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Abstract

The work discussed in this thesis deals with the generation, control and modulation of
optical interactions in two-dimensional materials, specifically in unpatterned, subwave-
length graphene multilayers, using the process of Coherent Perfect Absorption (CPA). It
aims to address the problem of inefficient light-matter coupling at the nanoscale by study-
ing new geometries for enabling total absorption in 50% absorbing graphene films. Total
optical absorption is demonstrated and a ~ 80% modulation of the absorption and scat-

tering is achieved by controlling the relative phases of the interacting optical beams.

Degenerate four-wave mixing (DFWM) in graphene multilayers leads to the generation
of optical phase conjugation and negative refraction. These nonlinear responses are gen-
erated with a conversion efficiency of 5 x 107°, and using the CPA arrangement their
amplitudes are modulated with a modulation contrast of ~ 100%. It is shown that the
two-dimensionality of graphene gives rise to a ‘phase-dependent’ nonlinearity, which dif-
fers significantly from that in bulk materials. The optical nonlinearity in graphene is seen
to be controlled by the relative phases of the interacting optical fields in a manner such
that the nonlinear polarisation itself can be switched on or off. The phase-dependent non-
linearity of the two-dimensional medium is then explored in three alternative geometries.
The first one uses only two input beams, and a light-with-light modulation of the nonlinear
signals is observed with a contrast of 90%. The second geometry involves a single beam
interacting with the sample, wherein, nonlinear signals are generated in a self-pumping
mode, due to reflection from a mirror placed very close to the graphene sample. The last
configuration also uses a mirror in order to require only a single light beam and leads to

the observation of a ‘negative reflection’ signal.

Finally, a nonlinear imaging technique ‘phase-contrast imaging’ is performed using a
traditional DFWM configuration with three input optical fields. A phase-object applied
on one of the pump beams is transformed into an intensity object in the resulting negative
refraction. A few basic phase objects are imaged on the negatively refracted beam and
are reported in this work, offering a possible application for the advantages offered by

two-dimensional optical nonlinearities.
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Chapter 1

Introduction and background

1.1 Introduction

Light has proven to be one of the most powerful and resourceful tools in the study of
the nature and behaviour of matter. Light which is organized, controlled and disciplined,
namely a LASER, has greatly enhanced the functionality of light as a tool. As our un-
derstanding of light has evolved through ages, so have the different technologies based
on how we treat light and its interactions with matter. For example, the semiconductor
technologies can be attributed to the hypothesis of quantum electrodynamics. Most new
technologies are based on enabling, controlling and modulating interaction of electromag-
netic radiation with matter. And there is a constant competition towards development of
improved - efficient and faster - phenomena/technologies. One way of probing into in-

venting improved technologies is to actively look into new materials and their properties.

The work discussed in this thesis deals with the generation, control and modulation of
light interactions in two-dimensional (2D) materials, specifically graphene multilayers.
This is as strongly motivated by the need for compact, miniaturised, all-optical compo-
nents in optics-based technologies such as telecommunication and data networks as it
is in exploring new physics and curious relationships between laser characteristics and
dimensionality of an optical medium. Most optoelectronic components are limited by
electronics and this has been a driving factor for several fields of research in optics and
material-science to develop compact, all-optical systems. A major challenge in the use
of 2D materials for optical applications is the highly inefficient light-matter coupling at
the nanoscale and the universal limit of absorption in an ultrathin film (50%). This the-

sis aims to address this very problem by studying new geometries for efficient linear and



nonlinear light interactions using graphene films. In our experiments, an optical modu-
lation of linear absorption and linear scattering, with modulation contrast close to 80%
is achieved using the technique of Coherent Perfect Absorption (CPA). Following the
coherent generation of linear optical effects, a ‘phase-dependent’ approach for realising
optical nonlinearity in a graphene sample through the process of degenerate four-wave
mixing (DFWM) is demonstrated. Additionally, the CPA arrangement allows for a co-
herent modulation of the nonlinear signals with a modulation contrast of ~ 100%, thus
providing a method for effectively generating and also optically modulating nonlinear
excitations in graphene multilayers. Three alternative geometries for enabling nonlinear
interactions in the two-dimensional graphene sample are explored and reported in this
thesis. A brief background of the evolution of the ideas and techniques reported here is

discussed in this chapter.

The experimental separation of a single layer of carbon atoms arranged in a honeycomb-
lattice pattern was performed in 2004, although graphene was theoretically being stud-
ied since 1947. The isolation of graphene by Andre Geim and Konstantin Novoselov
[1] and the subsequent discovery of its unusual properties led to a huge surge in the re-
search in 2D materials. Graphene, considered the forefather of 2D materials, opened
up a playing-field for the development and investigation of materials like the monolayer
Transition Metal Dichalcogenides (TMD)s: Mo0S,, MoT ey, W .S, and patterned metama-
terials. Along with unusual mechanical and electronic properties, these subwavelength
materials also exhibit fascinating optical properties. It has been demostrated that meta-
materials, graphene, and heterostructure layered media [2, 3, 4] showcase great potential
for enhancing the functionality of photonic and optomechanical devices. In general, the
class of sub-wavelength media has become a powerful addition to the list of optical ma-
terials. A summary of the unique optical properties of graphene and its potential uses are

discussed further in this chapter.

1.2 Methods Adopted

The main motivation of the work reported here is to optimise a methodology for effi-
ciently generating and controlling both linear and nonlinear optical interactions in two-

dimensional media. Specifically, unpatterned graphene multilayers are used to study the



generation and modulation of absorption and scattering in the linear regime, and op-
tical phase conjugation (OPC) and negative refraction through Degenerate Four-Wave
Mixing (DFWM) in the nonlinear regime. The process that enables the control of these
phenomena is called coherent perfect absorption. Coherent perfect absorption is a pro-
cess by which two coherent monochromatic optical fields are perfectly absorbed by a
partially absorbing medium, in the presence of a standing-wave environment. It is also
considered a time-reversed process of a laser [5, 6], more of which is discussed in the
following chapter. The phenomenon of CPA was first proposed in bulk absorbing media,
1.e., thicker than the optical wavelength [7, 8], wherein the medium acts as an etalon and
traps all the optical energy inside the medium leading to total absorption. The principle of
CPA has been further demonstrated in alternative geometries involving composite films
and graphene [9, 10] and also in other optical regimes: with single photons [11] and in

nonlinear media [12].

The most important feature of CPA is that it allows ‘light-with-light” manipulation with-
out the use of nonlinearity [13, 14, 15]. This is possible due to the interplay between the
absorption of the medium and optical interference. CPA and the subsequent light-with-
light modulation in partially absorbing sub-wavelength films would arise in the presence
of two counter-propagating light beams that form a standing wave (within the coherence
length of the laser). A sub-wavelength film that is placed in the position of the resulting
standing wave experiences a very different electric field amplitude depending on its po-
sition. If the medium is positioned at a node of the standing wave, the field amplitude is
constant in time and equal to zero, which causes the light beams to pass through the film
without loss. However at an antinode, the position of maximum amplitude of the field, the
light beams undergo strong, ideally 100% absorption. This nature of light-matter interac-
tion at nanoscale provides a method to modulate, i.e., enhance or suppress, the absorption
of light with a thin absorbing film by simply changing the relative phases of the interact-

ing beams.

The demonstration of CPA in 2D materials was first reported in optical metamaterial
structures with properties designed so as to provide a single-pass absorption close to the
ideal 50% limit that is required for perfect 100% coherent absorption [13, 16]. The pre-
cise conditions required for coherent perfect absorption are discussed in the course of this
thesis. Similar absorption properties have been demonstrated in patterened single layer
graphene [16, 17] and metallic metamaterial structures [18, 19, 20, 21]. Alternatively,

2D materials can be used in conjunction with other optical geometries for increased light



interaction [22], thus providing the conditions for perfect absorption. It is to be noted that
since structured graphene and optical metamaterials rely on a resonance between the light
field and the medium itself for efficient optical interactions, they can only function over a

specific wavelength range [16, 23].

In our experiments, un-patterned, undoped graphene multilayers are used for performing
CPA measurements. Graphene exhibits uniform linear absorption [24, 25] over a wide
wavelength-range and hence offers an advantage over using wavelength specific metama-
terials or structured films. Absorption experiments are performed with both continuous-
wave and pulsed laser sources attenuated to operate within the linear optics regime. CPA
deals with complete absorption of optical energy, and it also offers the advantage to tune
the degree of absorption by controlling the relative phase of the interacting optical fields.
Additionally, a coherent modulation of linear scattering from the graphene film is also
detected and studied in our experiments using the same CPA configuration. In addition to
these linear effects two-dimensional films can also exhibit extraordinarily strong nonlin-
ear effects. The optical mixing process of degenerate four wave mixing (DFWM) under
the conditions of coherent perfect absorption not only demonstrates the generation of opti-

cal nonlinearities, but also a method for coherently modulating these nonlinear responses.

This work features 2D films exhibiting a phase-controllable nonlinearity, i.e., the am-
plitude of the nonlinear polarisation wave in the medium is controlled via the relative
phases of the interacting optical fields. Controlling the phase of one beam, say pump 1,
determines whether a ‘probe’ beam will encounter the nonlinearity or not. This config-
uration provides a remarkable advantage over bulk nonlinearities where propagation in
the medium averages out any such phase dependence, i.e., in a bulk medium four-wave
mixing will ensue regardless of the relative phases between the input pump beam (say,
with phase ¢,) and signal beam (with phase ¢;) and the resultant beam from FWM will
be generated with a relative phase difference ¢; = 2¢, — ¢s. When the medium is illumi-
nated simultaneously with four input waves, nonlinear polarisation is still generated and
will ensure energy flow between the beams, wherein the relative pump/signal/idler phases
only determine the direction in which the energy flows. In this sense of the direction of
energy flow, a specific nonlinear process is phase-dependent but the presence of the non-
linearity itself is not. This is the main difference in the nonlinearity that is observed in
the two-dimensional graphene sample in our work. Here, the DFWM effect is enabled
in graphene multilayers in the presence of a CPA environment set up by two coherent

counterpropagating pump beams, and one probe beam incident at an angle with respect



to the normal to the sample surface. The optical nonlinearities manifest as time-reversal:

optical phase conjugation and negative refraction [26].

The series of experiments on optical nonlinear effects performed in multilayer graphene
samples is a study to find new and alternative geometries for inducing and possibly,
controlling the nonlinearity. The thesis highlights some of the important consequences
of the phase-dependent optical nonlinearity, such as the coherent control of nonlinearly
diffracted beams (phase conjugation and negative refraction), a simpler DFWM setup
with only two beams: pump-probe induced phase-conjugation and the demonstration of
a nonlinear mirror characterised by ‘negative reflection’. The observed phase sensitiv-
ity is a result of the dimensionality of the graphene sample, rather than being specific to
graphene’s properties, and is therefore expected to be observed in other 2D nonlinear ma-
terials. Also, since negatively refracted beams have been used to perform perfect imaging
[27], we also explore the possibility of developing a new nonlinear imaging tool using one
of the DFWM geometries. The phase-sensitivity of the nonlinearity (particularly negative
refraction, in our experiments) offers the prospect for imaging phase objects in a pump
beam into intensity objects in the nonlinear signal, viz., the negative refraction. Some

basic results from this study are reported in this thesis.

A general overview of the concepts and experiments investigated in each chapter of the
thesis is given at the end of this chapter. The following section provides a concise back-

ground on the experimental materials and methods.

Two-dimensional Materials: The ‘two-dimensional material’ referred to in this thesis
is optically two-dimensional, in the sense that the material is two dimensional with re-
spect to the wavelength of light. Optical 2D materials are deeply sub-wavelength or have
mono-atomic thickness. This relatively new class of optical materials includes photonic
metamaterials, plasmonic, heterostructure layered materials, and structured or few-layer
graphene and exhibit new physics owing to their dimensionality and the flexibility with
which they can be fabricated. Their functionality in the field of photonics-application
is well established in terms of cloaking [28], ultrafast modulators [15] and optical mag-
netism [29, 30].

Graphene: The unique optoelectronic properties of graphene is mainly attributed to its

Dirac conical and gap-less electronic band structure. The electronic transport and optical



properties of a material are largely determined by the electronic band structure. Hence, its
gap-less condition provides graphene the advantage of having constant absorption for a
broad spectral range, making it optically active between near-infrared region to the ultra-
violet region of the electromagnetic spectrum. This makes graphene a feasible candidate

for broadband applications.

Optical interactions in graphene have opened up a whole new universe of applications, as
listed below:

1) Bilayer graphene has shown the potential to be used for infrared light sources and sen-
sors for measuring biological molecules as many have unique signatures in the infrared
region [31]. This is due to the fact that in an graphene bilayer, the bandgap can be tuned
by introducing an electromagnetic filed perpendicular to the layer.

2) Light or heat-induced activation of graphene sheet behaves as an origami-robot, which
can perform self-folding, walking and turning a corner. This material holds potential for
applications such as sensing, artificial muscles and robotics [32].

3) Direct light manipulation of matter on a bulk scale was recently demonstrated using
graphene integrated material. Light-induced propulsion (in horizontal and vertical direc-
tion) and rotation of a bulk graphene sponge material with dimensions on the scale of a
centimetre and milligram weight was achieved with lasers, and also using xenon lamp

illumination [33]. This phenomenon has been attributed to the electronic band-structure
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FIGURE 1.1: A TEM image of graphene - a single atomic layer of hexag-
onally arranged Carbon atoms. This image is originally from [38].



of graphene and its unique absorption-relaxation dynamics.

Graphene has proved to be a resourceful optical material with its unique properties related
mostly to the linear dispersion of the material in vicinity of the Dirac points, e.g., high yet
constant absorption over a huge bandwidth [25], electrically controllable optical proper-
ties [34] and high electron mobility. Graphene - pure or in a heterogeneous form - is also
being explored for its nonlinear optical properties, with it being studied as a saturable op-
tical absorber [35] and also for its third order nonlinear properties [36]. Graphene exhibits
8-order of magnitude enhancement of the value of x(® with respect to typical dielectric
materials [37], which is of particular interest to our study. It is also a ‘self-conjugate’
medium. A medium can be called self-conjugate [26] if it can support both positively
and negatively refracting states of an electromagnetic wave. Such materials have been
proposed as ideal for studying time-reversal and negative refraction of electromagnetic
radiation and the link between them. These processes are discussed in detail in Chapters
(3 and 5), in the context of four-wave mixing (FWM). Graphene, along with certain chiral
media [26], belongs to this rare class of self-conjugate media. This unique optical trait
of graphene is attributed to its Fermi electrons, which control the phase evolution of the
incident wave [39], thus making it capable of supporting negatively refracting states, as
discussed in more detail in Chapter (3). This allows the use of graphene for investigat-
ing the generation of negative refraction as a consequence of FWM processes in novel
configurations. In addition to that, the availability of high-quality graphene as a stable
material with all its extraordinary optoelectronic properties makes a convincing case for
exploring its ability to harness light for potential applications. However, a single sheet
of homogeneous graphene has very low optical absorbance, about 2.3% absorption. This
poses a big challenge of transforming it into a perfect absorber, which is addressed in the
Chapter on CPA, Chapter 2.

Coherent Perfect Absorption: A well-crafted interplay between optical absorption and
wave interference gives rise to coherent perfect absorption (CPA). In this effect, a mate-
rial with precise amount of absorption (a ’loss medium’) when illuminated by coherent
monochromatic light, becomes a perfect absorber [7]. This concept was first published
in 2010 by a team of Yale theorists led by Douglas Stone, and since been explored for
achieving total absorption in optical systems. The coherent perfect absorbers can be de-
scribed as absorptive interferometers and the phenomenon was first demonstrated in a
Silicon slab geometry which is discussed in detail in the Chapter 2. The evolution of the

idea of CPA as a tool for enabling efficient light coupling into ultrathin media is discussed



in the next chapter of the thesis. Coherent perfect absorbers have the potential to be used
in detectors, transducers, and optical switches. In this work CPA is used as a tool for

enabling and controlling linear and nonlinear optical interactions.

Overview of the Thesis: This thesis summarizes a series of studies performed to probe
into many conditions and possibilities of optical interactions in graphene and the ways to
coherently control these interactions. The optical interactions investigated are absorption,
linear-scattering and the nonlinear process of Four-Wave Mixing (FWM). A brief idea of

each chapter is given below:

Chapter 2: Coherent Perfect Absorption: The theory of Coherent Perfect Absorption
(CPA), which is the basis of all the experiments reported in this thesis is discussed in
this chapter. It gives an overview of the course of evolution of the concept from being
first demonstrated in a cavity to a method for the excitation of light interactions in two-

dimensional materials.

Chapter 3: Nonlinear Optics: Four-Wave Mixing: In this chapter a theoretical back-
ground of the phenomenon of Four-Wave Mixing (FWM) process and the resulting Opti-
cal Phase Conjugation effect is discussed. FWM is a nonlinear interaction of (typically)

three optical fields in a medium which results in a time-reversed or phase-conjugated field.

Chapter 4: Coherent Control of Absorption and Scattering in Graphene: This chapter re-
ports the experimental methods of performing coherent perfect absorption with graphene
multilayers. It demonstrates the ‘light-with-light” modulation concept, in which light at
very low level, in a coherent perfect absorption configuration, is perfectly absorbed or

transmitted, turning the graphene sample into an all-optical modulator.

Chapter 5: Coherent Control of Nonlinear Optical Interactions in Graphene: The con-
cept of FWM and CPA are harmoniously brought together in this chapter, as a graphene
multilayer demonstrates coherent control of generation and modulation of four-wave mix-
ing. The products of this nonlinear process are observed in the form of a time-reversed
field, the typical phase-conjugated field, accompanied by an additional nonlinear signal -
the negatively refracted field. The negative refraction is a product of performing the FWM

in graphene, which is a result of its two-dimensionality and its unusual optical properties.

Chapter 6: Negative Refraction in 2D materials and Phase-Contrast Imaging: This chap-
ter discusses the different optical geometries that can be used to realise nonlinear optical
interactions in graphene multilayers. Due to the advantages of the reduced dimensional-

ity of graphene, simpler FWM configurations are possible and this chapter reports three



new geometries for observing phase-conjugation and negative refraction. This chapter
also discusses a possible application of realising FWM in graphene: a ‘phase-contrast
imaging’ concept. Here, phase-objects imprinted on an input beam is translated into an
intensity-object in the negatively refracted beam. This is performed by using the typi-
cal FWM geometry using three pump beams and the imaging is done using the resulting

negative refraction.

Chapter 7: Conclusions: This chapter offers a summary of all the methods and results
reported in the thesis. It also offers new possibilities for using the concepts explored here

to apply in new optical situations, thus concluding the thesis.



Chapter 2

Coherent Perfect Absorption

2.1 Introduction

Optical systems like photo-detectors, optical transducers and sensors rely on efficient
absorption of light, the ideal case being complete absorption. Achieving total absorp-
tion in optical systems follows two approaches: (1) using highly disordered (dissipating)
medium, such that all the energy is trapped in the medium and eventually absorbed [40],
or (2) by the method of critical-coupling [41, 42]. The ‘critical coupling’ method is based
on matching the rate of coupling (of light into the medium) with its dissipative rate, so
that no energy is reflected or transmitted, thus leading to perfect absorption. The method
of critical coupling has been mostly used in efficiently coupling optical fibre with nano-
structured arrays of optical materials [42]. Coherent Perfect Absorption (CPA) is based
on the critical coupling effect, wherein a medium absorbs all the optical energy incident

on it, under precise coupling conditions.

The process of coherent perfect absorption is the basic phenomenon behind most of the
experiments reported in this thesis. This chapter aims at providing a background and an
explanation of the working principle of CPA and its evolution as an idea. It was first
demonstrated in bulk materials and has lately been proved to be a prominent and efficient
way of generating optical interactions in two-dimensional materials. The phenomenon in-
volves total absorption of coherent, monochromatic radiation by a lossy medium. The fol-
lowing sections detail the conditions needed for CPA to occur and how two-dimensional
(2D) materials feature in the realization of this phenomenon. CPA in 2D materials opens
up new avenues for the efficient use of these increasingly popular type of materials in
optical manipulation and also in realising new ways of controlling nonlinear interactions.

To comprehensively understand the exact physical processes that lead to coherent perfect

10



absorption, the process realised in bulk medium is discussed first, followed by a discus-
sion of the modified conditions required for it to occur in a 2D medium. The chapter also
considers the optical properties of graphene multilayers that make it an ideal candidate to

use for coherent perfect absorption.

2.2 Coherent Perfect Absorption (CPA)

The theory of coherent perfect absorption was proposed by Y. D. Chong et al. [7] in 2010
and experimentally demonstrated in a silicon slab by W. Wan et al. [8] in 2011. The letter
[7] describes a ‘coherent perfect absorber’ as a linear, absorptive interferometer and co-
herent perfect absorption as a process where a medium can be made perfectly absorbing
at discrete frequencies in the presence of a precise amount of loss, when illuminated by
coherent and monochromatic optical fields, viz., a laser. This effect is a cumulative ef-
fect of optical absorption and wave interference. A schematic representation of coherent
perfect absorption is shown in Fig. (2.1). It shows an illustration of CPA in an absorbing
medium (grey box) when two equal-intensity beams are incident on opposite sides of the
medium. (A) and (B) show the complete absorption and complete transmission of the
incident light energy, respectively. The first depiction (A) shows light being completely
absorbed, as the output field (in red) is zero. The two different images (top and bottom)
show the oscillation of the interacting fields inside the medium. Figure (B) shows zero
absorption of the input fields and hence the output field (in red) remains unchanged. The
total field (in blue) is shown to be changing due to constructive interference at the edges
of the medium, resulting in total transmission of the input energy. Therefore, the process
of CPA occurs as a combination of interference and absorption in the medium. The inter-
ference of input fields at the boundaries of the medium causes the field to be trapped in the
medium, leading to perfect absorption of the energy. By changing the relative phase of
the input fields, the condition of constructive interference can be achieved, which results
in zero loss of the input energy in the medium, leading to a full transmission scenario.
The detailed theory of CPA is discussed in the following part, in the form of a review of
work reported by Y.D. Chong et al [7] and W. Wan et al [8], followed by a discussion on
CPA in 2D materials.

Y. D. Chong, et al in their article [7], offered a comprehensive explanation of the condi-
tions required for CPA and later the same team along with H. Cao et al. demonstrated the
physical realisation of the process in 2011 [8]. The summary of the theoretical and exper-

imental exploration of the phenomenon of coherent perfect absorption as a time-reversed
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FIGURE 2.1: The figure schematically represents the phenomenon of co-
herent perfect absorption. Two light beams of equal intensity, travelling
in opposite directions, are incident on the opposite sides of an absorb-
ing medium (shown as the gray slab). The total input electric field is
shown in blue, and the outgoing component in red. By choosing the
appropriate relative phase of the input beams, the slab can either ab-
sorb the incident light completely (A), or it can become strongly scatter-
ing such that most of the input light re-emerge without being absorbed,
as shown in (B). The figure is adapted from an animation demonstrat-
ing the working of a coherent perfect absorber as found on the website
http://www.eng.yale.edu/stonegroup/cpa/cpa.html.

laser at threshold is presented here. Conventionally, a laser is a nonlinear optical system
above the lasing threshold. The population inversion generated by the pump gives rise to
a negative (amplifying) imaginary part of the refractive index. Hence, at the first thresh-
old, lasers satisfy a linear wave equation with a refractive index that includes a negative
imaginary part. In traditional lasers where the gain medium is confined in high Q-factor
resonators, the lasing modes are closely related to passive-cavity modes (Q-factor is de-
fined in terms of energy storage as: the ratio of the stored energy to the energy dissipated
per oscillation cycle). However, as demonstrated in new laser systems, such as ‘random
lasers’, lasing threshold can be reached and coherent lasing obtained in resonators with no
high-Q passive-cavity modes [43]. This can be explained in terms of semiclassical laser
theory, for which we have to consider the S-matrix, which relates the initial state and the
final state of a physical system undergoing a scattering process. The S-matrix is closely

related to the transition probability amplitude of various interactions and the elements in
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the S-matrix are known as scattering amplitudes. Poles of the S-matrix in the complex-

energy plane are identified with resonances of the system.

According to the laser theory the first lasing mode in any cavity is an eigenvector of the
electromagnetic scattering matrix (S-matrix) with an infinite eigenvalue, i.e., lasing oc-
curs when a pole of the S matrix is moved to the real axis by including gain as a negative

imaginary part of the refractive index.

This suggests the possibility of the time-reversed process of lasing at threshold, if instead
of a gain medium (negative imaginary part of refractive index) there is a loss medium
(positive imaginary part of refractive index). Therefore, if a specific degree of dissipation
(loss) corresponding to a positive imaginary refractive index equivalent to that at the las-
ing threshold is added to the resonator, a time-reversal of laser is achieved. Simplifying, a
system with an absorbing medium being illuminated by coherent, monochromatic fields,
i.e., the time reverse of the output of a lasing mode, leads to the incident radiation being
perfectly absorbed. Such an optical system is referred to as a coherent perfect absorber
(CPA).

The precise explanation of the principles of CPA is as follows. Consider a laser cavity

and at threshold, a simple scalar wave equation is given by:

[V? +n?(r)k* |gp = 0 @2.1)

Here k£ = w/c, w is the frequency, c is the speed of light, ¢y is the electric field, and
n = np + iny is the refractive index. The imaginary part of the refractive index: ny < 0
for gain and no > 0 for absorption. Steady-state solutions of this equation are obtained by
the S-matrix which provides the relationship between the input and output states in terms

of complex vectors o and 3, which obey

Sln(r)k] - o= p (2.2)

For a loss-less medium, n, = 0 and the S-matrix is unitary. Under time-reversal, it
satisfies the general condition:

Sn*(r)k] - g* =a* (2.3)
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The two equations, (2.2) and (2.3) imply that every scattering solution of the amplifying
problem with n = n; — iny (ny > 0) and outgoing amplitudes [, is accompanied by a
solution to the absorbing problem with n = n; + iny and incoming amplitudes 5*. Or, in
simpler terms, when a field 5* is incident on a cavity with loss it is completely absorbed.
This lossy cavity forms the time-reversed version of the laser considered, which is the

‘coherent perfect absorber’.

In the Science article [8] by W. Wan et al., a simple two-channel CPA is demonstrated in
a silicon slab. Two collimated counterpropagating laser fields are directed onto opposite
surfaces of a silicon wafer which functions as a Fabry-Perot etalon. CPA occurs when,
at one interface of the wafer, the multiply transmitted components from one of the beams
interferes destructively with the multiply reflected components from the other beam. The
same conditions are met on the remaining face of the Si wafer. This condition acts as
a ‘trap’ for the incident fields and the total energy is absorbed due to silicon’s interband
absorption processes. On the other hand, if the two fields incoherently illuminate the
medium, it causes the reflected components to constructively interfere with the transmit-
ted components, leading to the escape of the radiation from the Si slab. This offers the
advantage of coherent control of absorption by the medium: either a near 100% absorp-

tion or near 100% transmission.

It is noted here that only a certain range of absorption coefficients would yield strong
CPA resonances, because of the conditions on the reflection and transmission coefficients
of the medium. For efficient constructive and destructive interference to occur on ei-
ther interface of the lossy medium (which in turn enables perfect absorption and perfect
transparency, respectively), the reflectance (R) and (T) have to be equal. i.e., for CPA
resonances to arise, the condition of R = T (|r|? = |t|?) is to be satisfied (where randt
are reflection and transmission coefficients of the medium, respectively). Also, not only
must the two interacting fields have equal intensities, they have to have the correct relative
phase. Using these conditions, the operating wavelength for a system is determined and

A within this interval is fine-tuned such as to yield strong CPA resonances.

Several other demonstrations of CPA have been reported in metal-dielectric composites
[9], in nonlinear medium [12, 44] and proposed in PT symmetric materials [45] and cor-
rugated metal films [46]. Coherent Perfect Absorption with its many advantages such as

its non-dependence on atomic/molecular resonances of material leading to a flexibility
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in the material-wavelength compatibility and also the ability to switch between perfect
absorption and super-scattering, have paved a new path for exploring this phenomenon in

different optical situations - in 2D, plasmonic and metamaterial contexts.

2.3 CPA in Two Dimensional Materials

Coherent perfect absorption in a 2D material is also a consequence of the interplay be-

tween absorption and interference, but in a standing-wave scenario. The biggest obstacle

Destructive
interference

Constructive
interference

FIGURE 2.2: A schematic representation of two limiting cases of CPA

using a two-dimensional material is shown here. The two interacting beams

- A and B - are shown in red and blue, respectively. The resulting standing

wave is shown in grey. (i) shows the 2D film at a node of the standing wave

formed by Beams A and B, and they are hence transmitted with no loss. In

(ii) the medium is at the antinode of the standing wave, enabling absorption
of the incident beams. This figure is adapted from [14]
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in using 2D materials for optical interactions is the inefficient light-mater coupling. How-
ever, in the CPA geometry this exact weakness of the material, i.e., its two-dimensionality,
becomes its biggest advantage. This is because an optically 2D material can be scanned
through a standing-wave formed by two counterpropagating beams (a premise similar to
that of CPA in bulk materials) such that the material encounters each node and subsequent
antinode individually. Under certain conditions, like the precise amount of dissipation
and symmetric illumination, a two-dimensional medium can exhibit full-absorption or

full-transmission.

Consider a standing wave formed by two counterpropagating beams and an optical medium
of sub-wavelength thickness placed in the area of interference of the two beams. The op-
tical medium is partially absorbing at the operating wavelength of the incident light. Fig.
(2.2) illustrates two counterpropagating optical signals, Beams A and B incident on a two-
dimensional material. It shows the two limiting cases possible in the interaction of the 2D
material with the resulting standing wave: (i) shows the absorbing medium at a node,
position of zero-field, of the standing wave. Since the film is much thinner than the wave-
length of the incident light, its interaction with the field at this minimum is negligible and
the film will appear to be transparent for both incident waves. On the other hand, as shown
in (i1), if a standing wave field maximum, i.e., an antinode, is formed at the absorbing film,
the interaction is strongest and absorption becomes very efficient. The main advantage
of this arrangement is that altering either the phase or intensity of one beam will disturb

the interference pattern and change the absorption (and thereby transmission) of the other.

Elaborating, when the film is placed at a node of the standing wave, blocking beam A will
lead to an increase in loss for beam B, decreasing its transmitted intensity. On the other
hand, if the film is located at an antinode of the standing wave, a position of maximum
absorption, blocking beam A will lead to a decrease of losses for beam B, increasing its
transmitted intensity. So effectively, the relative-phase or intensity of the two interfering
fields dictate the condition for absorption, similar to the case of bulk medium. But the
geometry involving a 2D material provides a simpler CPA model as it involves no etalon.
Hence this phenomenon is also called “light-with-light" manipulation [13], since it is a

demonstration of light manipulating light at linear regime.

Although the above arrangement allows for a modulation between maximum and no ab-

sorption (or transmission), it is the material property that factors critically in establishing
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complete absorption. For observing 100% modulation, the optical absorption of the sam-
ple needs to be considered. It is found that if the 2D medium absorbs half of the energy of
a single beam passing through it, it leads to complete absorption of all the optical energy
incident on it, providing the optimum modulation contrast. The maximum absorption that
can be achieved in an ultrathin film is 50%, due to the thin film limit. In the following
subsections, the universal thin-film limit of absorption in 2D materials is discussed. It is
followed by the equations governing the phase-control of beams interacting at a beam-

splitter which enable the coherent perfect absorption in a 2D medium.

2.3.1 Thin Film Limit

There exists a fundamental limit for absorption in a free standing thin film. This is ex-
plained in [16] in terms of the relationship between the reflection and transmission coeffi-
cients of a ultrathin film illuminated by an electromagnetic wave. Say, if r is the reflection
coefficient, then the transmission coefficient,  will be equal to 1+ r. The upper and lower

limits for the value of ¢ are for s- and p-polarised light, respectively, and the reasons for

Total field External field Scattered field

1 =My 1 M,

r/ N P/ N

p polarisation
1
+

s polarisation
|
+

FIGURE 2.3: A pictorial representation of reflection and transmission com-
ponents of EM fields with respect to their polarisation when scattered by
an optical thin film. This figure is adapted from [16].
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this condition are explained using the scenario represented in Fig. (2.3).

When an ultrathin medium (shown in Fig. (2.3) as the black line) is illuminated by a light
wave, shown as £°**, the p- and s-polarisation components are reflected differently. Let 7,
and 7, be the scattered amplitudes, respectively. The phase change over the thickness of
the thin layer is insignificant (unless the material is a high refractive-index dielectric) and
hence the scattered fields are symmetric, as shown under the ‘Scattered field’ represen-
tation in the Fig. (2.3). For p-polarisation, the scattered amplitudes on either side of the
film have opposite signs, following the convention for reflection of fields at an interface
(owing to the boundary conditions for continuity in electrodynamics). Consequentially,
the reflection and transmission coefficients, r, and ¢, can be expressed as r, = 7, and
t, = 1 — n,. In the case of s-polarisation, the external field and scattered fields have
the same direction, which leads to r; = 7, and t;, = 1 + 1. Summarising, the relation

between the transmission and reflection coefficients of a thin layer can be written as
=1+ (2.4)
Under these conditions, the absorption of a thin film is expressed as
a=1—|r—1£r (2.5)

And based on this relation, the maximum absorption is limited to 50% by values of r
(£0.5). This is the universal limit of absorption of a thin film in a symmetric environ-
ment. Hence there is a need for a geometry which can be used for achieving 100% ab-
sorption in thin films and this is where the relation between the beams interacting at a
lossy beamsplitter comes into play. The basic behaviour of two optical beams interacting

at a beamsplitter is discussed in the following subsection.

2.3.2 Perfect absorption in an absorbing thin film

Consider two optical signals incident on two ports of a beamsplitter. Two cases are con-
sidered under this arrangement: Case [ involves a loss-less beam-splitter and Case 2 in-
volves a lossy beam-splitter. The conditions in Case 1 were studied by Vittorio Degiorgio
[47] in 1979. He considered two optical fields interacting at a Michelson interferometer.
Taking into account the phase shift experienced by either beam at each reflection (at the
mirror and the beamsplitter) he concluded that the reflected and transmitted components

at the output would have a phase difference of 7/2. This is only true if the beamsplitter is
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FIGURE 2.4: A schematic representation of a three-port model of light
interaction at a two-dimensional medium, where a and b are the input fields,
c and d - the output fields, and f and g are the loss modes.

completely lossless.

We consider Case 2, by looking at the scattering matrix (S) of a partly lossy beamsplitter,
which is equivalent to an absorbing thin optical medium as discussed by S. M. Barnett
et. al., in [48] where they investigate lossy beamsplitters in the quantum optics scenario.
Fig. (2.4) shows a three-port model of an absorbing two-dimensional medium, with two
counterpropagating input beams, a and b; with two output fields ¢ and d, and loss modes
f and g (plasmon modes). The relationship between the input, output and the loss fields

in this system can be expressed in terms of the scattering matrix, S, can be written as

follows:
1 t r A a
dl=1|r t B b (2.6)
g C D FE f

Based on the assumption that the absorber is ultrathin (2D), loss modes are considered
in only one direction. Applying the principle of conservation of energy on the above

relation, we arrive at:

AP =B =1 [t —[r]* = q, 2.7
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where « represents the absorption of the system. Also, another relation that holds for

complex ¢ and r is:

2Re(tr*) £ |A]* =0
2Re(tr*) = Fa
2|t||r|cos(ps) = FLa (2.8)

where, ¢; is the relative phase between r and t.
Equation (2.7) yields a circle of constant absorption, o and equation (2.8) gives an ellipse
of constant phase, ¢,. Plotting them together gives an area of intersection defining the
relation between the transmission and reflection coefficients, i.e., combining (2.7) and
(2.8), we get the condition:

frP =1 2.9)

which implies,
t=1=%r. (2.10)

This agrees with the Equation (2.4), which was deducted in the previous section.

Now for a case of complete absorption, we consider the scattering matrix scenario as
described in Equation (2.6). In reference to Fig. (2.4), we only consider the input modes

a and b, and the two output modes ¢ and d, which can be related to each other linearly.

From Equation (2.6), we can write

(-0

The output modes are a linear composition of the input modes where S defines their
relation. We suppose a case where a linear superposition of a and b in the system yields
no output, i.e., it leads to total absorption. This corresponds to the particular eigenmode
of the scattering matrix, where the eigenvalue is 0. Likewise, for total transmission the

corresponding eigenvalue is 1. Therefore, for total absorption, the determinant of the sub

5% = <tr) (2.12)
r t

t=4r. (2.13)

matrix

is 0. Thus we arrive at
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FIGURE 2.5: A graphical representation of relationship between the trans-

mission and reflection coefficients for complete absorption in an absorbing

thin film. The two blue dots corresponding to the values t = +r = £0.5
represent the critical condition for enabling CPA.

This relation and the relation between transmission and reflection coefficients of a thin
film, devised in the previous subsection, ¢ = 1 & r, together lead to a unique pair of # and
r values as depicted in Fig. (2.5), 1.e., t = £r = £0.5. The figure is a representation of
the two values of ¢ and r (shown as blue dots) that are possible while satisfying the two

conditions mentioned above.

Next, the phase relation between the two input beams that allows for the switch between
total absorption and total transmission at a thin film is considered. For an easier repre-
sentation, we consider a beamsplitter scenario, where the input beams are at 90°, instead
of at 180°. A normal 50:50 beamsplitter is equivalent to a thin film surface with no loss.
For our experiments, we consider a lossy beamsplitter and its four ports, schematically
shown in Fig. (2.6) - two input and two output ports. The expression r = ¢'¥st, where
¢ 1s the phase-shift, expresses the relation between the reflected and transmitted com-
ponent at the beamsplitter. However, as derived previously, for total absorption we need
t = 4r, and this is only possible for ¢, = 0, 7, 27, etc. In the first case, we consider the
two input beams having zero phase difference. This results in both the output ports with
reflected and transmitted components which are phase-shifted by 7 and this leads to de-
structive interference at either outputs, trapping the energy in the lossy beamsplitter. This

arrangement corresponds to the total absorption condition. In the second case, the input
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FIGURE 2.6: A schematic representation of the four port lossy beamsplit-
ter depicting conditions for total absorption (left) and total transmission
(right).

beams have a relative phase of 0, which means they undergo constructive interference at
the output ports and all the energy passes through the beamsplitter giving rise to total

transmission.

In conclusion, taking into account the universal limit of thin film absorption (50 %) in a
symmetrical environment, the critical condition for coherent perfect absorption to occur
in an ultrathin film is in a standing wave environment which is created by two coherent
counterpropagating beams of equal energy, with a suitable phase-difference between the
interacting fields. Figures (2.7 and 2.8) present a series of images (at different time inter-
vals) extracted from a video showcasing the behaviour of two counter-propagating waves
at a thin film, in the presence of two beamsplitters. Fig. (2.7) shows the setting up of a
standing wave between the beamsplitters such that the thin film (shown in black) is at a
position of an antinode. In the last frame we see that there are no beams coming out of the
beamsplitter pair and all of the input energy is trapped inside the cavity, leading to total

absorption.

In Fig. (2.8) on the other hand, we see the standing wave is formed such that the thin film
is at a node, i.e., at position of zero intensity, leading to total transmission (seen in the

bottom frame).
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FIGURE 2.7: The figures show the propagation evolution (z-t plot) of the
two counter-propagating fields evaluated with a numerical finite-difference
time-domain (FDTD) simulation. Two continuous wave sources (positions
indicated with solid blue lines) emit 785 nm light in opposite directions.
The graphene sheet (whose position is indicated with a black line) is tuned
to transmit and reflect equal amounts (R = T = 0.25, such that o 50%). The
wavefronts, switched on at t=0, approach the graphene sheet from either
side and start to form a standing wave at around t = 10 - 15 fs. The series
of illustrations shows the setting up of ‘coherent perfect absorber’. In these
illustrations, the counterpropagating beams form an antinode (highest in-
tensity position) at the 2D film. (c) and (d) show that the optical energy is
trapped inside the beamsplitter pair and the 2D material perfectly absorbs
all the energy incident on it. These simulations were carried out by N.
Westerberg.

2.3.3 Graphene for Coherent Perfect Absorption

Carbon, in its allotropic forms like graphite and Carbon Nano-Tubes (CNT), has proved
to be a great candidate for strong light absorption [40]. Graphene is the most basic two-
dimensional allotrope of Carbon and it exhibits almost uniform linear absorption [24, 25]
over a wide wavelength-range and hence may offer an advantage over using metamaterials
or structured films which are fabricated for a certain frequency. Graphene in conjunction
with other optical systems such as micro-cavity [49], photonic crystals [50, 51] metamate-
rials [52] etc., has been used for demonstrating perfect absorption. Graphene, in different
physical forms, has also been used for total light absorption (TLA). Thongrattanasiri, S. et
al., used doped graphene in the form of a single patterned sheet of nano-disks to demon-

strate full absorption under total internal reflection conditions [16]. Their results provided
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FIGURE 2.8: The figures show the propagation evolution (z-t plot) of the
two counter-propagating fields evaluated with a numerical finite-difference
time-domain (FDTD) simulation. Two continuous wave sources (positions
indicated with solid blue lines) emit 785 nm light in opposite directions.
The position of the graphene sheet is indicated with a black line. The
stills (a) to (c) showcase the case where the incident beams form a node
(zero-field position) at the 2D film, which leads to zero absorption/perfect
transmission. (c) shows that the optical energy is completely transmitted
outside beamsplitter pair and the 2D material absorbs no energy incident
on it, i.e., it exhibits total transparency. These simulations were carried out
by N. Westerberg.
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a method to overcome the universal limit to absorption in a thin film by considering an
asymmetric environment (patterned graphene sheet above a metallic substrate). Follow-
ing this method, J. Zhang, et.al., applied the theory of Coherent Perfect Absorption [7] to
patterned monolayer of graphene to realise a modulation of absorption from 99.93% to

0.01%, utilising the plasmonic resonance of graphene [53].

As discussed previously, a thin film needs to be 50% absorbing for it to exhibit total
absorption in the coherent perfect absorption arrangement. Pristine, unbiased graphene
absorbs 2.3% of the incident visible light. Absorbance of graphene is given by o = aq,

where )
e

- 4meghc
which is the fine structure constant. Therefore, the value of « for a single atomic layer
graphene is 0.0229.

ao (2.14)

The transmittance of graphene multilayers, with N being the number of atomic layers, is
defined by the formula
T = (1-0.023)" (2.15)

Therefore a graphene sample with 30 layers, i.e., N = 30 gives a transmittance of 0.497,
which means its absorption is ~50 %. The question at this point is whether a graphene
sample with 30 atomic layers ceases to be graphene and becomes graphite, which pos-
sesses very different optical properties compared to that of graphene. This is addressed
by examining the Raman spectrum of the graphene sample, peaks in which give the indi-
cation of whether the sample exhibits the properties of graphene or not. The characteristic
G and D peaks in the Raman spectrum are the deciding factors while categorising multi-

layered graphene samples [54].

The thickness of graphene sample with 30 atomic layers is ~ 10 nm (theoretically, a
monolayer graphene is of thickness 0.335 nm) which makes it two-dimensional with re-
spect to the optical wavelengths. The optical two-dimensionality and the fact that it also
exhibits 50% absorption in the same wavelength range, makes 30 atomic layered graphene

sample a good candidate for performing CPA experiments.
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2.4 Summary

Coherent perfect absorption is an all-optical process which offers a flexibility in terms
of tunability of absorption by modulating the relative phase of the interacting optical
fields. This chapter summarised the conditions required for realising CPA in bulk and
2D materials. The conditions to achieve maximum absorption in an optical thin film
were deduced and discussed. The properties of graphene multilayers that make them the
ideal candidate for the CPA purposes were also discussed. A combination of all these
factors could potentially allow for a light-with-light control of optical effects, which can
be used in many applications such as data processing (optical modulator [14, 15]) and

light manipulation at nanoscale [55].
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Chapter 3

Nonlinear Optics: Four-Wave Mixing

3.1 Introduction

Nonlinear optics is a branch of optics which came to light in 1961, closely following
the invention of LASER by Theodore Maiman in 1960. Peter Franken and co-workers
at the University of Michigan observed second-harmonic generation in a quartz crystal
using light from the Ruby laser [56]. This can be attributed to the fact that the essential
ingredient for the observation of nonlinear optical phenomena, that were probed in the
initial days (frequency conversions), was high intensity (10° W/cm?) of coherent light.
When high intensity light field encounters certain optical medium, the interaction is no
longer linear: the light modifies the material response to the field, which in turn alters
the optical field itself. This light-modification-by-light opens up many possibilities for
new optical interactions. Such nonlinear optical interactions include frequency conver-
sion, optical mixing, propagation effects like self-focusing and self-phase modulation,
and optical parametric oscillation. As the field of nonlinear optics has grown, the pool of
optical nonlinear materials has also considerably expanded - crystals [57], optical fibres,
liquids made of asymmetric molecules [58], two-dimensional media like metamaterials,

heterostructured layers and also graphene (patterned, doped or in a multilayer form).

In this chapter we discuss optical phase conjugation (OPC), a nonlinear phenomenon
which breaks the limitation of conventional linear optics by making possible reversible
optical imaging systems. In a conventional imaging system, owing to aberration caused
by optical elements and the medium, a wavefront cannot be retrieved perfectly [59]. The
phenomenon of optical phase conjugation provides a way to overcome this limitation. In
the sections that follow, the process of Degenerate Four-Wave Mixing (DFWM) is dis-
cussed. DFWM is one of the methods for generating OPC and it is the method used in
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the experiments reported in this thesis. Another nonlinear effect that changed the face
of imaging is negative refraction, which allows for sub-wavelength resolution and perfect
imaging [60]. The following sections discuss the theory behind the time-reversal and neg-

ative refraction effects and also include comments on a curious symmetry they share.

3.2 Optical Phase Conjugation

Optical phase conjugation (OPC) is also called the ‘time-reversal’ effect. Consider a
coherent optical wave passing through an inhomogeneous, but transparent medium. At
the output its amplitude wavefront and the phase-front are distorted due to the inhomo-
geneity of the propagating medium. Optical phase conjugation is a process by which a
time-reversed replica of the original wave is retrieved by passing the deformed wavefront
through the same inhomogeneous medium a second time, but after passing via a phase-
conjugating reflector. A pair of beams are phase conjugated when they are phase reversed
with respect to each another, but possess the same transverse amplitude profile. If the
frequency of the phase conjugate wave is same as that of the original beam, this process
is called frequency-degenerate phase conjugation. We focus only on the degenerate case

as it is relevant to the experimental observations reported in this thesis.

The concept is schematically represented in Fig. (3.1 (i1)) shows the phase conjugation
operation, where the original amplitude profile of the Input Wave is restored in the Output
Wave after being reflected by the Phase Conjugated Reflector and passing through the
distorting medium a second time, in comparison to (i), where a normal mirror is used and
the Output Wave is distorted after emerging from the optical medium a second time. The

Output Wave in Fig. (3.1 (i1)) is the time-reversed form of the Input Wave, as shown.

Now, the plane Input Wave as shown in Fig. (3.1) can be represented as:
E(z,y,w) = Ao(z,y)e"*e " (3.1)

Passing through the Inhomogeneous Medium introduces random phase distortions, such

that the beam becomes:
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FIGURE 3.1: The two illustrations are a schematic representation of an in-
put plane wave which travels through an inhomogeneous medium and is
reflected back through it by two different mirrors. (i) and (ii) show the dif-
ference between the effect of a normal mirror and a phase-conjugating re-
flector. In (i) we see the Input Wave passing through a distorting medium,
which introduces a certain phase-front to the beam (Transmitted Wave),
which is then reflected by the mirror, so that the phase profile is preserved.
This Reflected Wave goes through the Inhomogeneous medium again, expe-
riencing an additional phase-distortion as seen in Output Wave. Whereas, in
(i) the mirror is replaced by a Phase Conjugating Mirror, and the Reflected
Wave is time-reversed and hence another passage through the medium re-
stores its original phase-front. This figure is adapted from [59].

where ¢ describes resultant phase distortion due to the aberration influence on the plane
wavefront. If this beam then undergoes a reflection at a mirror, with reflectivity R, as

shown in Fig. (3.1 (1)), the Reflected Wave is written as:

E”(J,’? Y, w) = R . Ao({E, y)ei[—kz-i-(i?(z,y)]e—wt (33)
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This Reflected Wave undergoes an additional ¢ phase shift on its second passage through

the medium, leading to:

E”’(x, v, W) _ R/ . Ao(l’, y)ei[sz+2¢(x,y)}efwt.

Now we consider the second case, as shown in Fig. (3.1 (ii)), where the transmitted wave

is reflected by phase conjugating mirror, such that the Reflected Wave is of the form:
E”(.CE, Y, W) = R : Ao(aj'7 y)ei[_kz_¢(x7y)]e—wt (34)

As this beam passes through the distorting medium a second time, the resulting Output

Wave takes the form:
EW(ZE, v, W) _ R/ . Ao(l’, y)ei[—kz—¢(ac,y)]eiqb(a:,y)e—wt _ R/ . Ao(l‘, y)e—ikze—wt (35)

This phase-conjugate wave is an ideal plane wave, with no effect of the aberration influ-

ence from the medium.

Optical Phase Conjugation can be achieved through three approaches: (i) stimulated back-
ward scattering (for eg., Brillouin, Raman scattering) [61], (ii) four-wave mixing [62],
and (ii1) stimulated backward emission from a laser [63]. The first nearly ‘time-reversed’
signal was experimentally demonstrated by Zel‘dovich et al., [61] using the stimulated
Brillouin scattering method. Since then, numerous ways of achieving OPC have been
explored. Also, OPC can be differentiated into four categories: backward degenerate,
backward non-degenerate, forward degenerate and forward non-degenerate. In practice,
backward degenerate optical phase conjugation has proved to be the easiest and most effi-
cient to realise. The most popular method to generate a backward phase conjugate wave is
the backward degenerate four-wave mixing (FWM), proposed first by Hellwarth in 1977
[62]. The optical phase conjugation experiments reported in this thesis are generated
by backward degenerate FWM of optical fields at graphene multilayers. The following
section explains in detail the Four-Wave Mixing (FWM) approach to generating phase-

conjugated waves.
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FIGURE 3.2: A pictorial representation of Four-Wave Mixing in a third-

order nonlinear medium. Here the Pump Beams F; and F interact at the

medium to produce a holographic grating with which the Probe beam, E3,

interacts to produce its Phase Conjugated Beam F,. The phase conjugated
beam travels in the direction opposite to the probe beam.

3.2.1 Four-Wave Mixing

Four-Wave Mixing (FWM) is a third-order nonlinear phenomenon. It can be generated
through various processes depending on the type of nonlinear medium. It is generated
by the photorefractive effect in most isotropic, dielectric media. However, the process of
FWM greatly varies in two-dimensional materials as discussed later in this section. The
general scenario of FWM is shown in Fig. (3.2), where a medium with high third-order
nonlinearity is illuminated by two counter-propagating monochromatic plane waves F
and F,, both with the same frequency w. A third beam, F3(w) - the Probe Beam, is in-
cident on the medium at an angle other than the angles of incidence of the two pumps.
Under the conditions of simultaneous illumination by all three beams, the medium stands
a chance at generating a fourth wave (F, in Fig. (3.2)), with the same frequency w which
travels in a direction exactly opposite to that of the Probe. This effect is called back-
ward degenerate four-wave mixing and the resulting optical wave can be proved to be the
phase-conjugate wave of F3(w). The physical manifestation of this process in a photore-

fractive medium is explained in the following part.

From a purely photorefractive effect point-of-view, the interference fringes produced in
the nonlinear medium induce a spatially modulated intensity distribution, /(x) as shown
in Fig. (3.3). This, in turn, produces a spatial re-distribution of charge carriers, p(x), and

an induced static field amplitude distribution, E(x), in the medium [64]. Due to linear
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FIGURE 3.3: Photorefractive effect in a nonlinear optical medium, repre-

senting induced spatial distributions of intensity I(x), charge density p(x),

induced static field amplitude E(x) and induced refractive index change
An(x) as a function of spatial coordinate x.

electro-optic effect the induced static field produces a refractive index variation, An(x),
as shown in the figure. A look at the spatial distribution of the various quantities shows a
90° shift in the maxima of the electric field and the charge distribution, which is attributed
to Maxwell’s equation V - D = p. Since the refractive index variation is a consequence
of the induced static electric field, it is observed that An(x) too is shifted by 90 degrees
with respect to the intensity distribution, /(x). This phase shift leads to transfer of en-
ergy between optical fields interacting with the medium, giving rise to optical mixing
processes. New beams are generated or chosen input beams can be amplified using the
displacement between the induced refraction grating in the medium and the intensity dis-
tribution that caused it. Under this condition, the pump beam(s) interferes destructively

with the scattered light from the input beams and the signal wave interferes constructively
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with the scattered light, leading to its amplification. These effects can be mathematically
described using the concept of coupled-amplitude wave equations which represents the
transient behaviour of beam coupling [64]. In four-wave mixing process, the material
response gives rise to four distinct gratings but by carefully controlling the experimental
situations (input angles, propagation directions and coherence properties) only one of the

gratings can be made accountable for generating the nonlinear mixing.

The model of induced holographic grating is generally considered to explain the theory
of generating optical phase conjugation using FWM. Here, two of the three interacting
beams interfere to produce volume grating in the medium and subsequently the third beam
is reflected back in the same direction (travels in the opposite direction) as a consequence
of wavefront reconstruction, thus giving rise to a phase-conjugated beam. Fig. (3.4)
shows the conditions for induced holographic gratings to be set up in a nonlinear medium
by incident beams. The two plane pump waves, F/; and Es, are incident on the medium
such that they are counter-propagating and the third, ‘signal wave,” Es5 is incident at an
angle ¢ with respect to the pump wave Fj;. This arrangement provides the opportunity for
FWM through two possible induced gratings, to produce the backward propagating wave
E,. The first possibility is shown in Fig. (3.4) (i), where the interference between the
two waves F; and E3 leads to fringes along the bisector direction of the crossing angle 6,

represented as dashed lines in Fig. (3.4 (i)).

The interference fringes produced in the nonlinear medium induce a refractive-index
change as a function of the local light intensity. This can be interpreted as an induced
holographic grating within the nonlinear medium. The pump wave F,, considered the
reading beam, encounters the induced grating produced by the interference of £, and FEs
and is diffracted (or reflected) into the wave /4, as depicted in the figure. The principle of
holography implies that this diffracted wave £4 will restore the spatial information carried
by the incident signal wave F3. Alternatively, it can be said that the waves E'3 and E, are

a pair of phase conjugate waves.

As further explanation, if the nonlinear medium is treated like a holographic medium its
transmission function determined by the interference-induced refractive-index modula-

tion can be written as:

T o (Ey + F3)(Fy + Es)* = |E1|* + | Es|* + E{Es + E\E} (3.6)

33



As E) and F, are counterpropagating plane waves, [y = F7, and hence the transmitted
field of F; can be expressed as:

A look at the right hand side of the final expression shows that the third term represents

a diffracted component, F Es Ex3, which contains the spatial information carried by the
wave F5 and can be written as:

FEy < By Ey B3, (3.8)

which is essentially the phase-conjugate of F5. Another possibility under these illumi-
nation conditions is that £ is the reading beam, while £y and E3 form the induced
holographic grating, as shown in Fig. (3.4 (i1)). This case too leads to the generation
of a phase conjugate wave, travelling in the direction opposite to that of the signal wave.
Similarly, it can be shown that non-degenerate backward four-wave mixing can generate
non-degenerate optical conjugation. But as per the scope of the experiments reported in

this thesis, only physics behind the frequency-degenerate case is discussed.

This section assumes the medium to be bulk nonlinear and the experiments performed
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FIGURE 3.4: A schematic representation of possibilities for the genera-

tion of FWM in a third-order nonlinear medium with three input beams,

E, Es and Es3. (i) the beams F; and E3 interfere in the medium to pro-

duce a holographic grating (shown as dashed parallel lines) with which the

probe beam, F, interacts to produce its Phase Conjugated Beam Fy, and

(i1) shows a possibility of the holographic gratings formed as a result of
interaction between F5 and F3.
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(and reported here) are in 2D graphene multilayers, the basic principle of generation is
still applicable. Phase conjugation at an interface, similar to OPC in the two-dimensional
scenario, was theoretically proposed by Zel‘dovich et al. [65] in 1980. Phase conjuga-
tion using surface nonlinearity induced by DFWM was demonstrated in 1992 by Maki,
et al.[66] They examined the nonlinear response from the surface of an atomic potassium
vapour, which was induced by a spatially varying reflectivity pattern resulting from the
interference of two optical fields. This surface reflectivity varies as a function of the inten-
sity of the total optical energy incident across the surface thus scattering the pump energy
into a phase-conjugated wave. The surface nonlinearity is excited by the electric field
distribution across the boundary between the vapour and the flat window of the vapour
cell. This model provided a valid theoretical model for generating surface phase conjuga-

tion for any homogeneous optical nonlinear medium with a high third-order susceptibility.

In 2013, H. Harutyunyan et al. demonstrated optical phase conjugation in a few layered
(20 atomic layers) graphene sample utilising its high third-order nonlinear susceptibility
[36], bringing focus to the third order optical nonlinearity of graphene. Photorefractive
effect usually implies generation and migration of charges which is a slow effect. We note
that the nonlinearity observed in our experiments is due a modulation of the third order
nonlinear conductivity, o3 which is related to the third-order nonlinear susceptibility

through the equation

@) a®)
X =— (3.9)

wd
where w is the frequency of the optical signal and d is the thickness of the graphene sam-
ple as explained in [37]. The third order nonlinear conductivity changes the refractive
index and the material properties on an ultrafast time scale and gives rise to FWM effects
as explained in the photorefractive case. The experiments performed as part of this the-
sis follow a varied geometrical configuration to excite optical nonlinearities in graphene
multilayers, the specifics of which are discussed more in detail in the experimental results
chapter, Chapter (5). The following section discusses another nonlinear optical process:
negative refraction, which manifests in graphene multilayers in partnership with the phase

conjugation.
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3.3 Negative refraction

Victor Veselago, in 1964, conjectured the existence of a type of material which has neg-
ative values for both its electric permittivity € and magnetic permeability p [67] . Such a
material would exhibit a negative index of refraction which is not a natural optical phe-
nomenon. This idea opens up a whole new arena of optical effects and experiments. In
2000, Smith et al., showed a composite material exhibiting a negative refractive index for
radiation in the microwave region [68]. Pendry, also in 2000 [60] , proposed a method
for realising this process using a thin slab (40 nm) of silver and also showed how it could
potentially be used for a new class of lenses which would resolve objects of a few nanome-
ters in dimension. Since then, a new class of engineered materials, called metamaterials,
has been designed and used to demonstrate negative refraction in various regions of the
electromagnetic spectrum [69]. Chen and Alu [27] reported the demonstration of per-
fect imaging using negatively refracted beams. Intensive research is being performed to
realise this phenomenon and a lot of focus also lies on the kind of material that can sup-
port these effects. In 2006, Kobayashi [39] proposed the idea of using two-dimensional
graphite lattices as a medium to perform negative refraction (briefly discussed further in
this section), following which Pendry proposed the idea of using graphene for simultane-
ous generation of negative refraction and phase conjugation [26]. In 2013, Harutyunyan
et al., reported an experimental demonstration of negative refraction in graphite thin films
(20 atomic layered graphene) [36] and this concept is used in one of the experiments re-
ported in this thesis (Chapter 5).

The basic behaviour of light interacting with a material with negative refractive index is
shown in the Fig. (3.5). The schematic representation shows the medium converging
a diverging beam at both its interfaces, indicating a phase reconstruction in the forward
direction. A possible connection between the phase conjugation and negative refraction

processes is handled briefly in the following part of this section.

3.3.1 Time reversal and negative refraction: A symmetry

In 2008, J. B. Pendry proposed an intimate link between two nonlinear processes: time
reversal, also called phase-conjugation, and negative refraction [26]. During the process
of phase conjugation, a wave is reflected into a state where its phase evolves backwards
in time and in the process of negative refraction, a wave is transmitted into the medium

while its phase evolves backward in space. However, for negative refraction to occur, the
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FIGURE 3.5: A negative refractive index medium is shown converging

light waves to a point, which were formerly diverging from a point source.

A diverging beam emerging from this medium converges again outside the
medium. This figure is adopted from [60] .

refractive index of the material has to be negative as discussed in the previous section.
With the expansion of the class of optical materials, it has been found that some materials
called the ‘self-conjugate’ materials which include chiral media and graphene, exhibit a
property where the medium supports both positively and negatively refracting states, i.e.,
it allows for the realisation of negative refraction. This scenario treats negative refraction
as a phase conjugated field that is transmitted, rather than reflected as in the standard sit-
uation (backward OPC) and moreover, at negative angles. The property of graphene to
support negative refraction was theoretically explored by K. Kobayashi [39] by consid-
ering a complementary medium (negatively refracting medium) of electrons. Interfaces
of the graphitic lattice forming complementary systems was investigated by the transfer
matrix approach. Graphene’s electronic band structure (massless dispersion [70]) gives

rise to the condition necessary to form a complementary system.

3.4 Summary

This chapter was an overview of some of the concepts of nonlinear optics which are
relevant in the context of this thesis. It covered the basic theory behind the degenerate four

wave mixing process (DFWM) and the generation of optical phase conjugation (OPC)
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using DFWM. It also introduced the concept of negative refraction and included a brief
review of the evolution of the concept from a purely theoretical point to being realised in
2D materials. These concepts cover the physics behind the experiments performed and
observations discussed in the experimental-results chapter, Chapter 5. The fine connection
between the phase conjugation and negative refraction processes was briefly mentioned

and more of it is discussed in the said experimental chapter.
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Chapter 4

Coherent Control of Absorption and

Scattering in Graphene

4.1 Introduction

The method of light-with-light modulation in a thin film based on the process of ‘coherent
perfect absorption’ is discussed in detail in Chapter 2. This chapter elaborates the exper-
imental methods of putting the theory of CPA to action using a Sagnac interferometer
and graphene multilayers. The experimental configuration and the procedure for generat-
ing efficient light-matter interactions in graphene are discussed in the following sections
of this chapter. The first experiment performed in this regard is the coherent control of
perfect absorption/transparency and linear scattering of light using graphene multilayers.
This chapter is a detailed discussion of the experiments demonstrating, for the first time,
the use of unstructured multilayer graphene films for coherent absorption. A summarized

version is reported in [71].

The phenomenon of CPA was previosuly demonstrated in metamaterials [15] and struc-
tured graphene [16]. In addition to control of absorption, the work discussed in this
chapter also shows that this geometry can be used to control, i.e., enhance or suppress,
other optical interactions such as linear scattering. These effects are observed in linear
optics regime as the experiments are performed with laser sources attenuated to operate
at low light intensities. Hence the light-with-light control is attributed to two factors: the
coherent-perfect-absorption geometry and the dimensionality of graphene. It is also to be
noted that because of graphene’s mostly linear band structure for all of visible and NIR
region of the electromagnetic spectrum, the CPA process not only works for monochro-

matic continuous wave laser beam, but also for a 100 femtosecond laser pulse with a
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bandwidth of 10 nm. Detailed discussions are presented in the following sections of the

chapter.

4.2 Experimental Methods

The experimental configuration for observing CPA in graphene multilayers, as discussed
in Chapter 2, is to place it in a standing-wave environment. The geometry involves a
three-armed Sagnac interferometer, which is a type of ring interferometer. The advantage
of using a Sagnac interferometer is that it is easier to align and it provides excellent con-
trast and fringe visibility. Here, it allows for an arrangement where two coherent counter-
propagating laser beams form a standing wave so that a graphene multilayer can be placed
in the position of this standing-wave envelope. The sample is mounted in a manner such

that it can be scanned through the different nodes and antinodes of the standing wave.

PDI 4

PD3 '
PD2 . M2

FIGURE 4.1: A schematic representation of the experimental layout show-

ing the Sagnac interferometer with the graphene sample at the region of

interaction of the counter-propagating beams. The photodiodes PD1 and

PD2 record the on-axis light energy. A Mirror, M3, collects the off-axis

scattered light and redirects it to photodiode PD3. Mirror M2, which di-

rects one of the beams to the sample is mounted on a piezoelectric stage.
This figure has been adapted from [71].
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The main condition for such a geometry to exhibit CPA is that the absorbing medium
needs to be much thinner than the laser wavelength and it should exhibit 50% absorption.
In one of the experimental cases, the laser pulse width is 100 fs (length of the laser pulse
is 30 um) and the central wavelength is 800 nm. In the CW case of the experiment, the
wavelength used is 532 nm. The thickness of the graphene multilayer is ~9 nm, which
is significantly less than the wavelength of the interacting optical beams, which enables
the graphene sample to be scanned through the nodes and antinodes individually. As
a result, the graphene sample experiences an absence or a presence of the optical field,
respectively. This is not possible in a bulk medium because the intensity distribution be-
tween nodes and antinodes is averaged out. In this respect, the two-dimensionality of
the graphene sample becomes an advantage. The standing-wave environment allows for
maximum light-matter interaction, but the working principle of CPA requires the 2D ma-
terial to possess 50% absorption to satisfy the condition for perfect absorption or perfect
transparency of the sample.

In our experiments, we manipulate the relative phase of the two counter-propagating laser
beams to produce successive nodes and antinodes at the sample position, instead of spa-
tially scanning the graphene sample through the standing-wave pattern. This method
essentially produces the same effect. The experimental setup and the relevant parameters
are detailed in the following section of this chapter. The experiments are conducted using
both CW and pulsed laser beams. Accordingly, the optical components of the experimen-

tal layout are changed.

4.2.1 Experimental configuration

Fig. (4.1) shows the general experimental layout. The output from a laser source [(i)
Nd:YAG CW laser and (ii) Ti:Sapphire, mode-locked laser] is split into two coherent
beams of equal energies by a beamsplitter, BS1. The angle of the beam-splitter is care-
fully chosen so as to achieve 50:50 splitting of the original laser beam, and also so that the
two resulting beams travel at angles suitable to form a triangular laser ring, with the help
of two mirrors M1 and M2. The mirror M2 is mounted on a piezoelectrically actuated
1-D translation stage that can be automated (using a LABVIEW program) or controlled
manually. The piezoelectric stage has a working range of 0-75 V, which corresponds to a
range of 0-25 pm, with 0.1 V as the resolution. This corresponds to a resolution of ~30

nm and is suitable for the measurements we intend to perform. The beamsplitter along
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with the two mirrors form the Sagnac interferometer. The graphene sample is placed at
the midpoint of this interferometer arrangement, such that it is at equal distance from the
beamsplitter on each of its arms. A long focal length (f=1 m) lens is used to loosely focus
the two counterpropagating beams at the center of the interferometer, where the sample
is to be positioned. Experimentally, each of the arms of the interferometer (beamsplitter
to center of the interferometer) is of the length 60 cm. It is designed in this particular
way for convenience of incorporating other optical components in the interferometer (for

analysis purposes) and also so the focusing lens can be placed outside the interferometer.
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FIGURE 4.2: A photograph of the 30-layer graphene sample on a fused
silica substrate obtained from Graphene Platform.

The optical thin film needs to possess an absorption of ~ 50% for the purposes of the
experiment. We commercially obtain unstructured and 30-atomic layered graphene sam-
ples deposited on fused silica substrates from Graphene Platform, which is shown in Fig.
(4.2). As discussed earlier, 30 layers of graphene has an absorption of ~ 50%, which
is experimentally confirmed by measuring the single beam transmission of the sample.
This graphene multilayer is sandwiched between two fused silica substrates to provide
uniform conditions for both the interacting laser beams. The sample is mounted on a 3-D
translational stage for effective alignment. The sample is then placed close to the focal
plane of the lens, inside the interferometer. To assist with the precise sample positioning
and also to ensure that the sample is perpendicular to the counterpropagating beams, a
pellicle beamsplitter is placed on one of the arms of the interferometer which directs the
transmitted and reflected beams from the sample to a camera. The occurrence of interfer-

ence between the transmitted and reflected beams on either side of the graphene sample
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ensures the presence of the graphene film in the standing-wave position. The sample an-
gle and the position is finely tuned until the camera shows a central interference fringe.
By trial-error method we distinguish the reflection from the glass-air interfaces from that

produced by the graphene layer.

After the conditions for observing CPA are set, the actual process of modulation of ab-
sorption is seen (by scanning one laser beam over another at the sample position along the
propagation direction (z or -z axis). This is done by scanning the piezoelectric stage en-
abled mirror, M2, over a distance covering several nodes and antinodes. As the mirror is
scanned, the relative phase of the interfering beams at the sample position changes, thus
exposing graphene to a series of maximum and minimum energy distribution, i.e., this
effectively scans the nodes and the antinodes of the standing wave through the graphene
sample. The reflected and transmitted beams on either side of the sample are monitored
via silicon photodiodes PD1 and PD2. The piezoelectric stage and the photodiodes are
automated to record the modulation of absorption and scattering of the optical energy as
a function of the relative phase between the two beams. The photodiodes record the light

energies in terms of voltage and are hence calibrated beforehand.

The first experiment is carried out using a CW laser source, an Nd: YAG laser operating at
1064 nm, the SHG of which (532 nm) is used for the experiments. The fused-silica sub-
strates include an anti-reflection coating at 532 nm, so that all the light-matter interaction
occurs at the graphene layers. The second set of experiments is performed using a pulsed
laser source : a Titanium:Sapphire laser (Amplitude Technologies) working at 785 nm,
producing 100 fs pulses with a repetition rate of 100 Hz. The observations and inferences

are discussed in the following sections of this chapter.

4.3 Results and Discussions

(1) For the measurement with a continuous wave (CW), 532 nm laser source we use an
output power of 500 W measured at BS1. The coherent modulation of the transmittance,
hence absorption, of light at the graphene sample is shown in Fig. (4.3). As the relative
phase between the two interacting beams is changed, the graphene layer experiences a se-
quence of nodes and antinodes in the field pattern and consequently the transmitted energy

undergoes a periodic modulation, which is recorded by PD1 and PD2. The modulation in
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FIGURE 4.3: Experimental data: Coherent absorption with CW, 532 nm

illumination, from a multilayer graphene film, as a function of the sample

position within the standing wave. The dashed line between represents the

travelling-wave absorption of the graphene sample. This figure has been
adapted from [71].

the two arms of the transmitted light is shown by the red squares and blue circles. The
measured transmission is normalised to the total energy input to each arm of the interfer-
ometer. We see that the absorption is modulated between 90% to 10% - the curves are
sinusoidal fits to the data. This indicates the occurrence of CPA at the graphene sample.
Since the sample is not perfectly 50% absorbing, a perfect absorption (0% transmission)
or a perfect transparency (100% transmission) is not observed. Instead, a modulation con-
trast of 80% is recorded. The horizontal dashed line shows the single beam absorption
of graphene at 532 nm, in the absence of a standing wave, i.e. with one arm of the inter-
ferometer blocked. The transmitted energy plotted in Fig. (4.3) is normalised to the total

energy incident on the sample.

(2) When the experiment is performed with femtosecond laser pulses, similar results are
observed. In this case, the laser beam consisting of 100 fs optical pulses obtained from
a Ti:Sapphire laser and centered at 785 nm is heavily attenuated so that the energy in
each arm of the interferometer is measured to be less than 10 pJ. The counterpropagating

beams are focused at the mid-point of the interferometer with a long focal length lens
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FIGURE 4.4: Experimental data: Modulation of the transmitted light en-

ergy at 785 nm, using a pulsed laser source. On-axis transmission modu-

lation (blue circles) and scattered energy (red squares) as a function of the

sample position within the standing wave. Both data are fit with sine func-

tions oscillating at twice the laser frequency. The on-axis transmission and

the scattering energies are normalised different values. The inset shows the
full autocorrelation trace. This figure has been adapted from [71]

(1 m) because the light intensities at the focus need to be low enough to not damage the
graphene sample. The intensity of each focused beam at the sample position is measured
to be ~ 1.4 x 101° W/cm?. The damage threshold of the graphene sample used in the ex-
periments is estimated to be ~ 10! W/cm?, at which the sample is observed to undergo
ablation. In this case the active region for the sample to encounter coherent laser pulses
is defined by the length of the pulse, which is 30 ym. The graphene sample is aligned
with high precision to encounter the standing-wave envelope formed by the pulses and the
energy on either side of the sample is monitored with the photodiode PD2. The mirror,
M3, placed off-axis at an angle of ~ 10° with respect to the counter-propagating beams,

collects the scattered light and redirects it to another photodiode, PD3.

Fig. (4.4) shows the modulation of the transmitted energy as the two counter-propagating
pulses are scanned through each other (along the propagation direction). The blue curve
shows the modulation in the transmitted energy measured at photodiode PD2. The absorp-

tion is greatly enhanced or suppressed, with a modulation contrast that is almost 80%. The
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modulation visibility observed here is slightly less when compared to the CW case. We
attribute this difference to a small chirp in the laser pulse due to propagation through the
dispersive optics in the system and also to a slight imbalance in the reflection and trans-
mission coefficients related to the anti-reflection coatings that were not optimised for this
wavelength. The off-axis mirror M3, placed at an angle of ~ 10° in order to collect the
largest portion of scattered light without blocking the on-axis beam, directs some of the
scattered energy from graphene to photodiode, PD3. The photodiode records the linear
scattering simultaneously with the transmitted light. The measured scattered energy is
plotted as the red solid curve in Fig. (4.4). A modulation in the scattered energy is ob-
served as one pulse is scanned over the other. It was also seen that if one pulse is scanned
over the other over a distance of a full pulse length, we can trace the pulse envelope. The
inset to Fig. 4.4 shows the full pulse autocorrelation trace obtained by monitoring the

scattered energy for a scan over the full pulse length.

It is clear from the figure that the on-axis transmitted energy and the scattered energy are
perfectly out-of-phase. In agreement with the measurements, at an antinode it is expected
that the sample experiences maximum field strength so that both absorption and scatter-
ing are maximized. At a node of the standing wave since there is no net field, the on-axis
transmission (as discussed above) is maximum. For the same reason, scattering from the
film and absorption by the film are minimised. These observations lead to the belief that
an effective control and manipulate absorption and scattering of light is possible using a
graphene film placed within a standing wave by controlling the relative phase between
two optical beams, i.e., it is a demonstration of light-with-light modulation of optical in-
teractions. This proposes a geometry to not only exploit graphene, but also other thin
films for a range of applications such as optical switching, sensing, etc. [13, 72].

The creation of a signal amplitude modulator is possible with the setup described here and
integrated versions of such a modulator have also been proposed [72, 15]. Similar studies
with different geometries [73, 74] have been used to achieve high speed modulation by di-
rectly modifying the thin film properties. Fig. (4.5) shows the propagation evolution (z —¢
plot) of the two counter-propagating fields evaluated with a numerical finite-difference
time-domain (FDTD) simulation. Two continuous wave sources (positions indicated with
solid white lines) emit 785 nm light in opposite directions. The graphene sheet (whose
position is indicated with dashed red line) is modelled as a Lorentzian medium [75] tuned
to transmit and reflect equal amounts (R = 7' = 0.25, such that & = 50% [16]). These
simulations were performed by N. Westerberg as a part of the article [71]. The mesh size

of the simulations performed was 1.25 nm. The different regions marked “a”, “b” and
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FIGURE 4.5: A z-t plot of the evolution of the electromagnetic fields evalu-
ated numerically with an FDTD simulation. Two continuous wave sources
(solid white lines) emit 785 nm light in opposite directions which meet a 2D
absorbing medium, shown as a red dotted line. “a”, “b” and “c” indicate
regions of initial build up of the standing wave, transmitted single cycle
signal and stationary regime with CPA, respectively. This figure has been
adapted from [71] and the simulation was carried out by N. Westerberg.

“c” represent the different stages of evolution of the CPA phenomenon. In region “a” the
wavefronts, switched on at ¢ = 0, approach the graphene sheet from either side and start
to form a standing wave at around ¢ ~ 10 — 15 fs. Region “b” (¢ > 20 fs) represents the
steady state solution, where all the light emitted from the sources is absorbed. However,
there is a build up time for the standing wave to form during which ~ 1 optical cycle
of light is seen leaving the set-up, as seen in region “c”. This indicates that the ultimate
limitation on the bandwidth of an optical switch based on CPA in thin films is equal to the

frequency of the light pulse itself.
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4.4 Summary

The coherent modulation of absorption in sub-wavelength graphene multilayers is demon-
strated using the coherent perfect absorption method, resulting in a 80% modulation be-
tween optical absorption and transmission. Additionally, linear scattering of light by the
graphene film is also coherently modulated by changing the relative phase of the two in-
put optical fields. These results and observations lead to the conclusion that along with
absorption, other light-matter interactions can also be controlled by the light-with-light
manipulation technique. So the obvious next step is to look into the possibility of gen-
erating and controlling nonlinear optical interactions using the same geometry. The fol-
lowing chapter deals with implementing the CPA geometry with graphene multilayers to
observe nonlinear optical interactions and modulate the nonlinear signals by accessing

phase-dependent nonlinearity.
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Chapter 5

Coherent Control of Nonlinear Optical

Interactions in Graphene

5.1 Introduction

The continuously growing need to miniaturize optical elements for the development of
integrated optical assemblies makes it imperative that 2D materials and their optical non-
linearity be considered. Nonlinear optical interactions in two-dimensional materials are
especially challenging to achieve due to the fact that there is very little medium available
for interaction. Therefore for 2D materials to be used as nonlinear media, two aspects
need to be addressed: (i) the material itself needs to exhibit a high optical nonlinearity,
and (ii) a configuration to enable effective light-matter interaction. The observations dis-
cussed in the previous chapter (4), wherein ~ 100% absorption of light was demonstrated
in graphene multilayers, prove that by the method of coherent perfect absorption (CPA),
efficient optical interactions can be performed in two-dimensional materials. In additon to
that, CPA provides a method for a light-with-light manipulation of the optical interactions.
We thus have a promising method to address the second aspect of the nonlinearity-in-2D-
material problem. Hence an extension of this method into investigating nonlinear optical
interactions begs to be considered. The results discussed in this chapter were published
in Scientific Reports in 2015 [76].

Graphene exhibits unique optical nonlinear properties which are discussed in detail in
Chapter (1). In addition to having unique linear properties, it is also being widely consid-
ered for its nonlinear properties, for example, it being used as a saturable optical absorber
[35]. With a third order nonlinear susceptibility (y®)) value 8-orders of magnitude higher
than that of typical dielectric materials [37], it is also being used for FWM processes [36].
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This particular property is of interest for the purpose of the experiments explored in this
thesis. Another unique property of graphene is that it is a “self-conjugate" material [26],
which enables it to host both positively and negatively refracting states. These properties
of graphene make it an ideal material to realize coherent nonlinear processes as shown
in [36, 26]. Optical two-dimensionality of graphene, once a disadvantage, now poses as
its greatest strength for realising self-conjugation phenomenon, i.e., for generating time-
reversal and negative refracting signals. The following section contains a brief discussion
of the studies reported in [36] and [26] which form the basis of the experiments reported

here.

5.1.1 Background

In [26], Pendry discusses the intricate connection between time-reversal and negative
refraction. He demonstrates that a two-dimensional self-conjugate material, a material
which supports both positive and negative refraction, like graphene and certain chiral
media, could be used to generate a phase-conjugate and a negatively refracted beam si-
multaneously by the process of four-wave mixing. A brief discussion of the premise of

the paper is as follows. At an optical interface, when a wave is reflected into a state in a

(a) (b) N, (@)
Time-reversal Negative refraction Time-reversal and

negative refraction

FIGURE 5.1: The behaviour of a defocusing beam incident on different
material is schematically represented in this figure. Medium (a) time-
reverses a wave winding the phase backward in time to refocus on the
source. Medium (b) is negatively refracting and reverses the spatial evo-
lution of the phase refocusing at some point inside the medium. A thin
sheet, (c), of time-reversing (/phase-conjugating) material produces nega-
tive frequency waves on both sides of the sheet: it both time-reverses and
negatively refracts. The figure is adapted from [26].
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way that its phase evolves backward in time, it is referred to as ‘time-reversal’ or ‘phase
conjugation’. On the other hand, ‘negative refraction’ is said to occur when a wave inci-
dent on a negatively refracting medium is transmitted through the medium such that its
phase evolves backwards in space. Here, the refraction is at a negative angle with respect
to the normal refraction. The negative refraction phenomenon was first predicted theoret-
ically (unlike many optical phenomena, which are first experimentally observed followed
by theoretical explanations). As shown in Fig. (5.1), the two processes seem to share a
symmetry with phases evolving back in time and space for the phase conjugate and neg-
atively refracted beams, respectively. The article discusses the physical realization of this

link using a phase-conjugating surface which is time-dependent. If a wave of the form

E = Epexp(ik - r — iwt) 5.1
undergoes a frequency shift of dw = 2w, the resulting field would be

E' = Epexp(ik - v + iwt) (5.2)

This shows that reversing the frequency has the same effect as reversing time, a schematic
representation of which is shown in the dispersion relation figure 5.2. It also indicates that
any linearly dispersing medium can be regarded as a self-conjugate material when nega-
tive frequencies are included. This is not possible at an interface between two ordinary
positively refracting materials. However, a phase-conjugating medium of sub-wavelength
thickness with a uniformly pulsating permittivity could be used for the realization of both
phase-conjugation and negative refraction. The condition for this to occur is that the fre-
quency of the oscillating permittivity needs to be 2w, as discussed before. The article
suggests that this parametric oscillation would lead to transitions between positive and

negative frequencies.

The experimental demonstration of negative refraction in graphene by FWM was first re-
ported by Harutyunyan ef al. [36]. This realization is based on the fact that for ultathin
films all propagation effects and in particular, all phase-matching constraints are very
different compared to that for bulk materials. Two coherent counterpropagating optical
beams interacting at the subwavelength thickness graphene form a pulsating permittivity
at frequency 2w. A probe beam which is coherent and meets this ‘oscillating’ interface
sets up the condition for four-wave mixing. The wave-vector components along the prop-
agation direction, z, that dominate the nonlinear beam evolution in bulk media, become ir-

relevant in a two-dimensional medium. Only the parallel components of the wave-vectors
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FIGURE 5.2: Dispersion of a wave in a medium with constant velocity

w = ck (where c is the velocity of light). Both positive and negative

frequencies are displayed. Time reversal can be understood as a vertical

transition between positive and negative frequencies. The figure is adapted
from [26].
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are conserved. Or, it can be said that the scattering of an input probe beam into an output
beam arising from the nonlinear polarisation wave depends only on the transverse com-

ponents of the wave-vector components, k7" and k*.

This condition also rules the nonlinear interactions at surfaces, where the onset of a
quadratic nonlinearity leads to the generation of transmitted and reflected nonlinear sig-
nals [77, 78]. If the two counter-propagating pump beams are at normal incidence on the

film, then momentum conservation implies
R (5.3)

i.e. the output beam appears as if it is propagating in a medium with an effective refractive
index n = —1. Along with the generation of the conventional time reversed (phase con-
jugated) signal, which travels in the direction opposite to that of the probe, another signal
with the opposite momentum travelling through the sample is generated, transmitted at
a negatively refracting angle. It is noted that the four-wave mixing process responsible
for the negatively diffracted beam has been referred to in the past as forward degener-
ate four-wave mixing or forward phase conjugation [79]. It has also been employed for
the characterization of resonant nonlinearities in multiple quantum wells [80]. However,
in recent literature this same effect is often referred to as “optical negative refraction”
[81, 36] in relation to the fact that the medium behind the nonlinear 2D surface behaves

to all effects as if it where a negative index medium [26].

The theory of four-wave mixing in a dielectric bulk medium is discussed in Chapter (3).
The nonlinearity of an optical two-dimensional material, though, is found to be very dif-
ferent. Bulk 3D nonlinear interactions are treated as a “phase independent” effect, in the
sense that they are not affected by the relative phases between the interacting input beams.
For example, four-wave mixing will ensue regardless of the relative phases between the
input pump beam (with phase ¢,) and input probe or signal beam (with phase ¢,) so that
an “idler” wave will always be generated and will acquire the relative phase difference
¢; = 2¢, — ¢s. Even in the case in which a phase-dependence is known to arise, i.e. when
all four beams (two pumps, a signal and an idler) are simultaneously incident on the non-
linear medium, a nonlinear polarisation is still generated and will ensure photon-photon
interactions, i.e. energy flow between the beams where the relative pump/signal/idler
phases only determine the direction in which the energy flows. In this sense, the specific

nonlinear process (characterized by the direction of energy flow) is phase-dependent but
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the (presence of the) nonlinearity itself is not. This is true also for other optical processes
that are phase sensitive, for example, the optical poling induced by the sum of a funda-

mental and a second harmonic field [82] .

However, this is not the case when we consider two-dimensional materials. We infer
that graphene allows us to investigate the ’phase-dependent’ Four-Wave Mixing (FWM)
process. In the phase-dependent case, a nonlinear polarisation wave in the medium is
physically excited (or not excited) only for certain relative phases of the input beams. Ac-
cess to such a phase-control of the nonlinearity would extend the applications and control
currently available in nonlinear optics: some ideas in this sense are demonstrated in the
following sections. The two-dimensionality of graphene multilayer not only provides the
perfect conditions for coherent control of optical interactions, but also sets the premise
for the investigation of the phase-dependent nonlinearity. This chapter is a study of the
typical geometry and configuration in which light can be used with graphene to generate
nonlinear signals. The following chapter deals with the alternative geometries which fully

utilise the phase-dependent nature of the 2D optical nonlinearity.

5.2 Experimental Layout

The experimental setup is similar to the one used for coherent control of linear optical
interactions experiments discussed in the previous chapter. The nonlinear geometry has
one additional laser beam - the probe. The setup is composed of a Sagnac-interferometer
that enables coherent interaction between the two counterpropagating pump laser pulses
(100 fs) at a multilayer graphene sample, as shown in Fig. (5.3). The probe beam, of the
same wavelength and spatial width, is spatially and temporally overlapped onto the pump
beams at the sample position (see Fig. (5.4)). The phase of one of the pump beams on the
sample is then finely controlled by a piezoelectric stage mounted on the last mirror that

directs the pump beam onto the sample.

The laser source is a Titanium Sapphire system with 100 fs pulse duration, 100 Hz rep-
etition rate, A\ = 780 nm wavelength. In the Sagnac-interferometer the typical energy of
each pump beam on the graphene sample is of the order of 1 ©J and the beams are focused
down to diameters of ~50 pm, i.e. the laser intensity on the graphene film are of the or-

der of 100 GW/cm?. The nonlinear sample is constructed by sandwiching a multilayer
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(30 layers) film of graphene, of thickness ~ 9 nm, between two fused-silica substrates.
The optical absorption of the multilayered graphene is ~ 50% as per the requirements
for coherent perfect absorption. The sample is mounted on a 3D translational stage for
fine alignment of the angle and the positioning of the sample. The temporal overlap of
the probe beam at the sample is optimised with a tunable optical delay line on the probe
beam-path. This layout is essentially the same as that used to demonstrate the coher-
ent modulation of the linear properties of deeply subwavelength films, e.g. absorption
as demonstrated by Zhang et al. [13] using metamaterials and more recently also using

graphene [71].

5.2.1 Three-beam interaction

The first experimental configuration follows the traditional four-wave mixing geometry.

The measurements are performed with the graphene sample being coherently illuminated

FIGURE 5.3: A schematic representation of the experimental layout: the
counter-propagating pump beams (pump 1 and pump 2) and a probe beam,
generated from a Ti:Sapphire laser (100 fs pulses centred at 780 nm),
overlap on a 30-layer graphene sample. The two pump beams counter-
propagate in a Sagnac interferometer loop and the arrangement allows to
finely tune the relative phase of pump 1 with respect to pump 2 with a piezo-
electric stage-controlled mirror. A piezoelectric actuator is placed also on
the probe arm. This figure is adapted from [76].
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by three laser beams. Two counterpropagating pump beams and a probe beam, all having

the same frequency w, as shown in Fig. 5.4, are incident on the graphene sample.

All three beams are maintained at the same input energy (5 1J) and intensity (100 GW/cm?).
For descriptive purposes we indicate any beams that are orthogonal to the graphene film
as “pump” and any beams that are incident at an angle with respect to the surface normal
as “probe”. The counterpropagating pump beams therefore form a standing wave across
the graphene sample, creating a holographic grating whenever they form an antinode at
the sample. The probe beam, at the presence of the holographic grating sets up the four-

wave mixing process.

Precise alignment of the three input laser beams on the graphene sample leads to Degen-
erate Four-Wave Mixing (DFWM) between them. This creates a phase conjugated signal
that is reflected and propagates exactly along the input probe, but in the backward direc-
tion, and is separated from the latter by a partially reflecting beam-splitter. In addition
to this signal, we also observe a beam that is transmitted through the sample and, with
respect to the input probe beam, is negatively refracted. The perfect optical path lengths
for this to occur are achieved by tweaking the Sagnac interferometer with respect to the
sample position and by manipulating the optical delay-line in the path of the probe beam.
Once we visualize the presence of these signals using a Sony digital camera, we add mir-

rors to their paths to steer these signals into Silicon photodetectors. These photodetectors

(a)

Negative

refracticy- /

Pump

Phase
conjugation

/ Graphene
Pump

FIGURE 5.4: A schematic representation of the generation of the phase

conjugated and the negatively diffracted signals (shown in orange) when

the two counter-propagating pump beams and the probe beam are in phase.
This figure is adapted from [76].
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and the piezoelectric-stage which controls one of the pump beams are programmed to be
controlled synchronously through a Labview program. This arrangement enables us to
scan the standing-wave pattern across the graphene sample, while monitoring the signal
strength of the phase-conjugated and negatively refracted signals as a function of the rel-

ative phase of the two pumps.

The raw data acquired from the photodetectors is plotted in Fig. (5.5). The modulations
seen here are not the perfect modulation that we expect. This is mainly due to the fact
that the interferometer is highly sensitive to the environment and in addition to this, the
resultant nonlinear beams too are quite sensitive to the portion of graphene sample the
beams are incident on, the laser stability, the speed with which we scan one pulse over
the other, i.e., the speed with which we subject the graphene to alternating nodes and
antinodes of the standing-wave and also the angle of the probe beam with respect to the

graphene layer and the pump beams. After several combinations of these parameters, we
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FIGURE 5.5: The raw data recorded by the photodetectors showing the
phase-conjugated and negatively refracted beam amplitudes as a function
of the relative delay between pump 1 and pump 2.
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observe efficient modulation of the nonlinear signals.

Energy conservation dictates that both of these beams also have the same frequency w
as the input beams. A marked difference with respect to previous measurements is the
phase-dependence of the nonlinearity. This becomes evident by controlling the relative
phase of the two pump beams. The amplitude of the nonlinear polarisation wave that is
responsible for emission of the phase conjugated and negatively refracted signals is given
by:

Pgl X X(g) (Spump 1+ gpump 2+ gprobe>3 (5.4)

where £ is the real electric field. It is hence clear that at a given propagation coordinate
selected by the sub-wavelength film, for a fixed phase of two of the beams, the nonlinear

polarisation depends on the phase of the third one.

In Fig. (5.6) we plot the time-averaged P?, calculated for a chosen film position that
shows the phase-dependence in the form of clear oscillations, with respect to the relative

phase between Eyymp 1 and Epump 2, Which determines whether DFWM will occur (with the

P2, (normalised)

o

phase (rad/2mn)

FIGURE 5.6: The full spatial distribution on the graphene film of the time-
averaged nonlinear polarisation Pgl, as a function of the relative phase de-
lay between pump 1 and pump 2 is shown in this simulated figure. This

figure is adapted from [76].
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generation of a phase conjugated and negatively refracted beam) or not. Another way of
viewing this is to write the polarisation component that is responsible for the generation

of the optical negative refraction and the phase conjugation as
P = €0 [X(l) + 2X(3) (gpumpl + gpump 2)2]gprobe (55)

where we have isolated the polarisation term that is linear in &qpe and neglected all third
harmonic and nonlinear mixing terms that involve only the two other (pump) beams. This
formula shows that the two pump beams create, at a fixed propagation coordinate, an

effective film susceptibility

Xeff = X(l) + 2X(3) (gpumpl + gpump 2)2 (56)

which oscillates at twice the pump frequency and whose amplitude is determined by the

relative pump beam phases.

This viewpoint highlights the phase dependence of the material susceptibility, which in
turn determines whether the incoming probe beam encounters a “linear” or a “nonlinear”
medium. In Fig. (5.6) we plot the time-averaged nonlinear polarisation, P? calculated at

the film position, which is clearly oscillating as a result of the x.¢ phase-sensitivity.

5.2.2 [Experimental observations

In the experiments, both the nonlinear signals have a conversion efficiency (ratio of en-
ergies of the probe field and the resultant nonlinear signal) of ~ 3 x 10~°, which is cal-
culated by calibrating the photodetectors with a known optical energy of the laser. This
is lesser than the value previously reported in [36], where a 20 layered graphene sample
generated the phase conjugation and negative refraction. The decline in the conversion
efficiency is attributed to the increased number of graphene layers, which causes the prop-
erties of the sample to divert from its truly 2D nature. With respect to the observation of
optical modulation of the nonlinearity, phase of pump 1 (Fig. (5.3)) is precisely varied
with respect to that of pump 2 using a piezoelectrically controlled mirror. The amplitudes
of the phase conjugated and negatively refracted beams are recorded on photodetectors as
a function of the piezoelectric-mirror position. Background subtraction and normalisation
of the data is performed to isolate the nonlinear signals. A periodic modulation in the am-

plitudes of the nonlinear signals is observed with a close to 100% modulation amplitude
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FIGURE 5.7: Generation and modulation of nonlinear signals in the three-

beam geometry. The figure shows the phase-conjugated (PC, blue dots) and

negatively refracted (NR, yellow circles) beam amplitudes as a function

of the relative delay between pump 1 and pump 2. The red curve is the

theoretical calculation of time-averaged Pgl as described in the text. This
figure is adapted from [76].

as shown in Fig. (5.7). The blue and the yellow dots represent the signal amplitudes of
the phase conjugate and the optical negative refraction signals, respectively. The red solid
line is the normalised plot of the time-averaged P2 without any free parameters (i.e., it
was solely calculated from the signal strength measured by the photodetector), other than

an overall arbitrary phase that has been adjusted to overlap with the data.

5.3 Imaging with the phase conjugate beam

Imaging of an object using the phase conjugated beam is carried out with the previously
discussed DFWM configuration as shown in Fig. (5.8). The figure shows that by placing
an object, in this case a microscope slide with the letter “x”, in the path of the probe beam

the object is re-imaged onto the output phase conjugate beam and the distortions along the
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beam path are corrected. These results was presented in Frontier in Optics/ Laser Science
Conference, Tuscon - 2014 [83].

5.4 Summary

This chapter discussed in detail the various aspects of nonlinear optical interaction in two-
dimensional materials, here in particular in subwavelength graphene multilayer. Two-
dimensional materials exhibit unique features in the way they interact with light. Linear
optical properties such as absorption [13], scattering [71] and reflection [84] can be coher-
ently enhanced or suppressed. These are the examples of the additional control enabled by
the reduced dimensionality. They also offer the advantage of being able to be designed to
manifest specific optical properties according to certain requirements. Here, we explored
the phenomenon of generation of negative refraction as a consequence of time-reversal
at a two-dimensional material. We also observe that the third order nonlinearity in a 2D
material exhibits another feature, namely it may be coherently controlled by modulating

the phase of the input pump beam. By fine tuning the relative phase of the pump beams,

Graphene
sample

Pump 2

.

e

Phase .
Conjugate Negatw.e
beam Refraction

FIGURE 5.8: The experimental layout for imaging with the phase conju-

gate beam: an input pump and probe beams are overlapped on a graphene

sample and generate a phase conjugate and negatively refracted beams.

Coherent control (amplitude modulation) of the output beam amplitudes

is obtained by finely tuning the relative pump-probe phases with a piezo-

controlled mirror (not shown). Experiments were also performed with a
second, counterpropagating pump beam (pump 2).
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it is possible to control and modulate the DFWM signals, making it an all-optical non-
linear optical switch. We also observe the irrelevance of the matching of perpendicular
components of the wavevectors associated with the pump beams for the four-wave mix-
ing process, which hints towards the possibility of simpler geometries for realising this
process. We make attempts at new FWM configurations to explore these options which

are discussed in the next chapter.

From the observations, it is evident that the generation of the nonlinear signals is purely
phase-dependent. Another possibility could be the coherent control of the nonlinearity
to perform phase-contrast imaging where the phase of the probe/pump beam is directly
mapped onto a corresponding intensity pattern in the phase-conjugated and/or negatively
refracted beam. This possibility too is explored and discussed in the next chapter. Sim-
ilarly, phase coherent control of the polarisation of the phase-conjugated and/or negative
refracted beam may be achieved considering the inverse Faraday effect configuration,

where the nonlinear medium is excited by a circularly polarised pump [85, 86].
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Chapter 6

Negative Refraction in 2D materials and

Phase-Contrast Imaging

6.1 Introduction

The phenomenon of coherent perfect absorption in combination with the degenerate four-
wave mixing (DFWM) process in an optically two-dimensional graphene sample leads
to the generation and coherent control of nonlinear optical interactions. The nonlinearity
is observed as a time-reversed signal along with a negatively refracted field. This con-
cept was discussed, explored and demonstrated in the previous chapter. The FWM was
achieved by the traditional configuration involving three input optical fields, giving rise
to the nonlinear signals. Interestingly, four-wave mixing in an optically two-dimensional
material offers advantages unseen in bulk media. The ‘phase-dependent’ nature of the
nonlinearity of graphene in addition to the irrelevance of perpendicular wavevector match-
ing between fields paves the road to simpler FWM geometries, with possibly fewer optical
fields. Such new geometries for enabling nonlinear optical interactions in 2D materials
would potentially lead to more efficient and simpler configurations in integrated optical
circuits. This chapter explores the alternative methods of generating negative refraction
in 2D graphene multilayers. It also includes an application of the phase-dependent nature

of the nonlinearity in graphene in the form of phase-contrast imaging.

Three experimental configurations are explored in the quest for alternative geometries to
enable nonlinear optical interactions in graphene: (a) using two optical fields - pump and
probe, (b) using only two optical beams in reflection mode and (c) using only one optical

beam in reflection mode. The following sections outline these experimental arrangements
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Graphene

FIGURE 6.1: Two beam interaction: the figure is a schematic represen-

tation of the two optical interacting at the graphene sample. It shows the

pump and probe beam layout with respect to the graphene film. This figure
is adapted from [76].

and discuss the observations. The second part of this chapter is dedicated to investigat-
ing the phase-contrast imaging technique. For this, the traditional FWM configuration of
three optical fields interacting at the graphene sample is revisited. Phase-contrast imaging
(PCI) is an imaging technique, where phase-objects are translated into intensity objects.
Since the negative refraction process in the coherent-control geometry involving graphene
1s highly phase-sensitive, an attempt is made to enable phase-contrast imaging by varying
the spatial-phase of one of the pump beams. We observe that the phase-profile picked up
by one of the pump beams is translated into an intensity-profile of the negative refraction

signal. The experimental methods and the observations are discussed in this chapter.

6.2 Two-beam geometry

The experimental components for this geometry are the same as those used in the exper-
iments discussed in the previous chapter. The laser source (785 nm, 100 fs, Titanium
Sapphire laser), energy of the input optical beams, the nonlinear medium - graphene sam-
ple (30 layers, 9 nm thickness, 50 % absorption in the visible range) are all the same as
discussed previously. In this configuration of the experiment, which we refer to as the
single-pump-beam case, the pump and the probe are incident on the graphene sample
from the same side. The Sagnac interferometer is not relevant here as one of the pump
beams (pump?2 as seen in Fig. (5.1)) is blocked and the interaction between pump 1 and
the probe beam is enabled. Both the beams are aligned to have the same optical path
length and the coherent illumination of the graphene sample is ensured by adjusting the

delay-line in the path of the probe beam. pump1 is now steered onto the graphene sample
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by a mirror which is mounted on a piezoelectric stage. The piezoelectric stage, controlled
via LabView, is used to scan the delay of the pump pulse with respect to the probe such
that the graphene sample is subject to consecutive nodes and antinodes of the resultant
field. The two optical beams interact as a function of their relative phase delay, see Fig.
(6.1). In this case too we observe both the phase conjugation and optical negative re-
fraction. However, the conditions vary from the bulk case where the longitudinal phase

matching constraint suppresses these processes.

This geometry supports the generation of the phase-conjugated and negatively refracted
signals. The possibility of coherently modulating these nonlinear signals is also inves-
tigated. Figs. (6.2(a-c)) show the calculated spatial distribution of the time-averaged
nonlinear polarisation P? at the graphene film for three different phase delays between
the pump and the probe. The spot size of the two beams at the sample is 80 pm, which
is a critical parameter in this geometry. For three different relative phase delays, as can
be seen, changing the phase only leads to a lateral shift of the spatial interference pat-
tern. Under this condition the DFWM nonlinear signals will be observed because of the
presence of the nonlinear polarisation. Changing the relative phase of the beams only
accounts for a very weak modulation in their amplitudes, as shown in Fig. (6.2(d)) that
shows the calculated time-averaged nonlinear polarisation, Pfd. Hence, to achieve more
efficient modulation of the nonlinear signals, the spatial distribution of the beams needs
to be tailored, such that at certain relative phase difference between the beams, the non-
linearity is switched off or almost switched off. As shown in Figs. (6.2(e)-(g)), if the spot
size of the beams is reduced so that it is equivalent to or smaller than the fringe spacing of
the interference pattern, then changing the relative phase leads to longitudinal and trans-
verse modulation of the polarisation wave intensity, which in turn allows to coherently
control the amplitude of the DFWM signals, similarly to the previous case of the tradi-

tional FWM configuration.

The experimental setup is designed to reproduce the condition of the calculations shown in
Figs. (6.2(e)-(g)), i.e., one interference fringe at the graphene sample. This was achieved
by aligning the input beams with a relative 1.8° angle and by focusing them to a spot-
size of 20 pm, in order to match the fringe width and the beams’ spot-size. Under this
arrangement, the strength of the negative refraction signal is recorded as a function of
piezoelectric-mirror delay. A periodic modulation (a maximum to extinction) of the neg-
ative refracted beam is observed, as shown in Fig. (6.2(h)). In the plot, the yellow dots

represent the negative refraction signal amplitude. The amplitude of the phase conjugated
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FIGURE 6.2: Two beam interaction: (a), (b), and (c) are zoomed in im-
ages of the calculated transverse (x) and longitudinal (z) distribution of the
time-averaged nonlinear polarisation Pgl for different relative phases, ¢,
of Epump and Ejope as indicated in the figure. The two beams have the
same diameter of 80 um and generate several spatial interference fringes.
The calculated intensity of the negatively refracted beam is shown in (d)
as a function of relative phase delay ¢: only a very weak modulation is
observed. (e), (f) and (g) show the same as in (a)-(c) but with smaller beam
diameters of 20 um. (h) shows the experimental data for the measured
negatively refracted (NR yellow circles) and phase conjugated (PC, blue
dots) beams as a function of piezoelectric-mirror displacement. A strong
~ 100% modulation is observed in agreement with the theoretical calcu-
lation of time-averaged P l (red curve). This figure is adapted from [76].
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beam exhibits a similar modulation (blue dots). The modulation, however, occurs with a
reduced visibility due to linear back-scattering of the pump signal from the sample sur-
face, which proved difficult to completely eliminate due to focusing lenses in the new

experimental conditions.

It is noted that phase conjugation is typically performed with two counterpropagating
pump beams in bulk media but may be observed with a single pump beam (along with an
input probe beam) when using a surface nonlinearity [87] . In our experiments, the ad-
vantage provided by the two-dimensionality of graphene in terms of its phase-dependent
nonlinearity is exploited to see similar results. It is also observed that in the previous
geometry of FWM, with three input optical fields, the modulation periodicity was given
by the standing wave periodicity (i.e. A/2). On the other hand, in the two-beam geometry
the amplitude of the nonlinear signals is periodically modulated with a periodicity equal
to the pump wavelength, i.e., A = 785 nm. The results shown in Fig. (6.2(h)) demonstrate
that this simplified arrangement provides an equally effective method of generating an
all-optical modulation of nonlinear signals in 2D films. The same method could also be
extended for the case of metamaterials, and in general to looking into alternative imaging

applications [27] .

At this point, the focus is on simplifying geometries to achieve negative refraction using
thin films. As the next step, FWM geometries with only one optical beam are explored

and discussed in the next section.

6.2.1 Nonlinear coherent mirrors and negative reflection

In this third example we perform the experiment with two input beams, but in a reflection-
configuration as shown in Fig. (6.3(a)). The pump beam, focused using a lens with f =
+50 cm, is at normal incidence to the graphene surface and the transmitted beam is re-
flected by a mirror placed closely behind and parallel to the film. The mirror distance
from the film is reduced to be much smaller than the length of the optical pulse (~ 30
pm) and is fine-tuned using a piezoelectric stage. The reflected pump beam now acts as

a second pump and its relative phase with respect to the input beam is controlled by the
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mirror. This allows the same control over the resulting polarisation wave as in the exam-

ples discussed earlier, in the way that the nonlinearity is ‘phase dependent’.

Figure (6.3(b)) shows the amplitude of the DFWM signal that is back-reflected along the
direction of the input probe beam as a function of the mirror position. The signal is clearly
modulated with nearly 100% visibility and shows a ~ 4x enhancement with respect to the

same measurement performed without the mirror, as indeed the nonlinear medium is now
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FIGURE 6.3: Nonlinear coherent mirror: (a) Schematic representation of
the experimental layout with a single pump beam at normal incidence to
the graphene film and the probe beam at a small angle. A mirror is placed
parallel to the film and its distance from the graphene film is controlled
with a piezoelectric actuator. (b) Shows the recorded back-reflected signal
(along the probe direction) as a function of mirror distance. (c) Shows the
spatial profile of the back-reflected signal recorded on a CCD camera with
the mirror slightly detuned in angle. Two beams are observed: one is the
phase-conjugated signal the other is the negatively refracted (and reflected
back from the mirror) signal, as indicated in the figure. When the mirror
is properly aligned parallel to the film, these two beams add coherently to
form a single beam shown in the inset to (a).This figure is adapted from
[76].
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placed inside a Fabry-Perot cavity composed by the metallic mirror and the partially re-
flective graphene-air interface. Interestingly, the back-reflected signal is not a pure phase
conjugated signal as one may have expected given the backward propagation direction
(with respect to the probe). Indeed, a negatively refracted beam is also expected. How-
ever, considering the beam arrangement shown in Fig. (6.3(a)), the negatively refracted
beam would be reflected from the mirror and overlap, after passing through the graphene
film, with the phase conjugated beam. This was verified by slightly detuning the angle of
the mirror: in this way the negatively refracted and phase conjugated beams are emitted
with slightly different angles and appear as two separate beams on a CCD camera placed
at the photodetector position, as shown in Fig. (6.3(c)) (the negatively refracted beam has
a ~ 50% lower intensity due to the absorption in the graphene film). Remarkably, as a
result of the fact that they are generated in phase, these two signals sum coherently when

they are overlapped, giving an enhanced signal as shown in the CCD image inset in Fig.

(6.3(a)).

Lastly, an attempt is made to further simplify this configuration by using only one opti-
cal beam. Single beam phase conjugation, where the two pumps and the seed originate
from the same beam was reported iby J. Feinberg [88], where a photorefractive crystal -
BaT'iOs - is used as the nonlinear medium. It uses a geometry where the single pump
beam is internally reflected by the edge of the crystal and trapped within. This last ge-
ometry too is a step in that direction, in the sense that we use only one pump beam. The
actual experimental configuration is stripped down to a single laser beam, the graphene
sample and a mirror. A retro-reflecting mirror is placed at a slight angle of 3° with re-
spect to the graphene sample and only a single pump beam is incident normally on the
graphene sample as shown in Fig.6.4(a). The mirror and the graphene film, as in the last
case, are very close to each other so that the optical pulse overlaps on itself upon reflec-
tion. The angle between the mirror and the graphene sample is kept low enough to ensure
spatial overlapping of the reflected pump on itself at graphene. This configuration can be
described as the folded version of the first geometry discussed in this chapter, where gen-
eration of a negative refracted beam is achieved by using only two input beams incident
at an angle, albeit from opposite sides of the graphene film. We therefore expect here too
a negatively refracted beam that will appear as a reflected signal as shown schematically
in Fig. (6.4(b)).

Conservation of the transverse momentum dictates that the DFWM will cause a nonlinear

signal to appear reflected at an angle of —26, where 6 is the incident pump beam angle
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FIGURE 6.4: Negative reflection: (a) and (b) show a schematic representa-
tion of the experimental layout and wave-vector diagram with a laser beam
incident normal to the graphene sample and with the mirror placed very
closely to the film (at a distance shorter than the optical pulse length) but
at a slight angle. Conservation of transverse momentum implies that the
interacting beams generate a reflected beam at an angle 26 (as expected
from a standard mirror) but also a “negative” reflection at the opposite —26
angle. (c) Shows an image of the negatively reflected beam measured at
angle —26 on a CCD camera. This figure is adapted from [76].
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relative to the mirror normal. In other words, this beam appears as a “negatively reflected”
beam and whose image, recorded with a CCD camera, is shown in Fig. (6.4(c)). It is ob-
served at an angle of 3 degrees with respect to the input pump beam, but on the negative
side when compared to the normal reflection from the mirror. This configuration of a
FWM process using graphene hence leads to the observation of a new kind of signal, i.e.,

the negative reflection.

All these alternative geometries hence prove that the two dimensional materials with the
right optical arrangements lead to interesting observations of nonlinear optical interac-
tions. The coherent control of light interaction in 2D materials not only leads to generation
of negative refraction and phase-conjugated fields, but also opens the path for simplifying

four-wave mixing geometries.

6.3 Application of Nonlinearity in Graphene: Phase Con-

trast Imaging

Phase-contrast imaging is a prominent technique which is used in transmission electron
microscopy, X-ray tomography and other high-resolution imaging domains. It is a method
for differentiating or imaging structures which have similar transparencies or similar re-
flectivity, but have different refractive indices. Let us suppose an object which has struc-
tures of differing refractive indices within it. An amplitude or intensity profile of a light
beam reflecting from it or transmitting through it might not be enough to interpret the
local phase-differences across the cross-section of the beam. In phase-contrast imaging,
the aim is to image these phase-distortions that an optical field might experience on its
encounter with an object, hence distinguishing structures of different retardation. A tool
to this effect is the Nobel prize winning invention: the phase-contrast microscope, devel-
oped by Frits Zernicke in 1953.

The basic working principle of phase-contrast microscopy is to separate the illuminating
background light from the scattered light by the specimen (which make up the foreground
details) and to manipulate these differently. In traditional phase-contrast microscopes, the
image contrast is improved in two steps: the background light is phase-shifted by —90°

by passing it through a phase-shift ring. This eliminates the phase difference between the
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background and the scattered light, leading to an increased intensity between foreground
and background. Secondly, the background is dimmed by a filter ring, which results in
some of the scattered light being phase-shifted and dimmed by the rings. However, the
background light is affected to a much greater extent, which creates the phase-contrast
effect. These configurations involve several optical phase elements and function in the
linear regime. A nonlinear imaging system for phase-contrast imaging could simplify this

configuration.

The observation of a ‘phase-dependent’ nonlinearity in graphene, which is responsible
for the generation of negative refraction, could potentially be used for phase-contrast mi-
croscopy. This section presents a new method of performing phase-contrast imaging using
DFWM in graphene multilayer. The traditional FWM geometry with a Sagnac interfer-
ometer as discussed in the previous chapter is used to realise this technique. A Spatial
Light Modulator (SLM) is introduced into the configuration to create phase distortions to
be imaged. The aim is to introduce local phase distortions into one of the pump beams
and then image them (in terms of intensity distortions) in the resulting phase-conjugated
or negatively refracted beam. The following section discusses the experimental setup and
the results of these experiments. Three different kinds of simple phase-contrast profiles
are imaged, with sub-micron resolution using near-infrared (wavelength (800 nm). This
demonstration of phase-contrast imaging involves the phase objects of illumination (of
graphene) being translated to intensity-profiles by the object (graphene under coherent

absorption).

6.3.1 Experimental Methods

The experimental layout, as shown in Fig. (6.5), follows almost the same outline as that
for FWM with three optical fields, which was discussed in the previous chapter. It involves
a Sagnac interferometer, and three laser beams breaking off from the laser output from
Ti:Sapphire laser (785 nm, 30 nm, 100 fs). In addition to this, ‘structured illumination’
is enabled by a spatial light modulator (SLM) which is programmed to add additional
phase-components onto one of the pump beams, pump 2. The pump beam, pump 2 and
the unaltered pump beam, pump I counter-propagate in the Sagnac interferometer and
coherently illuminate the graphene multilayer sample (30 layers, 9 nm thickness on a
fused silica substrate). This coherent control geometry (cite Zheludev) and an additional

probe beam which produces our resultant negative refraction signal form the components
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FIGURE 6.5: Schematic representation of the experimental setup for phase-

contrast imaging. It is very similar from the experimental layout for the

traditional FWM with CPA, discussed in Chapter (5), except for the SLM
which is added to the pump 2 arm of the interferometer.

of the setup. The layout is designed such that it allows the phase matched pump beams to
form a standing-wave at the graphene sample. The graphene sample, which is mounted
on a translation stage, is aligned to meet the standing wave at an antinode, so as to enable
maximum absorption, to increase the strength of negative refraction. At perfect phase-
matching conditions, the three optical fields interact at the graphene sample to generate
a phase-conjugated beam and a corresponding negative refraction signal, shown in blue
(Neg-Ref). Owing to convenience of alignment negatively refracted signal is used for
imaging the phase-contrast objects. Below is a brief description of the SLM tool that is

used for the measurements.

Spatial Light Modulator: A Spatial Light Modulator (SLM) is an electrically programmable
device that modulates light according to a fixed spatial (pixel) pattern. It provides light
control on a pixel-by-pixel basis. Is is made of liquid crystal arrays and each pixel can
be electronically controlled. The SLM that is used for this set of experiments is a an XY
Series, ’Phase and Amplitude SLM from Meadowlark. 1t has a chip size of (7.68 x 7.68)
mm; (512 x 512) pixel array, with pixel size of (15 x 15) pm and a working wavelength
range of 760 - 865 nm. The damage threshold of the SLM chip is 1 mJ and with a pulsed
light source, the maximum intensity that could be used is calculated to be 5.4 GW/cm?.
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FIGURE 6.6: The Meadowlark Spatial Light Modulator. The active region
is a liquid-crystal array chip designed to work specifically around 760 - 865
nm

Incorporating the SLM into one of the interferometer arms needs special attention as a
few conditions need to be satisfied: the path length between the SLM and the graphene
sample is chosen such that (i) the beam at SLM plane is imaged at the graphene sample,
and (ii) it is sufficient to scale down the spot-size at graphene to enable nonlinear optical
interactions. This also ensures brevity in the introduction of phase-profiles on to pump 2,
which is originally of a plane phase-front. Another difference in this setup to be noted is
that the laser beams are not focussed at graphene, but instead reduced to beam-spots of
~300 pm by using telescopes on each interacting beam. The pump and the probe beams
are collimated at graphene in order to preserve their plane wavefronts, when the spot size
of the beam incident on the SLM chip is of the order of a few mm. The SLM yields several
diffracting orders and a grating mask is applied on the SLM for separating the modes and
the first order is used for the experiments. The mode separation is performed by using a
pin-hole at the focal length in the telescopic arrangement. The arm lengths of the Sagnac
interferometer are designed to be 80 cm, so as to accommodate the conditions of using
the SLM into one of them.

6.3.2 Results and Discussion

The phase-masks are generated by a MATLAB program (given in the Appendices (A))
which produces a greyscale image of the phase-profiles which are then digitally applied
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FIGURE 6.7: (i) - (iv): SLM masks generated in Matlab to produce differ-

ent phase-contrast profiles to be applied to one of the pump beams. The

bottom set of figures are negative-refraction signals when (a) no phase pro-

file is applied, (b) with a doughnut phase profile applied to the pump P2.

(c) and (d) show the nonlinear signal when a vertical and horizontal phase
contrast profile is added to the pump, respectively.
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to the SLM using the Meadowlark SLM software. The phase profiles are generated by
introducing an additional phase of 7 to specific regions of the mask to produce contrast-
ing features. For example, in Fig. (6.7 (ii)) the SLM mask introduces a phase contrast in
the form of a doughnut, where a circular part of the mask (marked in red) has an addi-
tional phase of 7. The pump, pump 2, when incident on the SLM chip is centered on the
doughnut phase-profile using the Matlab program (given in Appendix A) that generates
the SLM masks. pump 2 encounters a phase-contrast profile on the SLM resulting in the
modification of its phase-front. This altered pump meets pump 1 to coherently interact
with probe at the graphene sample. Now, only the regions of the pump beams which are
phase-matched give rise to the negatively refracted signal, as can be seen in Fig. (6.7 (b)).
The negative refraction signal when no additional phase-profile is added (SLM mask is
Fig. (6.7 (1))) is shown in Fig. (6.7 (a)). Comparing this to the image in (b) shows the
phase-contrast being imaged in the negative refraction signal. Two more phase profiles
are applied to the SLM, as shown in Fig. (6.7 (iii)) & (iv), a vertical and horizontal phase-
contrast step, respectively. The corresponding intensity profiles of the negative refraction

signal are given in Figs. (6.7 (c) & (d)), respectively.

The smallest phase-object to be imaged on the negative refracted signal is a circle of the
dimensions ~200 pm. Phase-contrast images were also created using phase-differences
less than 7 , but the contrast in the negative refraction intensity profile is not 100%. The
images seen in Figs. (6.7 (a)-(d)) show the results of phase structured illumination of
graphene and the subsequent coherent interaction of optical fields, producing a negative
refraction. The phase-dependent generation of the negative refraction due to the four-
wave mixing configuration provided the premise for developing a phase-contrast imaging
technique as discussed above. The smallest size of phase objects imaged is a few mi-
crons. This kind of imaging, which exploits the coherent control of light with graphene
(2D material) and its unusual nonlinearity using NIR wavelengths is unique and the first
of its kind. Since this method is essentially based on utilising the special consequences of
FWM in 2D materials, any wavelength of light could possibly be used for phase-contrast
imaging, provided the nonlinear medium has a large ) value.
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6.4 Summary

In conclusion, this chapter offers three alternative geometries to realise nonlinear optical
interactions in 2D materials, graphene in particular. The phase-dependent nature of non-
linearity enables a series of optical wave mixing configurations that either optimise pre-
viously existing geometries or allow completely new possibilities. The two-dimensional
nature of the material also implies that only one pump beam is required to generate a
phase-conjugated beam and also a negatively refracted beam. Moreover, by choosing a
geometry such that the beam diameters are of the same order or smaller than the trans-
verse interference pattern (controlled by the relative pump-probe angle), it is possible to
observe full coherent control/modulation of the DFWM signals even with only two input
beams. In the final FWM configuration, it is observed that a reflective surface placed be-
hind the two-dimensional film at a small angle acts as a nonlinear mirror that can generate

a “negatively reflected” beam.

Beyond the fundamental implications of the phase-dependence of the nonlinearity in two-
dimensional media, these ideas may find applications, for example in the field of imaging.
Perfect imaging has been demonstrated using two nonlinear films, e.g. metamaterial films,
placed at a close distance and each individually pumped with two counterpropagating
beams, i.e. with a total of four beams. The results here show that only one pump for each
film is required and in principle, only one pump beam impinging on both films should
be necessary to achieve the same perfect imaging results. This could greatly change the
scene of miniaturisation of imaging systems, especially nonlinear imaging systems. In
the same vein, a ‘phase-contrast imaging’ concept is explored and demonstrated as dis-
cussed in the second section of this chapter. This technique is a result of the marriage of
two concepts: the coherent perfect absorption in 2D materials and the ‘phase-dependent’
nonlinearity observed in graphene multilayers. The ‘self conjugate’ property of graphene
is also an important aspect in this regard, as the nonlinear signal used for phase-contrast
imaging is the negative refraction signal. Graphene, belonging to this exclusive club
of ‘self-conjugate’ materials, enables the generation of negative refraction along with a

phase-conjugated field, which is typically the result of four-wave mixing.
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Chapter 7
Conclusions

This work was primarily focused on achieving coherent control of optical interactions
using two-dimensional graphene multilayers. Unstructured graphene films (consisting 30
atomic layers) with a travelling-wave absorption close to 50% in a coherent perfect ab-
sorption (CPA) configuration was used to demonstrate an all-optical modulation of linear
absorption. This arrangement allowed total absorption to be controlled between 100%
(full absorption) and 0% (full transmission). Subsequently, the same arrangement was
used to control other light-matter interaction channels. In the specific case discussed
in Chapter (4), the scattering efficiency from the graphene sample was modulated with
a modulation contrast of ~ 90%. This coherent enhancement or suppression of linear
optical properties (absorption [13], scattering [71] and reflection [84]) of graphene multi-
layers is an example of the additional control enabled by the reduced dimensionality. As
graphene is known to exhibit strong nonlinear optical response [89], nonlinear optical in-

teractions in graphene multilayers were consequently examined in similar arrangements.

Optical phase-conjugation and negative refraction were achieved from graphene multi-
layers, through degenerate four wave mixing. The third order nonlinearity was found to
be coherently controllable by modulating the phase of the input pump beam, as a con-
sequence of the two-dimensionality of the graphene sample and a modulation contrast
~ 100% achieved. Additionally, a ‘phase-dependent’ nonlinearity was realised as a result
of the high third order nonlinearity (x(*)) and the optical two-dimensionality of graphene
multilayers. This advantage of phase-dependent nonlinearity enabled a series of new op-
tical wave mixing configurations. These arrangements allowed for optimising previously
existing geometries or provided completely new possibilities for enabling nonlinear opti-
cal interactions in 2D materials. Alternative geometries for observing negative refraction
and optical phase conjugation were explored. Firstly, a two-beam geometry was devised

such that the diameters of the beams interacting at the graphene sample were of the same
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order or smaller than their transverse interference pattern (controlled by the relative pump-
probe angle), which allowed for the observation of full coherent modulation of the DFWM
signals. In the second case, we demonstrated the generation of a phase-conjugated beam
along with a negatively refracted beam in a simpler, one beam geometry. The last con-
figuration for nonlinear performing nonlinear optics in graphene multilayers involved a
reflective surface placed behind the two-dimensional film at a small angle, which acted
as a nonlinear mirror and generated a ‘negatively reflected’ beam. All these results offer
all-optical methods for manipulation of optical linear and nonlinear interactions using 2D

materials.

In addition to the fundamental implications of the phase-dependence of the nonlinearity
and all the alternative configurations it supports in a 2D material, a possible application in
the form of ‘phase contrast imaging’ was considered and performed. This nonlinear imag-
ing experiment followed the DFWM geometry with three input beams interacting at the
graphene sample to produce negative refraction (we chose to use the negatively refracted
beam for imaging over the phase conjugate beam, because of the convenience in terms of
the experimental arrangement). Here the phase object in one of the interacting beams was
directly mapped onto a corresponding intensity object in the negatively refracted beam.
Phase objects of the size of 200 ym were introduced in one of the pump beams using a
spatial light modulator (SLM), which were imaged as intensity objects in the resulting
negative refracted beam. This offers a technique for performing phase-contrast imaging

in the visible wavelength range.

In conclusion, this work mapped an evolution of coherent optical interactions in a 2D
material - from developing a method for efficient modulation of optical absorption and
scattering to redefining conditions for nonlinear interactions in 2D materials. An alter-
nate type of nonlinearity which is specific to two-dimensional nonlinear optical media -
a phase-dependent nonlinearity - was observed and examined. It also records a possible

application for this nonlinearity in the form of phase-contrast imaging.
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7.1 Future scope of work

Two-dimensional materials, like metamaterials, graphene and heterostructure layers [3, 4]
exhibit unique features in their interaction with light and are hence driving intensive re-
search towards developing novel optomechanical and photonic devices with improved
functionalities. The experiments performed and reported in this thesis can be extended
to any two-dimensional material, provided they satisfy some basic absorption conditions.
Hence the results observed here are more of a commentary on all-optical techniques in

2D materials, than being graphene-specific.

The flexibility provided by the coherent perfect absorption geometry could be further
examined for developing optical modulators and have the potential of being integrated
into all-optical chips. The degree of control demonstrated in these results could be ex-
tended to other optical effects as well. Also, the various geomteries explored for achiev-
ing nonlinear interactions in graphene multilayers bring up the interesting possibility of
generating and controlling the nonlinear response of other promising thin film materials
[89, 36, 90]. This thesis examined linear and nonlinear optical interactions, but CPA has
also been observed in single photon regime, recently demonstrated in plasmonic metama-
terials. Measurements with single photon states reveal the familiar oscillation between
total transmission and total absorption. The technique can be further extended to quan-
tum state with more than one photon for instance for N = 2 NOON states, where we expect
to see different physical phenomena compared to classical CPA [91]. It has been shown
that CPA with NOON states creates novel quantum states [48] and can surprisingly exhibit
nonlinear absorption [92].

Another avenue that can be considered for further studies is nonlinear imaging. Two non-
linear films - metamaterial films - placed very closely with each individually pumped with
two counterpropagating beams, have been used to demonstrate perfect imaging. The al-
ternative geometries for nonlinear interactions in graphene multilayers discussed in this
thesis offer the prospect of simplifying the arrangement of perfect imaging, as our re-
sults show that only one pump for each film is required and in principle, only one pump
beam impinging on both films should be necessary to achieve the same perfect imaging
results. Additionally, more experiments could be performed for improving the method of

the phase-contrast imaging technique proposed in this work.
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Summarising, coherent perfect absorption and optical nonlinear interactions in two-dimensional
materials provide for some interesting results and observations and the flexibility of man-
ufacture of new two-dimensional materials adds to this advantage, opening up new ge-

ometries for optical interactions.
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Appendix A

MATLAB Code

The MATLAB code for applying different phase-masks on the Meadowlark Spatial Light
Modulator (SLM) for phase-contrast imaging experiment is given here:

% SLM Projection File
clear all;

close all;

%% Parameters
% Phase mask for an Axicon 0 off; 1 on

Axicon = 1;
Gaussian = 0; % 0 off; 1 on

% Phase mask to create circular phase shifted area
Maskl = 0;
radius = 0.003;

% x—axis and y-axis values to center the phase circle

centre_x = 300;

centre_y = 219;

%Phase mask to create a vertical partition with
sout-of-phase regions

Maskl_b = 0;

% set to ZERO when no additional phase tailoring
%needed

Half_v = 0;
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o

% to find the horizontal centre of the beam
Half_h = 0;

Grid = 1; % 0 off; 1 on
gs =256; % Grid size for BNS SLM must be < 512
2x2.54e-2/gs

tic;
modx = 2;
root = 0; % 0 off; 1 on

rfact = 2e-2;

o\

sgrt of R dependence —- rfactxsqgrt (R)

Numberoflines = 60; %$no. of grid lines
Numberofrings = 30; %no. of rings for Axicon
n = 4.3;

rx = -0.21

ry = 0.175

%% Code

% AXICON

N = Numberofrings; %Number of rings

[x, y] = meshgrid(-1:(1/gs):1-(1/(gs=*2)));
r = N*2xpixsqrt ((x-rx)."2 + (y-ry)."2);

A = mod(r,modx*pi) ;

o\

GAUSSTIAN

N = Numberofrings; %Number of rings

[x, y] = meshgrid(-1:(1/gs):1-(1/(gs=*2)));
r =—N*2xpix (((x-rx)."2 + (y-ry)."2));

R =mod (r, modxxpi) ;

% MASK 1 (phase_inverted_circle)

[x, y] = meshgrid(-1:(1/gs):1-(1/(gs=*2)));
m =(((x-rx).”2 + (y-ry)."2));

for i = 1l:length (m)

for 3 = 1l:1length(m)

if m(i, j) <= radius
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m(i,Jj) = pi;
else

m(i,j) = 0;
end

end

end

% MASK 1_b (phase_inverted_circle)
[x, y] = meshgrid(-1:(1/gs):1-(1/(gs=*2)));
ml_b =(((x—-rx)."2 + (y-ry)."2));
for i = 1l:length (m)

for j = 1l:length (m)
if ml_b(i,j) <= radius

ml_b(i,]J) = pi;
else

ml_b(i,j) = 0;
end

end

end

% HALF_ verticle
v = zeros (512:512);
for i = 1:512
for 7 = 1:512
if j <= centre_y
v(i,J) = pi;
else
v(i,3) = 0;
end
end

end

% HALF_horizontal
h = zeros(512:512);
for 1 = 1:512

for 3 = 1:512

if 1 <= centre_x
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h(i,J) = pi;

else
h(i,J) = 0;
end
end
end
% GRATING
N = Numberoflines; %Number of lines
x = meshgrid(0: (1/(gs=*2)):1-(1/(gsx2)));

X = —(x-rx)*N+x2+xpi*xGrid + Z=*Spiral + GaussianxR +
Axicon*A + root*xrootr + vxHalf v +

h+*Half_h + mxMaskl;

%arrayl = ’"plot_data.xlsx’

%$x1lswrite(arrayl,X,’ Sheet’, 1)

% multiply by 2Pi for phase.
M = mod (X, modxx*pi) ;

%¥Plot Figure

handlefig = figure(l);
set (handlefig,’Position’, [50 50 512 512]);

set (handlefig,’Visible’,"on’);
p = pcolor (M), shading interp;
colormap ('gray’);
axis ([0 n 0 nl) ;

axis off;

%For displaying on the SLM as a square
% centered at the center of the screen
%$set (gcf, ’"Position’, [1409 1 1024 1024])
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%For displaying on the primary screen
%$set (gcf, ’'Position’, [128 1 1024 1024])

3For display modification inside
%$set (gca, ’'Position’, [0.62 0.62 0.8 0.8])

%the image window

thedata = get (p,’CDhata’);

% CONTROLS THE DARKNESS OF THE FIGURE
darknessadjust = 2%pi;

thedata = thedata./darknessadijust;

td(:,:,1) = zeros (512, 512);
td(:,:,2) = thedata;
td(:,:,3) = zeros (512, 512);

%ADJUST THE PATH TO WHERE YOU WANT IT

imwrite (td,'PCI./axicon.bmp’);

toc;
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