ofWVA which used in the experimental studies of optical beam shifts 2it&4].

3.2.2 Interferometric weak value amplification

Polarizing
QWP BS
Mirror
Laser
Quadrant 50/50 BS
detector Mirror
To lock-in
amplifier SBC

CCD camera Mirror

HWP  Piezo driven
Mirror

Figure3.4 Pictorial representation of interferometric weak value amplification used to el
the small deflection induced by a piedven mirror.

It has been shown that by considering the spin of phet@mesented by lefor right-circular
polarization as the quantum system (QS) and the transverse spatial mode as the pointer system
(PS), the tiny spin Hall effect of light can be amplified by four orders of magnitude [12]. In
2009, Dixon et al. introduced an interferometric weak value amplificalfiéiv4) technique

to detect ultresmall mirror tilts, achieving a sensitivity of 400 frad [26].their setup, the
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which-path information- clockwise or counterclockwise inside a Sagnac interferometer
serves as the quantum system (QS), while the transverse spatial distribution of photons
functions as the pointer system (PS). A small mirror tilt, induced by a piezo actuator,
establishes the coupling between the QS and &S sPlection is achieved by monitoring the

dark port of the interferometer, where the imaginary weak value translates the minute mirror
tilt into a detectable shift in the transverse beam position. This study broadened the scope of
WVA from exploring fun@mental physical phenomena to enabling practical applications in

precision parameter sensing.

To implement this measurement technique, consider the pictorial representation of the
IWVA concept shownn Figure3.4. The light beam enters a Sagnac interferometer composed
of a 50/50 beam splitter and mirrors that direct the beam along one of two possible paths. In an
ideal Sagnac interferometer, all the light exits through the input port (the bright port), while the
other port remains dark. Constructive interference occurs at the entrance due ‘topiase
shifts.

This symmetry is intentionally broken by introducing a ‘vedive plate and a Soleil
Babinet compensator, which create a relative p¥tasetween the two paths, allowing the dark
port to be tuned toward brightness. Essentially, this setup is a modified form of classical optical
interferometry. As the beam traverses the interferometer, the spatial shift of light emerging
from the dark port isnonitored. The transverse position of the bdabrelledd§ serves as the
detection meter. A slight tilt is applied to a mirror at a symmetric point in the interferometer,
imparting a transverse momentum shift to the beam. This tilt breaks the symmetry of the
interferometer, causing one propagation directioretaddeft of the optical axis and the other
to bend right.

The final shift can be expressed as the position expectation as,

0L (3.14)
i

G ¢

where,, Wi i i isthe beam size at the detector, is the distance from the lens
image to the moving mirrori  is the distance from the moving mirror to the detector, and

w6 i s the radius of i ni ti al coll i mated beams

This technique offers several advantages. First, it can be applied to a wide range of beam

deflection sources and is not restricted to polarizadigmendent deflections. Second, the post
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selection is straightforward, relying simply on detecting a photon emerging from a specified
interferometer port. Third, the pesglection attenuation is independent of the deflection
source, as it arises solely from the destructive interference betwestvat paths. Additionally,

the weak measurement, which involves monitoring the transverse position of the photon, can

provide partial information about the system while minimally disturbing it.

3.2.3 Interferometric technique

Mirror1

(a) Wollaston
prism

(b)

Mirror 2

B2 1A BI
—r —
D; D,

Figure 3.5 (a) Experimental setup to detect GH effect using interferometric techniq
Schematic of GH effect appearing due to reflection-@fra spolarized light beams.

The interferometric technique for studying the Qadd&nchen (GH) effect was first introduced

by Prajapati et al. in 2013 [27]. Qualitatively, the GH shift can be understood as follows: if A
is the point of incidence for-@nd spolarized beams, the twodras shift upon reflection due

to the GH effect. Let one polarized beam reflect from poinaBd the other from point B2;
they then interfere on a scredhthe GH phase shift introduced betweenapd spolarized
beansis %0 %o, the correspondingath change igivenby _j ¢* %o %o , where%o

%o represent the experimentally determinkifference in phase after reflectidfrom this, the

relative GH shift between the pnd spolarized beams can be readily calculated as,
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o o =T (319
C I Q&
where—is the angle of incidence. The schematic of this phenomenon and the experimental

setup to detect this phase shift using interferometry is shogume3.5.

In this setup, an unpolarized H\e laser operating at 633 nm is first directed through a
polarizer, followed by a Wollaston prisfiihe polarizer controls the relative intensity of phe
ands-polarized beam components to achieve maximal fringe visibility, while the Wollaston
prism separates the orthogonally polarizedapd scomponents. One polarized beam is
reflected by Mirror 1 and then passes through a beam splitter, while the otheskbeaatly
reflected by the beam splitter. Mirror 1 is positioned such that both beams tigathletoand

undergo patrtial reflection from the test plates, where the GH shift occurs.

Two parallel test plates arranged in a periscopic configuration are used to eliminate
beam rotation when the angle of incidence is varied, converting it into a transverse
displacement of the beam. This arrangement also enhances the GH shift througte multipl
reflections. After reflection from the test plates, the two beanps@pagate toward the screen,
where they interfere after passing through a polarizer oriented at 435 relative to the p
and spolarized beams. An additional polarizer, P2, is leygxd to simultaneously observe the
interference fringes at both 4&nd 135orientations. The resulting fringe patterns are recorded

at different angles of incidence, from which the GH shift is calculated.

This method offers several advantages. It is relatively easy to set up and allows
measurement of the GH shift across the entire esesgon of the beam, rather than being
limited to the beam centroid as in earlier techniques. The method-taBbthtng, as a scale
is established on the image plane using the interference fringes corresponding to the laser
wavelength, enabling direct measurement of the shift in terms of the wavelength. Additionally,
it is tolerant of mild wavefront curvature or surfag®erfections, since the fringes represent
contours of equal phase and the shift is determined by comparing the fringe positions between

closely adjacent points in the image.

3.2.4 Beam splitter scanning

Another useful technique for investigating the GH effect, known a®#sen splitter scanning
(BSS)method) was introduced by Li et al. in 2014 [28]. Using a focused light source, they
observed a significant lateral shdt the beam centroidt graphene interfaces of varying
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thickness when the polarization of the incident light changed from transverse magnetic (p) to
transverse electric (s) mode, indicating that the GH shift in graphene is polarepiendent.
Furthermore, their study revealed that the GH shift increagbsgivei thickness of the graphene

layer.

Glan-Taylor

Laser prism QWP Lens

Beam Polarizer
expander

______ ,  Beam splitter
prism

||||||||
...........
|||||||||||||||

Balanced amplified | .
- S
photodetectors

Figure3.6 Schematic arrangement of optical components for detecting the GH shift us
beam splitter scanning method.

The schematic diagram of the experimental setup is preserftegline3.6. The optical
pathcomprise®f three main components: (i) generation of polarized light, (ii) the total internal
reflection (TIR) structure, and (iii) the beam splitter detector. ANHelaser at 632.8 nm is
used to produce a Gaussian light beam. The combination of a quavtephte (QWP) and a
polarizer is employed to control the polarization and beam profile of the incident light, allowing

easy adjustment betweengnd spolarization.

After undergoing total internal reflection, the light beam is collimated using a lens and
then split into two parts by a beam splitter prism, with the prism edge positioned at the centre
of the beam to divide it into two halves. These halves are collbgtedlargearea balanced

amplified photodetector, which uses two walatched photodiodes to detect differences in
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signal between the two beams. The resulting output voltage is proportional to the difference in
photocurrent from the photodiodes. Prior to the experiment, the voltage response of the
balanced detector was monitored to ensure it changed significantly tnencident light
polarization was switched from transverse magnetic (TM) to transverse electric (TE).

The key advantage of this technique is that it allowed the identification of the
polarization dependence of the GH effect, with significant variations in the lateral shift clearly

distinguishing graphene samples of different thicknesses.

3.2.5 Stokes polarimetric method

In 1852, Sir George Gabriel Stokes demonstrated that the polarieatiamiourof light could

be described using observable quantities and introduced four measurable parameters, now
known as the Stokes paramet&P)[46]. The first parameter corresponds to the total intensity

of the optical field, while the remaining three describe its polarization s&itikes
demonstrated that these parameters are valid for unpolarized light, as well as for partially and
fully polarized light The influence of an ol system on light polarization can be analyzed

by constructing the Stokes vector of the incident light and applying Mueller calculus [47] to

obtain the corresponding output Stokes vector.

Al t hough Stokesds original wor k was | ar ge
revived in 1947 when Subrahmanyan Chandrasekhar employ&® st formulate radiative
transfer equations describing the scattering of partially polarized light, formally naming them
the 5tokes parametefd8]a Since then, they have become a cornerstone of optical science,
with wide-ranging applications in imaging, biomedical optics, optical engineering, remote
sensing, electroptic phenomena, and astronomical studi®s$4].

Considering a plane monochromatic wave propagating alongdirection that is a
superposition of two electric field components, the Stokes parameters are defined as [52]

Yo @ (3.16)
YOO W
YOO wEi
Y oo i Qe
where® and® represent thénstantaneouslectric field amplitudes of the polarized laser

beam along x and y directions, respectively, an@ the instantaneouphase difference

between the xand y components of the electric field.
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The amplitude is measured in volts per meter (V/m), while the phase difference is
expressed in degrees. The Stokes paramefer¥, “Y, °Y are actual, empirically measurable
guantities that can be determined using standard photodetectors, typically in units of
microwatts (UW). Her€lY, the first Stokes parameter, represents the total intensity of the light.
Y quantifies the degree of linear horizontal or vertical polarizatddgscribes the degree of
linear +45 or 145 polarization, and’Y indicates the amount of righor left-circular

polarization present in the beam.

P1 WP

He-Ne laser —

Detector

Figure 3.7 Schematic arrangement of optical components for measuring Stokes par
resulting from internal reflection within a prism. By appropriately rotating the quaeiet
plate (QWP) and polarizer P2, different Stokes parameters can be measured directly.

The concept of measuring optical beam shifts using the Stokes polarimetric method was
first proposed by Prajapati et al. [29] in 2014. Following the formulation of beam shifts by
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Aiello and Woerdman [53], the Gaddanchen (GH) and ImbétEedorov (IF) shifts can be
expressed as

S o T: N e {5 :
d s OaTT(ﬂg I ® O(XTT_ (3.17)
00 =
G dsw I ©
N Bt -SRI o { £
q 330 Y — I W YQT—
@ 50 1 6
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OO WES . . ) ) 1
‘00 — gs i i Qe (3.18)
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wherew 'O and® 'O representthe amplitudes of theasd ppolarized components
of the incident beam:—is the angle of incidencé, is the propagation distancada is the
Rayleigh rangeThe wave vector is given B ¢ § _ , where_ as the wavelength of light
in vacuum andnéis the refractive index of the dielectric mediumequation(3.17) and(3.18),

the first term corresponds to the spatial shift, while the second term represents the angular shift.

As evident from the above equations, the GH and IF shifts depend on both the amplitude
and the phase difference between tham spolarized components. During partial or total
internal reflection at a dielectric interface, the amplitude of a specitcipation may change,
and a relative phase is introduced with respect to the incident beam. Experimentally, the Stokes
parameters are measured using a combination of a guater plate (QWP) and a polarizer
[29], or with a commercially available polarater [30], as illustrated in the experimental setup
(Figure3.7). From these measurements, the phase difference betweenathe gpolarized

components can then be determined as

% %o O OOBHEY - (3.19)
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where— denotes th@hase difference between thegmd scomponents of the incident beam,
which varies with the polarization state of the incident li@gecifically,— T1tfor purep- or
s-polarization — T or “ for 1 dinear polarization and — “j ¢ for left- or right

circularly polarized (CP/RCP) beams

Besides, lte amplitude of reflection igiven by,

(3.20)
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Usingequationg3.17) i (3.20), the spatial and angular GH and IF shifts for a specific incident

polarization can be calculated straightforwardly. Although this approach is an indirect method,
it is significantly faster than direct measurement techniques. The primary advantage of this
method is its simplicity and versatility, as it is independent of beam shape and intensity.
Consequently, it offers valuable new insights into the spatial and angular behavior of optical

beam shifts.

3.3 Concluding remarks

To summarize, we began by reviewing the fundamental methodologies and then examined
various experimental techniques currently available for measuring optical beam shifts,
including the GodsHanchen, Imberit-edorov, and photonic spin Hall effects. We predd

brief overview of the underlying mechanisms of five experimental setups, highlighting their
respective advantages and limitations. Among these, we identified the weak value
amplification method as the most suitable approach for developing our lalyosatop.
Accordingly, we implemented this technique and investigated optical beam shifts under
different scenarios, the details of which will be presented in the following chapters. It is
important to note, however, that depending on the specific resagedtives, other techniques

may also be employed as needed.
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4 Polarization
Controlled Goos Hanchen
Shi ft

The content of this chapter is adapted from the following published article:

S. Mandal, A. Das,and M Pradhanii P o | a r-cordrallédiGoasHanchen shift by weak
value amplificat i on Joumal of the @ptical Satieteaf AneeldicaB e f | e c
41(3), 756755 Q024).
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4.1 Introduction

Optical beam shift, one of the most exciting ligivatter interactions, happens when a light
beamwith finite widthis reflected or refracted at an optical interface. Depending on the nature
of theinteractionsurface and the characteristics of the incoming light, the reflected or refracted
beam centroighosition maybe shifted at an alternate location, deviateglane and/or oubf-

plane following diffractive corrections to the geometrical opteggesentationlf3]. These in

plane (longitudinal) and &tof-plane (transverse) shifts are often known as Gtéschen

(GH) and ImberFedrov (IF) shifts, respectivelyFgure4.1] [4-9]. The angular counterparts

of both GH and IF shifts exist, and they show as shifts in wave vector spaté][¥lthough

both of these phenomena have been extensively investigated in the context of total internal

reflection (TIR), they can also be saarpartial reflection and refraction [124].

Extensive analytical and experimental research has been conducted in this domain in
recent years due to its numerous applications in the fields of optical sensa],[fBecision
measurement of optical constants [17], image edge detection [18], chesmaic&bn analysis
[19-20], and optical switches [21] etc. In recent years, the GH and IF shifts have also been
explored in several material mediums, including as graphen23R2TMDCs [2425],
photonic crystals [26], topological semimetals [27], metani@s [28], and plasmonic

materials [16].

Due to polarization fluctuation and the beam reshaping effect [29], it is challenging to
detect small beam shifts using posit&ensitive detectors alone. As a result, there is a
fundamental propensity to enhance and accurately identify such minute shgngdjusting
the lightmatter interactions, either by means of peculiar material characteristics or distinctive
features of incident light beaurthermore, a number of developmental techniques have been
used in earlier research to identify such minsite i f t s, i ncluding fnNStoke
AQuantum weak measur ement ( QWM) [ 31] o, and
(Discussed irChapter3). We took advantage of the QWM technique among them because of
its ultrahigh precision measurement of small shifts and straightforward experimental setups.
Aharonov, Albert, and Vaidman (AAV) [33] established the QWM formalism, and Ritchie et
al. [34] appied it to the optical system for the first time. The three fundamental phases of weak
measurement are peelection, weak coupling, and peaslection. In order to significantly
enhance the optical beam shifive first preselect the system in a specific polarization state,
after which a wealcoupling occursbetween the system and the pointer state during the
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interaction procesd$-inally, we appropriately monitor the mutual orientations of the polarizers

so that the output state is almost orthogonal tanat sate of the light.

Figure4.1 Schematic illustration of the GH & IF shifts for total internal reflection of light-
a prismair interface.

As previously mentioned, the GH shift is dependent on a number of regulating factor
i ncludi ng t hswavelengtb, palanzgtior [35)g beamdshape [36], orbital angular
momentum (OAM) [37], and the characteristics of the associated medium. Since the TM (p)
and TE (s) linearly polarized modes are frequently referred to as the eigenmodes of the GH
shift, mostof the earlier experimental studies [38] on the GH shift were carried out using
specific polarizations of light. However, in weak value amplificati@nacio, the polarization

degree of freedom & crucial aspect that has not yet been convenientlytigaesd.

The purpose of this article is to clarify the significance of incident light beam
polarization in the investigation of GH shifts, particularly in the neighborhood of the critical
angle,byont i nuous | y asdpplarization. Taverifytihe experingehtal findings,

a novel theoretical approach helsobeen created concurrently.
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4.2 Theory

Il n order to formulate a mathematical framewo
polarizaton state into consideration as,
o | 4.1

s oy (4.1)
For linear polarization states of light, 1@ Equation(4.1) can be presented this following
form, for simplicity:

" | ® € %o (4.2)

S a -
| i Q&

Where,t = 0, 90, 45 signify p-polarized, s-polarized, and 45linearly polarized light,
respectivelyln our experiment, we continually alter this parameter. The weak measurement

situation generates tremendous amplification of the GH shift, as stafa#l]by

i) 4.3
a s a
”n 'Q_ n - - LA
Where® is the GH shift operatolg s the reflected beam,
- Q

postselected by another polarizer (GLP2) to a state almost orthogonal to-$edguied state,
ie.0 s @O 1 inthe weak value amplificatiodfter postselection at an angje, the
final amplified GH shift can be represented as,

Tag Tat o Tag Tag (4.4

R — — || Q - | T

The real and imaginary part of the above equation provide the amplified spatifiland

m

angular ¢ ) GH shifts respectively as,

o Py (4.5)
Y o omYm
- % 0 (4.6)

Where,d ® jcis the Rayl®edoghsrahgewaddhoof the |
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4.3 Experimental Methodology

Beam
Profiler

controller

Figure 4.2 The experimental setup for an optimized quantum weak measurement tc
polarizationdependent GH shift near the critical region. L1, L2: plaaovex lenses, HW
(QWP): half (quarter) wave plate, GLP1, GLP2: Gldrompson polarizers.

Figure4.2 depicts the experimental setup for QWM technique. To conduct the experiment, a
planaconvex lens L1 (LA1433, Thorlabs) with a focal length of 150 mm was used to collimate
and focus the incident light beam generated by a 633 niMeHaser (30991, ResearElectro

Optics, Inc.) source to a width of approximately 180 um. The beam profiler (LBP 4 USB,
6610d, Newport) was then used to examine this width. The intensity of the incident laser beam
is controlled by the introduction of a haifave plate (HWP) (WPMHIM-633, Thorlabs).

After that, the optic axis of Glahhompson polarizer (GLP1) (GTH10M, Thorlabs) is
rotated to preselect the incident |i@ht bear
which is managed by a high precision rotation mo&®RNI1/M, Thorlabs). Aright-angled

prism (refractive index, n = 1.5151;BK7 RA, Thorlabs) is set up on a stable stage (PRM1Z8,
Thorlabs). The angle of incident of the light beam is controlled by a high precision rotation
system (KPRML1E, Thorlabs) connected to the stage. The beam theryoesi a GH shift (
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Dgy, ) during total internal reflection at the prism surface where the weak interaction of the light

with the glassair interface takes place.

(al) (c1)

£ = —10~? radian £ = +10~? radian

L -
0 - >0 >0 - >
1557 X(um) 4815 31557 X (um) 4815 31557 X (um) 4815

Figure4.3 Variation of the beam profile as the pasiection state is modulated by the rote
of the polarizer (GLP2) by angle, %o “j¢ - (Q)R pmt OAA BRI m anc
(c) R p ™ OA A.BJpder panet Nature of beam profilel.ower panel: Intensity ()
variation along the horizontaX] crosssection of the beam.

The reflected light beam then passes through thegedssttion unit consisting of quarter
wave plate (QWP) (WPMQ10M33, Thorlabs), HWP and another GlaBhompson polarizer
(GLP2) (GTH10MA, Thorlabs). A Stokes polarimeter (PAX1000VIS/M, Thorlabs) is used
monitor the appropriately rotating HWP and QWP combinations, which eliminates the
additional phaselj that resulted from TIR. Then the GLP2 is rotated to a position so that we
get minimal intensity at the output. This is referred to as the leastitgtepfiing, and it is
nearly orthogonal% “j¢) t o the incident |l ight beambds
profile breaks into two distinct Gaussian profiles at this location, separatédiby In order
to eliminate any polarization rotation that might have arisen as a result of geometric phase
during light focusing and collimation, we used a second ptamvex lens (L2) after GLP2.
This weak value amplification is explainediigure4.3. Now, the posselection is conducted
by positioning GLP2 at an anglB)(close to the orthogonal location with regard to GL'P1 (

i % “j¢ -, -9 1 Beam profiler data is used to determine the beam centroid
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position for each postelection angle (-), which is then used to compute amplified GH shift
[ gacot (U)] [31].

As we described befor@ our experiment, we have set 20°? radian as it gives an
amplificationof 100. The upper row dfigure 4.3 represents the reflectedare centroid as
recorded by thedam profiler (LBP 6610d, Newport), and the lower row gives the horizontal
crosssection of the same reflecte@éam. The middle columfiFigure4.3 (b1, b2)] signifies
the case of exact orthogonality (U = 0) when

singularity condition at which the beam splits up in two separate GaussianHahes.4.3

(a1,a2) and (c1¢2) denote the cases ef =10°rad ande = 1@ °rad, respectivelyHere, the
angle of incidence is too close to the critical angle, resulting in the formation of two peaks, one
more intense than the other [41]. We can then quickly determine the ultimate spatial GH shift

from there.

4.4 Results & Discussions

Utilizing the QWM approach, we begin by examining the polarization dependency of the

spati al GH shi ft. I n order to conduct the e:>
predetermined angle and conti nuoolarszdtignfed ai | or ¢
whil e maintaining the polarization state as

the angle of polarizatiorf® continuously to transform the linearly polarized light from p
polarization $%o= 1) to spolarization %.= w 7). Therefore, following total internal reflection

of incident light with a particular angle of polarization from the prism (NBK7), we track the
amplified GH shift¥ ).
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-+ 9=41.438" A%
- 0=41.504" \ -
o 9=41,636" \T
w 9=41.768"

o 6=41.438" Exp
o 6=41.636" Exp
0 =41.438" Theory
— 0 =41.636" Theory

0 15 30 45 60 75 90 0 15 30 45 60 75 90
Polarization angle (¢") Polarization angle (¢")

Figured4Var i ati on aH) witt the andlei of polarizaiog) for fixed angles ¢
incidence (d = 41.438U0, 41.504U0U, 41.63
of experimental data with the theoretical model.

Figure4.4(a) displays the outcomes of the experiment. Four distinct angles of incidence,
d = 41.40, 41.50, 41. ikascantndallydlieredfar eachmaagiee s el
of incidence fromt’ to w 1 We have selected these specific angles of incidence as we like to
operate close to the critical angle of incideneg,(which shows the greatest GH shifts. This
fact has also been confirmed by our subsequent res§iidfsré 4.6). The vanishing o¥
below—caused us to select angles of —)(Figuredence
4.6 (a)). Since beam distortion occurs, the Fresnel theory fails, and the theoretical model breaks

down, we have avoided the exact critical angtg. (

The amplified GH shift begins at zero%t 17, raises monotonically to a maximum,
and then decreases monotonically to zerdat w7 as shown inFigure 4.4(a). After
critically examining this graph, we can arrive at a set of conclusions. Firstpfiapzed %o
™) and spolarized %o w ) light, the amplification is zero. Second, for linearly polarized
light with %0 T 9, the GH shift is at its highest. Therefore, this is the ideal state of incident
light polarization to achieve maximum amplification of the GH shift. Third, based on the four
distinct angles of incidence, it can be concluded that the spatial GH shigaieigfor angles

near the critical angle and diminishes as we move farther away freartr( @).
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Figure4.5 Nature of the slope of spatial GH shift with respect to the polarization angle

Fourth, we have determined the slope of the GH shift with respect to the polarization
angle and plotted it against the polarization angle (as showigume4.5) in order to further
establish the dependency of the spatial GH s
clear that the slope is nearly constant irféhe ¢ Titox ripolarization angle range. Therefore,
it is appropriate to select this specific region of polarization angle if one wishes to eliminate

the impact of polarization on the spatial GH shift.

Lastly, we established a theoretical moegiation (4.5) to validate the experimental
findings. We next computed the amplified GH shifts and contrasted the theoretical curve with
the experimental data igure4.4(b). The experimental data and the theoretical curve agree
fairly well. Around the polarization angBe T 9, there is a small disagreement about the
angle of incidence d = 41.438U. This is due
critical angle of incidence, which we are quite near to. The agreement is nearly flawless as we

move awayfrom this critical angle.

Parallel to this, we al so waHdegeddsondhes how
angle of i nci dence ( dj)knownbeseltnwethéve deghonstratddi s |
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something novel heré&igure4.6(a) displays the angular dependency of the spatial GH shift
for various polarization anglége§ values. As can be seenhigure4.6(a), we have selected
several polarization anglee= 10, 0 Tiv Tr X T andw Tt We are aware that the highest at the
criti c abkn[48]nThe nentriviasbelaavior of the Fresnel reflection coefficients causes
gxH to go up at the critical angle) [ 4cA disappegrs below the critical angkldure

46( b)) . When t he ednéxeeads tinalcriticgbamdle, itbrdpidlg diminfshes. g

75 L] T T T T T T ¥ ) T ) L] T
(a) I ceges =0 (b) 60 o ¢=0"Exp ]
A e g =30 L 2% o $=70"Exp
60 I cesder g =50" 50 F [ = 4=10" Theory J
T e 4= 70" i —— $="170° Theory
45 cesBen ¢:90" il 40 § -
_ | - —_ [ §
= g 30 § E
3 3or % 1 12 i % 1
2 | 3 2f '
< < I 1
15} - - ol i
L I - L 4
of a2 | - asbe—
[ 1 . 1 1 1 . 1 . 1 -10 1 N ' N 1 2 1 . 1 . 1 A 1
41.0 41.2 414 416 418 420 422 41.0 41.2 414 41.6 41.8 42.0 422
Angle of incidence (0) Angle of incidence (6")
Figured6Var i ati on af) @Ht$hitfhtes alhpl e of i n

polarization %o = 0° 30° 50° 70° and 90°): (a) experimental data, (b) compari
experimental data with the theoretical model.

Additionally, we used our theoretical findings to support the experimental findings.
Figure 4.6 (b) illustrates the relative comparison between the experimental data and the
theoretical outcomes. Because of the additional contributions from optical loss components in
reattime experiments, the theoretically estimated spatial shift dies down fasterhthan t

experimental curve.

4.5 Concluding remarks

In summary, we found that arbitrary linearly polarized light incident on a prism next to its
critical angle exhibits polarizatiecontrolled spatial Goekl 2 n ¢ h @)rshift; Bp using weak
measurement, the study determines the ideal working zone of polarization angle that provides
the greatest amplification of the spatial GH shift. Polarizatiomtrolled photonic devices,

such as optical sensors, switches, etc., @efit greatly from this kind of tailoring of the

spatial GH shift by the incident light®larization angle. The experimental findings and the
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suggested theoretical model show a very strong agreemesitmilar methodology, with
slightly altered weak measuring conditions, can be used to investigate the IF shift with
modifying additional parameters like as wavelength, surface of interaction, etc. Furthermore,
one can examinethee gi on ad | a csangle to determihe whetlset itecontains any
norttrivial responses. Our findings may contribute to our understanding of the generic GH shift

and pave the way for future device and sensor apiolicat
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5 Goos -Hanchen Shift In
Monolayer WSe

The content of this chapter is adapted from the following published article:

S. Mandal, A. Sett,D. C. Dey and M Pradhanii Ob s er v at i olHancbdn shiftine Go o ¢
monolayer WSge for an arbitrary linearly polarized incident light beam using weak
me a s u r eoamal of theéOptical Society of AmericB 41 (12), 27142720 Q024).
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5.1 Introduction

As a consequence of the wave nature of light, when a bounded beam of light interacts with a
planar boundary, the reflected or refracted light beam does not strictly adhere to the laws of
geometrical optics. After the interaction, it can be displaced dedefl in the plane
(longitudinal) and out of the plane (transverse) of the incident light beam at the wavelength
scale, which are famously known as the GHasichen (GH) and ImbeRedorov (IF) shifts

[1-2], respectively in total internal reflection cotidns. A similartype of longitudinal or
transverse shift (also known as the photonic spin Hall effect) can deeimg external
reflection [35]. Depending on the interaction circumstances, spatial or angular beam changes
may occur [6]. Itis well established that the GH shifts are caused by the dispersion of reflection
or transmission coefficients, whereas the IF shift results from the conserghtaial angular
momentum, including the intrinsic spin angular momentum associated with circular
polarizaion, during the interaction process [7, 8]. Ref19] provides a thorough review of

optical beam shift.

Even though the optical beam shift was discovered about 70 years ago, research on it is
still going strong due to its fundamental nature and vast potential in many different areas of
optics which manipulate light at the sulavelength scale [1L1]Numerous precision
measurement applications have made substantial use of it, including polarization beam splitters
[12], temperature sensors [13], optical switches [14], optical differential operation and edge
detection [15], and many more [16,17]. Howewbere § a drawback to the experiment: the
magnitude of the shift value is very small, about the wavelength of the incident light. Hence, it
must be enhanced to improve the actual sensitivity and precision of the experimental
measurement.hus, since the very beginning, individuals have been searching for further ways
to improve the shift value. The critical angle for internal reflection and the Brewster angle for
external reflection are two examples of angles of incidence where the dyatacalshifts are

significantly impacted [18,19].

The conductivity, chemical potential, and refractive indices of the interacting surface
are among the other characteristics that influence i230Because of this, previous research
on the beam shift phenomenon has employed a range of material mediums, such as graphene
[23], TMDCs and other 2D materials [24], metamaterials [25], hyperbolic metamaterials [26],
photonic crystals [27], and surfaplasmon resonators [28], to significantly increase the beam
shift value. The values of the beam shifts can also be varied by using various characteristics of
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the incident light beam, such as polarization, wavelength, beam shape, or angular momentum
[29, 30]. Additionally, from an experimental standpoint, weak value amplification is a

potentially helpful tool for the simple measurement of the beam shB81[32].

BK-7 Pris

ML WSe,,

S ML ¢

Figure5.1 Schematic illustration of the spatial Gedéanchen shift¥ ) caused by TIR of ¢
arbitrarily polarized incident light beam from the ML W$€eSiO,/Si interface at the angle
incidence d. The transverse displ aceme

Among all the twedimensional materials, monolayer transition metadtdilcogenides
have received a lot of attention due to the appearance of distinctive electrical and optical
properties at reduced dimensions [33]. Because of the indirect to direcg&arichnsition,
larger direct band gap, strong sjirbit interaction, and lack of inversion symmetry in the
monolayer limit, ML TMDCs have displayed enhanced photoluminescence quantum
efficiency, strong lighinatter interactions, accessible valley degreiefeedom, and other

opto-electronic applications, respectively [34, 35].

In this chapter we have attempted to investigate how thaperties of the interaction

medum can be used to modify the spatial Gétasichen shiftY ) characteristics. Because
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of its optical response in the visible frequenayge, tungsten dielenide T 3 A ML on a

3 E ISi [Figure 5.1] substrate is chosen over all other 2D materials [36]. Additionally, it
exhibits a strong spiorbit coupling (SOC), a high quantum yield in photoluminescence (PL),

and a high absorption coefficient in the visible to infrared region J33].Aoffersan excellent

system for spin and vallegontrolled materials because its SOC is significantly larger than that

of-1 3in both the=c80dme¥) oan{2=e4a80meW)bamdsBal.nd ( 2 :
Additionally, the band gap of MZ 3 A(1.65 eV) is smaller than that of ML T 3(1.8 eV),

but their band gaps in bulk form are comparable at roughly 1.2 eV, and it is still debatable

whether this band gap is of the direct or indirect type [39, 40].

Therefore, we have tried to investigate how the angle of incidence, polarization angle,
and postselection angle in the aforementioned structure affect the longitudinal optical beam
shift in the TIR condition using the weak value amplification techniqoeeriable a simple
determination of the polarization dependency on spatial longitudinal beam shift, the TIR area
is considered to be the region where the intensity of the reflected light beam is consistently

maintained in comparison to external reflections.

5.2 Theoretical model

Before measuring spatial GH shifts experimentally, we theoretically analyze the reflection
coefficient to determine the exact angular region in the QHs$VSe>-SiO,/Si combination
where total internal reflection can occliris clear that this is a multayered structure of thin

films. Thus, we have utilized the transfer matrix approach and the slab model to get the

reflection coefficientstp s for p- and spolarized light beams, which are given by [41],

. ir 15Q (5.2)
i
" p 1RIRQ
here] —¢ "Q A T-Gs the phase factor, whete is the complex refractive index of the

2D material,Q is the thickness of that materiakis the angle of incidence and, denotes the

Fresnel reflection coefficients between the interfac&ofand’Q layer.

In our theoretical model, the parameters we selected are commonly used in the literature.
For example, the wavelengtti incident light beanis 632.8 nm, the wave dense/wave sparse
medium interface is the ML WZ&IO;, interface. Considering the refractive indices of glass,
ML WSe; and SiQ layers as n= 1.515, a = 3.7+0.012i [35],n3 = 1.4636 + 0.001i [35],
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respectively, the critical angle for this configuratiomiainednear 23 as showrin Fig. 4.2.
The thicknessQ) is taken as 0.7 nm [35].

(@) (b)
T T T T ) 4 T T T T T
1LOf -
0.8 | 1 2k -
=4 WSe,Si0,/Si
s . ——¢, WSe -Si0 /Si
zi ot _9_2"- 0F —¢p glass-air
: —Rp WSe,-8iO,/Si 9, glass-air
ozl —R, WSeZ-SIOZ/Sl- 2l
—Rp glass-air
0.0 [ L L L RIs gla.Ss-al.il' 4 L L L L L
0 20 40 60 80 100 0 20 40 60 80 100
Angle of incidence (Degree) Angle of incidence (Degree)

Figure 5.2 Angular dependence of (a) modulug {) and (b) phaseX,) of the reflectiol
coefficient in case of ML WS£SIO.-Si and glassir configuration in TIR condition.

From the plot of absolute valu&r () and phase%or) of i 'Y A @®% in Figure

5.2(a) & (b), it is clearly evident that both the critical angle and ps@&rdwster angle for this

structure are significantly shifted 23.31 and 23.15as compared to the simple glass
configuration which was at 41.and around 33 respectively. In this case, the critical angle

and the pseudBrewster angle are extremely near to one anokigure5.2(a) also shows the
signature of the materi al 0s a-hirdanterfase soegariay at ur e
the'Y  simply does not display a unit value at the TIR region. Further, the TIR properties are

similarly displayed by the phase curveFigure5.2 (b).

Thus, a theoretical model for the weak value amplification of spatial GH shift for total
internally reflected arbitrary linearly polarized incident light beam from an absorbing material
interface is developed using the polarization opetiaésed formulatin due to its inherent
mathematical simplicityln this formalism a GlanThompson polarizer (GLP1¥ usedto

preselect the incident Gaussian light beam in the arbitrary polarization state as

AlTO (5.2)
Q OFI1
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where] and/ represent the polarization phase and the polarization angle of the polarization

state of the incident light beam, respectively.

In our case, T, as only linearly polarized light beais considered that interaatith the

ML WSe-SiO,/Si configurationFollowingthe total internal reflection from the prism coupled
. [ | S
ML WSe/SiO»-Si system Figure5.3], the reflection matrix,u o1 will transform

thepolarizationstateof the system int¢42],

0 Oef (5.3)

: 0¥ Q"1 Qe
Where, 1 %0 %o is the relative phase difference betwgerands- polarization in the
reflected light beampiand gare the Fresnel reflection coefficientspfand s-polarization
states, which can be writteniag i ; A @8y . Under TIR condition, i ;  p, and
iy AO@®B; .So s will be in an elliptical polarization state generally, which is
different for differenincident plarization angleg () of the light beamTiny GH shifts appear
at the interface between the %8 substrate surface and ML WS#hiring the interaction of
the specific polarized light beam. The weak coupling between the spatial and polarization
degrees of freedom occurred here. Now, following quantum mechanical formalism, this GH

shift can be represented in operator fornas,

‘50 m (5.4)
Tt

Where,

o pT%p . p TdRS (5.5)
" E0T— E0d st —

Next, the posselection of the reflected light beam is executed by using the combination of a
guarter wave plate (QWP), a half wave plate (HWP) and another polarizer (GLP2). The action

of QWP, HWP combination is represented z%_ T sothat the extra relative phases
m Q

compensated. Then the optic axis of GLP2 is rotated to-() , where' - [ and-is

the postselection angle; so that the final projected state is given by [42],
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r s AT'O - OFET - (5.6)

Now, the weak value of the GH shifts can be easily calculated using the following formula [44]

as,

O » . - 5.7
(( (CD < i " wéo wél i Qe &)

where,, p, represents the reflected light beam splits into two spin components right

circularly polarized (+1) and lettircularly polarized {1), respectively. In equatiafd.7), the
first and second terms represent the gf@pendent spatiad-( ) and spirindependent angular
(g ) GH shifts.

In the experiment, we measured the difference between the beam centroid positions on
the beam profiler for the poestlected states with pestlection angle @. Considering the
beam propagation effect, the final expression for amplified spatial GH shift can be obtained as
[23,45],

a .
© LYo =08 héoi o (58)

where z andzepresent the propagation distance and the Rayleigh range, respectively.

It is important to note that in the case of TIR from a simple glassontact, only the real
component of j survives; as a result, ontlye first term in equatiob.8) will be significant.
However, the refractive index will be complex due to the absorptive nature of our selected
sample (ML WSgSIO»-Si), and as a result, the amplified GH shift values will contain a

contribution fromthe second part of equati@®8) also.

5.3 Experimental procedure

The experimental setup used to investigate the polarizdépendent spatial GH shift in the

TIR condition using weak value amplification is shownFigure 5.3. As a pointer in our
experiment, we employed a HNe laser (30991, Research Electro Optics, Inc.) beam with
Gaussian intensity profile efavelength of 633 nm. Because of the specific polarization of the

light beam that emerges from the laser, the-walfe plate (HWP) (WPMH10M33,

Thorl abs) i s employed t o c o nltistheh focuskdeusingac i den
plancconvex lens L1 (LA1433, Thorlabs) with a focal length of 150 mm to a spot size of 180

pum at the interaction surface. Next, using a fpgécision rotation mount (PRM1/M, Thorlabs)
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to control the optic axis of the Glarhompson polarizer (GLP1) (GTH10M, Thorlabs), the
incident light beam is prselected to a particular linear polarization state (polarization angle,
). A rightangle prism (NBK7 RA, Thorlabs, refractive index, n = 1.515) was set up on a
reliable stage (PRM1Z8, Thorlabs) with the sample ML Y8eSiQ/Si substrate affixed to

its base. A higiprecision rotation system (KPRM1E, Thorlabs) attached to the stage precisely

controls the angle of incidence of the incident light beam.

He-Ne Laser

Pre-selection

Laser controller

A

Post-selection

Beam
Profiler

Figure5.3 Schematic of the experimental setup: a Gaussian light beam generated-be
laser (632.8 nm). GLP1 and GLP2, Glanompson polarizer; QWP/HWP, quarter/hakive
plate; L1 and L2, planaonvex lens with focal length 150 mm. Output data is collected)
a beam profiler.

During total internal reflection, a swhkavelength scale GH shift appears at the ML
WSe-SiO/Si interface. TIR now causes the polarization state of the reflected light beam to
change from linear to elliptical, as determined by the reflection coefficients. To eliminate the
extra phase (U) caused by TI-63, TharlabsgndHWPn at i on

is used. The QWP and HWP are rotated in a specific manner so that the emerging beam has
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the same polarization state as the incident light beam, which has been tracked using a Stokes
polarimeter (PAX1000VIS/M, Thorlabs). To achieve the lowest intensity at the output, the
GLP2 is then rotated to a position that is almost orthogpral (/ 2) t o t he pol ari
the incoming light beam. Under these circumstances, as illustrafeglie5.4 - 1@ [31],

the beam profile separates into two distinct Gaussian profiles in the horizontal direction,

s epar atw lh ortbeyto éirdinate any polarization rotation that may have arisen as a
result of geometric phase during light focusing and collimation, a second-qamex lens

(L2) with a focal length of 150 mm is positioned in front of the beam profiler to caeéte
systemLastly, the highprecision beam profiler (LBP 4 USB, 6610d, Newport) is used to track

the intensity profile and the positions of the beam centroid.

e=+40.3° £=+0.6 £=+1.5"

e=-0.6 g=-15

Figure 5.4 R U represent the intensity profile at the orthogonal condition obtain
adjusting the combination of QWP, HWP, and GLP2. The Variation of the intensity pro
the reflected light beam after pestlection are shown for thgostselection angles

™°h @’h pd”.

Once the orthogonal condition is achieved, a fpgicision motorized rotation system
(KPRMLE, Thorlabs) rotates the optic axis of GLP2 in clockwisi &nd anticlockwise (U)
directions to a small poselection angle. The intensity profiles of the reflected light beam after
postselection are shown in Figure 5.4 for the different posselection angles-

@’h @’h p@®”’. Lastly, the beam profiler data is used to calculate the relative position of
the beam centroid.
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5.4 Results andDiscussions

(@) (b)
[ v T T T T T T T T T T T T
2 Experimental data
o= Theory

£=0.2°

100 | 100 -

_— —
g E
= = ol
3 sop 3
< <
58 @
]
: g
0F
23.2 234 23.6 23.8 24.0 23.2 234 23.6 23.8 24.0
Angle of incidence, 06 (Degree) Angle of incidence, 6 (Degree)

Figure5.5 Representation of the (a) Experimental data and (b) theoretical comparison ¢
the variation of spatial Goddanchen shift with the angle of incidence in the vicinity o
critical region.

The angular dependence of the spatial GH shift for our chosen configuration has been initially
examined irFigure5.5 for two different posselection anglesi®’ andmdy, respectively. Our
experimental findings show that the critical angle for the ML W&&,/Si arrangement is
significantly changed tq & pangle of incidence compared to the glasor glassgraphene

air interface [23], which is normally at @’. We also obtained the similar properties of the
spatial GH shift at the critical region for this arrangement, albeit at a displaced angle of
incidence. For a certain pest¢lection angle afig”, the spatial GH shift starts at a tiny positive
value and reaches approximately 116 pm at the critical angle@fg. It then steadily dropped

to miniscule shift values afterwards.

The enhanced spatial GH shift value we found in this work near the critical angle of
incidence is somewhat similar to the amplified shift reported in the case of graphene [23] or
monolayer Mo$% [24], albeit being smaller in magnitude than the ghassinterface.
Furthermore, we can see that the maximum shift value at the critical angle decreases with
increasing posselection angles. The degree to which the established theoretical model agrees
with the experimental data is also showrFigure 5.5(b). Moreover, ly applying the weak

value amplification methodology, we obtain nearly 7 to 8 times higher enhanced shift values
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in the neighborhooaf the critical angle of ML WSeSIiO,/Si structure compared to the

longitudinal shift valuesecorded using the beam splitter scanning meth6d |

a b
( ) r . T T ( ) 100 T T T T
- = 23.31" @ Experimental data
E 100 | g Theoryﬂ
= 2 0=23.31
% = 80 -
j&] Q
< 80} <
£ g
% é 60
= 60f = a |
] @
b= b
H £
40
< 1 1 1 1 < 40 i 1 " 1 " 1 i 1 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Post-selection angle, ¢ (Degree) Post-selection angle, ¢ (Degree)

Figure5.6 Representation of the (a) Experimental data and (b) theoretical comparison ¢
the variation of amplified spatial Goétinchen shift with postelection angle for 4%inearly
polarized light at the angle of incidences in the critical region.

To further investigate the dependence of the spatial GH shift value on treefmison
angle, we then looked at dlinearly polarized incident light beam for two different angles of
incidence in the total internal reflection regign@ pandc & d) respectively, as illustrated
in Figure5.6. After attaining a maximum value for a particular pestection angle, we observe
that the amplified shift values progressively decrease as theglestion angle increases. The
highest shift of approximately 90 pm and 100 um is fourrdégtandr@” postselection angles
for the angle incidences qf & pand¢ & d) respectivelyThus, the maximum shift value is
determined by the incidence angle and the-pekction angle selection. It is also observed
that at incidence angles larger than the critical angle, whichdisd the shift values decrease
more rapidly. Furthermore, it varies more slowly at higher-pek&ction angles than it does

at lower ones, causing the slope of the curves decrease.

A comparison between the experimental results and the theoretical model is shown in
Figure5.6(b). There is a small discrepancy for higher gdection angles, but overall, the
trend of the theoretical curve and the experimental results are similar. This deviation may be

caused by improperly chosen exact orthogonal conditions or undesired tidiffrat the
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reflected light beam as it passes through multiple optical elements; these factors are not taken
into account in the theoretical formalis@ompared to earlier research in glgsapheneair
or glassair interface [23], which was roughly arour@”, we achieved the greatest shift value

with a reduced postelection angle of aboutg .

(a) 100 T L) T T L] ( ) 100 T T T T T
—a—0=2331" = Experimental data
—e—0=23.46"
- 50} - -
E
3
~,
<]
<
ok - 4
0 20 40 60 80 100 0 20 40 60 80 100
Polarization angle, o (Degree) Polarization angle, a (Degree)

Figure5.7 Representation of the (a) Experimental data and (b) theoretical comparison ¢
the variation of amplified spatial Godtinchen shift with the polarization angle conside
the angle of incidence in the critical region.

Polarizationdependent analysis of the spatial GH shift at 2D material interfaces was
absent from the earlier studies {23]. As a result, we tried to investigate its behavior with
reference to the ML WSaleposited on Si¢lSi substrate, one of the significant members of
the TMDC family. For a number of angles of incidence near the critical aRigiere 5.7
illustrates how the spatial GH shift values change with the linear polarizatioofstateming
light beam The postselection angle is fixed a8’ in this instance because, as showRigure
5.5, the shift value essentially remains constant at highergatesttion angledt is apparent
that the shift values increase gradually with increasing polarization angle, peak dolireear
polarization state, and then start to fall with increasing polarization angle. The spatial GH shift
is negligible for p (polarization angle 0") and s (polarization angle 90") polarization states,
as demonstrated by the weltabished theoretical mod@tquation(5.8)], which also shows
that the amplification factor is polarization dependent. Fodéinearly polarization condition,
we obtain the largest spatial GH shift at the critical angle of around 85 pm, whisb islose

to the maximum limit of th&sH shift here For incidence angles greatban the critical angle
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(e.9.c & d), the overall shift values fall, but the trend of the spatial GH shift variations with
polarization angle stays the sankégure 5.7(b) compares the experimental results with the
theoretical model and shows a high degree of consistency. This study suggests that the spatial
GH shift value can be easily controlled from lower to greater values by precisely altering the
polarization statef the incident light beam.

The ML WSe-SiOy/ S arrangement 0s adjustable shi
photonic manipulations such as optical sensors and optical differential operation. Furthermore,
it is possible to precisely extract information regarding optical constants like permittivity,
suiface susceptibility, and conductivity of ML W5without destroying the sample itself by
creating a adequate connectidretveen these kinds of nespecular phenomena and those

opticalparameters.

5.5 Concluding remarks

The present work concludes by examining the precise manipulation of the longitudinal beam
shift in total internal reflection condition, also referred to as the GH shift, in absorbing material
interface ML WSe>-SiO,/Si configuration Compared to the typical glas&r contact, the
critical angle is substantially different. Three paraméteére angle of incidence, the
polarization state of the input light beam, and the -pekction angles for our chosen
configuratio® that were not examed in previous studs are experimentally demonstrated to

be crucial for precisely controlling the shift values. The experimental inquiry is supported by a
broader theoretical model that has been constructed. The underlying information offered by
these results will be usefidr the technological development of photonic devices based on ML
WSe and other transition metal dichalcogenides. More precisely, the use of Mi-SUS£SI
arrangement for sutvavelength optical beam manipulation will create new opportunities for
future advancements in a number of domains, such as image edge detection and biosensors,

where precise shift values are required to accomplish particular objectives.
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6 Goos Hanchen Shift
Using Hermite -Gaussian
Laser Beam

The content of this chapter is adapted from the following published article :

S. Mandal, A. Das,and M Pradhani We a k me as ur e melanthenchiftfarh e Go o
HermitdGaus si an Joauma of Optics26 (1), (#5403 2024
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6.1 Introduction

The solution of the paraxial wave equation (Helmholtz equation) in rectangular coordinates is
the HermiteGaussian (HG) optical beam, one of the important highger optical beams that

have been the focus of intensive study on sophisticated beam muaaoipidaseveral decades.

The order of the beam is defined as ), where m and n are integer values greater than or
equal to zero and represent the x and y directions in the plane perpendicular to the direction of
propagation z. It has complete, uniquéhonormal spatial modes with rectangular symmetry

[1]. The sum iG+m) is the denoted as spatial order of the mé&sden thougtHG beamslo not

carry orbital angular momentum (OAM), beams with circular or elliptical polarization can

nonetheless carry spin angular momentum.

In contrast to the simple GaussialE(Moo) mode, higheorder HG modes feature
intriguing characteristics like multiple intensity lobes [2], salteleration [3], selfiealing [4],
etcas discussed in detail amapterl. Consequently, these modes find use in a wide range of
domains, such as electron acceleration ¢dlical communication [5], optical manipulation
[6], quantum entanglement [And many more. Small particles can be confined by using the
beam's super oscillation characteristics and linear momentui {&p-qubit quantum phase
gate can also be constructed using the Gouy phase obtained by HG beams [9]. The advantages
of selecting higheorder HG beams in gravitational wave detectors to lower the thermal nois
have also been investigated recently [1,10].

Given that each of these events is linkedrémsmission or reflection dfeam at a
particular interface, thorough studies [11] have developed a formalism based/@wvector
analysisinvolving generalizedHG modesHowever, an actual optical beam composed of an
infinite number of plane waves with different wave vectors cannot be sufficiently described by
the Fresnel formulation in terms of either transmission or reflection. A variety efpesular
phenomena ariseud to the unusual behavior of the conation of plane waves, such as the
GoosHanchen (GH) shift, the ImbeRedorov (IF) shift, and the photonic spin Hall effect
(PSHE) [12, 13].Whereas PSHE and IF shifts are defined as the transverse shift orthogonal to
the plane of incidence of the beam centroid position when incident light beams undergo
reflection or refraction at a particular optical interface, the G#éschen shift is typidly used
to describe the displacement in the plane of incidence. The reflected or transmitted beam can
appear tabe simultaneously deflected (angularly) and displaced (spatially) [14], depending

upon the lighimatter interaction. Lately, unified theories [15, 16] have been established to

-94-



Chapter 6: Gooeslanchen Shift Using Hermi@aussian
Laser Beam
describe all kinds of beam shiftsis quite chaknging to detect subtlegeam shiftsince their
numerical magnitude is of the order of the incident bgtavelength. As a result, several
initiatives were undertaken to improve those small shift values by means of experimental
techniques [1i718], higherorder optical beams [121], or innovative material compositions
[22i 25].

Generally speaking, firairder beam deformation effects are represented as shifts in the
beam centroigosition Deped i ng on t he i B angubedstribution shdpe, b e an
complex beam patterns experience finer higireler deformation effects [26]. One easy way
to add complexity to the incoming beam pattern is to include the orbital angular momentum.
Vortex light beams can be used to contr@ #fymmetries of the longitudinal or transverse
optical beam shift and photonic spin splitting [27]. Hoeewortex or Laguerr&auss beams
with finite orbital angular momentum (OAM) were the main focus of the majority of beam
shapedependent experimental [2839] or theoretical [30] investigations of optical beam shift.
The phenomenon of beam shifts employing the highéer HermiteGaussian beams has been

the subject of very few theoretical investigationsi ).

Now, spatial, angular, as well as the compdSiteshift near critical angle of incidence
IF shift, PSHEare already well investigated for fundamental mode (ddEMcident light bem
using the weak measurement {39. The idea of the weak valuemalification (WVA)
formalism [3§ was introduced by Aharonov, Albert, and Vaidmari @88 Here, two parties
call ed Asyst ante@ct weakly thiopgh & codpleng aoefficient that is related to
the unknown parameter that needs to be measured. By performing suitabéegngost
selection on the system, it is possible to extract information about the parameters from the
significart changes in the pointer statd.o enhance the performance of precision
measurements, higherder optical beams havecently been employed as pointer states in
weak masurements [338]. Additionally, compared to standard Gaussian pointer states, it
was found that for nth order HG modes, the precision of measurements can be increased by a

factorof c¢&¢ p [39, 40].

This chapter presents an experimental demonstration of a generalized optical
arrangement that uses a phaséy spatial light modulator (SLM) to create a higloederHG
optical beam. The optical GH shifts at the praminterface near the critical angle of incidence
for two orthogonaHG modes (H@ and HGz) are then investigated using this arrangement
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in a WVA schemeThis in-depthst udy expl ores on hoswhapehe i nc

polarization, angle of incidence, and psstection angle affect GH shifts.

6.2 Theoretical model

To conduct the quantum weak measurement (QWM) as WVA scheme with H&aussian
probe state, we considered the weak interaction between tselpoted state systegn Gand

the HG probe statg & The total initial state is then representedsast § 6@ & The
evolution of the whole system is governed by the Von Neumann interaction Hamiltonian which

is represented as [29],

O Mo § (6.2
where, g is the sufficiently small coupling constantjs the momentum observable of the

probe conjugate to the commuting position variafdleand0 represents the quantum
mechanical operator of Godtinchen shift [14], which is given by,

. — T
5 (6.2)
L1 . —
where ... — Yas A —and ... — ‘Ao & M +—with —being the angle of
inciderceandi ,i are the Fresnel reflection coefficients ferands- polarized light beam,

respectively.

After the weak interaction, if we peselect the system onto the stgte , then the

pointer state evolves to the following state given by,

>

9 [ sQonQ® 3§ 0 g 0 G (6.3)
Finally, the spatial displacements of the HG pointer state can be calculated as [39],
W A "QY Q0 (6.4

Whered is the weak value of GH shifts given by,

r o T (6.5)

To implement the whole thing experimentally, we preselect the incident light beam to a

particular polarization state as,

-906-



Chapter 6: Gooeslanchen Shift Using Hermi@&aussian
Laser Beam

$ WEN SO | Qe (6.6)

with | being the polarization angle. The HG mode is employed as the pointer state of the
measuring device. It is initially prepared in stated _ Qdf ¢ i Lhud The complex
amplitude of incident HG beam is given by [11],

o Y (6.7)

1] Qq 1
§ . o ST
+ @ O Vi O Vo ! i
, 1
a -
llp el
u Wi

0w

P ... U
.,Q(?Qoor] oT)
p or p or

whervoeg i6s the waist of the Gaussi dmmgsannct i or
polarizer (GLP), 1@hwc h-&xis,ghe faanbofiincidgent ightdpéamm in 6

the planez =0, will be,

wel, Voo, Mo o (6.8)
L ems O = 0o —= Qun w w

i Qe V] )

After thetotal internal reflection of the light beam,

* o s @ O (6.9)
SWE i Q Qown o &
A o #Q 0O w0 w
U I ©

I Qe Q Qwn 5
o o

whergl 1 is the phase difference betwagerands-polarized light beam an@® , O
are the spatial GH shifts due to TIR which can be calculated using the formulas developed in

[29].

We introduced the quartedft) and haHKwave {7¢) plates consecutively to
compensate the extra phase appearing due to TIR. The Jones matrix representing their

o7
combined effect is given ban . ”7 . Therefore, the beam emerging from the retarders

has the form,
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. (6.10)
h,wsu Qwn &
& o #Q O ®0 w
R VI O |
I Qe Qwn 0
o o

Finally, another GlasThompson polarizer (GLP) in the output is rotated to an gnghhich

project out the final state as,

i man s @O (6.1
r‘ywsu wel Qown & CUic
9} _ 5 —— 0Q

P S ( RO L

I Qe 1 Qe Qoonl,)—
o o

and ~ ~ o O (6.12

h,(Joé|i weT 'Q(Jor‘]l,)—(~Y Ve

e} ., & —— wQ

P L © L

I Qe 1 Qe Qoor]o—

o o

for( ' and( ' mode, respectively. Following Duck et6a$4l] formalism, these states

can be finally represented as,

o Py (6.13
a2 T p T QAR —e——
o By
oh
forthe( ' mode and
o (6.14)

(o)

W

@ T p T QeR —e——

(¢

o P

I Qon 4—0

for( ' mode, respectively. Graphical representatioresjoation(6.13) and(6.14) are shown

in Figure6.1 (b) and (c), while (a) represents the same for the fundamental mode.
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(d)
Figure 6.1 The intensity distribution of total internally reflected light beam at orthoi
condition for HGo {(a), (d)}, HG10{(b), ()}, HGo1{(c), (f)} modes of light beam. 1st and z

row represent the theoretically simulated and experimentally obtained pealfites
respectively.

6.3 Modified experimental setup for weak value amplification using a

higher-order light beam
To experimentally investigate the GH shift for higher order Her@ress beams, we used a
633 nm HeNe laser generating output power around 5 mW (30991, Research Electro Optics
Inc) and a reflective phasmly SLM (HOLOEYE PLUTQ2.1VIS) to generate two throgonal
HG modes. The schematic diagram of our implemented setup is illustrdtepire6.3. The
Gaussian light beam was passed through a half wave plate aligned along the orientation of
liquid crystal inside the SLM and reflects from it. A set of holograms were multiplexed on the
SLM to generate two different HG beams, each with a unique beapesThose holograms
were created using the combination of phase masks as sh&igure6.2. The combination
of Figure6.2 (a) & (b) produce the phase maBlgure6.2 (c) which is then fed onto the SLM
and as the light beam reflects off the SLM, the first order diffraction pattern manifestas HG
modeFigure6.2 (d). By similar procedure, we obtain the bi@ode as depicted irigure6.2
(e, f, g and h).
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(e) ® ) (h)

Figure6.2 The combination of several holograms {(a), (b)} and {(e), ()} to form specific |
masks (c) and (g) which are fed into the spatial light modulator (SLM) to generatgd)
and HGz (h) modes, respectively.

Other unwanted diffraction orders of the reflected beam except the first order diffraction
pattern is removed by properly adjusting iris combination (I1 & 12) and steering the phase

pattern in SLMas showrnn Figure6.3.

The position and quality of the reflected beam is analyzed by a beam profiler (LBP 4
USB, 6610d, Newport). Then, the specific beam profiles ggH8Go1, HG1g) are passed
through the preselection unit consisting of half wave plate (HWP), ptapnavex lens (L1)
and Glan Thompson polarizer (GLP1). The HWP is utilized to control the intensity of incident
light beam. A planaonvex lens (L1) of focal length 150 msused to collimate and focus
the incident light beam to a particular width around ~ 200 um.iXeel the polarization state
as 45linearly polarized (LP) by properly rotating the optic axis of GLP1 which is monitored
using a Stokes polarimeter (PAX1000VIS/M, Thorlabs).

Then the total internal reflection takes place from a prisABKNY RA, Thorlabs) of
refractive index 1.5151 which is placed on a motorized rotation stag&8{M\, Newport).
The angle of incident of light beam is regulated by a-piggtision rotation mour(PRM1/M,
Thorlabs) connected to the stage. Next, the combination of quaater plate (QWP) and half
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wave plate (HWP) is introduced to compensate the gxttaa s e ( U ) appearing
internal reflection (TIR) of light beam. To pestlect the light beam, another Glan Thompson
polarizer (GLP2) is used which acts as an analyzer. We employed anathecqhvex lens
(L2) after GLP2 to remove any type of polarization rotation arising due to geometric phase

during light focusing and collimating.

Pre-selection

\}“ A

3\ Prism

Y
UOI)II[3S-)S0 J

Laser
controller

Figure 6.3 Schematic representation of the implemented weak value amplification (
setup for measurement of tiny optical beam shift using higrear optical beam. HWP/QW
half/quarterwave plate; 11/2: iris 1/2; L1/2: planmonvex lens 1/2; GLP1/2: Glarhompsol
polarizer 1/2; SLM: phase only spatial light modulator.

Finally, the resultant nature of output beam is observed using gteglsion beam
profiler. After compensating the extmhase (0) , the GLP2 is then
computercontrolled rotation mount (PRM1/M, Thorlabs) to a position orthogortal nespect
to GLP1 to verify the breakdown criteria of beam profile. At this position, the separation
between the lobes of H@increased mor¢Figure 6.1(e)] and the HG mode breaks in

horizontal direction as a resultappearsas four lobegFigure6.1 (f)] which looks like HG1
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mode depicted ifrigure6.1. Now, for particular angle of incidence, the optic axis of GLP2 is
rotated clockwise and anticlockwise by pese | ect i on idngtespé&ctaindel y
beam centroid position is noted from the beam profiler data which will be used to calculate the
amplified &GHdosliUNt i .e. o

6.4 Results andDiscussions

(a) HG |

600 - —o— ¢ =0.5737 500
500 —o—g=11 00l

~ 4001 . .
g g 300f

2 3001 1 <3
o) 200l 1 L 200
1[)0 N i 100 B
of ] of

4 42 43 44 45 46 41 42 43 44 45 46 47
Angle of incidence (Degree) Angle of incidence (Degree)

Figure6.4 Variation of the amplified spatial GH shift with angle of incident for two diffe
postselection anglex| using (a)HG1o0 and (b)HGo1 modes, respectively.

In Figure 6.4, we illustrate how the GH shift varies with the incident angle in the
neighborhooaf the critical angle for the two mutually orthogonal HG modes:¢4@d HG1)
for two distinct values of postelection angle (0.573nd 1.9). There is a sharp maximum
observed at critical angle (4).%f incidence for both incident modes which is due to
discontinuity of phase at critical angle. Then the shift value decreases continuously and
vanishes as we move further away from the critical region. Few sharp peaks are observed at

some higher angles mcidence.

Though the shift values are large for small pgedection angles in He mode, a
contrarybehavioris observed for its orthogonal counterpartdid@ode due to different mode
structuresThe post selection angle also plays an important role in governing beam shifts. It is
evident fromFigure 6.5 that the amplified horizontal GH beam shifts for the HG modes are

highly dependentuponthepeste | ecti on angl e (0).
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(b) HG,,
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Figure 6.5 Variation of the amplified horizontal beam shift with pestection angles f
different angle of incidences using {10 and (b)HGo1 () HGoo modes, respectively.

Although the nature of the GH beam shift is similar for all the modes, however we can
get several interesting features from those plots. First, as we move from the orthogonal
condition, the shift value increases in positive or negative direction for cieeko ant
clockwise rotation of GLP2, respectively at and above the critical angle for both the modes.
After reaching a peak value in positive and negative direction, the amplified GH shifts decrease
gradually to small values for larger pestlection agles. Second, at critical angle, we get the
maximum positive and negative amplified shifts for both the modes. Third, as we increase the
angle of incidence, the peselection angle at which we get maximum shift values is getting
closer to orthogonal pogih. We can then draw the conclusion that selecting a definite angle
of incidence ) and posselection angler] i.e.d-Ucombination one can fireine the GH shift

to a desired value for maximum shift. Finally, comparing all the three plots, we cameobse
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that at critical angle of incidence, amplified horizontal shift can reach up to ~ 350 pum fer HG

mode and the curve for fundamental Gaussian beam is only about ~ 100 pm.

(a) HG,,
_ 0 B
~ 80 : i
£ =
= =
= =
.H: w
= =40
= 40} 4 £
g t
2 o
= >
g =
2 ol | £-80f
=
£
2 <
_40 1 I Il 1 i -120
-2 -1 0 1 2
Post-selection angle (¢ in degree) Post-selection angle (¢ in degree)

Figure6.6 Variation of the amplified vertical beam shift with paestection angles for differe
angle of incidences using (E)G10 and (b)HGo1 modes, respectively.

In Figure 6.6, the amplified vertical shift values of the beam centroid with the- post
selection angles varying fror@’ to +Z for different angle of incidence near critical angle are
presented. The values of vertical shifts are lower than those of horizontal shifts. The vertical
shifts between H& and HG:1 modes are significantly distinct. The peak value of amplified
shift and its related poselection angle differ depending on the incidence angles corresponding
to different horizontal or vertical shifts. It is noteworthy to mention that for they H®de,
positive shifts symmetric around the orthogonal position are achievedréater angle
incidences, and these shifts steadily rise as thegedsttion angle is increased in both the
clockwise and anttlockwise directions, remaining nearly constant until it reaches its
maximum.Moreover, when Hg mode is used instead of H&mode, thebehaviorof the
amplified vertical shift of the beam centroid position is completely different. Here, negative
shift values are symmetric about the orthogonal posiéind it increases as we move towards
higher postselection angles. As the gl of incidences increases, the vertical shift values

increase.
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Finally, we have compared the variation of GH shift values with angle of incidences
near critical angle for the fundamental and first order HG modeg, HG10 & HGo1 as shown
in Figure6.7. For all three of the distinct beam profiles, the nature of shift values with angle of
incidences remains the same, although there is a large variation of the quantitative estimates in
shift values. We observed more shift values for the HG modes as @ahtpahe Gaussian
mode. We found specifically three times more shift values for the rGde at critical angle
of incidence as compared to the Gaussian mode. The shift values gradually decline for all three
of the modes as the angle of incidence rises, with the exception of a few high peaks shown for

the HG modes, where it decreases smodtirlyhe Gaussian mode of the light beam.

600 |-
500

400

300 |

A, (nm)

200 F

100 |

41 42 43 44 45 46
Angle of incidence (Degree)

Figure6.7 Comparison of the amplified spatial GH shift with angle of incident conside
specific postselection angler( 1@ ¥ Jpfor different beam profilelGoo, HG10 andHGos.

- 105-



Chapter 6: Gooeslanchen Shift Using Hermi@&aussian
Laser Beam

6.5 Concluding remarks
In summary, using a spatial light modulator, we have demonstrated experimentally the higher
order HermiteGaussian (HG) modes in a generalized manner and subsequently investigated
their GoosHanchen (GH) shifts close to the critical angle of incidence égn® of weak value
amplification (WVA) technique. We have offered a theoretical framework that uses HG probe
states to explain how beam profiles evolve during WVA technique. In comparison to the
fundamental mode beam (k§g we observed two to three timgeater GH shift for the first
order HGo and HG:1 modes. Our findings demonstrate how the combination of the angle of
incidence and the pastlection angle can help tuning the GH shifts for complex light modes.
Finally, our work paves a new way to the fields of optical beam manipulation and weak

measuement of optical beam shifts phenomena.
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Detec tion of L ongitudinal
and Transverse Photonic
Spin Splitting

The content of this chapter is adapted from the following published article :

S. Mandal, A . Das, and M. Pradhan, NnSi mul taneous

photonic spin splitting in monolayer WSg i a quant um weadunam@&asur en
Applied Physics35(20) (2024).
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7.1 Introduction
The photonic spin Hall effe¢PSHE)of light is the separation of a linearly polarized incident
light beam to right and left circularly polarized (RCP and LCP) light in the transverse direction
during reflection or transmission process [1]. This phenomenequivalento the electronic
spin Hall effect, in which photons and refractive index gradient, respectively, substitute for the
electronic barges and electric fields. Tleigin of this shift is intimately linked to the spin
orbit interaction (SOI) bthe light beam, which is made up of two components: conservation
of total angular momentum including the spin angular momentum and finite geometric phase
[2-4].

Depending upon the nature of the interacting surface, geometric phpsarsas the
light beam interacts with a specific optical interface, and the phase gradient manifests as the
separation between the two opposite spins (RCP and LCP) of the reflected light beam while
preserving the total angular momentum of the incident ligatrbhroughout [5, 6]. Photonic
spin splitting (PSS) can occur in both the transverse and longitudinal directions of the incident
light beam[Figure 7.1], depending on a variety of factors such as the angle of incidence,
interaction medium, or several properties of the incident light beam such as polarization, spin,

orbital angular momentum, and so orl[Z].

7

2Xi
iy
LP

Figure7.1Geomet r-gl @afe d rotmldameawtphot oni ¢ spi
linearly polarized light beam as right and left circular polarized light in reflection
monolayer (ML) WSeinterface (: in-p | a g eutof-plane).
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In order to study the spin, valley, electrical, and optical properties of thekmaiin

2D material graphene as well as its applications, a number of new experimental and theoretical
research fields were opened up after its discovery, including spirgramtieytronics, and
opto-electronics [12]. Subsequently, materials with unique properties were found and
introduced into the field of study, including Dirac semimetals, photonic crystals, topological
insulators, and transition metal dichalcogenides (TMP{@3,14]. The ultrathin TMDCs
(MX2, M = Mo, W, Re; X =S, Se, Te) have attracted a lot of interest among those special
category members of the new era because of their exceptional chemical and mechanical
stability, tunable electrical and optical properties, and strongtigtiter interadons brought
about by exciton effects [15Furthermore, strain effects, electric/magnetic fields, thickness,

and chemical compositions can all be used to regulate the band gap of TMDCs [16].

It has already been demonstrated that the optical conductivity of the surface of
interaction affects the photonic spin Hall shift (PSHS) [17]. If raltered material structures
such as graphene, TMDCs, black phosphorus, metamaterials, topologicabmssalad Weyl
semimetals are used, PSHS can therefore be modified over a few times in comparison to the
shifts for the auglassinterface [1821]. The PSHS has garnered a lot of interest lately in a
variety of application domains, including plasmonics, image processing and edge detections,

precision metrology, and sensing technologies, because of these fascinating characteristics [9].

Nevertheless, the PSHS is minuscule, with a size comparable tti@fEdhe incident
| i g h tswhvelengil® As a result, we need a precise method to measure these small changes
accurately. The groundbreaking work of Hosten and Kvidgk fleveloped the experimental
implementation of weak value amplification to detect the transverse shift of the opposite
polarization components using a transmitted light beam. The system must firstseéepted
to a specific polarization state in ordergerform theoptical analog of weak measuremeid.
the light beam interacts with the particular optical contact, the polarization and spatial degrees
of freedom are then related via weak couplin

state is posselected to a state that is almost orthofjtmthe preselected state [28].

A polarizationdependent analysis of theptane and oubf-plane PSS of reflected light
beams from the glassr interface has been previously reported using the QWM technique [27,
28]. Due to the strong coupling in this angle of incidence region, Ladet 6 s | at er r ep
switchable PSHS near the Brewster angle raised questions over the suitability of weak

measurement formalism [29]. When the-faed posiselected states are very nearly orthogonal
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to one other, the weak value can likewise become arbitrarily large. In order to address these
problems, taking into account the horizontally) (and vertically (s) polarized preselection
states, modified weak measurement models were developed whicheragplied to both
absorbent and neabsorbent media [30, 31}.is important to keep in mind that these models
are limited to transverse shifts. An optimal weak measurement of generalized PSS has been
determined for incident light beams with arbitranelar polarizations interacting with a glass
air contact [32]. For arbitrary linear polarization, a recent work has also demonstrated an
optimized weak measurement model with broader applicability for bephame and oubf-
plane PSS by treating the reftn coefficients as complex values rather than real numbers in
general [33]. The simultaneous detection epiane and oubf-plane shifts for an arbitrary
linearly polarized incident light beam has not, however, been directly verified experimentally
in that study. In fact, when the arbitrary linearly polarized light beam was reflected from the
surfaces of the absorbent material, the intensity of the reflected light beam either decreased
considerably or the beam was distorted due to enhanced scatt@dngbsorption. The
reflection coefficients of the material surfaces might cause an unexpected variation in the
polarization of the reflected light beam. Consequently, for incident light beams that were

arbitrarily polarized, very little shift value wass#yved using QWM.

In order to thoroughly examine the transvdiggand longitudina( i PSS employing
horizontally (p) and vertically (9 polarized light waves, as covered in toimpter we have
taken into consideration a monolayerL(Mof tungsten diselenide (WSg deposited on a
SiO,/Si substrate as the interaction surface. In comparison to the extensively mgearch
prototype TMDC material, MoSit has distinct and complementing features [8]. The band gap
of ML WSe is 1.65 eV, lower than that Mo, (1.8 eV) [34]. Whether this band gap is direct
[35] or indirect [36] is still up for dispute. Additionalljyy/Se> exhibits a strong spiorbit
coupling, a high quantum yield in photoluminescence (PL), and a high absorption coefficient
in the visibleto-infrared region [3739]. Finally, e far as we are aware, this is the first
thorough experimental study of PSS employing the quantum weak measurement technique
close to the Brewster angle of incidence at the interface of\Mlle- deposited on &iO,/Si

substrate.

7.2 Theoretical model

As shown inFigure 7.1, we have studied the external reflection of the Gaussian light beam

(TEMog) from the airmonolayer WSeginterface. The theoretical model of the PSS is developed
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using the classical optics t hgandtyansyersashit udi ng
( W during external reflection). The electric field of the incident arbitrary linearly polarized
Gaussian light beam can be defined using the angular spectrum representation as [8],

o "o 5 (I)srl Qon Q 797 0 (7.1)
@) I Qe cQ
where[ denotes the polarization ang@, and O are the electric field components
corresponding to thp- (1) ands- (w7 polarizedincident light beam. Herey
QO j cisthe Rayleigh lengtiQ ¢*j _is the wave vector corresponding to the wavelength
(@ of the incident light beam an@® ,Q denote the wave vector components indhand
w directions respectively. Applying the appropriate boundary conditions after reflection from

the surface, the reflected electric field can be obtained as,

L, 11 Qoes ., (7.2)
' 5 L WET O l srzeﬁ,' BRI
O & i 0dks. . o AN T
o) WEL 11 Qe
o o
where i Y Qwo, i Y Qo denote the complexalued Fresnel reflection

coefficients for thg- ands- polarized incident light beams from the isotropic mdengered

WSe interface, respectively.

The two preferred approaches to figure out the reflection coefficient are the (i) surface
current model [18,40] and (ii) slab model [8,41]. However, for multilayered configurations
with different thicknesses and refractive indices, the slab model offesseaconvenient way
of studying the reflection coefficient as compared to the surface current modéd][42
Therefore, we used the slab model to determinandi , treating WSg monolayer as a
homogenous medium with thickness which is considered as 0.7 nm in the theoretical

calculation. The reflection coefficients in the slab model are calculated as [8],

o Y oo i1 Qom0 (7.3)
L= W ST 1 owgm o

g i i Qo Q (7.4)
i 0 Y Qo .
! o b 11 Quag@Q
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wherei —_— i —,Q — - -1 "Q&andi, j denote the layers

correspond to the different material compositions of the multilayered structure under
consideration- and'Q represent the permittivity and wave vector relatedomedium

respectively.

The ML WSe, supported by SigSi substrate (285 nm thick SiGilm on top of Si
wafer), behaves as an absorptive medium. It is evident that the thickness of the substrate is
greater than that of ML WSeHowever, it does not carry much significance in our theoretical
model aghe ML WSe is highly absoring in the visible domain [13,39The intensity of the
p-polarized reflected light beam reaches a minimum at the Brewster ainibd, is close to
76, as can be seen from the moduldsy() and phase%o) of the reflection coefficient
presented ifFigure 7.2. For p-polarized incident light beanY has shown two distinct dips
near the angle of incidence’2thd 76. The Brewster angle is near 28'Y © ttas shown in
Figure7.2 (a). Additionally, we have plotted the angular dependence of phase for both the
polarizations. We can observe that the phase has shown sharp changes (%3aredl 71

(%0) for p- ands-polarized incident light beam, respectively.

(a) (b)
,...,.,.,.200....¢P.-...
1.0} —R, i =
R .
~—d S
S os} | 100 | |
=
= v
2 0.6} 1 &
S = |
: m
S 0af 1
>
L -100 F 1
T 02} .
2 ]
0.0 1 1 1 1 1 _200 1 1 n 1 " 1 " 1
0 20 40 60 80 0 20 40 60 80
Angle of incidence (degree) Angle of incidence (degree)

Figure7.2 Angle of incidence dependence of (a) modulus and (b) phase of reflection cot¢
(i ATiA) as determined using the slab model for the monolayer,W&gosited on tf

SiO,/Si substrate.
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The incident light wave has a finite transverse extent, which results in varying angles of
incidence for different plane wave componehtsnce, we have used a Taylor series expansion

of the Fresnel reflection coefficienis @ T {A aroundQ .

T (7.5)
'|' N

..
| l )

wherei andi represent the Fresnel reflection coefficientp-ofinds- polarized central

incident light wave with the angle of incidenee

After plenty of rigorous calculations using the appropriate boundary conditions and

inverse Fourier transform, we obtain the reflected electric field in position space as [45],

i ol Qhés (76

T L N S
0 v T —a G a Q Y
@) : & . . . e w o w . A
O . Ti ) Lo I wwéliwne-gY
[ — v i Qe : =
T —€ : a Q
- 04
Qi Qnw w
wWnN ——————
Ta «

where’O andO denote the electric field of the reflected light beam alonguttend w axis,

respectively.

In the weak value amplification (WVA) scenario, we need to-pekct the reflected
light beam to a specific polarization state, which is accomplished by another polarizer. If the

transmission axis of this polarizer makes an angiéth thew axis, its Jones matrix is written

. e -i @E . . .

asu ) , .. After passing through the polarizer, the reflected electric
-i QE i Qe

field can be calculated & 0 80 . The post selection angle is chosen as the

polarization angle, which is close to orthogonal with respect to thegbieetion angler(. So,
forp- (¢ 1) ands ( w7 polarized incident light beam, the polarization angle of the
polarizer at the postelection is fixed &t w7 Y and | Y with respect to pre
selection, respectively, whe¥tis the posselection angle. The amplified PSS of the reflected
beam after posselection in théongitudinaland transverse directions can be obtained from the

barycenteshift calculations given by,
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N AwO" Ghoh s (7.7)
A" OhoOR s
N AKO" whom s (7.8)

A" ohol s

Following long and tedious calculations, the detailed expressions t¢drigeudinal

and transverse spin splitting in weak value amplification of shift (wvas) model are written as,

@ B B (7.9
CY " i "% a° wéE% A" wWE% Qe i W
WDEBDNEDCYYDE® % Y Y ¢YaQ .
@ B B (7.10)
CY " i B Qe WéERh 7 WE% ae | O
WESDEBMCYYWEH % Y Y cYaqQ " e
and
0 (7.11)
CY DE-EDYA YDEB % & Yi O %o G
WESNEBMCYYWEH % Y Y cYaqQ " e
W ) o ) (7.12
¢Y W £-60 EX)'YG Y wé %o %o G Y i Qo %o C(
WESVEBMCYYDEH % Y Y cYaqQ " e
for p- and s polarized incident light beams, respectively wherg Y 0—" ands A
‘04— .

7.3 Experimental methodology

The experimental setup for weak measurement to investigate generalized spin splitting is
shown inFigure 7.3. For the experiment, a 638n Hd Ne laser (30991, Research Electro
Optics, Inc.) generating a higjuality linearly polarized Gaussian beam with a power of 5.0
mW was mounted on a stable post kinematidadmp (C1513). The beam first passes through
the pe-selection unit, which consists of a halave plate (HWP) (WPMH10M33, Thorlabs),

a planeconvex lens (L1) (LA1433, Thorlabs) with a focal length of 150 mm, and ai Glan
Thompson polarizer (GLP1) (GTH10M, Thorlabs).
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@) GLW GLP2
——x oK
“,

: /7 (b) (©
X .

ML WSe,
on Si/Si0,
substrate

Figure 7.3 (a) Schematic of the experimental setup for measurement of transvel
longitudinal PSS in ML WSeon SiQ/Si substrate. The pigelection and postelection of th
incident and reflected light beam have been shown in (b) and (c), respectively.

The HWP and GLP1 are mounted on a hpgécision rotation mount (PRM1/M,
Thorlabs), allowing precise control over both the intensity and polarization state of the incident
light beam. By adjusting L1, the spot size of the incident beami§ set to approximately
180 Om. The pol ar-sSelected by omatingtheaptieaxis of GLP hteachieper e

either ppolarization{  1¢) or spolarization w ).

The light beam is externally reflected from the interface of a monolayer W/Sa
Si/SIG; substrate (2D Semiconductors, USA), which is mounted on the base of-angiéd
prism (NBK7 RA, Thorlabs, refractive index p& p | psing refractive index matching
liquid. The prism is positioned on a motorized precision rotation stage (PRM1Z8, Thorlabs),
enabling precise control of the angle of incidence. The weak interaction for a specifically
polarized light beam occurs at the gdensurface.

The reflected light beam then passes through theggbsttion unit, which comprises
another GlanThompson polarizer (GLP2) (GTH10M, Thorlabs) mounted on a computer
controlled precision rotation stage (PRM1Z8, Thorlabs) and a jganeex lens (L2) (f =
150 mm, LA1433, Thorlabs), with L1 and L2
propaged s a fi xed distance of 30 cm to achieve

the propagation factar 7o [45]. To postselect the reflected beam at a specific argj)ethe
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optic axis of GLP2 is rotated until the minimum light intensity is detected by the beam profiler
(LBP-4 6610d, Newport). This corresponds to the orthogonal condition in the optical analog
of weak value amplification, where the Gaussian beam splits integparate Gaussians due

to destructive interference [30].

Taking this position of GLP2 as the reference for beam shift measurements, it is rotated
clockwise and counterclockwise by the psstection anglesf), and the corresponding beam
centroid positions are recorded using the pgécision beam profiler (LBR 6610d,
Newport). From these measurements, the longitudinal and transverse shifts between the two

opposing circular polarizations can be directlyedetined.

7.4 Results andDiscussions

6000
z Z 200}
g =
é 4000 |- =
< )
2 2000 | g
S g
= 8=
—
-
ol -% oF
200 250 300 350 400 1.4 1.6 1.8 2.0
Raman shift (cm™) eV

Figure 7.4 Characterization of monolayer W) Raman (b) Photoluminescence (
spectroscopy.

Before measuring the 4plane and oubf-plane displacements of the specifically polarized
incident light beam reflected from the 2D monolayer W&ethe Si/SiQ substrate, the layer
number and optical quality of the sample were verified using fastdesinuctive techniques
such as Raman and photoluminescence (PL) spectroscopy performed at room tempbleature
presence of prominent Raman peak' Bround 251 crhand weak Ay at a separation of-6

cm}; and the absence obf8 peak near 304 cinclearly signify the monolayer structure of the
WSe sample [Figure 7.4(a)] [46]. Subsequently, Higure 7.4(b)] presend the
photoluminescence (PL) spectra for the specified sanigte. experimentally observed
symmetric, strongAe x ci t on emi ssi on prresaHe direat andgag nafure 6 6
of the highquality CVD-grown monolayer WSesample.
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We have now studied the region’®5 80 to investigate how the transverge)(and
longitudinal § ) shifts depend upon the angle of incidence appearing due to the interaction of
the visible light beam (633 nm) with the interface of monolayer Mp&&ed on the SigSi

substrate. This region c oV)forthe pBeseateonfigwatidns an g
(airML WSe - Si/SiQy) providing it more significance. Four distinct pagiection angles
have been chosen ¥s TR’ P8r AT g&y.
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Figure7.5 Experimental [(a), (c)] and theoretical [(b), (d)] representation of the variat
transverse shifty() for p- and spolarized incident light beam with angle of incidel
respectively.

The transverse shift values | for a ppolarized incident light beam are initially
negative and eventually approach zero at an angle of incidence oéféfred to as thizero

crossing angie[8]. After that, for a posselection angle of 0'2) increases monotonically,
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reaching a maximum value of roughly 350 um at the Brewster angle of incidence. As we
proceed away from the Brewster angle, after that, it gradually dfagare 7.5(a)]. The
behaviorof transverse shift values () for an spolarized incident light beam is significantly
different, as illustrated ifrigure 7.5(b). In this instance, it begins to grow in the opposite
direction, achieves its maximum value of approximately 110 pm close to the angle of incidence
of 70, then drops to zero at roughly the angle of aBd exhibits a little positive value at

higher incidence angles.

Moreover, lower shift values for both polarizations were found at largersptesttion
angles. Our experimental findings have also been compared with the established theoretical
framework [equation(7.11) and (7.12)]. For ppolarized light beams, we find that the
theoretical model and experimental data match perfectly; but;dolasized light beams, we
find a little mismatch, which we attribute to the increased scattering of reflected light beams at

higher angle®sf incidence.

Subsequently, we have presenteBigure7.6 the angledependent measurement of the
longitudinal shift of two opposite circular polarizations. It is evident that forpal@rized
incident light beam, the longitudinal shift begins at a tiny positive value, passes zero at
approximately 68angle of incidence, and grows in the opposite direction, reaching a maximum

of up to 70 um[Figure 7.6(a)]. Then, close to the Brewster angle, it drops abruptly again to

zero. We might infer that the transverse shi

angle of incidence.
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Figure7.6 Experimental [(a), (c)] and theoretical [(b), (d)] representation of the variat

longitudinal shift(y ) for p- and spolarized incident light beam with angle of incidel
respectively.

Meanwhile, thdongitudinalshift for spolarized light first showed a positive shift value
before gradually decreasing to 23 um at a &gle of incidence. Afterward, it increases
monotonically to a maximum value of around 145 um at’ @a@gle of incidence, and at higher
angles of incidence, it quickly drops to a small value, as se€igure 7.6(c). In order to
compare the experimental datalafgitudinalshift for both incidence polarizations, we have
plotted the equation&.9) and(7.10) as shown irFigure 7.6(b) andFigure7.6(d). Here, it is
observed that the theoretical model of the variation ofvith angle of incidence and the
experimentally obtained results have similar trends. Although the data points are slightly apart

with respect to the theoretical prediction, which is because the parameters appearing due to
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Figure7.7 Experimental [(a), (c)] and theoretical [(b), (d)] representation of the variat
transverse shif() ) for p- and spolarized incident light beam with pesglection angl

respectively.

It is clear that the shift values also depend on thegmsttion angles from the angle

dependent analysis of the longitudinal and transverse shifts for variousepeion angles.

Therefore, we have plotted those with psslection angles, takingtm account both the-p

andspol ari zed

ncoming

| i ght

beam for 76,6hr ee

and 78) in order to more thoroughly study tiehaviorof both shifts with posselection
angles. From the experimental data showFigure7.7, multiple inferences can be made. First,

the transverse shift is larger for a smaller value of the-gmettion angle, and it decreases
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slowly as we step up the pestlection angle. Secondly, we obtain the maximum transverse

shift t he Br €)vosppelarized ligigt WwaveFigdre7.7 nc i d e n
(a). Third, with an golarized incident light beam, the maximym is found at the post

curve at

selection angle of 0.Figure7.7 (c). Fourth, the larger transverse shift value cuyvg for s

polarized light is obtained at a smaller angle of incidence. Furthermore, it is found that, at a
given angle of incidenceolarization can yield approximately four times (400 um) higher

maximum) values than-polarized incident light beams (100 pm).

—_
L
—
—_—
=
—

100 T L} T L] L] L] L) L) I I Ll Ll Ll Ll
E L "E“ 80 | B Experiment -
= S50+ = L Theory
?’ s ] 60 - 0= 75“ A
o =
= ol = %
= @w 40 F -
@ - —
— ﬁ 3
S £
£ 50 = 20f E 1
= = i
= = ]
b )
50-100 = 0F ;L._'— 4
£ ) L "o .
= 2
_150 1 i 1 i 1 i 1 i 1 i 1 i 1 _20 1 i 1 i 1 i 1 i 1 i 1 i 1
00 05 10 15 20 25 30 00 05 1.0 15 20 25 3.0
Post-selection angle (Degree) Post-selection angle (Degree)
(c) (d)
20 L] L] L) L) L] T T L v L) v L) T v ) ) T
E g |
= ( i g
= ok = | = i, n .
w” w” & -
= £t . :
= = ¥
“ a0k | 7]
= =
g =
= = 40| |
Z 40} . = .
Eﬁ —— ) = 75° ED E ®  Experiment
= o—0=76" = Theory
S S ' 0=75"
— 60 —h— () = 78" i - 60 =
00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0

Post-selection angle (Degree)

Post-selection angle (Degree)

Figure7.8 Experimental [(a), (c)] and theoretical [(b), (d)] representation of the variat

longitudinal shift(y ) for p- and spolarized incident light beam with pesglection angl
respectively.

In addition, we have also demonstrated howdhegitudinaldisplacement is dependent

on the postelection angle for both incident polarization states, as illustratédune7.8. The
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p-polarized incident light bearstarting from positive and negative valugsgdecreases slowly
for the angles of incidence 78nd 78, respectively, as we increase the gsmdection angle
Figure7.8 (a).lt is significant to observe that, for the Brewster incidencé (#&longitudinal
displacement is quite little, and mostly constdfurthermore) starts from large negative
values and reduces for a higher pastection angl€igure7.8 (c) for spolarized incident light

beam. The maximum negative shift is obtained at a lower angle of incidence.

Finally, the experimental data is supported by the theoretical model as well, as depicted
in Figure7.7 (b, d) andFigure7.8 (b, d) for transverse aridngitudinalspin splitting. It can
be clearlyobservedhat, although the data points do not match exactly with the theoretical
model, but it follows a similar trend. As a result of strong excitonic absorption, the imaginary
part of the permittivityg ) shows exceptional large values in the visible optical region [25].
The stronger exciton absorption is also responsible for the energy loss of reflected photons.
The absorption of incident s&nd ppolarized light beams strongly depend upon the angle of
incidence. Therefore, the complex reflection coefficient considered in our theoretical model
plays a crucial role in manipulating the PSS in longitudinal and transverse directions. The
amplification factor of the weak measurement is therefore no longer stacorthat is
independent of the incident angle and the preselected state, but rather, in contrast to traditional
weak measurement, it is a dynamic quantity related to both the incident angle and the

preselected state.

7.5 Concluding remarks

In conclusion, this article demonstrates the investigation of the simultaneous detection of the
transverse)( ) andlongitudinal(y ) spin separation of two opposite circular polarizations in
the vicinity of the Brewster angle of incidence (partial reflectionpf@nd slinearly polarized
pre-selected light beams reflected from ML WSkeposited on Si/Si©substrate using the
weak value amplification technique. This work establishes the dependence of PSS for an
absorbent material interface on the angle of incidence andgglestion angle. The generalized
theoretical model that takes into account the imagyi reflection coefficient while maintaining
generality provides strong support for our experimental findings. The modified expressions
for1 andy have been provided, which can be used irrespective of coupling strength (weak
or strong) in weak measurement. Finally, we think that this study will lead to further

investigations in the area of photonic spin manipulations and precision metrology.
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8 Photonic Spin Splitting
Using Vortex Light

The content of this chapter is adapted from the following published article:

S. Mandal, D. C. Dey, A Sett,and MPr adhan, #APhotonic spin spli

momentum pointer states vPhwicahRewdew Al12c0835Me a k me
(2025.
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8.1 Introduction

Photonic spin splitting (PSS) refers to the phenomenon in which a linearly polarized light beam
with finite spectral width separates into righnd leftcircular polarization components by a
subwavelength distance along both the longitudinal and traesdeestions relative to the
plane of incidence during reflection or transmission [1]. These longitudinal and transverse
displacements are commonly known as the Gdéaschen (GH) and Imbéiedorov (IF)

shifts, respectively [2]. Depending on the reflectonditions and the nature of the interaction

medium, the beam shifts can exhibit both angular and spatial characteristics [3].

The origin of PSS is closely associated with the photonicayfit interaction, which
arises from the coupling between the | ight.
geometric phase [4,5]. As these repecular lighimatter interactions occur at interfaces,
various degrees of freedom of lightluding polarization [6,7], beam shape [8,9], wavelength
[10], and several parameters of the interacting mediurlf]t can influence the resulting

shift magnitudes.

Since its discovery, the OAM of light has served as a powerful degree of freedom for
tailoring beam structure [15], finding applications in diverse areas such as optical tweezers
[16], imaging [17], wavefront manipulation [18], and quantum informationnseig19].
Previous studies have shown that, for external reflection of an-C&k&ing beam, the spatial
GH (IF) and angular IF (GH) shifts become coupled by a factar 2) (while the angular GH
and IF shifts are enhanced by a factor of (11f),|#%hee | denotes the OAM index of the
incident beam [2@22].

Furthermore, the characteristics of beam shifts near the Brewster [23,24] and critical
angles [25,26] have been extensively examined for OAM light beams. Recent research has also
explored supeamplification effects through the combination of OAM and quantweak
measurement (QWM) techniques {29], as well as novel beaghift behavioursarising from

the interplay of OAM and material properties [30,31].

The concept of quantum weak measurement (QWM) was first introduced by Aharonov
et al.[32]. It involves three essential steps: (i) yedection of the initial system state, (ii) a
weak interaction between the system and the measuring pointer such that the pointer state
remains nearly unaffected, and (iii) pestiection of the final syste state. It was shown that

when the preand postselected states are nearly orthogonal, the resulting weak value becomes
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anomalously large sometimes even extending beyond the eigenvalue spectrum of the
corresponding observable. This phenomenon is referred to as weak value amplification (WVA)
[32,33].

Figure 8.1 Schematic representation of longitudirfal ) and transvers¢ ) shift of bear
centroid position due tpartial reflection of linearly polarized vortex light beam at-glas:
interface.

The optical analogue of WVA was later demonstrated to detect the amplified separation
between ordinary and extraordinary rays in transmission [33,34], thereby opening a novel and
rapidly expanding area of research focused on optical weak measuremerdthidbgh the
practical advantages of WVA have been debated [36], the framework has successfully been
applied to address sever al foundati onal I S S
paradox [37], the Heisenberg uncertainty principle [38], waveifumogconstruction [39], and

the quantum Cheshire Cat phenomenon.[40]

Moreover, WVA has proven to be a highly effective tool in quantum metrology, enabling
the detection and characterization of extremely subtle photonic effects such as photonic spin
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splitting (PSS) [41], magnetoptical phenomena [42], frequency shifts [43], phase estimation
[44], and time delays [45]. A comprehensive account of the recent advancements and

applications of QWM can be found in the review by [46].

The conventional quantum weak measurement (QWM) framework employed to
investigate photonic spin splitting (PSS) becomes inadequate under two critical conditions: (i)
when the coupling strength is not sufficiently wegdarticularly near the Brewster angle and
the critical angle of incidence, where the beam shape undergoes distortion during partial or
total internal reflection and (ii) when the preand postselected states are nearly orthogonal

[ ,oshprOe T, causing the weak value to diverge and become discontinuous in the

vicinity of orthogonality.

To overcome these challenges, Cheal.[47] introduced a modified weak measurement
model capable of describing such scenarios more accurately. However, their model was limited
to transverse shifts and considered gnlginds-polarized incident beams interacting with non
absorbing materials. Subsequently, more generalized formulations were developed to address
both longitudinal and transverse PSS, accounting for specific and arbitrary linear polarizations
and reflections fromabsorbing material interfaces. These models were further validated
through experimental observations {43].

Despite these advancements, all existing models have been formulated using the
fundamental Gaussian mode ( 1) as the pointer state. This inherent limitation restricts their
applicability to highetorder structured light beams, such as Lagu&eeissian or Hermite
Gaussian modes, which possess intrinsic orbital angular momentum (OAM). As a result, the
extension bweak measurement theory to accommodate highggr beam modes and its
implications for generalized PSS dynamics remain an open and unexplored area of research,

forming the central motivation for the present study.

In light of the above discussions, the present work aims to develop a generalized
theoretical and experimental framework for investigating photonic spin splitting (PSS) using
arbitrarily linearly polarized highesrder orbital angular momentum (OAM) ligleams
[Figure 8.1]. A rigorous modified weak measurement model, formulated within the
conventional waweector formalism, is proposed and validated experimentally. This model is

versatile in that it can be applied to both internal and external reflections of light frorhiabso
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as well as nomabsorbing media, and it remains reliable under the two critical conditions where

the conventional weak measurement formalism fails.

The structure of thisChapter is organized as follows: Sectio@.2 presents the
mathematical formulation for the longitudinal and transverse displacements of the reflected
light beam. Sectior8.3 describes the experimental methodology employed to measure the
amplified subwavelength shifts using a higherder light beam generated through a spatial
light modulator (SLM). The experimental observations and their comparison with theoretical
predictions are discussed in Secti@nd, followed by a summary of the key findings and future

perspectives in the Conclusion.

8.2 Theoretical formulation

For the sake of generality, we consider the external reflection of an arbitrarily linearly polarized
higherorder OAM light beam from a planar interface. The geometrical configuration of the
lighti matter interaction follows the schematic describe€igure8.1. The unit vectorso , @,

and oH) with subscriptsd  "“Candi, define the Cartesian coordinate frames attached to the

incident and reflected beams, respectively.

Using the angular spectrum representation, the electric field of the incident arbitrarily linearly

polarized Laguerr&aussian (LG) beam with radial mode index 1 can be expressed as:

~ ~ ~

weéli |, QF0 Ot a Q Q (8.1

i Q¢ ° “n cQ
whered Q AQ Q Qi "Q&Q $%| represents the polarization angle of the incident
beam,Q — is the wave number corresponding to the wavelengthf the incident light,

and'Q and™Q are the wave vector components alongahand® directions, respectively.

The Rayleigh length is given iy = ——, where0 denotes the beam waist of the incident

beam.

Since each plan@ave component of the wave packet experiences a slightly different
angle of incidence due to the finite transverse extent of the wave vector, the reflected electric

field can be obtained by expanding the Fresnel reflection coeffidgieatsdi in a firstorder

Taylor series aroun® T, yielding:
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Ko L B i Q0 wé-e ., (8.2)
& l _TCTT_—(*)E“ o) i Qe &
O Y i | 7Q (I)é—&- 7Q-I-‘l Fv
% . 0)
Q Q

wherei andi denote the Fresnel reflection coefficientspefand s-polarized central

incident light wave with the angle of incidenegQ N, Q 0 andd Q HQ

Q Qi af s

~
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Figure8.2 Polarization angle of reflected light beam Y as a function of angle of incider
(= and linear polarization angle { of incident light beam.

Applying appropriate boundary conditions and inverse Fourier transform to eqi@2ipthe

reflected electric field in position space can be evaluated as [52],
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A ®©SO whoht s Qw (8.5)
A0 owhoh s

Following rigorous calculations, the detailed expressions of the amplified longitudinal and

transverse PSS can be obtained as equg@®)sand(8.7), respectively, as

\ ] 1 1 (8'6)
W
, [ [ [ (8.7)
w
where,
\ R ’ \ 3 Ty \ @ \ N ] T \ Yo \ (8'8)
, Clwéli 1Taweéld - i I a wéowéE-o6
L P
L., e, e, (8.9)
, ¢li Qe 1 q < l I 0 wElowe—=o
L P
- v . (8.10)
, i@ 11 i1 adweéo
sﬁx T ooy \ DU \ \ Ty \ Ty \
- p wélo 11 I I WEOD WE-H
L P
\ I ’ \ \ 3 T oy ATy \ [ RY Yoy \ (811)
r ClhweéEll 1 I QWEBE O - ai welo
L P
[ cii Q¢ i I 0 QEE O & a i (8.12)
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[ QE Q&0 |

il p

with & being the propagation distance

Y ¢ (8.16)
WeE B ——1 |
S _
g0 &L pA TA
oSN *L pA

The above formulationefguation(8.8)i (8.16)] describes the interaction of a higher

order vortex beam with azimuthal indexat a norabsorbing (airglass) interface, where the

refractive index has a zero imaginary component. By accounting for a finite imaginary part of

the refractive index, this formulation can be extended to interactions with absorbing materials,

as detailedn the Appendix. Furthermore, the previously established modei$1f#9or

Gaussian beams interacting with arbitrary matedatsberecovered by setting the azimuthal

indexa T, thereby validating our approach. The voriestuced photonic spin splitting (PSS)

in the transverse direction can also be interpreted as arising from the mutual interplay of spin,

intrinsic, and extrinsic angular momentum of light [31].
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Figure8.3 Incident angle dependent variation of psstection angle to get maximum PS
transverse [(a), (b)] and longitudinal [(c), (d)] direction for different topological char
OAM light beam.

Additionally, by setting—— 1 and—— 11, one can determine how the post

selection angle depends on the angle of incidence and the topological charge of the vortex beam
for a given linear polarization state, in order to achieve the maximuand] values, as
illustrated inFigure8.3. Forn-polarized incident light, the poeselection angle at which the
transverse PSS reaches its maximum increases sharply near the Brewster angle due to the
strong coupling between the pand postselected states. In contrast, no such abrupt changes
are obseved fori -polarized incident light, as the weak coupling condition is maintained across

all incident angles. For both polarization states, the optimal overlap increases with increasing

values ofa

The PSS in the longitudinal direction exhibits additional interesting behaviour, as shown
in Figure8.3 (c) and (d). Null amplification of longitudinal shifts is observed when gnlygr
i -polarized Gaussian beants () are considered, consistent with previous results showing
that longitudinal shift amplification occurs only for mixed linear polarization [53]. For cases
with & 1, longitudinal shifts become coupled with transverse shifts [21], resulting in

amplified longitudinal shifts even for nemixed linearly polarized lightf- or i -polarized).

8.3 Experimental setup

Figure 8.4 illustrates the experimental setup used to detect the generalized photonic spin
splitting (PSS) employing an arbitrarily linearly polarized higbeter vortex light beam, as
supported by the modified weak measurement model. A Gaussian light beam gdnamated

a HeNe laser (wavelength 633 nm, power 5 mW; Model 30991, Research EDgtios Inc.)

was used to illuminate a reflective phasdy spatial light modulator (SLM) (HOLOEYE
PLUTO-2.1 VIS) for the generation of OAM beams.

Before reaching the SLM, the Gaussian beam passes throughveakialplate (HWP)
(WPMH10M-633, Thorlabs) and a beam expander (ZBE4A, Thorlabs). The HWP aligns the
pol arization axis of the incident beam al ol

molecules, while the beam expander increases the beam diameter to ensure optimal modulation
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efficiency. To generate vortex beams with azimuthal indi@gespanda ¢, the SLM was
encoded with forlshaped phase holograms corresponding to the respective topological
charges, combined with a horizontal diffraction grating, as shown in the indétpuoé 8.4.

Upon reflection from the SLM, the firsirder diffraction yields the desired vortex beam, while

the highetorder diffraction components are suppressed using apertures A1 and A2, which are

carefully positioned to block unwanted diffraction orders.

Meanwhile, the intensity, beam size (approximately 180 um), and polarization state of
the incident vortex beam are precisely controlled by thes@lection unit, which consists of a
half-wave plate (HWP), a plarconvex lens L1 (f = 300 mm), and a Glaaser polarizer
(GLP1). The polarization state of the incident light is continuously monitored using a
polarimeter (PAX1000VIS/M, Thorlabs) before it interacts with thégdérss interfaceThe
lighti matter interaction occurs at the base of a ragigled NBK7 prism (refractive inder =
1.515 at 633 nm), which is mounted on a motorized rotation stage (PRM1/M, Thorlabs) to
accurately control the angle of incidence. After reflection, the vortex beam passes through the
postselection unit, composed of a second Glaser polarizer (GLP3) mounted on a similar

motorized rotation stageand a planaconvex lens L2 (f = 150 mm).

Additionally, a quartewave plate (QWP3hould bencorporated into the poselection
path before GLP2 and finely adjusted to compensate for any circular polarization component
introduced by reflections from absorbing material interfaces. This configuration ensures
accurate control over the pestlecte polarization state and minimizes unwanted polarization

distortions.
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Figure8.4 Schematic representation of the experimental setup to measure the PSS el
weak value amplification technique using higher order vortex light beam. Insets st
combination of vortex phase and horizontal diffraction grating to generatgdtidrns fc
specific vortex light witH = 1(al, b1, cl1, d1) ard= 2 (a2, b2, c2, d2) along with their spe
intensity distribution, respectively.

The beam centroid positions and intensity profiles of the output vortex beams are
analyzed using a higprecision beam profiler (LBP 4 USB, 6610d, Newport). For a given
angle of incidence and polarization state, the-pekdction polarizer (GLP2) is ro&at to a
position orthogonal to the polarization angle of the reflected beajnthereby minimizing
the transmitted intensity. This configuration is referred to as the orthogonal condition [34].

Representative intensity profiles at the orthogonal conditioa fog are shown irFigure8.8.

Using the beam centroid position at the orthogonal condition as a reference, GLP2 is
then rotated clockwise and counterclockwise by a small-g@ettion angle 3). The
corresponding twalimensional centroid coordinates are recorded and employed to calculate
the longitudinal and transverse components of the PSS simultaneously. All experimental
measurements of the beam centroid displacements are reported inttrdimagnitudes and
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compared with the theoretical predictions derived from the modified weak measurement

model.

8.4 Resultsand Discussions

We have considered three different angles of inciderceo ftr dhandg fi arranged in
decreasing order relative to the Brewster angle (strong coupling region). Previous studies have
shown that, for a given angle of incidericedominates fon- andi -polarized beams, whereas

1 dominates when the incident polarization is near diagormal{ LP) [48]. Considering)-

andi -polarized beams with  tdphandc, the variation of transverse shift values with post

selection angles is shown kigure8.5 .

The variation of is asymmetric about the orthogonal conditien ( ): it increases

from zero at the orthogonal position, reaches a maximum at a speafid then decreases as

3grows. The overalbehaviouof| reverses relative to the Brewster angle and increases with
higher values ol For instancé, o T Tt ais observedt— @ ft The posiselection angle

corresponding to the largest shift shifts toward higher values as the angle of incidence

approaches the Brewster angle); due to the strong coupling nea.
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Figure8.5 The amplified transversg () shift values are shown as function of psskection

angl e -g frd)-(black) and g w M)-(red) polarized incident light beam with
azimuthal index = 0 [(a), (b), (c)]J = 1 [(d), (e),(H)] and | =2 [(g), (h), ()] for three different
angle incidences— o it dhp 7t The dot centered square, circle denote the experimental
data while solid lines represent the theoretical model.

Next, considering incident linear polarization angles o ftt 6hande fi the post
selection angle dependencefof is shown inFigure 8.6. Similar to] ,7 exhibits an
asymmetric behavior about the orthogonal position: it initially increases, reaches a maximum
at a specifie, and then gradually decreases to zers bscomes larger. Unlike , the shape
of thgl curves remain consistent across all polarization states, regardless of whether the angle
of incidence is smaller or larger than. The magnitude 4f is smaller than that of . The

maximuni P ¢ T disobtained for— T 0, o franda c.
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Figure8.6 The amplified longitudinal ( ) shift values are shown as function of psstectiol
angle @& for po|l =80(lack), t4b(red) and 6Uplued lineardy polarize
incident light beam with azimuthal indéx 0 [(a), (b), (¢)]) =1 [(d), (e), ()] and = 2 [(g).
(h), (i)] for three different angle incidences o At dhp ft The dot centered square, cir
hexagon denote the experimental data while solid lines represent the theoretical mod

Next, we consider three fixed angles of incideree, o ftt bhande fi and gradually

rotate GLP1 to study the dependence of the absolute longitudinal)(and transverse| ~)

shifts on the linear polarization angle ) for three beam profile$; Tiphand¢[Figure8.7].
The postselection angle is fixed at the optimum valae, T®", in all cases [48]. For all

considered incident angles, the sigh ofemains unchanged.

FromFigure8.7 (a) and (c), several interesting featuresjof™ can be noted:
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