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Preface: 

A light beam with a finite transverse extent suffers diffractive corrections and may indicate 

subtle deviations from the prediction of geometrical optics. Unlike plane waves, a finite beam 

of light may undergo longitudinal (in the plane of incidence) and transverse (perpendicular to 

the plane of incidence) shifts, which are known as Goos-Hänchen (GH) and Imbert-Fedorov 

(IF) shifts, respectively. Such shifts may manifest as spatial displacement or angular deflection 

depending upon the nature of interaction.  

Optical beam shifts have created a lot of interest in modern research lately. Using this 

wavelength scale phenomenon advanced optoelectronic devices and sensors are being 

proposed and subsequently entering into the real domain. In contemporary research, it is 

becoming more and more essential to investigate the details of the interaction of light and any 

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 

have demonstrated the behaviour of the longitudinal (GH) and transverse (IF) shifts after 

reflection from a 2D material interface. The location of maximum and minimum shift is of 

utmost importance before going to apply this phenomenon for technological purposes. 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 detail in this thesis. 

In recent years, the advancement of science and technology has generated immense 

curiosity in layered materials. A whole new branch of two-dimensional (2D) materials has 

emerged in the community. There are several members in 2D materials such as graphene, 

transition metal di-chalcogenides (TMDC) and more are being added day by day. Due to their 

inherent properties, TMDCs show a lot of interesting phenomena like charge density waves, 

magnetism, and superconductivity making them a focus of the research community. 

Molybdenum disulphide (MoS2) is one of the most studied TMDCs which have great potential 

in nano-electronics and optoelectronics. Keeping in mind the importance of 2D materials in 

optics and optical applications, we have chosen them as the basic system to study optical beam 

shift 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 related controversy, 

their application areas and difficulty in the experimental measurement are discussed in detail. 



 

V 
 

Additionally, the characteristic details of 2D materials, different types of 2D materials, their 

synthesis process, and field of application are also demonstrated. 

In Chapter 2, we start with a theoretical calculation of the Goos-Hänchen shift in MoS2. 

A general model is proposed to calculate the GH shifts in monolayer MoS2 coated surfaces for 

the reflection of a Gaussian light beam. The GH shift is conventionally found for total internally 

reflected light. But, in this Chapter, we theoretically invent non-zero GH shift for both partially 

reflected and total internally reflected light. Our findings discovered the existence of giant 

spatial GH shift in monolayer MoS2. This giant shift which is attributed to its surface optical 

conductivity. Also, the uncommon behaviour of GH shift near Brewsterôs and the critical angle 

is confirmed and explained. 

Chapter 3 describes the more general Transfer Matrix Method approach for determining 

longitudinal Goos-Hänchen and transverse Imbert-Fedorov shifts in different transition metal 

di-chalcogenides (TMDCs). By considering a dielectric slab coated with a monolayer of 

TMDCs, we theoretically examine the influence of different TMDC monolayers on the GH & 

IF shifts. For total internally reflected beam giant negative GH shifts are reported. The role of 

the complex surface conductivity of TMDC monolayers on optical beam shift response is also 

described. We have also studied the difference in the optical beam shift nature in the bulk 

sample compared to the monolayers. 

In Chapter 4, we calculate the GH and IF shifts for fundamental Gaussian beam of 

differing wavelengths (400-1300 nm) reflected from graphene-coated dielectric 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 potential in the 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 out. Different techniques with their corresponding advantages and disadvantages are 

discussed in detail.  

In Chapter 6, we discuss the development of quantum weak measurement technique to 

determine the Goos-Hänchen shift for the total internal reflection of a Gaussian beam from a 

glass prism. The condition to achieve maximum GH shift is established. GH shift is also 

dependent on the incident angle with maximum shift adjacent to critical angle. 
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Chapter 7 describes the effective way of applying quantum weak measurement 

technique for the measurement of the GH shift in monolayer MoS2. The unusual behaviour in 

the neighbourhood of the critical angle is well-explained. The critical angle also gets slightly 

shifted in presence of monolayer MoS2. A comparison of GH shift between monolayer MoS2 

and graphene-coated prism is also demonstrated in this Chapter. 

In Chapter 8, transverse IF shift is determined experimentally in monolayer MoS2 with 

modified quantum weak measurement technique. The theoretical formulation along with the 

experimental details is explained making it a very general method for the measurement of beam 

shift in any layered materials. The special characteristics of the IF shift for different incident 

polarization states are elaborated. 

In Chapter 9, we have described the development of another simple indirect time-

effective technique for prompt measurement of GH and IF shift. Using this Stokes Polarimetric 

method, the nature of GH & IF shift for different states of polarized light is thoroughly 

discussed. 

Chapter 10 deals with a very new phenomenon of the photonic spin Hall effect that has 

attracted a lot of attention lately. Monolayer MoS2 system deposited upon Si/SiO2 substrate is 

found to be a good candidate showing non-trivial photonic spin Hall effect. A connection to 

the non-zero geometric curvature is also suggested from the zero-crossing of the spin Hall 

shifts. 
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Chapter 1     Optical Beam Shifts & 2D-Materials 

 

 

This introductory Chapter consists of a detailed literature review 

of various works that motivated me to start my investigation in 

this particular field and also a brief outline of the entire work done 

in this thesis. 
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1 Optical Beam Shifts & 2D-Materials 

 

1.1 Introduction  

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

controlling 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 school days. 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 normal is equal 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 (mirror-like), 

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

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

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

(v) Complex conjugate reflection (non-linear optical process). 

The inherent reason for the reflection of light lies in Maxwellôs equations as light is an 

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 all directions. Following the Huygens-Fresnel principle, all 

these secondary waves superimpose to give rise to reflection and refraction phenomena. 
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1.1.2 Laws of refraction 

The Roman astronomer Ptolemy first tried to experimentally derive the law of refraction in the 

2nd century CE. But he only predicted that the angle of refraction is proportional to the angle 

of incidence. The Iraqi mathematician Ibn Sahl discovered the full law of refraction. Sahl 

showed that the angle of incidence is related to the angle of refraction using 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 different media, the ratio of the sines of the angle of incidence (ɗi) and 

angle of refraction / transmission (ɗt) is constant and is equal to the ratio of phase velocities (

1 2v v ) in the two media, or equivalently, to the indices of refraction (2 1n n ) of the two media. 

1 1 2

2 2 1

sin v n

sin v n

q

q
= =                     (1.1) 

This is popularly known as Snellôs Law. 

The primary cause of refraction is the difference in light speed in two different media. 

This change in light speed as it refracts from one medium to another causes the light to bend. 

 

 

Figure 1.1. Laws of reflection and refraction for two media having refractive indices1n & 2n . 
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1.2 Optical beam shift 

The celebrated laws of reflection and refraction provide the geometrical optics picture of 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 the light beam if we look at the wavelength 

scale [1]. The reflected and/or refracted beam undergoes a non-zero shift 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 

Goos-Hänchen (GH) shift [2], and the corresponding transverse or out of plane shift is termed 

Imbert-Fedorov (IF) shift [3,4]. Both of these shifts can also manifest as spatial (lateral or 

longitudinal displacements) and angular (angular deflections) [5] forms. There is also a 

transverse Photonic spin Hall (PSH) shift of the beam [6], but it has close similarity with the 

Imbert-Fedorov shift (discussed later in detail). 

 Different types of optical beam shifts can be pictorially demonstrated as shown in 

Figure 1.2 below. It turns out that these beam shifts (GH and IF) are present in almost all optical 

systems. 

 

 

Figure 1.2. Pictorial representation of the Goos-Hänchen (GH) and Imbert-Fedorov (IF) shifts, 

both spatial (ȹ) and angular (ⱥ) shifts are shown explicitly. 
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1.2.1 Goos-Hänchen shift 

Newton first predicted the occurrence of the shift in reflection of a light beam in his famous 

book óOpticksô (1704). He presented a theoretical basis as well as experimental proof for the 

penetration of light into the second medium in case of total internal reflection of light between 

two media of different refractive indices. Nevertheless, Newton's picture is based on the 

mechanical model only. But German astronomer Fritz Goos with his Ph.D. student Hilda 

Hänchen (1947) first discovered experimentally that this in-plane (longitudinal) shift is linked 

with the wave nature of the radiation field [2]. Actually, any form of wave-like phenomena can 

be associated with the occurrence of the Goos-Hänchen effect. Motivated by their experimental 

investigation, Artmann (1948) and Fragstein (1949) published the first theoretical model [7]. 

Lateral shifts were first calculated in their work, with different shifts predicted for electric field 

polarization parallel to or perpendicular to the plane of incidence. Since then, the field of Goos-

Hänchen effect has continued its evolution and created immense interest in modern research. 

1.2.2 Imbert -Fedorov shift 

After the invention of the GH shift, Soviet physicist Fedor Fedorov [4] (1955) first pointed out 

that during total internal reflection, the time-averaged 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 beam is also expected. Later, French scientist 

Cristian Imbert experimentally observed such transverse shifts. Applying Renardôs energy flux 

conservation [8], a mathematical expression of such transverse shifts was also derived by 

Imbert subsequently. The proposed theory of Imbert follows the same assumptions as 

considered in the case of longitudinal shift. The Imbert-Fedorov (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 for the simple case of the incident circular polarized beam. 

3

2 2 2 2
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1
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sin cos
y

n sin n cos

l q q

p q q

å õå õå õ
=° æ öæ öæ ö
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                 (1.2) 

Here (+) & (-) signs stand for the right and left circularly polarized beam, ɚ is the wavelength 

of the incident beam. 

1.3 Cause of the optical beam shift 

As pointed earlier, the spatial Goos-Hänchen (GH) & Imbert-Fedorov (IF) shifts were 

originally discovered in the case of total internal reflection of light beam [2,3,9,10]. Both of 
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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 

electric field) linearly polarized light beam. Whereas the eigenmodes of the IF shift are given 

by elliptically or circularly polarized light beams. A few years later, evidence of angular shifts 

was also found [11-14] for partial reflection and refraction of the light beam. 

 The authors dealing with this topic were divided into two theoretical classes at that 

time, firstly the stationary phase approximation method and secondly, energy flux conservation 

method. Both of these approaches produce almost identical results for longitudinal shift (GH) 

at angles of incidence surrounding the critical angle of incidence (ɗC). Unfortunately, both 

treatments give rise to different results for 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 incidence were found out, and proper explanation of the GH & IF 

shifts became feasible. Here, we would not go to the detailed mathematics for the origin 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 Goos-Hänchen shift in total internal reflection 

came from Artman (1948) [7], who used stationary phase treatment, and from von Fragstein 

(1949) [15], who used the energy flux conservation principle. Later Schilling (1956) [16] 

modified and extended Artmannôs model of Stationary phase approximation. Subsequently, 

Renard, Onoda, Yasumoto [8,17,18] modified the energy flux conservation model and tried to 

remedy the inconsistencies associated with the theory. 

In the energy flux conservation approach, the time-averaged Poynting vector in the 

evanescent wave above a totally reflecting surface acquires a finite non-zero 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 distance d. Across 

the OB plane, 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 crossing is only allowed 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 beam through the COD plane. It 

is argued that this flux difference is carried by the strip (having width d) near the incident beam 

center. By conservation principle, it should be equal to the energy flux across the OB carried 

by the evanescent wave. 

 

 

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

 

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

be derived: 
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Artmann was mainly interested in the behaviour of the GH shift in close proximity of 

critical angles. In the stationary phase approximation treatment, the fundamental principle is 

the decomposition of the light beam with finite transverse extent into a group of plane wave 

components. A plane wave has a definite k vector. But, for a finite light beam (having finite 

transverse width), the electromagnetic field consists of a group of plane wave components. 
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These plane wave components form an envelope in the momentum space. Each of these 

components suffers reflection discretely according to the laws of specular reflection. Hence, 

for total internal reflections at any point in the reflecting interface, the phase relationships in 

the reflected ensemble of plane waves are not the same as those in the incident ensemble. By 

adding up each of these plane wave components of the ensemble gives rise to the reflected 

beam centroid. 

Mathematically, the theoretical expressions of the GH shift for the incident linearly S 

and P polarized beam can be derived: 
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1.3.2 Cause of IF shift 

Fedorov first pointed out [4] that the time-averaged Poynting vector 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 above-mentioned energy 

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

reflection of the circularly polarized light. 
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Following Artmannôs stationary phase approach Schilling [16] and later many others derived 

the expression IF shift for the circularly polarized light. 
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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 beam (as shown in Figure 1.3), the Poynting 

vector is supposed to be the superposition of the incident and reflected beam taken separately. 

But, in Maxwellôs theory, there is no superposition principle in effect for the Poynting vectors. 
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In the case of stationary 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 critical angle of 

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 light [19,20]. But soon with the 

evidence of spin-orbit interaction of light by Liberman & Zelôdovich [21], the concept of 

angular momentum of light takes a whole new direction. Onoda (2004) established the role of 

the spin Hall effect of light related to 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 & Bliokh (2006-07) produces the most-accepted explanation 

and precise expression of the IF shift [22-26]. 

1.4 Dependence of optical beam shift 

Several parameters are related to the phenomena of reflection or refraction of the optical beam 

from a surface. Below we have listed different parameters that can influence the Goos-Hänchen 

& Imbert-Fedorov shifts. 

(a) Surface of interaction: 

The properties of the reflecting and refractive surface greatly influence the behaviour of the 

GH & IF shifts. Already a lot of studies have been carried out on different materials with 

changing their intrinsic and extrinsic properties such as thin film and bulk form of the material, 

thickness variation of a particular sample, application of external magnetic field, and artificial 

creation of different metamaterials, etc. In later chapters, we will also demonstrate how the 

properties of the reflecting surface affect the nature of the optical beam shifts. 

(b) Wavelength of the incident light: 

It is also a major contributing factor in the optical beam shift. It is already well-known that the 

magnitude of optical beam shift is approximately of the order of the incident wavelength of the 

light beam. In this thesis, we will also prove that by selecting a particular wavelength to work 

with, GH & IF shifts can be maximized or minimized. 

(c) Special angles: 



Chapter 1: Optical Beam Shifts & 2D-Materials 

- 10 - 
 

We know that there are two peculiar angles of incidence as the beam undergoes reflection from 

a plane dielectric interface: the critical angle and the Brewster angle of incidence. The critical 

angle appears only in total internal reflection from a denser medium. According to recent 

studies, in close proximity of these angles the GH & IF shifts behave in an unusual manner 

with large enhancement in most of the cases (sometimes diverges). A more 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 at these special angles. In this thesis, we have deeply 

addressed this particular issue. 

(d) Spin and Orbital angular momentum of light: 

As we have already discussed the conservation of total angular momentum (spin and orbital 

angular momentum) is the principal reason for the generation of the IF shift. But, in general, 

both of the GH & IF shifts are dependent upon the angular momentum of light [21,24,25,27]. 

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

we want to study the effect of orbital angular momentum in the GH & IF shifts. 

(e) Higher-order modes of light: 

The optical beam shifts are mainly first-order deformations of the light beam. Nevertheless, 

higher-order deformations can also take place during reflection and refraction. To incorporate 

these higher-order effects, the orbital angular momentum vortex eigenmodes should be 

considered and superposed about the geometrical optics axis. Of late a lot of studies are trying 

to explore these higher-order contributions [118]. 

(f) Complex beam modes: 

The beam shape is also a significant factor in GH and IF shift. Most common are the Gaussian 

and Laguerre-Gaussian beams for optical beam shift investigation. Recently, several studies 

are being performed for different beam structures such as paraxial Bessel [28], non-paraxial 

Bessel [29], Laguerre-Gaussian with higher radial order [30], Hermite-Gaussian [31], and 

dipole radiation [32]. General aspects of the beam shape have been discussed in the reference 

[33]. But, regarding this beam shape dependence, a lot of controversies are there over time [34-

37]. 
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1.5 Applications 

In this decade, the Goos-Hänchen & Imbert-Fedorov shifts have received special attention in 

technological developments. The optical beam shifts explicitly influence the optical waveguide 

modes and microcavities [38,39]. The GH shift has also been applied in the areas of biosensors 

[40], optical heterodyne sensors [41], measurement of beam angle, refractive index detector, 

temperature sensors, and film thickness measurement device [42]. Additionally, the GH shift 

is also utilized in characterizing the permittivity and permeability of different materials in 

optical microscopy study and lithography [43,44]. Recently, It has also been applied in image 

edge detection [45], optical differential application, chemical rate detection purposes [46]. 

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 technology 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 needs the compressive strength of the concrete, and making car tires 

requires the robustness and flexibility  of rubber. More understanding of the properties of a 

material is required for the progress of the technology further. 

Generally, we consider that the constituents of the material determine its properties. 

Like, electricity is conducted by the metal due to the metallic bonding of atoms, which permits 

electrons to drift freely throughout the external field acting upon it. 

1.6.2 What exactly are the 2D materials? 

One can broadly classify nanomaterials and layered structures in the following way: 

(a) When the three dimensions become comparable to the nano form, we call the material zero 

dimensional (0-D). They are conventionally termed nanoparticles. 

(b) If only two dimensions become comparable to nano form, and another extending longer, 

we call the material one dimensional (1-D) material. They are commonly termed as ónanotube 

or nanowireô. 
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(c) When only one dimension becomes comparable to nano form, with both of the other two 

dimensions extending larger, we call them two dimensional (2-D) material. 

(d) Lastly, when all the material dimensions extend longer and are beyond the nano limit, then 

we do not call it a nanomaterial. In such a case, we call it a bulk (3-D) material. In our day-to-

day life, we mainly deal with these bulk materials. 

TABLE 1.1 

Nanoscopic 

Dimension 

Short Name Classification Example 

0 3-D Bulk Materials visible to the eye 

1 2-D Nano-sheet Graphene, TMDCs, h-BN 

2 1-D Nano-tube or Nano-wire Carbon nano-tube 

3 0-D Nano-particle Quantum dot 

 

It is possible to reach the single atom limit by reducing thickness of two-dimensional materials 

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

 

 

Figure 1.4. Characterization of nano-materials: (a) Graphene sheet, (b) Carbon nano-tube, and 

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

The journey of 2D material started with the isolation of graphene long back around 2004 [47]. 

After its discovery, there have been a plethora of new 2D materials till date [48], with various 

intriguing electrical and optical properties. Here, we provide a few well-known 2D materials. 

(a) Graphene: 

A renaissance occurred in the field of material science with the invention of graphene. 

Graphene possesses a hexagonal lattice with covalent bonding of carbon atoms. Its thickness 

is down to almost a single atom (of the order of 1.4 micron). The conduction band touches with 

the valence band making graphene semimetal in nature. The special band structure permits its 

electrons to roam with tremendous velocity. This linear dispersion in graphene gives rise to 

various novel properties like room temperature anomalous quantum Hall effect. A minor 

quantity, of the order of 2% of visible light is absorbed by graphene. It possesses high tensile 

strength in comparison to others [49]. Hence it finds promising applications in high-speed 

optoelectronics devices, energy storing and processing devices, sensor industry, and several 

other proofs of concept devices. 

 

 

Figure 1.5. (a) Graphene and (b) hexagonal boron nitride both belong to the 2D 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 a wide-bandgap insulator 

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 Di-chalcogenides (TMDCs): 

The overwhelming success of graphene shifted the attention of the researchers to look for the 

other layered structures and 2D materials in search of novel physical phenomena and potential 

device applications. 

Transition metal di-chalcogenides (widely termed as TMDC) show the chemical 

structure MX2 (X-M-X). Here, M is any transition metal (e.g. molybdenum, tungsten, etc.) and 

X is any chalcogen (e.g. sulfur, selenium, Tellurium, etc.). In each layer of this van der Waals 

material, the metallic layer is inserted between the two chalcogenides layers (hence di-

chalcogenides). TMDCs display layered structures with tight covalent bonding along with 2D 

(intralayer) and weak van der Walls bonding along the third dimension (interlayer) which 

permits easy exfoliation into monolayers. That is why they are obtainable in single layer, 

bilayer, few-layer, and bulk limit. 

 

 

Figure 1.6. (a) Molybdenum di-sulphide (MoS2) common in 2H phase and (b) Tungsten di-

telluride (WTe2) common in 1T phase (Source: Internet) 
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TDMCs can yield several structures - 2H phase and 1T phase. The 2H-phase belongs 

to the trigonal symmetry class and is the most common. This gives rise to the semiconducting 

characteristics as observed in MoS2, WS2, WSe2, and MoSe2. TMDCs possess an indirect 

bandgap in the bulk form. In the monolayer limit, the bandgap dramatically changes to direct 

that too in the visible region of the spectrum. External factors like temperature, pressure, field, 

strain, etc. greatly influence TMDCsô electronic properties. This band gap engineering makes 

TMDCs so significant for optoelectronics 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 

spin-orbit 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: 

Phosphorene is nothing but a monolayer black phosphorus that is a stable allotrope of 

phosphorus. Phosphorene possesses a puckered honeycomb structure. It also depicts a direct 

bandgap, highly dependent on the layer numbers. Its charge mobility (of the order of 1000 

cm2V-1s-1) is also high. Hence, it is also a popular candidate for transistors, optoelectronic, and 

the device industry. Phosphorene has a corrugated structure causing its properties to differ 

considerably according to the direction of measurement. 

 

 

Figure 1.7. Structure of Phosphorene (Source: Internet) 

 

(e) Xenes: 

Single layers of silicon, germanium, and tin are popularly termed Xenes. They all possess a 

hexagonal structure. It is similar to graphene in structure. But it cannot be exfoliated into 

monolayers quite different from graphene. They 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 field-effect transistors and topological 

insulators. 

 

 

Figure 1.8. The structure of (a) Silicene, (b) Germanene, and (c) Stanene: with buckled 

hexagonal structure (Source: Internet) 

 

Recently, several other 2D analogs such as antimomene and bismuthine are also been 

discovered [50] which display magneto-electronic applications in future [51]. 

1.6.4 How do we make 2D materials? 

Any bulk material can be taken and thinned down nearly about the thickness of a few atoms to 

produce two-dimensional materials. Nonetheless, not all the materials are layered in nature and 

several materials retain their three-dimensional form. Hence, thinning down any material 

involves cutting the out of plane bonds causing ódanglingô bonds to arise. Following such a 

procedure, if we thin down a material to generate a 2D material, it may have a high density of 

dangling bonds making it energetically and chemically unstable. Moreover, the structure of the 

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

The 2D materials are mostly originated from a broader class of layered materials. In 

two conventional ways 2D materials can be prepared: 

(a) Top-down: Here one starts with bulk material and thin it down to 2D form. 

(b) Bottom-up: Here, one starts with the atomic ingredients and begins assembling them to 

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

(I) Mechanical exfoliation ï It is nothing but the method of óScotch-tapeô. Single-layer of 

graphene was first generated by this method. One first attaches a sticky tape to the layered 

material. Next, after peeling off, few layers get attached to the tape. Then we press the tape on 

top of a substrate. In this way, few layers of the 2D materials are transferred to the substrate. 

Producing an exact monolayer is very difficult using this method as the process involves no 

monitoring of the size and shapes. Nevertheless, it can produce good quality monolayer having 

almost no defects. 

(II)  Liquid exfoliation ï In this method, organic solvents are utilized for transferring mechanical 

force to the powdered material in the liquid. By sonication, one applies tensile 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 

(I) Chemical vapour deposition (CVD) - In this method, depending upon the 2D materials to 

be deposited, precursor gases are passed through the furnace that is heated at a definite 

temperature. In the chamber, interaction occurs between the sample and the substrate, and a 

thin layer is subsequently deposited over the surface. The quality of the deposited layer, 

thickness, layer number, composition, defects, etc. can be monitored by externally controllable 

parameters like the temperature of the chamber, chamber pressure, reaction time, etc. This 

technique produces high-quality samples with minimum defects but is quite expensive to 

conduct. 

(II)  Chemical synthesis ï By this chemical synthesis method based on chemical solution, many 

techniques were proposed by time for the synthesis of layered structures. Many different 

procedures are available depending upon specific type of material to be synthesized such as: 

(i) Chemical reactions at high or low temperatures 

(ii ) Nanoparticles fusion to form larger structures, and so on. 

This technique is very much versatile and of low cost and highly scalable. Hence, it is used by 

a lot of researchers for 2D materials preparation. It has similar disadvantages to the liquid 

exfoliation method. 
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1.6.5 Difference of 2D materials from the bulk samples 

(a) Van der Waals interactions exclusion: 

In these layered structures, different planes (which are formed by strong 2-D covalent bonding) 

are connected by the weak out of plane Van der Wallôs interaction. Since these Van der Walls 

bonds are weak in nature, they can be broken by applying an external force that causes the 

generation of separate layers. But the in-plane covalent bonds are very strong, hence even a 

single layer generation is possible. 

(b) Surface area to volume ratio: 

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

in turn is a governing factor of the rate of a reaction. This ratio causes 2D materials to have a 

higher surface-to-volume ratio. Hence they react much more than the bulk samples. Moreover, 

2D materials show larger sensitivity to the neighbouring environment making them suitable for 

sensor application. 

(c) Electron confinement in a plane: 

The band structure of a material is the principal governing factor behind its electronic 

properties and optical response. The movement of electrons and the corresponding band 

structure for material are dependent upon the periodicity of the lattice. In comparison to bulk 

samples, 2D materials do not possess the periodicity in the out-of-plane direction causing subtle 

changes in the band structure of the material. That is why 2D materials show considerably 

different properties than bulk samples. 

Due to this electron confinement dielectric screening occurs in semiconductors. Due to 

the smaller number of electrons in 2D materials, the Coulomb force is stronger causing the 

generation of the strongly bound exciton. These are stronger than the bulk sample, hence 

increasing their stability. The quantum confinement found in 2D materials causes an increase 

in energy. Hence, the absorption and emission spectrum change appreciably in comparison to 

the bulk samples. The number of layers thus controls the absorbed or emitted 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 that are not found 

in the corresponding bulk samples. Hence, it finds a lot of promising applications in the 

modern-day optoelectronics and device industry. 

Transistors Industry: 

Field-effect transistors (FETs) have been fabricated from a variety of semiconducting 2D 

materials such as TMDCs [52] and black phosphorus [53]. They are widely used in fabricating 

FET devices using their high mobility and bandgap in the visible region. The hBN is applied 

in the transistor gate-making purpose. Using external field, doping, edge state modulation, etc. 

graphene is also being used for device-making purposes. 

Flexible Electronics: 

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

over conventional semiconductors [54]. 

Sensor application: 

TMDCs are currently applied in making sensors based on FETs. Detecting chemicals up to 

ppm range, that includes detection of triethylamine [55],  NO, NO2, NH3, etc. [56] with high 

precision. 

Photodetectors: 

The bandgap of most of the TMDCs (MoS2, MoSe2, WS2, WSe2, Black phosphorus) lies in the 

optical region or NIR region of the spectrum. In parallel, TMDCs also show high absorbance 

in the visible domain [57]. This property makes the TMDCs suitable for optical detection 

applications, subsequently the production of high-efficiency photodetectors [58]. Different 

hetero-structures (such as graphene/MoS2, MoS2/WS2, etc.) are also in wide use for producing 

high-efficiency detectors [59]. 

Battery electrodes: 

Because of their high mobility, flexibility, strong in-plane bonding, the surface to mass ratio 

graphene and TMDCs (especially MoS2) are currently used in electrode production [60] that 

lead to [61] fast charging, lighter weight, low consumption devices. 

Topological insulators (TI): 
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Topological insulators behave as an insulator in bulk but conducting in edge states. Opposite 

spin electrons can pass through the edges in opposite directions. They have also great potential 

in low consumption, power-efficient devices. One of the TMDCs, Xenes work as topological 

insulator [62]. Switching between a TI and superconductor by applying external field [63,64] 

are also realized in WTe2. 

Valleytronics: 

The extra valley degree of freedom gives rise to a new direction in modern technology, the 

óValleytronicsô. Special behaviour of the spin and angular momentum of the electrons in 

TMDCs provides them this additional degree of freedom for movement. This degree of 

freedom allows TMDCs special properties to be used for data processing and storage [65] 

devices. 

1.7 Transition metal di-chalcogenides (TMDCs) 

A lot of studies have been carried out regarding TMDCs. Countless review papers are available 

on this subject [66-71]. There are around 60 TMDCs available with many of them showing 

layered structures. MoS2 is well-known and most studied material among them due to its 

abundant availability along with the special properties that it shows with reducing 

dimensionality. 

 

 

Figure 1.9. (a) General structure of TMDCs: top view of a typical MX2 (X-M-X) form, (b) 

Schematics of the structural polytypes: 2H (hexagonal symmetry), and (c) 1T (tetragonal 

symmetry) (Source: Internet) 



Chapter 1: Optical Beam Shifts & 2D-Materials 

- 21 - 
 

1.7.1 Chemistry of TMDCs 

TMDCs have the renowned chemical structure of MX2, with M layer sandwiched between the 

two X layers (M = Group IV, V, VI transition metals, and X = Chalcogens). 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 thesis, we have mainly focussed on molybdenum di-sulfide. There are varieties 

of applications of this material (MoS2) like phototransistor, photodiode, photovoltaic cell, 

photo-catalyst, nanotribology, battery production, and lubrication industry, etc. MoS2 is 

semiconducting having an indirect bandgap of 1.25 eV 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 the first-principles DFT calculations. 

 

 

Figure 1.10. Electronic band structure of MoS2 (a) in the bulk form (Indirect gap) and (b) in 

the monolayer form (Direct gap). (Source: Internet) 

 

1.7.2 Electronic properties of MoS2 

For the applications of MoS2 in optoelectronic devices and the sensor industry, information 

about its electronic and optical properties, like the electronic band structure, optical 

conductivity, the density of states permittivity and permeability are necessary. Using first-

principles calculations, the band structure of bulk MoS2 can be determined [72]. From the band 

structure, it is evident that MoS2 is a semiconductor showing an indirect bandgap of 1.25 eV 

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 valence band atG point to the bottom of the conduction band midway betweenGpoint and 

K point. But, the direct (optical) bandgap is positioned at the K point. With the decrease in 

layer numbers, the indirect bandgap starts increasing. In the limit of a single layer, the material 

is reduced to the 2D form. This monolayer 2D MoS2 yields a direct bandgap with a gap of 1.88 

eV displaying semiconducting nature [73,74]. However, at the K point, the direct (optical) 

bandgap stays nearly unaffected and is independent of layer number or thickness variation. 

1.7.3 Optical properties of MoS2 

There had been a lot of experimental studies to investigate the optical properties of bulk MoS2 

[75,76]. From the calculated absorption spectrum of bulk MoS2, we can find two peaks, one at 

1.88, another at 2.06 eV [77]. Among the material parameters, the absorption coefficients and 

refractive indices greatly influence the optical properties of the material. 

MoS2 depicts large absorbance in the visible and near-infrared wavelength range. Its 

bandgap can be monitored by external factors such as electric field, pressure, temperature, etc. 

As the bandgap can be tuned by controlling external parameters, the bandgap engineering 

provides an extra advantage of using MoS2 in optoelectronics and device application over 

others. Tunable bandgaps give rise to higher photo-responsivity, detectivity, and response time 

[78] which is most required in device application. The bandgap and chemical structure also 

affect photoluminescence (PL) spectra. TMDCs generally have a low quantum yield for 

photoluminescence [79]. Monolayer MoS2 shows a single exciton peak. MoS2 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 semiconductors that conduction band bottom and the 

valence band top are located at degenerate valleys in k-space [80,81]. They have a specific 

valley degree of freedom for low-energy carriers because of the huge valley separation in k-

space. These valley degrees of freedom are related to orbital magnetic moment and Berry 

curvature [82]. The phenomena of inversion symmetry breaking generates the óValley Hall 

Effectô in TMDCs [82]. These valley degrees of freedom make TMDCs suitable for device 

making. 

1.7.5 Lattice Dynamics 

Raman spectroscopy is an important and multipurpose technique for the characterization of the 

material and investigation of electronic as well as its vibrational characteristics. 
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 There are two characteristic peaks in the Raman spectrum of MoS2, E
1
2g and A1g peaks. 

Figure 1.11 shows the Raman study of one of the samples (monolayer MoS2) that we have used 

for the study. The difference between the E1
2g and A1g peak was 24 cm-1.  Here, the ratio 

A1g/E
1
2g = 1.06 å 1, which establishes that the MoS2 sample is a monolayer [74,83,84]. 

 

 

Figure 1.11. Room temperature Raman spectroscopy measurements performed on CVD grown 

full -area coverage MoS2 monolayer on SiO2 (courtesy: 2D Semiconductors, USA) 

 

1.8 Motivation and Objective of the Thesis 

As discussed in the previous sections, owing to their distinctive and intriguing electrical, 

optical, and chemical properties, 2D materials have attracted immense research interest both in 

fundamental domain and application in technology. Due to their high potential in the upcoming 

optoelectronics industry, we have shifted our attention to TMDCs. The study of the optical 

beam shifts in 2D materials can reveal new directions not only in the improvement of 

optoelectronics and the device industry but also towards the development of new devices based 

on solely the effect of the optical beam shift. 

In this thesis, we have theoretically examined the nature of the GH and IF shifts, their 

principal, and controlling parameters. A general theoretical model is developed such that GH 

and IF shifts can be predicted in any layered structure. A detailed theoretical calculation is 
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prescribed for monolayer TMDCs (WS2, WSe2, MoS2, and MoSe2) and graphene-coated 

surfaces. The observation of non-zero GH & IF shift in case of partial reflection, the occurrence 

of giant beam shift, and unusual behaviour in the neighbourhood of critical angle and 

Brewsterôs angle of incidence are some of the significant results that will be drawn in the 

following Chapters. 

 In this Chapter, it is also pointed out that due to the tiny wavelength-scale magnitude 

of the optical beam shifts it is really tough to detect. Therefore, we have set our goals in the 

development of an 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 other materials 

too for the detection of the corresponding shifts. 

This thesis is divided into two sections ï (A) Theoretical Work and (B) Experimental 

Measurement. The Theoretical section consists of three Chapters discussing the theoretical 

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

In Chapter 2, a theoretical method is proposed for the detection of GH shift in 

monolayer MoS2 for partial as well as the total internal reflection of the light beam. The unusual 

features near the special angles are explained. A comparison is also done between different 2D 

materials, different substrates, and the difference of the monolayer sample from the 

corresponding bulk material. Chapter 3 deals with both GH and IF shifts in different TMDCs 

(WS2, WSe2, MoS2, and MoSe2) for a fundamental Gaussian mode beam. A general theoretical 

model is suggested that is applicable to other 2D materials, layered structures, and also valid 

in the vicinity of the critical angle and Brewsterôs angle of incidence. Tuning of the GH and IF 

shifts in the TMDCs with the wavelength of the incident beam is also discussed. In Chapter 4, 

we discuss GH and IF shifts and their controlling parameters for graphene-coated surfaces. The 

explicit dependence of the chemical potential of graphene and the wavelength of the incident 

beam is well-explained. This gives us freedom in controlling the magnitude of the GH and IF 

shifts to the desired magnitude. 

The Experimental section constitutes six Chapters. In Chapter 5, we discuss the 

available techniques for the optical beam shift measurement, their advantages, and 

disadvantages, working principle, application areas, etc. Chapter 6 consists of the experimental 

development of the quantum weak measurement setup for the detection of the GH shift for the 
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total internal reflection of the light beam from a prism surface. In Chapter 7, we generalize the 

quantum weak measurement technique for the GH shift measurement in any layered structure 

and apply it to detect the GH shift in monolayer MoS2. Chapter 8 describes the modification 

of weak measurement techniques for detection of IF shift in monolayer MoS2. Again, 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 measurement of the 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 conduct. Chapter 9 

explains the results of GH and IF shift measurement in monolayer MoS2 using this indirect 

Polarimetric technique. In Chapter 10 we have discussed a new phenomenon of the Photonic 

spin Hall effect. This effect is imminent in monolayer MoS2 and has a close connection with 

the geometric phases of the light. Finally, in Chapter 11, 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: Theoretical Study 

 

 

òDeep in the sea 

all molecules repeat 

the patterns of one another 

till complex new ones are formed. 

They make others like themselves 

and a new dance starts.ó 

 

-From a poem by Richard Feynman 
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Chapter 2      

 

 

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 special angles, the importance 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, "Goos-Hänchen 

shift for Gaussian beams impinging on monolayer-MoS2-coated surfaces," Journal of the 

Optical Society of America B  35 (8), 1956-1962 (2018). 

 

 

 

 

Goos-Hänchen  Shift in MoS 2 
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2 Goos-Hänchen Shift in MoS2 

 

2.1 Introduction   

The familiar Fresnel reflection formulae and Snellôs law are enough to precisely demonstrate 

the nature of the plane wave in geometrical optics [1,2]. As we already know, finite light beams 

show a contrasting behaviour in comparison to the plane waves and suffer longitudinal (in the 

plane of incidence) and transverse (perpendicular to the plane of incidence) shifts, which are 

known as Goos-Hänchen (GH) and Imbert-Fedorov (IF) shifts, respectively [3-10]. GH shift is 

extensively applied in the field of photonics, plasmonics, chiral materials, metamaterials, 

dielectrics, and numerous quantum systems [11-25]. On top of that, the GH shift has also 

displayed great potential in sensors and device industry e.g. refractive index sensor, optical 

heterodyne sensors, biosensors, temperature sensor, thickness detector, beam angle 

measurement [11,26], and optical microscopy, and lithography too [27,28].  

In modern-day research, there has been tremendous research interest in layered 

structures [29] like graphene, TMDCs, and topological insulators [30-32]. We already know 

that graphene is a semimetal with a zero band gap [33]. In contrast, MoS2 depicts 

semiconducting behaviour with indirect (1.29 eV) band gap in the bulk form and direct (1.9 

eV) band gap in the monolayer form [34-36]. This direct band gap being in the visible region 

makes monolayer MoS2 striking for optoelectronics device applications. There are several 

recent reports that have concentrated on graphene [37-40] as an area of optical beam shift 

investigation. Being a 2D material, the response of light interacting with MoS2 surface and 

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

Our main goal in this study is to develop a theoretical model for studying Goos-

Hänchen shift as a Gaussian light beam is reflected from MoS2 coated surfaces. Two different 

scenarios of reflection are taken into account for this study (a) partial reflection (PR) and (b) 

total internal reflection (TIR). The optical beam shift can manifest in both spatial and angular 

forms. All of these GH shifts for MoS2 are investigated in detail. Previous studies mainly 

concentrated on incident light of definite wavelength interacting with definite surface [39]. In 

the present study, the dependence on wavelength (450-785 nm) and different surfaces (on 

which MoS2 is deposited) is thoroughly explained. 
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Figure 2.1. The observation of GH shift: (a) Pictorial representation of GH shift generation as 

light is reflected from MoS2 surface 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 propagation through layered 

media [41-43]. In this method, the electric and magnetic fields in one position can be linked 

with those in a different position via a transfer matrix. In this formulation, we use two kinds of 

matrices: 

(a) Transmission matrix connecting the fields across an interface, 

(b) Propagation matrix connecting the fields propagating over a distance within a medium. 

We first consider the propagation of light across an interface designed by a layer (placed 

at 0z= ) of optical conductivitysseparating two dielectrics with dielectric constants1eand 2e, 

as shown in Figure 2.2. We consider that the light is polarized alongĔy  and propagates alongĔz   

direction. For the above-mentioned structures, the S and P polarizations can be decoupled. As 

a result, we can proceed separately with the S and P polarization components. 

The magnetic field for P polarization can be written as: 

( ) 11 1

1 1 1 0xz z ik xik z ik z

yH a e b e e ,z
-

= + <               (2.1a) 

( ) 22 2

2 2 2 0xz z ik xik z ik z

yH a e b e e ,z
-

= + >               (2.1b) 
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Here, ia  and ib are the coefficients of the field ( 1 2i ,= ), ( )i ik cw e=  is the wave vector in 

the respective media. 

 

 

Figure 2.2. An interface characterized by surface conductivitysis placed in between two 

media of dielectric constants1eand 2e. 

 

The boundary conditions across the interface will be: 

( )2 1
0

0
z

Ĕn E E
=

³ - =                  (2.2a) 

( )2 1
0z

Ĕn H H J
=

³ - =                 (2.2b) 

where, Ĕn  is the unit vector normal to the surface and J  denotes surface current density of the 

separating layer. The above boundary condition yields: 

( ) ( )1 2
1 1 2 2

1 2

0z zk k
a b a b

e e
- - - =               (2.3a) 

( )( )1 1 2 2 xa b a b J+ - + =                (2.3b) 

The current density can be determined from the Ohmôs Law: 
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( )2
2 2

0 2

0 z
x x

k
J E (z ) a b

s
s

e e w
= = = -                 (2.4) 

From the above equations, we can obtain: 

1 2

12

1 2

a a
D

b b

å õ å õ
=æ ö æ ö

ç ÷ ç ÷
                   (2.5) 

where, 

12

1 11

1 12

p p p pp

p p p p

D
h x h x

h x h x

+ + - -å õ
= æ ö

- + + -ç ÷
                 (2.6) 

1 2 2

2 1 0 2

z z
p p

z

k k
,

k

e s
h x

e e e w
= =  

Similar type of relation, we can derive for S polarized component: 

12

1 11

1 12

s s s ss

s s p s

D
h x h x

h x h x

+ + - +å õ
= æ ö

- - + -ç ÷
                 (2.7) 

02

1 1

z
s s

z z

k
,

k k

sm w
h x= =  

Considering both polarization components, the transmission matrix can be written as: 

12

1 11

1 12

m m m m m

,m

m m m m m

D
h x h z x

h z x h x

+ + - -å õ
= æ ö

- + + -ç ÷
                (2.8) 

where, m s, p= and 1 1p s,z z= =-. 

Next, let us consider the propagation of light through a homogeneous medium. It can be proved 

[35] that the electric or magnetic at two different points z  and z zd+  are connected by the 

following propagation matrix: 

0

0

z

z

ik z

ik z

e
P( z)

e

d

d
d

-å õ
=æ ö
ç ÷

                  (2.9) 

If we consider successive N layers of separating media, the transfer matrix (M) is nothing but 

continuous multiplication of transmission (D) and propagation (P) matrices like: 
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11

1 1

N

N

aa

b b

+

+

å õå õ
=Mæ öæ ö

ç ÷ ç ÷
                 (2.10) 

where 12 12 23 23 1 1N ,N N ,NM D P(d )D P(d )..........P(d )D- += is the transfer matrix. 

For any multi-layered sample, the Fresnel reflection 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: 

21

11

M
r

M
=                 (2.11a) 

11

1
t

M
=                 (2.11b) 

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

2

s ,p s ,pR r=                 (2.12a) 

2

s ,p s ,p s ,pT th=                (2.12b) 
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After some algebra, we can obtain: 

2

1 1 2 2

1 1 2 2

s

cos cos
R

cos cos
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e q e q s

- -
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+ +
             (2.13a) 

2

2 2 1 1

2 2 1 1
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These reflection and refraction coefficients are the most significant parameters in governing 

the GH and IF shifts. It will be more prominent in the next section. 

2.2.2 Theoretical calculation of the GH shift 

Consider a monochromatic collimated Gaussian beam (having wave vectork ) is incident on a 

dielectric surface (refractive index n) coated with monolayer MoS2 [Figure 2.1(a)]. Figure 

2.1(b) has shown the full geometry taken for this calculation. The Ĕz axis of the laboratory frame

( )K O,x,y,z=  is taken normal to the interface. We choose the origin in a manner that the 

reflecting interface has an equation0z= . In addition to the laboratory frame, we use a 

Cartesian frame ( )i i i iK O,x ,y ,z= attached to the incident beam and another one,

( )r r r rK O,x ,y ,z= attached to the reflected beam [10]. Let 0 0 i
Ĕk k z= andk denote the central and 

non-central wave vectors of the incident beam, respectively with 0 0k k k= = . The electric 

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

spectrum representation as [44]: 

() ( ) ( )( )2

1

i i ii UX VY WZ

iE r e U ,V , E U ,V , e dUdVl l
l

q q
+¤

+ +

=-¤

=äñ             (2.15) 

where, 0i
ĔU k .x k= , 0i

ĔV k . y k=  

( )
1 2

2 21W U V= - - . 

We have also defined 0X k xa a= , 0Y k ya a= and 0Z k za a= , with { }i,raÍ . The polarization unit 

basis vectors { }el  have been chosen as: 1 2 2
Ĕ Ĕ Ĕe e k e k= ³ ³and 2

Ĕ Ĕ Ĕe z k z k= ³ ³, where the óĬô 

symbol denotes standard vector cross product in3 . 

By definition, ( ) ( )
1 2

2 2 2

0 0i i i x y x y
Ĕ Ĕ Ĕk k Ux Vy Wz xk yk z k k k= + + = + + - - and both1

Ĕe and 2
Ĕe are 

orthogonal tok . 

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

( ) ( ) ( )E U ,V A U ,V U ,Vl la=   

where ( ) ( )ĔU ,V , e U ,V , . fl la q q=  
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p s
Ĕ Ĕ Ĕf f x f y= +  is polarization vector that obeys 2 2 1p s| f | | f |+ =. 

For a monochromatic Gaussian beam, 

( ) ( )( )2 2 2

0A U ,V exp w U V= - +                (2.16) 

If we consider the paraxial domain i.e.
2 2 1U V+ <<, the reflected electric field can be written: 

() ( ) ( )( )
2

1

r ri UX VY

r
ĔE r e U ,V , A U ,V , e dUdVl l

l

p q q
+¤

- +

=-¤

= - -äñ             (2.17) 

where, ( ) ( ) ( )A U ,V , r U ,V , A U ,V ,l l lq q q=  

( )r U ,V ,l q  are the Fresnel reflection coefficient associated with the plane wave components 

of the electric field. 

Monolayer MoS2 affects the Fresnel reflection coefficients. Applying Transfer Matrix Method 

[43], we obtain: 

2 2

2 2
s

cos n sin ( )
r ( )

cos n sin ( )

q q s
q

q q s

- - - W
=

+ - + W
             (2.18a) 

[ ]

[ ]

2 2 2

2 2 2

1

1
p

n cos n sin ( )cos
r ( )

n cos n sin ( )cos

q q s q
q

q q s q

- - - W
=

+ - + W
           (2.18b) 

where, q is the incident angle and ů is the surface conductivity of MoS2. The Fresnel reflection 

coefficient can be represented in a general complex form: 

( )r R exp il l lf=                  (2.19) 

where, Rlis the amplitude and lfis the phase of the reflection coefficient ({ }p,slÍ ). To 

evaluate the GH shift, we first calculate the centre of mass of the intensity distribution in the 

reflected frame [45]: 

2 2

r r r r r r r rR dX dY E R dX dY E X X Y Y= = +ññ ññ             (2.20) 

The spatial ( GHD ) and angular ( GHQ ) GH shift can be calculated. 

0 0GH r z
k X

=
D =                 (2.21a) 
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GH rX zQ =µ µ                (2.21b) 

Now, in case of a Gaussian light beam [45] : 

0

p s
GH p sk w w

f f

q q

µ µ
D = +

µ µ
              (2.22a) 

p s
GH p s

ln R ln R
w w

q q

µå õµ
Q =- +æ ö

µ µç ÷
             (2.22b) 

The GH shift for total internal reflection can also be determined. Consequently, TMM method 

can be applied to calculate the modified coefficients [43]: 

2 2

2 2

1

1
s

ncos n sin n ( )
r ( )

ncos n sin n ( )

q q s
q

q q s

- - - W
=

+ - + W
            (2.23a) 

[ ]

[ ]

2 2

2 2

1 1

1 1
p

cos n n sin ( )cos
r ( )

cos n n sin ( )cos

q q s q
q

q q s q

- - - W
=

+ - + W
           (2.23b) 

The calculation of the GH shift for total internal reflection [45] yields identical Equation (2.22). 

MoS2 layer is categorized by the optical conductivity (s) which has a significant effect 

in the GH shift [37-39,46,47] as obvious from the Equations (2.22). For the first time, such 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 (2.22) shows that the spatial and angular GH shifts are influenced by the phase and 

amplitude parts of the reflection coefficients. Thus we have to first study the complex reflection 

coefficient of the reflecting surface. Figures 2.3 and 2.4 display the angular dependence of the 

amplitude and phase of the complex reflection coefficients for P and S-polarization states of 

the light beam incident upon monolayer MoS2 coated glass and silicon surfaces, respectively. 

We have found interesting changes for the surfaces when they are coated with monolayer 

MoS2. The amplitude pR  possesses a non-zero value at the pseudo Brewsterôs angle (Bq ) and 

also changes with the wavelength of the incident light for MoS2 coated surfaces. In contrast, 

the amplitude pR  goes to exactly zero value at Bq for the uncoated surfaces (when MoS2 is 
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absent). Likewise, the phase part pfundergoes a steady jump to -p around Bq  for monolayer 

MoS2 coated surfaces whereas it suffers a sharper jump for the uncoated surfaces. The 

behaviour of sR and sf are also wavelength dependent and show dissimilar characteristics 

when monolayer MoS2 is present. Also, p,sR has a greater value for monolayer MoS2 coated 

silicon surface due to the higher index of refraction of silicon in comparison to the glass surface 

as seen from Figures 2.3 and 2.4. 

 

 

Figure 2.3. Modulus (R) and phase (ʟ) of reflection coefficients for (a, b) P-polarized and (c, 

d) S-polarized light beam incident on monolayer MoS2 coated glass surface for partial 

reflection. 

 

It is well-established that (in the absence of monolayer MoS2 coating) for an air-dielectric 

interface, 0lf qµ µ = and therefore, the spatial GH shift, 0GHD =. The revolutionary 

experiment by Goos and Hänchen proved that 0GHD ¸ occurs for total internal reflection of 
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light, where 1Rl= and 0lf qµ µ  ̧(ɚ = P, S). Contrastingly, for both partial and total internal 

reflection of light from monolayer MoS2 coated surfaces, Rland lf change with q andl. 

 

 

Figure 2.4. Modulus (R) and phase (ʟ) of reflection coefficient for: (a, b) P-polarized and (c, 

d) S-polarized light beam incident on monolayer MoS2 coated silicon surface for partial 

reflection. 

 

Subsequently, we observed spatial and angular GH shifts even without the total internal 

reflection domain for the monolayer MoS2-coated surfaces, which is an outstanding 

observation of this Chapter. Monolayer MoS2 is one of the few cases [48,49] where non-zero 

GH shift exists also for partial reflection of light. The adimensional spatial GH shift (0 GHkD ) 

and the angular GH shift (GHQ ) for partial reflection of light are displayed in 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 S-polarization states of the beam. 
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Figure 2.5. Spatial GH shift in monolayer MoS2-coated glass for (a) P-polarized and (b) S-

polarized light. Spatial GH shift in monolayer MoS2-coated silicon for (c) P-polarized and (d) 

S-polarized light (Partial reflection). 

 

Remarkably, the spatial shift for P-polarization ( 0

P

GHk D ) shows a negative peak at the pseudo 

Brewsterôs angle because of the sharp variation ofpf  from 0 to -p in the vicinity of the pseudo 

Brewsterôs angle. Nevertheless, the existence of a giant negative shift was predicted for the 

graphene-coated surfaces [36]. Though monolayer MoS2 coated surface yields a negative shift, 

but it is not as high as graphene coated surfaces. The spatial shift for S-polarization ( 0

S

GHk D ) 

is, however, smoothly increasing with incident angle. For the monolayer MoS2 coated silicon 

surface, the spatial shift for P-polarization is greater than the glass surface whereas it is found 

to be reversed for the S-polarization. Furthermore, the spatial shifts are also wavelength 

dependent being greater for longer wavelength light for P-polarization. In contrast, the S-

polarized light behaves in a different manner where 0

S

GHk D  becomes greater for the shorter 

wavelength side. We also found that spatial shift for S-polarization state is 102 orders of 
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magnitude smaller than P-polarization states of the light beam and larger in magnitude than the 

graphene-coated surfaces [36]. 

 

 

Figure 2.6. Angular GH shift in monolayer MoS2 coated glass for (a) P-polarized and (b) S-

polarized light. Angular GH shift in monolayer MoS2 coated silicon for (c) P-polarized and (d) 

S-polarized light (Partial reflection) 

 

Afterward, we have observed angular GH shifts for partial reflection as shown in Figure 

2.6. The change in Rl caused by the presence of the monolayer MoS2 is quite small, although 

the change increases with decreasing wavelength. Hence, we have observed a non-zero but 

small angular GH shift when monolayer MoS2-coating is present. This is a noteworthy 

observation for the MoS2-coated surface compared to a graphene-coated surface as the angular 

shifts were not present for graphene [39].  
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2.3.2 GH shift for total internal reflection  

We have then concentrated on the GH shift for the total internal reflection of the light. In both 

Figure 2.7 and Figure 2.8, we have explained the behaviour of amplitude and phase of the 

complex reflection coefficients for S and P-polarization states of light incident on MoS2-coated 

glass and silicon surfaces, respectively. The amplitude pR dips down to zero at the pseudo 

Brewsterôs angle and acquires its peak of unity at the critical angle of incidence in absence of 

MoS2 coating. 

 

Figure 2.7. Modulus (R) and phase (ʟ) of reflection coefficient for: (a, b) P-polarized and (c, 

d) S-polarized light incident on monolayer MoS2-coated glass surface for total internal 

reflection. 

 

The phase pfalso jumps from -pto 0 at Bq followed by a continuous jump from 0 to -pat the 

critical angle ( Cq ) when there is no MoS2 coating. But, when the monolayer MoS2 is present, 

deviations are observed for different wavelengths as demonstrated in Figures 2.7 & 2.8. Greater 

deviations are seen for longer wavelengths in monolayer MoS2 coated surfaces. Likewise, for 
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S-polarized light beam, sR smoothly increases to unity and sfsmoothly decreases from 0 to -p

near Cq for uncoated surfaces. Noteworthy deviations are observed for monolayer MoS2 coated 

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

Nevertheless, the variation of lfwith incident angle as well as wavelength directly affects the 

spatial GH shift. The spatial GH shift ( 0

P

GHk D ) for the P-polarization state of light shows a peak 

at Bqand a dip atCq  [Figure 2.9]. 

 

 

Figure 2.8. Modulus (R) and phase (ʟ) of reflection coefficient for: (a, b) P-polarized (c, d) S-

polarized light beam incident on monolayer MoS2-coated silicon surface for total internal 

reflection. 

 

Its magnitude is greater in comparison to the case of the graphene-coated surface as stated 

previously [36]. Moreover, the spatial shift (0

S

GHk D ) for the S-polarization state of light displays 

a negative to positive change near the critical angle which was not seen for the graphene-coated 
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surface. The behaviour of spatial GH shifts is similar for both types of surfaces except the 

magnitudes of shifts are greater for monolayer MoS2 coated silicon than the glass surface. With 

decreasing wavelength, Rl shows a larger deviation in comparison to the surfaces without 

monolayer MoS2 coating. Hence, we presume greater angular GH shift for smaller wavelengths 

which is straightforward from Figure 2.10.  

 

 

Figure 2.9. Spatial GH shift in monolayer MoS2-coated glass for (a) P-polarized and (b) S-

polarized light. Spatial GH shift in monolayer MoS2-coated silicon for (c) P-polarized and (d) 

S-polarized light. (Total internal reflection ) 

 

We have previously found that the GH shifts in monolayer MoS2 coated surfaces depend upon 

the mode of polarization, the wavelength of incident light, and the characteristics of the 

reflecting surfaces. For the P-polarization state of light beam, the GH shift unveils peak (for 

partial reflection) or dip (for total internal reflection) in the neighbourhood of the pseudo 

Brewsterôs angle and also exhibits a peak adjacent to the critical angle. In contrast, the S-
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polarization state of light does not resemble the similar dependence on these special angles. 

These observations give insight into the non-trivial features of the GH shifts adjacent to the 

pseudo Brewsterôs angle and the critical angle which agrees well with the preceding reports 

[50]. 

 

Figure 2.10. Angular GH shift in monolayer MoS2-coated glass for (a) P-polarized and (b) S-

polarized light. Spatial GH shift in monolayer MoS2-coated silicon for (c) P-polarized and (d) 

S-polarized light. (Total internal reflection ) 

 

2.3.3 Vari ation of GH shift with the thickness 

We have also concentrated on the thickness dependence of the GH shift. It is already proven 

that the thickness of monolayer MoS2 is about 0.65 nm [51].  The characteristics of monolayer 

MoS2 is reasonably different from its multilayered form as already discussed in the last 

Chapter. In this section, we have performed a comparison of the nature of spatial GH shifts for 

monolayer MoS2 with the bulk material. As seen from Figure 2.11, for partial reflection of the 

S-polarized light, 0

S

GHk D is larger for monolayer MoS2 than the bulk counterpart. But, for the 
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P-polarization state, the shift 0

P

GHk D has a lesser magnitude for monolayer MoS2 coated surface. 

For the total internal reflection of both P and S-polarized incident light, a giant negative shift 

is found, but the maximum shift value is dominated by the bulk MoS2 material.  The reason 

may be due to the surface optical conductivity of the material. The optical conductivity of bulk 

MoS2 is different than its monolayer [47] form which evidently gives rise to the differing 

effects on the reflection coefficients. Considering this, GH shift obviously relies upon the layer 

thickness of MoS2 and can be an effective way to differentiate a monolayer MoS2 from a multi-

layered material. 

 

 

Figure 2.11. Spatial GH shift for P-polarized and S-polarized light incident on monolayer 

MoS2 coated glass surface for partial reflection (a, b) and total internal reflection (c, d). 

 

2.3.4 Shift comparison between different 2D materials 

We have also investigated the GH shift for different types of 2D materials like graphene, 

monolayer boron nitride (BN), monolayer MoS2. Although all of them belong to the 2D 
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materials class, they have several different features from each other [52], as discussed in 

Chapter 1. Hence, we presume dissimilar behavior in their optical properties.  We can find 

from Figure 2.12 that 0
S

GHk D has a large magnitude for partial reflection of the S-polarized light 

in monolayer MoS2. But, for the P-polarized light, the shift 0

P

GHk D is sufficiently suppressed. 

The giant negative spatial shift is found for total internal reflection of both P and S-polarization 

states of light. Though the nature of GH shift, in this case, is similar for all three materials, the 

maximum shift is obtained for BN which is marginally greater in magnitude than monolayer 

MoS2 but significantly greater than graphene coated surfaces. 

 

 

Figure 2.12. Spatial GH shift for P-polarized and S-polarized light incident on monolayer 

MoS2, graphene, monolayer BN coated glass surface for partial reflection (a, b) and total 

internal reflection (c, d). 

 

Again, the optical properties of these materials rely on the surface optical conductivities. The 

reflection coefficients are well-affected by the optical conductivities of these materials that 
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result differing GH shifts. On that account, we can infer that the nature of different 2D materials 

is not so distinct from each other for total internally reflected light. But for partial reflection of 

light, we notice significant dissimilarities in their response of GH shifts. The GH shift for 

monolayer MoS2 greatly dominates for S-polarization states, but is significantly suppressed for 

P-polarization states of light in comparison to graphene and monolayer boron nitride. Hence, 

the observation of spatial GH shifts for partial reflection of light provides us the opportunity to 

distinguish different 2D materials from their individual characteristics. 

2.4 Outlook & Summary 

We have a comprehensive theoretical analysis of the GH shift in monolayer MoS2-coated 

surfaces for a fundamental Gaussian beam and consequently discovered the characteristics of 

GH shift like their dependence on different wavelengths, different surfaces, polarization states, 

incident angles, etc. The GH shift, in general, depends upon the amplitude and phase of 

reflection coefficients of the incident beam. From the analysis, it is quite obvious that the 

reflection coefficients are greatly affected by the presence of monolayer MoS2, which causes 

non-zero GH shift even for partial reflection of light. The effect on the reflection coefficients 

increases with decreasing wavelength, which ultimately causes greater shifts. Additionally, we 

have thoroughly investigated how the GH shift in presence of monolayer MoS2 coating depends 

upon the substrate properties. We find that the silicon substrate (having a larger index of 

refraction than the glass) generates greater GH shifts. In addition, we have demonstrated the 

thickness dependence of GH shift for MoS2 coated surfaces which offers a scope to distinguish 

monolayers from bulk MoS2 by observing the beam shift characteristics. Consequently, we 

have compared the GH shift behaviour for different 2D materials (graphene, monolayer MoS2, 

monolayer BN). The vast contribution of optical conductivity on the Fresnel reflection 

coefficients which in effect governs the characteristics of GH shifts has been discussed 

throughout. Our theoretical model can also be applied to predict the nature of beam shifts for 

other 2D TMDCs, layered structures as well as topological insulators with different modes of 

the light beam (e.g. Laguerre-Gauss, Hermite-Gauss, and Bessel, etc.) other than Gaussian. 

These theoretical findings 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      

 

 

Using the Transfer Matrix Method, we theoretically studied GH 

and IF shifts for different TMDCs (WS2, WSe2, MoS2, MoSe2). 

We have done a detailed comparative analysis of optical beam 

shifts along with their explicit dependence on the wavelength, 

angle of incidence, and 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 Gaussian beams," 

Optics Communications  437, 312-320 (2019). 
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3 Optical Beam Shifts in TMDCs 

 

3.1 Introduction  

We have already discussed in the last Chapter the inability of the conventional laws of 

reflection and refraction [1,2] in real optical beams. The electromagnetic field of a real optical 

beam can be disintegrated into an assembly of plane wave components each having a definite 

wave vector (developing an envelope in momentum space). Each of these plane waves suffers 

reflection independently according to the laws of reflection. The summation of all of these 

components generates the resultant beam. This reflected beam can manifest both the GH and 

IF shifts [3-14] depending upon the external and internal conditions (that will be explained in 

this Chapter). As indicated in Chapter 1, the detection of these beam shifts is a challenging job 

due to its wavelength scale magnitude [8,15-20]. However, if detected precisely, these 

transverse or longitudinal shifts can be applied at a large scale in the modern device industry 

depending upon the field of application [21-23]. 

In the last Chapter, we have discussed GH shift in monolayer MoS2 extensively. Hence, 

we now concentrate on other TMDCs that have close similarities with it. It is expected that all 

of these TMDCs [24-26] due to their distinctive band structure and optoelectrical properties 

can be interesting candidates for both GH and IF shifts study [27-30]. Similar to the other 

quantum systems [15,31-40], we expect non-trivial features of optical beam shifts in TMDCs. 

In this Chapter, four TMDCs are considered (a) WS2, (b) WSe2, (c) MoS2, and (d) 

MoSe2. Like the last Chapter, the optical beam shifts for partially reflected as well as total 

internally reflected light are explained. Non-trivial nature around the special angles [41,42] is 

observed for all the TMDCs. The presence of the Giant GH shift can be stimulating in sensors 

and device applications. The dependence of GH and IF shifts on the external factors such as 

the wavelength (400-1200 nm) and polarization states of the incident light beam, angle of 

incidence, thickness dependence (comparison with the bulk sample) are well-explained in this 

Chapter. 

Furthermore, surface optical conductivity of the 2D materials is a major factor in 

governing the optical response of the materials [43,44]. Accordingly, the influence of the 

optical conductivity in the nature of GH and IF shifts are explained in later sections. 
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Figure 3.1. GH and IF shifts: (a) Pictorial representation of the phenomena and (b) 

Construction of the coordinate system for the theoretical calculation of the optical beam shifts. 

 

3.2 Theory 

Following the schematic representation of Figure 3.1, let us consider a monochromatic 

Gaussian light beam reflected from a monolayer (ML) TMDC coated surface. Here, the TMDC 

monolayer is modelled as an infinitesimally thin, local two-sided surface characterized by a 

complex surface conductivity()s w following the previous works for graphene [45,46]. 

For convenience, we can define three coordinate systems: the laboratory frame { }Ĕ ĔĔx,y,z

attached to the dielectric interface, and two auxiliary frames { }k k k
Ĕ ĔĔx ,y ,z attached to the incident 

( k i= ) and the reflected (k r= ) field, respectively [11,14,31,41,47]. In the angular spectrum 

representation, the electric field of the incident beam at the air side of the interface (0z< ) can 

be written as [48]: 

() ( ) ( )( )
2

1

i i ii UX VY WZ

iE r e U ,V , E U ,V , e dUdVl l

l

q q
+¤

+ +

=-¤

=äñ               (3.1) 

where, l is the polarization index ( 1 2,l=  corresponds to P and S-polarization, respectively). 

Also, 0i
ĔU k .x k= , 0i

ĔV k . y k=  and
2 21W U V= - -are the dimensionless components of  

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

by: 
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( ) 2 2 2

0 0i i i x y x y
Ĕ Ĕ Ĕk k Ux Vy Wz xk yk z k k k= + + = + + - -               (3.2) 

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

shape and polarization of the beam and can be written as: 

 ( ) ( ) ( )E U ,V A U ,V U ,Vl la=  

Here, ( )A U ,V  being the angular spectrum of the incident field and ( )U ,Vla  the polarization 

function given by ( ) ()ĔĔU,V , e k . fl la q= , with ()Ĕe kl  representing the polarisation vectors 

attached to the single plane wave components of the incident beam. The polarization unit basis 

vectors { }el  have been chosen as: 2
1

2

Ĕe k
Ĕe
Ĕe k

³
=
³

 and 2

Ĕz k
Ĕe

Ĕz k

³
=
³
, where the óĬô symbol denotes 

the standard vector cross product in3 . 

Thus{ }1 2
ĔĔ Ĕe ,e ,k forms a complete orthogonal basis set in3 . Conventionally, a plane wave 

whose electric field is parallel to either 1
Ĕe or 2

Ĕe  is referred to as either TM (p-polarization) or 

TE wave (s-polarization), respectively. 

The unit vector ( )p i s i
Ĕ Ĕ Ĕf a x a exp i yh= +  (with p sa ,a ,hÍ ) fixes the polarization state. 

After reflection, each plane wave component of the Fourier spectrum (Equation (3.1)) 

undergoes modification by Fresnelôs law. 

Therefore, () () ()ik .r ik .rĔ Ĕe k e r k e k el l l­   

where, ()r kl  is the Fresnel reflection coefficient and ( )2Ĕ Ĕk k z z.k= -   

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

() ( )( )
2

1

r r ri UX VY WZ

rE r A U ,V , e dUdVl

l

q
+¤

- + +

=-¤

=äñ                (3.3) 

where, ( ) ( ) ( ) ( )( )ĔA U ,V , e U ,V , r U ,V U ,V , A U ,Vl l l lq p q a q= - -   
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When a 2D material is deposited upon a dielectric surface, the Fresnelôs reflection coefficients 

are modified, and by applying the Transfer Matrix Method (TMM) for layered media [49], 

these reflection coefficients can be obtained as: 

2 2

2 2
s

cos n sin ( )
r ( )

cos n sin ( )

q q s
q

q q s

- - - W
=

+ - + W
               (3.4a) 

[ ]

[ ]

2 2 2

2 2 2

1

1
p

n cos n sin ( )cos
r ( )

n cos n sin ( )cos

q q s q
q

q q s q

- - - W
=

+ - + W
             (3.4b) 

where, q is the angle of incidence, n  is the refractive index of the substrate, 

 
0c

s
s

e
= ,s is the complex surface conductivity of the TMDC under consideration and 

0

1

ce

å õ
æ ö
ç ÷

is the impedance of vacuum. 

The Fresnel reflection coefficients can be expressed as: 

( )r R exp il l lf=                    (3.5) 

whereRlis the amplitude andlfis the phase of the reflection coefficient (with{ }p,slÍ ). 

After some mathematical steps [14,31,41,47], we can arrive at dimensionless spatial ()D  and 

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

0

p s
GH p sk w w

f f

q q

µ µ
D = +

µ µ
                (3.6a) 

( )
2 2

0 2
p s s p

IF p s p s

p s

w a w a
k cot sin w w sin

a a
q h h f f
è ø+

D =- + - +é ù
é ùê ú

            (3.6b) 

p s
GH p s

ln R ln R
w w

q q

µå õµ
Q =- +æ ö

µ µç ÷
                (3.7a) 

2 2

p s s p

IF

p s

w a w a
cos cot

a a
h q

-
Q =                 (3.7b) 

where, 
2 2

2 2 2 2

P P S S

a R
w

a R a R

l l
l=

+
 is the fractional energy contained in each polarization state. 
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Similarly, we can also calculate the GH and IF shifts for total internal reflection (TIR) from 

the interface. In this case, the reflection coefficients are modified as prescribed before and can 

be calculated by the Transfer Matrix Method [49]: 

2 2

2 2

1

1
s

ncos n sin n ( )
r ( )

ncos n sin n ( )

q q s
q

q q s

- - - W
=

+ - + W
              (3.8a) 

[ ]

[ ]

2 2

2 2

1 1

1 1
p

cos n n sin ( )cos
r ( )

cos n n sin ( )cos

q q s q
q

q q s q

- - - W
=

+ - + W
             (3.8b) 

Further calculations [31] provide adimensional spatial and angular GH & IF shifts for total 

internal reflection case which gives identical expressions (Equation (3.6) and (3.7)). 

3.3 Results & Discussion 

Let us first discuss the parameters having a substantial influence on GH and IF shifts. It is clear 

from the expressions of the reflection coefficients that the presence of TMDC largely affects 

the reflection coefficients via the introduction of the surface optical conductivity ()( )s w   term. 

The knowledge of the optical conductivity of the TMDCs is absolutely necessary to start further 

analysis. For this, we have to know about the dielectric permittivity of TMDCs. Among the 

available methods, most commonly used for TMDCs are the Lorentz model, the Hybrid 

Lorentz-Drude-Gaussian model, the self-consistent method, the surface current model, the 

variational Kramers-Kronig function based on Lorentz [43,44,50-52], etc. Here we have taken 

Lorentz model results generating reliable fittings [44,53,54]. 

The relative permittivity for monolayer TMDCs can be stated as: 

()
()

2 2 2 2
1 10

1 1

EN N
j j

R E
j jj j j j

f f

i E E iE

e w
e w

e w w wg g= =

= = + = +
- - - -

ä ä               (3.9) 

where jf = oscillator strength, jw = resonant frequency, and jg= spectral width of the j th 

oscillator. The model parameters used in this study can be obtained from the reference [55]. 

The surface optical conductivity of the TMDC monolayers will be given by [43,44]: 

() () () ()( )0 1S r i eff rE E i E i h Es s s e w e= + = -             (3.10a) 

()( )
0

1
effS

r

i h
E

c

ws
e

s pa
= -                (3.10b) 
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where 
2

0
4

e
s =  ,

1

137
a=  , 83 10c m / s= ³ , and effh = the effective thicknesses of TMDC 

monolayers. 

Optical conductivity is highly influenced by wavelength. Hence, for future studies, we 

will use a specific wavelength of 633 nm unless mentioned otherwise. 

3.3.1 GH & IF shifts for partial reflection  

 

 

Figure 3.2. Modulus (R) and phase (ʟ) of reflection coefficient for: (a, b) p-polarized and (c, 

d) s-polarized light incident on monolayer TMDC coated glass surface for partial reflection. 

 

We already know that the reflection coefficients have a significant role to play in the existence 

of the GH and IF shift. Therefore, we have plotted the modulus (R) and phase (f) of the 

reflection coefficients for four monolayer TMDC-coated (WS2, WSe2, MoS2, and MoSe2) 

surfaces in Figure 3.2. The monolayers of TMDC affect the modulus and phase part of 
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reflection coefficients. A relative comparison of the modulus and phases are shown between 

the monolayers of TMDCs (solid curve) and the uncoated surface (dotted curve) in Figure 3.2. 

In case of the four different TMDCs, we observe no significant changes in the response of R 

and ʟ , hence, a close behaviour is expected in the GH and IF shifts of the four TMDCs. 

The modulus ( SR ) and phase part (Sf) of the S-component reflection coefficient 

increase smoothly with the incident angle (q) though Sfdoes not change appreciably from the 

 ́value. In the other case of P-polarization, PR  reaches a minimum at pseudo-Brewsterôs angle 

( PBq ). However, in absence of TMDCs, we get the conventional result, 0P PBR ( )q q= =. 

Similarly, Pf  suffers a discontinuous jump from 0 to p-  in the neighbourhood of the pseudo-

Brewsterôs angle. This Brewsterôs angle is a special angle in the partial reflection scenario 

where the P-polarized component of the reflected light vanishes. These typical characteristics 

of R and ʟ , 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 slope of f-q plot is an influential parameter for the spatial 

GH shift. Consequently, dimensionless spatial GH shift (0 GHkD ) which is precisely zero for 

partial reflection for uncoated surfaces (absence of TMDCs), as was firstly invented by Goos 

and Hänchen [3,56,57], now becomes non-zero in presence of monolayer TMDCs. It is quite 

an extraordinary observation in our investigation. Due to a negligible change in the slope of Sf

-q plot, we notice a finite but small spatial GH shift for S-polarization 0

S

GH( k )D [Figure 3.3(b)]. 

However, 0

S

GHk D  increases monotonically with increasing incident angle. But, for P-

polarization, the sharp jump of Pf  in the vicinity of PBq , gives rise to a large value of the spatial 

GH shift ( 0

P

GHk D ) as presented in Figure 3.3(a). Therefore, we reckon finite spatial GH shifts 

even for partial reflection of S and P-polarized incident light. 

Similarly, to figure out the IF shift, the information of ( )P Sf f-  is essential as seen 

from Equation (3.6b). A judicious look at Figure 3.3(b), (d) tells us that ( )P Sf f-  changes from 

p-  to 2p-  in the vicinity of Pseudo Brewsterôs angle (PBq ). Therefore, we presume a nonzero 

spatial IF shift that exactly is shown in Figure 3.3(c), (d) for 450 linear polarization (LP) and 

circular polarization (CP) states, respectively. In contrast, spatial IF shift is absent for partial 

reflection in the uncoated surface (absence of TMDCs). 
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Figure 3.3. Spatial GH shift for (a) p-polarized and (b) s-polarized light. Spatial IF shift for 

(c) p-polarized and (d) s-polarized light (Partial reflection). 

 

In addition, all the four monolayers of TMDCs on dielectric surfaces produce similar effects. 

The minor changes in the respective angular variation of the GH and IF shifts can be ascribed 

to the surface optical conductivity of the individual TMDC monolayers. Their surface optical 

conductivity is a function of wavelength. The values of the optical conductivity at 633 nm for 

the above-stated four TMDC monolayers are adjacent to one another. On that note, the 

reflection coefficients are almost similarly influenced by the different TMDCs. This, in turn, 

causes spatial shifts not to differ considerably for the four different TMDC monolayers. Due 

to this wavelength dependency of the optical conductivity of TMDC monolayers, we expect 

changes in the GH and IF shift response as we modify the wavelength of the incident light. 

This will be clearer in the latter part of this section. 

The optical response of the GH and IF shifts for the TMDCs can be compared to the 

graphene response [31]. A giant negative GH shift was witnessed for graphene coated 
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dielectric, but the presence of TMDC gives rise to finite GH shifts which are smaller in 

magnitude than the former. 

3.3.2 GH & IF shifts for  total internal reflection 

 

 

Figure 3.4. Modulus (R) and phase (ʟ) of reflection coefficient for: (a, b) p-polarized and (c, 

d) s-polarized light incident on monolayer TMDC coated glass surface for total internal 

reflection 

 

We shall now emphasize on total internal reflection case where light is passed through the 

dielectric side of the interface. The angular variation of amplitude (R) and phase (f) of the 

reflection coefficients in case of total internal reflection is portrayed in Figure 3.4 where the 

effects of TMDCs are explicitly observed. For incident angles greater than the critical angle (

Cq q> ), both Sfand Pf  abruptly reduce from 0 to p- . This finite negative slope of f-q graph 

gives rise to finite negative spatial GH shifts for both S and P-polarizations of the light beam 

as shown in Figure 3.5.  
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Figure 3.5. Spatial GH shift for (a) p-polarized and (b) s-polarized light. Spatial IF shift for 

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

 

On that ground, the spatial GH shifts, 0
S

GHk D  and 0

P

GHk D achieve huge negative values. 

But, we also find a minor positive peak of 0

P

GHk D at the Pseudo Brewsterôs angle because of the 

positive slope of Pf -q graph around pseudo-Brewsterôs anglePBq . Nevertheless, the existence 

of giant negative spatial GH shift is a significant finding in our study. 

Next, to explain the IF shift we estimate the nature of( )P Sf f- . It is clear from Figure 

3.3 that( )P Sf f- value increases from a value adjacent to ( p- ) to a value close to zero in the 

neighbourhood of the critical angle (Cq ). On that note, we expect a negative spatial IF shift for 

monolayer TMDCs in the case of diagonal linear polarization ( )00h= (LP) and circular 

polarization( )090h=  (CP) [Figure 3.5] states of the light. Furthermore, the response of the 

four different TMDCs does not change significantly from each other because of the close 



Chapter 3: Optical Beam Shifts in TMDCs 

- 64 - 
 

similarity of the optical conductivities of the monolayer TMDCs at the wavelength 633 nm. As 

a result, the spatial shift for the total internal reflection of light may be considerably enhanced 

by selecting a suitable wavelength. The dependency of the maximum spatial shift on the 

wavelength is also discussed in the latter part of this Chapter.   

We can also make a comparison of our theoretical findings to the graphene-coated 

surfaces [31]. Giant spatial shifts are detected in both cases, though the positive peak in the 

neighbourhood of the pseudo-Brewsterôs angle was not detected for graphene-coated surfaces. 

Furthermore, the dip of the 
0

lin

IFkD  vs qgraph in the neighbourhood of the pseudo-Brewsterôs 

angle PBq is a noteworthy difference from graphene. 

 

 

Figure 3.6. (a, b, c) Angular GH & IF shifts (a, b, c) for partial reflection and (d, e, f) for total 

internal reflection. 

 

At the same time, we can also observe the angular GH and IF shifts which are in turn 

governed by the angular dependence of the amplitude of reflection coefficients. As displayed 

in Figure 3.6, the changes of Rlin presence of TMDC are quite insignificant. Hence, we 

presume non-zero angular GH shifts, but noticeably smaller in magnitude in comparison to the 

spatial GH shifts. In addition, since 0h= , the angular GH shift is zero for circular polarization 
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states of light. Nonetheless, small angular IF shifts are detected for diagonal linear polarization 

states of light in both partial reflection and total internal reflection conditions. 

Before proceeding further, we want to emphasize about the unusual nature of the spatial 

[Figure 3.5(a), (b)] and angular GH [Figure 3.6(d), (e)] shifts in case of total internal reflection. 

We can observe that there is a sudden spike near the critical angle of incidence. It may be due 

to the model-dependent divergence of the theory. While deriving the expressions of the optical 

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

expansion) for the spatial shift and the second order for the angular part. Yet, to know the real 

cause of these spikes in the optical beam shifts, it will be necessary to take into account the 

higher-order terms in the theoretical calculations which is beyond the scope of the present 

work. 

3.3.3 Dependence on the layer thickness 

 

 

Figure 3.7. Study of layer dependence for partial reflection: (a, b) Spatial GH shift and (c, d) 

Spatial IF shift. (Monolayer: solid lines, Multilayer: dotted lines) 
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We have also investigated how the GH and IF shifts depend on sample thickness. 

Hence, we have made a comparison of the GH and IF shifts for the monolayer TMDC-coated 

surfaces with the corresponding bulk TMDCs. From Figure 3.7, we find that GH shifts are 

influenced significantly by layer thickness variation. For the S-polarization state of the incident 

light, GH shift is greater for monolayer TMDC coating than the bulk. But for the P-polarization 

state of the light, the result is reversed i.e. the GH shift is superior for bulk than the monolayer 

case. Additionally, for the IF shift in the linear polarization state of the light, maximum shifts 

occur for monolayer TMDCs in comparison to the bulk. But, IF shift for circular polarization 

state of the light remains nearly unaffected by the layer thicknesses. 

 

 

Figure 3.8. Study of layer dependence for total internal reflection: (a, b) Spatial GH shift and 

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

 

Likewise, we can investigate the thickness dependence of the GH and IF shifts for total 

internally reflected light beam. Here, GH shifts stay almost unaffected by the thickness 

variation of the reflecting surface as demonstrated in Figure 3.8 (a, b). However, IF shift for 
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linear polarization state of the light is greater for monolayer TMDC-coated surfaces than the 

bulk. But, IF shift for circular polarization state of the light is independent of layer thicknesses 

similar to the case of partial reflection. 

Taken together, the above theoretical results suggest that the difference in the optical 

beam shifts between the monolayer and bulk materials can be readily observed in the case of 

partial reflection, but not so in case of total internal reflection of light. This thickness 

dependence of the GH and IF shifts is because of the specific optical conductivity  

characteristics of the material at the particular wavelength under consideration. The optical 

conductivity of the monolayer TMDC is significantly different from its bulk counterpart 

[43,44]. The above findings signify that one can discriminate between the monolayer and the 

corresponding bulk TMDCs by looking at their optical beam shift response, particularly for 

partial reflection of the light beam from the reflecting surface. 

3.3.4 Dependence on wavelength 

Finally, we have studied how the optical beam shifts depend on the wavelengths of 

incident light ranging from ultraviolet-visible to infrared region of the spectrum. To better 

understand this nature, we have plotted the maximum of the absolute value of GH and IF shifts 

with the wavelength in Figure 3.9. In case of the P-polarization state of light, the value of 

maximum GH shift for WS2 shows two comparatively larger peaks around 0.403 µm and 0.613 

µm. 
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Figure 3.9. Study of wavelength dependence for partial reflection: (a, b) Maximum GH shift 

and (c, d) Maximum IF shift. 

 

The most probable cause for the existence of these two large peaks of the maximum GH shifts 

for WS2 is the imaginary part of the optical conductivity of WS2 at these wavelengths under 

consideration. However, the variation of maximum GH shifts for the other three materials 

WSe2, MoS2, and MoSe2 are quite identical to each other (inset of Figure 3.9(a)). But, for both 

P and S-polarization states of the incident light, the maximum GH shifts attain constant values 

as we go from visible to the infrared region. Hence, we should concentrate on the ultraviolet 

and visible regions of the spectrum to investigate the GH shifts experimentally for partial 

reflection of light. Furthermore, the maximum IF shifts for the diagonal linear polarization and 

circular polarization states of the light beam also differ substantially for all the materials under 

consideration. Nevertheless, the maximum of the IF shifts increases as we go to the infrared 

region, which is opposite in nature in comparison to the nature of the GH shifts. 
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Figure 3.10. Study of wavelength dependence for total internal reflection: (a, b) Maximum 

GH shift and (c, d) Maximum IF shift. 

 

In a similar fashion, we have studied the wavelength dependence of maximum GH and 

IF shifts for the total internal reflection of the light beam in monolayers of TMDC. The 

maximum GH shifts illustrate an interesting nature as shown in Figure 3.10 (upper panel). Also, 

the maximum shift for both GH and IF shifts reduce to a constant value in moving from the 

visible to the infrared region of the spectrum. Hence, it is better to work in the smaller 

wavelength region, i.e. visible and ultraviolet range of the spectrum to find greater optical beam 

shifts in the total internal reflection case. 

On that ground, we can conclude that the maximum value of the GH and IF shifts 

essentially depend upon the surface optical conductivity of the materials. The dependence of 

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

( )0SRes s  sharply reduces to zero for all the TMDCs under consideration and ( )0SIm s s

increases to a constant negative value that approaches towards zero. Since optical 

conductivities for all the TMDCs approaches a constant value in moving from visible to 
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infrared region, the nature of the GH and IF shifts becomes identical for all the TMDCs in the 

infrared region of the spectrum. 

3.4 Outlook and Summary 

In summary, a comprehensive theoretical study of the optical beam shifts for a fundamental 

Gaussian beam reflected from TMDC (WS2, WSe2, MoS2, and MoSe2) coated surface is 

discussed. The explicit dependence of the optical beam shifts on the external parameters like 

incident angle, wavelength, polarization state, sample thickness is broadly explained. In general 

GH & IF shifts are mainly observed for total internal reflection of light. Conversely, in 

monolayer TMDCs, finite optical beam shifts are found even outside the domain of total 

internal reflection. Hence, TMDCs belongs to a special class of optical materials that exhibit 

contrasting response of GH & IF shifts in comparison to other materials. The difference in 

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 explicit function of the 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 externally by choosing appropriate wavelengths for 

investigation. The thickness is also an important factor that can also greatly influence the 

optical beam shift as shown in the present study. Nevertheless, our theoretical model based on 

stationary phase approximation coupled with the transfer matrix method can also be applied 

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

higher-order optical beams (e.g. Bessel, Laguerre-Gauss, and Hermite-Gauss). 
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Chapter 4      

 

 

An extensive investigation of the GH and IF shifts in graphene 

for a Gaussian beam is presented. The explicit dependence of the 

optical beam shifts on the chemical potential of graphene is 

revealed that permits modulation of beam shifts by tuning the 

chemical potential. The influence of the wavelength has also been 

discussed in this Chapter. 
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4 Optical Beam shifts in Graphene 

 

4.1 Introduction  

Geometrical optics can accurately describe the reflection and transmission of a plane wave 

[1,2], but real optical beams with finite transverse extent experience diffractive corrections [3-

12] depending upon wavelength, angle of incidence, polarization mode, and the surface of 

interaction. In this Chapter, we have described the existence of finite longitudinal (Goos-

Hänchen) and transverse (Imbert-Fedorov) shifts [9,10] and their characteristics for Gaussian 

light incident upon the graphene interface. 

Over the past few years, several theoretical models and special measurement techniques 

have been discovered to accurately measure these tiny optical beam shifts [11,13-15]. Here, we 

propose one theoretical model based on stationary phase approximation method coupled with 

óTransfer Matrix Methodô for the optical beam shift detection. After its emergence, optical 

beam shifts have been examined in several materials and surfaces [3,16-20]. These beam shifts 

are also relevant for other particles like a system of electrons, neutrons, atoms, etc. [21,22] due 

to their wave-particle duality. Especially, for the massless Dirac fermions in graphene systems, 

a giant beam shift is observed [23] and can be tuned by controlling the electric field [24]. The 

2D materials are suitable candidates to study optical beam shifts because of their peculiar 

electrical, chemical, structural and mechanical properties [25-27]. Graphene, a monolayer of 

carbon atoms possessing honeycomb lattice symmetry and a band structure consisting of six 

Dirac cones [26], has become a promising material by the time for optoelectronics, remote 

sensing, and various other applications [28,29]. Graphene depicts a non-trivial band structure 

showing the existence of Dirac cones (conduction 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 concentrated 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 by
2 4e , at half-filling condition [32-34]. But, the optical conductivity can behave in a 

very complex manner [35]. In the present article, we have shown the variations of the complex 
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optical conductivity of graphene with wavelength and chemical potential. Additionally, we 

have explained the significance of the optical conductivity in controlling the nature of the 

optical beam shifts. 

However, chemical potential (ɛ) is an important statistical property of a system that 

controls the fillings of the energy levels i.e. Fermi level position in 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 voltage [35] and other 

parameters as well. Besides, the optical conductivity of graphene is explicitly reliant on its 

chemical potential. The chemical potential 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 have concentrated our attention on the chemical potential of 

graphene, a subject of massive research interest in recent years. In this study, we have varied 

the chemical potential of graphene over a broad range (0.4-1.4 eV) and explored its potential 

importance in the spatial and angular optical beam shifts accordingly. We have also explored 

the reliance of GH and IF shifts of graphene-coated surfaces for the laser beam of varying 

wavelengths covering a wide range (400-1300 nm), which has not been explored before. Here, 

we have concentrated on the fundamental Gaussian mode of the beam. Our 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 chemical potential in controlling the GH and IF 

shifts for graphene in response to the varying wavelengths of the light beam in the UV-VIS to 

infrared region. 

4.2 Theoretical calculation of beam shifts 

For reflection of a well-collimated Gaussian light beam from a graphene-coated dielectric 

surface. This Gaussian beam can be characterized by a monochromatic paraxial electric field. 

According to the zero thickness model, this graphene layer can be modelled as a thin layer 

having surface conductivity()s w [36].  

The reflection coefficients can be obtained by the Transfer Matrix Method (TMM) [37]. 

They behave differently for partial reflection [Equation (4.1)] and total internal reflection 

[Equation (4.2)] of light and are given by: 

2 2

2 2
s

cos n sin ( )
r ( )

cos n sin ( )

q q s
q

q q s

- - - W
=

+ - + W
               (4.1a) 
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Here, ɗ = incident angle, n = refractive index of the substrate, and 0cs s e= ,s is the complex 

surface conductivity of graphene under consideration. The Fresnel reflection coefficients ar 

stated in the complex form: 

( )r R exp il l lf=  

whereRlis the amplitude andlfrepresents phase (with { }p,slÍ ). Following the calculations 

of the previous works [9,18,23], the spatial ()D  and angular (Q) GH and IF shifts are stated 

as: 

0

p s
GH p sk w w

f f

q q

µ µ
D = +

µ µ
                (4.3a) 

( )
2 2

0 2
p s s p

IF p s p s

p s

w a w a
k cot sin w w sin

a a
q h h f f
è ø+

D =- + - +é ù
é ùê ú

           (4.3b) 

p s
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ln R ln R
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Here,
2 2 2 2 2 2

P P S Sw a R (a R a R )l l l= + .  

The GH and IF shifts 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, a lot of theoretical investigations have been accomplished till now 

regarding electrodynamic properties of graphene [38] such as the frequency-dependent 

conductivity of graphene [33,34], collective excitations (plasmons), thermo-plasma polaritons, 

etc. Using Kubo formalism [39] or random phase approximation [40], one can obtain intra and 

interband optical conductivity of graphene layer, which can be expressed as [33]: 

()
2

4

16

s v
int ra

e g g i
s w

p

å õ
= æ ö

Wç ÷
                   (4.5) 
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                (4.6) 

Here, w mW= , m is the chemical potential, gs and gv are the spin and valley degeneracy of 

graphene, Ū = Heaviside step 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 dominating the conductivity 

[33]. Furthermore, the temperature and chemical potential also come into the picture. By tuning 

chemical potential, the fillings of the energy level can be monitored. Thus, it has a considerable 

effect on the optical conductivity of the graphene monolayer. Bearing this in mind, the optical 

conductivity characterizing a graphene layer can be written in the following dimensionless 

form [33]: 

()

()
( )

4 1 2
2

0 2
i ln

s

s p p

W è W+ ø
=Q W - + -é ùW W-ê ú

                 (4.7) 

Here, () 2 5 1

00 4 6 0853 10e c . x AVs pa e - -= = =  represents the universal dynamical 

conductivity of graphene. 

4.3 Results & Discussion 

4.3.1 Optical conductivity of graphene 

At first, we concentrate on the variation of the 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 parts has been shown in Figure 4.1, which clearly shows its dependence 

on wavelengths and chemical potential. We have not considered any variation in temperature 

in this study. 

The real part of the conductivity,()Res decreases sharply from 1 to 0 with an increase 

in wavelength. At the same definite wavelength at which()Res undergoes jump, the imaginary 

part of the conductivity, ()Im s shows a sharp dip. As the chemical potential is increased, the 

discrete jump of ()Res  as well as the cusp of ()Im s occurs at a larger wavelength. It is obvious 

from the figure that for a particular wavelength (l), there exists one definite chemical potential 

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

set of values ofm andlexists over the operating region where we have found a critical 
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behaviour of the optical conductivity of graphene. We can define them as transition wavelength 

and chemical potential for the present study. 

 

 

Figure 4.1. Surface optical conductivity (ů) of graphene: (a) Real part and (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 

beam which consists of a group of plane waves producing an envelope in the momentum space. 

Each of these components interacts differently with the interface depending upon Fresnelôs 

reflection coefficients.  These coefficients vary for different surfaces and depend on the optical 

conductivity of the surface [see Equations (4.1) and (4.2)]. This explains the importance of 

optical conductivity in the present study. 

4.3.2 Spatial GH & IF shifts in  graphene 

We have fixed the incident angle at 450 for the rest of our study. Before going to the results, 

we should keep in mind that the eigen polarization states for the GH shifts are the S and P-

polarized light beam and for the IF shifts are the circularly polarized (CP) & 450 linearly 

polarized (LP) light beam [41]. We have selected the polarization states of the incident light 

consequently. 

Figure 4.2 represents spatial GH shifts for the case of partial reflection (upper panel) & 

total internal reflection (lower panel) of the light from graphene. The spatial GH shift in case 

of S-polarization states (
S

GHD ) at first rises sharply up to a peak, subsequently declines to zero, 

and again increases monotonically with an increase in wavelength of the incident beam. The 

peak of 
S

GHD shifts to a larger wavelength value with a decrease in the value of the chemical 

potential of graphene. Spatial GH shift for the P-polarization (
P

GHD ) is opposite and an order 
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of magnitude greater than
S

GHD . But, the nature of variation of the GH shift is similar in both 

these cases. We already know that at higher wavelengths, the intraband transition dominates 

the optical conductivity. Also, an increase in chemical potential causes a larger filling of the 

bands. It has a combined consequence in modifying the Fresnel reflection coefficients in such 

a way that GH shift increases with increasing wavelength and chemical potential. 

 

 

Figure 4.2. Variation of the spatial GH shift: (a, b) partial reflection and (c, d) total internal 

reflection. 

 

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

the general value of GH shift) GH shift for S-polarization states [Figure 4.2 (c)]. The observed 

shift,
S

GHD at first decreases with increasing wavelength and shows a dip at the specific 

wavelength (transition wavelength, as defined), then again increases to a larger value. In 

contrast,
P

GHD  is opposite in magnitude and much smaller compared to
S

GHD i.e. it does not show 

any giant value. The shift,
P

GHD increases continuously to a higher negative magnitude with 

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 potentials as mentioned previously. It is noteworthy that the GH 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. 

 

Figure 4.3. Variation of the spatial IF shift: (a, b) partial reflection and (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 for LP (
LP

IFD ) 

has a sharp peak at the transition point. At a higher wavelength, 
LP

IFD  goes on increasing to a 

larger value and is more sensitive to the chemical potential compared to the lower wavelength 

region. The spatial IF shift for the circularly polarized (CP) light (
CP

IFD ) is completely different 

in nature and carries similarity with the real part of the optical conductivity. With varying 

wavelength and chemical potential, 
CP

IFD produces a sharp jump at the transition point towards 

higher IF shift. At lower wavelength, 
CP

IFD is independent of change in chemical potential, 

although the dependence comes at a higher wavelength value.  

In the case of TIR [lower panel of Figure 4.3], the IF shift for 450 LP (
LP

IFD ) decreases 

continuously with increasing wavelength, shows a dip, and again starts increasing. However, 

for circularly polarized light
CP

IFD remains almost constant for smaller wavelengths. Afterward, 

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

remains almost constant with a change in chemical potential. Though at higher wavelengths, 
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small peaks of IF shift are observed. Similar to the aforementioned cases, the jumps of IF shifts 

occur at the same transition wavelength and chemical potential. But, IF shifts for total internal 

reflection is an order of magnitude higher compared to partial reflection case. 

4.3.3 Angular GH  & IF  shifts in graphene 

For partial reflection, the angular GH shift for S-polarization (
S

GHQ ) and P-polarization states 

of light (
P

GHQ ) are similar in nature as shown in Figure 4.4 (upper panel). With increasing 

wavelength, 
S

GHQ  increases as well as
P

GHQ  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 large wavelength, a sudden increase is observed at the transition value of 

chemical potential. Though nature is identical for both 
S

GHQ and
P

GHQ , 
P

GHQ is larger in 

magnitude than
S

GHQ , but are much smaller than the spatial GH shifts. 

 

 

Figure 4.4. Variation of the angular GH shift: (a, b) partial reflection and (c, d) total internal 

reflection. 

 

On the other hand, the angular shift for TIR is almost negligible in magnitude. We have decided 

to show their behavior also. In this case, both 
S

GHQ and
P

GHQ sharply decrease in magnitude with 

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

[lower panel of Figure 4.4] which agrees with the previously mentioned values of the transition 
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region. Hence, the angular shift is much larger for smaller wavelengths (UV region) and is 

practically independent of chemical potential. But, at the longer wavelength infrared region, 

the angular shift is much smaller and shows a jump from a higher to lower value with an 

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 polarized light, 0h= (where ( )p i s i
Ĕ Ĕ Ĕf a x a exp i yh= +

controls the polarization state of the beam [18]). Therefore, no angular IF shift exists for 

circularly polarized light. But, there exists non-zero angular IF shift for the graphene-coated 

surface for 450 linearly polarized light (LP) in both PR and TIR cases. Angular IF shift is also 

order of magnitude higher than angular GH shift. For partial reflection of the light beam, 
LP

IFQ  

is negative valued and increases in magnitude with an increase in wavelength. Again, at a 

smaller wavelength (UV) region, the angular IF shift is practically independent of the chemical 

potential. But, at the longer wavelength region, we have observed a sharp jump to a higher 

negative magnitude. For total internal reflection, the angular IF shift, 
LP

IFQ depicts identical 

nature in comparison to that of the partial reflection case. But, 
LP

IFQ for total internal reflection 

is order of magnitude lesser than that of partial reflection condition. The point of transition 

remained the same as predicted before. 

 

 

Figure 4.5. Variation of the angular IF shift: (a) partial reflection and (b) total internal 

reflection 

4.4 Outlook & Summary 

In this work, we have studied the behavior of spatial as well as angular optical beam shifts for 

the graphene-coated surface in both partial and total internal reflection cases. We have shown 

the variation of the GH & IF shifts and emphasized on their typical characteristics over a wide 
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wavelength range, starting from ultraviolet up to the infrared region of the electromagnetic 

spectrum. The study is important as it provides the experimentalists 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 samples has been discussed. 

Hence, the present study also helps in tuning a specific value of the chemical potential to 

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

higher-order modes of the light beam as well. 

References 

[1] M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation, 

Interference and Diffraction of Light (Elsevier Science, 2013). 

[2] J. D. Jackson, Classical electrodynamics (Wiley, 1975). 

[3] K. Y. Bliokh and A. Aiello, Journal of Optics 15, 014001 (2013). 

[4] F. Goos and H. Hänchen, Annalen der Physik 436, 333 (1947). 

[5] K. Artmann, Annalen der Physik 437, 87 (1948). 

[6] C. Imbert, Physical Review D 5, 787 (1972). 

[7] F. I. Fedorov, Dokl. Akad. Nauk SSSR 105, 465 (1955). 

[8] A. Aiello, New Journal of Physics 14, 013058 (2012). 

[9] M. Ornigotti and A. Aiello, Journal of Optics 15, 014004 (2013). 

[10] F. Töppel, M. Ornigotti, and A. Aiello, New Journal of Physics 15, 113059 (2013). 

[11] O. Hosten and P. Kwiat, Science 319, 787 (2008). 

[12] A. Aiello, M. Merano, and J. P. Woerdman, Physical Review A 80, 061801 (2009). 

[13] S. Chen, C. Mi, L. Cai, M. Liu, H. Luo, and S. Wen, Applied Physics Letters 110, 

031105 (2017). 

[14] P. W. Xin Li, Fei Xing, Xu-Dong Chen, Zhi-Bo Liu, and Jian-Guo Tian, Opt. Lett. 39, 

5574 (2014). 

[15] A. Das and M. Pradhan, Laser Physics Letters 17, 066001 (2020). 

[16] M. Merano, A. Aiello, G. W. ôt Hooft, M. P. van Exter, E. R. Eliel, and J. P. Woerdman, 

Opt. Express 15, 15928 (2007). 

[17] Y. Huang, Z. Yu, C. Zhong, J. Fang, and Z. Dong, Opt. Mater. Express 7, 1473 (2017). 

[18] A. Das and M. Pradhan, Optics Communications 437, 312 (2019). 

[19] A. Das and M. Pradhan, J. Opt. Soc. Am. B 35, 1956 (2018). 

[20] A. Farmani, M. Miri, and M. H. Sheikhi, J. Opt. Soc. Am. B 34, 1097 (2017). 



Chapter 4: Optical Beam Shifts in Graphene 

- 85 - 
 

[21] X. Chen, X.-J. Lu, Y. Ban, and C.-F. Li, Journal of Optics 15, 033001 (2013). 

[22] V.-O. de Haan, J. Plomp, T. M. Rekveldt, W. H. Kraan, A. A. van Well, R. M. 

Dalgliesh, and S. Langridge, Physical Review Letters 104, 010401 (2010). 

[23] S. Grosche, M. Ornigotti, and A. Szameit, Opt. Express 23, 30195 (2015). 

[24] C. W. J. Beenakker, R. A. Sepkhanov, A. R. Akhmerov, and J. Tworzydğo, Physical 

Review Letters 102, 146804 (2009). 

[25] M. I. Katsnelson, Graphene: Carbon in Two Dimensions (Cambridge University Press, 

Cambridge, 2012). 

[26] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson, I. V. 

Grigorieva, S. V. Dubonos, and A. A. Firsov, Nature 438, 197 (2005). 

[27] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, 

Reviews of Modern Physics 81, 109 (2009). 

[28] F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, Nature Photonics 4, 611 (2010). 

[29] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. 

Grigorieva, and A. A. Firsov, Science 306, 666 (2004). 

[30] A. K. Geim and K. S. Novoselov, Nature Materials 6, 183 (2007). 

[31] M. I. Katsnelson, Materials Today 10, 20 (2007). 

[32] M. Merano, Opt. Lett. 41, 5780 (2016). 

[33] S. A. Mikhailov and K. Ziegler, Physical Review Letters 99, 016803 (2007). 

[34] K. F. Mak, M. Y. Sfeir, Y. Wu, C. H. Lui, J. A. Misewich, and T. F. Heinz, Physical 

Review Letters 101, 196405 (2008). 

[35] E. M. Hajaj, O. Shtempluk, V. Kochetkov, A. Razin, and Y. E. Yaish, Physical Review 

B 88, 045128 (2013). 

[36] G. W. Hanson, Journal of Applied Physics 103, 064302 (2008). 

[37] T. Zhan, X. Shi, Y. Dai, X. Liu, and J. Zi, Journal of Physics: Condensed Matter 25, 

215301 (2013). 

[38] V. P. Gusynin, S. G. Sharapov, and J. P. Carbotte, Physical Review Letters 96, 256802 

(2006). 

[39] K. Ziegler, Physical Review Letters 97, 266802 (2006). 

[40] P. M. Platzman, P. M. Platzman, and P. A. Wolff, Waves and Interactions in Solid State 

Plasmas (Academic Press, 1973). 

[41] J. B. Götte, W. Löffler, and M. R. Dennis, Physical Review Letters 112, 233901 (2014). 

 



I 

 

 

 

 

Section B: Experimental Investigation 

 

 

 

 

òThe significant problems we have cannot be solved at the same level of thinking with 

which we created them.ó 
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measurement of the Goos-Hänchen and Imbert-Fedorov shifts. 

The advantages and disadvantages of the different techniques 
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5 Experimental Measurement of the Optical Beam Shifts 

 

5.1 Introducti on 

In this second part of this thesis, the principal objective is to develop appropriate experimental 

methods for the measurement of the optical beam shifts. As stated in Chapter 1, numerous 

studies were carried out to experimentally measure the Goos-Hänchen (GH) and Imbert-

Fedorov (IF) shifts [1-6]. Several upgradations have been done to increase the detection 

efficiency and accuracy. But, the first major breakthrough in this experimental field was the 

renowned experiment of Paul Kwiat & his graduate student Onur Hosten at the University of 

Illinois (2008). They first experimentally demonstrated how to apply quantum weak 

measurement to measure the optical spin Hall shift [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 process [8-13]. In this Chapter, we discuss different techniques 

for the measurement of optical beam shifts. We have specifically elaborated the two techniques 

(a) Quantum weak measurement and (b) Stokes Polarimetric Technique. The advantages of the 

above techniques over others are also discussed in the respective sections. 

5.2 Difficulty in the measurement process 

We already know that typical amplitudes of the optical beam shift go in the order of (1/k) 

(where k is the wave vector). This means optical beam shifts are in the range of a fraction of 

wavelengths. In general GH shift is the dominant one, IF and spin Hall shifts are order of 

magnitude lesser than the former. Therefore, the measurements of such tiny optical beam shift 

is not an easy task. The experiments performed in the earlier days were unable to study the 

beam shifts for varying parameters, such as the change in angle of incidence, change in 

wavelength, etc. The earlier experiments were focussed on studying these optical shifts in the 

neighbourhood of critical angle of incidence where the shift, in general, depicts 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) Measurement with 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 over a large range of incident angles. 

(f) The correct determination of GH and IF shifts in the neighbourhood of critical angle of 

incidence. 

(h) Accurate definition & determination of the optical beam shift at Brewsterôs angle. 

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

materials. 

 In this thesis, we have logically answered these questions. The experimental methods 

developed by us are in accordance with all the above questions and is very fundamental and 

general that can be applied in future fundamental research as well as application purpose. 

5.3 Different measurement techniques 

Starting from the 1950s, numerous studies have been ongoing focussing upon removing the 

difficulties associated with the measurement process (as discussed in the previous section) and 

introducing a general method for the measurement. Over time, only a few of the 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) Interferometric Weak Value amplification (IWV). 

In the following, we discuss the basic formalism of these techniques. 

5.3.1 Quantum Weak Measurement (QWM) 

The technique of weak measurement is gradually recognized as one of the most encouraging 

tools in modern advanced quantum mechanical research. Aharonov, Albert & Vaidman first 

announced the concept of weak measurement (1989) [14-16]. This method can disclose 

important information about a quantum stateôs amplitude without being collapsed into the 
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eigenvectors. In this method, a weak coupling between the system and the measuring device is 

performed. Due to such weak coupling, the state vector is not collapsed in a specific eigenstate, 

but it is only biased by a small angle i.e. we get a superposition of unresolved eigenvalues 

instead of a specific one. Finally, post-selection of the output to a specific quantum state (by 

coherent interference) is performed to get a óweak valueô that can stay well outside the range 

of eigenvalues. It has many advantages which will be addressed in detail in Chapters 6 & 7. 

  Aharonov, Albert & Vaidman (AAV) first performed the breakthrough experiment 

where they applied a beam of spin 1/2 electrons for illustration. The initial state ( iy ) and the 

final state  (
fy ) were set as spin up directions by using the Stern-Gerlach magnets which 

made iy &
fy  óalmost orthogonalô to each other [15,17]. The weak measurement of the 

spin in a direction perpendicular to the post-selection direction was performed in between the 

pre-selection and post-selection units. This was done by another weak Stern-Gerlach magnet 

that deflected the two spin directions by a small angle (less than the divergence angle of the 

electron beam). The detailed experimental method and theoretical treatment can be found out 

in the references [14,15]. 

 

 

Figure 5.1. Stern Gerlach experimental setup as proposed by AAV to observe the weak value 

of electron spin. 

 

 The above methodology is the well-known weak measurement of a quantum 

mechanical spin half particle. An optical analogue of this weak measurement technique was 

first formulated by Duck, Stevenson & Sudarshan (1989) [18]. Later, Ritchie, Story & Hulet 

[19] removed the inconsistencies and developed a modified model that can be applied for the 
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optical measurement purpose. This is the very basic formalism of the optical weak 

measurement technique which will be described below. 

Instead of a spin-1/2 electron beam, a fundamental Gaussian beam is considered. The 

weak and strong Stern-Gerlach magnets are substituted with the polarizers. Polarizers act as 

the pre-selection and post-selection units. Weak measurement is accomplished by a 

birefringent crystalline quartz plate. It separates the two perpendicular (P and S) polarization 

states of the light beam by a separation distance much less than the beam waist. 

The electric field vector representing the incident light is: 

( )2 2

0 2

0

i

x y
Ĕ ĔE E exp i cos j sin

w
a a

è ø+
è øé ù= - +ê ú

é ùê ú

                 (5.1) 

where, the incident beam is assumed to be along the Ĕz   direction, 0w  denotes beam waist. 

The light is incident on a uniaxial birefringent plate normally whose optic axis is 

aligned with the Ĕx direction (the Ĕx  axis rests in the plane of the plate). The plane is rotated 

about the Ĕy  axis by an angle q. The weak measurement is performed by the uniaxial 

birefringent plate by spatially separating the two orthogonal linear polarization components 

(the ordinary and extraordinary rays) of the incident light field, by a separation distance (ad  ) 

which is small compared to the beam waist. Additionally, a phase difference f 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 displacement caused 

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

( )
22 2

0 2 2 2

0 0 0

i

w

y ax yĔ ĔE E exp ie cos exp j sin exp
w w w

f d
a a

è øè ø+è ø è ø
é ù= - - + -é ùé ù é ù
é ùé ùê ú ê úê úê ú

            (5.2) 

The polarizer is applied to post-select the output field at angle b (w. r. t.Ĕx ). Therefore, the 

post-selected electric field becomes: 

( )
22 2

0 2 2 2

0 0 0

i

f

y ax y Ĕ ĔE E exp e cos cos exp sin sin exp i cos j sin
w w w

f d
a b a b b b

è øè ø+è ø è ø
è øé ù= - - + - +é ùé ù é ùê ú

é ùé ùê ú ê úê úê ú

                     (5.3) 
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Now, the finally transmitted light intensity can be found out from the electric field by

( )
2

0fE x= . Therefore, the final transmitted light intensity ()I y  detected along Ĕy  can be 

expressed as: 

()

( )

( )

2 2
2 2 2 2

2 2

0 0

0 2 2

2

0

2 2

2

y a y
cos cos exp sin sin exp

w w
I y I

y a y
cos cos cos sin sin exp

w

d
a b a b

d
f a b a b

è øè ø+ è ø
é ù- + -é ù é ù
é ùé ù ê úê ú

= é ù
è øé ù+ +

+ -é ùé ù
é ùé ùê úê ú

            (5.4) 

where, 0I  is the maximum light intensity. 

In weak measurement, we assume the beam displacement, 0a wd . To get maximum 

displacement, 4a p=  is chosen. 

If we setb a=  , resultant intensity()I y  is generated by the constructive superposition of two 

Gaussian distributions separated by a distance small compared to the respective Gaussian 

widths. Hence, ()I y  is nearly a single, un-shifted Gaussian. When the second polarizer is 

rotated by the post-selection angle, ( )2
pb a e= + +, with 1e , 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. If 
0

1
2

a
w

d e , the interference would yield a 

single Gaussian that is shifted from the original position. The centroid is shifted by an amount 

equal to the weak value: 

()
1

2
wA a cotd eº ³                    (5.5) 

This weak value can attain larger value thanad  . 

As e approaches zero, the approximations made by AAV break down. For0e=  , rather than 

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

02w  , with maximum intensity given by: 

2

0

0

1

2

a
I I

e w

då õ
º æ ö
ç ÷

                    (5.6) 
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Therefore, the birefringence-induced separation ad  is magnified in the resulting intensity 

distribution, but at the expense of reduced intensity. This is the celebrated phenomenon of 

Weak Value Amplification. 

 

 

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

shift (working principle explained in Chapter 6). 

 

5.3.2 Stokes Polarimetric technique (SP) 

The measurement of optical beam shift using the Stokes Polarimetric technique is an indirect 

but quicker one. In this method, the GH and IF shifts are determined mainly from the Fresnel 

reflection coefficients. The reflection coefficients can be calculated from the experimentally 

measured values of the Stokes parameters. 

Irish Physicists Sir George Gabriel Stokes first revealed that the polarization state of 

light can be categorized by four intensity parameters [20,21]. The Stokes polarization 

parameters are extensively used to label the polarization nature of the light beam. The 

polarization ellipse is an amplitude description of the polarized beam that is not directly 

measurable. 
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The Stokes parameters define different polarization states of light like plane 

polarization, elliptical polarization, and circular polarization along with the unpolarized, and 

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

orthogonal components( )xE z,t  & ( )yE z,t . It may possesses different amplitudes and phases. 

( ) ( )0x x xE z,t E cos t zw k d= - +                (5.7a) 

( ) ( )0y y yE z,t E cos t zw k d= - +                (5.7b) 

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

ellipse. 

( ) ( ) ( ) ( )22

2

2 2

0 0 0 0

2y x yx

x y x y

E z,t E z,t E z,tE z,t
cos sin

E E E E
d d+ - =                (5.8) 

where, y xd d d= -  is the phase difference. 

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

2 2 2 2

0 1 2 3S S S S= + +                   (5.9) 

where, the Stokes parameters are defined as: 

2 2

0 0 0x yS E E= +                 (5.10a) 

2 2

1 0 0x yS E E= -                 (5.10b)  

2 0 02 x yS E E cosd=                (5.10c) 

3 0 02 x yS E E sind=                (5.10d) 

The conventional measurement of the Stokes parameters is performed by passing the 

polarized light successively through a quarter-wave plate and a linear polarizer. A wave plate 

is characterized by the fast and slow axes that yield a phase difference among the orthogonal 

components. The quarter-wave plate introduces a phase shift of 4l  between the orthogonal 

components. In a linear polarizer, no transmission happens along one direction and complete 

transmission appears along its perpendicular direction. A linear polarizer can also transform 

any other polarization state to a linear polarization state. 
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During the measurement, the wave plate is kept immovable with its fast axis alongĔx  

and the transmission axis (linear polarizer) is rotated by an angleq. The intensity of the optical 

beam entering the detector will be: 

( ) [ ]0 1 2 3

1
2 2 2

2
I , S S cos S sin cos S sin sinq f q q f q f= + + -             (5.11) 

where, qis the linear polarization angle and f is the phase generated by the quarter-wave plate. 

 

 

Figure 5.3. Schematic representation of the Polarimetric measurement of the GH & IF shift. 

 

The Stokes parameters can be measured by first moving away from the wave plate and 

then measuring consecutively the intensity of the optical beam with the linear polarizer 

positioned at incident angles,q = 0°, 45°, and 90°, respectively. The final (fourth) measurement 

is performed by introducing a quarter-wave plate (
090f= ) in the optical path with the linear 

polarizer set at 045q= . The four Stokes parameters can be calculated by using the following: 
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( ) ( )0 0 0 2 0S I , I ,p= +               (5.12a) 

( ) ( )1 0 0 2 0S I , I ,p= -               (5.12b) 

( )2 02 4 0S I , Sp= -                (5.12c) 

( )3 0 4 2S S I ,p p= -                (5.12d) 

The calculation of amplitudes of the reflection coefficients are easier now [22]: 

2

0 1 02S xr S S E= +
                (5.13a) 

2

0 1 02P yr S S E= -
                (5.13b) 

The magnitudes and relative phases of the reflection coefficients produce GH and IF shifts for 

both partial and total internally reflected light [5,23]. 

2 22 2

2 22 22

S P
S S P P

i i

GH

S S P P
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r a Im r a Im

r a r a
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+æ ö æ ö

µ µå õ ç ÷ ç ÷
D =æ ö

ç ÷ +
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i ir
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( ) ( )
2 2

2 22 2
2
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IF S P S P S P
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2 22 2 2 2

P S S P i
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IF
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a a r r cotZ
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h
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           (5.15b) 

Here, ( )0s xa E and ( )0p ya E signifies the S and P-polarization components of the light, iqdenotes 

incident angle; r rZ kz= , where rz is the distance of propagation;
2

0 2L kw= , and 02k np l= is 

the corresponding wave vector,h is the relative phase difference of the incident light (ɖ=0 for 

S & P, ɖ=0 or ˊ for +450 LP & -450 LP, ɖ=+ˊ/2 or ḯ /2 for RCP & LCP). 
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5.3.3 Beam Splitter Scanning method (BSS) 

This method is also used to enhance the optical beam shift in a simplified way. 

The Goos-Hänchen shift is determined by the application of the stationary phase approximation 

method. The GH shift can be written as [24]: 

( )
( )

()
()

()
()

2

1 1

2

r i

i

g i g i i

d ,x d Im r d Re r
,x Re r Im r

k d n d dr

f q l
q

q p q q

è ø
D =- =- -é ù

ê ú
           (5.16) 

where, x denotes the thickness of the material. 

The reflection coefficient can be represented as: 

( )

( )
12 23 2

12 23 2

2

1 2

r r exp ik x
r

r r exp ik x

+
=
+

                 (5.17) 

where 12r  is the reflection coefficient in the prism/film interface, 23r   is the reflection coefficient 

in the film/air interface, and 2k  is the x-component of wave vector k. They can be written in 

complex notation: 

( ) ( ) ( )i i ir ,x r ,x exp i ,xq q f q= è øê ú                (5.18) 

 

 

Figure 5.4. Schematic presentation of the Beam Splitter Scanning technique. 
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In conducting the experiments, the sensitivity of the GH shift for both TM and TE polarized 

modes is 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 changes at the time of scanning. The beam 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 and calibrated as zero-

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 shift of the TM mode relative to the TE 

polarization mode, (TM TED -D). 

5.3.4 Interferometric Weak Value amplification (IWV)  

This technique is another example of the weak value amplification scheme but realized in a 

different way. As already stated, the 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).  

 

 

Figure 5.5. Interferometric measurement setup to measure the GH shift. 
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To realize the measurement technique, first, consider the pictorial representation of the weak 

value amplification concept as described in Figure 5.5. The light beam arrives at the Sagnac 

interferometer consisting of a 50/50 beam splitter and mirrors to send the beam in one of two 

paths. In ideal case, all of the light leaves the input terminal (called a bright port) and the other 

terminal is called the dark port. There is constructive interference observed at the entrance 

terminal (two 2p  phase differences). This symmetry is broken with the presence of a half-

wave plate and a Soleil-Babinet compensator (SBC) by introducing a relative phase f in the 

tracks, permitting one to constantly alternate the dark port to a bright port. This experiment is 

nothing but the modified classical optics interferometry.  The beam traverses through the 

interferometer. Subsequently, the spatial shift of light departing the dark port is examined. The 

transverse position degree of freedom of the beam, labelled by x  is denoted as the detection 

meter. The mirror is tilted a little at the symmetric point in the interferometer. Such a tilt 

resembles a transverse momentum shift of the beam, breaking the symmetry of the 

interferometer. As a result, one propagation direction is bent to the left of the optic axis, and 

the other to the right. 

The final shift can be expressed as the position expectation: 

2

1

1

2 m md
w

m md

l a l
x k A

l l

s s+
=

+
                 (5.19) 

where, ( )im md ia l l ss= +  is the beam size at the detector,iml is the distance from the lens image 

to the moving mirror, mdl is the distance from the moving mirror to the detector,a  is the initial 

collimated beam radius. 

5.4 Outlook & Summary 

To summarize, in this chapter we have discussed the different experimental techniques 

available now for the measurement of Goos-Hänchen & Imbert-Fedorov shifts. We have 

discussed the fundamental mechanisms of the four different experimental setups. Different 

experimental techniques have different advantages and disadvantages associated with them. 

But, depending on particular research objective, different techniques can be implemented 

keeping in mind the problems linked with the measurement 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      

 

 

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 and subsequent detection of the GH shift for 

Gaussian light. We have also examined the beam profiles and 

explained our findings. 

 

 

 

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

measurement of Goos-Hänchen effect of light in total internal reflection using a Gaussian-
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6 Development of Quantum Weak Measurement to measure 

Goos-Hänchen shift 

 

6.1 Introduction  

One of the most versatile techniques in the framework of quantum mechanics is the óQuantum 

weak measurementô (QWM) that has found a vast area of application in precision 

measurement. It was invented and consequently described first by Aharonov, Albert, and 

Vaidman (AAV) [1-3]. The basic idea and perception of weak measurement based on weak 

value are already discussed in detail in a general context in Chapter 5 [2,4-7]. The optical 

counterpart of this weak measurement method was established by Duck et. al. [4,8]. Thereafter, 

Hosten and Kwiat applied the weak value amplification for measuring minute photonic spin 

Hall shift of the light [5].  

Of late, optical beam shifts have generated a lot of interest in the modern research 

community [6,7,9-12] due to their possible applications in photonics, plasmonics, topological 

materials, metamaterials, and many other quantum systems [13-19]. Recently, a lot of 

modifications of this setup have been done to determine thickness, optical conductivity, rate of 

chemical reaction, ion concentration [20-25], etc. As we already know, the longitudinal (i.e. in 

the plane of incidence) shift of the light beam because of diffractive corrections is popularly 

termed as Goos-Hänchen shift (GH) [6,7,9,10,26]. Generally, the GH shift is very small (of the 

order of the wavelength) in magnitude. Hence, the accurate detection of the GH shifts is not an 

easy task [9]. As we have mentioned in the previous Chapter, several techniques were invented 

for the detection of the optical beam shift [27-30]. The quantum weak measurement technique 

[5,7,23,31-33] is an accurate and versatile method as it can amplify the tiny shifts by weak 

value amplification scheme, can detect them with very high precision, and is applicable to 

different conditions. 

Here, we have described the development of the QWM technique for detecting the GH 

shift in the glass-air interface using a fundamental Gaussian beam. The beam first undergoes 

pre-selection in a linear polarization state and after reflection, the reflected beam undergoes 

post-selection to another linear polarization state that is almost orthogonal to the input state but 

not exactly orthogonal. We have taken a prism for our study that works as the glass-air interface 
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and serves as a weak measuring device. This QWM technique also performs amplification of 

the shift which helps in reducing the noise in the measurement and cancels the contributions 

arising from other angular or spin Hall type of shifts [5,9,34,35]. 

The profiles of the output beam are demonstrated explicitly along with the respective 

horizontal and vertical displacement. The domain of validity of the AAV approximations is 

also discussed. Besides, we have inspected the angular dependence of the GH shifts and, 

afterward, have made a comparison of our experimental findings with the theoretical results to 

verify the domain of applicability of the AAV method. 

6.2 Formulation of Quantum Weak Measurement 

The common perception is that the expectation values (quantum mechanical average) of the 

quantum mechanical operators must lie inside its eigenvalue range i.e. in between the 

maximum and minimum eigenvalue. But this concept was challenged by Aharonov, Albert, 

and Vaidman [1,2]. They first came with the idea of óweak valueô, which is entirely different 

from the eigenvalue concept and can yield 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 pure quantum mechanical statey . In case of a strong measurement, we have 

to take into account three factors [36]: 

(a) The outcome of the measurement ógô, 

(b) The probability for getting that particular measurement product P(g), 

(c) The ultimate state after the measurement
gy . 

 Let us consider a basic measurement phenomena where the physical observable is 

described by the operatorg
ĔJ  . We further consider that they satisfy the relation: 

À

g g
Ĕ Ĕ ĔJ J I=ä                      (6.1) 

 The set will describe a quantum measurement with probability defined as: 

 
À

g g
Ĕ ĔP(g) J Jy y=                    (6.2) 
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And the final output state will be: 

g g
ĔJy y=                      (6.3) 

If
À

g g g
Ĕ Ĕ ĔJ J J= , we call the operators projective operator and the measurement process as 

projective measurement. 

In certain cases, it is sufficient to recognize the probabilities of the measurement outcome. In 

these situations it is sufficient to claim the presence of a set of positive operators ( g
ĔM ) so that: 

g
g

Ĕ ĔM I=ä  

where the probability to get ógô is given by: 

g
ĔP(g) My y=                    (6.4) 

This is called Positive Operator Valued Measurement (POVM). To implement this method, 

the system can be coupled with an ancilla representing the environment. Then, the whole 

system along with the ancilla cab evolved by using a unitary operator, and subsequent 

measurement can be recorded from the ancilla space applying a projective measurement. This 

generates a series of positive operators. The method is often used in quantum operations [2]. 

6.2.2 Weak Measurement 

Generalizing this (projective measurement) into weak measurements can give rise to countless 

advantages, such as determination of the state of the system between two back to back strong 

measurements and finding 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 the measurement device to the quantum system. 

(b) Strong measurement of the measurement device. 

The collapsed state of the measurement device after the strong measurement is denoted as the 

consequence of the weak measurement. The standard deviation of the measured value ought to 

be higher than the difference between the eigenvalues of the system for a measurement to be 

in the weak measurement category. 
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For example, let dj  symbolize the quantum mechanical state of the measurement 

device. It can be expanded in position basis: 

d
x

(x) x dxj j j= =ñ                    (6.5) 

()
2

224

1

42

x
x expj

sps

å õ
= æ ö

ç ÷
                   (6.6) 

where x denotes the position variable of the measuring needle. If d
ĔX  represents the position 

operator, then d
ĔX x x x= .  

Let S indicate the system and ĔA  is a Hermitian operator acting in the system. Assume thatĔA  

has N eigenvectors 
ja  such that 

j j j
ĔA a a a=   

Take a state that can be expanded in the eigenbasis ofĔA as follows: 

j jay a=ä                     (6.7) 

 The conventional weak interaction Hamiltonian can be expressed in this case as [2]: 

()int d
ĔĔ Ĕ ĔH H g t A P= = Ã                   (6.8) 

where g(t) is the coupling impulse function that obeys: 

()
0

1
T

g t dt=ñ   

where T denotes coupling time and d
ĔP  is momentum operator which is conjugate to the position 

operator d
ĔX . 

Considering the vector in the tensor space of the two systems: 

y jÃ                      (6.9) 

After applying the Hamiltonian, we obtain: 

( )j j j
j

ĔiHt
exp a x ay j a j
å õ
- Ã = Ã -äæ ö
ç ÷

              (6.10) 
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Since the wave function j has high variance, they overlap with each other causing a weaker 

measurement process. If the normal wave functions do not overlap the measurement becomes 

strong. Thus, variance is an important parameter. 

6.2.3 Weak Measurements & Post-selection 

Bringing together the post-selection mechanism with the theory of weak measurement results 

in many bizarre, fascinating, and sometimes puzzling phenomena such as massive, negative, 

and even complex weak values, amplification, super-oscillations, negative probabilities, etc. 

Consider a Hermitian operator ĔA  acting on the system S,iy  and 
fy  are the two 

state vectors lying in the Hilbert space of S, ()xj is the state vector of the measuring needle. 

Suppose, the system is prepared in an initial stateiy . We perform a weak measurement on an 

ensemble of particles prepared in iy by taking the Hamiltonian operator d
ĔĔ ĔH A P= Ã . After 

the weak interaction, the system is finally post-selected in the state
fy . The probability 

amplitude to obtain 
fy  will be given by: 

f i

ĔiHt
expy y
å õ
-æ ö
ç ÷

  

The above steps physically imply that if we start the measurement with an ensemble of systems, 

all are weakly measured by the weak HamiltonianĔH . By post-selecting, we only select those 

that lie in the direction of
fy . Basically, post-selection is one kind of strong measurement but 

in a state different from the initial state. We can define two operators: 

1 f f d
Ĕ ĔP Iy y= Ã   

0
0

f , j f , j d
i

Ĕ ĔP Iy y
¸

= Ãä  

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

()w i

ĔiHt
exp xy y j
å õ

= - Ãæ ö
ç ÷

                (6.11) 

After the post-selection, we get: 
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()
d

w
f f i

Ĕ Ĕi A P T
exp xy y y j
å õ
æ öÃ - Ã
æ ö
ç ÷

              (6.12) 

where the weak value is [3]: 

f i

w
f i

ĔA
ĔA

y y

y y
=                   (6.13) 

Here, the normal probability distribution is centred around 
w

ĔA . If 
fy  and iy  are exactly 

orthogonal,
w

ĔA blows up. If they are not exactly orthogonal, but slightly deviated from the 

orthogonal position 
w

ĔA 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 suffers total internal reflection 

(TIR) at the glass-air interface. For the weak measurement of the shift, the incident beam at 

first undergoes pre-selection to a definite initial quantum state
1
Y . The beam then undergoes 

total internal reflection from the prism, where the weak interaction occurs. Afterward, the 

system undergoes post-selection to the final quantum state
2
Y , projected almost orthogonal 

to the pre-selection input state. According to Aharonov-Albert-Vaidmanôs (AAV) approach 

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

2 1

2 1

GHw

GH

ĔX
x

Y Y
=

Y Y
                  (6.14) 

The real and imaginary parts of Equation (6.14) resemble spatial and angular GH shifts. The 

optic axis of the Glan-Thompson polarizer (GLP1) is fixed to an angleafor the pre-selection 

of the incident beam into a definite quantum state given by [8]: 

2

2

x

w
cos( )

e
sin( )

a

a

- å õ
æ ö
ç ÷

                  (6.15) 
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Afterward, the incoming beam suffers total internal reflection from the glass-air interface. The 

reflection generates a phase difference( )p s
d d d= - . Finally, the post-selection is performed 

by the suitable combination of a half-wave plate (HWP), a quarter-wave plate (QWP), and a 

Glan-Thompson linear polarizer. Here, the combination of HWP and QWP is adjusted in such 

a way as to cancel out the relative phase difference generated. Then, the Glan-Thompson linear 

(GLP2) polarizer is rotated at an angle ɓ to get the post-selected final state: 

( )

( )

2

2

2

2

p

s

x D
cos( )cos( )exp

w

x D
sin( )sin( )exp

w

a b

a b

å õå õ-
æ öæ ö-
æ öæ ö

ç ÷æ ö
æ öå õ-
æ ö-æ ö

æ öæ ö
ç ÷ç ÷

               (6.16) 

where, 
2

p
b a e
å õ
= + +æ ö
ç ÷

  

The parametersp
D and

s
D are nothing but the GH shift generated after total internal reflection 

of the light. Following Duckôs method [8], this state could be written as: 

( )

2 2

2 2

1 1

1 2 2
1 1

2

GH GH
x x

exp ( )exp
w w

e e

è øè ø è øå õ å õ
- D + Dé ùé ù é ùæ ö æ ö

ç ÷ ç ÷é ùé ù é ù+ - - - -
é ùé ù é ù
é ùé ù é ù

ê ú ê úê ú

           (6.17) 

where we have considered ()tan e e and ( )GH p s
D DD = -  . 

For 0e= , the above wave function evidently comprises of two different Gaussians with centres 

located at: 2
GH

x=°D . Two Gaussians are roughly separated by 
0

2w  [1,4,8]. Under the 

condition, 2 1
GH

w eD , there will be constructive interference of the two separate 

Gaussians that yield a single Gaussian with centroid shifted by the weak value [2-4]: 

()
1

2
w GH

A cot eº D                  (6.18) 

6.4 Experimental measurement setup for QWM 

To arrange the experimental setup, a He-Ne laser (30991, Research Electro Optics Inc.) is used 

as the source. It yields good quality Gaussian beam with a power less than 5.0 mW. A plano-
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convex lens, L1 (LA1433, Thorlabs) having a focal length of 150 mm collimates and focusses 

the light to a specific spot size of around 250 µm. We monitor the polarization state of the 

incident light with a Glan-Thompson Linear polarizer, GLP1 (GTH10M-A, Thorlabs). This 

polarizer is mounted on a high-precision (PRM1/M, Thorlabs) rotational mount. Afterward, 

the beam suffers total internal reflection from the 450-900-450 prism (N-BK7 RA, Thorlabs, 

refractive index, 1 516n .= ) which is mounted on a high-precision rotation stage (M-481-A, 

Newport). The post-selection unit is comprised of a combination of a quarter-wave plate 

(WPMQ10M-633, Thorlabs), a half-wave plate (WPMH10M-633, Thorlabs), and another 

Glan-Thompson linear polarizer, GLP2 (GTH10M-A, Thorlabs), all mounted on high precision 

Rotation Mounts (PRM1/M, Thorlabs). The resulting beam shift is consequently examined by 

a Beam Profiler, (LBP-4-USB, 6610d, Newport). 

 

 

Figure 6.1. Experimental weak measurement setup for measuring GH shift, where GLP1, 

GLP2 denote Glan-Thompson Polarizer; L1, L2 denote Plano-convex lenses; HWP denotes 

Half-wave plate; QWP denotes Quarter-wave plate. 
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For the weak measurement, we have first reviewed the characteristics of the light beam, 

its Gaussian nature, width, and power, etc. Next, the light is pre-selected to 450 linear 

polarization state by proper rotation of the optic axis of GLP1. After the reflection of this pre-

selected beam, the combination of QWP, HWP and GLP2 is used for the post-selection. As 

stated earlier, we suitably fix the QWP and HWP combination first to a particular angle to 

cancel out the relative phase difference (d). We have fixed the input polarization state 

4a p=  using GLP1. Hence, we now regulate the output light beam using GLP2 with its 

location at: ( )2b a p e= + +,( )1e . This scenario helps to attain the almost-orthogonal 

necessary for the weak measurement. The final beam, coming out of the GLP2, is shifted by 

an amount ()
1

2
GH

cot e
å õ
Dæ ö

ç ÷
. Next, we determine the separation of the beam centroids 

()( )GH
cot eD  corresponding to two different polarization settings of: 

(1) 4a p=  (Pre-selection) and ( )2b a p e= + + (Post-selection), 

(2) 4a p=  (Pre-selection) and ( )2b a p e= + - (Post-selection). 

6.5 Results & Discussions 

At first, the polarizer at the input, GLP1 is set at 4a p= , and the polarizer at the output, GLP2 

is set at a nearly orthogonal position, ( )2b a p e= + -. Thereafter, we rotate the 2nd polarizer 

GKLP2 in small steps of e (00-30).  

The final output is demonstrated in Figure 6.2. Column (a) of Figure 6.2 exhibits the 

final output beam profiles that are observed in the beam profiler. Column (b) and column (c) 

of Figure 6.2 describe the horizontal and vertical patterns of the resultant beam, respectively. 

Figure 6.2(a5, b5, c5) displays the resultant beam profiles for angle of deviation, 0eº i.e. the 

condition of exact orthogonality, where the AAV condition breaks down [1,8]. It is evident 

from Figure 6.2 that the output beam dissociates into two different Gaussian 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. 
























































































































































