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Plasmonic nanostructures and nanoparticle assemblies with spatial symmetry 

breaking interact with right- and left-handed circularly polarized (RCP and LCP, 

respectively) lights differently. The difference between absorption of RCP and LCP by these 

nanostructures is called circular dichroism (CD). Compared to their molecular 

counterparts, broken symmetry nanostructures demonstrate orders of magnitude higher 

CDs, making them suitable for promising applications in photonic devices, such as circular 

polarizers and devices with negative refractive index, as well as in pharmaceutical sciences 

for enantioselectivity enhancement of chiral molecules. Although CD is useful information 

in characterization of these devices, since it is a far-field quantity, it cannot retrieve the 

underlying near-field interactions. Understanding the near-field interactions, however, is 

necessary in designing novel photonic devices with different applications. In this thesis, we 

investigate the near-field circular dichroic forces on plasmonic nanoparticle assemblies at 

nanoscale using photoinduced force microscopy (PiFM). We first introduce a PiFM 

technique based on gold nanoparticles (AuNPs) and silicon tip. Conventionally, gold-coated 

silicon tips are used in PiFM, which causes some anisotropy-induced distortions in the 
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images because of the irregularities of gold grains on the silicon tip. This is especially 

important in CD studies as these asymmetries can create fake signals. Using AuNPs and 

silicon tip, we demonstrate much more accurate and distortion-free images, as well as an 

order of magnitude enhancement in signal-to-noise ratio. We then use this PiFM technique 

to study the near-field circular dichroic forces on different AuNP assemblies. We show that 

while two different mirror-symmetric (structurally achiral) assemblies can have zero CD, 

their near-field circular dichroic force maps can be different depending on their rotational 

symmetry. We finally demonstrate a metasurface, made of broken symmetry ramp-shaped 

nanostructures, which exhibits giant CD at the visible frequencies using a simple 

fabrication technique based on gradient focused-ion beam milling, addressing complicated 

fabrication challenges to create 3-D asymmetric nanostructures.    
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1. INTRODUCTION 

Plasmonic nanostructures and nanoparticles have attracted tremendous attention in the last 

decades because of their strong interaction with light.1–6 Due to the excitation of plasmons, 

which are coherent movement of free electrons on the surface of metallic structures,7 

extremely strong field enhancements in the near-field of these structures occur,8 leading to 

many fascinating applications, such as sensing and biosensing,9–12 imaging,13,14 surface 

enhanced Raman spectroscopy (SERS),15–17 cancer photothermal therapy,18,19 improvement 

of solar cell efficiency,20–22 and manipulation of light polarizations.23–26  

An important group of plasmonic nanostructures are those with spatial broken 

symmetry.27,28 These nanostructures interact differently with right- and left-handed 

circularly polarized (RCP and LCP, respectively) lights, which are two opposite senses of 

handedness of circular polarization.29 In other words, broken symmetry nanostructures 

absorb RCP and LCP differently. The difference between the absorptions is called circular 

dichroism (CD), which shows the selectivity of these nanostructures in response to circularly 

polarized light (CPL).30 

The different interaction between the broken symmetry plasmonic nanostructures and 

RCP/LCP is in analogy with the interaction of chiral molecules with CPL.31 Chiral molecules 

are those molecules that are not superimposable on their mirror image by any rotation 

and/or translation.32 These molecules are of great importance in biochemistry since the 

building blocks of life, including many amino acids and proteins, are chiral.33 Because of their 

broken symmetry, chiral molecules also absorb RCP and LCP differently. However, because 
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of the weak interaction of light with molecules, their CD is extremely small compared to their 

plasmonic counterparts.34 On the other hand, due to the excitation of plasmons and creation 

of hot spots with extraordinary field enhancements, broken symmetry nanostructures 

exhibit orders of magnitude higher CDs,35 leading to many promising applications, such as 

enantioselectivity enhancement,36–40 circular polarizers,41–43 negative refractive index 

materials,44 light harvesting,45 and chiral imaging.46 

Although CD contains useful information about the electromagnetic properties of the 

plasmonic broken symmetry nanostructures, it is a far-field quantity which does not include 

any information about the near-field interactions on the structure.47 Therefore, important 

information about the properties of the plasmonic nanostructures, included in the near-field 

interactions, is missing in the CD.48 In fact, the origin of the CD, which is observed in the far 

field, lies in the near-field interactions around the nanostructure.49 Therefore, it is of 

paramount importance to map the near-field interactions on the plasmonic nanostructures 

with a high resolution, which enables the researchers to design these nanostructures in a 

better way for various applications.  To do so, high resolution scanning probe microscopy 

techniques are required in combination with CPL excitation of the nanostructures. 

In this thesis, we investigate the near-field interactions on the plasmonic nanostructure at 

nanoscale by detecting the optical forces using photoinduced force microscopy (PiFM).50,51 

We first introduce a novel modification to PiFM technique to enhance its accuracy, 

resolution, and signal-to-noise ratio (SNR),14 which makes the technique more suitable to 

study CD at nanoscale. Conventionally, PiFM images are taken by using a gold-coated silicon 

(Si) tip, which causes some anisotropy-induced distortions in the images due to the 
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irregularity of the gold grains on the tip.52,53 Instead, we propose to use gold nanoparticles 

(AuNPs) and bare Si tips, as a probe, to take the PiFM images. We show that, using this 

technique, the anisotropy-induced distortions in the images are removed. In addition, the 

SNR is enhanced by an order of magnitude. We then use this technique to study the optical 

forces on different assemblies of AuNPs, particularly chiral and achiral trimers and tetramers 

in response to RCP and LCP illuminations. We show that how rotational symmetry of the 

assemblies determines the near-field circular dichroic force response of these structures.  

In addition to the near-field experiments using AuNP PiFM, we introduce a novel 

metasurface, made of plasmonic ramp-shaped nanostructures, which exhibits giant CD at the 

visible frequencies.54 This metasurface, fabricated using a simple technique based on 

focused-ion beam (FIB), addresses the fabrication challenges of 3-D complicated 

nanostructures to achieve high CD at the visible.  

The organization of the thesis is as follows. In the continuation of this Introduction, we 

review the basic definitions of the chirality, CD, and circular birefringence (CB), which are 

important in understanding the content of the following chapters. We also discuss the effects 

of the CD and CB on the polarization state of the light. In Chapter 2, we introduce the 

metasurface exhibiting giant CD at the visible frequencies. We show the fabrication steps and 

characterization techniques. We then show the experimental results of the CD 

measurements and compare the results with simulations. After the metasurface, we then 

present the near-field results based on the PiFM. In Chapter 3, we introduce the PiFM 

technique based on the AuNPs and Si tips. We show the near-field optical forces on the AuNP 

dimers and an aggregate of the AuNPs in response to linearly polarized (LP) light with 
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different polarization angles. We next use these AuNPs for nanoscale distortion-free beam 

profiling of LP light and a tightly focused azimuthally polarized beam (APB). In Chapter 4, we 

present the results of the near-field characterization of rotationally symmetric and 

asymmetric AuNP assemblies in response to RCP and LCP. We map the nanoscale circular 

dichroic forces on these assemblies. We also present the far-field CD results based on the 

simulations and compare the near-field and far-field data. We discuss that how mirror 

symmetry is important in determining the far-field CD (whether it is zero or not), while the 

rotational symmetry is determining the near-field circular dichroic force maps. A conclusion 

is finally given in Chapter 5.  

Chirality—definition and importance  

By definition, an object is chiral if it is not superimposable on its mirror image by any rotation 

and/or translation.55 The word chiral is derived from the Greek word χειρ, meaning hand. In 

fact, hand is a simple example of a chiral object since it is not superimposable on its mirror 

image: the mirror image of the right hand is the left hand, and obviously, the two hands are 

not superimposable on each other. An object which is not chiral is called achiral. Figure 

1-1(a) shows how a right hand and its mirror image, a left hand, are not superimposable on 

each other. Figure 1-1(b,c) shows some examples of achiral and chiral objects: a single 

sphere is achiral since it is superimposable on its mirror image; however, a specific 

arrangement of four spheres is chiral since it not superimposable on its mirror image 

anymore. Another example is an L-shaped bar, which is achiral. However, when the L-shaped 

bar is placed on a substrate is not superimposable on its mirror image anymore and is, 

therefore, chiral. A helix, a hand, and cysteine molecule are also other examples of chiral 

objects, while a cylinder is another example of achiral object.   
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Chiral molecules and biomolecules are found in many fundamental chemical reactions, 

which are essential in our daily life.56 Any chiral molecule can exist in two forms: itself and 

its mirror image. Each form of a chiral molecule is called enantiomer, which is referred to as 

right- and left-handed versions. The enantiomers of a chiral molecule have exactly similar 

physical and chemical properties. The only difference is that they interact with other chiral 

molecules or entities differently.29 And in fact, these interactions are very important in many 

fields such as drug industry and pharmaceutical sciences. For example, while one specific 

enantiomer of a chiral molecule used in a drug can effectively target some other molecules 

in the body to treat a disease, the other enantiomer can have devastating effects on the 

body.33 Therefore, distinguishing between the two enantiomers of the chiral molecules is 

essential.  

 

Figure 1-1. Examples of chiral and achiral objects. (a) Hand is a typical example of a chiral 

object. The mirror image of the right hand is the left hand, and these two are not 

superimposable on each other. (b) A sphere, a cylinder, and an L-shaped bar are examples of 

achiral objects which are superimposable on their mirror image. (c) An L-shaped bar on a 

substrate, a specific arrangement of four spheres, a helix, a hand, and cysteine molecule are 

examples of chiral objects, which are not superimposable on their mirror image.  
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Interaction of light with chiral medium—circular dichroism and circular 

birefringence  

Light, as an electromagnetic wave, can be regarded as a chiral entity. CPL is a simple form of 

a light beam, which can exist in two forms: RCP and LCP, in analogy to the right- and left-

handed version of chiral objects. Figure 1-2(a) shows the electric field vectors of an RCP and 

an LCP along their propagation axis. The end points of the electric field vectors form a helix, 

which is right- or left-handed depending on the handedness of the beam. Therefore, CPL can 

be regarded as a chiral entity. 

 

Figure 1-2. (a) Right- and left-handed circularly polarized (RCP and LCP) light. The electric 

field of the electromagnetic beam forms a helix, which is right- or left-handed depending on 

the handedness of the beam. (b) Chiral medium absorbs RCP and LCP differently. The 

difference is absorption is called circular dichroism (CD). (c) Conventional way to measure 

the circular dichroism of chiral molecules. A bulk medium, consisting of chiral molecules, is 

illuminated by a linearly polarized light, which consists of equal amount of RCP and LCP. The 

amplitudes of the RCP and LCP is measured in the transmission, which are different due to 

the different absorption of RCP and LCP by chiral medium.  

As mentioned before, chiral molecules interact differently with other chiral molecules and 

entities. As CPL is also a chiral entity, when it illuminates a chiral medium, consisting of chiral 
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molecules, it interacts with the medium depending on the handedness of the CPL. More 

specifically, the chiral medium absorbs RCP and LCP differently—equivalently, the 

absorption coefficient of the chiral medium for the RCP and LCP is different. Figure 1-2(b) 

shows this concept. RCP and LCP illuminate a chiral medium with the same amplitude 

(incident power). The chiral medium absorbs the two beams differently; therefore, the 

amplitude of the transmitted RCP and LCP is different. CD is defined as the difference 

between absorption of RCP and LCP light by chiral medium. CD spectroscopy is a 

conventional technique to distinguish chiral enantiomers from each other.33 Conventionally, 

in CD spectroscopy, the chiral medium is illuminated by a linearly polarized light, which 

consists of equal amount of RCP and LCP (Figure 1-2(c)).29 After passing through the chiral 

medium, the RCP and LCP have different amplitudes in the transmission due to the different 

absorption by chiral medium. The superposition of two RCP and LCP with different 

amplitudes will be an elliptically polarized beam in the transmission. CD is calculated by 

separating the RCP and LCP components of the transmitted beam and measuring the 

amplitude of each beam.  

In addition to the different absorption of RCP and LCP, the chiral medium may also impose 

different phase shifts on the RCP and LCP beams as they travel through the medium. While 

the different absorption causes CD, the different phase shift causes circular birefringence 

(CB). CD can be described by assuming different values for imaginary part of the refractive 

index of the medium corresponding to the RCP and LCP. In the same way, CB can be described 

by assuming different values for the real part of the refractive index of the medium 

corresponding to the RCP and LCP. Since the real and imaginary parts of the refractive index 
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are related through Kramers-Kronig relation, so are the circular dichroism and 

birefringence.  

It is worth mentioning that since a medium responds differently to RCP and LCP (two 

components of the circular base), the dichroism and birefringence is referred to as circular. 

In the same way, a medium can respond differently to the linear-polarized bases (for 

example x- and y-axes). In that case, the different responses are referred to as linear 

dichroism and linear birefringence. 

To understand the CD and CB phenomena in a better way, we investigate the propagation of 

a linearly polarized beam through a medium and observe what the resulting output beam 

would be.  

Circular dichroism 

Let’s first assume that the medium has different values for the imaginary part of the 

refractive index of the medium for RCP and LCP beams, and the real part is the same for the 

two beams.  In addition, let’s assume that the incident beam is a linearly polarized beam 

along the x-axis. It can be decomposed to RCP and LCP beams with the same amplitude: 
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In which, ˆ ˆ ˆ( ) / 2r x jy= + and ˆ ˆ ˆ( ) / 2l x jy= − are the unit vectors of the RCP and LCP beams, 

respectively. After propagating through the medium, each component of the incident beam 

experiences different amount of absorption. The refractive index of the chiral medium can 
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be described as 
, ,R L R Ln n jn = − , in which Rnand Rn  are the imaginary parts of the refractive 

index of the medium for RCP and LCP, respectively. After propagating a distance of d  inside 

the medium, the electric field will be: 
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In which, R L   = − , and 
, , 0R L R Ln k =  are the absorption coefficients of the medium for 

RCP and LCP beams, respectively. Moreover, 0 02 /k  = , and 0 is the wavelength of the light 

in free space. Expanding r̂  and l̂ in terms of linear-based unit vectors, x̂  and ŷ , the electric 

field will be: 
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This is an elliptically polarized beam, with (1 )de −+  and (1 )de −−  the unequal amplitudes 

of x̂  and ŷ , respectively, with 90° phase shift. If we look at the electric field of the output 

beam, the vector rotates around an ellipse, whose major (or minor) axis is along the x-axis. 

Note that if the medium was a normal medium, 0R L   = − = , and the transmitted beam 

would have been still a linearly polarized beam along the x-axis.  
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Circular birefringence 

Let’s now assume that the medium has different values for the real part of the refractive 

index of the medium for RCP and LCP beams, but the imaginary parts are the same. In this 

case the refractive index is 
, ,R L R Ln n jn = − , in which Rn  and Ln  are the different real parts of 

the refractive index for RCP and LCP, respectively. Having the same incident beam as in the 

previous section, decomposed into RCP and LCP components, the output beam will be: 
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In which R L   = − , and 
, , 0R L R Ln k =  are different propagation constants of the medium 

for RCP and LCP. Decomposing the circular bases to linear bases again, we have 
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It can be easily shown that the two complex values (1 )j de − +  and (1 )j de − −  are 90° out of 

phase (with unequal amplitudes). Another 90° introduced by j−  in the y-component makes 

the x- and y-components in phase. Therefore, the resultant beam in the output is still linearly 

polarized beam. However, the beam is not polarized along the x-axis anymore (like in the 

input), and the plane of the polarization has been in fact rotated. This rotation is called 
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optical rotatory dispersion, which similar to circular dichroism, is used in characterization 

of the chiral materials. 

In summary, CD changes an incident linearly polarized beam to an elliptically polarized beam 

(whose major/minor axis is along the axis of the incident beam), and CB rotates the plane of 

polarization of the linearly polarized beam. Although we investigated these two phenomena 

separately, the two can happen in a chiral medium simultaneously. In this case, the output 

beam is an elliptically polarized beam whose major/minor axis is rotated with respect to the 

axis of the incident linearly polarized beam.  

It is worth mentioning that differential absorption by RCP and LCP depends on the length of 

the medium through which the light is propagating (see Eq. (1.3)) and the concentration of 

the molecules in the medium. Therefore, to describe intrinsic properties of the chiral 

molecules, differential absorbance is sometimes normalized to the length of the medium and 

the concentration of the solution. This quantity is called molar circular dichroism.  

Circular Dichroism Enhancement  

As mentioned before, interaction of chiral molecules with light is extremely weak, resulting 

in small values of CD, which causes various challenges: first of all, small CD makes the 

detection of chiral molecules very difficult, and usually large amount of chiral molecules is 

required in CD spectroscopy, so that the devices can detect the CD signals. Secondly, in many 

applications high values of CD is necessary. For example, assume that we would like to make 

a circular polarizer using a chiral medium, consisting of chiral molecules. This could be a 

basic application of chiral medium considering that it selectively transmits only one circular 

polarization. To have an ideal circular polarizer, in which the input is an LP light, and the 
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output is a CPL, the medium should perfectly absorb one handedness. In other words, if the 

CD is 100%, the medium receives LP light, consisting of equal amount of RCP and LCP, 

absorbs only one of them, and transmits the other. Achieving this value of CD from molecules 

requires to have a large amount of them with high concentration, which is not a practical. 

Broken symmetry nanostructures are a different route to obtain orders of magnitude higher 

CDs. Due to the excitation of plasmons on the surface of the metallic nanostructures, 

extremely high field enhancements are obtained at the hot spots. When excited by RCP or 

LCP, because of the broken symmetry of the structure, different parts of the nanostructure 

get excited. In other words, the hot spots, or the distributions of the total field, are different 

for RCP and LCP. This causes different amount of absorption, which results in different 

reflection or transmission in far field, which in turn leads to separating the two senses of 

handedness from each other. In fact, achieving giant CDs at different frequency regimes using 

chiral or anisotropic plasmonic nanostructures has been recently researched.30 However, 

there are some challenges to achieve giant CDs at higher visible frequencies, which will be 

discussed in the next Chapter.  
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2. GIANT CIRCULAR DICHROISM AT VISIBLE FREQUENCIES  

Plasmonic nanostructures with broken symmetry can show different electromagnetic 

response when they are excited by RCP and LCP.41–46,57 The different response, which can be 

observed in either transmission57 or reflection,58 is a measure of the selectivity of the 

structure between the two senses of circular polarization, which is characterized by CD.  

The concept of CD used to describe artificially made nanostructures36 is borrowed from the 

field of stereochemistry and is defined as the difference between absorbance of RCP and LCP 

by a chiral medium consisting of chiral molecules59,60—molecules that are not 

superimposable on their mirror image. For this, broken symmetry plasmonic nanostructures 

are sometimes referred to as chiral plasmonic molecules.27 

Although chiral molecules exhibit CD, their CD is extremely weak due to their weak 

interaction with light.34 On the other hand, because of the strong interaction of light with 

plasmonic nanostructures and creation of hot spots,8,61–63 CDs observed from broken 

symmetry nanostructures are order of magnitude higher, leading to many interesting 

applications from circular polarization41 to light harvesting45 and second-harmonic CD 

microscopy.64,65 Such applications are difficult to achieve with naturally existing chiral 

media. Therefore, extensive research is being performed on the design and fabrication of 

broken symmetry nanostructures which can exhibit giant CD at different frequency 

regimes.29,35 

Before starting this Chapter, it is worth mentioning that CD is referred to as the absolute57 

or normalized46 difference between RCP and LCP measurements. To avoid any confusion, we 
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will use the following convention throughout this Chapter for absolute and normalized RCP-

LCP difference: 𝐶𝐷 = 𝐿 − 𝑅 as the absolute difference, and 𝑔 = 2(𝐿 − 𝑅)/(𝐿 + 𝑅) as the 

normalized difference, which is called g-factor or dissymmetry factor. Here, 𝐿 and 𝑅 are the 

transmittance (or reflectance) of the nanostructure when illuminated by LCP and RCP, 

respectively. Transmittance (or reflectance) is also defined as the ratio between the total 

transmitted (reflected) power to the incident power. g-factor, as the normalized difference, 

seems to be a more reasonable measure to characterize the device with. However, it should 

be mentioned that two very small values could have the maximum possible g-factor, but with 

no practical use. For example, it the two values are 0 and 0.01 the g-factor would be 2; 

however, the absolute difference is not strong enough, and energy efficiency should be 

considered for a real application. Therefore, to have a useful device, both absolute and 

normalized values should be monitored simultaneously.  

To have a giant CD, 3-D nanostructures, such as nanohelices, are required to be fabricated.66 

This requires advanced fabrication techniques because of the three dimensional shape of the 

structures, which is challenging at higher visible frequencies because of the smaller 

dimensions of the nanostructures. 

Several designs of nanostructures have been introduced and reported to exhibit giant CD, 

but mostly at mid-IR frequencies. For example, the nanohelices fabricated by two-photon 

direct laser writing (DLW)67 performs as broadband circular polarizers.41,43 Nanohelices 

with smaller features and dimension have been designed and fabricated to operate at the 

visible frequencies with other techniques, such as colloidal nanohole lithography for large-

area fabrication,57 glancing angle deposition,66,68 and focused-ion and electron beam induced 
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depositions.69 However, the maximum CD achieved is still not as high as that reported in the 

mid-IR works. In addition to the top-down lithography methods, bottom-up techniques 

based on molecular self-assembly, which make fabrication of features below 10 nm possible, 

offer another route to achieve CD at the visible frequencies, but with even lower values of CD 

compared to the top-down methods.70,71 Therefore, it is still essential to introduce plasmonic 

nanostructures that can be fabricated easily and at the same time exhibit giant CD and 

dissymmetry factor at the visible frequencies.  

To that end, in this Chapter, we propose a novel array of plasmonic broken symmetry 

nanostructures based on ramp-shaped nanoapertures, which exhibits giant CD at the visible 

frequencies. The array is fabricated using a straightforward technique based on gradient 

focused-ion beam (FIB) milling.  

Before starting the details of the proposed nanostructure, it is worth mentioning that CD can 

originate from any kind of broken symmetry, namely anisotropy or chirality. 72–75 The 

geometrical and material properties of a structure determine its electromagnetic responses, 

which are intrinsic for any structure. However, it is important to note that, when a structure 

is illuminated by light, not necessarily all these electromagnetic properties, stemming from 

the geometrical and material properties, play a role in the response of the structure. In other 

words, the excitation might be such that some properties are hidden from the response. For 

example, a structure might be chiral or anisotropic, but when illuminated by light, no 

chirality plays a role in the response, and the response does not carry the signature of 

chirality or anisotropy. Therefore, a structure could be geometrically chiral, but the obtained 

CD from that structure could be due to only its anisotropy (and not chirality). In this sense, 
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it might not be suitable to call this device chiral (even though it is geometrically chiral), since 

no chirality plays a role in its electromagnetic response.  It is, therefore, important to 

investigate the structure completely from its reflection and transmission data, and then 

judge if it is chiral, anisotropic, or both. 

As it will be discussed in the following sections, our proposed structure is geometrically 

chiral. However, since it is mostly reflective, no transmission data from this structure can be 

obtained. It can be shown that only reflection data is not enough to judge if a structure is 

chiral or anisotropic.47 Therefore, to avoid any confusion, we avoid using the term chiral for 

our proposed structure, although it is geometrically chiral. Instead, we use the more general 

term “broken symmetry” to describe our nanostructure.  

The organization of this Chapter is as follows. First, the ramp-shaped nanostructure is 

introduced, and its fabrication based on gradient FIB milling is explained. Next, the 

characterization setup for CD measurement is presented. The experimental results of the CD 

measurement are then reported and compared with the simulation results. Finally, the near-

field origin of the giant CD in far-field is explained by examining the local field enhancements 

on the nanostructure in response to RCP and LCP, and the effect of the depth of the aperture 

is studied on the maximum obtained CD using simulation data.  

Breaking the symmetry: introducing the ramp-shaped nanostructure  

As explained previously, nanohelices are typical broken-symmetry structures, which have 

been reported to exhibit giant CD at the mid-IR frequencies.41 However, due to their 

complicated 3D structure, their fabrication is very difficult at nanoscale dimensions. The 

most similar structure to nanohelix, which can be simply fabricated suing conventional top-
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down techniques, might be a ramp-shaped structure. Figure 2-1 shows the general features 

of the proposed ramp-shaped nanostructure. The plasmonic structure is patterned on a 

substrate. The structure can be thought of as a three-quarter split-ring, in which the height 

of the structure increases azimuthally. The variant height breaks the mirror symmetry, 

which is essential to observe the CD. 

 

Figure 2-1. Plasmonic ramp-shaped nanostructure with broken mirror symmetry. The 

structure is positive, meaning that it is patterned on the substrate. The height of the 

structure increases azimuthally, which breaks the mirror symmetry. 

The ramp-shaped structure (shown in Figure 2-1), unlike the nanohelix, can be easily 

fabricated using FIB technique. Figure 2-2 shows the fabrication steps of the nanostructure. 

A glass coverslip is first taken as a substrate. Gold with a specific thickness is then deposited 

on the substrate using E-beam evaporation. The structure is then patterned using FIB 

milling. Fabrication of two versions of the structure is possible: 1) removing the background 

gold and leaving the nanostructure on the substrate, which we refer to as positive structure; 

2) removing the nanostructure from the background gold, which we refer to as negative 
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structure. It is obvious that the negative structure is more reflective compared to the positive 

structure because of the background gold. In fact, the negative structure is just a nano-

aperture or nano-hole. Figure 2-2(b) shows the fabrication of both positive and negative 

structure for two cases: uniform and gradient height/depth. The bitmap file uploaded to FIB 

machine to pattern the structure is also shown for each case. If the bitmap file is only black 

and white, the resultant structure will have a uniform height or depth. This structure lacks 

mirror symmetry, with zero CD. It should be noted that at near-field the local field 

enhancements at the edges of the uniformly high or deep structure might be different in 

response to RCP and LCP, but in far-field when the total transmitted or reflected power is 

integrated and measured, the CD is zero. To break the symmetry, the only requirement is to 

upload gradient grey-scale bitmap files to the FIB machine, as shown in Figure 2-2(b), which 

results in gradient height or depth. It should be noted that the schematic of the negative 

gradient-height structure in Figure 2-2(b) has been shown in wire form, just for better 

visualization.  
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Figure 2-2. Fabrication steps of the plasmonic ramp-shaped nanostructure using FIB. Gold is 

coated on a glass coverslip substrate using E-beam evaporation. The structure is then 

patterned using FIB. Fabrication of both positive and negative structure have been shown 

for two cases with uniform and gradient height or depth. While uniform structures lack 

broken symmetry and unable to exhibit CD, the gradient structures possess broken 

symmetry, respond to RCP and LCP differently in far field, and potentially can exhibit giant 

CD. Bitmap files for each case have been also shown. 

With the fabrication capability shown in Figure 2-2, we simulate the nanostructure with the 

goal of having the maximum possible CD at the visible frequencies.  Note that the 

nanostructure is one unit-cell of a two-dimensional array. Figure 2-3(a) shows the 

dimensions of the nanostructure, which are optimized in the simulations. The inner radius, 

width of the ring, height/depth of the nanostructure, and period of the array are the 

parameter to optimize. The final results are as follows. 𝑤 = 𝑟 = 100 nm, 𝑡 = 200 nm, and 

𝑝 = 600 nm.  



20 
 

It should be mentioned that fabrication of both positive and negative structures is possible 

using the proposed technique. However, the milling volume in positive structure is about ten 

times more than that in the negative structure, which makes the fabrication much longer and 

results in lower quality structure. Therefore, as a proof of concept, we fabricate and 

characterize only the negative structure and show that it provides giant CD, therefore 

fulfilling the purpose. Simulation results of the positive structure will also be given at the 

end, which proves that the positive structure is also able to provide giant CD.  

Figure 2-3(b,c) show the scanning electron microscopy (SEM) and atomic force microscopy 

(AFM) topography images of the fabricated (negative) array of the ramp-shaped 

nanostructures. To have a control experiment, we fabricate and characterize both left- and 

right-handed (LH and RH, respectively) versions of the array. Because the RH version is the 

mirror image of the LH one, the RCP-LCP responses should be just interchanged (response 

of the LH to RCP is the same is response of the RH to LCP and so on). Figure 2-3(b,c) 

completely show that the gradient depth has been achieved, and in fact, the symmetry has 

been broken. The depth of the structure is better characterized in AFM topography images. 

The final depths are 180 and 220 nm for LH and RH structures, respectively, which is close 

to the designed depth of 200 nm. In addition, larger-area SEM images are shown in Figure 

2-3(d-g) with tilted and normal views. Note that the darker points in both SEM and AFM 

images correspond to the deeper points.  
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Figure 2-3. (a) Dimensions of the nanostructure (one unit-cell of the array) is optimized to 

have the maximum possible CD at the visible frequencies. The final parameters are as 

follows. 𝑤 = 𝑟 = 100 nm, 𝑡 = 200 nm, and 𝑝 = 600 nm. (b) SEM images of the left- and right-

handed (LH and RH, respectively) arrays. (c) AFM topography images of the LH and RH 
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structures. Gradient depth is clearly observed in both SEM and AFM topography images. 

Scale bar is 600 nm.  (d-g) larger-area SEM images of the LH and RH structures in tilted and 

normal views. The darker points correspond to the deeper points.  

Optical characterization setup 

The broken symmetry array consisting of ramp-shaped nanostructures, shown in Figure 2-3, 

can selectively choose only one circular polarization state. To characterize the array, we need 

to illuminate the structure with RCP and LCP lights and measure its response. Figure 2-4 

shows the optical characterization setup. The source is a white light halogen lamp. The light 

out of the lamp is collimated using a simple lens. CPL is generated using a linear polarizer 

(LP) and a quarter-wave plate (QWP). The light is then focused on the sample using a 10X 

objective lens. The reflected light is redirected using a beam splitter (BS). The reflected light 

itself is split into two paths. One goes to a charge-coupled device (CCD) camera, with which 

the position of array is seen and controlled. The other path goes to a spectrometer to record 

the reflection power as a function of wavelength. Before the spectrometer, a second linear 

polarizer is used as an analyzer for the linear-based measurements (see the following 

sections). An iris is used in the incident path to clip the light to make sure that the light is 

only illuminating the array, and not the edges. The sample is placed on an x-y translator. 

While monitoring the array in the CCD camera’s image, the sample is moved in the x or y 

directions, and the iris’s opening is changed, so that we make sure that the light is exactly 

illuminating the center of the array. Since the objective lens is a low-NA one, the beam on the 

sample is loosely focused and very close to a plane wave. The fabricated arrays are squares 

of 30 by 30 unit-cells (18 𝜇m × 18 𝜇m), which is much larger than the width of the focused 

beam (to avoid the beam hitting the edges).  
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In all measurements, we are interested in recording the reflectance of the arrays in response 

to RCP and LCP, which is a measure of the selectivity of the device with respect to circular 

polarizations. As the reference in all measurement, we record the reflection power from an 

adjacent area to the nanostructures, which acts like a nearly pure mirror (since it is 200 nm 

thick gold on the substrate). The reflectance is, therefore, measured as follows. For each 

array, two separate measurements are performed: one with RCP and one with LCP 

illuminations. The reflected power from the array is recorded. The sample is then moved to 

have the reference area in front of the beam. For each CPL, the reflected power is also 

recorded from the reference area (which is like a mirror). The reflectance, for RCP and LCP, 

is then calculated by dividing the reflection power from the array to that from the reference 

area. 



24 
 

 

Figure 2-4. Optical characterization setup for CD measurements. The source is a white light 

halogen lamp. CPL is generated using a linear polarizer and a quarter-wave plate. The light 

is focused on the sample using a 10X objective lens. The reflected light is split into two 

beams: one goes to a CCD camera to control the position of the array, and the other goes to 

a spectrometer to record the reflection data. An adjacent area to the array is used a 

reference. SEM images of the array and the reference area are also shown. WLS: white light 

source, L: lens, LP: linear polarizer, QWP: quarter-wave plate, BS: beam splitter, CCD: 

charged-coupled device.  

Analysis in linear polarization base  

We first analyze the nanostructure in linear polarization (LP) base. The QWPs used to 

generate the CPLs are wave-length dependent and cannot provide pure CPLs at all 

wavelengths. Except at the center wavelength, the retardance is not exactly a quarter wave 

for all wavelengths, which degrades the purity of the CPLs. Therefore, as the first step, it is 

more reasonable not to use the QWP and analyze the structure in only LP base to check the 
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quality of the fabricated device as well as the accuracy of the measurement setup. In addition, 

analyzing the structure in LP base gives us a better understanding about the resonance of 

the structures. For LP analysis, we also put an analyzer in the reflection path to have all the 

components of the linear-based response. Figure 2-5 shows the results of the LP base 

analysis in the experiment and simulation. Four components are shown corresponding to 

the incident polarization and the direction of the analyzer. For example, xy means that the 

incident beam is linearly polarized along the y axis, and the analyzer is along the x axis. 

Important information, including some resonances, are observed from Figure 2-5. 

Specifically, in both experiment and simulation, the cross components are almost zero. In 

addition, three major resonances are observed. A broad resonance at longer wavelengths is 

observed at 790 nm (simulation) and 824 nm (measurement) for the xx case. At shorter 

wavelengths, two smaller resonances are also observed for both xx and yy components 

between 600 to 700 nm. We will see in the following section that these two resonances are 

responsible of the large CD at this range. The slightly difference between wavelength and 

width of the resonances in the experiment and simulation is attributed to the fabrication 

imperfections (Figure 2-3(b,c)). However, what is important is the broken symmetry and 

different response to RCP/LCP illuminations, which results in the giant CD, demonstrated in 

the following section.  
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Figure 2-5. Characterization of the nanostructure in the linear polarization (LP) base in the 

(a) experiment and (b) in the simulation. Four components are shown, corresponding to the 

directions of the incident beam and the analyzer in the reflection path. The cross components 

are very small and negligible in both experiment and simulation. Three major resonances 

are observed for either xx or yy components.  

Analysis in circular polarization base and measurement of circular dichroism 

Figure 2-6(a,b) shows the response of the LH and RH structures, each illuminated by LCP 

and  RCP light, respectively. Here, we measure the total reflected power (the sum of the 

power in each reflected polarization); and “L” and “R” in the legend denote the reflectance 

coefficient (total reflected power normalized to the incident power) when the incident beam 

is an LCP or an RCP, respectively. Moreover, “CD” in the legend is defined as the difference 

between the reflectance coefficients in the two experiments with LCP and RCP illuminations, 

i.e., 𝐶𝐷  =  𝐿 –  𝑅. Due to the symmetry inversion between the LH and RH structures, we 

expect from the theory that the L and R coefficients for the LH to be equal to the R and L 

coefficients for the RH structure. However, there is a small difference between the measured 

quantities (see Figure 2-6(a,b)) which is attributed to the imperfections of the QWPs which 

do not have a perfect quarter retardance for all wavelengths, and hence, their outputs do not 
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provide purely LCP or RCP lights to be used as the excitation beams. Nevertheless, the results 

are quite promising and clearly show the trends. Indeed, the symmetries in reflectance 

coefficients discussed above (L/R and R/L for LH and RH structures, respectively) is 

regarded as a control experiment which proves the property of our experimental setup 

together with the optical activity (asymmetric reflection) of the proposed structure to 

illumination waves with opposite handedness (i.e., LCP and RCP) at around 640 nm and 680 

nm. 

 

Figure 2-6. Characterization of the negative ramp-shaped structure when illuminated by 

electromagnetic wave with circular polarization and the CD measurement. (a,b) Reflectance 

coefficients for the LH and RH structures for  incident beams with LCP (denoted by L) and 

RCP (denoted by R). Reflectance coefficients are defined as the total power (in both 

polarizations) divided by the incident LPC or RCP power. The difference between the 

reflectance coefficients is denoted by CD. A measured high CD of 64% and 49% is observed 

at 680 nm for the LH and the RH structures, respectively. (c) Simulation results of the 
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reflected power for the RH structure. The maximum CD in the simulation is 24% at 655 nm. 

(d) Comparison between the measured CDs obtained from the LH and the RH structures. (e) 

Comparison between the measured g-factors of the LH and RH structures. A high g-factor of 

1.13 and 0.8 is obtained for LH and RH structures, respectively. The small asymmetry in the 

measured results is due to fabrication imperfections and/or purity of the two senses of 

incident CP light handedness. 

From Figure 2-6(a,b), we observe three distinct resonances (reflection dips) at around 640 

nm, 680 nm, and 740 nm. While the behavior of the reflectance spectra (red and blue curves 

in Figure 2-6(a,b)) for the first two resonances at 640 nm and 680 nm are asymmetric for 

the illuminations with opposite senses of handedness, that of the third resonance at 740 nm 

is symmetric. Therefore, we observe considerable CDs (yellow curves in Figure 2-6(a,b)) at 

640 nm and 680 nm, whereas the CD is almost zero at 740 nm. Note that the maximum CD is 

obtained at 680 nm and is 64% and 49% for the LH and the RH structures, respectively. The 

experimental results are in agreement with the full-wave simulation results in Figure 2-6(c). 

Note that we have only shown the simulation results for the RH structure since the 

simulation results for the LH structure is perfectly matched to the dual of the RH structure. 

Comparison of the Figure 2-6(a,b) with Figure 2-6(c) demonstrates that the simulation 

results are generally confirming the experimental results with the following differences. 

Firstly, the two lower resonance frequencies are red-shifted whereas the upper one is blue-

shifted in simulations compared to the experiments. Basically, the resonance shift is due to 

two reasons: a) the dimensions of the fabricated design do not match with those of the 

simulations, and b) the materials (gold and glass) are not exactly the same in the fabrication 

and simulation designs. However, the different shift behavior for different resonance 

frequencies is explained as following; the first lower resonances are attributed to the 
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resonant behavior of the array inclusions, i.e., the proposed ramp-shaped split rings, 

whereas the upper resonance is associated with the array period. This is exactly the reason 

why there is no difference between the reflectance spectra for the two LCP and RCP 

illuminations at the upper resonance in contrast to the two lower resonances. Therefore, it 

is normal to observe different shift behavior for these two sets of resonances, i.e., the array 

inclusion and period resonances. Indeed, the mismatch between the parameters of the 

fabricated and simulated designs, which are related to the inclusion resonances, caused a 

blue-shift in resonances, whereas those mismatch parameters associated with the array 

period result in a red-shift. 

Secondly, the resonance bandwidths are narrower in the simulation results as compared to 

the experimental results. The reason is attributed to a mismatch between the material losses 

in the fabricated and simulated designs. 

Finally, the observed values of CD are smaller in the simulations compared to the 

experiments.  Such a difference is attributed to the imperfections in the fabrication (Figure 

2-3(b,c)). Specifically, the AFM topography images (Figure 2-3(c)) shows that the width of 

the ramp-shaped structure is not uniform, the transition from the deepest (darkest) to the 

highest (brightest) points is not very smooth, and the edges are not sharp. Given the 

limitations of FIB milling (especially gradient milling in this case) such imperfections are 

inevitable. However, such imperfections are not harmful, and they are even in favor of the 

observation of larger CDs in experiments compared to the simulations. This is because an 

additional anisotropy is introduced to the ramp-shaped structure due to the fabrication 

imperfections (see Figure 2-3(c)); i.e., the width of the ramp is not uniform, and it is wider at 
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deeper points while narrower at the higher points. Such an enhanced anisotropy helps to 

increase the value of CD by contributing to the cross components reflected power. Other 

sources of disagreement between the values of the observed CD are perhaps associated with 

the degradation of the CPLs induced by the optics used in the setup (mirrors and beam-

splitters) as discussed in the Supporting Information. 

The other important factor commonly used in the literature for characterization of the chiral 

nanostructures, as mentioned earlier, is a normalized difference or g-factor, defined as 𝑔  =

 2(𝐿 – 𝑅)/(𝐿 + 𝑅), shown in Figure 2-3(e). The maximum measured g-factor obtained at 

~680 nm is 1.13 and 0.8 for LH and RH structures, respectively.  The small asymmetry is due 

to fabrication imperfections and/or purity of the incident CP lights. 

Near-field distributions on the ramp-shaped nanostructure 

Next, to further elaborate the distinctive behavior of the structure with respect to two 

illuminations with different sense of handedness, we examine the normalized near-field 

distribution of the RH structure when illuminated with an LCP and an RCP at its three major 

resonances, namely at 605 nm, 655 nm, and 825 nm shown in Figure 2-6(c). The CD, as a far-

field response, originates from the asymmetric near-field distributions of the structure in 

response to LCP and RCP illuminations; therefore, we theoretically expect to observe 

asymmetric near-field behaviors at the wavelengths with non-zero CDs. Figure 2-7 shows 

the distribution of the simulated electric field on a cut-plane on the gold surface (crossing 

the aperture at z = 200nm of the ramp-shaped structure on the illumination side) at the three 

resonances in response to LCP and RCP incidences. All fields are normalized to the maximum 

value of the total electric field in Figure 2-7(f), which is the highest value among all the cases 
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in Figure 2-7(b-g). The kind of response of the structure at the two lower resonances (i.e., 

605 and 655 nm) is distinct from that at the resonance at 825 nm. At 825 nm, although the 

structure is at resonance, and the electric field demonstrates a hot spot at the inner edge of 

the ramp, the field distribution for LCP and RCP illumination cases are almost the same. This 

is in a complete agreement with the zero CD observed at 825 nm in Figure 2 10(c). On the 

other hand, as explained before, at 605 and 655 nm the near-fields of the structure show 

distinct behaviors for LCP and RCP illuminations, i.e., although the position of the hot spots 

are fixed, the values of the fields are obviously different for the two kinds of CP illuminations 

in each hot spot, correlating to the observed CD at these wavelengths (see Figure Figure 

2-6(c)). 
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Figure 2-7. Distribution of the normalized electric field on the top surface of the RH structure 

illuminated with LCP and the RCP light, at three distinct wavelengths corresponding to the 

three major resonances. (a) Illustration of the z = 200 nm plane, the top face of the RH 

structure, at which the electric field is shown. (b-g) Field distribution at three major 

resonances (refer to Figure 2-6(c)) at 605, 655, and 825 nm for both LCP and RCP 

illuminations. While the distributions are different at 605 and 655 nm for the LCP and the 

RCP incidences, they are almost the same at 825 nm, which agrees with the observed non-

zero CD at 605 and 655 nm and zero CD at 825 nm in Figure 2-6(c). All the fields are 

normalized to 9
0 1.76 10 V/ mE =   , the maximum observed value of the total electric field for 

LCP case at 825 nm.  
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Effect of the depth of the ramp-shaped nanostructure on the circular 

dichroism 

Finally, we study the effect of the depth of the ramp-shaped gold nanostructure and correlate 

it to the obtained CD. Simulations in Figure 2-8 shows the effect of the depth of the ramp-

shaped structure on the maximum achievable CD. Also shown is the wavelength at which this 

maximum occurs. As it can be seen, a shallow structure, having the depth of 100 nm, i.e., 

equal to half of the designed depth (200 nm), shows almost no CD and acts as an almost 

symmetric planar structure. Note that in the simulations, the structure is located on a glass 

substrate, and as it is observed even the z-asymmetry of the structure does not generate 

significant CD for this thin case. Therefore, it is important to have a relatively deep structure 

to achieve a high CD at visible wavelengths. Note that similar crescent positive structures 

with low height have been proposed and reported to exhibit much lower CDs compared to 

our proposed structure.45,57 The results in Figure 2-8 justify our choice for a depth of 200 nm 

for the gold ramp structure, considering also fabrication limitations since deeper structures 

prevent us to make smaller features with FIB. 
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Figure 2-8. Effect of the ramp’s depth (i.e., the thickness of the gold layer) of the ramp-

shaped structure on the maximum achievable CD, and the change of the corresponding 

resonant wavelength at which maximum CD is observed. This graph shows the importance 

of having a significant ramp depth as halving the depth almost eliminates the maximum CD. 

Thickness is important to observe broken symmetry and hence CD. 

Analysis of a periodic array of positive ramp-shaped nanostructures  

As discussed in the previous sections, both positive and negative ramp-shaped 

nanostructures possess the symmetry breaking feature, which enables circular dichroism 

(CD). However, since the fabrication of the negative nanostructure was easier and resulted 

in a better final shape, as a proof of concept, we experimentally characterized the negative 

structure. Here, we present the simulation results of the positive structure for a comparison 

and demonstrate that such a structure still introduces a giant CD in the transmission spectra. 

Figure 2-9 shows the ramp-shaped nanostructure and the simulation set-up, including the 

planes to measure the reflection and transmission. The positive ramp-shaped nanostructure 
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made of gold is placed on a glass substrate. Periodic boundary conditions (in the x and y 

directions) have been used to confine the simulation result to a single unit cell of the 

nanostructure, and perfectly matched layer (PML) boundary conditions have been used on 

the top and bottom of the nanostructure (to truncate the simulation box in the z direction). 

A right- or left-handed circularly polarized light (CPL) illuminates the nanostructure from 

the top. The source is a plane wave. Using the periodic boundary conditions and plane-wave 

source, we obtain the response of a periodic array of the positive nanostructures, whose unit 

cell is shown in Figure 2-9. Two imaginary planes on the top and the bottom of the 

nanostructure have been considered to record the reflected and transmitted fields, 

respectively. We made sure that there is enough space between the different critical planes 

and object along the z axis, which include the transmission and reflection planes, the source 

plane, the nanostructure, and the top and bottom PML layers. 
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Figure 2-9. (a) Positive ramp-shaped gold nanostructure placed on a substrate. (b) The 

simulation set-up, including the positive nanostructure, source, reflection and transmission 

planes, and the boundary conditions. 

Unlike the negative nanostructure described in the main body of the paper, which was 

reflective (with a negligible transmission) in a specific frequency range, the positive one has 

significant both transmission and reflection. Therefore, to characterize the positive 

nanostructure, we define the transmittance, reflectance, and absorbance of the structure 

when the illumination is left- or right-handed circularly polarized (LCP or RCP) light as 

follows. 
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where, 𝑃𝑇  and 𝑃𝑅 are the total power passing through the imaginary transmission and 

reflection planes (Figure 2-9), respectively (evaluated by taking the flux integral of the 

Poynting vector) and 𝑃𝑖,𝐿 and 𝑃𝑖,𝑅 are the power of the incident beam when the incident beam 

is LCP or RCP light, respectively. Therefore, 𝑇𝐿 and 𝑇𝑅 are the transmittance when the 

illumination is LCP or RCP light, respectively, and 𝑅𝐿 and 𝑅𝑅 are the reflectance when the 

illumination is LCP or RCP light, respectively. In the same way, 𝐴𝐿 and 𝐴𝑅 are the absorbance 

of the structure when the illumination is LCP or RCP light, respectively. 

To characterize the different response of the structure to LCP and RCP light, we also define 

circular dichroism (CD) corresponding to transmittance, reflectance, and absorbance as 

follows. 
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 (1.7) 

Figure 2-10 shows the transmittance, reflectance, and absorbance when illumination is LCP 

and RCP, and their corresponding CDs. As it can be seen, the structure shows an almost 

similar trend in reflection for both LCP and RCP lights. However, the very different behavior 

is revealed in the absorbance and transmittance: at around 734 nm, the structure has a broad 

resonance when excited by LCP; this causes an almost big peak in 𝐴𝐿 and a dip in 𝑇𝐿 , and 
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consequently results in large 𝐶𝐷𝑅 and 𝐶𝐷𝐴. Basically, the structure absorbs mainly the LCP 

and transmits mainly the RCP at this wavelength. 

 

Figure 2-10. (a-c) Transmission, reflection, and absorption response of the positive ramp-

shaped nanostructure when illuminated by LCP and RCP. (d-f) The CD corresponding to the 

transmittance, reflectance, and absorbance. 

Looking at the field distribution on the structure, we can understand the near-field origin of 

the CD better. Figure 2-11 shows the distribution of the electric field enhancement at two 

different lateral cut-planes: 𝑧 = 0 (the interface between the substrate and the 

nanostructure) and at 𝑧 = 200 nm (the highest point of the nanostructure). At 𝑧 = 0, the 

different field distributions, when the structure is excited by LCP and RCP, is clear. While 

both tails of the nanostructure (at the lowest and height and at the thicker part) have been 

excited and are bright for LCP excitation (Figure 2-11(c,e)), only the thicker part of the 

nanostructure is bright for RCP excitation (Figure 2-11(d,f)). 

(a) (b) (c)

(d) (e) (f)
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Figure 2-11. The near-field distribution on the nanostructure showing the origin of the CD 

observed in transmittance and absorbance. (a) Map of the height of the ramp-shaped 

nanostructure, which shows the position of the tail and the thicker part of the nanostructure. 

(b) The two-cut planes over which the field distribution has been shown. (c,d) The 

distribution of the electric field enhancement at z = 0 plane with LCP and RCP excitation, 

respectively. (e,f) The distribution of the electric field enhancement at z = 200 nm plane with 

LCP and RCP excitation, respectively. 

Methods 

In this section, we briefly report the details of the simulation, fabrication, and 

characterization techniques, which might help an interested reader to reproduce the results. 

Fabrication 

Gold deposition on glass slide was done using electron-beam evaporation with Angstrom 

evaporator. The FIB millings were done at 30 kV and 1.5 pA with FEI Quanta 3D SEM/FIB 

machine. The fabrication time for a single unit cell was about 20 seconds. 
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Optical characterization 

The optical elements used in the characterization setup were as follows: White light source: 

Tungsten-halogen light source, 360-2600 nm, Thorlabs (SLS201L); White light source 

collimated: Collimation package, Thorlabs (SLS201C), Linear polarizer: Thorlabs (LPVIS050-

MP2); Quarter-wave plate: Achromatic QWP, 400-800 nm, Thorlabs (AQWP05M-600); 

Objective lens: 10X, 0.25 NA, Newport (M-10X); CCD camera: AMScope 10MP digital Camera; 

Spectrometer: Ocean Optics Flame. 

Simulations 

Numerical simulations are conducted using commercially available software tools based on 

the finite-element method (ANSYS Electronics Desktop 2017). Periodic boundary conditions 

are used in the simulations. CD spectra are calculated by extracting the left-handed and right-

handed reflected fields at the ports approximately two wavelengths away from the structure. 

The gold permittivity used in the simulations is taken from the experimental data by 

Johnson and Christy76. The glass permittivity is taken from the experimental data by 

Malitson.54 

Conclusion 

We presented a 2D planar array of 3-D plasmonic azimuthally graded-depth ramp-shaped 

nanostructures that shows a giant CD at visible frequencies. Experimental and numerical 

results show three major resonance wavelengths in the reflection spectrum; two of which 

show asymmetric reflections when excited with LCP and RCP resulting in a giant CD whereas 

one of the resonances exhibits almost no CD. The structure shows a very high CD up to 64% 

and a g-factor up to 1.13 at 678 nm. Based on the reflection response of the structure in the 

LP base, we also concluded that the origin of the giant CD may not be due to its chirality, 
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although the structure exhibits broken mirror symmetry and is indeed chiral. The ramp-

shaped nanostructure is simply realized with a gradient milling using focused ion beam. The 

giant CD obtained by this structure at visible wavelengths as well as its simple fabrication 

overcomes the challenges of design and realization of complicated 3D nano-helical 

plasmonic structures. This study is providing a physical insight into the response of photonic 

structures made of chiral/anisotropic unit cells, and useful for the design of circular 

polarizers, as well as for biosensors that are enantioselective of chiral molecules. It is 

important to note that enantioselectivity of chiral molecules using a chiral plasmonic 

nanostructure as the host can be tricky as the CD generated by the host itself can be much 

stronger than that of the molecules. Therefore, a comparison between the CD with and 

without chiral molecules should be performed, and the change in the CD when the molecules 

are added should be recorded. A symmetric structure, as a host, that does not generate any 

CD, but enhances the chiral fields (i.e., helicity), would be a better option, as any CD obtained 

from the host-molecule system would be attributed to the molecules. These details have 

been thoroughly discussed in refs. [78–80]. 
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3. PHOTOINDUCED FORCE MICROSCOPY USING GOLD 
NANOPARTICLES AND SILICON TIP 

Investigating the near-field interactions of plasmonic nanostructures in response to CPL 

excitation, as the main goal of this thesis, requires having a high-resolution scanning probe 

microscopy. AFM is a powerful microscopy technique, with sub-10 nm resolution, which can 

be used to study the near-field circular dichroic interactions. However, AFM can only retrieve 

the topography information about the sample. As a solution, optical microscopy should be 

combined with AFM to retrieve topography and nanoscale optical response at the same time. 

A variety of scanning probe microscopy techniques have been used to map the near fields of 

plasmonic structures. In particular, apertureless (or scattering) scanning near-field optical 

microscopy81 (a-SNOM or s-SNOM ) has been used to map the higher-order plasmonic 

resonances of nano-disks82 and the gap field between nano-bars83 in amplitude and phase 

with high spatial resolution. However, the background of scattered photons in s-SNOM 

system contributes to the intrinsic noise and prevents it from achieving decent SNR. Two 

photon-induced luminescence (TPL) microscopy has also been used to map the resonant 

plasmonic nanostructures; however, the spatial resolution for this system is lower as 

compared to the tip-based scanning probe microscopy techniques84,85. 

Recently the photoinduced force microscopy (PiFM) technique has been developed as a 

superior near-field optical imaging and spectroscopy technique with both high SNR and 

nanoscale spatial resolution based on a modified atomic force microscopy (AFM) system50. 

Compared to s-SNOM in which the excitation is in near field and the detection is in the far 

field, in PiFM both the excitation and detection take place in near field which effectively 

suppresses the background scattering photons from the far field51,86. As a result, PiFM has 



43 
 

been widely used for stimulated Raman spectroscopy,87,88 nanoscale mapping of tightly 

focused electromagnetic beams52,53 and propagating surface plasmon polaritons89, 

enantioselectivity of chiral nanostructures34,90,91, measurement of laterally induced forces at 

nanoscale92,93, mapping nanoscale refractive index contrast 94, nanoscale imaging of block 

copolymers95 and all-polymer organic solar cells96 at IR frequencies, and near field mapping 

of plasmonic nanostructures97 and bimetallic heterodimers98. 

The detection of the photoinduced force in the PiFM system is dependent on a special probe-

tip that has sufficiently high electromagnetic response50–53,95. In fact, the PiFM measures the 

force between the induced dipole on the tip, which is proportional to its electric 

polarizability, and its mirror image on the substrate. To have a detectable photoinduced 

force signal  in a typical PiFM, we normally use an Au coated tip for two reasons: first, the 

higher polarizability of the Au-coated tip compared to that of Si tip creates a stronger dipole 

on the tip resulting in higher force between the tip and the sample; secondly, the relatively 

high field enhancement in the gap between the Au-coated tip and the sample as compared to 

that between the Si tip and sample enhances the force exerted on the tip. On the other hand, 

coating a Si tip with Au deteriorates the symmetric shape of the tip due to randomly placed 

Au grains at the very end of the tip. This results in uncontrollable anisotropy of the induced 

dipole at the tip end, which in turn results in distorted beam profiling and PiFM images53. 

This limitation can be overcome by taking advantage of Au NPs, which are typically more 

symmetric and have more controllable shape and size compared to coat Au grains on the Si 

tip. In other words, instead of having Au grains on the tip, an Au NP can be placed on the 

substrate, and a bare Si tip approached the particle detects the PiFM signal. In this case, the 

Au NP, as a more symmetric and controllable particle, fulfills the role of the Au grain at the 
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end of the tip in the conventional PiFM technique: first, it has a high polarizability resulting 

in strong dipole, and secondly it creates a high field enhancement. Consequently, we are able 

to detect strong PiFM signals and perform more accurate measurements with Si tips. 

In this Chapter, we further elaborate on this PiFM technique, namely the Si tip-Au NP 

interactive system. To prove the concept, we first map the near field distribution of Au 

monomers, dimers, and aggregation of Au NPs excited with linearly polarized (LP) light in 

different directions and show how the field distributions change in response to the 

polarization direction. Specifically, we show a relatively weak force map on monomers for 

all polarizations, a strong force in the gap and on the edges of the dimers only at specific 

polarizations, and a relatively equal force map in the gaps of the Au NPs in the cluster 

arrangements for all polarizations. Taking advantage of this uniform field response of the 

cluster as well as the symmetric shape of the Si tip, we characterize the field distribution of 

an azimuthally polarized beam (APB) with an excellent symmetry, high spatial resolution, 

and a SNR of 120:1—much superior to the previously demonstrated measurements52,53. 

Moreover, having a smaller radius for the Si tip (compared to the much larger radius Au 

coated Si tips), we achieve very high spatial resolution revealing the surface roughness 

features as small as 5.8 nm on the NPs. The illuminated Si tip-Au NP system improves the 

conventional PiFM system and enables ever finer resolution and higher SNR in photoinduced 

force measurements.  

Experimental setup 

The PiFM setup is shown in Figure 3-1(a). The working principle of PiFM has been 

thoroughly explained in previous works50–52,95. First, a laser diode at 633 nm is modulated 
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by an acousto-optic modulator (AOM from Isomet). Then the output is spatially filtered using 

a single-mode fiber. A linear polarizer and half-wave plate/radial polarizer combination 

controls the polarization of the incident beam. Finally, the laser is tightly focused by a 100X 

oil objective (NA: 1.45) onto the sample from the bottom in transmission. The power of the 

incident beam at the sample surface is ~90 µW. The PiFM (VistaScope from Molecular Vista) 

works in the non-contact mode. We used Si cantilevers (PPP-NCHR from Nanosensors) with 

first and second mechanical resonances at 295 kHz and 1858 kHz, respectively. The 

cantilever is driven at its second mechanical resonance mode, and the PiFM signal is detected 

at the first mechanical resonance. The cantilever tip of the PiFM is engaged to within a few 

nanometers from the sample. The vibration amplitude of the cantilever is set at 88% of the 

free-space amplitude, which is ~1 nm.  

Figure 3-1(b) compares two schemes for measuring PiFM signal: (1) with an Au coated tip 

on a glass slide and (2) with a Si tip on an Au NP. In case (1), the PiFM signal results from the 

dipolar force between the induced dipole on the Au coated tip and its mirror image on the 

glass slide, whereas in case (2), the PiFM signal results from the force between the induced 

dipole on the Au NP and its mirror image on the Si tip. The advantages of the case (2) can be 

summarized as follows. First, the radius of the Si tip can be 7 nm or smaller, whereas the Au 

coated tip radius becomes larger (typical diameter of Au coated tips is around 25 nm52,98). 

Secondly, as illustrated in Figure 3-1(b), the Au grains at the very end of the Au coated tip is 

typically organized in completely random and asymmetric shapes. This results in anisotropic 

polarizabilities of the tip end, which in turn results in asymmetric beam profiling52,53. Finally, 

as a sensing probe, the PiFM tip should have minimum interaction with the plasmonic 

structures being investigated. In this respect, the Au coated Si tip is undesirable since the Au 
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grains at the end of the tip can noticeably change the measured field distribution. This effect 

is much smaller with our proposed system. 

 

Figure 3-1. (a) Schematic of the measurement setup. LD: laser diode, AOM: acousto-optic 

modulator, SM: single-mode, LP: linear polarizer, HWP: half-wave plate, RP: radial 

polarizer. The radial polarizer is removed for linearly polarized incident beams and is only 

used for APB profile mapping. (b) Comparison of a bare Si and an Au coated Si tip showing 

the advantages of taking PiFM signal with the Si tip due to the sharper end radius and more 

symmetric shape. The small Au grains at the end of the coated tip increase the tip radius 

and also result in different lateral polarizabilities of the induced dipole in different 

directions. Scales are not real and are exaggerated for clarity. 
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Near-field force response of gold nanoparticles to linearly polarized light 

We first map the near field distribution of Au NPs excited with LP light. Au NPs (from 

Nanopartz) with 30 nm diameter were dispersed on a glass slide. PiFM measurements were 

taken as the sample was illuminated by LP in different directions. Figure 3-2 shows a 1 µm-

by-1 µm area of the sample. We can find Au monomers (denoted by A and B), dimers 

(denoted by C and D) and different aggregations. A big cluster of 10 NPs is denoted by E. The 

direction of LP light is rotated from 0° to 150° by 30° increments. To obtain PiFM signal, the 

tip should be located on top of the Au NPs (as indicated in case (2) in Figure 3-2(b)) because 

the PiFM signal of Si tip on glass slide is almost undetectable. Therefore, the sample area is 

first scanned, and the tip is located on top of a particle. Having the tip and particle aligned, 

the incident beam (or the objective lens) is scanned to find the center of the incident beam. 

The center of the beam is then aligned to be at the tip apex. The sample is scanned to 

simultaneously record the topography and PiFM images as shown in Figure 3-2(a-f). The 

direction of the polarization is shown by an arrow in each case. The PiFM signal (measured 

in mV) is proportional to the oscillation amplitude of the cantilever at its first mechanical 

resonance which in turn reflects the photoinduced longitudinal force exerted on the tip. It 

should be noted that the range of the color bars in Figure 3-2(a-f) are based on the maximum 

value obtained in each figure. 
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Figure 3-2. (a-f) PiFM and topography images of Au NPs illuminated by LP light in different 

direction. Two monomers, two dimers, and a cluster consisting of 10 NPs are denoted in 

(a). The monomers A and B are completely dark in all PiFM images. Dimer C and D are 

mostly excited and bright in (d) and (f), respectively. Cluster E is always excited and is 

almost equally bright in all figures. Scale bar is 200 nm. 
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The interesting results observed in Figure 3-2 are as follows. First, the resolution of PiFM 

image is much higher than that of the topography image. The boundaries and edges of the 

NPs are clearly demonstrated in PiFM images. Specifically, the PiFM image reveals that 

cluster E consists of 10 NPs, whereas this cannot be revealed in topography images. 

Secondly, the monomers A and B are almost dark in all PiFM images, while they are clearly 

revealed in all topography images. This is because the excitation of dimers or clusters results 

in much larger gap field signals in comparison with monomers in all cases. This observation 

confirms the higher photoinduced force in the gaps of the Au NPs as compared to that of 

single NPs. Thirdly, the PiFM response of the dimers C and D are polarization dependent. If 

the polarization direction is aligned with the axis of the dimer (a line connecting centers of 

the two spheres), the gap field is enhanced and maximum, whereas if the polarization 

direction is perpendicular to the dimer axis, the dimer is almost dark. Finally, the response 

of the cluster E to all directions of LP light is almost equal; independent of the polarization 

of the incident beam, the cluster E is always bright. This can be explained by considering the 

cluster as a complicated combination of NPs with almost isotropic overall coupling. For any 

given polarization of the incident beam, we can always find excited dimers whose dipole is 

aligned along the polarization direction. The scattered fields of the excited dimer in turn 

couple to the other NPs and excite them, so that all the gaps are bright. 

To investigate the dimer system in response to two perpendicular polarizations more 

thoroughly, we specifically focus on dimer C and compare our experimental data with full-

wave simulation results. Figure 3-3(a-d) shows the zoomed-in PiFM images of the dimer C 

in response to LP light whose polarization changes from 0° to 90° with 30° increments. All 

figures have been normalized to the maximum PiFM value in Figure 3-3(d) for comparison. 
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The maximum value of (d) is ~6 times higher than that of (a). We first simulate the two-

sphere system (without tip) to determine the field enhancement for two cases: when the 

incident beam is aligned along the dimer axis, and when the incident beam is perpendicular 

to the dimer axis. In the simulation, two spheres with a diameter of 30 nm and a gap of 1 nm 

on top of a glass substrate are illuminated with a tightly focused Gaussian beam. The 

wavelength is 633 nm, and the beam waist is 0.6 λ or 379.8 nm. Figure 3-3(e) and (f) show 

the electric field distribution normalized to the incident electric field, when the polarization 

is along the y- and x-axes, respectively. The cut-plane is 15 nm above the glass surface, 

crossing the centers of the spheres. The difference between the enhancement factor for the 

two cases is huge (90.5/5.3 = 17). Although the field distribution on the particles without the 

tip gives some insight about the enhancement, the field distribution alone is not enough to 

interpret the PiFM data. The force exerted on the tip is proportional to both the field and 

field gradient when the dipolar approximation is valid99. However, it has been shown with 

much detail97,98 that due to the noticeable field change when the tip is close to the particle, 

the dipolar approximation is not very accurate, and  realistic geometries of the tip should be 

taken into account97,98,100. We use COMSOL to calculate the tip forces using Maxwell stress 

tensor. We model the tip with a long cone with a radius of curvature of 7 nm. The length of 

the tip was 200 nm. It is shown that longer tips around 4.5 µm are needed98 to obtain more 

accurate force values; however, since we were limited by computational resources, we 

considered a shorter tip equal to 200 nm to calculate the force trends, and compared the 

force values at the gap and on the edges to those on top of the spheres and to those far away 

from the dimer. Figure 3-3(g,h) compare the normalized PiFM signal taken experimentally 

to the normalized calculated longitudinal force (along the z-axis) on a line scan shown in 
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Figure 3-3(d,e), respectively, when the excitation is aligned along the dimer axis. In both 

figures, we see a peak in the gap as well as peaks at the edges. The line scan in Figure 3-3(g) 

shows how the resolution in PiFM is superior to that in AFM. Particularly, a feature 5.8 nm 

wide has been marked, demonstrating that the PiFM resolution surpasses the limit 

determined by the tip diameter (here around 14 nm) in AFM. The high resolution in PiFM in 

Figure 3-3(d) also reveals the surface roughness of the gold particles and how different they 

are from a round sphere. 
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Figure 3-3. (a-d) Zoomed-in PiFM images of the dimer C in response to LP light with 

different polarization directions, which changes from 0° to 90° with 30° increments. The 

maximum PiFM values are 0.72, 1.43, 2.62, and 4.22 mV, from (a) to (d), respectively. All 

the images are normalized to the maximum PiFM signal of 4.22 mV in (d) to be comparable. 

(e,f) The electric field enhancement obtained in the simulation for two spheres with a 

diameter of 30 nm and a gap of 1 nm, when the incident beam is polarized along the x- and 

y-axes, respectively. The cut plane is crossing the centers of the spheres. Scale bar is 50 nm 

in all figures. (g) Normalized PiFM signal on a line scan shown in (d). The bright gap and 

edges are clear. A feature as small as 5.8 nm is clearly revealed in PiFM image. Lines A and 

B corresponds to the points A and B in (d). (h) Normalized calculated force (in the z-axis) 

on a line scan shown in (e). The trend is similar to the PiFM signal in (g). 
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Nanoscale beam profiling using gold nanoparticles and PiFM 

We next take advantage of the plasmonic particles for nanoscale beam mapping with high 

SNR. We fix the tip at a specific location point on the sample surface and then scan the 

objective lens to find the beam profile. We consider dimer C and cluster E as suitable areas 

for LP light and APB, respectively. Figure 3-4 shows the results for beam profiling. Figure 

3-4(a) and (b) show the zoomed-in PiFM images of dimer C and cluster E. In these images, 

the tip is fixed at the center of the beam, and the sample is scanned. Considering the PiFM 

images in Figure 3-1 (a)-(f), we see that the point P1 on dimer C is only responsive to the y-

polarized light and is excellent for mapping the y-polarized component of LP light. Figure 3-4 

(c) and (d) show the PiFM images of LP light polarized along x- and y-axes, respectively, while 

the tip is fixed at P1, and the incident beam is scanned. The maximum PiFM signal in (d) is 

8.7 times higher than that in (c). The numerically calculated beam profile of a tightly focused 

LP light (w0 = 0.6 λ) is also shown in (e) to be compared to the image in (d). On the other 

hand, the point P2 in all PiFM images in Figure 3-1 (a)-(f) is always bright and is almost 

equally responsive to all in-plane polarizations. Specifically, the PiFM signal at P2 is 8.4, 7.0, 

6.6, 6.1, 7.4, 7.8 mV in Figure 3-1 (a)-(f), respectively. These nearly equal values make P2 a 

good location point for beam profiling of an APB. Figure 3-4 (f) and (g) show the beam profile 

of an APB taken with PiFM and calculated numerically for a tightly focused APB with beam 

diameter equal to 0.6 λ, respectively. Figure 3-4 (h) compares two line-scans in the 

experiment and one in the calculation. The agreement is excellent. The highly symmetric 

shape of the APB results from the symmetric shape of the Si tip (as the probe) and the equally 

excited lateral fields in the gap of the cluster. Previous characterizations of APB using PiFM 

with Au coated tip suffers from the asymmetric shape of the Au grains at the very end of the 
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tip52,53. To the best of our knowledge, this is the most symmetric characterization of a tightly 

focused APB with nanoscale resolution53,101,102. The average noise in APB characterization is 

about 13 µV, and the average PiFM signal on the donut shape of the APB is about 3.6 mV, 

which results in an SNR of 120—much superior to the previously reported SNR of 8 taken 

with Au coated tips53. 

 

Figure 3-4. Beam mapping using PiFM. (a,b) zoomed in PiFM images of dimer C and cluster 

E. Here, the beam center is aligned to the tip, and the sample is scanned. P1 and P2 are the 

points on which the tip is fixed to map the beam profile of an LP light and an APB, 
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respectively. Double-end arrow shows the direction of incident LP light. (c) Beam map 

when the tip is fixed at P1, and the polarization of LP light is in the x-axis. (d) Beam map 

when the tip is fixed at P1, and the polarization of LP light is in the y-axis. Since dimer C is 

aligned in the y direction, it is mostly responsive to the y-polarized light. The PiFM images 

in (c) and (d) are normalized to the maximum value in (d) to be comparable. (d) Numerical 

calculation of normalized |Ey|2 for a y-polarized LP light. (f) Beam profile of an APB with 

high SNR. The tip is fixed at P2 on cluster E, and the beam is scanned, while the incident 

beam is an APB. (g) Numerical calculation of normalized |E|2. (h) Comparison of the 

experimental data and numerical calculation for APB. The line scans A-A’, B-B’ (normalized 

PiFM in x and y directions, respectively), and C-C’ (normalized |E|2) match very well. The 

scale bar in all figures is 500 nm. 

Conclusion 

In summary, we designed and developed the Si tip-Au NP interactive system to replace the 

typical Au coated tip and sample interactive system in the PiFM to improve its accuracy, 

resolution, and SNR for field mapping. Our photoinduced force detection scheme takes 

advantage of the geometrically azimuthal symmetry of the Si tip and Au NPs, and the 

plasmonic enhancement between them, as demonstrated by the polarization-dependent 

photoinduced force measurements on monomers, dimers, and clusters as well as perfectly 

symmetric APB profiling. Our proposed Si tip-Au NP system can serve as an efficient tool to 

characterize nanostructures in Biology, Chemistry, and Material Sciences. In particular, 

single molecule spectroscopy, whose characterization often suffers from poor SNR, can be 

performed using this Si Tip-Au NP system. In the same way that Si tip reports the gap fields 

between Au NPs, demonstrated in this work, it can report the chemical properties of a single 

molecule placed in the gaps of the Au NPs experiencing the order-of-magnitude enhanced 

light-matter interaction. 
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4. MAPPING PHOTOINDUCED CIRCULAR DICHROIC FORCES ON 
CHIRAL AND ACHIRAL GOLD NANOPARTICLE ASSEMBLIES AT 
NANOSCALE 

CD characterization, which determines the selectivity of the materials and nanostructures 

with respect to circular polarization, relies on the far-field absorption or scattering 

spectroscopy, where the near-field, the sole carrier of deep-subwavelength nanoscale 

information, is missing. To address this challenge, in this Chapter, we employ the PiFM 

technique to investigate the near-field responses of complex Au nanoparticle (AuNP) 

assemblies in the form of photoinduced circular dichroic forces (PiCDF)—differential optical 

force in response to RCP and LCP. We illustrate the equilateral and obtuse-angled trimer and 

asymmetric tetramer AuNPs as the test samples. The results show that how PiCDF maps on 

structurally achiral assemblies could be symmetric or asymmetric, depending on the 

rotational symmetry of the structure, in agreement with the theoretical expectations. As 

another example, we demonstrate that an asymmetric tetramer shows more distinct PiCDF 

map, as compared to trimers.  

The organization of this Chapter is as follows. We first show the experimental setup based 

on PiFM and CPL illumination to detect the nanoscale circular dichroic forces. Next, we 

explain about the theoretical force calculations and the simulations, which will be used to 

verify the experimental results. We then show the near-field responses to RCP and LCP 

illuminations on three different assemblies, namely an equilateral trimer, an obtuse-angled 

trimer, and a tetramer. Specifically, we demonstrate the photoinduced force (PiF) maps in 

response to RCP and LCP on each assembly and compare the PiF maps with the calculated 

forces using the simulations. For each assembly, we also show the PiCDF maps. In addition, 
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we present the far-field analysis and show the extinction cross sections on each assembly to 

compare the near-field data with the far-field data. Finally, a conclusion is given at the end.  

Experimental setup 

We use PiFM technique for our study. PiFM is a powerful scanning probe microscopy,50 

which simultaneously obtains the topography and optical responses of the samples with a 

sub-10-nm resolution.14 The technique has been used vastly for different applications, such 

as mapping tightly focused electromagnetic beams at nanoscale,52,53 stimulated Raman 

spectroscopy and nanoscopy,87,88 nanoscale chemical imaging,86,95 and detection of chiral 

molecules.34,103  

Figure 4-1 shows the experimental setup for the near-field characterization of AuNP 

assemblies. We use an atomic force microscope (AFM) integrated with a light beam 

illumination to simultaneously record the topography and photoinduced forces on the 

AuNPs. The cantilever of the AFM has different mechanical resonances which we refer to 

their first and second ones as 𝑓1 and 𝑓2, respectively. Here, we use the AFM in non-contact 

mode with its cantilever vibrating at 𝑓2 to take the topography. Illuminating the tip-sample 

junction with a laser light modulated at a frequency equal to 𝑓2 −  𝑓1 causes a photoinduced 

force, proportional to the electric polarizability of the sample, exerted on the tip at 𝑓1.73 So, 

the photoinduced force, as the optical response, can be recorded at 𝑓1, which enables 

simultaneous recording of the topography and photoinduced forces at two separate 

channels.  
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We use Si tips in this study. The advantage of using Si tips, instead of Au-coated tips, which are 

conventionally used in PiFM, is that the Si tip, as the probe, has the minimum perturbation 

effects on the AuNP assemblies as well as a more symmetric shape. 

We use a laser diode at 633 nm, which is close to the plasmonic resonances of our AuNP 

assemblies (see Section Far-Field Analysis). The laser beam is then modulated using an 

acousto-optic modulator (AOM). After spatially filtering the laser light to have a clean 

fundamental Gaussian beam, we use a linear polarizer (LP) and a quarter-wave plate (QWP) 

to generate CPL, which is subsequently focused on the sample using a high-NA oil objective 

(NA = 1.45). It is worth mentioning that care must be taken to adjust the angle between the 

QWP and the LP to generate the CPL as pure as possible and compensate for the polarization 

degradations caused by the optics on the path. We also make sure that the AFM’s tip is 

located at the center of the tightly focused beam. We then scan the sample, containing the 

AuNPs, to record the PiF signals. We perform two separate scans for each AuNP assembly: 

one with RCP and the other with LCP illumination. For a fair comparison, it is important to 

have equal power of the incident beam on the sample for RCP and LCP experiments; the 

power of the laser beam right before the oil objective is 270 µW in each case. 

We prepare our sample by dispersing AuNPs on a glass coverslip. The diameter of AuNPs is 

30 nm. We find different assemblies of AuNPs and select two types of trimers (equilateral 

and obtuse-angled) and a tetramer for our study. 
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Figure 4-1. Schematic of the experimental setup. Laser light at 633 nm, generated by a laser 

diode, is modulated with an acousto-optic modulator. The modulation frequency is set to be 

the difference between the first and the second mechanical resonances of the cantilever. 

Subsequently, one of the diffraction orders is selected and spatially cleaned. CPL is then 

generated using a pair of linear polarizer and quarter-wave plate. The light is finally tightly 

focused on the tip apex of the AFM using a high-NA objective. The sample, containing AuNP 

assemblies, is scanned to record topography and PiF signals by filtering the signal out of the 

quadrant photodetector at two frequency channels, 𝑓2 and 𝑓1, respectively. LD: laser diode, 

AOM: acousto-optic modulator, M: mirror, LP: linear polarizer, QWP: quarter-wave plate. 𝑓1 

and 𝑓2: the first and the second mechanical resonances of the cantilever. 

Force calculations and simulations  

We use finite element method (FEM), which is applied in COMSOL Multiphysics commercial 

software tool, to numerically calculate the photoinduced forces exerted on the tip when 

interacting with AuNP assemblies to confirm our experimental results obtained with PiFM. 
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Referring to Figure 4-2, the force is exerted on the Si tip, which is near the AuNP surface 

(distance in the order of 4-5 nm). The rigorous analytical technique is to calculate the 

induced optical force on the tip by including the perturbation effects of the tip on the samples 

and integrating the Lorentz force density over the surface of the tip).97 However, this 

technique requires huge computational resources and is very time-consuming. Alternatively, 

we can use a perturbation technique by ignoring the tip effects, considering the tip as an 

electric dipole, and neglecting higher order multipoles of the tip. Under these conditions, the 

time-averaged force exerted on the tip reads.104 
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in which, 𝐄 = |𝐄|𝑒𝑖𝜙�̂� is the total electric field phasor (sum of the incident field and the 

scattered fields by the AuNPs) without the presence of the Si tip (the object on which the 

exerted force is to be calculated), and 𝛼 = 𝛼′ + 𝑖𝛼′′ is the polarizability of the Si tip (prime 

and double-prime superscripts represent real and imaginary parts, respectively). Also, |𝐄| 

and 𝜙 are the magnitude and phase of the electric field phasor, respectively, and �̂� is the unit 

vector. The first term in Eq. (2.1), called gradient force, originates from the field 

inhomogeneities and is proportional to the real part of the polarizability, whereas the second 

term, called scattering force, is proportional to the imaginary part of the polarizability. For a 

Si tip, whose imaginary part of the polarizability is much smaller than its real part at the 

working wavelength of 633 nm, the scattering force is negligible and can be ignored. 

Therefore, we take only the first term (gradient force) into account to compare the numerical 

results with the experimental data. Moreover, as PiF signals are proportional to the 

longitudinal photoinduced forces (i.e., along the direction of the light beam propagation, 
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which we consider to be the z-axis in our calculations; see Figure 4-2), we take the z 

component of the gradient force for the comparison between analytical and experimental 

data. Furthermore, since we are interested in the force distribution maps, we normalize all 

calculated forces to the constant value 𝛼′/4. Consequently, we take �̂� ∙ ∇|𝐄|2 as a 

computational quantity to compare with the experimental PiF data. 

As a final remark, we take field values on a surface which is 4-nm away from the AuNP 

samples which resembles the realistic experimental case of the tip positions over the AuNP 

samples as shown in Figure 4-2. This is particularly important as, due to the finite 

dimensions of the tip end (~7 nm), the tip cannot reach the hotspots between the AuNPs. 

 

Figure 4-2. Schematic for photoinduced force calculation based on full-wave simulations. 

(a) The actual configuration with nanotip a few nanometers away from the AuNP cluster. 

The rigorous way to calculate the force is to consider the tip, near the AuNPs, and integrate 

the Lorentz force density over the surface of the tip, which is time inefficient. (b) The 

curved surface 4 nm away from the AuNPs used in the approximation technique to 

calculate the forces acting on the nanotip (coupling effects between tip and nanospheres is 
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ignored). All data (including electric field and photoinduced forces) in the next figures are 

taken over such a surface. 

Near-field circular dichroic force maps on AuNP assemblies  

We now compare the PiF maps with the calculated forces on different assemblies. 

Particularly, we investigate three different cases that are actually encountered: 1. An 

equilateral trimer; 2. An obtuse-angled trimer; 3. A tetramer. For each case, we demonstrate 

the topography of the assembly (obtained with the topography channel of the AFM at 𝑓2) and 

a schematic that shows the relative position of the AuNPs. The schematic is drawn based on 

the topography and is exported to be used in the simulations. For all cases, we assume that 

the gaps between the AuNPs are 1 nm considering that the AuNPs are functionalized with 

carboxylic acid molecules, so that the surfaces of the AuNPs are not touching. We then show 

the field intensity distributions, namely, |𝐄𝑅(𝑥, 𝑦)|2 and |𝐄𝐿(𝑥, 𝑦) |2, the distribution of the 

electric field intensity on the sampling surface (the surface which is 4 nm away from the 

surface of the AuNPs) in response to RCP and LCP excitation, respectively. We also show the 

difference between |𝐄𝑅(𝑥, 𝑦)|2 and |𝐄𝐿(𝑥, 𝑦) |2 as a measure to show the near-field contrast 

of the local electric field intensity on each assembly. In addition, since our experimental 

maps, based on PiFM, are proportional to the photoinduced forces, we subsequently show 

the normalized force distributions on each assembly, namely, 𝐹𝑅
̅̅ ̅(𝑥, 𝑦) and 𝐹𝐿

̅̅̅(𝑥, 𝑦), in 

response to RCP and LCP excitation beams, respectively. As discussed in the previous section, 

normalized forces are calculated as follows: 

 
2

, ,
ˆ( , )R L R LF x y = z E  (2.2) 
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We also show the difference between 𝐹𝑅
̅̅ ̅(𝑥, 𝑦) and 𝐹𝐿

̅̅̅(𝑥, 𝑦), referred to as the normalized 

differential force map, to demonstrate the near-field contrast of the photoinduced forces for 

the two opposite handedness illuminations, RCP and LCP, on each assembly. The normalized 

differential force maps reveal the near-field symmetry/asymmetry of each assembly in 

response to RCP and LCP illuminations. We finally show PiF maps in response to RCP and 

LCP excitations as well as their difference, PiCDF maps. The PiCDF maps will be compared to 

the numerically calculated normalized differential force maps. 

Near-field maps on equilateral trimer 

Figure 4-3 shows the results of the near-field characterization of the equilateral trimer in 

response to RCP and LCP illuminations. The structure consists of three AuNPs placed on the 

vertices of an equilateral triangle (Figure 4-3(b)). The equilateral trimer is rotationally 

symmetric; therefore, its identical response to the RCP and LCP excitation beams can be 

predicted. This can be clearly seen in Figure 4-3(c,d), in which the field intensity maps are 

identical. The difference between the electric field intensities in response to RCP and LCP is 

shown in Figure 4-3(e); it can be seen that the differential electric field intensities at the gaps 

are zero, whereas small rotationally symmetric variations are observed on the edges of the 

AuNPs; however, the values are much smaller than those given in Figure 4-3(c,d). This 

confirms the distribution of the electric field intensity in response to RCP and LCP 

illuminations are almost identical in the near field around the equilateral trimer. The 

identical distribution of the electric field over the surface of the AuNPs for RCP and LCP 

excitations should result in the identical distribution of the photoinduced force too, as force 

is proportional to the field and gradient of the field along the z direction (Eq. 2), which can 

be observed in Figure 4-3(f,g). The difference between 𝐹𝑅
̅̅ ̅ and 𝐹𝐿

̅̅̅ is shown in Figure 4-3(h); 
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although there are small variations in the differential force map, it should be noted that the 

maximum value in the differential force map is about 10 times smaller than that in the 𝐹𝑅
̅̅ ̅ 

and 𝐹𝐿
̅̅̅ maps. Moreover, the differential force is zero in all three gaps. Therefore, in the case 

of equilateral trimer, the differential force map is considered to have a negligible value 

everywhere. Finally, the experimental results are shown in Figure 4-3(i-k). The PiF maps in 

response to RCP and LCP excitations are almost identical; i.e., the gaps and edges of the 

AuNPs are almost equally excited and bright for both excitations. Similar to small variations 

of the calculated differential forces in Figure 4-3(h), some negligible differential PiCDF 

values are observed in Figure 4-3(k); however, again the maximum value in the PiCDF map 

is about 4 times smaller than that in the PiF maps with RCP and LCP excitations. More 

notably, the PiCDF map does not show any of the AuNPs or any of the three gaps in the 

equilateral trimer much brighter or darker than the others; this is due to the rotational 

symmetry of the assembly, which causes the AuNPs to be excited equally in response to RCP 

or LCP. 
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Figure 4-3. Near-field characterization of the equilateral trimer in response to RCP and LCP. 

Scale bar is 50 nm in all figures. (a) Topography obtained with AFM. (b) Schematic of the 

trimer showing the relative position of the AuNPs. (c-e) Distribution of the calculated electric 

field intensity over the sampling surface in response to RCP, LCP, and their difference, 

respective. (f-h) Calculated photoinduced force maps over the sampling surface in response 
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to RCP, LCP, and their difference, respectively. The differential force values are much smaller 

than the absolute forces in response to RCP or LCP. (i-k) Measured PiF maps in response to 

RCP, LCP, and their difference, respectively. The differential PiF map also exhibit small values 

compared to the absolute PiF values in response to RCP or LCP. These results confirm the 

symmetric near-field response of the equilateral trimer to RCP and LCP excitations. Scale bar 

is 50 nm in all figures. 

Comparing Figure 4-3(h) and Figure 4-3(k), one can see some differences between the 

simulation and experimental results; while the simulation results, shown in Figure 4-3(h), 

demonstrate that small differential force variations are rotationally symmetric, the PiCDF 

map, shown in Figure 4-3(k), does not demonstrate any rotational symmetry. The difference 

between simulation and experiments are attributed to the following reasons. First of all, the 

AuNPs in the experiment are not ideal nano-spheres; they have irregular facets on the 

surface, which changes their ideal spherical shape.14 Secondly, careful examination of the 

topography images (Figure 4-3(a)) shows that the AuNPs are not exactly the same size; their 

diameter is different by 2-3 nm. This can further change the rotational symmetry of the 

whole assembly. (see Supplementary Materials for simulation results of an example where 

one NP is 30 nm and the other two are 27 nm in diameter.)   

It should be noted that comparing Figure 4-3(i,j) with Figure 4-3(f,g) (the force distributions 

in the experiment and simulation for RCP and LCP excitations), one can note that some edges 

of the AuNPs are almost as bright as the gaps in the experiment, whereas in the simulations, 

the gaps are much brighter than the edges. The bright edges in the PiF maps are attributed 

to the interaction between the Si tip and the plasmonic AuNPs, which slightly changes the 

field distributions at these points, and results in stronger forces (Supplementary Materials). 

This effect is not observed in the simulations since we have replaced the tip with its 
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equivalent point dipole and have neglected its perturbing effect on the sample. Nevertheless, 

there is a good agreement between the calculated force maps (Figure 4-3(f-h)) and the 

experimental PiF maps (Figure 4-3(i-k)). 

To summarize, the near-field characterization of the equilateral trimer demonstrates that 

this structure does not exhibit considerable contrasts in the near-field photoinduced force 

maps between RCP and LCP illuminations. 

Near-field maps on obtuse-angled trimer 

The second assembly for our analysis is an obtuse-angled trimer, as shown in Figure 4-4. The 

topography and the schematic of the trimer are shown in Figure 4-4(a,b), respectively. The 

angle between the legs of the trimer is 145°, based on the topography. Unlike the equilateral 

trimer, the obtuse-angled trimer lacks rotational symmetry; therefore, an asymmetric field 

and force distribution in response to CPLs is predicted. Figure 4-4(c-e) shows the 

distribution of the electric field intensity over the sampling surface in response to RCP, LCP, 

and their difference, respectively. The differential electric field distribution in Figure 4-4(e) 

reveals the asymmetric response in the gaps of this trimer to RCP and LCP. While all the gaps 

in the equilateral trimer were equally excited with RCP and LCP (Figure 4-4(e)), here the 

right gap is bright, and the left gap is dark. This asymmetric electric field enhancement in the 

gaps leads to the asymmetric photoinduced forces too. Figure 4-4(f-g) shows the calculated 

force maps in response to RCP and LCP excitations, respectively. The force maps show almost 

similar force distribution, and the difference cannot be observed clearly; however, the 

asymmetric force distribution can be revealed more clearly by looking at the differential 

force map in Figure 4-4(h). It is clear that the right AuNP/gap is bright, and the left AuNP/gap 
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is dark, which indicates that the right AuNP/gap is more excited with RCP than with LCP. 

This force distribution can also be observed in the experimental PiF maps. With RCP 

excitation in Figure 4-4(h), the right AuNP/gap is brighter than the left AuNP/gap; however, 

with LCP excitation, the PiF map is mirror-imaged, and the left AuNP/gap is brighter than 

the right AuNP/gap. It should be noted that due to the nonideally spherical shape of the 

AuNPs and their facets, the PiF maps with RCP and LCP excitations (Figure 4-4(i,j)) are not 

completely mirror-image of each other. Nevertheless, the PiCDF map in Figure 4-4(k) clearly 

demonstrates a rotational asymmetry. While the right AuNP is bright in PiCDF map, the left 

one is dark. 



69 
 

 

Figure 4-4. Near-field characterization of the obtuse-angled trimer in response to RCP and 

LCP. Scale bar is 50 nm in all figures. (a) Topography obtained with AFM. (b) Schematic of 

the trimer showing the relative position of the AuNPs. The obtuse angle is 145°. (c-e) 

Distribution of the calculated electric field intensity over the sampling surface in response to 

RCP, LCP, and their difference, respective. (f-h) Calculated photoinduced force maps over the 
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sampling surface in response to RCP, LCP, and their difference, respectively. (i-k) Measured 

PiF maps in response to RCP, LCP, and their difference, respectively. The differential 

calculated force map (simulation) and differential PiF map (experiment) clearly show the 

asymmetric near-field response of the obtuse-angled trimer to RCP and LCP excitations. 

Figure 4-4(k) should be compared to Figure 4-4(k) to better investigate the different near-

field behavior of the equilateral and obtuse-angled trimers. While the PiCDF map in Figure 

4-4(k) demonstrates almost equal values on the three AuNPs, the PiCDF map in Figure 4-4(k) 

is clearly different, in which the right AuNP is bright, and the left one is dark (confirming 

rotational asymmetry). 

The fact that the near-field PiF maps in response to RCP and LCP beams on the obtuse-angled 

trimer are not identical could be nontrivial, considering that the trimer is structurally achiral 

(see also Section Far-field analysis, in which the calculated CD is zero). The non-identical 

response is explained qualitatively here by considering the trimer as a combination of two 

coupled dimers. The electric field of the CPL excitations induces a dipole moment on each 

dimer, and the total field is the sum of the incident field and the scattered fields from the 

induced dipole moments. Since the electric field of the CPL is rotating circularly, there will 

be a phase shift between the two induced dipole moments on the two coupled dimers (the 

electric field induces the dipole on the dimer when the field vector is aligned with the 

interparticle axis of the dimer). The phase shift between the two dimers change sign for RCP 

and LCP excitations because the electric field of the RCP beam rotates counter to the electric 

field of the LCP beam. 
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Near-field maps on tetramer 

The last assembly for our near-field chiral study is a tetramer shown in Figure 4-5. The 

topography is shown in Figure 4-5(a), and Figure 4-5(b) shows the schematic of the 

assembly with the relative position of the AuNPs obtained from the topography. Having an 

extra AuNP, compared to the trimer, makes the assembly more complicated, breaks the 

symmetry more, and is expected to exhibit higher contrast in the near-field in response to 

RCP and LCP. Figure 4-5(c-e) shows the electric field distribution over the sampling surface 

in response to RCP, LCP, and their difference, respectively. The asymmetric field distribution 

can be clearly observed in the differential map (Figure 4-5(e)): while the upper two AuNPs 

and their gap are bright, the lower ones and their gap are dark. Calculated force maps in 

response to RCP, LCP, and their difference are shown in Figure 4-5(f-h). In addition, PiF maps 

in response to RCP, LCP, and their difference are shown in Figure 4-5(i-k). There is a very 

good agreement between the simulation and experimental results. Also, the near-field 

contrast in response to RCP and LCP is much higher for the tetramer compared to the 

trimers. While AuNP #2 and its neighboring gaps are bright for RCP excitation, AuNP #3 and 

its neighboring gaps are excited dominantly, which is observed in both calculated force maps 

and PiF maps (Figure 4-5(f,h) and Figure 4-5(i,j)). The differential calculated force and 

differential PiF maps show the contrast more clearly: while the upper two AuNPs (AuNPs 

#1,2) are bright, the lower two AuNPs (AuNPs #3,4) are dark; moreover, it should be noted 

that the contrast that much high that the maximum values in the differential PiF map are as 

high as the maximum values in the absolute PiF maps in response to RCP or LCP. 
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Figure 4-5. Near-field characterization of the tetramer in response to RCP and LCP. Scale bar 

is 50 nm in all figures. (a) Topography obtained with AFM. (b) Schematic of the tetramer 

showing the relative position of the AuNPs. The AuNPs are numbered from 1 to 4. (c-e) 

Distribution of the calculated electric field intensity over the sampling surface in response to 

RCP, LCP, and their difference, respective. (f-h) Calculated photoinduced force maps over the 
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sampling surface in response to RCP, LCP, and their difference, respectively. (i-k) Measured 

PiF maps in response to RCP, LCP, and their difference, respectively. The near-field contrast 

between RCP and LCP results is obvious in the simulation (Figure h) and in the experiment 

(Figure k), in which the upper two AuNPs are bright while the lower ones are dark. The 

differential values are comparable to the absolute force values in response to RCP or LCP. 

Comparison between gradient and scattering forces: the latter is negligible 

The force exerted on a particle with dipolar scalar polarizability 𝛼 = 𝛼′ + 𝑖𝛼′′ consists of two 

terms as follows:99 

 
2 2

4 4
g s

 


 
=  +  = +F E E F F  (2.3) 

The first term is referred to as gradient force (𝐅𝑔), which originates from the 

inhomogeneities of the magnitude of the electric field 𝐄 = |𝐄|𝑒𝑖𝜙�̂� acting on the particle and 

is proportional to the real part of the polarizability, and the second term is referred to as the 

scattering force (𝐅𝑠) and is proportional to the imaginary part of the polarizability. For the 

photoinduced force map calculations in the manuscript, we ignored the scattering part of the 

force since it is much smaller than the gradient part. Here, we compare the exact values of 

the gradient and scattering forces for the obtuse-angled trimer to justify the approximation 

used in the main body of this paper. 

Figure 4-6 compares the real and imaginary parts of the electric polarizability of a Si 

nanosphere, with a radius of 7 nm. Such nanosphere approximates the dipolar response of 

the nanotip in the PiFM. It is clear that the imaginary part is much smaller than the real part. 

Particularly, at 633 nm, the wavelength of the experiment, the imaginary part is about 3 
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orders of magnitude smaller than the real part, which suggests that it is possible to ignore 

the scattering force in the force calculations. 

 

Figure 4-6. Comparison between the real and imaginary parts of the electric polarizability of 

a Si nanosphere, with a radius of 7 nm. The nanosphere approximates the response of the Si 

nanotip. The values have been also marked at 633 nm, the wavelength used in the 

experiments. The imaginary part of the polarizability is about 3 orders of magnitude smaller 

than the real part. 

To elaborate more on this approximation, we show the gradient and scattering force maps 

exerted on a Si nanosphere (as the model of the tip) on the sampling surface (Figure 4-2) at 

633 nm. Just as an example, in Figure 4-7 we show the maps of the force components exerted 

on the Si nanosphere under right-handed circularly polarized (RCP) illumination on the 
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obtuse-angled plasmonic trimer from the bottom. We see that the scattering force is about 4 

orders of magnitude smaller than the gradient component, which confirms the validity of our 

approximation. It should be noted that the values of the scattering force are negative, which 

indicates that the scattering force is repulsive, whereas the positive values of the gradient 

force shows that it is attractive. 

 

Figure 4-7. Comparison between the (a) gradient and (b) scattering parts of the 

photoinduced force. The maps show the forces exerted on a Si nanosphere at 633 nm under 

right-handed circularly polarized (RCP) illumination. The scattering component is about 4 

orders of magnitude smaller than the gradient component. 

Effect of the Si and Au tips on total field and force 

In photoinduced force microscopy (PiFM), Au-coated Si tips are conventionally used because 

coating the Si tip with Au enhances its polarizability, which in turn enhances the PiFM 

signals. Plasmonic field enhancement of the Au contributes to the enhancement of the PiFM 

signal, which is essential in some applications of PiFM such as chemical imaging of block 

copolymers.95 However, as a probe, the Au-coated tip perturbs the electric fields around the 

sample under investigation much more than the Si tip does. In addition, Au grains at the end 
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of the Si tip could result in anisotropy-induced distortion in the images. This should be 

especially avoided for chirality studies since any asymmetry in the shape of the tip could 

generate fake differential force signals, which could be mistakenly attributed to the 

asymmetry of the sample. Therefore, for the aforementioned reasons Au-coated Si tips may 

not be the best solution as probes for chirality experiments.  

For strongly coupled plasmonic AuNPs, as those studied in this paper, luckily the field 

enhancement around the assemblies is already very strong, so that there is no need to use 

an Au tip.14 Therefore, in this paper we use a Si tip in all our experiments.  

Figure 4-8 shows the effect of the perturbation of the electric field intensity due to the 

presence of a Si tip and of an Au tip located at two different points: at the edge of the trimer 

and on top of the trimer. Fields intensity is numerically calculated at the curved surface 4 nm 

away from the gold trimers as described above. The gap between the tip and the AuNPs is 

assumed to be 4 nm. Tip has been modeled with an ellipsoid, such that the radius of curvature 

of the ellipsoid at the bottom is 7 nm, a typical radius of the curvature of commercial Si tips. 

It is clear that the Au tip perturbs the field much more than the Si tip does at both locations. 

It should be noted that the Si tip also perturbs the fields, especially at the edge of the trimer 

where the field enhancement is stronger. This justifies the fact that the edges of the AuNPs 

are relatively bright in PiFM images; the presence of the Si tip near the AuNPs creates new 

hotspots, which in turn enhances the electric fields and PiFM signals. Anyway, use of a probe 

is unavoidable, and Si tips perturbs the fields less compared to the Au tip. 
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Figure 4-8. Demonstration of the perturbation of the electric field distribution due to the 

presence of the Si and Au tips. Electric field distribution under right-handed circularly 

polarized (RCP) illumination (a) without the presence of any tip, (b) with the Si tip on the 

edge of the trimer, (c) with the Au tip on the edge of the trimer, (d) with the Si tip on top of 

the trimer, and (e) with the Au tip on top of the trimer. Field distributions show that the Au 

tip perturbs the fields much more than the Si tip does. 

Conclusion 

In conclusion, we experimentally demonstrated, for the first time in a direct way, the 

nanoscale circular dichroic near-field interactions on different rotationally symmetric and 

asymmetric AuNP assemblies. We showed that while two types of trimers (equilateral and 
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obtuse-angled) are structurally achiral and exhibit identical far-field response to RCP and 

LCP excitation (based on simulation results), their near-field behavior is different. While the 

near-field PiF map on the rotationally symmetric equilateral trimer is identical in response 

to RCP and LCP excitations, it is not identical on the obtuse-angled trimer; in fact, the PiF 

map of the obtuse-angled trimer in response to RCP is the mirror-image of that in response 

to LCP excitation. We also showed that the tetramer, as a more complex assembly, exhibits 

much higher near-filed photoinduced force contrast in response to RCP and LCP. Our study 

confirms that while far-field quantity CD exhibits useful information about the 

chirality/anisotropy of the nanostructures, it is not sufficient, and near-field 

characterizations are required for a more depth analysis. This study has potential 

applications for designing novel photonic devices for polarization manipulation as well as 

platforms for enantioselectivity enhancement of chiral molecules in pharmaceutical 

sciences. 
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5. CONCLUSION 

Plasmonic nanostructures and nanoparticles possess fascinating optical properties, which 

can be used in vast application from devices in photonics industry to platforms for detection 

of molecules in chemical physics. These nanoparticles show even more interesting 

properties when they combine to make complex assemblies. Among all different shapes and 

morphologies, structures that lack any kind of symmetry have potential promising 

applications in chirality and circular dichroism studies as they interact differently with right- 

and left-handed circularly polarized (RCP and LCP, respectively) lights. Although circular 

dichroism, based on far-field measurements, retrieves useful information about the 

plasmonic nanostructures, it is unable to reveal the nanoscale near-field interactions. 

In conclusion, in part of this thesis, we developed an experimental setup based on 

photoinduced force microscopy (PiFM) to investigate the near-field interactions on the 

plasmonic nanoparticles. We first introduced a modification of the PiFM technique based on 

gold nanoparticles and silicon tip, with which more accurate images free of anisotropy-

induced distortions with a higher signal-to-noise ratio (SNR) can be achieved. We 

demonstrated the ability of this technique by studying the near-field optical response of gold 

dimers and aggregates to linearly polarized light with different polarization angles. We also 

mapped the profile of a tightly focused azimuthally polarized beam with an excellent 

symmetry and SNR. We then used this technique to investigate the photo-induced forces on 

different gold assemblies in response to RCP and LCP illuminations. We mapped the 

nanoscale circular dichroic forces on three assemblies: an equilateral trimer, an obtuse-

angled trimer, and a tetramer. Particularly, we showed that while circular dichroism on the 
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two trimers is zero (because of their mirror symmetry), their near-field force maps depend 

on their rotational symmetry. Particularly, since the equilateral trimer is rotationally 

symmetry, its near-field force response to RCP and LCP is identical. However, since the 

obtuse-angled trimer is rotationally asymmetric, its near-field force response to RCP is 

different than that to LCP. This shows the significance of the near-field measurements as it 

reveals extra information hidden in the far-field circular dichroism measurements.  

In addition to the near-field studies on the gold nanoparticles, in the other part of this thesis, 

we introduced a novel metasurface based on broken symmetry ramp-shaped plasmonic 

nanostructure to obtain giant circular dichroism at visible frequencies. We showed that 

using a simple fabrication technique based on gradient focused-ion beam milling, we achieve 

broken symmetry nanostructures, which enable the giant CD. This design addresses the 

challenges of fabrication of complicated 3-D nanostructures, such as nanohelices, to obtain 

giant CD at the visible frequencies. We also investigated the near-field origin of the giant CD 

on the ramp-shaped nanostructure and showed that the relatively high depth of the 

structure plays an important role in achieving the giant CD. 

The results presented in this thesis opens up new possibilities to design broken symmetry 

plasmonic nanostructures for their vast applications in nanophotonics and pharmaceutical 

sciences.  

  



81 
 

6. REFERENCES 

(1)  Wang, H.; Brandl, D. W.; Nordlander, P.; Halas, N. J. Plasmonic Nanostructures:  Artificial Molecules. 
Acc. Chem. Res. 2007, 40 (1), 53–62. https://doi.org/10.1021/ar0401045. 

(2)  Park, J.-E.; Kim, J.; Nam, J.-M. Emerging Plasmonic Nanostructures for Controlling and Enhancing 
Photoluminescence. Chem. Sci. 2017, 8 (7), 4696–4704. https://doi.org/10.1039/C7SC01441D. 

(3)  Stockman, M. I.; Kneipp, K.; Bozhevolnyi, S. I.; Saha, S.; Dutta, A.; Ndukaife, J.; Kinsey, N.; Reddy, H.; 
Guler, U.; Shalaev, V. M.; et al. Roadmap on Plasmonics. J. Opt. 2018, 20 (4), 043001. 
https://doi.org/10.1088/2040-8986/aaa114. 

(4)  Liz-Marzán, L. M.; Murphy, C. J.; Wang, J. Nanoplasmonics. Chem. Soc. Rev. 2014, 43 (11), 3820–3822. 
https://doi.org/10.1039/C4CS90026J. 

(5)  Yu, H.; Peng, Y.; Yang, Y.; Li, Z.-Y. Plasmon-Enhanced Light–Matter Interactions and Applications. Npj 
Comput. Mater. 2019, 5 (1), 1–14. https://doi.org/10.1038/s41524-019-0184-1. 

(6)  Maier, S. A. Plasmonics: Fundamentals and Applications; Springer US, 2007. 

(7)  Odom, T. W.; Schatz, G. C. Introduction to Plasmonics. Chem. Rev. 2011, 111 (6), 3667–3668. 
https://doi.org/10.1021/cr2001349. 

(8)  Halas, N. J.; Lal, S.; Chang, W.-S.; Link, S.; Nordlander, P. Plasmons in Strongly Coupled Metallic 
Nanostructures. Chem. Rev. 2011, 111 (6), 3913–3961. https://doi.org/10.1021/cr200061k. 

(9)  Choi, I.; Choi, Y. Plasmonic Nanosensors: Review and Prospect. IEEE J. Sel. Top. Quantum Electron. 
2012, 18 (3), 1110–1121. https://doi.org/10.1109/JSTQE.2011.2163386. 

(10)  Willets, K. A.; Van Duyne, R. P. Localized Surface Plasmon Resonance Spectroscopy and Sensing. 
Annu. Rev. Phys. Chem. 2007, 58 (1), 267–297. 
https://doi.org/10.1146/annurev.physchem.58.032806.104607. 

(11)  Saha, K.; Agasti, S. S.; Kim, C.; Li, X.; Rotello, V. M. Gold Nanoparticles in Chemical and Biological 
Sensing. Chem. Rev. 2012, 112 (5), 2739–2779. https://doi.org/10.1021/cr2001178. 

(12)  Albooyeh, M.; Simovski, C. R. Huge Local Field Enhancement in Perfect Plasmonic Absorbers. Opt. 
Express 2012, 20 (20), 21888–21895. https://doi.org/10.1364/OE.20.021888. 

(13)  Wang, Y.; Xie, X.; Wang, X.; Ku, G.; Gill, K. L.; O’Neal, D. P.; Stoica, G.; Wang, L. V. Photoacoustic 
Tomography of a Nanoshell Contrast Agent in the in Vivo Rat Brain. Nano Lett. 2004, 4 (9), 1689–
1692. https://doi.org/10.1021/nl049126a. 

(14)  Rajaei, M.; Almajhadi, M. A.; Zeng, J.; Wickramasinghe, H. K. Near-Field Nanoprobing Using Si Tip-Au 
Nanoparticle Photoinduced Force Microscopy with 120:1 Signal-to-Noise Ratio, Sub-6-Nm 
Resolution. Opt. Express 2018, 26 (20), 26365–26376. https://doi.org/10.1364/OE.26.026365. 

(15)  Talley, C. E.; Jackson, J. B.; Oubre, C.; Grady, N. K.; Hollars, C. W.; Lane, S. M.; Huser, T. R.; Nordlander, 
P.; Halas, N. J. Surface-Enhanced Raman Scattering from Individual Au Nanoparticles and 
Nanoparticle Dimer Substrates. Nano Lett. 2005, 5 (8), 1569–1574. 
https://doi.org/10.1021/nl050928v. 

(16)  Li, J. F.; Huang, Y. F.; Ding, Y.; Yang, Z. L.; Li, S. B.; Zhou, X. S.; Fan, F. R.; Zhang, W.; Zhou, Z. Y.; Wu, D. Y.; 
et al. Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy. Nature 2010, 464 (7287), 392–
395. https://doi.org/10.1038/nature08907. 

(17)  Matricardi, C.; Hanske, C.; Garcia-Pomar, J. L.; Langer, J.; Mihi, A.; Liz-Marzán, L. M. Gold Nanoparticle 
Plasmonic Superlattices as Surface-Enhanced Raman Spectroscopy Substrates. ACS Nano 2018, 12 
(8), 8531–8539. https://doi.org/10.1021/acsnano.8b04073. 



82 
 

(18)  Jain, P. K.; Huang, X.; El-Sayed, I. H.; El-Sayed, M. A. Review of Some Interesting Surface Plasmon 
Resonance-Enhanced Properties of Noble Metal Nanoparticles and Their Applications to Biosystems. 
Plasmonics 2007, 2 (3), 107–118. https://doi.org/10.1007/s11468-007-9031-1. 

(19)  Huang, X.; El-Sayed, I. H.; Qian, W.; El-Sayed, M. A. Cancer Cell Imaging and Photothermal Therapy in 
the Near-Infrared Region by Using Gold Nanorods. J. Am. Chem. Soc. 2006, 128 (6), 2115–2120. 
https://doi.org/10.1021/ja057254a. 

(20)  Qiao, L.; Wang, D.; Zuo, L.; Ye, Y.; Qian, J.; Chen, H.; He, S. Localized Surface Plasmon Resonance 
Enhanced Organic Solar Cell with Gold Nanospheres. Appl. Energy 2011, 88 (3), 848–852. 
https://doi.org/10.1016/j.apenergy.2010.09.021. 

(21)  Arinze, E. S.; Qiu, B.; Nyirjesy, G.; Thon, S. M. Plasmonic Nanoparticle Enhancement of Solution-
Processed Solar Cells: Practical Limits and Opportunities. ACS Photonics 2016, 3 (2), 158–173. 
https://doi.org/10.1021/acsphotonics.5b00428. 

(22)  Nakayama, K.; Tanabe, K.; Atwater, H. A. Plasmonic Nanoparticle Enhanced Light Absorption in GaAs 
Solar Cells. Appl. Phys. Lett. 2008, 93 (12), 121904. https://doi.org/10.1063/1.2988288. 

(23)  Liu, T.; Besteiro, L. V.; Liedl, T.; Correa-Duarte, M. A.; Wang, Z.; Govorov, A. O. Chiral Plasmonic 
Nanocrystals for Generation of Hot Electrons: Toward Polarization-Sensitive Photochemistry. Nano 
Lett. 2019, 19 (2), 1395–1407. https://doi.org/10.1021/acs.nanolett.8b05179. 

(24)  Ogier, R.; Fang, Y.; Svedendahl, M.; Johansson, P.; Käll, M. Macroscopic Layers of Chiral Plasmonic 
Nanoparticle Oligomers from Colloidal Lithography. ACS Photonics 2014, 1 (10), 1074–1081. 
https://doi.org/10.1021/ph500293u. 

(25)  Urban, M. J.; Dutta, P. K.; Wang, P.; Duan, X.; Shen, X.; Ding, B.; Ke, Y.; Liu, N. Plasmonic Toroidal 
Metamolecules Assembled by DNA Origami. J. Am. Chem. Soc. 2016, 138 (17), 5495–5498. 
https://doi.org/10.1021/jacs.6b00958. 

(26)  Lee, H.-E.; Ahn, H.-Y.; Mun, J.; Lee, Y. Y.; Kim, M.; Cho, N. H.; Chang, K.; Kim, W. S.; Rho, J.; Nam, K. T. 
Amino-Acid- and Peptide-Directed Synthesis of Chiral Plasmonic Gold Nanoparticles. Nature 2018, 
556 (7701), 360. https://doi.org/10.1038/s41586-018-0034-1. 

(27)  Hentschel, M.; Schäferling, M.; Duan, X.; Giessen, H.; Liu, N. Chiral Plasmonics. Sci. Adv. 2017, 3 (5), 
e1602735. https://doi.org/10.1126/sciadv.1602735. 

(28)  Govorov, A. O.; Gun’ko, Y. K.; Slocik, J. M.; Gérard, V. A.; Fan, Z.; Naik, R. R. Chiral Nanoparticle 
Assemblies: Circular Dichroism, Plasmonic Interactions, and Exciton Effects. J. Mater. Chem. 2011, 21 
(42), 16806–16818. 

(29)  Smith, K. W.; Link, S.; Chang, W.-S. Optical Characterization of Chiral Plasmonic Nanostructures. J. 
Photochem. Photobiol. C Photochem. Rev. 2017, 32 (Supplement C), 40–57. 
https://doi.org/10.1016/j.jphotochemrev.2017.05.004. 

(30)  Valev, V. K.; Baumberg, J. J.; Sibilia, C.; Verbiest, T. Chirality and Chiroptical Effects in Plasmonic 
Nanostructures: Fundamentals, Recent Progress, and Outlook. Adv. Mater. 2013, 25 (18), 2517–
2534. https://doi.org/10.1002/adma.201205178. 

(31)  Behr, J.-P. The Lock-and-Key Principle: The State of the Art--100 Years On; John Wiley & Sons, 2008. 

(32)  Maher, T. J.; Johnson, D. A. Review of Chirality and Its Importance in Pharmacology. Drug Dev. Res. 
1991, 24 (2), 149–156. https://doi.org/10.1002/ddr.430240202. 

(33)  Berova, N.; Nakanishi, K.; Woody, R. Circular Dichroism: Principles and Applications; John Wiley & 
Sons, 2000. 

(34)  Kamandi, M.; Albooyeh, M.; Guclu, C.; Veysi, M.; Zeng, J.; Wickramasinghe, K.; Capolino, F. 
Enantiospecific Detection of Chiral Nanosamples Using Photoinduced Force. Phys. Rev. Appl. 2017, 8 
(6), 064010. https://doi.org/10.1103/PhysRevApplied.8.064010. 



83 
 

(35)  Luo, Y.; Chi, C.; Jiang, M.; Li, R.; Zu, S.; Li, Y.; Fang, Z. Plasmonic Chiral Nanostructures: Chiroptical 
Effects and Applications. Adv. Opt. Mater. 2017, 5 (16), 1700040. 
https://doi.org/10.1002/adom.201700040. 

(36)  Schäferling, M.; Dregely, D.; Hentschel, M.; Giessen, H. Tailoring Enhanced Optical Chirality: Design 
Principles for Chiral Plasmonic Nanostructures. Phys. Rev. X 2012, 2 (3), 031010. 

(37)  Hendry, E.; Carpy, T.; Johnston, J.; Popland, M.; Mikhaylovskiy, R. V.; Lapthorn, A. J.; Kelly, S. M.; 
Barron, L. D.; Gadegaard, N.; Kadodwala, M. Ultrasensitive Detection and Characterization of 
Biomolecules Using Superchiral Fields. Nat. Nanotechnol. 2010, 5 (11), 783–787. 

(38)  Ma, W.; Kuang, H.; Xu, L.; Ding, L.; Xu, C.; Wang, L.; Kotov, N. A. Attomolar DNA Detection with Chiral 
Nanorod Assemblies. Nat. Commun. 2013, 4. 

(39)  Zhao, Y.; Askarpour, A. N.; Sun, L.; Shi, J.; Li, X.; Alù, A. Chirality Detection of Enantiomers Using 
Twisted Optical Metamaterials. Nat. Commun. 2017, 8, 14180. 
https://doi.org/10.1038/ncomms14180. 

(40)  Vázquez-Guardado, A.; Chanda, D. Superchiral Light Generation on Degenerate Achiral Surfaces. Phys. 
Rev. Lett. 2018, 120 (13), 137601. https://doi.org/10.1103/PhysRevLett.120.137601. 

(41)  Gansel, J. K.; Thiel, M.; Rill, M. S.; Decker, M.; Bade, K.; Saile, V.; von Freymann, G.; Linden, S.; Wegener, 
M. Gold Helix Photonic Metamaterial as Broadband Circular Polarizer. Science 2009, 325 (5947), 
1513–1515. 

(42)  Gansel, J. K.; Latzel, M.; Frölich, A.; Kaschke, J.; Thiel, M.; Wegener, M. Tapered Gold-Helix 
Metamaterials as Improved Circular Polarizers. Appl. Phys. Lett. 2012, 100 (10), 101109. 

(43)  Zhao, Y.; Belkin, M. A.; Alù, A. Twisted Optical Metamaterials for Planarized Ultrathin Broadband 
Circular Polarizers. Nat. Commun. 2012, 3, 870. 

(44)  Zhang, S.; Park, Y.-S.; Li, J.; Lu, X.; Zhang, W.; Zhang, X. Negative Refractive Index in Chiral 
Metamaterials. Phys. Rev. Lett. 2009, 102 (2), 023901. 

(45)  Fang, Y.; Verre, R.; Shao, L.; Nordlander, P.; Kall, M. Hot Electron Generation and 
Cathodoluminescence Nanoscopy of Chiral Split Ring Resonators. Nano Lett. 2016, 16 (8), 5183–
5190. 

(46)  Chen, Y.; Gao, J.; Yang, X. Chiral Metamaterials of Plasmonic Slanted Nanoapertures with Symmetry 
Breaking. Nano Lett. 2017. 

(47)  Albooyeh, M.; Asadchy, V.; Zeng, J.; Kazemi, H.; Capolino, F. Applications and Potentials of Reciprocal 
Bianisotropic Metasurfaces. ArXiv181104176 Phys. 2018. 

(48)  Schnell, M.; Sarriugarte, P.; Neuman, T.; Khanikaev, A. B.; Shvets, G.; Aizpurua, J.; Hillenbrand, R. Real-
Space Mapping of the Chiral near-Field Distributions in Spiral Antennas and Planar Metasurfaces. 
Nano Lett. 2015, 16 (1), 663–670. 

(49)  Zu, S.; Han, T.; Jiang, M.; Lin, F.; Zhu, X.; Fang, Z. Deep-Subwavelength Resolving and Manipulating of 
Hidden Chirality in Achiral Nanostructures. ACS Nano 2018, 12 (4), 3908–3916. 
https://doi.org/10.1021/acsnano.8b01380. 

(50)  Rajapaksa, I.; Uenal, K.; Wickramasinghe, H. K. Image Force Microscopy of Molecular Resonance: A 
Microscope Principle. Appl. Phys. Lett. 2010, 97 (7), 073121. 

(51)  Jahng, J.; Brocious, J.; Fishman, D. A.; Huang, F.; Li, X.; Tamma, V. A.; Wickramasinghe, H. K.; Potma, E. 
O. Gradient and Scattering Forces in Photoinduced Force Microscopy. Phys. Rev. B 2014, 90 (15), 
155417. https://doi.org/10.1103/PhysRevB.90.155417. 

(52)  Huang, F.; Tamma, V. A.; Mardy, Z.; Burdett, J.; Wickramasinghe, H. K. Imaging Nanoscale 
Electromagnetic Near-Field Distributions Using Optical Forces. Sci. Rep. 2015, 5. 



84 
 

(53)  Zeng, J.; Huang, F.; Guclu, C.; Veysi, M.; Albooyeh, M.; Wickramasinghe, H. K.; Capolino, F. Sharply 
Focused Azimuthally Polarized Beams with Magnetic Dominance: Near-Field Characterization at 
Nanoscale by Photoinduced Force Microscopy. ACS Photonics 2017. 

(54)  Rajaei, M.; Zeng, J.; Albooyeh, M.; Kamandi, M.; Hanifeh, M.; Capolino, F.; Wickramasinghe, H. K. Giant 
Circular Dichroism at Visible Frequencies Enabled by Plasmonic Ramp-Shaped Nanostructures. ACS 
Photonics 2019, 6 (4), 924–931. https://doi.org/10.1021/acsphotonics.8b01584. 

(55)  Rodger, A. Circular Dichroism and Chirality. In Encyclopedia of Biophysics; Roberts, G. C. K., Ed.; 
Springer Berlin Heidelberg: Berlin, Heidelberg, 2013; pp 311–313. https://doi.org/10.1007/978-3-
642-16712-6_646. 

(56)  Soderberg, T. Organic Chemistry with a Biological Emphasis; Chemistry Publications, 2019. 

(57)  Frank, B.; Yin, X.; Schäferling, M.; Zhao, J.; Hein, S. M.; Braun, P. V.; Giessen, H. Large-Area 3D Chiral 
Plasmonic Structures. ACS Nano 2013, 7 (7), 6321–6329. 

(58)  Mousavi, S.; Panikkanvalappil, S. R.; El-Sayed, M. A.; Eftekhar, A. A.; Adibi, A. Large Enhancement of 
Circular Dichroism Using an Embossed Chiral Metamaterial. ArXiv Prepr. ArXiv160405244 2016. 

(59)  Fasman, G. D. Circular Dichroism and the Conformational Analysis of Biomolecules; Springer Science & 
Business Media, 2013. 

(60)  Amabilino, D. B. Chirality at the Nanoscale: Nanoparticles, Surfaces, Materials and More; John Wiley & 
Sons, 2009. 

(61)  Simeone, D.; Esposito, M.; Scuderi, M.; Calafiore, G.; Palermo, G.; De Luca, A.; Todisco, F.; Sanvitto, D.; 
Nicotra, G.; Cabrini, S.; et al. Tailoring Electromagnetic Hot Spots toward Visible Frequencies in Ultra-
Narrow Gap Al/Al2O3 Bowtie Nanoantennas. ACS Photonics 2018. 
https://doi.org/10.1021/acsphotonics.8b00665. 

(62)  Brongersma, M. L.; Shalaev, V. M. The Case for Plasmonics. Science 2010, 328 (5977), 440–441. 
https://doi.org/10.1126/science.1186905. 

(63)  Thrift, W. J.; Nguyen, C. Q.; Darvishzadeh-Varcheie, M.; Zare, S.; Sharac, N.; Sanderson, R. N.; Dupper, 
T. J.; Hochbaum, A. I.; Capolino, F.; Abdolhosseini Qomi, M. J.; et al. Driving Chemical Reactions in 
Plasmonic Nanogaps with Electrohydrodynamic Flow. ACS Nano 2017, 11 (11), 11317–11329. 
https://doi.org/10.1021/acsnano.7b05815. 

(64)  Rodrigues, S. P.; Lan, S.; Kang, L.; Cui, Y.; Cai, W. Nonlinear Imaging and Spectroscopy of Chiral 
Metamaterials. Adv. Mater. 2014, 26 (35), 6157–6162. 

(65)  Valev, V. K.; Smisdom, N.; Silhanek, A. V.; De Clercq, B.; Gillijns, W.; Ameloot, M.; Moshchalkov, V. V.; 
Verbiest, T. Plasmonic Ratchet Wheels: Switching Circular Dichroism by Arranging Chiral 
Nanostructures. Nano Lett. 2009, 9 (11), 3945–3948. 

(66)  Gibbs, J. G.; Mark, A. G.; Eslami, S.; Fischer, P. Plasmonic Nanohelix Metamaterials with Tailorable 
Giant Circular Dichroism. Appl. Phys. Lett. 2013, 103 (21), 213101. 

(67)  Kawata, S.; Sun, H.-B.; Tanaka, T.; Takada, K. Finer Features for Functional Microdevices. Nature 
2001, 412 (6848), 697–698. 

(68)  Mark, A. G.; Gibbs, J. G.; Lee, T.-C.; Fischer, P. Hybrid Nanocolloids with Programmed Three-
Dimensional Shape and Material Composition. Nat. Mater. 2013, 12 (9), 802–807. 

(69)  Esposito, M.; Tasco, V.; Cuscunà, M.; Todisco, F.; Benedetti, A.; Tarantini, I.; Giorgi, M. D.; Sanvitto, D.; 
Passaseo, A. Nanoscale 3D Chiral Plasmonic Helices with Circular Dichroism at Visible Frequencies. 
ACS Photonics 2014, 2 (1), 105–114. 

(70)  Shen, X.; Song, C.; Wang, J.; Shi, D.; Wang, Z.; Liu, N.; Ding, B. Rolling Up Gold Nanoparticle-Dressed 
DNA Origami into Three-Dimensional Plasmonic Chiral Nanostructures. J. Am. Chem. Soc. 2012, 134 
(1), 146–149. https://doi.org/10.1021/ja209861x. 



85 
 

(71)  Kuzyk, A.; Schreiber, R.; Fan, Z.; Pardatscher, G.; Roller, E.-M.; Högele, A.; Simmel, F. C.; Govorov, A. O.; 
Liedl, T. DNA-Based Self-Assembly of Chiral Plasmonic Nanostructures with Tailored Optical 
Response. Nature 2012, 483 (7389), 311–314. https://doi.org/10.1038/nature10889. 

(72)  Eftekhari, F.; Davis, T. J. Strong Chiral Optical Response from Planar Arrays of Subwavelength 
Metallic Structures Supporting Surface Plasmon Resonances. Phys. Rev. B 2012, 86 (7), 075428. 
https://doi.org/10.1103/PhysRevB.86.075428. 

(73)  Liu, M.; Powell, D. A.; Shadrivov, I. V.; Lapine, M.; Kivshar, Y. S. Spontaneous Chiral Symmetry 
Breaking in Metamaterials. Nat. Commun. 2014, 5 (1), 1–9. https://doi.org/10.1038/ncomms5441. 

(74)  Schwanecke, A. S.; Fedotov, V. A.; Khardikov, V. V.; Prosvirnin, S. L.; Chen, Y.; Zheludev, N. I. 
Nanostructured Metal Film with Asymmetric Optical Transmission. Nano Lett. 2008, 8 (9), 2940–
2943. https://doi.org/10.1021/nl801794d. 

(75)  Drezet, A.; Genet, C.; Laluet, J.-Y.; Ebbesen, T. W. Optical Chirality without Optical Activity: How 
Surface Plasmons Give a Twist to Light. Opt. Express 2008, 16 (17), 12559–12570. 
https://doi.org/10.1364/OE.16.012559. 

(76)  Johnson, P. B.; Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 1972, 6 (12), 4370–
4379. https://doi.org/10.1103/PhysRevB.6.4370. 

(77)  Malitson, I. H. Interspecimen Comparison of the Refractive Index of Fused Silica*,†. JOSA 1965, 55 
(10), 1205–1209. https://doi.org/10.1364/JOSA.55.001205. 

(78)  Hanifeh, M.; Albooyeh, M.; Capolino, F. Helicity Maximization of Structured Light to Empower 
Nanoscale Chiral Matter Interaction. ArXiv180904119 Phys. 2018. 

(79)  Hanifeh, M.; Albooyeh, M.; Capolino, F. Optimally Chiral Electromagnetic Fields: Helicity Density and 
Interaction of Structured Light with Nanoscale Matter. ArXiv180904117 Phys. 2018. 

(80)  Graf, F.; Rockstuhl, C.; Fernandez-Corbaton, I. Helicity Preserving and Resonant Structures for 
Enhanced Chiral Molecule Detection. ArXiv181008385 Phys. 2018. 

(81)  Zenhausern, F.; Martin, Y.; Wickramasinghe, H. K. Scanning Interferometric Apertureless Microscopy: 
Optical Imaging at 10 Angstrom Resolution. Science 1995, 269 (5227), 1083–1085. 
https://doi.org/10.1126/science.269.5227.1083. 

(82)  Esteban, R.; Vogelgesang, R.; Dorfmüller, J.; Dmitriev, A.; Rockstuhl, C.; Etrich, C.; Kern, K. Direct Near-
Field Optical Imaging of Higher Order Plasmonic Resonances. Nano Lett. 2008, 8 (10), 3155–3159. 
https://doi.org/10.1021/nl801396r. 

(83)  Kiesow, K. I.; Dhuey, S.; Habteyes, T. G. Mapping Near-Field Localization in Plasmonic Optical 
Nanoantennas with 10 Nm Spatial Resolution. Appl. Phys. Lett. 2014, 105 (5), 053105. 
https://doi.org/10.1063/1.4892577. 

(84)  Bouhelier, A.; Bachelot, R.; Lerondel, G.; Kostcheev, S.; Royer, P.; Wiederrecht, G. P. Surface Plasmon 
Characteristics of Tunable Photoluminescence in Single Gold Nanorods. Phys. Rev. Lett. 2005, 95 
(26), 267405. https://doi.org/10.1103/PhysRevLett.95.267405. 

(85)  Ghenuche, P.; Cherukulappurath, S.; Taminiau, T. H.; van Hulst, N. F.; Quidant, R. Spectroscopic Mode 
Mapping of Resonant Plasmon Nanoantennas. Phys. Rev. Lett. 2008, 101 (11), 116805. 
https://doi.org/10.1103/PhysRevLett.101.116805. 

(86)  Jahng, J.; Fishman, D. A.; Park, S.; Nowak, D. B.; Morrison, W. A.; Wickramasinghe, H. K.; Potma, E. O. 
Linear and Nonlinear Optical Spectroscopy at the Nanoscale with Photoinduced Force Microscopy. 
Acc. Chem. Res. 2015, 48 (10), 2671–2679. https://doi.org/10.1021/acs.accounts.5b00327. 

(87)  Rajapaksa, I.; Kumar Wickramasinghe, H. Raman Spectroscopy and Microscopy Based on Mechanical 
Force Detection. Appl. Phys. Lett. 2011, 99 (16), 161103. https://doi.org/10.1063/1.3652760. 



86 
 

(88)  Tamma, V. A.; Huang, F.; Nowak, D.; Kumar Wickramasinghe, H. Stimulated Raman Spectroscopy and 
Nanoscopy of Molecules Using near Field Photon Induced Forces without Resonant Electronic 
Enhancement Gain. Appl. Phys. Lett. 2016, 108 (23), 233107. https://doi.org/10.1063/1.4952738. 

(89)  Jahng, J.; Ladani, F. T.; Khan, R. M.; Li, X.; Lee, E. S.; Potma, E. O. Visualizing Surface Plasmon 
Polaritons by Their Gradient Force. Opt. Lett. 2015, 40 (21), 5058–5061. 
https://doi.org/10.1364/OL.40.005058. 

(90)  Zeng, J.; Albooyeh, M.; Darvishzadeh-Varcheie, M.; Kamandi, M.; Veysi, M.; Hanifeh, M.; Rajaei, M.; 
Albee, B.; Potma, E. O.; Wickramasinghe, H. K.; et al. Unveiling Magnetic and Chiral Nanoscale 
Properties Using Structured Light and Nanoantennas. In 2017 11th International Congress on 
Engineered Materials Platforms for Novel Wave Phenomena (Metamaterials); 2017; pp 391–393. 
https://doi.org/10.1109/MetaMaterials.2017.8107824. 

(91)  Kamandi, M.; Albooyeh, M.; Veysi, M.; Rajaei, M.; Zeng, J.; Wickramasinghe, K.; Capolino, F. 
Unscrambling Structured Chirality with Structured Light at Nanoscale Using Photo-Induced Force. 
ArXiv180506468 Phys. 2018. 

(92)  Huang, F.; Tamma, V. A.; Rajaei, M.; Almajhadi, M.; Kumar Wickramasinghe, H. Measurement of 
Laterally Induced Optical Forces at the Nanoscale. Appl. Phys. Lett. 2017, 110 (6), 063103. 
https://doi.org/10.1063/1.4975682. 

(93)  Kim, B.; Jahng, J.; Khan, R. M.; Park, S.; Potma, E. O. Eigenmodes of a Quartz Tuning Fork and Their 
Application to Photoinduced Force Microscopy. Phys. Rev. B 2017, 95 (7), 075440. 
https://doi.org/10.1103/PhysRevB.95.075440. 

(94)  Ambrosio, A.; Devlin, R. C.; Capasso, F.; Wilson, W. L. Observation of Nanoscale Refractive Index 
Contrast via Photoinduced Force Microscopy. ACS Photonics 2017, 4 (4), 846–851. 
https://doi.org/10.1021/acsphotonics.6b00911. 

(95)  Nowak, D.; Morrison, W.; Wickramasinghe, H. K.; Jahng, J.; Potma, E.; Wan, L.; Ruiz, R.; Albrecht, T. R.; 
Schmidt, K.; Frommer, J. Nanoscale Chemical Imaging by Photoinduced Force Microscopy. Sci. Adv. 
2016, 2 (3), e1501571. 

(96)  Gu, K. L.; Zhou, Y.; Morrison, W. A.; Park, K.; Park, S.; Bao, Z. Nanoscale Domain Imaging of All-
Polymer Organic Solar Cells by Photo-Induced Force Microscopy. ACS Nano 2018, 12 (2), 1473–
1481. https://doi.org/10.1021/acsnano.7b07865. 

(97)  Tumkur, T. U.; Yang, X.; Cerjan, B.; Halas, N. J.; Nordlander, P.; Thomann, I. Photoinduced Force 
Mapping of Plasmonic Nanostructures. Nano Lett. 2016, 16 (12), 7942–7949. 
https://doi.org/10.1021/acs.nanolett.6b04245. 

(98)  Tumkur, T.; Yang, X.; Zhang, C.; Yang, J.; Zhang, Y.; Naik, G. V.; Nordlander, P.; Halas, N. J. Wavelength-
Dependent Optical Force Imaging of Bimetallic Al–Au Heterodimers. Nano Lett. 2018. 
https://doi.org/10.1021/acs.nanolett.8b00020. 

(99)  Novotny, L.; Hecht, B. Principles of Nano-Optics; Cambridge University Press, 2012. 

(100)  Almajhadi, M.; Wickramasinghe, H. K. Contrast and Imaging Performance in Photo Induced Force 
Microscopy. Opt. Express 2017, 25 (22), 26923–26938. https://doi.org/10.1364/OE.25.026923. 

(101)  Debus, C.; Lieb, M. A.; Drechsler, A.; Meixner, A. J. Probing Highly Confined Optical Fields in the Focal 
Region of a High NA Parabolic Mirror with Subwavelength Spatial Resolution. J. Microsc. 2003, 210 
(3), 203–208. https://doi.org/10.1046/j.1365-2818.2003.01091.x. 

(102)  Lerman, G. M.; Yanai, A.; Levy, U. Demonstration of Nanofocusing by the Use of Plasmonic Lens 
Illuminated with Radially Polarized Light. Nano Lett. 2009, 9 (5), 2139–2143. 
https://doi.org/10.1021/nl900694r. 

(103)  Kamandi, M.; Albooyeh, M.; Veysi, M.; Rajaei, M.; Zeng, J.; Wickramasinghe, H. K.; Capolino, F. 
Unscrambling Structured Chirality with Structured Light at the Nanoscale Using Photoinduced Force. 
ACS Photonics 2018, 5 (11), 4360–4370. https://doi.org/10.1021/acsphotonics.8b00765. 



87 
 

(104)  Novotny, L.; Hecht, B. Forces in Confined Fields. In Principles of Nano-Optics; 2012. 
https://doi.org/10.1017/CBO9780511813535. 

 




