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Preface

A light beam with a finite transversxtentsuffersdiffractive corrections and may indicate
subtle deviations from the prediction of geometrical optitdike plane waves, a finite beam
of light may undergo longitudinal (in the plane of inciderae) transverse (perpendicular to
the planeof incidence) shifts, which are known as Géténchen (GH) and ImbeRedorov
(IF) shifts, respectively. Such shifts may manifest as sghtiplacement or angular deflection
depending upon the nature of interaction.

Optical beam shifts have createdadf interest in modern researettely. Using this
wavelength scale phenonwn advanced optoelectronic devices and sensors are being
proposed and subsequgn#ntering into the real domaihn contemporary research, it is
becoming more and mosessentiato investigate the deta of theinteraction of light andny
physical surfaces. In this thesis, we will show the importance of this interaction. Depending
upon the surface of interaction optical beam shifts can behave entirely in a different way. We
hawe demonstrated the behaviour of the longitudilat) and transverselR) shifts after
reflection from a 2D material interface. The location of maximum and minimum shift is of
utmost importance before going to apply this phenanéor technological purpas. Tuning
this optical shift gives us extra freedom to work with. Besides the surface of interaction, the
optical beam shift can be controlled by the wavelength of the incident light, mode of

polarization, angle of incidence as will be described in digtdfilis thesis.

In recent yearghe advancemerdf science and technolodes generated immense
curiosity in layered materialsA whole new branch afwo-dimensional (2D) materialkas
emerged in the community. There are several members in 2D maseihlas graphene,
transiton metal dichalcogenides (TMDC) and more are being added day by day. Bherto
inherent properties, TMDCs show a lot of interesting phenomena&hi&kege density waves,
magnetism, and superconductivitmaking them a focus othe researchcommunity.
Molybdenum disulphide (Mapis one of the most studied TMD®ghich have great potential
in naneelectronics and optoelectronics. Keeping in mind the importance of 2D materials in
optics and optical applications, we have chosen treetiheabasic system to study optical beam
shift both theoretically and experimentally.

Chapter 1 starts with the basic introduction to the phenomena of the optical beam shift.
Different types of the optical beam shifts, their cause of occurrence and ateaversy,

their application areas and difficulty in the experimental measurement are discussed in detalil.
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Additionally, the characteristic details of 2D materials, different types of 2D materials, their

synthesis process, and field of application d&se demonstrated.

In Chapter 2, we start witlitheoretical calculation of the Geétinchen shift in MoS
A general model is proposed to calculdite GH shifts irnonolayer Mo$coatedsurfaces for
the reflection of a Gaussi#ight beam The GH shifis conventionallyfoundfor total internaly
reflected light But,in thisChapter we theoreticallynvent nonzeroGH shift for both partidy
reflectedand total intenally reflected light Our findings discoveredthe existenceof giant
spatial GH shiftm monolayeMoS,. This giant shifwhich is attributedto its surfaceoptical
conductivity.Also, theuncommorbehaviour of GH shift ned r e w sandthedditeal angle
is confirmedand explained

Chapter 3 describes the more general Transfer Matrikddepproach fatetermining
longitudinal GoosHanchen and transverse ImbEadorov shif$ in different transition metal
di-chalcogenides (TMDCs). By considering a dielectric slab coated avittonolayer of
TMDCs, we theoreticallgxaminethe influence oflifferent TMDC monolayersn the GH &
IF shifts.For total internally reflected beanmagt negatie GH shifts are reportedherole of
thecomplex surface conductivity of TMDC monolayers optical beam shifesponsés also
described We have also stuell the difference in the optical beam shift naturehmbulk

sample compared to the monolayers.

In Chapter 4, wesalculatethe GH and IF shiftsfor fundamental Gaussian beam of
differing wavelengtls (400-1300 nm)reflected fromgraphenecoated dielectd surface. The
GH and IF shifts turn out to be extremely dependent upon the chemical potential of graphene
along with the wavelength of the incident light, thus enabling one to appropriately choose the
operating wavelength and tune the chemical potenmtidle desired region to obtain maximum
beam shifts in graphene.

Chapter 5 deals with the conventional ways of experimental determination of the GH
and IF shifts. The typical difficulties associated with the optical beam shift measurements are
pointed outDifferent techniques with their corresponding advantages and disadvantages are

discussed in detail.

In Chapter 6, we discuss the development of quantum weak measurement technique to
determinethe GoosHanchen shift fothetotal internal reflection of a &ssian beam from a
glass prism. The condition to achieve maximum GH shift is established. GH shift is also

dependent on thiacident anglevith maximum shifiadjacent taritical angle.
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Chapter 7 describes the effective way of applying quantum weak rapsesur
technique for the measurement of the GH shift in monolayerMid& unusual behaviour in
the neighbourhood of the critical angle is welplained.The critical angle also gets slightly
shifted in presence of monolayer Mo8 comparison of GH shifbetween monolayer MeS

and grapheneoated prism ialsodemonstrated in this Chapter.

In Chapter 8, transverse IF shift is determined experimentally in monolayeniithS
modified quantum weak measurement technique. The theoretical formulation aldnthevit
experimental details is explained making it a very general method for the measurement of beam
shift in any layered material$he special characteristics of the IF shift for different incident
polarization states are elaborated.

In Chapter 9, we havdescribed the development of another simple indirect-time
effective technige for prompt measurement of GH didshift. Using this Stokes Polarimetric
method, the nature of GH & IF shift for different statd polarized light is thoroughly

discussed.

Chapter 10 deals with a very new phenoworeaf the photonic spin Hall effect that has
attracted a lot of attention lately. Monolayer Ma@$stem deposited upon Si/Si€ubstrate is
found to bea good candidate showing ndrivial photonic spin Hall effect. Aonnection to
the nonzero geometric curvature is also suggested from theaessing of the spin Hall
shifts.
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Chapter 1Optical Beam Shifts & 2Materials

Chapter 1  Optical Beam Shifis & 2D-Materials

This introductory hapter consists of a detailed literature review
of various works that motivated medtart my invesigation in
this particularfield and also a brief outline of the entire work done

in this thesis.




Chapter 1Optical Beam Shifts & 2Materials

1 Optical Beam Shifts & 2D-Materials

1.1 Introduction

We will discuss the nature of optical beam shifts, their cause of generation, different types,

contrdling parameters, and applications in different areas of modern research.
1.1.1 Laws of reflection

The Ancient Greek mathematician Euclid was the first to describe the law of reflection long
ago in about 300 BCE. We are already well aware of it since our sdagsel We can

summarise them as follows:

(a) The incident ray, the reflected ray, and the normal to the reflecting surface at the point of

the incidence lie in the same plane.

(b) The angle which the incident ray makes (angle of incidence) with the neretplal to the

angle which the reflected ray makes to the same normal (angle of reflection).
There are different types of reflection such as:

(i) Specular reflection (mirrelike),

(i) Diffuse reflection (light is scattered away in different directions),

(iif) Retro reflection (light returns in the direction from which it came),

(iv) Multiple reflections (presence of multiple mirrors), and

(v) Complex conjugate reflection (ndimear optical process).

The inherent reason for the reflection of light liesMma x wel | 6 s equati ons
electromagnetic wave. As the light wave is incident upon a material surface, it induces

oscillation of the electrons which generates polarization of atom. These oscillating electrons

re-radiate secondary wavelets in difections. Following théduygensFresnelprinciple, all

these secondary waves superimpose to give rise teotrefleand refraction phenomena.

(
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1.1.2 Laws of refraction

The Roman astronomer Ptolemy first tried to experimentally derive the law of refractien in th
2nd century CE. But he only predicted that the angle of refraction is proportional to the angle
of incidence. The Iragi mathematician lbn Sahl discovered the full law of refraction. Sahl
showed that the angle of incidence is related to the angle oftrefraising the law of sines.

Later, the Dutch mathematician Snellius (1621) and the French philosopher Rene Descartes

(1637) rediscovered and originally formulated the law, independently. The law states that:

In case of two differentnedia, the ratio ofhe sines of the angle of incidenaf @nd

angle of refractiort transmissior{d:) is constant and is equal ttee ratio of phase velocities (

v,/V, ) in the two media, or equivalently the indices of refractiomy/n ) of the two media.

G _ M N (1.1)
sing, v, n
This is popularly knownaSnel | . 6s Law

The primarycause of refraction is the differencelight speedn two differentmedia.

This change ihight speed as it refractsom one medium to another causes the lighiend.

Incident ray Reflected ray

Refracted ray

Figure 1.1.Laws of reflection and refraction for twoetia having refractive indices& n, .
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1.2 Optical beam shift

Thecelebratedaws of reflection and refraction provide the geometrical optidsigof light
evolution. The situation becomes complex for a real optical beam with a definite distribution
of plane wave spectrum i.e. real light beam with finite transverse extent. There is a finite
departure from the geometrical optics picture of tghtlbeam if wdook atthe wavelength
scale[1]. The reflected and/or refracted beam undergoes a@anshift from the position
predicted by the common geometrical optics picture. In general, these shifts can be classified
into two different categories. The shift longitudinal or parallel to the plane of incidence is called
GoosHanchen(GH) shift[2], and the corresponding transverse or out of plane shift is termed
ImbertFedorov (IF) shift [3,4]. Both of these shifts can also manifest as spatial (lateral or
longitudinal displacements) and angular (angular deflectifbisforms There is also a
transverséd”hotonicspin Hall (PSH) shift of the bearf6], but it has close similarity with the

ImbertFedorov shift (discussed later in detail).

Different types of optical beam shifts can petorially demonstrateds shownin
Figure 1.2 below. It turns out that these beam sftt$ and IF)are present in almost all optical

systems.

Figure 1.2 Pictorial representation of the Gebiéinchen (GH) and ImbeRedorov (IF) shifts,
both spatial@ and angularg) shifts are shen explicitly.
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1.2.1 GoosHanchen shift

Newton first predicted the occurrence of the shift in reflection of a light beam in his famous
booQptickd (1704). He pr e s asmwelleas experimertiak profifiethei ¢ a | b
penetration blight into the seond medium in casef total internal reflection of light between

two media of different refractive indicedleverthelessNewton's picture i9ased on the
mechanicalmodel only. But German astronomer Fritz Goos with his Ph.D. student Hilda
Hanchen (1947iirst discovered experimentally that thisprane (longudinal) shift is linked

with the wave nature of the radiation fi¢]. Actually, any form of wavdike phenomenaan

be associated with the occurrence of@msHanchen effectMotivated by their expemental
investigation Artmann (1948) and Fragstein (1949)blishedthe first theoretical mod€]7].
Lateral shifts were first calculated in their wowkith different shifts predicted falectricfield
polarization parallel to or perpendicular to the plane of incideioee then ltefield of Goos
H&anchen effechas continued its evolution and created imrsemnterest in modern research

1.2.2 Imbert-Fedorov shift

After the invention of the GH shift, Soviet physicist Fedor Fedp4py1955) first ponted out

that during total internal reflection, the tirageraged Poynting vector in the evanescent wave

has a component perpendicular to the plane of incidence in the lower refractive index medium.
Hence, a transverse (out of plane) shift of the bearntsisexpected. Later, French scientist
Cristian Imbert experimentally observed such
conservation 8], a mathematical expression of such transverse shifts was also derived by
Imbert subsequently. The proposed theory of Imbert faldhve same assumptiorss

considered in the case lohgitudinal shift. The ImbetFedorov (IF) shift is also found to be
dependent upon the polarization state of the incident light beam. Imbert derived the following

expression for the transverse shift fioe simple case of the incident circular polarized beam.

sin’ qos g (1.2)

Here (+)& (-)signsstand or t he right and |l eft circularly

of the incident beam.
1.3 Cause ofthe optical beam shift

As pointed earlier, the spatial Gebiginchen (GH) & ImberFedorov (IF) shifts were
originally discovered in the case of total imtal reflection of light beani2,3,9,10]. Both of

-5-
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these effects are dependent on the polarization states of the light. The eigenmodes of the GH
shift are the horizontal or P (or Transverse magnetic field) and vertical or S (or Transverse
electricfield) linearly polarized light beam. Whereas the eigenmodes of the IF shift are given
by elliptically or circularly polarized light beasnA few years later, evidence of angular shifts

was also foundl11-14] for partial reflection and refraction of the light beam.

The authors dealing with this topic were divided into two theoretical classes at that
time, firstlythestationary phase approximation method andrsgigpenergy flux conservation
method. Both of these approaches produce almost identical results for longitudinal shift (GH)
at angles of incidence surrounding the critical angle of incideti)e Wnfortunately, both
treatments give rise to different réisufor transverse (IF) shifts at all angles of incidence. At
that time, experimental limitations allowed them to measure the shifts in the vicinity of the
critical angle of incidence only. Hence, a lot of controversies were there for the proper
explanation of the optical beam shift. But, with experimental advances, gradually results for a
larger range of angles of incidenegere found out, and proper exp#ion of the GH & IF
shifts becane feasible. Here, we would not go to the detailed mathematicsefaritin of

optical beam shifts, but explain only the physical mechanism behind these phenomena.
1.3.1 Cause of GH shift

The first concrete theoretical evidence of the Gldaachen shift in total internal reflection

came from Artman (1944)/], who used stationary phase treattmamd from von Fragstein
(1949)[15], who used the energy flux conservation principle. Later Schilling (1PE#)

modi fi ed and ext en dtatdnanh phasm approxonstiormndubdseduentty,f S
Renard, Onoda, Yasumadi8,17,18 modified the energy flux conservation model and tried to

remedy the inconsistencies associated with the theory.

In the energy flux conservation approach, the taweraged Poynting vector in the
evanescent wave above a totallffeeting surface acquires a finite narro value. Figure 1.3
shows pictorially the concept of energy flux conservation. The center of the reflected beam is
denoted by O. The reflected beam is displaced from the incident beam by dastAccess
the OB pane, an energy flux crossing takes place. Since the incident and reflected beam has
the identical intensity in the total internal reflection, mathematically it can be proved by
applying the energy conservation principle that this energy flux crossimdyisltowed if the
reflected beam is displaced from the position predicted by the geometrical optics, leaving a

downward flux component of the incident beam. This downward component is not
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compensated by the upward flux component of the reflected beangtthtiee COD plane. It
is argued that this flux difference is carried by the strip (having wiidtiear the incident beam
center. By conservation principle, it should be equal to the energy flux across the OB carried

by the evanescent wave.

Incident beam Reflected beam

B 1)

Figure 1.3 The beam is displaced for the requirement of the energy conservation principle.

Applying the above concept general expressadrthe GH shift for the P & S wave can

be derived:

_4/ 64 astqod g (1.4)

dp =§e/— gl—%—z gcs?? os qﬁ : L (1.5)
cp < ngnZQ_ P eSi’ g-rf cos ¢
Artmann was mainly interested in the behaviour of the GH shift in close proximity of
critical angles. In the stationary phase approximation treatrttenfundamental principle is
the decomposition of the light beam with finite transeexteninto a group of plane wave
componentsA plane wave has a definikevector. But, for dinite light beam(having finite

transverse width)the electomagnetic field consists @ group of plane wave components

-7-
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These plane wave components form envelope in the momentum spaceck of these
components suffeneflectiondiscretelyaccording tathe laws of specular reflection. Hence,

for total internal reflections at any point in the reflecting interface, the phase relationships in
the reflectecensemble of plane waves are not the same as those in the incident enBgmble.
adding up each of theggane wave components of the ensengies riseto the reflected

beam centroid

Mathematically, the theoretical expressarf the GH shift for the incient linearly S

and P polarized beam can be derived:

A/ & sin

dy=5 #— 1 9 (1.6)
CP gsifg- r?
a/ & sin & r?

d. =
"% m/sin g - P E?Sinz g '’ cos ¢

1.3.2 Cause of IF shift

«Q

Fedorov first pointed oy] that the timeaveraged Poyntingector in the evanescent wave in

the lower index medium has a nonzero component perpendicular to the plane of incidence that
contributes to the transverse shift of the light beam. Imbert applied the aiemimned energy

flux conservation approach to thetically [3] determine this transverse shift for total internal

reflection of the circularly polarized light.

y:cé/ 68 & &in® gos ¢q (1.8)
% A% Gl g-rfood '

1

Foll owing Artmannoés st at[i6pandlatey mapyhotheredersvgrip r o0 a C
the expression IF shift for the circularly polarized light.

_ &/ & sin’ qos g (1.9)
& & g food ¢ '

1

Yr

But both of these approaches suffer from several inconsistencies when one deals with the
transverse shift of the light beam. In the standard procedure of the energy flux conservation, in
the overlapped region of the incident and reflected earshown in Figure 1.3), the Poynting
vector is supposed to be the superposition of the incident and reflected beam taken separately.

But , in Maxwell 6s theory, there i s no superp




Chapter 1Optical Beam Shifts & 2Materials

In the case of statiomna phase approximation, there are no drastic assumptions, only the
boundary conditions of the electric and magnetic fields and linearity of the wave equations are
taken into account. But, this method could not explain the features below the criticabfangle
incidence. Hence, the study of IF shift encircles a lot of controversies in the research
community. Fedoseyev and Player first introduced the concept of IF shift originating due to
the balance and conservation of the angular momentum of[li§/&0]. But soon with the
evidence of sppo r b i t i nteraction of | [R1f the corxept oL i ber
angular momentum of light takes a whole new direction. Onoda (2004) estaltfisheleé of

the spin Hall effect of light relatketo the Berry phase in governing the transverse shift of the
beam[17]. A complete theoretical treatment of IF shift based on total angular momentum
conservation of light by Bliokh &liokh (200607) produces thenostaccepted explanation

andprecise expression of the IF sHi2-26].
1.4 Dependence of optical beam shift

Several parameters amieated to the phenomena of reflection or refraction of the optical beam
from a surface. Below we have listed different parameters that can influence the&@wben
& Imbert-Fedorov shifs.

(a) Surface of interaction

The properties of the reflecting aneffractive surface greatly influence the behaviour of the
GH & IF shifts. Already a lot of studies have been carried out on different materihls
changing their intrinsic and extrinsic properties such as thin film and bulk form of the material,
thickness variation of a particular sample, application of extemmainetic field, and artificial
creationof different metamaterials, etc. In later chapters, we will also demonstrate how the

properties of the reflecting surface affect the nature of the opeeeh shifts.
(b) Wavelength of the incident light

It is also a major contributing factor in the optical beam shift. It is alreadykweln that the
magnitude of optical beam shift is approximately of the order of the incident wavelength of the
light bean. In this thesis, we will also prove that by selecting a particular wavelength to work

with, GH & IF shifts can be maximizemst minimized

(c) Special angles
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We know that there are two peculiar angles of incidence as the beam undergoes reflection from
aplane dielectric interface: thegitical angleandthe Brewster anglef incidence. The critical

angle appears only itotal internal reflection from a denser mediuActcording to recent
studies,in close proximity of these angles the GH & IF shifts behiavan unusual manner

with large enhancement in most of the cases (sometimes divekge®ye important point is

that this behaviour is not universal, depending upon the reflecting surface the nature of the GH
& IF shifts can be completely different aetfe special angles. In thigesis we have deeply
addressethis particular issue.

(d) Spin and @bital angular momentum of light

As we have already discussed the conservation of total angular momentum (spin and orbital
angular momentum} the principareason foithe generation ahe IF shift. But, in general,

both of the GH & IF shifts are dependent upon the angular momentum dfigh4,25,27].

Till now, we have not been given any idea alibatangular momentum of light but, in future,

we wantto study the effect of orbital angular momentum in the GH & IF shifts.
(e) Higher-order modes of light

The optical beam shifts are mairfiyst-order deformations of thiight beam.Nevertheless,
higherorder deformations can also take place duringctfie and refractionTo incorporate

these higheorder effects, the orbital angular momentwortex eigenmodeshould be

considered and superposed about the geometiptiak axisOf latea lot of studies are trying
to explore these higharder contrilitions [118].

() Complex beam modes

The beam shape is also a significant factor in GH and IF shift. Most commibie &ausisin
and Laguerrdgsaussian beams for optical beam shift investigation. Recently, several studies
are being performed for differebeam structures such paraxial Besse28], nonparaxial
Bessel[29], LaguerreGaussian with higher radial ordg30], HermiteGaussian31], and
dipole radiatiof32]. General aspects of theam bape have been discussed inrdference

[33]. But, regardinghis beam shape dependence, a lot of contrmgare there over tim84-

37).

-10-
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1.5 Applications

In this decade, the God$anchen & ImberFedorov shifts have received special attention in
technologcal developments. The optical beam shifts expliartfluence theopticalwaveguide
modesand microcavitie$38,39]. The GH shift has alsoeen appéd in the areas dfiosensors

[40], optical heterodyne sensdrl], measurement of beam anglefractive index detectpr
temperaturesensors, and film thickness measurement dgvigle Additionally, the GH shift

is also utilized in characterizindpe permittivity and permeability of different materials in
optical microscopptudyand lithography43,44]. Recently, It has also been applied in image
edge detection45], optical differential application, chemical rate detection purpp4€s

Thus, the study of GH & IF shifts have become indispensable in the advancement of the modern

research industry.

1.6 2D Materials

1.6.1 Nature of the Materials at Nanoscale

The foundation of material science teclugy starts first with the understanding of material
systems. Specific applications require specific properties of the materials. To show a few
examples building circuits requires knowledge of the electrical conductivity of copper,
creating skyscrapers eds the compressive strength of the concrete, and makingesar t
requires thaobustnessand flexibility of rubber. More understanding of the propertiéso

material is required for the progress of teehnology further.

Generally, we consider that tleenstituents of the material determine itepgaerties.
Like, dectricity is conductedyy the metatlue to the metallic bonding of atoms, which permits

electrons to drift freely throughotlie external field acting upon it.

1.6.2 What exactly are the 2D materias?

One can broadly classify nanaterials and layered structures in the following way

(a) When the three dimens®mbecome comparable to the néman, we call the materiaero

dimensional0-D). They are conventionally termed nanoparticles.

(b) If only two dimensions become comparable to nano f@nd anther extending longer,

we call the materiadbne dimensiongll-D) mat er i al . They are common

or nanowirebo.

-11-
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(c) Whenonly one dimension becommeomparable to nano formwvith both ofthe otherwo

dimensiors extending larger, we cahemtwo dimensionaf2-D) material.

(d) Lastly, when all thematerial dimensionextend longer and are beyond the nano Jithi&n
we do not call it aanomaterial. In such a case, we callbui (3-D) material. In our dayo-

day life, we mainly deal witthesebulk materials.

TABLE 1.1
Nanoscopic | Short Name | Classification Example
Dimension
0 3-D Bulk Materials visible to the eye
1 2-D Nanosheet Graphene, TMDCs,-BN
2 1-D Nanctube or Nanewire Cabon nanetube
3 0-D Nancparticle Quantum dot

It is possible to reach the single atom limit by reducing thickness edlimvensional materials

which gives rise to the most intriguing phenomena in these materials.

Figure 1.4 Characterization of nanmaterials (a) Graphene sheefh) Carbon nandube, and

(c) Quantum dot $ource: Internet)
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1.6.3 Well-known 2D Materials

The journey of 2D material started with the isolation of graplhamg back aroun@004[47].
After its discovery, there have been a plethora of new 2D materials till48htevith various

intriguing electrical and optical properties. Here, we provide a fewkmeNvn 2D materials.
(a) Graphene

A renaissanceoccurred in the field of mate science withthe inventon of graphene.
Graphene possesse$i@xagonal latticevith covalentbondingof carbon atomdts thickness

is down to almost a single atom (of the order ofrligkon). Theconduction bad touches with
the valence band making graphene semimetal in ndthesspecial band structure permits its
electrons to roam with tremendowslocity. This linear dispersion in graphegiees rise to
various novel propertieslike room temperature anomalous quantum Hall eff@cminor
guantity, of the order of 2%f visible lightis absorbed by grapheneplissesses high tensile
strength in comparison to othg9]. Hence it finds promising applications in higheed
optoelectronics devices, energy storing and processing devices, sensor jrhassgveral

other proo$ of concept devices.

(@) (b)

Figure 1.5 (a) Graphene andb) hexagonal boron nitridboth belongto the2D materials
category(Source: Wikipedia)

(b) Hexagonal boron nitride
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Hexagonal boron nitride, popularly known as hBN, has a crystal structure similar to graphene.
Here, the presence of B and N atoms in place of C atoms makes it-aaridgap inglator
considerably different from graphene. Although they have close similarities in structure,

graphene is a very good conductor but hBN is an insulator.
(c) Transition Metal Dichalcogenide$TMDCS:

The overwhelming success of graphene shifted thetatteof the researchers to look for the
other layered structures and 2D materials in search of novel physical phenomena and potential

device applications.

Transition metal dchalcogenideswidely termed as TMDE show the chemical
structureMX2 (X-M-X). Here,M is any transition metal (e.g. molybdenum, tungstér) and
X is any chalcogen (e.g. sulfur, selenium, Telluriwetc). In each layer of this van der Waals
material, the metallic layer igisertedbetween the two chalcogenidésyers (hence di
chalcogenides)TMDCs displaylayered structurewith tight covalent bonding along with 2D
(intralayer) and weak van der Walls bonding along the third dimension (interlayer) which
permits easy exfoliation into monolayefBhat is why they are obtainable imgle layer,

bilayer, fewlayer, and bulk limit.

(b)

Figure 1.6 (a) Molybdenum disulphide (Mo%) common in 2H phasand(b) Tungsten di

telluride (WTe) common inlT phase$ource: Internet)
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TDMCs can yield several structure@H phase and 1T phase. T2id-phase belongs
to the trigonal symmetry class and is the most common. This gives rise to the semiconducting
characteristics as observed in Mp®/S, WSe, and MoSe. TMDCs possess an indirect
bandgap in the bulk form. In the monolayer limit, the bapddramatically changes to direct
that too in the visible region of the spectrum. External factors like temperature, pressure, field,
strain, etc. greatly influence TMDCso6 el ectr
TMDCs so significant for optdectronics applications. Moreover, impurities, boundaries,
vacancies generated in the material give rise to intriguing features. We also got our primary
interest in TMDCs at the first sight due to these special optical signatures. TMDCs have strong
spintorbit coupling along with their spin and valley degrees of freedom providing them a
greater edge over others in their technological applications. Their high charge mobility makes
them a significant candidate for transistors application.

(d) Phosphorene

Phasphorene is nothing but a monolayer black phosphorus that is a stable allotrope of
phosphorus. Phosphorepessessea puckered honeycomb structutiealso depictsa direct
bandgaphighly dependent on the layer numbers. Its charge mobility (of the ofde300
cm?V-1is? is also high. Hence, it is also a popular candidate for stamsj optoelectronic, and

the device industry. Phosphoreneshacorrugated structure causing its properties to differ

considerably according to the direction of measurement.

Figure 1.7. Structure of Phosphoren8durce: Internet)

(e) Xenes

Single layers of silicon, germanium, and tin are popularly terXedes. They all possess a
hexagonal structurdt is similar to graphene in structure. Butcannot be exfoliated iat

monolayers quite different from grapheféey are primarily grown on a specific substrate
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epitaxially. These materials are still not studied in detail and are under constant investigation

till date. They have potential applications in the field of fiefict transistors and topological

insulators.
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Figure 1.8 The structure ofa) Silicene, (b) Germanene, an¢c) Stanene: with buckled

hexagonal structuré&spurce: Internet)

Recently, several other 2Dnalogs such asntimonene and bismuthine are ald®en

discovered50] which displaymagneteelectronic applications future[51].

1.6.4 How do we make 2D materials?

Any bulk materialcan be takeandthinneddown nearly about the thickness of a few atémns
producetwo-dimensionamaterias. Nonethelessnot all the materialare layered in nature and

several materialsetain their threedimensional form Hence, thinning down any material
involves cutting the out of plane bonds <cau
procedure, if we thin down a material to generate a 2D material, it may have a high density o
dangling bonds making it energeticadigdchemically unstable. Moreover, the structure of the

material can be rearranged to lower its surface energy due to this instability.

The 2D materials armostly originate from a broader class of layered matevidh

two conventional way2D materialcan be prepared
(a) Top-down Here one starts with bulk mataireind thin it down to 2D form.

(b) Bottomup: Here, one starts with the atomic ingredients and begins alisgrtiiem to

generate 2D form.
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(a) Top-down approach

() Mechanical exfoliatiori It is nothing but the method d@Scotcht a p Singlelayer of
graphenewas first generated by this methddne firstattachesa sticky tapeo the layered
material. Next, aftepeeling off few layers get attached the tapeThen we presse tape on

top of a substratdn this way, few layers of the 2D materials are transferred to the substrate.
Producingan exact monolayer is very difficult using this methodtlasprocess involves no
monitoring ofthe size andispes. Neverthelesgt can produce good quality monolayeving
almost nadefects

(1N Liquid exfoliationi In this method, organic solvents are utilized for transferring mechanical
force to the powdered material in the liquid. By sonication, onaesgeinsile stress to the
layers formed causing them to move away from each other. The quality of the monolayer

produced is not good and generally possesses many defect states.
(b) Bottom-up approach

() Chemical vapour depositiof€VD) - In this method, deending upon the 2D materials to

be deposited, precursor gases are passed through the furnace that is heated at a definite
temperatureln the chamber, interaction occurs between the sample and the sulbsitase

thin layer is subsequently deposited otlee surface. The quality of the deposited layer,
thickness, layer number, composition, defeetis. can be monitored by externally controllable
parameters likehe temperature of the chamber, chamber pressure, reactioneimerhis
technique producebigh-quality samples with minimum defects higtquite expensive to

conduct.

(I1) Chemical synthesis By this chemical synthesis method based on chemical solution, many
techniques were proposed by time for the synthesis of layered strudilaeyg different

procedures are available depending upon specific type of material to be synthesized such as:
(i) Chemical reactions at high or low tempgaras
(if) Nanoparticles fusioto form larger structures, and so on.

This technique is very much versatile andos¥ cost and highly scalable. Hence, it is used by
a lot of researchers for 2D materials preparation. It has similar disadvataatpediquid

exfoliation method.
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1.6.5 Difference of 2D materials from the bulk sampls
(a) Van der Waals interactions exclusion

In these layered structures, different planes (which are formed by stidg\alent bonding)

are connected by the weak o &ihcethdsefan dermAallsV a n
bonds are weak in nature, they can be broken by appayirextern force that causs the
generatiorof separate layers. But the-ptanecovalent bonds are very strong, hence even a

single layer generation is possible.
(b) Surface area t@olumeratio:

This is a very important factor that controls the amount of expaauhe atmosphere which

in turn is a governing factor of the rate of a reaction. This ratio causes 2D materials to have a
higher surfaceo-volume ratio. Hence they react much more than the bulk samples. Moreover,
2D materials show larger sensitivityttee neighbouring environment makitigemsuitable for

sensor application.
(c) Electron confinemenin a plane

The band structure of a material is the principal governing factor behind its electronic
properties and optical response. The movement of efsctnod the corresponding band
structure for materiadre dependent upon the periodicity of the lattice. In comparison to bulk
sampla, 2D materials do not possess the periodicity in thebptane direction causing subtle
changes in the band structuretbé material. That is why 2D materials show considgrabl

different properties than bulk samples.

Due to this electron confinement dielectric screening occurs in semiconductors. Due to
the smaller number of electrons in 2D materidlsee Coulomb force is tsonger causinghe
generation ofthe strongly bound exciton. These are stronger than the bulk sample, hence
increasing their stability. The quantum confinement found in 2D materialsscusErease
in energy. Hence, the absotiand emission spectruchangeappreciably in comparison to
the bulk samples. The number of layers thus controlalitkerbed oemitted energy from the

sample.
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1.6.6 2D materials Application areas

Due to the dimensional difference, the 2D materials depict special properties tiatfarend
in the corresponding bulk samples. Hence, it finds a Igbromising applicatiors in the

modernday optoelectronics and device industry.
Transistors Industry

Field-effect transistors (FETs) have been fabricated from a variety of semicondBEting
materials such as TMD(@52] and black phosphor{i§3]. Theyare widely used in falrating
FET devices using their high mobility and bandgap in the visible regloahBN is applied
in the transistor gatmaking pupose. Using external field, doping, edge state modulagion
graphene is also being usied devicemaking purpose

Flexible Electronics

2D materials are largely used in recent Flextronics applicadioa to their flexibility property

over conventioal semiconductorib4].
Sensor application

TMDCs are currently applied in making sensors baseB8Ers. Detectingchemica up to
ppmrange that includegletection oftriethylamine[55], NO, NO., NHg, etc.[56] with high

precision.
Photodetectors

The landgap of most of the TMDCMES,, MoSe, WS, WSe, Black phosphorygdiesin the
optical region or NIRegionof the spectrumin parallel, TMDCs also show high absorbance
in the visible domain[57]. This property makes the TMDCs suitable for optical detection
applicatiors, subsequentlyhe production ofhigh-efficiency photodetectorgs8]. Different
heterastructures (such as graphene/Mad80S/WS;, etc.) arealso in wide use for producing

high-efficiency detect®[59].
Battery electrodes

Becauseof their high mobility, flexibility, strong implane bondingthe surface to mass ratio
graphene and TMDCsgpecially MoS) are curently used in electrode productipd0] that
lead to[61] fast charging, lighter weight, low consumption devices.

Topological insulatorgTl):
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Topological insulators behave asinsulator in bulk but conducting in edge states. Opposite
spin electrons can pass through theesdg opposite directions. They have also great potential
in low consumption, poweefficient devicesOne of the TMDCs, Xenesork as topological
insulator[62]. Switching between &'l and superconductdry applying external fieldl63,64]

are alsaealized in WTe
Valleytronics

The extra valley degree of freedom gives rise to a new direction in modern technology, the
dvalleytronic®d Special behaviour of thepin and angular omentum of the electrons in
TMDCs provides them this additional degret freedom for movementThis degree of
freedomallows TMDCs special properties to be uded data processing and storajg]

devices
1.7 Transition metal di-chalcogenideTMDCs)

A lot of studies have been carried out regarding TMDCs. Countless review pajzerailatge

on thissubject[66-71]. There are around 6DMDCs available with many of them showing
layered structures. M@Ss well-known and most studied material among theéme to its
abundant availability along with the special properties that it shows with reducing

dimensionality

Figure 1.9 (a) Generalstructure of TMDCstop view of a typical MX% (X-M-X) form, (b)
Schematics of the structural polytypes: 2H (hexagonal symmetry)(Qridl' (tetragonal

symmetry)(Source: Internet)
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1.7.1 Chemistry of TMDCs

TMDCs have the renowned chemical structur®i®f, with M layer sandwiched between the
two X layers (M =Group IV, V, Vitransition meta, and X = (halcoges). As shown in Figure
1.9, the atoms exhibit hexagonal packing with weak Van der Walls force acting between

adjacent (out of plane) layers.

In this thess, we have mainly focussed on wyimdlenum disulfide. There are veeties
of applications of this material (MeSlike phototransistor, photodiode, photovoltaic cell,
photo-catalyst, nanotribology, battery production, and lubrication industry, etc.. MoS
semiconducting having an indirect bandgap o62Y¥ in its bulk form. But it changes to a
direct bandgap of 1.88 eV in its monolayer limit. Their physical, electrical, optical, as well as

chemical properties, can precisely be predicted from thepfinstiples DFT calculations.

Bulk Monolayer
+ = S
44 4
L Sd
N Zié_/}i S Z'aé}
2 =~ 2
uy 04 « 01
. 5 \// . _2_&
—4 § 4-x§i
r M K I r M K r

Figure 1.1Q Electronic and structure of MoSa) in the bulk form (Indirect gap) an@) in

the monolayer form (Direct gap)S@urce: Internet)

1.7.2 Electronic properties of MoS

For the applications of M@Sn optoelectronic deees and the sensor industry, information
about its electronicand optical properties, like thelectronic band structure, optical
conductivity, the density of states permittivity and permeability are necessary. Using first
principles calculationsthebandstructure of bulk Moscan be determed[72]. From the band
structuregit is evident that Mogis a semiconductor showing ardirect bandgap of 12eV

in the bulk (3D) limit The origin of this indirect bandgap is due to a transition from the top of
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the valencdand aG point to the bottom of the conduction ban@tlwaybetweerGpoint and

K point. But, the direct (optical) bandgap pssitionedat the K point. With the decrease in
layer numbers, the indirect banggstarts increasing. In the limit of a single layer, the material
is reduced to the 2D form. This monolayer 2D Mgigldsadirect bandgap with a gap of 1.88
eV displaying semiconducting natufé3,74]. However,at the K pointthe direct (optical)

bandgarstays nearly unaffected and is independentager number or thickness variation.
1.7.3 Optical properties of MoS

There had been a lot of experimental studies to investigate the optical properties of balk MoS
[75,76]. From the calculated absorption spectrum of bulk M@ can find two peaksneat

1.88 another a2.06 eV[77]. Among the material parameters, the absorption coefficients and
refractive indices greatly influence the optical propertigh® material.

MoS; depicts largeabsobance in the visible and neiafrared wavelength rangéts
bandgap can be monitored by external factors such as electric field, pressure, temptrature
As the bandgap can be tuned by controlling external pdaemsiéhe bandgap engineering
providesan extra advantage of usingoS; in optoelectronicand device application over
others.Tunable bandgapgive rise to higher photoesponsivitydetectivity, and response time
[78] which is mostrequired in device application. The bandgap and chemical structure also
affect photoluminescence (PL) spectra. TMDCs generally have a low quantum vyield for
photoluminescencgr9]. Monolayer MoS showsa single exciton peakVioS; is also highly

effective in solar cells due to its carrier lifetime.

1.7.4 Electronic Spin Hall Effect

It is often experienced in crystalline semicoatdus that conduction band bottorand the

valence band toprelocatedat degenerate valleys kaspace[80,81]. They have a specific

valley degree of freedorior low-energy carriers because of thegevalley separation ifk-
space.These valley degreeof freedom are related to orbital magnetic moment and Berry
curvature[82]. The phenomena of inversion symmetry breaking geretla¢ed Val | ey Hal
Effec 6 i n [G2MTh&ss valley degrees reedom make TMDCs suitable for device

making.
1.7.5 Lattice Dynamics

Raman spectroscopy is an important and multipurpose techniche ébraracterization of the

material and investigation of electronic as well as its vibrational characteristics.
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There aréwo characteristic peaks in the Raman spectfiMoS;, E'2gand Agpeals.
Figure 1.11 shows the Raman study of one of the samples (monolaygrthMaiSve have used
for the study. Thedifference between thelfg and A4 peak was 24 crh Here, the ratio
AgEl%= 1. 06 & 1, whi ch ;sampledsonolayei@48384hat t he

10000 Y
124 cm-ﬂ

8000

6000

2000

Intensity (counts)
=
=
<)
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Raman Shift (em™)

Figure 1.11 Room temperature Raman spectroscopy measurements performed on CVD grown

full-area coverage Mae$nonolayer on Si@(courtesy: 2D Semiconductors, USA

1.8 Motivation and Objective of the Thesis

As discused in the previous sections, owing to theistinctive and intriguing electrical,
optical, and chemicaglropeties,2D materials have attracted immense research interest both in
fundamental domain and application in technology. Due to their high poterttialupcoming
optoelectronics industry, we have shifted our attention to TMDCs.siuuy of the optical
beam shits in 2D materials can revealew directions not only in the improvement of
optoelectronics antthedevice industry but also towards thevdl®pment of new devices based

on solely the effect of the optical beam shift.

In this thesis, we have tbeetically examinedhe nature of the GH and IF shifts, their
principal, and controlling parameters. A general theoretical model is developed duGliHtha

and IF shifts can be predicted in any layered structure. A detailed theoretical calculation is

-23-



Chapter 1Optical Beam Shifts & 2Materials

prescribed for monolayer TMDCs (WSWSe, MoS, and MoSg) and grapheneoated
surfaces. The observation of apero GH & IF shift in case of partial reftigon, the occurrence
of giant beam shift, andnusual behaviour in the neighbourhoofl critical angle and
Brewsterds angle of Il ncidence are some of t

following Chapters

In this Chapter it is also pointedut that due to the tiny wavelengihale magnitude
of the optical beam shifts it is really tough to detect. Therefore, we have set our goals in the
development ofin experimental setup for the precise detection of the optical beam shifts. In
the following Chapters, we have shown two different techniques by which one can effectively
measure the GH and IF shifts along with the photonic spin Hall effect phenomena. We have
generalized the measurement technique such that the method can be applied to othkr mate

too for the detection of the corresponding shifts.

This thesis is divided into two sectiongA) Theoretical Work and (B) Experimental
Measurement. Th&heoreticalsection consists of three Chapters discussing the theoretical

determination of GH &F shifts in different 2D materials.

In Chapter 2, a theoretical method is proposed for the detection of GH shift in
monolayer MoSfor partial as well as the total internal reflection of the light beam. The unusual
features near the special angles arearpt. A comparison is also done between different 2D
materials, different substrates, and the difference of the monolayer sample from the
corresponding bulk materiaChapter3 deals with both GH and IF shifts in different TMDCs
(WS, WSe, MoS, and MoSeg) for a fundamental Gaussian mode beam. A general theoretical
model is suggested that is applicable to othenfiderials, layered structuresychalso valid
in the vicinity of the critical angle and Br
shifts in the TMDCs witlthewavelength of the incident beam is also discusse@hhpter4,
we discuss GH and IF shifts and their controlling parameters for grapbatexr surfaces. The
explicit dependence of the chemical potentiajraphene and theavelength bthe incident
beam is wellexplained. This gives us freedom in controlling the magnitude of the GH and IF

shifts to the desired magnitude.

The Experimentalsection constitutes sixChapters In Chapter 5, we discuss the
available techniques fothe optical beam shift measurement, their advantages, and
disadvantages, working principle, application areasC#tapter6 consists of the experimental

development of the quantum weak measurement setup for the detection of the GH thlaift for
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total internal reflection of the light beam from a prism surfac&thapter7, we generalize the
guantum weak measurement technique for the GH shift measurement in any layered structure
and apply it to detect the GH shift in monolayer MdShapter8 describes thenodification

of weak measurement techniguer detection of IF shift in monolayer MeSAgain, the
technique is generalized such that it can be applicable to other surfaces as well. Next, we have
developed a different indirect technique for the measuneofehe GH and IF shifts. Though
precise, weak measurement is a difficult and time taking experiment to carry out. But, this
Polarimetric method of beam shift measurement is simple and easy to cdbldajpter9
explainsthe results of GH and IF shift msurement in monolayer Me8sing this indirect
Polarimetric technique. I€hapter10 we have discussed a new phenomenon dPlimeonic

spin Hall effect This effect is imminent in monolayer Mp&nd has a close connection with

the geometric phases of thght. Finally, inChapterll, we give a detailed conclusion of our

findings and suggested future works that can be explored in subsequent time.
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Section A: TheoreticalStudy

Deep in the sea
all molecules repeat
the patterns of one another
till complex new ones are formed.
They makéhets like themselves
and a new dance starts.o

-From a poem by Richard Feynman



Chapter 2GoosH&anchen Shift in MeS

Chapter ?  Goos-Hanchen Shiftin MoS:

We discuss here a general theoretical model for the study of the
GH shifts in layered structures. The unusual features of the GH
shift at the specianglestheimportance of optical conductivities

in the GH shift, as well as the dependence on the incident angle,

wavelength, polarization, and layer numbers are demonstrated.

Content of this chapter has been published in: A. Das and M. Pradhan, "GoosHanchen

shift for Gaussian beams impinging on monolayrSy-coated surfacg'sJournal of the

Optical Society of America B 35 (8), 19561962 (2018).
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2 GoosHanchen Shift inMoS

2.1 Introduction

The familiarFresnelreflectionformulaea n d S n e telendggh tb precisely demonstrate

the nature of the plane wave in geometrical opfi(d. As we alreag know, finite light beara

show a contrasting behaviour in comparison to the plane waves andaugiardinal (in the

plane of incidence) and transverse (perpendicular to the plane of incidence) shifts, which are
known as Goo$lanchen (GH) and ImbeRedorov (IF) shifts, respectivel8-10]. GH shift is
extensively applied in the field gfhotonics,plasmonics chiral materials, metamaterials,
dielectrics and numerousquantum systemgl1-25]. On top of thatthe GH shift has also
displayed great potentiah sensors and device industyg. refractive index sensarpticd
heterodyne sensqrsbiosensors temperature sensor, thickness detector, beam angle

measuremenjtl1,26], and optical microscopy, and lithography {@a,28].

In modernday researchthere has been tremendous research interest in layered
structure [29] like grapheneTMDCs, and topological insulator880-32]. We already know
that graphene is a semimetal withzero band gag33]. In contrast,MoS; depicts
semiconducting behaviour wiihdirect (1.29 eV) band gap in the bulk form and direct (1.9
eV) band gap in the monolayer fof®¥-36]. This direct band gap being in the visible region
makes monolayeMoS, striking for optoelectronics device applicatsoMhere are several
recent reports that have concentratedgoaphend37-40] as an area of optical beam shift
investigation. Being a 2D material, the response of light interacting with, lBla$ace and

whether giving rise to any lateral or lohglinal shift is an important topic of research.

Our main goal in this study is to develop a theoretical model for studying- Goos
Hanchen shift as a Gaussian light beam is reflected from Bed surfaces. Two different
scenarios of reflectioaretakeninto account for this study (gartial reflection (PRand (b)
total internal reflection (TIR)The optical beam shift can manifest in both spatial and angular
forms. All of these GH shifts for MoSare investigated in detail. Previous studies mainly
conentrated on incident light afefinite wavelengthinteracting withdefinite surface[39]. In
the presenstudy, the dependence on wavelength {488 nm) and different surfaces (on

which Mo$S is deposited) is thoroughly explained.
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(a)

Incident beam

MoS, mono-layer

Substrate

Figure 2.1 The observation of GH shifta) Pictorialrepresentation of GH shiffeneration as
light is reflected from MoS suface and (b) The coordinate system that are used in the

theoretical calculation for studying GH shift in layered structures.

2.2 Theory

2.2.1 Introduction of Transfer Matrix Method

The transfer matrix method is mainly applied in the study of light propagatiamgtntayered
media[41-43]. In this methodthe electric and magnetic fields in one position can be linked
with those in a different position via a transfer matiixthis formulation, we use two kinds of

matrices:
(a) Transmission matrigonnecting the fields across an interface,
(b) Propagation matrixconnecting the fields propagatinges a distance within a medium.

We first consider the propagation of light a&s@n interface designed by a layer (placed

atz=0) of optical conductivityy separating two dielectrics with dielectric constanésde, ,
as shown in Figure 2.8Ve consider that the light is polarized aldn@nd propagatealongg

direction. For the abovmentioned structures, the S angdarizations can be decoupled. As

a result, we an proceed separately withet S and Polarization components.

The magnetic field for Bolarization can be written as:

H,, =(a1é"“Z +k1é”‘“2) &z @ (2.1a)

H,, =(a,* #e) & z 06 (2.1b)
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Here,a andh are the coefficients of the fieldi(=1,2), k = (W\/E'/C) is the wave vector in

the respective media.

a, exp|ik,,z] b, exp|—ik,,z]

(WY

—

N\
/

a, exp|ik, =] b, exp[—ik, z]

Figure 2.2 An interface characterized tsurfaceconductivitys is placed in between two

media of delectric constantg ande, .

The boundary conditiaacross the interface will be:
(2.2a)

(2.2b)

where & is the unit vector normal to the surface ahdienotes surface current density of the

separating layer. The above boundary condition yields:

Kooy K 0

q(% b) ;% b) (2.3a)

(a+h) {a B) ¥ (2.3b)
determined from

The current density can be
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_SkZZ (

J,=SE((z 9)
& £

) (2.4)

From the above equations, we can obtain:

aa, 0 2

. 5 Dr az; (2.5)
B 277 b

where

al+h, +x 1 - =)
Dlgzéﬁ P )S Fﬁ P (26)
29 “hy tx 1o+ 5

— elkZZ — ‘kZZ
h - ’
P 92k12 /K @ 2 €

Similar typeof relation, we can derive for®larized component:

_1al+hg +x 1 S p)

D, == , (2.7)
ST2Fh x 1y o
hs - k2z ’ )5 _5 /37
K, k.
Considering both polarization components, the transmission matrixeoaritten as:
al+h + 1 - -Z
_ 1a m )rg nﬁ m<m (28)

lz’m_Zgi-hm +z x 1 + h - )
where m= s,pandzp =1, z =L

Next, let us consider the propagation of light throagbmogeneous medium. It can be proved
[35] that the electric or magnetat two different pointsz and z+d'z are connected by the
following propagation matrix:

2 - ik,0z
P(d2)=o . 0

ik,dz

c e

(2.9)

If we consider successive N layers of separating media, the transfex (iWBtis nothing but

continuous multiplication of transmission (D) and propagation (P) matrices like:
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aa,

&

el le

@Nﬂ
(; +1

whereM =D,,P(d,, ) D,;P(d,;)..........

(2.10)

P(@. n )R\ .is the transfer matrix.

For any multilayered sample, the Fresnel reflen and refraction coefficients can easily be

calculated if we know the transfer matrix for the structure. With a little bit of algebra, it can be

proved that the coefficients are related to the transfer matrix by the following relation:

Mll

(2.11a)

(2.11b)

From this, the reflectance and transmittance can easily be calculated:

where . =
° z eN +lk12

After some algebra, we can obtain:

g Ccos @ ./ ,&0s, cfz
RS:
\/glcos gﬂlr\/_zeecos2 ﬁ‘

R _|\/e_2/cos g-\/_le‘cosl -E7|2
" e, /cos g+, écos, 4|

4e gcos  qos, g

T, =
‘\/Ecos gk\/_zaﬁosz ﬁr

____4Je glcos qos, g
" ‘\/e_zlcos gﬂ/jécosl tir

k(N+l)z andhp — elk( N+1)z )

(2.12a)

(2.12b)

(2.13a)

(2.13b)

(2.14a)

(2.14b)
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These reflection and refraction coefficients #remost significant parameters in governing

the GH and IF shifts. It will benoreprominent in the next section.

2.2.2 Theoretical calculation of the GH shift

Considera monochromaticollimatedGaussian bearfhavingwave vectok ) is incidenton a
dielectric surfacgrefractive indexn) coated with monolayeMoS; [Figure 2.1(a)]. Figure

2.1(b) has shown the full geometry taken for this calculafiba.Eaxis of the laboratorframe

K :(O,x,y,j is takennormal to the interface. We choose the origin in a manner that the

reflecting interface has an equation0O. In addition to the laboratory frame, we use

Cartesian frami, =(O,%,y ,z)attached to the incident beam and another one,
K, =(0,% ,y ,z)attached to the reflected befind)]. Letk, = k,zandk denote the central and

non-central wave veors of the incident beam, respectively w‘lﬂz‘ﬁo‘ =%,. The electric

field of the incident beam at the air side<(0) of the interface can be expressed in the angular

spectrum representation [asl):

+ o

E(r)=4 ne (UVg) E(UV,§ &5 quay (2.15)
/=1- o

wherg U = EE/‘R)‘V = Rﬁ/‘%‘
w=(1 U v?)”
We have also defined, = k;x,,Y, = k y,andz, =k, z,, withal {i,r} . The polarization unit

basis vector§e } have been chosen ag:= gE3T</‘ g §+and€ =k 38/‘ ZE%, where the

symbol denotes standard vector cross produkt in

By definition, k=k,(Ux ~y W2 Exk %k Ezk X -jB{M and botte andg, are
orthogonal tc .

In Equation 2.15), E, (U,V) is given by:

E (UV)= AUMa (U

wherea, (UV,g=¢e,(UV, gk
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F= f ke +,y is polarization vector that obelys, |* +| f,|* 4.
For a monochromatic Gaussian beam,

A(U V)= exp( (@ v)) (2.16)

If we considethe paraxial domain i.é)>+V? <%, the reflected electric field can be written

+ o

E(r)=a a&( UVp JA(UV, ) ¥ dudy (2.17)
where A (UV g)=r1,(UV,JA[UV,)

r, (U AYj ,q) arethe Fresnel reflection coefficient associated with the plane wave component

of the electric field.

MonodayerMo$; affectsthe Fresnereflection coefficientsApplying Transfer Matrix Method
[43], we obtain

cosg-rt -sif g - §

= 2.18
r(q) cosg - S g -6 (2.18a)
(q)= n‘cosg- v i -sif 41 - § Wos] (2.18b)

n‘cosg+y # -siA §1 +$ Wos]

where g is the incidentaingleand is thesurfaceconductivity of MoS. The Fresnel reflection

coefficient can be represented in a general complex form
r, =R ,exp f ) (2.19)

where R, is the amplitude and, is the phase of the reflection coefficienti({p.g). To

evaluate the GH shift, we first calculate the centre of mass of the intensity distribution in the
reflected framg45]:

(Ri=pax dyY| B R axlY B 4 X, X(+)Y (2.20)

The spatial D, ) and angular @, ) GH shiftcanbe calculated.

kDo % X )0 (2.21a)
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Qe = (X,)/ 2z (2.21b)

Now, in case of &aussian light beafd5) :

W W,
KoDe :Wpu—c; WS_HQ (2.22a)
a MInR HInR,
Qey = aw Lo (2.22b)
e g ug

The GH shift fortotal internal reflection can also be determir@édnsequentlyTMM method

can be applied to calculate the modified coeffici¢A8}:

ncosg- 1 - sih g n § !

= 2.23
4) ncosg++1 - sin g £ (2.239)
rp(q):cosq- N1 -d sifi g1 - § Wos| (2.230)

cosg+ n/l -1 siR 1 +§ Yos]
The calculation of the GH shift feotal internal reflectiof45] yields identicaEquation(2.22).

Mo$; layer iscategorizedby the optical conductivityg ) which has a significant effect
in the GH shiff 37-39,46,47] as obvious from the Equations (2.2Br the first timesuch a

theoretical model has been developed in the analysis of GH shift in 2D materials.

2.3 Results & Discussions

2.3.1 GH shift for partial reflection

Equation (2.22shows thathe spatiabnd angular GH shiftare influenced byhe phase and
amplitudeparts of the reflection coefficient§hus we have to first study the complex reflection
coefficient of the reflecting surfacigures2.3and2.4 display the angular dependence of the
amplitudeand phase athe complexeflection coefficients for P and-®larization states of
thelight beam incident upon monolay®loS; coated glass and silicon surfaces, respectively.

We have found interestinghangedor the surfacesvhen they areoated wih monolayer

MoS,. Theamplitude R, possesseanonzero value at thpseuddBr e ws t ergp)andangl e

alsochangeswith the wavelength of the incident light for Mp&oated surfaces. In contrast,

the amplitideR, goes to exactlgerovalueat ggfor the uncoated surfacgwhen MoS is
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absent)Likewise, the phas@art f  jundergoes steady jump tep aroundy, for monolayer

MoS, coated surfaces whereassitiffers asharr jump for the uncoated surfaces. The

behaviour of Rand 7, are also wavelength dependent atdw dissimilar characteristics
when monolayerMo$; is presentAlso, R, has agreatervaluefor monolayeMoS; coated

silicon surface due to thiegher index of refractioof silicon incomparsonto the glass surface

asseen fronfFigures 2.3 an@.4.

(a) 1.0

0.8}
0.6
L= R [
(- 4
0.4
0.2
0.0 1 1 L i L 1 1 N i 'I"
0 Is 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)
(C) 1.0 450 d
= 450 nm T
= 532 nm
0.8F — 633 um 3.1
— 730 nm
0.6 —— 785nm 30
[ IR s NIOS .
m no i (]
0.4 ad
2.9
0.2
oob— . 28—
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.3 Modulus R) andphase {) of reflection coefficierd for (a, b) P-polarizedand(c,
d) S-polarizedlight beam incident on monolayer Mp$oated glass surface for partial

reflection.

It is well-established that r{ithe absence omonolayerMoS; coating for an airdielectric

interface, uf,/ pg & and thereforethe spatial GH shift,D;, =0. The revolutionary

experiment by Goos and Hanchen protteat D,,, ,0 occurs for total internal reflection of
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light, whereR, =landpf,/ pg Q (= P, 9. Contrastingly, for both partial and total internal

reflection of light from monolayevoS; coated surfacesR, and /, changewith g and/ .

(a) 1.0

0.8f

0.0

—— 450 nm
b~ 532 nm
— 633 nm
| —— 730 nm
— 785 nm
lllo MoS2

15 30 45 60 75 90
Angle of Incidence (Degree)

0

(0)0.0
-0.8
=1
< 1.6} — 450 nm
— 532 nm
= 633 nm 3
245 730um
—— 785 nm
32k no MOSZ H
30 45 60 75 90

Angle of Incidence (Degree)

(c) 10 )3.15
0.8l B e
0.6 3.13f
L w
o —450nm | o —— 450 nm
04} — 532 nm 3.12 = 532 nm
—— 633 nm —— 633 nm
=730 nm = 730 nm
0.2p ——785mm i —— 785mm
-------- no MoS, e 10 MoS,
0.0 1 1 L 1 I 3.10 1 1 1 A I
0 15 30 45 60 75 90 0 15 30 45 60 75 920

Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.4. Modulus R) andphase () of reflection coefficient far(a, b) P-polarized andc,
d) S-polarizedlight beam incident on monolayer Mp$oated silicon surface for partial

reflection.

Subsequentlywe observedspatial and angular GH shifts even witlhdhe total internal
reflection domain for the monolayeMoSy-coated surfaces, whicls an outstanding
observation othis Chapter Monolayer MoS is one of the few cas¢48,49] where norzero

GH shift existsalsofor partial reflection of lightThe adimensional spatial GH shik,Dg,, )

and the angular GH shifd;,, ) for partial reflection of lightaredisplayedin Figure 2.5 and

Figure 2.6, respectively. The nature of spatial shift (Figure 2.5) and angular shift (Figure 2.6)

are different for incident P and@®larizationstates of the beam
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0
(a) (b) — 450 nm
03F —— 532 1m
5t — 633 nm
= 730 nm
. a ” 50-2_—785nm
< -10p <
[—} [—]
-2 —— 450 nm
— 532 nm
-15F —— 633 0m 0.1F
— 730 nm
— 785 nm
_20 'l L L L L 0'0 L L i ' 'l
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)
(C) 0 (d) 0.03— 450 nm
— 532 nm
— 633nm
— 730 nm
m-40 - =0.02 = —
a O wn O
< <
e —— 450 nm o
80 552 nm 0.01F
— 633 nm
——— 730 nm
— 785 nm
_120 i i 0.00 L i 1 L 1
45 60 75 90 0 15 30 45 60 75 90

Angle of Incidence (Degree)

Angle of Incidence (Degree)

Figure 2.5 Spatial GH stit in monolayerMoS,-coated glass fofa) P-polarized andb) S
polarized lightSpatial GH shifin monolayeMoS,-coated silicorfor (¢) P-polarized andd)

S-polarized light Partial reflection).

Remarkably, the spatial shift forglarization &,Df,,) shows a negative peak at gh&eudo

Br e ws t e bebasise dfhe ghlarp variation df, from 0 to- o in the vicinity of thepseudo

Br e wst e rNewerthelagahe existence od giant negative shift wagredicted forthe

graphenecoated surfacg36]. ThoughmonolayeiMoS, coated surfacgieldsa negative shift,

but it is not asigh as grapheneoated arfaces. The spatial shift forg®larization &,DS,,)

is, however,smoothlyincreasingwith incident angleFor the monolayer MaSoated silicon

surfacethe spatial shift for fpolarization iggreaterthan the glass surface whereas foisnd

to be reversed for the-jlarization. Furthermore the spatial shié are also wavelength

dependent beingreaterfor longer wavelength light for-polarization. In contrast, the-S

polarized light behaves ia different mannewhere k,DS,, becomesyreaterfor the shorter

wavelengthside We also foundthat spatial shift for $olarization statés 1F orders of

-41-



Chapter 2GoosH&anchen Shift in MeS

magnitude smaller thanblarization states of the light beam dadyer in magnitude than the

graphenecoated surfaces [36].

0.2 0.04
(a) — 450 nm (b) — 450 nm
— 532 nm
0.03F — 633nm
— 730 nm
- % — 785 nm
® 0.02}
0.01}
_0‘2 i I 1 i i 0'00 i L i i I
0 15 30 45 60 75 90 0 IS 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)
1.2 i
(C) —— 450 nm (d) L] p—ry—
0.8F — 532 nm —— 532 nm
— 633 nm — 633 nm
0.4F — 730 nm 0.008F —— 730 nm
= —— 785 nm = —— 785nm
e O <
® 0.0 (QD
-0.4} 0.004
-0.8}F
-1.2 - : : — 0.000 . R — .
0 15 30 45 60 75 90 0 15 30 45 60 75 920
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.6 Angular GH shiftin monolayer Mogcoated glas$or (a) P-polarized andb) S
polarized light Angular GH shifin monolayer Mogcoated silicorior (¢) P-polarized andd)

S-polarized light(Partial reflection)

Afterward we have observed angular GH shidtspartial reflectioras shown in Figure
2.6. Thechange inR, causedy the presence dhemonolayer Mo%is quite small, although
the change increases with decreasing wavelength. Hendeaweeobserved norzero but
small angular GH shifivhen monolayer Mo&coatingis present This is anoteworthy

observation fotheMoS,-coated surface compared to a grapheveted surface as the angular

shifts were not present for graphd38).
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2.3.2 GH shift for total internal reflection

We have theroncentratedn the GH shiffor the total internal reflection of the lighh both
Figure 2.7 and Figure 2.8, we hasrplainedthe behaviour ofinplitude and phase ofhe
complex reflection coefficients for S anepBlarizationstatesof light incident on Mog-coated

glass and silicon surfaces, respectively. &heplitudeR, dips down tozero at the pseudo

Br ewst er 0a&quisestgdeak ofaimtyt the critical angle of incidence in absence of

Mo$; coating.
(a) 1.0
0.8}
= 450 nm
— 532 nm
— 633 nm
= 730 nm
— 785 nm
0 0 e no MOSZ L i i A i
) 15 30 45 60 75 90 0 15 30 45 60 75 20
Angle of Incidence (Degree) Angle of Incidence (Degree)
(C) L 0.0 F v, —— 450 nm
H —— 532nm
0.8} — 633nm
-0.8E = 730 nm
= 785 nm
" 061 Y el N\ N no MoS
=1 —— 450nm | & -1.6
0.4 — 532 nm
— 633 nm
—— 730 nm -24F
0.2 — 785 nm
........ no MOSZ
0.0 . - - . - -3.2 . . . - .
0 15 30 45 60 75 90 0 15 30 45 60 75 20
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.7. Modulus R) andphase ) of reflection coefficient far(a, b) P-polarized andc,
d) S-polarized lightincident on monolayer MaSoated glass surface for total internal

reflection.

The phaséf also jumps from pto 0 atg, followed by a continuous jump from 0 {@ at the

critical angle @.) when there is n&0S; coating. But, when the monolayer MoS present,

deviations are observed for different wavelesgtidemonstrated in Figus2.7 & 2.8.Greater

deviations arseen for longer wavelengthsnmonolayer Mo$% coated surfacesikewise, for
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S-polarized light beamR, smoothly increases to unindf smoothlydecreases from O t@

nearg, for uncoated surfacelloteworthydeviations are observéar monolayer Mo%coated

surfaces for different wavelengths with larger deviations occurring at smaller wavelengths.

Newertheless, the variation @f with incident angle as well as wavelengirectly affects the
spatial GH shift. The spatial GHigt (k,D%,, ) for theP-polarization state of lighthows a peak

atg;and a dip ad. [Figure 2.9].

(a)'? (b) 0.0f —— 450 nm
— 532 nm
0.8p 08k —— 633 nm
e = 730 nm
0.6 o —— 785 nm
:‘Q = 450 nm = -16F M 0 e no MoS,
0.4F — 532 nm :
— 633 nm
— 730 nm
0.2 — 785 nm
- no MoS,
0.0 H 1 1 L 1 1 L 1 1 "
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) d Angle of Incidence (Degree)
(c)1o 0.0 . ——
= 532 nm
0.8F -0.8 — 633 nm
) —— 730 nm
0.6 . — 785 nm
eg” o 1.6F ........ no Mo,
0.4F N
0.2 el
0.0 . . L L . 3.2 . 1 . . .
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.8 Modulus (R) and phase ) of reflectian coefficient for:(a, b) P-polarized(c, d) S-
polarizedlight beam incident on monolayer Mg€oated silicon surface for total internal

reflection.

Its magnitude igreaterin comparisono the case of the grapheceated surface as stated
previously [36]. Moreover, the spatial shik,DS,, ) for theS-polarization state of lighdisplays

a negative to positive change n#wa critical angle which was nseerfor the grapheneoated
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surface. The behaviour of spatial GH shifisimilar for both types of surfaces except the

magnitudes of shifts agreaterfor monolayeMoS; coated silicon than the glass surfagéth

decrasing wavelengthR, showsa larger deviationn comparisorto the surfaces without

monolayeMoS; coating. Hence, weresumegreaterangular GH shift for smaller wavelengths
which isstraightforward fronfigure 2.10.

(a)

-100F
=
a0
QG-ZO(] - _
- — 450 nm =Z -100 — 450 nm
300F —— 532 nm — 532 nm
= 633 nm _ — 633 nm
——— 730 nm 150 — 730 nm
A00F 985 0m 785 nm
L . L . 2200 L L
25 30 35 40 45 50 30 40 50 60
Angle of Incidence (Degree) Angle of Incidence (Degree)
500 30
(c) (d)
0 J 0 —
=
=
&= Tenol i
< -500 WQU 30
= =]
21000} —— 450 nm =< 60 — 4s0mm
—— 532 nm — 532 nm
-1500} 633 nm 90 — 633nm
= 730 nm — 730 nm
——— 785 nm — 785 nm
-2000 . . -120 4 L
0 10 20 30 10 20 30

Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.9 Spatial GH shift in monolayer Me&oated glass fofa) P-polarized andb) S
polarized light. Spatial GH shift in monolayer Me&ated silicon fofc) P-polarized andd)
S-polarized light(Total internal reflection)

We havepreviouslyfound that th&sH shifts in monolayeMoS; coated surfaces depeuagon
the mode of polarizatiorthe wavelength of incident lightand thecharacteristicof the
reflecting surfaces. Fdhe P-polarization state dight beam, the GH shiftinveilspeak (for
partial refection) or dip (for total internal reflectipnn the neighbourhoodf the pseudo

Brewster 6s axhilgt$aepeakadjatentatdthe oritical angle. In contss the S
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polarization state olight does not resemble the similar dependence on thesilspegles.
These observationgive insight intothe nonttrivial featuresof the GH shiftsadjacent tahe
pseudoBr e ws t e rar@te catica angle whictagrees wellvith the precedingreports
[50].

(a) 2 (b) 3.0 = 450 nm
25— 532 nm
0 —— 633nm
20— 730nm
=] = —— 785 nm
= G2 v P15}
@ — 450 nm @
-4F —— 5320m 1.0}
— 633 nm
6 — 730 nm 0.5F
I —— 785nm
1 i 0.0 i
20 30 40 50 20 30 40 50
Angle of Incidence (Degree) Angle of Incidence (Degree)
1.
(c) X (d) 8 — 450 nm
0 1.5F — 532nm
Sk \ —— 633 nm
12— 730 nm
= -10F - — 785 nm
e O w_ O
-15F 0.9F
@ _20 . ——— 450 nm @
—— 532 nm 0.6
-25F —— 633 nm
| —— 730 nm 03}
S0r  765am JM
-35 : ' . - - 0.0 : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.1Q AngularGH shift in monolayer Mogscoated glass fdja) P-polarized andb) S-
polarized light. Spatial GH shift in monolayer Me&ated silicon fofc) P-polarized andd)

S-polarized light. Total internal reflection)

2.3.3 Variation of GH shift with the thickness

We havealso concentrated on the thickness dependehttee GH shift. It is alreadgroven
that the thickness of monolayer MaSabout0.65 nm[51]. The characteristics of monolayer
MoS; is reasonablydifferent from its multilayeredform as already discussead the last
Chapter In this sectionwe haveperformed a comparison tife nature of spatial GH shifts for

monolayer MoSwith the bulk material. Aseen fronfigure 2.11 for partial reflection of the

S-polarizedlight, k,Dg, is larger formonolayerMoS; than the bulkcounterpartBut, for the
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P-polarization state, the shikt DL, hasalesrmagnitude fomonolayeMoS; coated surface.

Forthetotal internal reflection oboth P and $olarized incidenlight, a giant negative shift

is found, but the maximum shift value is dominated by the bulk Mu&terial. The reason
maybedueto thesurfaceoptical conductivity of the material. The optical conductivity of bulk
MoS; is different than its monolayef{47] form which evidently gives rise to thediffering
effects on the reflection coefficientSonsideringhis, GH shiftobviouslyreliesuponthelayer
thickness of Mogand can be an effective way to differentiate a monolayer.¥to® amulti-

layered material.

10 0.3
(a) (b) —— Manolayer
0 Bulk
. 5 -10F 5 0.2}
< -20f “«
iV A
=30 0.1F
-40 F —— Monolayer
Bulk
-50 — 0.0 —
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Deg.) Angle of Incidence (Deg.)
- 0 —
-200F 100}
= -
“o” 400} - 3
'_\40 <C: -200 B
-600} 4
=300
-800F —— Monolayer Monolayer
Bulk -400 Bulk
-1000 : : L
15 30 45 60 35 40 45
Angle of Incidence (Deg.) Angle of Incidence (Deg.)

Figure 2.11 Spatial GH shift for Fpolarized and $olarized light incident omonolayer

Mo$S; coated glass surface for partialleetion (a, b) and totalinternal reflectior(c, d).

2.3.4 Shift comparison between different 2D mateials

We have alsanvestigated thesH shift for different types of 2D materials likgraphene,
monolayer boron nitride (BN), monolayer Mo3\lthough all of them belong to the 2D
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materials class, they have several differfmaturesfrom each othef52], as discussed in

Chapterl. Hence we presumedissimilar behavior in their opticgroperties We canfind

from Figure 2.12 thak,Dg,, has a large magnituder partial reflection of the olarizedight

in monolayeMoS,. But, for the Ppolarized light, the shifk,DL, is sufficiently suppressed.

The giant negative spatial shiftfeund for total internal reflection of bothdndS-polarization
states of lightThough the naturef GH shift, in this caseis similar for all three materials, the
maximum shift is obtained for BN which msarginallygreaterin magnitudethan monolayer

Mo$S; but significantlygreaterthan graphene coated surfaces.

(a) ° w (b)) [— =
500F N 0.25f Graphene
00 020} — ™%
. Z w5015t
o -1500 L ool
g =
'2000 B ]\r[nsz 0.05 B
2500 F Graphene 0.00
— BN
-3000 ' ' . - -0.05 —
50 52 54 56 58 60 0 15 30 45 60 75 90
Angle of Incidence (Degree) o Angle of Incidence (Degree)
100 5
(c) (d)
0= — 0
-100F
em T 50}
~Q wn O
< -200f <
a7 A4 -100}
=300
— MoS§, MoS,
-400 = Graphene -150 Graphene
—— BN — BN
-500 L L -200 L L .
40 45 50 55 35 40 45 50 55
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 2.12 Spatial GH shift forP-polarized and $olarized light incident omonolayer
MoS,, graphene monolayer BNcoated glass surface fpartial reflection(a, b) and total

internal reflection(c, d).

Again, the opticapropertiesof these materialeely on the surface optical condtivities. The

reflection coefficients are wediffected by the optical conductivities of these matetizdd
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resultdiffering GH shifts. On thaaccountwe carinfer that thenatureof different 2D materials
is not sadistinctfrom each othefor totalinternally reflected light. But for partial reflection of
light, we noticesignificant dissimilaritiesin their response otGH shifts. The GH shift for
monolayeMoS; greatly dominates for-Bolarization stateutis significantlysuppressed for
P-polaiization states ofight in comparison to graphene and monolayer boron nitkigace,
the observiaon of spatial GH shifts for partial reflectiaf light providesus the opportunity to
distinguish different 2D materials frometn individual characterists.

2.4 Outlook & Summary

We have acomprehensiveheoretical analysis of th€H shift in monolayer Mog-coated
surfaces for a fundamental Gaussian beamcandequentlyliscoveredhe characteristics of

GH shift like their dependence differernt wavelengthsdifferent surfacespolarization states,
incident anglesetc. The GH shift, in generatlependsupon theamplitudeand phase of
reflection coefficients of the incident beafrom theanalysis it is quite obvioughat the
reflection coefficients argredly affected bythe presence of monolayer Mg@Svhich causes
non-zero GH shift even for partial reflection of lighth& effect on the reflection coefficients
increases with decreasing wavelength, whiltimatelycausegreatershifts. Additionally we

have thoroughly investigated how the GH shift in presence of monolayes ddang depends
upon the substrate properties. \Wed that the silicon substratégving a larger inelx of
refraction than the glasgenerategreater GH shifts. In addition, we yeademonstrated the
thickness dependence of GH shift for M@Bated surfaces which offers a scope to distinguish
monolayers from bulk MoSby observing the beam shift characteristics. Consequently, we
have compared the GH shift behaviour for aefg 2Dmaterials (graphene, monolayer $p
monolayer BN). The vast contribution of optical conductivity on the Fresnel reflection
coefficients which in effecgovernsthe characteristics of GH shifts has been discussed
throughout. Our theoretical model can disoapplied to predict the nature of beam shifts for
other 2D TMDCs layered structureas well as topological insulators with different modes of
the light beam (e.g. Laguern@auss, Hermit&auss, and Bessadtc.) other than Gaussian
These theoreticalridings may open new possibilities for further understanding of GH shift for

TMDCs which may lead to several new applications of these materials.
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Chapter 3 Optical Beam Shift s in TMDCs

Using the Transfer Matrix Method, we theoretically studi@#

and IF shiftsfor different TMDCs (WS, WSe, M0oS, MoSe).

We have done a detl comparative analysis of optical beam
shifts along with their explicit dependence on the wavelength,

angle of incidencand wavelength of incident light.

Content of this chapter has been published in: A. Das and M. Pradhan, "Exploring the
optical beam shifts in monolayers of transition metal dichalcogenides using Gaussiafi peams

Optics Communications 437, 312320 (2019).
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3 Optical Beam Shifts in TMDCs

3.1 Introduction

We have alreadyisicussedin the lastChapterthe inability of the conventional laws of
reflection and refractiofil,2] in real optical beamd he electromagnetic fieldf a real optical
beam can be disintegratedo anassemblyf plane wave componengsich having a definite
wave vectol(developingan envelope in momentugpace) Each ofthese plane waves suféer
reflectionindependentlyaccording to théaws of reflection.The summation of all of these
components generates the resultant b&dns. reflected beam can manifest both the GH and
IF shifts[3-14] depending upon the external and internal conditions (that will be explained in
thisChapte). As indicated irChapterl, the detection of these beam shifts is a challenging job
due to its wavelength scale magnitu15-20]. However,if detected precisely, these
transverse or longidinal shifts can be applied atarge scale inthe moden device industry

depending upon the field of applicatifi2il-23].

In the lasChapter we have discussed GH shift in monolayer MeS8ensively. Hence,
we nowconcentrate on other TMDCs that have close simiganitith it. It is expected that all
of these TMDC4q24-26] due to their distinctive band structure armamlectrical properties
can be interesting candidatior both GH and IF shifts study27-30]. Similar to the other
guantum systemd.5,31-40], we expechonttrivial features of optical beam shifts in TMDCs

In this Chapter four TMDCs are considereth) WS, (b) WSe, (c) MoS;, and (d)
MoSe. Like the lastChapter the optical beam shifts for partially reflected as well as total
internally reflected light are explaineldon-trivial nature around the special anglé4,42] is
observed for all the TMDC3d he presence of the Giant GH shift can be stimulating in sensors
and device applicatianThe dependence of GH and IF shifts on the extdatabrs such as
the wavelength (46@200 nm) and polarization states of the incident light beam, angle of
incidence, thickness dependence (comparison with the bulk sample) asxplaihed in this

Chapter

Furthemore surface optical conductivity of ¢h2D materials is a major factor in
governing the optical response of the materjdl344]. Accordingly, the influence of the

optical conductivity in the nature of GH and IF shifts are explained in later sections.
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()

Incident light Oy &

Substrate z

Figure 3.1 GH and IF shifts:(a) Pictorial representation of the phenomena &by

Construction of the coordinate system for the theoretical @ionlof the optical beam shifts

3.2 Theory

Following the schematic representation of Figure 3.1, letarsider a monochromatic
Gaussiaright beam reflected frormmonolayer (ML) TMDC coated surfacdere, the TMDC

monolayer is modelled as an infinitesiigahin, local twosided surface characterized by a

complex surface conductivisy( # following the previous works for graphef#5,46].

For convenience, we can define three coordinate systems: the Iaborator{/ﬁ&ﬁ

attached to the dielectric interface, and two auxiliary fra{*@sykEE(} attached to the incident

(k=1) and the reflectedk=r) field, respectivel\j11,14,31,41,47]. In the angular spectrum
representation, the electric field of the incident beam at the air side of the interta0g ¢an
be written ag48)]:

2 t+@m

E(r)=4 fie (UVa) E(UV,y &™) dudy (3.1)

/=1_ o
where / is the polarization index/(=1,2 corresponds to P and@®larization, respectively).
Also,U = RE/‘R)‘V = RE{/M andW =+/1 -U? V? are the dimensionless components of

the wave vectok in the incident frame, connected to the wave vector in the laboratory frame

by:
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=k (Ux vy W2 Bxk ik E“#fk 2k -2 (3.2)

Moreover, in Equatior{3.1),E, (U,V) is the vector spectral amplitude which determines the

shape and polarization of the beam and can be written as:
E (UV)=AUVa, (uV

Here, A(U V) being the angular spectrum of the incident fatd &, (U,V) the polarzation

function given bya, (U,V, ¢= E( ) B, with E( ) representing the polarisation vectors

attached to the single plane wave components of the incident beam. The polarizationsunit bas

vectors{e} have been chosen a:= ‘23 k‘ an E:‘Eg—k‘ where the 616 syn

the standard vector cross produdRin

Thus{E,gE% forms a completeorthogonal basis set k,. Conventionally, a plane wave

whose electric field is parallel to eith&ror & is referred to as either TM -polarization) or

TE wave (spolarization), repectively.
The unit vectorE= ak g ex{ /) y(witha,,a /1l R) fixes the polarization state.

After reflection, each plane wave component of the Fourier spectrum (Equyatioh

undergoes modification by Fresnel ds | aw.

Thereforeg (R) o r,(R) e§~l§ K"
where T, (IZ) is the Fresnel reflection coefficient akd= k -ZE( zﬁa

Thus, the electric field in the reflected frame can be expressed as:

2 .
E(r)=4 RA (U.Vg) & ¥ ¥ dudv (3.3)

wherg A (UV g)=k(-UV,p -)gr(UN) @V, UY
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When a 2D materi al i's deposited upon a diele
are modified and by applying the Transfer Matrix Method (TMM) for layered mddig,
these reflection coefficients can be ob&l as:

cosg- 1t -sif g “§

= 3.4
r(q) cosg - o g 56 (3.4a)
(q)= n‘cosy- v -sif g1 - § Wos] (3.4b)

n’cosg+~/ ff -sid g1 *§ Yos]

wherg ¢ is the angle of incidence is the refractive index of the substrate,

._ S . . : . a
§= P ,S Is the complex surface conductivity of the TMDC under con&deraﬂorg&%d
0 QCQJ
is the impedance of vacuum

The Fresnel reflection coefficients can be expressed as:
r, =R, exd f ) (3.5)
whereR is the amplitude anf] is the phase of the reflection coefficient (V\ﬁth{ p,§ ).

After some mathematical stef#s4,31,41,47], we can arrive at dimensionless spa(la) and

angular(Q) GH and IF shifts which can be specified by the following expressions:

W W,
KoDg =pr—c;’ Ws—uq (3.6a)
ew a’+wa, | _
k,D = eotgé—"————"Lsinh 21/ W W snﬁ h 5)4 (3.6b)
& &
a HInR HINR,
Qan = 2 =W (3.79)
T ug g
- wa
Q =M’(:osh cot ¢ (3.7b)
a a,
2p2
wherg w, = !

= is the fractional energy contained in each polarization state.
&

R+
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Similarly, we can also calculate the GH and IF shifts for total internal reflection (TaR) fr
the interface. In this case, the reflection coefficients are modified as prescribed before and can
be calculated by the Transfer Matrix MetHd®):

ncosg-+1 - sih g N £

_ 3.8
() ncosg++v1 - sih g v £ -
_cosg- n/1 -A siA 41 7§ Wos] (3.8b)

WD) cosg+ 1 - sif g1 *+§ Wos]

Furthe calculatiors [31] provide adimensional spatial and angular GH & IF shifts for total

internal reflectiorcase which gives identical expressions (Equation (3.6) and (3.7)).
3.3 Results & Discussion

Let us first discuss the parameters hawésgbstantiainfluenceon GH and IFshifts. It is clear

from the expressions of the reflection coefficients thapresere of TMDC largely affects

thereflection coefficientyia the introduction of the surfaogtical conductivity(s ( V}') term.

The knowledge of theptical conductivityof theTMDCs is absolutely necessary to start further
analysis.For this, we have to know about théielectric permittivity ofTMDCs. Among the
available methods, most commonly used for TMDCs arelLtirentz model the Hybrid
LorentzDrude Gaussian modgekhe selfconsistent methodhe surface current modethe
variatioral KramersKronig function based on Lorenf43,44,50-52], etc. Here we have taken

Lorentz model resultgenerating reliable fittingg!4,53,54].

The relativepermittivity for monolayer TMDCscan bestatedas:

& ( u)/—e( PR S R W (3.9)
T g a - wi wg SE? E? iEF '

- - — — . . h
where f, = oscillator strengttw, = resonant frequencygnd g, = spectral width of thg'

oscillator The model parametetsed in this study can be obtained from the referfsisle

The surface optical conductivity of the TMD@onolayerswill be given by[43,44]:

ss(E)= s(E) # £E) F, et {EP (3.10a)
z_():m;j;(l < (E)) (3.10b)
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2
where s, :% ,a :E17 , c=3 30m/s, and h, = the effectivethicknesses of TMDC

monolayers.

Optical conductivity is highly influenced by wavelength. Hence, forrtutiudies we

will use a specificwavelength of 633 nm unlessentioned otherwise

3.3.1 GH & IF shifts for partial reflection

(a) = (b)

2

WS 0
08k WSe,
MoS,
0.6 F MoSe, -1k
Mﬂ- ----------- uncoated _ee.‘ WSZ
0.4 2F —— WSe,
MoS,
0.2 MoSe,
S uncoated
0.0 A 1 M vwrcy " 1 1 1 1 1
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)
(c)ro (D
- —Wws
0.8F —— WSe, 3.1F —wse,
—— MoS, MoS.
» 0.6F — MOSEZ MOSE,
m ........... uncoated ) _e.m ........... uncoated
0.4} 3.0}
0.2F
0.0 — 2.9 —
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 3.2 Modulus R) and phase () of reflection coefficient for(a, b) p-polarized andc,

d) s-polarized lightincident on monolagr TMDC coated ¢pss surface for partiagflection.

We already know that the reflection coefficients have a significant role to play in the existence
of the GH and IF shiftTherefore, we have plotted tmeodulus (R) and phase | of the
reflection coefficients for four monolayefMDC-coated (W3 WSe, MoS, and MoSe)
surfacesin Figure 3.2. Tie monolayersof TMDC affect the modulusand phasepart of
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reflectioncoefficients A relative comparison of the modulus and phases anershetween
the monolayersforMDCs (solid curve) and the uncoated surface (dotted rurf&gure 3.2

In case of thdour different TMDCs, we observe no significant changes in the responBe of
andt, hence, a close behaviour is expected in the GHFRasdifts of the four TMDCs

The modulus R;) and phase part {;) of the Scomponent reflection coefficient
increase smoothly with thiacident angl€ g) though/;does not change appreciably from the
" value In the other case of-polarizationR, reachesaminimum atpseudeBr ewst er 6 s an
(gpg)- However, in absence of TMDCs, we get the conventional ré&uly,= g, ) 9.

Similarly, f, suffersadiscontinuougump from O to- p in the neighbourhoodf the pseude
Brewst erTohsi sanBgleewst er 6s angle is a special e
where the Fpolarized component of the redited light vanishe§.hese typical characteristics
of Randt, influence the angular variation of the spatial GH and F shifts (following Equation
3.6) as presented in Figure 3.3.
Looking at Equation 3.6, the slop&f -g plot is an influential parameter for the spht
GH shift Consequentlydimensionless spatial GH shifk,0,,,) which isprecisely zero for

partial reflection folruncoated surfacgsbsence of TMDCshas wadirstly inventedby Goos

and Hanchef3,56,57], now becomes nepeo in presence of monolay@MDCs. Itis quite

an extraordinay observation in our investigatioBue to a negligible change in the slopé of
-g plot, wenoticea finite but smalspatialGH shift for Spolarization(k,Dg,, )[Figure 3.3(b)].
However, k,DS, increases monotonically with increasingcident angle. But, for P
polarization, the sharp jump &f in the vicinity ofg.;, gives rise to a largealue of thespatial

GH shift (k,D%,,) aspresentedn Figure 3.3(a)Therefore we reckorfinite spatial GH shifts

evenfor partial reflectionof S and Ppolarized ncident light.

Similarly, to figure out the IF shiftthe information of (fP - g) is esentialasseen
from Equation (3.6b). Audicious look at Figure 3.3(bd) tells us tha(7, - £) changsfrom

- p to - 2p in the vicinity ofPseudd®@ r e ws t e rgg)sTherefogewepregumer nonzero

spatial IF shifthat exactly is shown in Figure 3.3(€)) for 4% linear polarization (LP) and
circular polarization (CP) stateespectively In contrastspatial IF shift is absent for partial

reflection inthe urcoated surfacébsence of TMDCs)
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—ws,
| —— WSe,
— MoS,
MoSe,
=) -1(]-_WSz Mo o.10k
—— WSe,
-15} Mos, 0.05}F
MoSe,
_20 1 I 1 1 ' 0'00 1 1 1 I L
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)
0.15 d 0.0
(c) — WS,
—WSe,
MoS
2 -0.2F
- 010 MoSe
= &= 15 =
<O QO
i, g 04F —ws,
0.05}F — WSe
0 MoS;
-0.6 MaoSe,
0‘00 L 1 L L L i I L I I
0 15 30 45 60 75 90 0 15 30 45 60 75 9N
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 3.3 Spatial GH shift for(a) p-polarizedand(b) s-polarized light. SpatialF shift for
(c) p-polarizedand(d) s-polarized light(Partial reflection).

In addition, all the four monolayexr of TMDCs on dielectic surfacegproducesimilar effects.
Theminor changs in therespective angular variation of the GH andsHits can bescribed
to thesurfaceoptical conductivity of thendividual TMDC monolayes. Their surface optical
conductivity is a function of avelengthThe values othe optical conductivity at 633 nm for
the abovestatedfour TMDC monolayers are adjacent tme amther. On thatote the
reflection coefficients are almost similarly influendaglthe different TMDCs. This, in turn,
causes spatl shiftsnot to differ considerablyfor the four different TMDC monolayerBue

to this wavelength dependency of tatical conductivity of TMDC monolayers, we expect
changes in the GH and IF shift responsevasnodify the wavelength of the incident hg

This will be cleaerin the ldter part of this section.

The optical response of the GH and IF shifisthe TMDGs can be compared the

grapheneresponse[31]. A giant negative GH shift wasvitnessedfor graphenecoated

-61-



Chapter 3: Optical Beam Shifts in TMDCs

dielectric, but the presence of TMDgives rise to finiteGH shifts which are smaller in

magnitude than the former.

3.3.2 GH & IF shifts for total internal reflection

1.0 0
(a) (b) —
0.8} —— WSe,
-1F Mos,
N 0.6 | N MOSEZ
m WSZ - """" uncoated
04} —— Wwse, 2 :
MoS,
0.2 MoSe, Y A
J o I i~ OSSR
0'0 1 L 1 1 1 1 1 1 1 1
0 15 30 45 60 75 920 0 15 30 45 60 75 920
0 Angle of Incidence (Degree) Angle of Incidence (Degree)
; g 1
(c) % (d)
0.8F O oo, )
L0.0F 21}
m —ws, =
0.4F —WSel )
Mos, I —— s,
0.2 MoSe, MoSe,
"""" uncoated o
0-0 I I I I I [ i i A i
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 3.4 Modulus R) and phase-{) of reflection coefficient for(a, b) p-polarized andc,
d) s-polarized lightincident on monolayer TMDQ@oated ¢pss surface for total internal

reflection

We shall nowemphasize on totanternal reflection case lere light ispassed througthe
dielectric side of the interface. The anguwariation of amplitude(R) and phaseA) of the
reflection coefficients ircase of total internal reflectias portrayedin Figure 3.4wherethe
effecs of TMDCs are explicitly observedror incident angles greater than the critical angle (
q> g), bothfiandf, abruptlyreducefrom O to- p . This finite negative slope df-g graph
gives rise to finite negatke spatial GH shifts for both S andp®larizations of the light beam

as shown in Figure 3.5.
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(a) 0 f—————— (b) 0
-100} -40F
e & 3
< -200f < -80p
Y- — WS, - 1204 — WS,
-300F ——wse, —— WS,
—J\’luS,‘1 -160 | MUS;
-400 | ——MoSe, MoSe,
- . : -200 - - .
20 30 40 50 60 35 40 45 50 55
00 Angle of Incidence (Degree) Angle of Incidence (Degree)
0.0
(c) (d)
0.2 -0.5
S = -04F} £ &= -10
<
o <
~< 0.6} —ws, | ¢ -15} —Ws,
——WSe, —— WSe,
-0.8F ——MosS, -2.0F MoS,
— l\/lnSe2 h— M"SGZ
-1.0 . L L L L =2.5 I 1 1 " 2
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Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 3.5 Spatial GH shift for(a) p-polarized andb) s-polarized light. Spatial IF shift for

(c) p-polarized andd) s-polarized light(Total internal reflection).

On thatground the spatial GH shiftsk,Dg,, and k,DL,, achievehugenegative valug.
But, we alsdind aminor positivepeakof k,Df,, atthePseud®B r e ws t e bedasise direg | e
positive slope off,-g graph around pseue®r e ws t e g.0 Nevedshelgsktreeexistence
of giant negative spatial GH shiftassignificant findingn our study

Next, toexplainthe IF shift weestimatethe natureof(fP - g) . It is clear from Figure
3.3that(fp - g) value increaseBom a valueadjacento (- p) to avalue close to zerm the
neighbourhooaf the critical angle ¢.). On thainote weexpectanegative satial IF shiftfor
monolayerTMDCs in the case of diagonal linepolarization (/7 =0°)(LP) and circular
polarizatior(h :900) (CP) [Figure 3.5Jstates of the lightFurthermore the respnse of the

four different TMDCsdoes notchangesignificantly from each othebecause othe close
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similarity of theoptical conductivities of the monolayEMDCs atthe wavelength 633 nmis
aresult the spatial shift fothetotal internal reflection of lightnay beconsiderablyenhanced
by selectinga suitablewavelength. Thedependencyof the maxinum spatial shift on the
wavelengths alsodiscussed in the ti@r part of thisChapter

We can alsanae a comparison obur theoreticafindings to the graphensoated
surfaceq31]. Giant spatial shifts ardetectedn both cases, though the positive peak in the
neighbourhoodf the pseud®B r e wst er 0 s detettgdorgrapheneoatedsurfaces.

Furthermore the dip of thek D[ vs g graphin the neighbourhooaf the pseud@Br e wst er 0 s

angleg.is anoteworthydifference frongraphene.

0.0
(a) (b)o.o3} (c)
0.l 02
T 0.0 :ﬂ'“z i g w04
n.@u - e
— WS, @ —WS, 0.6 —WS,
0.1 ——WSe, 0.01} —WSe WSe.
2 1
Mas, Mo, -0.8F Mos,
MaoSe. MaoSe, MoSe
0.2 2 oSe, 3
0 A s s L L 0.00 1 L L . L 1.0 . . N . .
0 15 30 45 60 75 90 0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree) Angle of Incidence (Degree)
2.5 0.4
(d) (e) —ws_|(f)
0 20k ——Wse, o
Mos,
L5 MosSe,
-2t = P lg 04
& O w ~
Lo} )
@ —Ws, ) 0.8 — s,
-4F Ws;l 051 —— WSe,
Mo, i -1.2¢ Mo,
MoSe, 0.0 MoSe,
-6 s L s : n L s -1.6 2 L L .
15 30 45 60 0 15 30 45 60 75 9% 0 1s 30 45 60 75 90
Angle of Incidence (Degree) Angle of Incidence (Degree) Angle of Incidence (Degree)

Figure 36. (a, b, c)Angular GH& IF shifts (a, b, c)for partial reflectiorand(d, e, f)for total

internal reflection

At the same timewe can als@bservethe angular GH and IF shifts which are in turn
governed by the angular dependence ofatimglitudeof reflection coefficients. Adisplayed
in Figure 3.6, the changes & in presence of TMDGare quite insignificant Hence, we

presumenon-zero angular GH shifts, babticeablysmaller in magnitudan comparison tohe

spatial GH shiftsln addition, since? =0, the angulaGH shift is zero for circular polarization

-64-



Chapter 3: Optical Beam Shifts in TMDCs

states ofight. Nonethelesssmall angular IF shifts adetectedor diagonal lirearpolarization

states ofight in both partial reflectiomndtotal internal reflectiortonditions.

Before proceeding further, we want to emphkasibouttheunusuahature of the syl

[Figure 3.5(a), (b)] andngular GH [Figure 3.6(dje)] shifts in case dbtal internal reflection

We canobservethat there is a sudden spike near the critical aofglecidencelt may bedue

to the modedependent divergence of the theory. While deriving the expressionsapftite

beam shifts, the analysis has been approximated at the first order (in the Taylor series

expansion) for the spatial shift and theaetorder for the angular pantet, to know thereal

causeof these spikes in theptical beam shiftsit will be necessaryo take into accounthe

higherorder terms in theheoreticalcalculations which is beyond the scope of the present

work.

3.3.3 Dependerte onthe layer thickness
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Figure 3.7. Study of layer dependentar partial reflection{a, b) Spatial GH shifand(c, d)

SpatiallF shift. (Monolayer solid lines, Multilayer. dotted lines)
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We havealso investigatedhow the GH and IF shiftsdepend omsamplethickness.

Hence we havemade a comparison ttie GH and IFshifts for the monolayer TMD<oated

surfaces with the corresponding bulk TMD®som Figure 3.7 we find thatGH shifts are

influence significantlyby layer thickness variation. Ftre S-polarization state of the incident

light, GH shift isgreateffor monolayer TMDGQCcoating than the bulk. But foine P-polarization

state of thaight, theresultis reversed i.e. the GH shiftssiperiorfor bulk than the monolayer

case. Alditionally, for the IF shift in the hear polarization state of the light, maximum shifts

occurfor monolayer TMDCsn comparison to thbulk. But, IF shift for circular polarization

state of the light remains neatypaffected by the layer thicknesses.
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Figure 3.8 Study of layer dependenéer total internakeflection:(a, b) Spatial GH shift and

(c, d) Spatial IF shift. (Monolayer: solid lines, Multilayer: dotted lines)

Likewise we cannvestigatehethickness dependence of @B&l and IFshifts fortotal
intemally reflected light beam. HereGH shifts stay almost unaffected by the thickness

variation of the reflecting surface dsmonstrated in Figure 3.8 (a, b). However, IF shift for
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linear polarization state @helight is greaterfor monolayer TMDCcoatedsurfaces than the
bulk. But, IF shift for circular polarization state tbfelight is independent of layer thicknesses

similar to the casef partial reflection

Taken togetherthe above theoretical resultsiggest that the difference time optical
beamshifts between the monolayand bulk materials can be readiserved in the case of
partial reflection but not so incase of total internal reflection of lighThis thickness
dependence of th&H and IF shifts is because of the specifioptical condutivity
characteristicof the material at the particular wavelength under consideration. The optical
conductivity of the monolayer TMDC is significantly different fraits bulk counterpart
[43,44]. The dove findingssignify that one camliscriminatebetween the monolayer and the
corresponding bulk TMDE€by looking at theiroptical beam shifresponsgparticulary for

partial reflection of the light beam from the reflecting surface

3.3.4 Dependence on wavelength

Finally, we havestudiedhow theoptical beam shiftsdepend on thevavelengths of
incident light ranging from ultravioletisible to infraredregion of the sperum. Tobetter
understand thieature we have plotted the maximum of the absolute value of GH and IF shifts
with the wavelengthin Figure 3.9 In case ofthe P-polarizationstate of light the value of
maximum GH shift for Wsshows two comparativelyrger peaks around 0.403 um and 0.613

gm.
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Figure 3.9 Study of vavelength dependendar partial reflection(a, b) Maximum GHshift
and(c, d) Maximum IF shift.

The most probableausdor the existence of these two large peaks of the maximum GH shifts
for WS is theimaginary part of the optical conductivity of W8t thesavavelengthsinder
consideration. Howevethe variation of maximum GH shifts fothe other three materials
WSe, MoS, and MoSe are quitedenticalto each other (inset éfigure 39(a)). But, for both
P and $polarization states of the inciddight, the maximum GH shiftattainconstant values
as wego from visible to the infrared regioirlence, welsould concentrate on the ultraviolet
and visibleregiors of the spectrum tanvedigate the GH shifts experimentallfjor partial
reflection of light Furthermorethe maximum IF shifts for thdiagonal lineapolarization and
circular polarization states of the ligheam also diffesubstantiallyfor all the materials under
considerabn. Neverthelessthe maximum of the IF shifts increases asgeeo the infrared
region, which is opposite in naturecomparisorto the nature of the GH shifts.
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Figure 3.1Q Study of wavelength dependenfoe total internalreflection: (a, b) Maximum
GH shift and(c, d) Maximum IF shift.

In asimilarfashion, we havstudied the wavelength dependence of maximum GH and
IF shifts forthe total internal reflectiorof the light beam in monolayers of TMDC. The
maximumGH shiftsillustrate an interestingature ashown inFigure 3.10 (upper panehlso,
the maximum shift for both GH and IF shifesduceto a constant value in moving frotne
visible to the infrared region of the spectrum. Hence, it is better to work in the smaller
wavelength region, i.@isible and ultraviolet range of the spectrum to fineater optical beam

shifts in the total internal reflectiazase.

On that ground, we caconcludethat the maximum value of the GH and IF shifts
essentiallydepend upon thsurface opticatonductiviy of the materials. The dependence of

the optical conductivity of the TMDCs on the wavelength is clear from Equation (3.9).

Re(sg/ §) sharplyreduceso zero for all the TMDCs under consideration dms/ §)

increases toa constant negative valuthat approachegowards zero. Since optical

conductivities for all the TMDCs approaches @stant value in moving from visible to
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infraredregion, the nature of th@H and IFshifts becomes ideiatl for all the TMDCs in the

infraredregion of the spectrum.
3.4 Outlook and Summary

In summary, aomprehensivéheoretical study of the optical beam shifts &dundamental
Gaussian beam reflected from TMOWS;, WSe, Mo, and MoSeg) coated surface is
discussed. The explicit dependemdehe optical beam shifts on the external paramditexs
incident anglewavelengthpolarization state, sample thickness is broadly explained. In general
GH & IF shifts are mainly observed for total internal refien of light. Conversely, in
monolayerTMDCs, finite optical beam shifts are found even outside the domain of total
internal reflectionHence, TMDCs belongs to a special class of optical materials that exhibit
contrasting response of GH & IF shifts in comparisommther materials. The diffencein
response of beam shifts for different TMDCs is due to a separate behaviour of the optical
conductivity of different TMDCs. This also affects the response of beam shift over different
wavelengths as the surface optical conductivity is an explinittion ofthe wavelength of
incident light. Thus modulating the wavelength affects the optical conductivity of the sample
that has a direct influence on the GH and IF shifts. Hence, we get additional freedom of
controlling the optical beam shifts extedgaby choosing appropriate wavelengths for
investigation. The thickness is also an important fatitat can also greatly influence the
optical beam shift as shown in the present study. Nevertheless, our thearetie#thased on
stationary phase approxation coupled withthe transfer matrix method can also be applied

for investigating the nature of the optical beam shifts in other layered structures as well as

higherorder optical beam&.g. Bessel, Laguer®auss, and Hermi&auss).
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Chapter 4  Optical Beam shifts in Graphene

An extensve investigation ofie GH and IF shiftén graphene

for a Gaussian beam is presented. The explicit dependence of the
optical beam shifts othe chemical potential of grapherse
revealed that permits modulation of beam shifts by tuning the
chemical poteral. The influence of the wavelengthstadso been

discussed in this Chapter.

Content of this chapter has been published in: A. Das and M. Pradhan, "Wavelength
and chemical potential dependence of optical beam shifts in gradpleemeal of Modern
Optics 68 (3), 146152 (2021).
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4 Optical Beam shifts in Graphene

4.1 Introduction

Geometrical opticgan accurately describe the reflectiord dransmission of a plane wave
[1,2], but real optical beaswith finite transverse exterixperience diffractive correctiofi3-

12] depending upon wavelength, angle of incidence, polarization ,naodihe surface of
interaction In this Chapter we have described the existence of finite longitudinal (&o0s
Hanchen) and transverse (ImbEegdorov) shif$ [9,10] and theircharacteristicéor Gaussian

light incident upon the graphene interface.

Overthepast few yearseveral theoretical models and special measurement techniques
have been discovered to accurately meathese tiny optical beam shifisl,13-15]. Here, we
propose one theoretical model based on stationagepdgproximation method coupled with
60Transfer Matri x Met hod®& f Afteritd emergence, bpticala | be
beam shifts have been examined in several materials and syid6e20]. These beam shifts
are also relevant for other particles l&ksystem of electrons, neutrons, atoets.[21,22] due
to their waveparticle dualityEspecially, for the massless Dirac fermions in graphene systems,
agiant beam shift is observéa3] and can be tuned by controllitige electric field[24]. The
2D materi¢s are suitable candidatéo study optical beam shséfbbecause of their peculiar
electrical, chemical, structural and mechanical propef#g£7]. Graphep, a monolayer of
carbon atora possessing honeycomb lattice symmetry and a band structure consisting of six
Dirac coneq26], has lecome a promising material by the time for optoelectronics, remote
sensingand various other applicatiofi®8,29]. Graphene depict nontrivial band structure
showingthe existence of Dirac conésonduction band bottom touches with the valence band
top) and the occurrence of intriguing properties like anomalous quantum Hall effect, Klein
tunneling[25,30,31], etc.

In this Chapter we have concérated on the optical response of graphene.
Nevertheless, optical conductivity holds massive importance in the analysis of optical beam

shift. According to previous observations, graphene possesses a universal optical conductivity
given bye2/4h, at halffilling condition [32-34]. But, the optical conductivity can behave in a

very complex manndB5]. In the present article, we have shown the variations of the complex

-75-



Chapter 4: Optical Beam Shifts in Graphene

optical conductivity of graphene with wavelength and chemical potential. Additionally, we
have explained the significance of the optical conductivity in controlling theenaf the

optical beam shifts.

However, chemical potentiat) is an important statistical property of a system that
controls the fillings of the enerdgvels i.e.Fermi levelposiionin the band structure of that
material[35]. It is well-known that the chemical potential of graphene is of great significance
as it can be tuned easily by controlling the electric field or applied gate vEdagend other
parameters as well. Besides, the optical conductofitgraphene is explicitly reliant on its
chemicalpotential The chemical poteral of the graphene sample can swiftly be tuned to
monitor the band structure and hence, other outcomes related to the band structure of the
material. For this reason, we hagencentratecbur attention on the chemical potential of
graphene, a subject ofassive researdnterest in recent years. In thetudy, we have varied
the chemical potential of graphene over a broad rangel(0.4V) and explored its potential
importance in the spatial and angular optical beam shifts accordingly. We have alsecexplor
the relianceof GH andIF shifts of grapheneoated surfaces fdhe laser beam of varying
wavelengths covering a wide range (4BD0 nm), which hanot been explored before. Here,
we have concentrated on the fundstal Gaussian mode of the bedbur study, thus, helps
in exploring the maximum GH and IF shifts by suitable selection of chemical potential. It also
enables one to choose the laser beam accordingly to observe maximum beam shift. Therefore,
the present work signifies the importance of chainpotential in controlling the GH and IF
shifts forgraphene in response to the varying wavelengttisedight beam in the UWIS to

infrared region.
4.2 Theoretical calculation of beam shifts

For reflection of a weltollimated Gaussian light beam frommgaphenecoated dielectric
surface. This Gaussian beam can be characterized by a monochromatic paraxialieldctric f
According tothe zero thickness model, this graphdager can be modelleds a thin layer

havingsurface conductivity ( 1y [36].
The reflection coefficients can be obtained y/Tnansfer Matrix Method (TMM)37].

They behavdifferenty for partial reflection [Equation4(1)] and total internal reflection

[Equation @.2)] of light and are given by:

cosg-Jrf -sif g = §

cosg+v 1 -sif g ¥§

r(q)= (4.1a)
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:nzcosq-\/ﬁ -sifi 41 * § Wos]

4.1b

WD) n’cosg+~/ i -sid g1 *§ Yos] (*4.10)

(q) = ncosg- w1 - siﬁ q -rii T (4.2a)
ncosg++1 -A sif g A £

rp(q):cosq- A1 - sid 41 = § Yos] (4.2b)

cosg+ n/l -f siR g1 *+§ Yos]
Here d = incidert angle n = refractive index of the substrate, @hd gc ¢S is the complex

surface conductivity of graphene under considerafl¢tre Fresnel reflection coefficients

stated in the complex form
r, =R ,exp f )
whereR, is the amplitude anf) representghase (with' | { p,§ ). Following the calculations

of the previous work§9,18,23], the spatial (D) and angular Q) GH and IF shiftsre stated

as
ufp pfs
koDqy W, W, " (4.3a)
_ o ewalwa .
k,Dp = eoth sin A 2j/vgvy snﬁ h S)+ (4.3b)
a HMInR In
Qi = a, - W (4.42)
¢
C- wa
Qe =%ajv”’cosf7 cot¢ (4.4b)
p

Herew, =&/R/ (R +§ R .
The GH and IF shi$ for total internal reflection (TIR) from the layered structure can similarly
be calculated and yield the same set of Equations [Equations (4.3) & (4.4)].

On the other hand lot of theoretical investigations have been accomplished till now
regarding etctrodynamic properties of graphef@8] such as the frequenadependent
conductivity of graphenEg83,34], collective excitations (plasmons), therplasma polaritons,
etc. Using Kubo formalisr{39] or random phse approximatiof4Q], one can obtain intra and

interband optical conductivity of graphene layer, which can be expresgeg]:as

€’ 3 4i
sintra( V)I: 1%?19/(%0\_/\/ (45)
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Sinter( _egsgleQ| W2 ;_In

Wﬂ (4.6)

Here W =hw/ r, mis the chemical potentialsgnd g are the spin and valleyegeneracy of

g r a p h e HeavisiddJstep function.

In the visible region of the spectrum, the interband contributions dominate the
transition. Hence, the optical conductivity of graphene is monitored by it. But, as the frequency
decreases, the intraband scattering comes into action and starts dominatingltiotivatyn
[33]. Furthermore, the temperature and chemical potential also contleaptoture. By tuning
chemical potential, the fillings of the energy level can be monitored. Thus, it basiderable
effect on the optical conductivity tie graphene monolayer. Bearing this in mind, the optical
conductivity characterizing a graphene layer can be written in the following dimensionless
form [33]:

s (W) 64 1 ‘Wﬁ
2\ 2) i~ Jlp|——2 4.7)
Here, s(0)=¢’/4n =p @, €6.085%10° AV* represents the universal dynamical

conductivity of graphene.

4.3 Results & Discussion

4.3.1 Optical conductivity of graphene

At first, we concentrate on the variatiofithe optical conductivity of graphene. The behaviour

of the complex optical conductivity of graphene can be easily predicted from Equation (4.7).
Its real and imaginary pahas been shown in Figure 4.1, which clearly shows its dependence
on wavelengthaind chemical potential. We have not considered any variation in temperature

in this study.

The real part of the conductiviﬂ;{e(s) decreases sharply from 1 to O with an increase
in wavelength. At the same definite wavelength at WI%@;) undergoes jump, the imaginary
part of the conductivity]m(s) shows a sharp dip. As the chemical potential is increased, the

discrete jump oRe(s ) as well as the cusp bh(s ) occurs at a larger wavelength. It is obvious

from the figure that for a particular wavelengih)( there exists one definite chemical potential

(/m) value at which the critical behaviour of the conduttiis prominent. Hence, a definite

set of values ofn and/ exists over the operating region where we have found a critical

-78-



Chapter 4: Optical Beam Shifts in Graphene

behaviour of the optical conductivity of graphene. We can define them as transitielength

and chemical potential for the present study.
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Figure 4.1.Surface optical conductivitylf of graphene(a) Realpartand(b) Imaginary part.

Naturally, the question arises that whether the optical conductivity has any role to play in the
nature of beam shift. The optical beam shift arises for the reflection/refraction of a finite light
beamwhich consists of a group of plane waves producing an envelope in the momentum space.
Each of these components interacts differen
reflection coefficients. These coefficients vary for different surfacesemehd on the optical
conductivity of the surface [see Equations (4.1) and (4.2)]. This explains the importance of

optical comluctivity in the present study.
4.3.2 Spatial GH & IF shifts in graphene

We have fixedheincident angleat 4% for the rest of our styd Before going to the results,
we should keep in mind that the eigen polarizatioresté&dr the GH shifts are the S aRd
polarized light beam and for the IF shifts are the circularly polarized (CP)°&ingarly
polarized (LP) light bearf41]. We have selectetthe polarization statesf the incidentight

consequently

Figure 4.2 represents s@iGH shifts for the case of partial refteon (upper panel) &
total internal reflectiorflower panel) bthe lightfrom grapheneThe spatial GH shift in case
of S-polarization stategDg,, ) at firstrisessharply up to a peak, subsequenliylinesto zerq
and again incr@ses mootonically withanincrease invavelength of the incident beam. The

peak of D, shifts to a larger wavelength value witdecrease in the value tife chemical

potential of grapene. Spatial GH shift for thelarization (D,,) is opposite and an order
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of magnitudegreaterthanD,, . But, the nature of variation of the GH shift is similar in both

these cases. We already know that at higher wavelengths, the intraband transitiatesomin
the optical conductivity. Alsaanincrease in chemical potential causdarger filling of the
bandslt has acombinedconsequencien modifying the Fresnel reflection coefficients in such

a way that GH shift increases with increasing wavelengticheanhical potential.
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Figure 4.2.Variation of the spatial GH shiffa, b) partial reflectionand(c, d) total internal
reflection.

However, for the spatial shifor TIR of the light we observe a giant (much large than

the general @&lue of GH shift)\GH shift for Spolarization statef~igure 4.2 (c)]. The observed
shift, D3, at first decreases with increasing wavelength and shows a dip at the specific
wavelength (transition wavelength, as defined), then again increases to aviugerin

contrastPL,, is opposite in magnitude and much smaller comparBg,toe. it does not show

any giant value. The shifd},, increases continuously to a higher negative magnituitte w

small peaks at specific wavelengths depending upon the chemical potential value. The peaks
of the GH shift, in all the discussed cases, occur at the same transition wavelengths and
chemical potentialas mentioned previously. It is noteworthy that tGél shift increases in

magnitude as the intraband transition starts dominating the conductivity. But, the GH shift does
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not change appreciably and remains almost constant within the range of chemical potential

chosen.
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Figure 4.3.Variation of the spatialF shift: (a, b) partial reflectionand (c, d) total internal

reflection.

Thereafter, we have studied the spatial IF shift that has been presented in Figure 4.3.

We, at first, discuss the PR case [upper panel of Figure 4.3]. The spatial IF shift @F)P (

has a sharp peak at the transition point. At a higher waveleBfitrgoes on increasing to a
larger value and is more sensitive to the chemical potential comparexidaer wavelength
region. The spatidF shift for the circularly polarized (CP) lighD{’ ) is completely different
in nature and carries similarity witthe real part of the optical conductivity. With varying

wavelength and chemical potenti&ly” produces a sharp jump at the transition point towards

higher IF shift. At lower wavelengthDY is independent of change in chemical potential,

although the dependence comea ligher wavelength value.

In the case of TIR [lowepanel of Figure 4.3], the IF shift for 26P (D} ) decreases
continuously with increasing wavelength, shows g diqg again starts increasing. However,
for circularly polarized lighD’ remains almost constafur smaller wavelength Afterward,

it shows a peak and monotonically decreases to a smaller magnitude. It is clear that the IF shift

remains almost constant withchange in chemical potential. Though at higher wavelengths,
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small peaks of IF shift are sbrved. Similar ttheaforementioned cases, the jumps of IF shifts
occur at the same transition wavelength and chemical potential. But, IF shifts for total internal

reflection isanorder of magnitude higher compared to partial reflection case.

4.3.3 Angular GH & IF shifts ingraphene

For partial refletion, the angular GH shift for-Bolarization(Qg,, ) and Ppolarization states
of light (Qg,,) are similar in nature as shown in Figure 4.4 (upper panel). With incgeasin

wavelength,Qg,, increases as well &,, showing a sharp jump at the transition wavelength

and chemical potential. At smaller wavelength (UV region), no effect of chemical potential is

observed. But at largeavelength, a sudden increase is observed at the transition value of

chemical potential. Though nature is identical for b&#, andQZ,, QL is larger in

magnitude tha®?, , but are much smaller than the spatial GH shifts.
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Figure 4.4.Variation of the agular GH shift(a, b) partial reflection andc, d) total internal
reflection.

On the other hand, the angular shift for TIR is almost negligible in magnitude. \Weéeded
to show their behavior also. In this case, b@fl andQg,, sharply decrease in magnitude with

increasing wavelength exhibiting a sharp dip at a definite wavelength and chemical potential

[lower panel ofFigure 4.4] which agrees with the previously mentioned valudgsetfansition
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region. Hence, the angular shift is much larger for smaller wavelengths (UV region) and is
practically independent of chemical potential. Butth&longer wavelength infraceregion,
the angular shift is much smaller and shows a jump from a higher to lower valuarwith

increase in chemical potential.

Furthermore, we have also investigated the behavior of the angular IF shift [Figure 4.5].
As we know already, for circularly ofarized light, /= 0(whereE= ak g exdh) y

controls the polarization state of the bepl8]). Therefore, no angular IF shiéxists for
circularly polarized light. But, there exists nearo angular IF shift for the grapheceated

surface for 4%linearly polarized light (LP) in both PR and TIR cases. Angular IF shift is also
order of magnitude higher than angular GH shidt: partial reflection ofhelight beam,Q;’

is negative valued and increases in magnitude aitincrease in wavelength. Again, at
smaller wavelength (UV) region, the angular IF shift is practically independent of the chemical
potential. But, athe longer wavelength region, we have observed a sharp jump to a higher

negative magnitudeFor total internal reflection, the angular IF shif);’ depicts identical

nature in comparison to that thie partial refletion case. ButQ,’ for total internal reflection

is order of magnitudéesserthan that of partial reflection condition. The point of transition

remainedhe same as predicted before.
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Figure 4.5. Variaton of the angular IF shift(a) partial reflection andb) total internal

reflection

4.4 Outlook & Summary

In this work wehave studied the behavior gifatial as well as angulaptical beanshifts for
the grapheneoaed surface in both partiahdtotal internal reflectiomrasesWehave shown
the variation of the GH & IF shifts and emphasized orr tiypical characteristics ovarwide
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wavelength rangestarting from ultraviolet up tehe infrared region of the electromagnetic

spectrum. The study is important as it provides theex@ntalists a broad overview of the

region of wavelength over which the GH & IF shifts are appreciable. Moreover, the nature of

GH & IF shifts for a range of chemical potential of graphene saniae been discussed.

Hence, the present study also helpguning a specific value of the chemical potential to

maximize optical beam shift. The present study can be extended for multilayer samples and

higherorder modes of the light beaas well.
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Section B: Experimentallnvestigation

0The significant problems we have cal
which we created them. 6

- Albert Einstein
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Chapter 5 Experimental Measurement of the
Optical Beam Shifts

Here we discuss the differeakperimentaltechniques for the
measuremendf the Goosianchen and ImbesFedorov shifts.

The advantages and disadvantages of the different techniques

have also been demonstrated.
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5 Experimental Measurementof the Optical Beam Shifts

5.1 Introducti on

In this second part of this thesis, the principal objective is to develop appropriate experimental
methodsfor the measurement of the optical beam shifts. As stat&hapterl, numerous
studies were carried out to experimentally measure the-Baonsten (GH) andimbert
Fedorov (IF) shifts[1-6]. Several upgradations have been done to increase the detection
efficiency and accuracy. But, the first major breasitigh in this experimental field was the
renowned experiment of Paul Kwiat & his graduate student Onur Hostiealdmiversity of

lllinois (2008). They first experimentally demonstrated how to apply quantum weak
measurement to measure the optical spin Blaift [7]. Later, a lot of modifications were
introduced for better amplification and a few other techniques were also proposed to ease the
complexity of the measurement procg$4.3]. In thisChapter, we discuss different techniques

for the measurement of optical beam shifts. We have specifically elaborated the two techniques
(a) Quantum weak measuremant (b)Stokes Polarimetridechnique. The advantages of the
above techniques over others are also dssaisn the respective sections.

5.2 Difficulty in the measurement process

We already know thatypical ampltudes of the optical beam shgb in the order of (k)

(wherek is the wavevector). This means optical beam shifts aréhmrange ofa fraction of
wavelengths. In general GHhift is the dominant one, IF angia Hall shifts are order of
magnituddesserthan the former. Therefore, the measurements of such tiny optical beam shift
is not an easy task. The experiments performed in the earlier daysinedrle to study the

beam shifts for varying parameters, such as the change in angle of incidence, change in
wavelengthetc. The earlier experiments were focussed on studying tgal shifts in the

neighbourhood ofritical ande of incidence wheréhe shift in generaldepics larger values.

Over time, several new experimental techniques were proposed and developed
subsequently. The principal challenges and objectives for the measurement of the optical beam

shifts are listed below:

(a) Measuremenwith high precision.
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(b) Increase the measurement efficiency.

(c) Reduce the source of noise and unwanted fluctuations.
(d) Greater amplification of the beam shift.

(e) Study ovenlargerange ofincidentangles.

(f) The correct determination of GH altfé shifts in the neighbourhoodf critical angle of

incidence.
(h) Accurate definition & determation of the optical beam shdtt Br ewst er 6 s angl

(i) A generalzed method that is applicable to measure the optical beam shift in case of any

materials.

In this thesis, we have logically answereddequestions. The experimental methods
developed by uarein accordance with all the above questions and is very fundamental and

general that can be applied in future fundamental research as well as applicgiasep
5.3 Different measurement techniques

Starting fromthe 1950s, numerous studies have been ongoing focussing upon removing the
difficulties associated with the measurement process (as discussed in the previous section) and
introdudng a general method fathe measurement. Over time, only a fefvthe several

proposed techniques have been approved by the research community.
(a) Quantum Weak Measurement (QWM),

(b) Stokes Polarimetric technique (SP),

(c) Beam Splitter Scanning method (BSS),

(d) Interferometc Weak Value amplification (IWV).

In thefollowing, we discuss the basic formalism oésletechniques.

5.3.1 Quantum Weak Measurement (QWM)

The technique ofveak measuremerg graduallyrecognzed as one of the most encouraging
tools in modern advanced quantumechanical research. Aharonov, Albert & Vaidman first
announcedthe concept ofweak measuremer{fi989) [14-16]. This method can disclose

importantinformato n about a quantum stateds amplitud
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eigenvectors. In this method, a weak coupling betvike system and the measurdeyice is
performedDue to suchweak coupling, the state vector is not collapsed in a specific eagenst

but it is only biased by a small angle i.e. we get a superposition of unresolved eigenvalues
insteadof a specific one. Finallypostselecion of the outpt to a specificquantum state (by
coherent interferencéd performed o get a 0 twanstly welladtsidethé rangd a

of eigenvalues. It has manghaantages which will be addresls@ detail inChaptes 6 & 7.

Aharonov, Albert & Vaidman (AAV) first performed the breakthrough experiment
where they applied a beam of spin 1/2 electronglémtration. The initial state|1/i>) and the

final state {yf>) were set as spin up directions by using the SBariach magnets which

madey,)&|y ) 6 al mo sgto naarl toh ot o[15&7 FHe weak rheasurement of the

spin in a direction perpendicular to the psstection direction was performed in between the
pre-selection and postelection units. This was derby another weak Stef@erlach magnet

that deflected the two spin directions by a small angle (less than the divergence angle of the
electron beam). The detad experimental method and theoretical treatment can be found out

in the referencefl4,15].

Weak S-G magnet

. M

X Strong S-G magnet

Figure 5.1 Stern Gerlaclexperimental setup as propodsdAAV to observeheweak value

of electronspin.

The above methodology is theell-known weak measuremendf a quantum
mechanical spin halparticle. An optical analogue of this weak measurement technique was
first formulated by Duck, Stevenson & Sudarshan (1988). Later, Ritchie, Story & Hulet

[19] removed the inconsistencies and developed a modified model that can be applied for the

-90-



Chapter 5: Experimental Measurement of the Optical Beam Shifts

optical measurement purpose. This is the very basic formalisntheofoptical weak

measurement technique which will be described below.

Instead of a spii/2 electron beam, a fundamental Gaussieam is considered. The
weak andstrong SterrGerlach magnets asubstitited withthe polarizers. Polarizers act as
the preselection and poselection units. Weak measurement ascomplishedby a
birefringent crgtalline quartz platdt separagsthe twoperpendicular (P and $plarization

statesf the light beanby a separation distance much less tharmé#anwaist.

The electric field vector representing the incident light

E :Eoexpg (X ’ ) écosa +Hsina (5.1)
€

whereg the incident beam is assumed toabengthe E direction, w, denots beam waist.

The light isincident on a uniaxial birefringent plate normally whose optic axis is
aligned with thekdirection (he k axisrests in the plane of the platdjhe plane is rotated
aboutthe § axis by an angleg. The weak measurement is performed by the daliax
birefringent plate by spatially separating the two orthogonal linear polarization components
(the ordinary and extraordinary rays) of the incident light field, by a separation disté&nge (

which is small compared to the bearnist. Additionally, a phase differende between the

two rays is introduced by the birefringence plate due to a difference in optical path length
traversed inside. After emergence, the output electric field (neglecting the dsptacaused

by refraction present in both polarization components) is described by:

E,=E ex é&é cog ex% Lyz\ﬂﬂ g Esilaz expg\%— (5.2)

mif? o
El%
(DD~

The polarizer is applietb postselect the output field @ngle 4 (w. r. t.k). Therefore the

postselected electric field becomes:

a &2 2 g
E, :Eoexpgi %é coa cog e)epM u +sim sinb expg— gy i cos bE 4 sir
e W g e W g % Ju
(5.3)
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Now, the finally transmittedidht intensity can be found odtom the electric field by
= (x:O)‘Z. Therefore, the final transmitteight intensity | (y) detected alongg can be

expressed as:

e e 2(v+d 2 g e 2

écos a co$ bex&M o+ s asin begoZi ﬁ

é 6 Wy e W

I(y)=1,¢ (5.4)
y 0 A 2

é . e (y+da)’ + 9

é+2cosf cosacos bsin &in G 2 u

e e b 4

where |, is the maximum light intensity.

In weak measurementve assume the bem displacementia< w,. To get maximum

displacementa = g4 is chosen.

If we setb = &, resultant intensity(y) Is generated by the constructive superposition of two

Gaussiandistributions separated by a distance small compared to the respective Gaussian

widths. Hence,| (y) is nearly a single, ushifted Gaussian. When the second polarizer is

rotated by the postelection anglef :( a %) +, with e< 1, the initial and final states are

not exactly orthogonal but in the close neighbourhood of the orthogonal condition. In this case,

the two Gaussians destructively interfere."'&éW < e, the interferencevould yield a
0

single Gaussian that is shifted from the original position.cBmroidis shifted byan amount
equal tothe weak value:

A, ° %a’a scot( & (5.5)

This weak value can attalarger value thana .

As e approaches zero, the approximations made by AAV break dowe.=0r, rather than

a single shifted Gaussian, the intensity profile depicts two peaks separated by approximately

\/§w0 , With maximum intensity given by:

|0 Laga 3 (5.6)
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Therefore, the birefringendgaduced separatioma is magnified in the resulting intensity
distribution, but at the expense of reduced intenditys is the celebrated phenomenof

Weak Value Amplificatian

L1

GLP1

Figure 5.2.Quantum weak measurement setup for the precise measurement of the optical beam

shift (working principle explained i€hapter6).

5.3.2 Stokes Polarimetric technique (SP)

The measument of optical beam shift using the Stokes Polarimetric technique is an indirect
but quicler one. In this method, the GH alkdshifts are determined mainly from the Fresnel
reflection coefficients. The reflection coefficients can be calculated fromxgperimentally

measured values of the Stokes parameters.

Irish Physicists Sir George Gabriel Stokes first revealed that the polarization state of
light can becategorizedby four intensity parameter§20,21]. The Stokes polarization
parameters are extensively usedldbel the polarizationnature of the light beam The
polarization ellipseis an amplitude desgption of the polarized beanthat is not directly

measurable.

-03-



Chapter 5: Experimental Measurement of the Optical Beam Shifts

The Stokes parameterdefine different polarization states of light likelane
polarization, ellipticalpolarization, and circular polarization along witte unpolarized and

partially polarizel light. Polarization arises when the optical beam consists of two independent

orthogonal componeni (z,t) & E,(z,1) . It maypossessedifferent amplitudes and phases.
E(zY)=E, cofwt-kz +g (5.73)
E,(z)=E, co§wt-kz + (5.7b)

Eliminating the propagator from the above equations provides the equation of the polarization

ellipse.
E(z9,5(2) 26(2) 502X o) s, (5.8)
E(?x E(?y EOXEOV

wherg d= ¢ -, is the phase difference.

By taking the time average of the polarization ellipse we reach to the following equation:

$=9 +§ 5 (5.9)

where, the Stokes parameters are defined as:

S =E, +E, (5.10a)
S=E -E, (5.10b)
S =2k, K, cos/ (5.10c)
S =2k, k, sind (5.10d)

The conventionameasurement of the Stokes paeaens is performed by passing the
polarized lightsuccessively through a quarigave plate and a linear polarizer. A wave plate
is characterized bthe fast and slow axes thgeld a phasalifferenceamongthe orthogonal
components. Thguarterwaveplate introduces a phase shift bf4 between the orthogonal
componentsin alinear polarizerno transmissiomappenslong one direction ancbmplete
transmissiorappears along its perpendicular directidnlinear polarizer can also transform

any other polarization state &dinearpolarizationstate.
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During the measurement, threave plate ikeptimmovablewith its fast axis along
and the transmission axXigear polarizeyis rotated byan angley . The intensity of the optical

beamentering thedetectomwill be
1 (g, z):%[sO +§ co2 g+ sid gos £S €n sk (5.11)

where gis the linear polarization angle arids the phase generatedthgquarterwaveplate.

Laser L1 HWP e .

I-'.I; -\.'-II | ."T .II , M S .
(( B_’_‘, ,.'! _’— ] JI\_ ’_ :‘ 1 ...\0 2 :
- : ] !

Laser Controller { L2

Polarimeter

Figure 5.3 Schematic representation of the Polarimetr@asurement of the GH & IF shift.

The Stokes parameters can be measured byrfoging awayfrom the wave plate and
then measuring consecutively the intensity of the optical beam with the linear polarizer

positioned aincident anglesy =0°, 45°, and 90°, respectively. The final (fourth) measurement
is performed by introducing gquarterwaveplate (f =90°) in the optical path with the linear

polarizer set af =45 . The four Stokes parameseran be calculated by using the following:
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$=1(0,0) H(p/2.0 (5.12a)
S§=1(00) -1(p/2.9 (5.12b)
S, =21(p/4.0 -§ (5.12c)
S=9 -l(p/4.p2) (5.12d)

The calculation oamplitudes of the reflection coefficierdseeasier now22]:

rs|=VS, +5/2E, (5.13a)
=Sy -S/2E, (5.13b)

The magnitudes and relative phases of the reflection coeffigerdsiceGH andIF shiftsfor
both partial and total interfglreflecedlight [5,23].

o IISIzazslmaplnr 15| P|2 a2 im Mk,
_292— o ¢ Ha - badk (5.14a)
¢p rs[*ad+|rd"a%
|rs|2a2R aplinr, |rp|2 £ Re pET,
Qe 2 & ¢ = Ji (5.14b)
8;1‘( L= |rs| ag+rd a%
& / & aacolg o o). .
D =2 — G+ — 3 r inh 2rg sin( A 5.15a
"B Eapyn A anan(n £y G

o a 2 _1r 2 6
4z Fea(-Irfeotq, &

= 5.15b
ée k2L2 é% |rS|2aZS+|rP|2a2P 8 ( )

QIF

Herea, (E,,) anda, ( Eoy) signifiesthe S and RBolarizaton components of the liglg; denotes

incident angleZ, = kz , wherez, is thedistance opropagationt =kw? /2, andk =2pr/ {is
the correspondingvave vectors is the relative phase difference of the incident ligl(for

S&P,g=0 or OLPf&e4’LP;dr5 " /2 /@r for RCP & LCP) .
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Chapter 5: Experimental Measurement of the Optical Beam Shifts

5.3.3 Beam Splitter Scanning method (BSS)
This method is also used to enhance the optical beam shift in a simplified way.

The GoosHanchershift isdetermined by the application of thationary phasapproximation
method. The GH shift can lveritten ag24):

D(qi,x):kidfr(gx) _ i%Re(r)dlrrKr) In(—r)dR(.éD (5.16)

where x denotes the thickness of the material.

The reflection coefficient can be resented as:

1, +1,.exp(2ik,X)

= 5.17
1+ 1,0 ,exp( 2ik,X) (-17)

wherer,, is the reflection coefficient in the prism/film interface, is the reflection coefficient
in the film/air interface, and, is thex-component of wave vectér They canbe written in

complex notation

r(g.x)=|r( gx) expgi (, .¥ (5.18)

Laser Expander Lens

"

Polari
Glan Taylor QWP Polarizer

Prism Beam splitter

_—————

Mirror

| I |
Balanced
Photodetectors

Figure 5.4. Schematic presentation of the Beam Splitter Scanning technique.
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In conducting the experiments, thensitivity of the GH shiffor both TM and TE polarized
modesis first verified. After that, the beam splitter prism is placed onto a piezo-nano
positioning stage to split and scan the light beam. The balanced amplified photodetector records
the voltage banges at the time of scanning. Team splitter prism distributed the light beam

into two alike parts. The photocurrents in the two photodiodes were measured to be identical.
Subsequently, the voltage of the balanced photodetector was recorded aatkedatibrzero

point. By using this process under different conditions of incident polarization states, the
separation between the two zero points of the TM and TE polarization modes can be measured.
This difference is nothing but the difference in GH sbffthe TM mode relative to the TE

polarization mode, [Q;,, - ).

5.3.4 Interferometric Weak Value amplification (IWV)

This technique is another exampletioé weak value amplification scheme but realized in a
different way. As already statedhet weak value is the average of measurement results over a
subset of data that correspond to a specific outcome of a projective measurement (discussed

before).

Laser QWP HWP

A A

/ \' |

Mirror
‘ D% ~'
. Quadrant
Babinet | Detector
Compensator Y i
Piezo i CCD

Driven 1—“ J Camera

Mirror
HWP Mirror

Figure 5.5 Interferometric measuremesgtup to measure the GH shift.
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Chapter 5: Experimental Measurement of the Optical Beam Shifts

To realize the measement technige, first consider the pictorial representatiohthe wek
value amplification concept akescribed in Figure 5.5. Thegght beam arrives at the Sagnac
interferometer consisting of a 50/50 beam splitter and mirraserid the beam ione d two
paths.In ideal casgall of the light leaves the input terminal (call@dright por) and theother
terminal s calledthe dark port. The is constructive interferencebservedat the entrance
terminal (two p/2 phase differaces) This symmetry is broken with the presence of a-half

wave plate and a Solddabinet compensator (SBC) by introducimgelative phasé in the

tracks permitting one t@onstantlyalternate the dark port to a bright poFhis experiment is
nothing but the modifieatlassicaloptics interferometry. The beanraversesthrough the

interferometerSubsequentlythespatial shiftof light departinghe dark port is examined. The

transverse position degree of freedom of the béame|led by| x) is denotedas the detection

meter. The mirror is tilted little at the symmetric @nt in the interferometer. Suchtdt
resemblesa transverse momenturshift of the beam breaking the symmetry of the
interferomete As a result, one propagation directiorbentto the left of the opti@axis, and
the other to the right.

The final shift can be expressed as the position expectation:

2
I1m +ta jmd
I

_ s
(x) =2k A o (5.19)

im

where s =a(l,, +.4)/s; isthe beam size at the detectgyis the distance from the lens image

to the moving mirror],,is the distance from the moving mirror to the deteetas, the initial

collimated beam dius.
5.4 Outlook & Summary

To summarize, in this chapter we have discussed the different experimental techniques
available now for the measurement of Gétimmchen & ImberFedorov shifts. We have
discussed the fundamental mechanisms of the four differentiergreal setup Different
experimental techniques have different advantages and disadvantages associatezinwith

But, depending on particular reseambjective different techniques can be implemented
keeping in mind the problems linked with the measwent process. In the next few chapters,

we will discuss the first two measurement techniques and their advantages while applied in the

measurement of optical beam shifts in material surfaces.
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Chapter 6 Development of Quantum Weak

M easurement to measure Goos-

Hanchen shift

In this chapter, we have demonstrated the experimental
development of the Quantum Weak Measurement technique
(QWM). The effective way of applying this QWM technique for
the amplification andsubsequentletectionof the GH shift for
Gaussianlight. We havealso examinedthe beam profiles and

explained our findings

Content of this chapter has been published in: A. Das and M. Pradhan, "Quantum weak
measurement of Goeétinchen effect of light in total internal reflection using a Gaussjan

mode laser beailaser Physics Letters 17 (6), 066001 (2020).
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6 Development of Quantum Weak Measurement to measure

1”4

GoosHanchen shift

6.1 Introduction

One of the most versatile techniqu@uwntumn t he
weak measurememt(QWM) that has dund a vast area of application in precision
measurement. It was inventeahd consequentlydescribed firstoy Aharonov, Albert, and
Vaidman (AAV) [1-3]. The tasic idea angerceptionof weak measuremeiased o weak

value are already discussed in detail a general context i€hapter5 [2,4-7]. The optcal
counterparof this weak measurement methodsestablishedy Ducket. al.[4,8]. Thereatfter,

Hosten and Kwiatppliedthe weak value amplificatiofor measuringninute photonic spin

Hall shift of the light5].

Of late, optical beam shift have generated a lot of interesttire modern research
community[6,7,9-12] due totheir possibleapplications in photdos, plasmonicsopological
materials, metamaterialsnd many other quantum systemfgl3-19]. Recently, a lot of
modifications of thisetup hae been done to determitl@icknesspptical conductivity, rate of
chemicalreactionjon concentratiofi20-25], etc.As we already know, the longitudinal (i.e. in
the plane of incidence) shift of the light beam becaugdffshctive carectionsis popularly
termed as Goebklanchen shift (GH|6,7,9,10,26]. Generally, the GH shift is vessmall(of the
order of the wavelengtlf magnitudeHence, the accurate detection of the GH shift®isan
easy task9]. As we have mentioned in the previdtisapter several techniques were inved
for the detection of the optical beam shiff-30]. The quantum weak measurem&ahnique
[5,7,23,31-33] is an accurat@andversatilemethodas it can amplifythe tiny shifts by weak
value amplification scheme, can detect them with very high preciaiahis applicable to

different conditions.

Here wehave described the development of the QWM technique for detecting the GH
shift in the glassair interfaceusing a fundamental Gaussian bedrhe beam first undergs
pre-selection in a linear polarization stated after reflection, the reflected beam undergoes
postselection to another linear polarization state that is almost orthogonal to the input state but

nat exactly orthogonal. We have takenresm for our study that works #se glassair interface
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and serves asweak measuring device. This QWM technique also performs amplification of
the shift which helps in reducing the noise in the measurement anel#re contributions

arising from other angular or spin Hall type of shj®,34,35].

The profiles of the output beaaredemonstrated explicitly along with the respective
horizontal and vertical displacemeithe domain ofvalidity of the AAV approximationss
also discussedBesides we haveinspectedthe angular dependencef the GH shifts and
afterward havemade a comparison of our experimental findings with the theoretsaltsto

verify the domain o&pplicability of the AAVmethod.
6.2 Formulation of Quantum Weak Measurement

The common perception is that the expectation values (quantum mechanical average) of the
guantum mechanical operators must lie inside its eigenvalue range i.e. in between the
maximum and minimum eigenvalue. But this concept waliestgeed by Aharonov, Albert,

and Vaidmar{1,2. They first came with the idea of
from the eigenvalue concept anahgaeld values well outside the range of eigenvalues of any
observable. To digest this idea, let us first introduce the idea of common strong quantum

mechanical measurement and the corresponding eigenvalue.
6.2.1 Strong Measurement & Eigenvalue

We start with a pre quantum mechanical stbaté . In case of a strong measurement, we have

to take into account three fact¢B§]:
(a) The outcome gpf the measurement 6

(b) The probability for getting that particular measurenpeatiuctP(g),

(c) Theultimatestate after the measurempny) .

Let usconsider a basic measurement phenomena wherehgsical observable is

described by the operal;g@[ . We further consider that they satisfy the relation:

a PoE | 6.1)
The set will describe a quantum measurement with probability defined as:

P@)={y | B %) (62)
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And the final output state will be:

o) =55 63)

If \%‘Jg =J,, we call the operators projective operator and the measurement process as

projective masurement

In certain casest is sufficientto recognizethe probabilities of the measurement outcome. In

thesesituationst is sufficientto claimthepresencef a set of positive operato(rbEg ) sothat
aNk =

g

where the protguendyi ty to get 0

P)=(y | ¥, | ) (64)

This is calledPositive Operator Valued MeasureméROVM). To implement this method,

the system can be coupled with an ancilla representing the environfiem, the whole
system along with the ancilla cab evolved by using a unitary operator, and subsequent
measurement can be recorded from the ancilla sigguginga projective measurement. This

generates a series of positive operators.nméthodis often usedin quantum operatiorng].
6.2.2 Weak Measurement

Generalizinghis (projective measuremeimfo weak measurements can give rise to countless
advantages, such as determination of the state of the system between timblaakkstrong

measurements drfinding non-trivial weak values.

Weak measurement can be described in terms of generalization of quantum strong

measurement. The basic weak measurement involves two steps.
(a) Weak coupling of thmmeasurement device to the quantum system.
(b) Strong mesurement of the measurement device.

The collapsed state of the measurement device after the strong measurement is denoted as the
consequence of the weak measuremémt. standard deviation of the measured valughtto
be higher than the difference betwebe eigenvalues of the systéomn a measurement to be

in the weak measurement category
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For example, Ieﬂjd> symiolize the quantum mechanical state of the measurement

device.lt can be expanded in position basis

V)= Js) 0 (] x) dx (65)
. 1 A x?
J (x):{Vﬂexp‘g@dj‘;—2 (6.6)

wherex denoteghe position variable of the measuring needleﬁgf representshe position

operator, theik, %) =X %.

Let Sindicate the system ands is a Hermitia operator acting in the systedfssume thaks

hasN eigenvectorsa, ) such thatE‘ a)=3|a)

Take astate that can be expanded in thgeabasis ok as follows:

v)=a gla) ©D
The conventional weak interaction Hamiltonian can be expressed in this ¢dke as
E=HE g() & R (6.8)
whereg(t) is the coupling impulse function that obeys:

Tﬁg(t) dt=1

0

where T denotes coupling time al%iis momentum operator which is conjugate to the position

opera\tor)'id :
Considering the vector in the temspace of the two systems:
V)AL)) (6.9)

After applying the Hamiltonian, we obtain:

A/ ¢)> (6.10)
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Since the wave function has high variance, they overlapithr each other causirgweaker

measurement process. If the normal wave functions do not overlap the measuremend become

strong. Thus, variance is an important parameter.
6.2.3 Weak Measurements & Postselection

Bringing together the posielection mechanism witthe theory of weak measurement results
in many bizarre, fascinatingnd sometimes puzzling phenomena such as massive, negative

and even complex weak values, amplification, sugseillations, negative probabilitiestc.
Consider a Hermitian operatcE acting on the system |$,> and va> are the two

state vectors lying in the Hilbert space 01]/S(x)> is the state vector of the measuring needle.

Suppose, the systemsiprepared in an initial stabe,) . We perform a weak measurement on an

ensemble of particles prepared|jn )by taking the Hamiltonian operat&: K Ap/. After

the weak interaction, the systes finally postselected in the staﬁef>. The probability

amplitude to obtainy ) will be given by:

et 51 B0

The above steps physically imply that if we start the measurement with an emsérysters
all are weakly measured by the weak HamiltomEarBy postselecting, we only select those

that lie in the direction c}y ; > Basically, postelection is one kind of strong measurement but

in a sate different from the initial state. We can define two operators:
B=ly ) (n] A

E:i‘?‘ob/f,1><%,1‘ A

After the weak coupling of the system, the state becomes:

Iyw>=enge— 1) AAY) (6.11)

After the postselection, v get:
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(K BT

: O

YA pepm ] X 612)
G

|- O

where the weak value [8]:

(5, 619

Here, the norral probability distribution is centred arounﬁ@ f b/f> and |y|> are exactly
orthogonal<E> blows up. If they are not exactly orthogonal, but slightly deviated tiganm

orthogonal positior<5> diverges and yields a massive value well outside the range of the

eigenvalues.
6.3 Theoretical background of QWM

Figure 6.1 illustrates the working principle of the experimental setup for the weak measurement
of the GH shift. The incident beam of a definite polarization state sttatsnternal reflection

(TIR) at the glassir interface. For the weak measurement of the,ghiétincidentbeamat

first undergoes preelection to a definite initiajuantumstate}YJ . The beam theandergoes

total internal reflection from therism, where the weak interactimtcurs. Afterward, he

systemundergoes postelection to the finauantum staljé( 2) , projected almdsorthogonal

A

to the preselection input statéAccording toAharonovAlberttVai d manés ( AAV) arg

[1,2], the amplified (weak values) GH shifts are:

(Yo %] Y2)

R T 6.14
XGH <Y , | Y1> ( )
The real and imaginary parts of Equati@ild) resemblespatial and angular GH shifts. The
optic axis of the GlarThompson polarizer (GLP13 fixedto an angl& for the pre-selecion

of the ncidentbeam ito a definite quantum state given b§j:

é os@ )

éﬁ @) (6.15)

-108-



Chapter 6: Developmemtf Quantum Weak Measurement to measure Gétimchen shift

Afterward the incomingoeamsufferstotal internal reflection from the glassr interface. The

reflectiongenerates a phase differemt;e( g - ): Finally, the postselection is performed

by the suitable combination of a halave plate (HWR)a quartetwave plate (QWR)anda
GlanThompson linear polarizeHere, thecombinationof HWP and QWP iadjused in such
a wayasto cancel outhe relative phase differengeneratedThen, theGlanThompsorinear

(GLP2)polarizeris rotated at an @te b to getthe postselectedinal state:

2% b e (x-D) ¢

8eos(.az )cos( )exg B ¢

& ¢ N (6.16)
$- . é (X- DS)2 6

%ln(a )sin( b)ex% W 8

¢ ¢ B

where, b :gea ra g +

C 2 =

The parameter, andD, are nothing buthe GH shiftgenerated after total internal mtion

of the light.Following Duclé s m 48], thie statecould be writteras:

e €3 1 _ 5@ e a1
X ¢ -5 B gu eXeged oP
—e(1+ elexpt &> U@ gexp &85 (6.17)
, e w ¢ w
e e u €
e e u e
where we have consider¢dn(e) = andD,, =(D D)

Fore=0, the above wave functia@videntlycomprise®f two differentGaussiansvith centres
located at:x= ° /2. Two Gaussians areoughly separated by&/ﬁw0 [1,4,8]. Under the
condition,D,, /2w« e< 1, there will be constructive interference of theo separate

Gaussians thatield a single Gaussian with centratifted by the weak valye-4]:
1
A,° > cot(e) D, (6.18)

6.4 Experimental measurementsetup for QWM

To arrange thexperimental sep,aHe-Ne laser (30991, Research Electro Optics lisaised

as the sourcdt yieldsgood quality Gaussiameam witha powerless tharb.0 mW. A planc
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convexlens, L1 (LA1433, Thorlabd)avingafocal lengthof 150 mmcollimates and focusses
the lightto aspecificspot sizeof around 250 umWe monitor the polarization state of the
incident lightwith a GlanThompson Linear polarizer, GLP1 (GTH18MN Thorlabs) This
polarizer ismounted on digh-precision (PRM1/M, Thorlabs) rotational mount. Afterward,
the beamsufferstotal internal reflectn from the 48-90°-45° prism (NBK7 RA, Thorlabs,
refractive indexn=1.516) which ismounted on digh-precision rotationtage (M481-A,
Newport). The posselection unitis comprisedof a combindbn of a quartewave plate
(WPMQ10M-633, Thorlabs), a halwave plate(WPMH10M-633, Thorlabs)and another
GlanThompson lineargarnzer, GLP2 (GTH10MA, Thorlabs)all mounted on high precision
Rotation Mounts (PRM1/M, Thorlabs). The resulting beam shdbisequentlgxaminedoy

a Beam Profiler, (LBR-USB, 6610d, Newport).

L2 GLP2 HWP QWP LTS

, - \
o oot Prism '\
A L L
|| p— B I < J\U—H— ..... - :
AY c 7
1 J A Y 7
l S * .
Post selection i by

Beam Profiler

Pre selection —

Laser

Laser Controller

Figure 6.1 Experimental weak measuremesgup for measuringsH shift, whereGLP1,
GLP2 denoteGlan-Thompson Polarizel;1, L2 denotePlaneconvex lensesiWP denotes
Half-wave plate QWP denoteQuarterwave plate

-110-



Chapter 6: Developmemtf Quantum Weak Measurement to measure Gétimchen shift

For the weak measuremente havdir streviewedthecharacteristicsf the light beam,
its Gaussian nature, width, and powetc Next, the light ispre-seleced to 4% linear
polarization state by proper rotation of thyatic axis of GLP1After thereflectionof thispre-
selected beanthe combination of QWPHWP and GLP2 is used for the pestlection As
stated earlierwe suitablyfix the QWP and HWRombination firstto a particularangle to
cancel outthe relative phase differencea(). We have fixedthe input polarization state

a = p4 using GLP1. Hencewe nowregulatethe output light beam using GLP2 with its
location at: b=( a+ /@) +(e<1). This scenario helps tattain the almostorthogonal

necessary fothe weak measurement. Thi@al beam,comingout of the GLP2, is shifted by

an amoun% D, cot(e) . Next, we determinethe separation of the beam centroids
( D, cot(e)) corresponding to two different polarization settings of:

() a = g4 (Preselection) andb=( a + j2) + (Postselection),

(2)a = g4 (Preselection) andb =( a + j2) - (Postselection).

6.5 Results & Discussions

At first, the polarizer at the inpugLP1is setata = g4, andthe polarizer at the outpuBLP2
is set alnearly orthogonal positiom, :( a-+ [Q) -. Thereafter, we rotate th&%olarizer

GKLP2 in small steps o€ (0°-3°).

Thefinal outputis demonstrateth Figure 6.2 Column (a) of Figure 6.2xhibitsthe
final outputbeamprofilesthatareobserved irthe beam profilerColumn (b) and column (c)
of Figure 6.2describe the horizontal amértical patterns of theesultantbeam, respective
Figure 6.2(a5, b5, cH)isplaysthe resultant beamprofiles for angle of deviatio®® Oi.e. the
conditionof exact orhogonality, where the AAV conditiobreaks dowr{1,8]. It is evident
from Figure 6.2 thatheoutputbeamdissociatesto twodifferentGaussian profiles separated

by 2w[4] as stated earlier in the theory section
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Figure 6.2 Beam intensity profiles(a) Centroid intensity (b) Horizontal profile, and (c)

Vertical profile
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