
 

 

University of Southampton Research Repository 

Copyright ©  and Moral Rights for this thesis and, where applicable, any accompanying data are 

retained by the author and/or other copyright owners. A copy can be downloaded for personal non-

commercial research or study, without prior permission or charge. This thesis and the 

accompanying data cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the copyright holder/s. The content of the thesis and accompanying 

research data (where applicable) must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the copyright holder/s.  

When referring to this thesis and any accompanying data, full bibliographic details must be given, 

e.g.  

Thesis: Jie Xu (2022) " Nonlinear optical frequency generation enabled by 2D structuring of matter", 

University of Southampton Optoelectronics Research Centre, PhD Thesis, pagination.  

Data: Jie Xu (2022) Dataset for Nonlinear optical frequency generation enabled by 2D structuring 

of matter. https://doi.org/10.5258/SOTON/D1969 

 

 

  

https://doi.org/10.5258/SOTON/D1969


 

 

 

 



 

 

University of Southampton 

Faculty of Physical Sciences and Engineering 

Optoelectronics Research Centre 

 

bƻƴƭƛƴŜŀǊ ƻǇǘƛŎŀƭ ŦǊŜǉǳŜƴŎȅ ƎŜƴŜǊŀǘƛƻƴ 

ŜƴŀōƭŜŘ ōȅ н5 ǎǘǊǳŎǘǳǊƛƴƎ ƻŦ ƳŀǘǘŜǊ  

 

by 

Jie Xu 

 

ORCID ID 0000-0002-8421-5097 

Thesis for the degree of Doctor of Philosophy 

January 2022 

 

  

https://www.southampton.ac.uk/


 

 

 

  



 

 

University of Southampton 

Abstract 

Faculty of Physical Sciences and Engineering 

Optoelectronics Research Centre 

Doctor of Philosophy 

Nonlinear optical frequency generation  
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by 

Jie Xu 

Optical nonlinearity is determined by the structure of materials and, therefore, nanostructuring 

provides an opportunity to engineer nonlinear optical properties. In this thesis: 

¶ I have developed the first Coulomb-coupled-oscillator model of nonlinear optical 

frequency generation in 2D dielectric nanostructures. The model demonstrates that in the 

confined geometry of a 2D nanoparticle the collective nonlinear response of the atomic 

array can arise from the Coulomb interactions of the optical electrons, even if the individual 

atoms exhibit no nonlinearity. 

¶ I have discovered that, within the Coulomb-coupled-oscillator model, a 2D ƴŀƴƻǇŀǊǘƛŎƭŜΩǎ 

odd order nonlinearities scale with its area, while its even order nonlinearities scale with 

its perimeter. This result facilitates the design and optimization of nonlinear dielectric 

nanostructures for nanophotonics.  

¶ I have observed that the presence of defects in 2D nanoparticles can lead to harmonic 

generation within the Coulomb-coupled oscillator model. The results show that defects 

have a large influence on even harmonic generation of 2D nanostructures. Information 

could be encoded in atomic defects via defect engineering and read by its harmonic 

generation signature.  

¶ I have demonstrated the first fibre integrated all-dielectric metasurface for second 

harmonic generation. The metasurface is a double chevron array that supports a closed-

mode resonance for the fundamental wavelength at 1.5 µm with a quality factor of 30. A 

normalized second harmonic conversion efficiency of ψ ρπȾ'7  has been 

demonstrated, exceeding the previously achieved value for a silicon metamaterial by two 

orders of magnitude. 

The results of this thesis can be applied to design nonlinear metamaterials and provide guidance 

on enhancing and controlling the nonlinear response of nanoscale planar optical devices.   
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Chapter 1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Motivation  

Nonlinear optics is an important branch of modern optics research. Although intensity-dependent 

absorption was observed in uranium-doped glass in 1926, nonlinear optics has not became 

important until the invention of the laser in 1960 [1]. Different types of energy exchange between 

light and matter distinguish nonlinear optics from linear optics. In nonlinear optics, the response of 

an optical medium is a nonlinear function of the applied electromagnetic field. Nonlinear optics 

includes various effects, such as optical parametric oscillation (OPO), sum and difference frequency 

generation as well as harmonic generation. Nonlinear optics has a vast range of applications, such 

as all-optical information processing, controlling the intensity of lasers by optical switching, and 

compressing laser pulse widths by Q-switching and mode locking, redistributing optical energy 

between different carrier wavelengths, as well as developing optical logic devices and optical 

storage devices.  

Metamaterials are a kind of artificial composite materials. ThŜ ǇǊŜŦƛȄ ΨƳŜǘŀΩ ƛǎ ŦǊƻƳ DǊŜŜƪΣ ǿƘƛŎƘ 

ƳŜŀƴǎ ōŜȅƻƴŘΦ ¢ƘŜ ƴŀƳŜ ΨƳŜǘŀƳŀǘŜǊƛŀƭΩ ǿŀǎ ŦƛǊǎǘ ǳǎŜŘ ƛƴ ŀƴ ŀǊǘƛŎƭŜ ǇǳōƭƛǎƘŜŘ ƛƴ нллл [2]. In the 

paper, Smith et al. reported a structured material with negative permeability and permittivity at 

microwave frequencies. In 2001, this research group experimentally verified negative refraction [3], 

which was first explored by Veselago in 1968 [4]. Metamaterials can exhibit unconventional physical 

properties [5-9], such as giant, zero or negative refractive indices. Through artificial structuring of 

materials on the sub-wavelength scale, optical properties of materials can be designed and 

enhanced according to need. A series of extraordinary properties has been obtained that are 

unattainable in natural materials. The building blocks of a metamaterial are called meta-atoms or 

meta-molecules. The size of each meta-molecule and their distance from neighbouring meta-

molecules should be on the sub-wavelength scale in order for electromagnetic waves to interact 

with metamaterials without diffraction as with conventional bulk optical media. Depending on 

target wavelength range, metamaterials can be divided into microwave metamaterials, terahertz 

metamaterials and optical metamaterials. The dimensions of meta-molecules of optical 

metamaterials should be on the order of hundreds of nm. Patterning on such scale is well within 

the reach of modern nanofabrication techniques. Metamaterials have been exploited in various 

ŦƛŜƭŘǎΣ ŀƴŘ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ŜȄƻǘƛŎ ǇƘƻǘƻƴƛŎ ŘŜǾƛŎŜǎ ǎǳŎƘ ŀǎ ΨǎǳǇŜǊƭŜƴŜǎΩ [10, 11] 

and electromagnetic cloaks [12, 13], as well as to explore nonlinear optical phenomena [14-18].   
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A very important feature for nonlinear optics is its sensitivity to symmetry. For example, even order 

nonlinearity is usually supressed in materials with inversion symmetry. Therefore, non-

centrosymmetric crystals (such as BBO, KDP) are very popular nonlinear media for even order 

nonlinear processes. Efficient nonlinear effects typically require thick non-centrosymmetric crystals 

with a strictly controlled orientation of the crystalline axes. These rigid requirements hamper the 

potential for miniaturization of photonic devices, which in turn limits the speed, efficiency and 

scalability of photonic technology. Recent progress in the field of metamaterials promises to 

revolutionize nonlinear optics, by providing a way to achieve desired nonlinear response through 

nano-scale design. Photonic two-dimensional metamaterials, often referred to as metasurfaces, 

could offer a great alternative to traditional bulk nonlinear optics. Indeed, even though even-order 

nonlinearity is forbidden in centrosymmetric media, regular inhomogeneities created in structured 

metamaterials provide access to efficient even order harmonic generation, especially second order 

harmonic generation, in structures made from centrosymmetric media [19-28]. Moreover, with the 

well-developed nanofabrication techniques, metasurfaces can even be fabricated on platforms 

suited for integration with guided light-waves, see Figure 1.1.  

 

Figure 1.1 Schematic image of metamaterials integrated on fibre 

The metamaterial is integrated on a fibre facet and can exhibit a nonlinear effect, such as second 

harmonic generation.  

This thesis focuses on studying structuring induced nonlinearity, both theoretically and 

experimentally. 

1.2 Platform for second harmonic generation 

Second harmonic generation (SHG) is of key importance for wavelength conversion of optical 

signals and optical information processing [29, 30]. The achievement of second harmonic 

generation by Franken et al [31] was a major step forward in the research field of nonlinear optics. 

Optical second harmonic generation is the conversion of radiation at a fundamental frequency into 
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radiation at twice the frequency of the fundamental frequency, as shown in Figure 1.2. Therefore, 

the second harmonic generation process is also called frequency-doubling. In the dipole 

approximation, the optical second harmonic generation process only appears in materials that lack 

inversion symmetry [32].  

 

Figure 1.2 Schematic of second harmonic generation 

(a) Schematic of how second harmonic is generated. (b) Energy level scheme of the SHG process 

[32]. 

The optical response of matter, including the SHG, arises primarily due to oscillation of electrons, 

part of the matter, about their equilibrium distribution. Generation of second harmonics can only 

arise if the potential wells that hold the electrons in place are asymmetric.  

Following [32], in media without inversion symmetry, the equation of motion can be described by: 

άὼ ςά‎ὼ ά‫ὼ άὥὼ ήὉὸ (1.1) 

In this equation, x is the displacement of electron and E(t) is the applied electric field. -q is the 

charge of the electron and a is a parameter that characterizes the strength of nonlinearity. ςά‎ὼ 

is the damping force and the restoring force is: 

Ὂ ά‫ὼ άὥὼ (1.2) 

Then we can get the potential energy function of the electron: 

Ὗὼ Ὂ Ὠὼ
ρ

ς
ά‫ὼ

ρ

σ
άὥὼ 

(1.3) 

The potential energy function U(x) contains both even and odd powers of x for a non-

centrosymmetric medium, while for a centrosymmetric medium (a=0), only even powers of x are 

allowed, because the symmetry requires U(x)= U(-x).  
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Figure 1.3 Classic nonlinear crystals 

Considering phase matching conditions, nonlinear crystals are usually cut along specific directions. 

Long crystals can enable high nonlinear efficiency, while short crystals can have a wide phase 

matching range. 

Optical second harmonic generation was first discovered in bulk non-centrosymmetric crystals. SHG 

was first observed in quartz [31]. With the progress of SHG studies, other frequency-doubling 

crystals emerged, such as potassium titanyl phosphate (KTP), lithium niobate (LiNbO3), lithium 

triborate (LBO), beta barium borate (BBO) as well as potassium dihydrogen phosphate (KDP). Figure 

1.3 shows how typical nonlinear crystals look. The conversion efficiency of these crystals is 

controlled by phase matching conditions [32] and the crystal nonlinearity. In general, to generate 

second harmonic signals efficiently, thick non-centrosymmetric crystals with a strictly controlled 

orientation of the crystalline axes are needed. 

 

Figure 1.4 Surface second harmonic generation 

Pumping electric field at frequency  is incident on a surface, exciting a new electric field at 

frequency 2 . 

In addition to bulk crystals, the SHG effect is also observed on surfaces and interfaces of materials, 

where inversion symmetry is broken by the natural discontinuity at the interface [33, 34], see Figure 

1.4. The surface SHG process has been applied in probing surfaces, interfaces and quality of films 
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[35]. Electromagnetic waves that propagate along an interface between two media and decay 

exponentially away from the interface are called surface waves [36]. Although surface SHG only 

happens in thin layers of surfaces and interfaces, it is still readily observable. Since the surface wave 

is confined to a thin layer of the order of a wavelength in thickness, at the surface boundary, the 

surface wave can be very sensitive to small perturbations on the surface. If a large fraction of 

pumping laser energy can be coupled into the surface wave, the field intensity of a surface wave 

will become very high [36]. Second harmonic signals have been detected both from metallic and 

dielectric surfaces, such as  silver [37], amorphous silicon films [25, 38, 39] as well as amorphous 

silicon nitride films [40].  

Moreover, photonic two-dimensional metamaterials, often referred to as metasurfaces, offer 

another alternative to traditional bulk nonlinear optics. Research has shown that even a single layer 

of nanoscale patterning can be sufficient to modify light [41-47]. Compared with flat films, the 

nanoscale patterning in a photonic metamaterial increases the sample surface area, which can 

boost the contribution of surface nonlinearity and introduce inhomogeneity and asymmetry. 

Besides, metamaterials can be designed to be resonant at the pump wavelength and SH wavelength 

for enhanced second harmonic generation. Due to these advantages, a variety of structuring 

enabled nonlinear metamaterials have been demonstrated based on different nanostructures, such 

as triangle, split ring, and L-shaped structures, using both metallic and dielectric materials [17, 19, 

25, 34, 48-50], as shown in Figure 1.5. 
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Figure 1.5 Artificial nonlinear materials 

Through structuring, inversion symmetry of media can be broken, enabling otherwise forbidden 

nonlinear processes, such as second harmonic generation. (a) Phase matched SHG from plasmonics 

[34], (b) SHG from magnetic metamaterial [17], (c) SHG from metal hole arrays [19],  (d) SHG from  

IIIςV semiconductor metasurface [50], (e) SHG from dielectric metasurface [25] and (f) SHG form L-

shaped metallic metamaterial [19]. 

What are the advantages and disadvantages of these different nonlinear media? The conventional 

second harmonic crystals offer a high conversion efficiency and are commercially available. 

However, large size of such crystals hampers the potential for miniaturization of photonic devices. 

Surfaces of materials support surface SHG but usually require oblique incidence and the conversion 

efficiency is relatively low [38-40], compared with SHG crystals. However, it can be applied in 

surface probing and monitoring. 2D metamaterials can enhance the conversion efficiency of second 

harmonic generation due to surface nonlinearity. Besides, the two-dimensional nature of ultrathin 

metasurfaces allows for more compact optical devices made from a wider selection of readily 

available materials, such as silicon. The miniaturization offered by photonic metasurfaces will 

enable denser integration of all-optical information processing devices (important in the context of 

data-centres). However, 2D metamaterials are not yet widely commercially available. 
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1.3 Symmetry-ŀƭƭƻǿŜŘ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ˔(2) tensor 

We already know that nonlinear optics is sensitive to symmetry [32, 51]. Now, we will discuss in 

detail how the symmetry of structures affects second order nonlinearity. 

The second order response of a material to applied electric fields can be described by the following 

Equation 1.4 [32]. Summation is implied over the repeated indices: 

ὖ ‐…ȟȟὉὉ       (1.4) 

Where ὖ  is the induced second order nonlinear polarization. Ej and Ek are the applied electric 

fields. ʁ 0 is the vacuum permittivity. ̝(2)
i,j,k is the second-order nonlinearity susceptibility tensor 

(with rank of 3). For simplicity we assume the Cartesian basis with [i,j,k]=[x,y,z]. 

For equation above to be apt description of a physical process, it must be the same for any observer. 

Consider the change in the quantities of Equation 1.4 as a result of changing the reference frame, 

i.e. considering the physical process from the point of view of a different observer. The new 

quantities will be ὖ  ᴼὖᴂȟὉ ᴼὉȟ… ᴼ… . However, for it to be a consistent description 

of the physical process, the Equation 1.4 must still be the same, i.e.: 

ὖᴂ …ȟȟὉᴂὉᴂ    
(1.5) 

It is well-known that electric field and polarization density transform as polar vectors under change 

of reference frame [52]. Let such transform be given by matrix Miq, i.e.: 

Ὁ ᴼὉᴂ ὓ Ὁ (1.6) 

 ὖ  ᴼὖᴂ ὓ ὖ  (1.7) 

In order for Equation 1.4 to be invariant (under change of reference frame) it follows that ̝ (2) must 

transform as (i.e. like a rank-3 polar tensor [51]): 

…ᴂȟȟ ὓ ὓ ὓ  …ȟȟ (1.8) 

Periodic structures such as crystals (usually 3-dimensional) or metasurfaces (2-dimensional) can be 

classified into point groups [53]. Point transformation is a transformation that keeps one point fixed, 

i.e. rotations and reflections. Point group of a crystal/metasurface is a group of point symmetries 

that leave the structure unchanged. There are two families of 2D point group, cyclic groups and 

dihedral groups. The cyclic groups Cn (C1, C2, C3, C4, C6) have n-fold rotational symmetry, while 

the dihedral groups Dn (D1, D2, D3, D4, D6) have n-fold rotation and reflection symmetry. According 

to Neumann's principle [54], if a material is invariant with respect to certain symmetry operations, 

http://reference.iucr.org/dictionary/Symmetry_operation
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any of its physical properties must also be invariant with respect to the same symmetry operations, 

which means the second-order tensor should not change under point group symmetry operations. 

This translates into the following selection rule [51]: 

…ȟȟ ὓ ὓ ὓ …ȟȟ (1.9) 

For purposes of second-harmonic generation, the second order susceptibility tensor is also 

restricted by its intrinsic permutation symmetry [32] - the second order susceptibility is unchanged 

by interchange of its last two indices: 

…ȟȟ …ȟȟ (1.10) 

ὖ ‐…ȟȟὉὉ ‐…ȟȟὉὉ (1.11) 

Based on the transformation properties of the susceptibility tensor as well as the intrinsic 

permutation symmetry, the allowed components of ˔(2) tensor components for all 2D point group 

symmetries are found, shown in table 1.1. Here we consider the allowed second order nonlinear 

responses of a periodic 2D structure in the xy plane, for illumination along z. 

Table 1.1 !ƭƭƻǿŜŘ ˔(2) tensor components for 2D point groups  

2D Point group Example Number of 

allowed ɢ(2) 

Allowed ɢ(2) components 

 

C1 

 

 

6 

ɢ ɢ(2)
xxx , ɢ

(2)
xyy , ɢ

(2)
yxx , ɢ

(2)
yxy = ɢ

(2)
yyx , 

ɢ(2)
xxy = ɢ

(2)
xyx , ɢ

(2)
yyy 

 

D1 

 

 

3 

 

ɢ(2)
xxy = ɢ

(2)
xyx,, ɢ

(2)
yxx,, ɢ

(2)
yyy 

 

C2 

 

 

0 

ɢ 

 

D2 

 

 

0 
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C3 

 

 

2 

ɢ(2)
yxx = ɢ

(2)
xxy = ɢ

(2)
xyx= -ɢ(2)

yyy , 

-ɢ(2)
xxx = ɢ

(2)
xyy = ɢ

(2)
yxy= ɢ

(2)
yyx 

 

D3 

 

 

1 

 

ɢ(2)
yxx = ɢ

(2)
xxy = ɢ

(2)
xyx= -ɢ(2)

yyy 

 

C4 

 

 

0 

 

 

D4 

 

 

0 

 

 

C6 

 

 

0 

 

 

D6 

 

 

0 

 

The images are from Wikipedia: Wallpaper group (https://en.wikipedia.org/wiki/Wallpaper_group) 

From Table 1.1, C2, D2, C4, D4, C6 as well as D6 symmetries have no symmetry-allowed second 

order ̝ (2) tensor. Only the C1, D1, C3 and D3 symmetries have non-vanishing ̝(2) components.  

The symmetry dependence of second harmonic generation has been explored in L-shaped [19, 55], 

T-shaped [56] and triangular shaped nanostructures [19] or even more complicated shapes [57] and 

their results follow the symmetry selection rules for second harmonic generation. For example, in 

Figure 1.6, the author reported second harmonic generation from a L-shaped-hole array (C1 

symmetry) sample and no SHG was observed in a circular-hole array (D6 symmetry) sample with 

normally incident left circular polarization (LCP) pump beam. 
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Figure 1.6 Metamaterials of structures that allow or forbid SHG 

Scanning electron microscopy (SEM) images and measured SHG spectra with LCP excitation of (a) 

L-shaped-hole-array sample and (b) circular-hole-array sample. Lengths of the scale bars 

ŎƻǊǊŜǎǇƻƴŘ ǘƻ м ˃Ƴ [19]. 

1.4 Second harmonic generation in metamaterials  

1.4.1 Local field enhancement by resonant modes of metamaterials 

The surface SHG effects in subwavelength scale structures can be improved by enhancing local 

fields [58]. Metamaterials can be designed to be resonant at the pump wavelength. Compared to 

off-resonant response, a metamaterial with quality factor Q, will display an increase in second 

harmonic generation efficiency by Q2, when driven at resonance. Structured optical materials can 

support resonant modes which are related directly to how the material was structured [59-61] and 

it is possible to achieve multiple resonances in one structured medium [58, 62]. If the local fields at 

both fundamental frequency and second harmonic frequency  are enhanced by resonant modes in 

a structured medium, the efficiency of second harmonic generation effects will increase 

substantially [62]. 

Figure 1.7 shows the simulated multi-resonant dependence of the electric field energy accumulated 

inside silicon nanoparticles as a function of their diameter under irradiation by a plane 

electromagnetic wave at a pump wavelength of 1050 nm and a SH wavelength of 525 nm. Three 

modes are labelled as m0, m1 and m2. The spectral and spatial overlap of these modes supported 
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by the nanoparticles can enhance local fields at both fundamental and second harmonic 

wavelengths, 1050 nm and 525 nm respectively. 

 

Figure 1.7 Modelled energy of the electric field trapped inside a Si nanoparticle 

Numerically modelled energy of the electric field trapped inside a Si nanoparticle under illumination 

at pump (red dashed curve) and SH (green solid curve) wavelengths. Three resonances are labelled 

as m0,m1,m2, respectively [62]. The insert shows a Si nanoparticle. 

Enhanced second harmonic generation has been observed from a double resonant plasmonic 

antenna, see Figure 1.8. The authors compared the second harmonic generation from a standard 

dipole antenna of a resonance at about 800 nm wavelength to the SHG from a double resonant 

antenna with resonances at both the fundamental wavelength (800 nm) and the second harmonic 

wavelength (400 nm). Finally, they found that the double resonant antenna produced a SH intensity 

almost twice that of the dipole antenna (see Figure 1.8b) due to the local field enhancement at 

both fundamental and second harmonic wavelengths. 
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Figure 1.8 Enhanced SHG from double resonant plasmonic antenna 

(a) Scattering spectra of the standard dipole antenna (DA) and the double resonant antenna (DRA). 

The double structure shows a clear enhancement of the ǎŎŀǘǘŜǊƛƴƎ ŀǊƻǳƴŘ ˂ Ґ пллƴƳΣ ōƻǘƘ 

structures are made of aluminium. (b) A comparison of the experimental SHG signal with a 

quadratic fit, for a DA and a DRA shows the enhanced SHG from the DRA [58]. 

1.4.2 Second harmonic generation by metallic and dielectric nanostructures 

Both metallic and dielectric nanostructures have been exploited to demonstrate enhanced SHG [62-

65]. Noble metallic nanostructures support collective oscillations of conduction electrons, known 

as surface plasmons, which strongly affect their optical response. When plasmonic nanostructures 

are illuminated on resonance, the incident electromagnetic field is significantly enhanced on their 

surfaces, which can enable strong nonlinear optical effects at relatively low excitation powers.  
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Figure 1.9 Second harmonic generation by a metamaterial with D1 symmetry 

(a) SEM image of the metamaterial. (b) Measured power dependence of the detected SHG signal. 

The dependence was close to quadratic for input powers below 40 mW, as is seen by the good 

agreement between the measured signal (open circles) and the fit (solid line) [49].  

Optical second harmonic generation from metasurfaces, where noncentrosymmetric V-shaped 

gold nanoparticles are arranged in regular array configurations, has been observed [49], see Figure 

1.9. The V-shaped meta-atom belongs to the D1 symmetry group, which has 3 independent 

symmetry-allowed ˔(2) components, making it possible to get second harmonic generation at 

normal incidence. The wavelength of generated second harmonic signal can be tuned from 500 nm 

to 650 nm, corresponding to a pump wavelength range from 1000 nm to 1300 nm. The highest SHG 

was achieved at about 575 nm. However, sample damages occurred when the excitation average 

power is above 40mW. 

Although using higher peak intensities can achieve considerably higher conversion efficiencies, the 

conversion efficiency is mostly restricted by the material damage via heating. Metallic structures 

suffer from low damage thresholds. If high pump power is used, heat will accumulate in the these 

structures, which may damage the sample [66-68], for example, Figure 1.10 shows three examples 

of laser induced deformation in metallic nanostructures. Clearly, melting leads to significant 

changes in the sizes of these nanostructures as well as the gaps between them, which may result 

in a reduced electric field enhancement. 
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Figure 1.10 SEM images of damaged metallic nanostructures 

(a)-(b) Ni nanostripes with plasmon-induced permanent deformations. The nanostripe is excited by 

single light pulses with polarization oriented (a) along the nanostructures and (b) perpendicular to 

the nanostructures [66]. (c) Au bowtie array fabricated by the FIB process and (d) bowties damaged 

by laser pulse [67]. (e)- (f) Au rod-type optical antennae before (e) and after (f) illumination with 

the laser pulses [68].  

Compared to metallic nanostructures, dielectric nanostructures have the advantage of low 

dissipative losses and high damage threshold. Therefore, the latter can avoid the problems of the 

former. Furthermore, dielectric photonic structures can exhibit narrow resonances due to the high 

reflective index of some low-loss dielectrics. Among dielectric materials, silicon nitride and silicon 

are excellent candidates for all-dielectric devices, since they are highly compatible with the optical 

fibre and semiconductor fabrication ecosystem. Furthermore, thin layers of silicon nitride and 

silicon can be transparent for both fundamental and SHG lights. For example, when the 

fundamental light is at 1550 nm wavelength (see Figure 6.3).  

Efficient second-harmonic generation in silicon nitride resonant waveguide gratings has been 

reported [69]. The waveguide grating was built by etching a layer of silicon nitride (SiN) film. Figure 

1.11(a) shows a SEM image of the SiN resonant waveguide grating. The enhanced SHG signal from 

the silicon nitride resonant waveguide grating is three orders of magnitude higher than that from a 

flat SiN film, which is attributed to the enhanced local fields in the nanostructure. However, this 

structure (D2 symmetry) requires an oblique incident pump beam for SHG. 
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Figure 1.11 SHG by a SiN resonant waveguide grating 

(a) SEM image of the SiN resonant waveguide grating. (b) Measured SH power as a function of 

fundamental laser power on a log-log scale. The squares represent SH power for the reference film 

and the circles for the resonant waveguide gratings. The solid lines are their fits [69]. 

Second harmonic generation from ŀƳƻǊǇƘƻǳǎ ǎƛƭƛŎƻƴ όʰ-Si) metasurfaces consisting of L-shaped (C1 

symmetry) meta-atoms has been observed as well [25], see Figure 1.12. The structure consists of 

identical L-shaped meta-atoms with a period of 390 nm in a нлл ˃Ƴ Ҏ нлл ˃Ƴ ŀǊǊŀȅǎΦ !ƴ ŜȄŎŜƭƭŜƴǘ 

fit of the detected SHG signal at 420 nm wavelength to the square of the power of an excitation 

laser at 840 nm wavelength was observed. The second harmonic generation is confirmed to 

originate from the patterned C1 symmetry structure, rather than the materials, as the authors used 

centrosymmetric amorphous silicon as working medium and normally incident pumping.  

 

 

(a) (b)
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Figure 1.12 SHG by metamaterials consisting of C1 symmetry meta-atoms 

 (a) SEM micrograph of the fabricated L-shaped h -Si meta-atoms. (b) SHG obtained from the 

metasurface as a function of illumination intensity. An excellent fit of the detected SHG signal to 

the square of the illumination power was observed [25]. 

There are no universal best materials or best structures for SHG metamaterials. One should design 

SHG metamaterials according to the needs. My goal is to develop a nonlinear metamaterial with 

high second-order nonlinearity that can be integrated with photonic devices. Therefore, Silicon is 

chosen because it has a relatively high refractive index and low loss at the telecommunication 

wavelength bands, which enables high quality factor resonances. Also, compared with metallic 

structures such as gold and silver, silicon has a higher damage threshold, and can therefore 

withstand a higher pump laser intensity. Moreover, silicon is highly compatible with the optical 

fibre and semiconductor fabrication ecosystem, which enables developing integrated nonlinear 

photonic devices.  

Then, another question is how the nanostructures should be chosen. To answer this question, 

theoretical analysis is needed. 

1.5 Theoretical models of nonlinearity of films  

The quadratic surface nonlinearity has been discovered in 1960s [37, 70], and has remained an 

active area of research ever since. A lot of attention has been paid to nonlinear response at the 

surfaces of unstructured metals and dielectrics [71-74], surfaces with adsorbed or admixed 

molecules [75-79], and, more recently, surfaces of nanoparticles and metamaterials [19, 20, 25, 27, 

28, 80-93]. The advance of nanofabrication to smaller and smaller scales provides an opportunity 

to engineer the nonlinear properties of particles and (meta)surfaces on the nanoscale. Such 

engineering depends on understanding the dependence of nonlinear optical properties on the 
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arrangement of atoms. Full ab-initio quantum treatments of surface nonlinearity have been 

demonstrated, but only for specific materials and under specific conditions [94-100], whilst 

experimental measurements, of surface nonlinearity, require pristine surfaces and strict control 

over the bulk effects [35, 71, 80, 82, 88]. Sophisticated classical/quantum test models have been 

previously developed for metals [34, 86]Σ ΨŘƛǇƻƭƛǳƳΩ ŘƛŜƭŜŎǘǊƛŎǎ [100, 101], and few dielectric 

particles of quite specific shapes [81]. Second harmonic generation strongly depends on geometry, 

i.e. the shape of particles or the unit cell of periodic structures. Symmetry-based selection rules [84, 

102] identify cases where second harmonic generation is forbidden, but cannot predict its 

magnitude where it is allowed. The resulting optimization challenge has led to a substantial 

research effort, studying second harmonic generation by nanostructures of various shapes [21, 22, 

80, 86, 92, 103, 104]. 

A model that applies macroscopic Maxwell equations to the resonant interaction of 

electromagnetic radiation and dielectric crystals consisting of molecules coupled via retarded 

dipole fields is investigated [105], but only studies linear macroscopic properties of dielectrics. 

Similar approaches have been employed to study nonlinear properties of dielectrics [106], 

harmonic generation by metallic structures [107] and anharmonic oscillators [108, 109], and for 

treating surface nonlinearity of uniform planar surfaces [98-101, 110]. 

A range of models of sum frequency generation has been reported, e.g. for harmonic oscillators 

[111] and liquid interfaces [75, 112, 113]. Nonlinear oscillator models predicting enhanced 

nonlinear response of metacrystals have been reported [114, 115] and applied to split ring 

resonator magnetic media.  

In this thesis, my focus is on highly structured materials and my model is applicable to planar 

dielectric nanostructures of any shape. The results will be used to instruct the design of 

metamaterials. 

1.6 Outline of the thesis 

This thesis is focus on studying structuring induced nonlinearity, both theoretically and 

experimentally. The layout of the thesis is as follows: 

Chapter 2 introduces a widely-applicable Coulomb-coupled-oscillator model for predicting optical 

nonlinearity in 2D nanostructures and the model is applied in Chapters 3-5. Chapter 3 investigates 

the second-order nonlinearity of structured dielectric film consisting of a centrosymmetric 

dielectric material. Chapter 4 applies the model to harmonic and sum frequency generation in 2D 

nanostructures. Chapter 5 describes defect induced harmonic generation in 2D nanoparticles. Then 
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I moved from the theory studies to real metamaterials. Chapter 6 shows the design and fabrication 

process of a fibre-integrated all-dielectric metasurface. Chapter 7 presents the experimental 

demonstration of second harmonic generation from the fibre-integrated all-dielectric metasurface. 

Finally, in Chapter 8 the main conclusions of this work are derived, and the future outlook, prospect 

and ideas for this project are also discussed. 
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Chapter 2 aƛŎǊƻǎŎƻǇƛŎ /ƻǳƭƻƳōπŎƻǳǇƭŜŘπƻǎŎƛƭƭŀǘƻǊ 

ƳƻŘŜƭ ƻŦ ƻǇǘƛŎŀƭ ƴƻƴƭƛƴŜŀǊƛǘȅ 

2.1 Introduction 

Optical nonlinearities of matter are often associated with the charge oscillation of individual atoms. 

Indeed, whilst some electromagnetic media support material-specific even-order nonlinearity, 

charges in all materials, to a good approximation, interact via the Coulomb force. In this chapter, I 

develop a Coulomb-coupled-oscillator model of optical nonlinearity and demonstrate that in the 

confined geometry of a two-dimensional nanoparticle the collective nonlinear response of the 

atomic array can arise from the Coulomb interactions of the optical electrons, even if the individual 

atoms exhibit no nonlinearity.  

Second harmonic generation (SHG) due to Coulomb interactions has been observed experimentally 

in dimers of metallic nanoparticles of deeply sub-wavelength size [116] and a similar nonlinearity 

arising from electrostatic interactions has been considered in the context of nonlinear plasmonic 

metamaterials [117]. Similar approaches have been previously employed to study linear [105] and 

nonlinear properties of dielectrics [106], harmonic generation by metallic structures [107] and 

anharmonic oscillators [108, 109], and for treating surface nonlinearity of uniform planar surfaces 

[98-101, 110]. A range of models of sum frequency generation has been reported, e.g. for harmonic 

oscillators [111] and liquid interfaces [75, 112, 113]. Here our focus is on highly structured materials 

and our model is applicable to planar dielectric nanostructures of any shape. Therefore, it 

complements existing models that describe harmonic or sum frequency generation in specific 

materials and/or shapes [22, 34, 81, 86, 94, 118], and symmetry-based selection rules [84, 102]. 

Such models tend to identify cases where second-order non-linear processes are forbidden. Here I 

will show approach that enables one to go beyond the allowed/forbidden dichotomy. 

The detailed description of the model is discussed in Section 2.2 and then two methods of getting 

charƎŜǎΩ ŘƛǎǇƭŀŎŜƳŜƴǘǎ ŦǊƻƳ ǘƘŜ ƳƻŘŜƭ - Taylor expansion in Section 2.3 and Fourier 

transformation in Section 2.4 - are introduced. Finally, the parameters used in the model are given 

in Section 2.5. 

2.2 Microscopic Coulomb-coupled-oscillator model 

In order to predict the nonlinearity of a structured dielectric film, such as a metamaterial or a two-

dimensional (2D) nanoparticle, we consider N atoms that are confined to the xy-plane and 
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excitation by a plane wave propagating along z (see Figure 2.1a). Each atom is described as a 

classical Lorentz oscillator [119] with a negatively charged optical electron bound to a positively 

charged stationary nucleus with coordinate Rk. As is standard Lorentz model approximation, the 

electron and the nucleus are elastically bound which gives rise to a linear restoring force and the 

electromagnetic response of the single atom is strictly linear (This will be discussed in more detail 

in Section 4.5).  

 

Figure 2.1  Model for the optical response of interacting atoms in a dielectric nanoparticle 

(a) The atoms are modelled as damped harmonic oscillators consisting of an optical electron 

constrained to move in the xy-ǇƭŀƴŜ ŀƴŘ ŀ ǇƻǎƛǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ǎǘŀǘƛƻƴŀǊȅ ƴǳŎƭŜǳǎ ŀǘ ǘƘŜ ŀǘƻƳΩǎ 

centre. (b) The nonlinear optical response of a nanoparticle originates from the Coulomb 

interactions between optical electrons and other atoms. These interactions cause sum/harmonic 

frequency generation by perturbing the harmonic electron oscillation driven by incident light field 

E(t). In particular, Coulomb forces at boundaries become direction-dependent and electron 

trajectories become curved.  

The interaction of the electron with its own core is modelled as lossy harmonic oscillator: 

ὶ ‎ὶ ‫ὶ
ή

ά
Ὁ 

(2.1) 

Here r is the displacement of the electron. With two degrees of freedom (along the in-plane x- and 

y-axis), the equation of motion can be written as:  
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(2.2) 

Here, ̟ 0 is the resonance angular frequency of an isolated atom and ɹ is the damping frequency. q 

is the charge of the electron and m is the mass of the electron. x and y are the corresponding 

displacements of the electron relative to its own core. In the equilibrium without driving field, x and 
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y equal to 0, irrespective of core position. This approach captures sufficient dynamics of 

conventional atoms and the finite loss allows to account for phenomena such as radiation 

resistance of the electrons [52]. From Equation 2.1, it is clear the electromagnetic response of a 

ǎƛƴƎƭŜ ŀǘƻƳ ƛǎ ǎǘǊƛŎǘƭȅ ƭƛƴŜŀǊΣ ƻƴƭȅ ƻǎŎƛƭƭŀǘƛƴƎ ŀƭƻƴƎ ǘƘŜ ŘǊƛǾƛƴƎ ŦƛŜƭŘΩǎ ǇƻƭŀǊƛȊŀǘƛƻƴ ŘƛǊŜŎǘƛƻƴΦ  

However, when there is more than one atom, Coulomb interactions between electrons as well as 

electrons and nuclei occur. The nonlinear response arises exclusively due to inter-atomic Coulomb 

interactions. The θ1/R2 dependence of the Coulomb force, where R is the inter-charge separation, 

gives rise a nonlinear response of optical electrons in collections of coupled atoms, which is 

illustrated by curved optical electron trajectories in Figure 2.1(b). 

For a system that contains N electrons, the Coulomb interaction Fk
(x,y) in the N electron system is 

the sum of the Coulomb interactions between the kth electron and the other (N-1) electrons or 

nuclei. Therefore, xk, the displacement of the kth electron along the x-axis, will be given by: 

άὼ ά‎ὼ ά‫ὼ ήὉ ὸ Ὂ  (2.3) 

and the Coulomb interaction Fk
(x) for the kth electron along the x-axis is  
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(2.4) 

Here, Rx, Ry are the coordinates ƻŦ ǘƘŜ ƴǳŎƭŜƛ ŀƴŘ ȄΣȅ ŀǊŜ ǘƘŜ ŜƭŜŎǘǊƻƴΩǎ ŘƛǎǇƭŀŎŜƳŜƴǘ ǊŜƭŀǘƛǾŜ ǘƻ ƛǘǎ 

nucleus, meaning  kth ŜƭŜŎǘǊƻƴΩǎ coordinates are [Rx+xk, Ry+yk]. 

By solving the coupled differential equations, we can get the displacement of each electron in the 

system. Since the electric dipole moment d is proportional to the displacements of the electrons, 

the electric dipole moment distribution in the structure is acquired. For a structure containing N 

electrons and with a size small compared to the operating wavelength, the N electrons will behave 

as oƴŜ ōƛƎ ŀǘƻƳ ǿƛǘƘ ŀ ΨƎƛŀƴǘΩ ŘƛǇƻƭŜ ƳƻƳŜƴǘ [105], which will be referred to as the total dipole 

moment of the particle PҐңk dk. Other multipoles and their radiation can also be calculated, which 

will be discussed in Chapter 4. 

2.3 Taylor expansion 

There are two ways of solving the coupled equations of motion in my work. Now I will introduce 

the first one ς Taylor expansion. 
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Solving coupled differential equations is nontrivial when there is a large number of atoms involved, 

which takes a long time and may induce numerical errors. To simplify the process and increase the 

speed and stability of numerical modelling, we did a Taylor expansion up to the second order for 

the Coulomb interaction and use the resulting perturbation equation of motion to calculate the 

displacement of each electron. In the first stage, the linear response of N coupled atoms is found. 

This linear response is then used, in the second stage, as a source for determining the nonlinear 

response.  

The x-direction displacement of the kth electron xk is expanded to the second order, where ὼ , ὼ , 

and ὼ  indicate the zero, first and second order terms of the expansion of xk, respectively: 

ὼ ὼ ὼ ὼ  (2.5) 

ὼ ς 2Åὼ Ὡ ὼ Ὡ ÃȢÃȢ (2.6) 

ὼ ς 2Åὼ Ὡ ὼ Ὡ ÃȢÃȢ (2.7) 

The Taylor expansion for the Coulomb interaction Fk
(x) to the second order is: 

Ὂ ὼ‬Ὂ ώ‬Ὂ
ρ

ς
ὼ‬ Ὂ

ρ

ς
ώ‬ Ὂ

ὼώ‬ Ὂ

ὼώ‬ Ὂ ὼὼ‬ Ὂ ώώ‬ Ὂ

ὼώ‬ Ὂ  

 
(2.8) 

Fk
(y) and yk can be expanded in the same way. Then we put Equation (2.5) and (2.8) into (2.3): 

άὼ ὼ ὼ  ά‎ὼ ὼ ὼ ά‫ ὼ ὼ ὼ

ήὉ ὸ ὼ ὼ ὼ ‬Ὂ

ώ ώ ώ ‬Ὂ
ρ

ς
ὼ ὼ ὼ ‬ Ὂ

ρ

ς
ώ ώ ώ ‬ Ὂ

ὼ ὼ ὼ ώ ώ ώ ‬ Ὂ

ὼ ὼ ὼ ώ ώ ώ ‬ Ὂ

ὼ ὼ ὼ ὼ ὼ ὼ ‬ Ὂ

ώ ώ ώ ώ ώ ώ ‬ Ὂ

ὼ ὼ ὼ ώ ώ ώ ‬ Ὂ  

(2.9) 
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We determine the 1st and 2nd order equations of motion by inserting Equation (2.6) and (2.7) into 

(2.9). Considering 1st order terms that oscillate at frequency the 1st order equation of motion is ,‫ 

‫ Ὥ‎‫‫ άὼ Ὡ ÃȢÃȢ

ήὉ ὼ‬Ὂ ώ‬Ὂ Ὡ ÃȢÃȢ 

(2.10) 

which simplifies to 

‫ Ὥ‎‫‫ άὼ ήὉ ὼ‬Ὂ ώ‬Ὂ  (2.11) 

Electron motion at frequency 2.‫ is a small perturbation of electron motion at frequency ‫ 

Considering leading terms that oscillate at frequency 2the 2nd order perturbation motion ,‫ 

equation is 

τ‫ Ὥς‎‫ ‫ άὼ Ὡ ÃȢÃȢ

ὼ‬Ὂ ώ‬Ὂ
ρ

ς
ὼ ‬ Ὂ

ρ

ς
ώ ‬ Ὂ ὼ ώ‬ Ὂ

ὼώ ‬ Ὂ ὼ ὼ‬ Ὂ ώ ώ‬ Ὂ

ὼώ‬ Ὂ Ὡ ÃȢÃȢ 

(2.12) 

which simplifies to  

τ‫ Ὥς‎‫ ‫ άὼ

ὼ‬Ὂ ώ‬Ὂ
ρ

ς
ὼ ‬ Ὂ

ρ

ς
ώ ‬ Ὂ ὼ ώ‬ Ὂ

ὼώ ‬ Ὂ ὼ ὼ‬ Ὂ ώ ώ‬ Ὂ

ὼώ‬ Ὂ  

(2.13) 

The y-component can be treated in the same way.  

The linear electric dipole of the kth electron will be: 

▀ ή
ὼ
ώ  (2.14) 

Its second-order nonlinear electric dipole will be: 

▀ ή
ὼ
ώ  (2.15) 

Then, the dipole moment of every atom in a structure can be calculated, as a result, the effect of 

ǘƘŜ ǎǘǊǳŎǘǳǊŜǎΩ ǎƘŀǇŜ Ŏŀƴ ōŜ ƪƴƻǿƴ ŘƛǊŜŎǘƭȅΦ .ȅ ŀŘŘƛƴƎ ǳǇ ǘƘŜ ŘƛǇƻƭŜǎ ƻŦ ŜŀŎƘ ŜƭŜŎǘǊƻƴΣ ǘƘŜ ǘƻǘŀƭ 
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linear dipole (╟ ) and total SH dipole (╟ ) of the whole structure can be calculated. The results 

of Chapter 3 are calculated through this method. 

2.4 Fourier transformation 

Although Taylor expansion can increase the speed and stability of numerical modelling, it is not 

practical to simulate sum frequency generation, which involves excitation fields at several 

frequencies. Also, for modelling harmonic generation higher than second order, the Taylor 

expansion of the Fk will become rather complicated. Therefore, Fourier transformation - another 

method of solving the Coulomb-coupled-oscillator model for 2D particles - can be used, when 

modelling higher harmonic and sum frequency generation. 

 

Figure 2.2 Schematic of calculating electric dipole via Fourier transformation 

An electric field E(t) is incident and excites charge displacement of the kth electrion rk. Then the 

electirc dipole moment dk in time domain is calculated and transferred into the freqency domain 

via Fourier transfermation. Finally, all the frequency components are displayed in the frequency 

spectra of the electric dipole. 

The process of getting electric dipoleΩǎ ŦǊŜǉǳŜƴŎȅ ǎǇŜŎǘǊŀ ƛǎ ǎƘƻǿƴ ƛƴ Figure 2.2. At the first stage, 

by solving the coupled equations of motion (Equation 2.3) of all optical electrons within 2D 

nanoparticles numerically, we calculate the displacement of each optical electron in the time 

domain. We solve the coupled system of differential equations starting without optical electron 

displacement and allowing transitional effects to pass before analysing the oscillation of all 

electrons over 1000 periods of the driving field.  

Then, the electric dipole is calculated. The electric dipole moment is proportional to the 

displacement of electrons. Therefore, a displacement of the kth electron relative to its nucleus, rk, 

results in an electric dipole due to the kth atom of dk=qrk, and the total electric dipole of the particle 
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is the sum over all atoms, PҐңk dk. This gives the electric dipole moment d(t) of each atom and the 

total electric dipole moment P(t) of the nanostructure in the time domain. The total electric dipole 

moment is separated into linear and nonlinear components, P(1), P(2), P(3) Χ , oscillating at the driving 

frequency ̟ p and its harmonics н p̟, 3̟ p Χ , by Fourier transformation. In the presented Fourier 

series, the peak values are the dipole amplitudes in Coulomb meters at harmonic and sum 

frequencies. For pumping of a 2D particle at normal incidence, as considered here, radiation 

emitted normal to the plane of the particle is determined by its total electric dipole moment alone.   

2.5 Parameters 

The two-dimensional particles we will study are collective atoms cut out of either a hexagonal 

lattice (see Figure 2.3) or a square lattice. The atomic spacing is chosen to be 0.5 nm in all cases. 

 

Figure 2.3 A particle cut from two-dimensional material of hexagonal lattice 

Dots indicate atom ǇƻǎƛǘƛƻƴǎΦ ¢ƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ƛƴŎƛŘŜƴǘ ǿŀǾŜ 9όǘύ ƛǎ ƭƛƴŜŀǊƭȅ ǇƻƭŀǊƛȊŜŘ ŀǘ ŀƴƎƭŜ ʻ ǘƻ 

the x-axis  and enters the particle at normal incidence. 

The resonance frequency of an isƻƭŀǘŜŘ ŀǘƻƳ ƛǎ ˖0=9.4×1015 rad/s, corresponding to a UV 

ǊŜǎƻƴŀƴŎŜ ŀǘ нлл ƴƳ ǿŀǾŜƭŜƴƎǘƘΣ ŀƴŘ ǘƘŜ ŘŀƳǇƛƴƎ ŦǊŜǉǳŜƴŎȅ ƛǎ ʴ Ґ лΦлм ˖0 to approximate a typical 

atomic response in dielectrics such as ITO, TiOx and SiN. The pump wavelength is chosen to be 1064 

nm, a common choice for nonlinear optics that is far from the atomic resonance (angular pump 

ŦǊŜǉǳŜƴŎȅ ˖p Ґ лΦмф ˖0). In modelling of sum frequency generation, we pump the particle at two 

ŦǊŜǉǳŜƴŎƛŜǎΣ ˖p ŀƴŘ лΦм˖p, simultaneously.  

To excite second harmonic generation in Chapter 3, the amplitude of the driving electric field (E) is 

chosen to be 8.68×107 V/m, which corresponds to pump light of 1 GW/cm2 intensity.  
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In order to access a highly nonlinear regime in Chapter 4, the amplitude of the pumping electric 

field (E0) is set to 8.68×1010 V/m, corresponding to 1015 W/cm2 pump intensity. While this extreme 

level of intensity may not be feasible experimentally, it allows us to explore physical trends and 

higher-order optical nonlinearities in a regime where they are of sufficient magnitude to make 

numerical errors of differential equation solvers irrelevant. Basically, solving the equations of 

motion involves taking differences between very similar numbers. The Taylor expansion gets 

around this analytically, but is limited to SHG. The Fourier method has to live with it, i.e. it requires 

very high precision numbers or a regime where the effects are large. This regime of large nonlinear 

effects also provides numerical stability when solving the Coulomb-coupled-oscillator model using 

the Fourier method. 

2.6 Summary 

In this chapter, I developed a Coulomb-coupled-oscillator model of optical nonlinearity and 

demonstrated that in the confined geometry of a two-dimensional nanoparticle the collective 

nonlinear response of the atomic array can arise from the Coulomb interactions of the optical 

electrons, even if the individual atoms exhibit no nonlinearity. 

Two methods of getting a ǎǘǊǳŎǘǳǊŜΩǎ electric dipole moments from the model are introduced, one 

is Taylor expansion, and the other is Fourier transformation. When using the Taylor expansion 

method to solve the coupled equations of motion, the calculation time for a triangle particle 

containing 3691 atoms is only 32 seconds using MATLAB R2018b on a Windows 10 computer with 

Intel Core i5-6600 3.3 GHz CPU and 32 GB RAM, however, such results are limited to the second 

harmonic. In contrast, when using the Fourier transformation method, it takes at least 45 minutes 

to get the electron displacements of a triangle particle of 25 atoms, but in this case higher 

harmonics and sum frequencies are also calculated.
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Chapter 3 aƻŘŜƭ ƻŦ ǎŜŎƻƴŘ ƘŀǊƳƻƴƛŎ ƎŜƴŜǊŀǘƛƻƴ ŘǳŜ ǘƻ 

ǎǘǊǳŎǘǳǊƛƴƎ ƻŦ ŎŜƴǘǊƻǎȅƳƳŜǘǊƛŎ ŦƛƭƳǎ 

3.1 Introduction 

Optical second harmonic generation, which is important for optical signal processing, bio-imaging 

and spectroscopy, is usually supressed in materials with inversion symmetry. Structuring of 

materials on the mesoscopic length scale has opened up an opportunity to engineer the nonlinear 

optical properties of any material. However, lack of efficient methods of predicting the nonlinear 

response of a broad range of mesoscopic structures has meant that progress largely depended on 

intuition.  

In this Chapter, second-order nonlinearity of structured dielectric film consisting of a 

centrosymmetric dielectric material is studied, using the model built in Chapter 2. Here the 

nanostructure is considered as a collection of atoms formed by a hexagonal lattice. In order to 

increase the speed and stability of numerical modelling, the perturbative scheme described in 

Section 2.3 is used. In the first stage, the linear response of N coupled atoms is found. This linear 

response is then used, in the second stage, as a source for determining the nonlinear response. The 

amplitude of the driving electric field (E) is chosen to be 8.68×107 V/m, which corresponds to pump 

light of 1 GW/cm2 intensity.  

First, the second order electric dipole in triangle particles of D3 symmetry is studied in Section 3.2 

and then how the ǇŀǊǘƛŎƭŜΩǎ ǎȅƳƳŜǘǊȅ ŀŦŦŜŎǘǎ ƛǘǎ ƴƻƴƭƛƴŜŀǊity is discussed in Section 3.3. For a 

specific structure, how its nonlinearity depends on its size is learned in Section 3.4. Finally, a way 

of optimizing the ǎǘǊǳŎǘǳǊŜΩǎ nonlinearity is presented in Section 3.5. 

3.2 Second order nonlinear response in nanostructures of D3 symmetry 

Irrespective of the origin of nonlinear response, a total second-order nonlinear electric dipole of a 

2D (two-dimensional) particle driven by in-plane optical fields is only allowed for structures with 

three-fold rotational symmetry, or no rotational symmetry [84, 102] (as shown in Section 1.3). 

Therefore, this section will focus on two-dimensional particles with three-fold overall rotational 

symmetry, the simplest case that permits second-order nonlinearity, represented by equilateral 

triangular arrangements of atoms cut out of a hexagonal lattice (see inserts in Figure 3.1). 
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Figure 3.1. Second order nonlinear response in a triangular nanoparticle 

Colour ƳŀǇǎ ǎƘƻǿ ǘƘŜ ʰ-component of the atomic dipoles  Ὠ  at frequency 2  ̟when the particle 

is driven by light field E̡  at frequency ̟  polarized along the ̡ direction, where h , =̡{x,y}. The inserts 

are magnified images of the sections framed by rectangles. Note the strong second order response 

at the edges. 

The notation Ὠ  is used to denote per-atom second-order nonlinear electric dipole along the y-

axis induced due to driving field polarized along the x-axis. The other three components Ὠ ,  Ὠ  

and Ὠ  follow in the same way. Figure 3.1 shows the second-order nonlinear electric dipole 

induced in each atom of a triangular 2D particle, cut out of a hexagonal lattice of atoms.  

Several important phenomena are readily observable: (1) the second order electric dipole is always 

weakest in the central region of the triangle ς as one would expect for a centrosymmetric 

arrangement of atoms; (2) a second order nonlinear response at the edge seems to be induced in 

all cases with similar amplitude, but different phases of second harmonic response at different 

edges can yield vanishing (components of) total second harmonic response for a whole particle. x-

polarized field (Figure 3.1a) as well as y-polarized field (Figure 3.1c) create a second-order nonlinear 

response in the x-direction along the edges of the triangle, but the nonlinear response of opposite 

edges cancels out, thus the x-component of the total nonlinear electric dipole is zero, as it should 

be for a particle with mirror symmetry, x ҭ -x. In contrast, the y-polarized second-order nonlinear 
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response resulting from x-polarized (Figure 3.1b) and y-polarized (Figure 3.1d) illumination does 

not cancel.   

3.3 Effect of particle symmetry on its nonlinearity 

 

Figure 3.2 Symmetry dependence of total linear and second order electric diepole 

(a) The schematic shows a transition from a triangular to a rectangular nanoparticle - Removal of 

second order nonlinear response by introduction of inversion symmetry of the nanoparticle. (b) The 

magnitudes of the total dipole moments P(1) and P(2) along the y-direction at the fundamental and 

second harmonic frequencies induced by a y-polarized fundamental wave in a particle evolving 

from lack of inversion symmetry to inversion symmetry.  

Basic symmetry considerations [102] show that total second harmonic response is forbidden for 2-

fold (rotationally) symmetric shapes such as a rectangle, but is allowed for 1-fold symmetric shapes 
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such as isosceles triangle. An interesting question to ask is how this selection rule appears when a 

triangle is gradually converted via a trapezoid into a rectangle. How does the total nonlinear electric 

dipole vanish? How does it depend on changes in geometry (for a given driving field)? What effect 

does the finite lattice size have on the changes in the induced nonlinear electric dipole? To address 

this, a series of calculations has been carried out for symmetric triangular, trapezoidal and 

rectangular particles driven by the same electric field along the symmetry axis (y-axis).  

The results are shown in Figure 3.2. We fix the height and bottom side length of an isosceles 

trapezoid and increase the slope of its left and right sides by extending its top side from 0 nm to 30 

nm, see Figure 3.2(a). The effect of such changes in particle symmetry, from three-fold rotational 

symmetry via absence of rotational symmetry to two-fold rotational symmetry, on the magnitude 

of the total linear electric dipole P(1) and the total second-order electric dipole P(2) is shown in Figure 

3.2(b). The magnitude of the total linear dipole P(1) grows linearly as the triangle evolves into a 

rectangle. This is consistent with the linear polarizability of each atom being roughly independent 

of its neighbourhood ς so more atoms translate into correspondingly higher total linear electric 

dipole since P(1)Ґңk d k. Indeed, we should notice that the linear dipole per atom remains constant. 

Clearly, such a simple response is a consequence of operating in the off-resonance regime (the 

driving frequency to atomic resonant frequency ratio is /̟ 0̟ҒлΦмф). In contrast, the magnitude of 

the total quadratic electric dipole P(2) decreases linearly with the increase in the top side length. 

This can be explained by considering the plots of the per-atom quadratic electric dipole Ὠ  for the 

rectangle and the triangle shown in Figure 3.3. In the rectangle, the second-order electric dipole at 

the top and bottom sides is of equal magnitude but opposite phase, giving zero total effect. In case 

of the triangle, this cancellation does not occur. The gradual drop in the magnitude of the total 

second-order dipole with increasing top side length, shown in Figure 3.2(b), is consistent with the 

cancellation of second-order dipole contributions from atoms in corresponding sections of the top 

ŀƴŘ ōƻǘǘƻƳ ǎƛŘŜǎΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ ŎƻƳǇƭŜǘŜ ŎŀƴŎŜƭƭŀǘƛƻƴ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ǎŜŎƻƴŘ-order nonlinear 

response as it becomes rectangular. Thus, while local edge nonlinearity is also present for particle 

shapes with inversion symmetry, anti-phase nonlinear response of opposite edges causes 

cancellation of the overall second-order nonlinear response of inversion-symmetric particles.  
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Figure 3.3. Second order nonlinear electric dipole distribution in a trianlge and a rectangle 

Colour maps show the y-component of the atomic electric dipole ŀǘ ŦǊŜǉǳŜƴŎȅ н˖ ŦƻǊ (a) the initial 

and (b) final particle shapes in Figure 3.2a. 

The results indicate second-order nonlinear responses with same magnitude and opposite phase 

for opposite edges (one rotated 180° relative to the other). This has an interesting implication for 

inverse structures (a particle and the corresponding particle-shaped hole). An inverse structure 

results from interchanging which side of the edge the material is on, which is equivalent to a 180° 

rotation of each segment of particle edge. Therefore, inverse structures must have second-order 

dipoles of same magnitude and opposite sign. 

3.4 Effect of particle size on its nonlinearity 

The electric dipoles in Figure 3.2 show remarkably smooth dependencies on particle geometry, 

despite the fact that the length of the longest side of the rectangle is just 30 nm (corresponding to 

61 atoms at the edge). One can therefore conjecture that whilst the nonlinear response at each 

point on the edge may be strongly influenced by the local orientation of the edge-cut relative to 

the driving field and atomic lattice, the total second-order nonlinear response can be approximated 

ōȅ ǘǊŜŀǘƛƴƎ ŜŘƎŜǎ ŀǎ ΨǎƳƻƻǘƘΩ ŜǾŜƴ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ŎƻŀǊǎŜ ƭŀǘǘƛŎŜΦ ¢Ƙƛǎ ŎƻƴƧŜŎǘǳǊŜ Ŏŀƴ ōŜ ǘŜǎǘŜŘ 

by choosing a particle of some shape, changing its overall size (whilst keeping the lattice size fixed), 

driving the particle with electric field of fixed magnitude and orientation, and calculating the total 

induced electric dipole, just as shown in Figure 3.4(a). The results of this test, for the case of 

triangular particles, are shown in Figure 3.4(b). 

The linear and second-order nonlinear electric dipoles have been calculated for triangles with side 

lengths from 1 nm (6 atoms in total) to 17 nm (630 atoms). Despite the coarse lattice (lattice 

constant of 0.5 nm), the total linear electric dipole of triangular particles P(1) is proportional to the 

number of atoms N, i.e. the linear electric dipole per atom P(1)/N does not change much, see inset 

in Figure 3.4(b).  
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In contrast, the total second-order nonlinear electric dipole P(2) is proportional to the size S of the 

ǘǊƛŀƴƎƭŜΩǎ ŜŘƎŜǎΣ ƛΦŜΦ ǘƻ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ǇŜǊƛƳŜǘŜǊΦ ¢ƘǳǎΣ ǘƘŜ ƻǾŜǊŀƭƭ ǉǳŀŘǊŀǘƛŎ ƴƻƴƭƛƴŜŀǊ electric dipole 

in mesoscopic two-dimensional particles, with centrosymmetric structure of the bulk, is 

proportional to the perimeter of the particle. In fact, size effects of (surface) second-order nonlinear 

response of metallic particles have been investigated experimentally in the past, where an increase 

in second-order nonlinear response with particle size has been observed for very small particles 

[80]. The noteworthy effect detected here is that such behaviour persists to levels of just few atoms 

in dielectric particles. 

 

Figure 3.4. Effect of a nanostructure's size on its linear and nonlinear response 

(a) The schematic shows how the triangular particleΩǎ ǎƛȊŜ ƛƴŎǊŜŀǎŜŘΦ (b) The magnitudes of the total 

dipole moments P(1) (black line) and P(2) (blue line) at the fundamental and  second harmonic 

frequencies induced by a y-polarized fundamental wave for triangular particles of increasing size, S 

(from 6 to 630 atoms total). The insert shows linear and second order electric dipole per atom as 

functions of the total number of atoms N in the triangle. 

3.5 Optimization strategy 

The proportionality of the total second-order nonlinear electric dipole to the perimeter of the 

particle (P(2) ᶿ S) suggests a simple strategy of optimizing the non-linear response of mesoscopic 



Chapter 3 

33 

structures. As illustrated by Figure 3.5, given a 2D particle, such as an equilateral triangle, an 

increased second-order nonlinear response can be achieved by substituting the particle (triangle) 

with smaller particles of the same shape (triangles), which have a larger combined perimeter and 

the same combined area. Figure 3.5(b) indicates how the increased number of triangles (or the 

increased perimeter) optimizes the second order electric dipole- the more triangles, the more 

edges of strong nonlinear response. As shown in Figure 3.5(c), this process will increase the total 

length of edges, thus increasing the second-order nonlinear response, but will leave the overall 

number of atoms (approximately) unchanged, thus preserving the linear response. 

 

Figure 3.5 Optimization of the second harmonic dipole response via nanostructuring 

(a) Schematic of a large equilateral triangle structure (cut out of a hexagonal lattice of atoms) being 

divided into 4 and then 16 equilateral triangles. The overall area occupied by the triangles remains 

the same, but the length of the perimeter doubles with every step. (b) The distribution of the 

second harmonic (SH) dipole per atom along the y-direction, excited by y-polarized driving field. (c) 

The magnitude of total linear dipole and total second harmonic dipole for the cases considered in 

(b). The total linear dipole is almost the same in all cases, since the number of atoms in the three 

arrangements is almost the same. The total SH dipole is proportional to the total edge length, i.e. 

it doubles with every step. 
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3.6 Summary 

In summary, this chapter shows how structuring of matter can lead to second order optical 

nonlinearity. The results in this chapter indicate that:  

(1) Coulomb interactions involving bound optical electrons cause a nonlinear optical response 

at the boundaries/edges of nanostructures. 

(2) 2D particles of any shape can generate second order electric dipoles locally, but only those 

shapes without inversion symmetry can end up a non-zero total electric dipole for normal 

illumination. 

(3) In a planar structure cut from a centrosymmetric lattice of harmonic oscillators, its linear 

electric dipole is proportional to ǎǘǊǳŎǘǳǊŜΩǎ atom number, while its second order nonlinear 

electric dipole is proportional to the perimeter of the structure.  

The proportionality and our model can instruct the design of artificial nonlinear particles, surfaces 

and metamaterials for optical second harmonic generation. 
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Chapter 4 aƻŘŜƭ ƻŦ ƘŀǊƳƻƴƛŎ ŀƴŘ ǎǳƳ ŦǊŜǉǳŜƴŎȅ 

ƎŜƴŜǊŀǘƛƻƴ ōȅ н5 ƴŀƴƻǎǘǊǳŎǘǳǊŜǎ 

4.1 Introduction 

In nonlinear media, electromagnetic waves can interact, generating new waves at combinatorial 

frequencies. Depending on the generated frequency, the nonlinear phenomena can be classified as 

harmonic generation, sum or difference frequency generationΧ, which are important for optical 

signal processing and frequency conversion. However, a ƳŀǘŜǊƛŀƭΩǎ ǎȅƳƳŜǘǊȅ limits its optical 

nonlinearity and usually has a different influence on even and odd order nonlinearity. Therefore, a 

model that can study a ǎǘǊǳŎǘǳǊŜΩǎ ŜǾŜƴ ŀƴŘ ƻŘŘ ƻǊŘŜǊ ƴƻƴƭƛƴŜŀǊƛǘȅ simultaneously is needed for 

designing multifunctional nonlinear devices. In this chapter, a model of harmonic and sum 

frequency generation in 2D nanostructures is presented. 

In order to predict the nonlinear response of a structured dielectric film, such as a nanoparticle or 

metamaterial unit cell, here we consider plane wave illumination (along z) of a 2D (two-dimensional) 

ƭŀǘǘƛŎŜ ƻŦ ΨŀǘƻƳǎΩ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŎƘŀǊƎŜǎ ǘƘŀǘ ŀǊŜ ŎƻƴŦƛƴŜŘ ǘƻ ǘƘŜ xy-plane. The electromagnetic 

response of the single atom is strictly linear and arises from a harmonic potential [120]. The 

nonlinear response arises exclusively due to inter-atomic Coulomb interactions. The θ1/R2 

dependence of the Coulomb force, where R is the inter-charge separation, gives rise a nonlinear 

response of optical electrons in collections of coupled atoms, as introduced in Chapter 2. 

This basic principle of one-to-one coupling via the Coulomb force is applied to modelling of the 

response of collections of atoms that form particles with a square or hexagonal lattice. In order to 

access a highly nonlinear regime, the amplitude of the pumping electric field (E0) is set to 8.68×1010 

V/m, corresponding to 1015 W/cm2 pump intensity. While this extreme level of intensity may not 

be feasible experimentally, it allows us to explore physical trends and higher-order optical 

nonlinearities in a regime where they are of sufficient magnitude to make numerical errors of 

differential equation solvers irrelevant. The pump wavelength is chosen to be 1064 nm, 

corresponding to an angular pump frequency ̟ p =1.79×1015 rad/s. In modelling of sum frequency 

generation, we pump the particle at two frequencies, p̟ and 0.1 p̟, simultaneously. The ratio of 

10 of the two pump frequencies is chosen to make the sum frequency order easily recognizable. 

By solving the coupled equations of motion of all optical electrons within 2D nanoparticles 

numerically, we calculate the displacement of each optical electron in the time domain. We solve 

the coupled system of differential equations starting without optical electron displacement and 
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allowing transitional effects to pass before analysing the oscillation of all electrons over 1000 

periods of the driving field (see Section 2.4 for more details). Finally, through Fourier 

transformation, we got the response of the particle in frequency domain. 

According to symmetry analysis, a structure in the xy-plane can radiate even order harmonics along 

z when it is of no rational symmetry or 3-folder rotational symmetry [84, 102] as discussed in 

Section 1.3. In order to reveal how nonlinear frequency generation appears/vanishes in cases 

where it is allowed/forbidden, harmonic and sum frequency generation are studied in simple 2D 

particles of either square shape (D4 symmetry, with square lattice) in Section 4.2 and triangular 

shape (D3 symmetry, with hexagonal lattice) in Section 4.3. Pump field induced multipoles other 

than the electric dipole in nanostructures can also radiate harmonics but not along the z direction 

and this is studied in Section 4.4. 

4.2 Harmonic and sum-frequency generation in nanostructures of D4 

symmetry 

4.2.1 Harmonic and sum-frequency generation in a square particle 

First, the harmonic generation in a square particle of 25 atoms is studied, see Figure 4.1. The 

frequency-dependence of the total electric dipole moment P generated by electric pump field 

E0cos(̟ pt) is calculated through the method discussed in Section 2.4. Pi,j is used to refer to the i-

component of the dipole moment caused by a j-polarized pump field, where i,j is x or y. As required 

by symmetry, x-polarized excitation generates a dipole only along x, while y-polarized excitation 

generates a dipole only along y with the same magnitude. i.e. Px,x=Py,y are observed, while Px,y and 

Py,x are forbidden. As expected for a particle with even-fold rotational symmetry [84, 102] , only 

odd harmonics P(1), P(3), P(5) , P(7)  and P(9) are observedς which appear as peaks in Figure 4.1.  
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Figure 4.1 Harmonic generation in a nanoparticle of D4 symmetry 

Frequency dependence of the electric dipole moment of a square particle (blue outline) consisting 

of 25 atoms (red crosses) in response to optical pumping at a single frequency ̟p. Py,x indicates the 

y-ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ŎŀǳǎŜŘ ōȅ x-polarized pumping.  

Harmonic generation is a special case of sum frequency generation. The latter becomes apparent 

when pumping the square particle with a combination of two frequencies, p̟ and 0.1̟ p. This is 

illustrated by Figure 4.2, which considers a pump field E0/2[cos(̟ pt)+cos(0.1̟ pt)].   

 

Figure 4.2 Sum frequency generation in a nanoparticle of D4 symmetry 

Frequency dependence of the electric dipole moment of a square particle consisting of 25 atoms in 

response to optical pumping at a combination of two frequencies, ̟ p and 0.1̟ p.  

As for harmonic generation, also mixed frequency pumping results in an electric dipole moment of 

the particle that is parallel to the pump polarization, Px,x and Py,y. Only odd order sum frequencies 

are observed, i.e. odd harmonics of the higher and lower pump frequencies (p̟Σ о˖p, 5̟ pΣ Χ ŀƴŘ 

0.1̟ p, 0.о p̟Σ Χύ ŀƴŘ ǎǳƳǎ ƻŦ ƻŘŘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ōƻǘƘ ǇǳƳǇ ŦǊŜǉǳŜƴŎƛŜǎ όмΦнp̟, 2.1̟ p, 2.3̟ p ΧύΣ 

indicating that the model can predict wave mixing in 2D particles.  
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We observe that different dipole moments of the same order tend to be of similar magnitude, but 

resonant enhancement near the atomic resonance at 5.26 p̟ and the background level also 

influence the magnitude of the calculated dipole moments. Similar results are obtained for different 

choices of pump frequency. For example, Figure 4.3 shows sum frequency generation of the square 

particle pumped by ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ǘǿƻ ŦǊŜǉǳŜƴŎƛŜǎΣ ˖p and 0.2 p̟. 

 

Figure 4.3 Sum frequency generation in a nanoparticle of D4 symmetry 

Frequency dependence of the electric dipole moment of a square particle consisting of 25 atoms in 

response to optical pumping at a combination of two frequencies, ̟p and 0.2̟ p.  
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4.2.2 Electric dipole moment distribution in a square particle 

 

Figure 4.4 Electric dipole moment distribution at harmonic frequencies in a square particle 

aŀƎƴƛǘǳŘŜ όŎƻƭƻǳǊǎύ ŀƴŘ ǎƛƎƴ όά+έ ŀƴŘ ά-έύ ƻŦ the dipole moment per atom, d, generated at 

harmonic frequencies (multiples of ̟p) in response to pumping at frequency p̟. dy,x indicates the y-

component of the electric dipole per atom caused by x-polarized pumping. The top (bottom) row 

shows the dipole component orthogonal (parallel) to the pump polarization. Stacked images for 

different ς either even or odd ς harmonics show the same qualitative behaviour.  

The origin of harmonic and sum frequency generation is revealed by the distribution of atomic 

dipole moments at the relevant frequencies. Figure 4.4 illustrates this for the square particle 

pumped at frequency ̟ p. The top row shows the distributions of dipole components oriented 

normal to the pump polarization at odd (left) and even (right) harmonic frequencies. Notably, all 

harmonics are generated locally, but the symmetry of the particle implies that the atomic electric 

dipole component normal to the pump field has the same magnitude and a  ̄phase difference on 

opposite sides of the structure, resulting in overall cancellation. Therefore, the structure of D4 

symmetry has no total electric dipole moment in the direction normal to the pump polarization, 

which is consistent with what shown in Figure 4.1-4.3, where Px,y=Py,x=0. The total electric dipole 

component parallel to the pump polarization also cancels for even harmonics (bottom row, right). 

In contrast, the dipole component parallel to the pump polarization does not vanish for odd 

harmonics (bottom row, left). In-phase oscillation of all atoms causes the atomic dipoles to add up 

to a total electric dipole moment of the particle at odd harmonic frequencies.  
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Indeed, the symmetry of the experimental arrangement, including structure and pump beam, 

means that no light can be emitted at even harmonics along z and therefore the total electric dipole 

moment must vanish. In these cases, the fields άradiatedέ from different parts of the particle cancel 

by destructive interference in the normal direction. Radiation in other directions may not vanish, 

can be described in terms of other multipoles, and will be discussed in Section 4.4. Here, we 

describe radiation emitted normal to the plane of the particle.  

While the allowed component of odd harmonic generation originates from the entire particle, one 

can notice that the even harmonics ς which do not add up to any total electric dipole moment ς 

are associated with edges of the particle, as already seen in Chapter 3. 

 

Figure 4.5 Electric dipole moment distribution at sum frequencies in a square particle  

aŀƎƴƛǘǳŘŜ όŎƻƭƻǳǊǎύ ŀƴŘ ǎƛƎƴ όά+έ ŀƴŘ ά-έύ ƻŦ ǘƘŜ dipole moment per atom, d, generated at lowest-

order sum frequencies in response to pumping at frequencies ̟ p and 0.1̟ p. The top (bottom) row 

shows the dipole component orthogonal (parallel) to the pump polarization. Stacked images for 

different ς either even or odd ς sum frequencies show the same qualitative behaviour. 

Dipole distributions for sum frequency generation with different pump frequencies (see Figure 4.5) 

have the same characteristics as those for harmonic generation of the same order. 
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4.2.3 Pump power and size dependence of a square particleΩs electric dipole 

 

Figure 4.6 Pump power dependence of a ǎǉǳŀǊŜ ǇŀǊǘƛŎƭŜΩs electric dipole moment 

Scaling of harmonic generation with the pump field amplitude for a square particle of 25 atoms. 

Here the pump field and the generated dipole are polarized along the same direction.  

The pump power dependence of the generated harmonics is illustrated by Figure 4.6, which shows 

the electric dipole moment generated in the square particle for different pump field amplitudes at 

different harmonic frequencies. The magnitude of the electric dipole moments at the first, third 

and fifth harmonic frequencies ς P(1), P(3), P(5) ς is proportional to the first, third and fifth power of 

the pump amplitude, as expected for first, third and fifth order (non)linear optical processes.  
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Figure 4.7 Size dependence of a ǎǉǳŀǊŜ ǇŀǊǘƛŎƭŜΩs electric dipole moment 

{ŎŀƭƛƴƎ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ǿƛǘƘ ƛǘǎ ǎƛȊŜ ŀǘ ǘƘŜ ŦƛǊǎǘ ǘƘǊŜŜ ƻŘŘ harmonic 

frequencies (a) P(1), (b) P(3), (c) P(5), corresponding to peaks in Figure 4.1. These odd order dipole 

moments scale with its number of atoms (area). (d) The schematic showing how the square 

ǇŀǊǘƛŎƭŜΩǎ ǎƛȊŜ ƛƴŎǊŜŀǎŜŘ. 

The dependence of the nanoparǘƛŎƭŜΩǎ ƻŘŘ ƘŀǊƳƻƴƛŎ ǊŜǎǇƻƴǎŜ ƻƴ ƛǘǎ ǎƛȊŜ ƛǎ ǎƘƻǿƴ ōȅ Figure 4.7. 

The total nonlinear electric dipole at the generated odd harmonics - such as the first, third and fifth 

harmonics P(1), P(3), P(5) - is proportional to the total number of atoms (2D particle area).  

4.3 Harmonic and sum-frequency generation in nanostructures of D3 

symmetry 

4.3.1 Harmonic generation in a triangle particle 

While the even-fold rotational symmetry discussed above only permits odd order nonlinear electric 

dipole moments, three-fold rotational symmetry allows a more complex nonlinear response. Now 

we will discuss harmonic generation in a particle of D3 symmetry, a triangular particle consisting of 

28 atoms arranged in a hexagonal lattice as shown by the insert in Figure 4.8d.  
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Figure 4.8 Harmonic generation in a nanoparticle of D3 symmetry 

(a)-(d) Frequency-dependence of the electric dipole moment of a triangular particle pumped at 

frequency ̟ p. Components of the dipole moment (a, c) parallel and (b, d) orthogonal to the (a, b) 

x-polarized and (c, d) y-polarized pump field. Absence of curves in case (d) indicates cancellation of 

the electric dipole component at all frequencies. The inset shows the outline (blue line) and the 28 

atoms (red crosses) of the triangular particle. Colourmaps show the distribution of the atomic 

dipole moments at the 2nd and 3rd harmonic frequencies, which are representative of even and odd 

harmonics. Colour represents the dipole magnitude and regions oscillating in anti-phase are 

indicated by opposite signs as in Figure 4.4.  
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The spectral dependence of the triangulaǊ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǇǳƳǇƛƴƎ 

at frequency ̟ p is shown by Figure 4.8. An x-polarized pump field generates an electric dipole 

moment of the particle along x at odd harmonic frequencies (Figure 4.8a) and along y at even 

harmonic frequencies (Figure 4.8b). A y-polarized pump field generates a dipole moment along y 

only at all harmonic frequencies (Figure 4.8c), while no harmonics are allowed along x (Figure 4.8d).  

The distribution of the atomic dipole moments within the nanoparticle is shown for the second and 

third harmonic frequencies (insets in Figure 4.8a-d), which are representative of the even and odd 

harmonic cases. While the particle exhibits local atomic oscillation along x and y at all harmonics, 

ƻǾŜǊŀƭƭ ŎŀƴŎŜƭƭŀǘƛƻƴ ƻŦ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ŀǘ ŜǾŜƴ όFigure 4.8a), 

odd (Figure 4.8b) or all (Figure 4.8d) harmonics results from charge oscillations with equal 

amplitude and opposite phase at opposite edges of the triangle.  

4.3.2 Pump power and size dependence of a triangle ǇŀǊǘƛŎƭŜΩs electric dipole  

 

Figure 4.9 Pump power dependence of a triangle particleΩs electric dipole moment 

Scaling of harmonic generation with the pump field amplitude for a triangle particle of 28 atoms. 
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The electric dipole moment of a triangle particle as a function of pump electric field amplitude is 

shown in Figure 4.9. The electric dipole moment at the kth harmonic is proportional to the kth power 

of the pump field amplitude, causing higher harmonics to vanish quickly with reducing pump 

amplitude, as it should be. 

It has been reported that the total linear and second-order nonlinear responses of a particle scale 

differently with its size. For a 3D particle made from centrosymmetric material, the total linear 

electric dipole moment is proportional to its volume (number of atoms), while the second-order 

dipole is proportional to its surface area [80]. For a 2D particle, as considered here, the linear 

electric dipole moment is proportional to its area (number of atoms), while the second-order 

electric dipole is proportional to its perimeter [120] as discussed in Chapter 3. However, how does 

particle size affect higher order harmonics?  

 

Figure 4.10 Size dependence of a triangle particleΩs electric dipole moment 

{ŎŀƭƛƴƎ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ǿƛǘƘ ƛǘǎ ǎƛȊŜ ŀǘ ǘƘŜ ŦƛǊǎǘ four harmonic frequencies 

(a) P(1), (b) P(2), (c) P(3) and (d) P(4), corresponding to peaks in Figure 4.8. Inserts in (a)-(d) are 

schematics ǎƘƻǿƛƴƎ Ƙƻǿ ǘƘŜ ǎǉǳŀǊŜ ǇŀǊǘƛŎƭŜΩǎ area/perimeter increases. 
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Figure 4.10 shows how the electric dipole moment of a triangular 2D particle changes with particle 

size. The magnitudes of the total dipole moments, P(1), P(2), P(3), P(4), at the first four harmonic 

frequencies are shown for triangular particles with perimeter from 1.5 nm (3 atoms in total) to 9 

nm (28 atoms). We find that the total nonlinear electric dipole at odd harmonics is proportional to 

the total number of atoms (2D particle area), while the dipole at even harmonics is proportional to 

ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ǇŜǊƛƳŜǘŜǊΦ At the first three harmonic frequencies, x-polarized and y-polarized pump 

light induce dipole moments of the same magnitude, while at the fourth harmonic ὖȟ τὖȟ . 

4.3.3 Sum frequency generation in a triangle particle 

From the above discussion, we know that only odd order sum frequency generation is allowed in 

square particles. However, the triangle particles support a more complex sum frequency generation.  

The sum frequency generation in a triangle with co-polarized pumping field AώŎƻǎό˖pǘύҌŎƻǎόлΦм˖pt)] 

is shown in Figure 4.11, where A= E0, E0/2, E0/4. When the pump electric fields at frequency p̟ and 

0.1̟ p are polarized along the x direction, odd order sum frequencies are generated along x (0.1p̟, 

p̟, 1.2̟ p, 1.4̟ p, 1.6̟ p, 2.1̟ p Χύ ŀƴŘ ŜǾŜƴ ƻǊŘŜǊ ǎǳƳ ŦǊŜǉǳŜƴŎƛŜǎ ŀǊŜ ƎŜƴŜǊŀǘŜŘ ŀƭƻƴƎ ȅ όлΦнp̟, 

0.4̟ p, 1.1̟ p, 1.3̟ p, 2 p̟, 3.1̟ p ΧύΦ ²ƘŜƴ ǘƘŜ ǇǳƳǇ ŦƛŜƭŘǎ ŀǊŜ ǇƻƭŀǊƛȊŜŘ ŀƭƻƴƎ the x direction, all 

sum frequencies are allowed in the y direction while no dipoles can be generated along the x 

direction. This behaviour consistent with our earlier observations for harmonic generation. 

Sum frequency generation in case of cross-polarized pump fields is shown in Figure 4.12. When 

electric field at ̟ p is polarized along x and electric field at 0.1̟ p is polarized along y, sum frequencies 

along x at ̟ p, 1.1̟ p, 1.2̟ p, 1.3̟ p, 1.4̟ p Χ3 p̟, 3.1 p̟, 3.2 p̟, 3.3 p̟, 3.4 p̟ Χ (odd number of Ex) are 

generated; sum frequencies along y at 0.1̟ p, 0.2̟ p, 0.3̟ p, 0.4̟ pΣ Χнp̟, 2.1̟ p, 2.2̟ p, 2.3̟ p, 

2.4̟ p Χ (even number of Ex) are generated. When electric field at ̟ p is polarized along y and 

electric field at 0.1̟ p is polarized along x, sum frequencies along x at 0.1̟ p, 0.3 p̟, 0.5̟ p, Χ1.1 p̟, 

1.3 p̟, 1.5 p̟ Χ2.1 p̟, 2.3 p̟, 2.5 p̟ Χ (odd number of Ex) are generated; sum frequencies along y at 

0.2 p̟, 0.4̟ pΣ Χ̟p, 1.2̟ p, 1.4̟ p, Χ2 p̟, 2.2 p̟, Χ3 p̟Χ (even number of Ex) are generated. In 

summary, x-polarized electric dipole moments are generated at sum frequencies containing an odd 

ƳǳƭǘƛǇƭŜ όмΣ оΣ Χύ ƻŦ ǘƘŜ Ȅ-polarized pump frequency and generated y-polarized sum frequencies 

Ŏƻƴǘŀƛƴ ŀƴ ŜǾŜƴ ƳǳƭǘƛǇƭŜ όлΣ нΣ Χύ ƻŦ ǘƘŜ Ȅ-polarized pump frequency. 

¢ƘŜ ǎǳƳ ŦǊŜǉǳŜƴŎȅ ƎŜƴŜǊŀǘƛƻƴ ŀƭǎƻ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǇǳƳǇ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΩǎ ǎǘǊŜƴƎǘƘΦ ²ƘŜƴ ǘƘŜ Ǉump 

field magnitude increases from E0/4 to E0, more and more sum frequency components emerge, see 

Figure 4.11 and Figure 4.12.  
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Figure 4.11 Sum frequency generation in a D3 structure with co-polarized pumping  

(a)-(c) Frequency dependence of the electric dipole moment of the triangular particle of 28 atoms 

(inset) in response to pumping at a combination of two frequencies, p̟ and 0.1̟ p for different 

pump electric field amplitudes of (a) E0, (b) E0/2, (c) E0/4. 
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Figure 4.12 Sum frequency generation in a D3 structure with cross-polarized pumping   

(a)-(c) Frequency dependence of the electric dipole moment of the triangular particle (inset) in 

response to pumping at two frequencies, ̟p and 0.1̟ p, where the pump fields at different 

frequencies have orthogonal polarizations. ὖȟ  refers to the i-component of the dipole moment 

caused by j-polarized pump field at ̟p and k-polarized pump field at 0.1̟p, where i,j,k is x or y. 

Different panels show different pump electric field amplitudes of (a) E0, (b) E0/2, (c) E0/4. 
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4.4 Multipole contributions to harmonic generation 

While radiation normal to the plane of the 2D particle pumped at normal incidence is determined 

by its electric dipole moment, other multipoles [121] contribute to radiation in other directions.  

The ‌-ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ total electric dipole moment is given by  

ὖ Ὠ᷿  ”  ήВ ὶȟ                                                         (4.1) 

where ”  is the charge density as a function of position . In our 2D case, only ὖ and ὖ are 

allowed and the radiated power is given by the following expression, where ὤπ is the impedance of 

free space, ὧ is the speed of light and Ὧ ‫ȾὧȢ 

ע Ὧᴁ╟ᴁ Ὧ ȿὖȿ ὖ                                                  (4.2) 

The ‌-comǇƻƴŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ƳŀƎƴŜǘƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ƛǎ  

ά Ὠ᷿  ╙ В ╡ ► ►                                        (4.3) 

where ╙ is the current density and ►Ὥ is the electron velocity. Here, only άᾀ is allowed and the 

radiated power is  

ע Ὧᴁ□ᴁ Ὧȿάȿ                                                      (4.4) 

The ‌ȟ‍-ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ǉǳŀŘǊǳǇƻƭŜ ƛǎ ƎƛǾŜƴ ōȅ  
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(4.5) 

where ‏ȟ is the Kronecker delta. In our geometry, ὗȟ, ὗȟ and ὗȟ ὗȟ are allowed and the 

radiated power is 

ע  ὯВ ὗȟȟ Ὧ ςὗȟ ὗȟ ὗȟ                                        (4.6) 
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 Figure 4.13 Power radiated by different multipoles as a function of particle perimeter  

Results are shown for particles of (a) D4 and (b, c) D3 symmetry  located in the xy-plane as a function 

of particle perimeter. Only the electric dipole (black) radiates along z. 

Figure 4.13 shows the power radiated by different multipoles for the square and triangular particles, 

where the coordinate origin is placed at the centre of each particle. For the square particle, electric 

dipole radiation is emitted at odd harmonics and considerably weaker electric quadrupole radiation 

(ὗȟ, ὗȟ) is emitted at even harmonics, while magnetic dipole contributions are negligible 

(forbidden), see Figure 4.13(a). Therefore, only odd harmonics will be radiated along z. In other 

directions, all harmonics will be radiated, with even harmonics being several orders of magnitude 

weaker than odd harmonics of similar order. For the triangular particle, electric dipole radiation 

dominates at odd harmonics, while electric dipole and quadrupole radiation have a comparable 

magnitude at the second harmonic frequency, Figure 4.13(b-c).  
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The multipole contributions are also revealed by the polarization surface densities (electric dipole 

distributions) in Figure 4.4 and Figure 4.8. For example, for both the square and triangular particles, 

the net quadrupole at even harmonics originates from electrons on opposite edges of the particle, 

that oscillate towards and away from each other (ŕœ,œŕ). The net magnetic dipole at the third 

harmonic frequency for x-polarized pumping of the triangular particle arises from anti-parallel 

electron oscillations (ŔŖ,ŖŔ), see Figure 4.8b. 

4.5 Discussion 

The presented model describes the contribution of Coulomb interactions between different atoms 

to the nonlinear response of dielectric nanostructures. To focus on the universal collective 

nonlinear response of any dielectric, we purposefully remove all possible atom-specific 

nonlinearities by describing atoms with the harmonic potential of a classical Lorentz oscillator 

model (and pumping far away from resonance). However, real atoms can be nonlinear. Considering 

the inversion symmetry of atoms in the ground-state, opposite directions of electron displacement 

yield opposite restoring forces. Therefore, the simplest approximation of a nonlinear atom would 

involve a symmetric anharmonic potential. Within this approximation, an individual atom can only 

have odd orders of optical response, i.e. contribute to 3rd, 5thΣ Χ ƻǊŘŜǊ ƴƻƴƭƛƴŜŀrity. With respect to 

ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜΣ ǎǳŎƘ ŀǘƻƳƛŎ ƴƻƴƭƛƴŜŀǊƛǘȅ ǿƻǳƭŘ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜ ƻŘŘ-order 

ŎƻƳǇƻƴŜƴǘǎ ǘƘŀǘ ŀǊŜ ǇŀǊŀƭƭŜƭ ǘƻ ǘƘŜ ŜȄŎƛǘŀǘƛƻƴ ŦƛŜƭŘΦ ¢Ƙƛǎ ŀǘƻƳƛŎ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ŀ ǇŀǊǘƛŎƭŜΩǎ ƻŘŘ 

order nonlinear dipole moment will be proporǘƛƻƴŀƭ ǘƻ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ƴǳƳōŜǊ ƻŦ ŀǘƻƳǎΣ Ƨǳǎǘ ƭƛƪŜ ǘƘŜ 

contribution from Coulomb interactions between atoms. 

¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ŀǘƻƳƛŎ ƴƻƴƭƛƴŜŀǊƛǘȅ ǿƛƭƭ ŀŦŦŜŎǘ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ƻŘŘ ƻǊŘŜǊ ƴƻƴƭƛƴŜŀǊ 

electric dipole response parallel to the pump field, but not its qualitative behaviour. It has no 

ōŜŀǊƛƴƎ ƻƴ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜǾŜƴ ƻǊŘŜǊ ƴƻƴƭƛƴŜŀǊƛǘȅΣ ǿƘƛŎƘ ŀǊƛǎŜǎ ŜƴǘƛǊŜƭȅ ŦǊƻƳ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ 

atoms. 

4.6 Summary 

In summary, this chapter has shown that harmonic and sum frequency generation in 2D dielectric 

nanostructures can be modelled in terms of harmonic oscillators (atoms) coupled by the Coulomb 

force. This approach allows modelling of collections of atoms and mapping of the origin of harmonic 

and sum frequency generation in nanostructures. The results in this chapter indicate that: 
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(1) Odd order harmonic and sum frequency generation has been found to originate from the 

whole structure with corresponding electric dipole moments scaling with the number of 

atoms.  

(2) Even order harmonic and sum frequency generation has been traced to the boundaries of 

н5 ƴŀƴƻǎǘǊǳŎǘǳǊŜǎΣ ǿƛǘƘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘǎ ǎŎŀƭƛƴƎ ǿƛǘƘ ǘƘŜ ǎǘǊǳŎǘǳǊŜΩǎ 

perimeter. 

(3) Multipoles may support harmonics which are forbidden in electric dipole approximation, 

but do not contribute to radiation in the direction normal to the 2D nanostructure. 

The model allows the design and optimization of nonlinear dielectric nanostructures for 

nanophotonics, such as structures and particles cut from 2D materials and dielectric layers that are 

thin compared to the pump wavelength. 3D geometries may also be considered by solving the 

model in three dimensions. 
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Chapter 5 aƻŘŜƭ ŦƻǊ ŘŜŦŜŎǘǎ ƛƴŘǳŎŜŘ ƴƻƴƭƛƴŜŀǊƛǘȅ ƛƴ н5 

ƴŀƴƻǎǘǊǳŎǘǳǊŜǎ 

5.1 Introduction 

Previous chapters have shown how a structure's symmetry affects its nonlinearity, especially even 

order nonlinearity, which is forbidden in structures with even-fold rotational symmetries under 

normal excitation and collection. However, defects can break inversion centres and enable even 

order harmonic generation in structures of even-fold rotational symmetries. Harmonic generation 

as well as wave mixing in nonlinear photonic crystals with defects have attracted attention [122-

125] and defect-enhanced second harmonic generation has been observed in various materials, 

including crystals [126, 127], 2D materials [128], doped fibres [129], semiconductors [130], their 

superlattices [131, 132] and interfaces [133, 134]. Recent progress in nanoparticle decoration [135, 

136],  micromachining [137, 138], lateral heterostructures [139, 140] and heterocrystals [141] has 

demonstrated the feasibility of defect manipulation and postprocessing techniques [142], which 

provides an opportunity for the development of two-dimensional (2D) materials with engineered 

optical nonlinearity [143]. In addition, second harmonic generation has been used for monitoring 

of defects engineering in transition metal dichalcogenides [142] and controlling nonlinear 

properties through defect engineering has been reported [144, 145]. Effects of vacancy defect 

concentration on high-order harmonic generation have also been investigated [146-148]. 

In this chapter, a model of defect induced harmonic generation in 2D nanoparticles described as a 

lattice of linear oscillators coupled by Coulomb interactions is presented. The model can pinpoint 

how each ǎƛƴƎƭŜ ŘŜŦŜŎǘ ƛƴŦƭǳŜƴŎŜǎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƻǇǘƛŎŀƭ ǇŜǊŦƻǊƳŀƴŎŜ ǿƛǘƘƻǳǘ ǎƻƭǾƛƴƎ Ŧǳƭƭ ǿŀǾŜ 

equations. The model shows how defects affect even and odd order optical nonlinearities. Figure 

5.1 shows an example. Along the optical axis, a square particle will only generate odd harmonics 

without polarization change, while the presence of defects can enable even harmonic generation 

without and with polarization change. The results indicate that defects at particle edges have the 

largest influence on optical nonlinearity. Different nonlinear optical responses of different defect 

distributions indicate that information could ς in principle ς be encoded in atomic defects and read 

optically, via their harmonic generation signature, which can be treated as a nonlinear QR code. 

The fundamental information density limit of such optical data storage would not be determined 

by diffraction, but rather by the spacing of atoms. We illustrate this by showing that harmonic 

generation is controlled by the location of defects in a square particle and by demonstrating 
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harmonic-based character recognition. Such information could be written by AFM-based 

techniques and read by scanning near-field microscopy techniques. 

 

Figure 5.1 Defect-induced optical nonlinearity 

(a) Along the optical axis, as shown, a square particle will only generate odd harmonics without 

polarization change. The presence of defects enables even harmonic generation (b) without and (c) 

with polarization change.  

The details of the model are explained in Section 5.2. Then defect induced nonlinearity in a square 

nanoparticle (D4 symmetry) is analysed in Section 5.3 and the effects of defect position are shown 

in Section 5.4. To cover a wider range of even fold rotational symmetry, the defect induced 

nonlinearity in a hexagonal nanoparticle (D6 symmetry) is discussed in Section 5.5. More 

importantly, Section 5.6 shows how information could be encoded in atomic defects and read via 

their harmonic generation signature. 

5.2 Modelling defect-induced optical nonlinearity of 2D nanoparticles 

We consider the radiation generated along z by 2D structures in the xy-plane (nanoparticle plane) 

in response to pumping along zΣ ǘƻ ƳƛƳƛŎ ǘƘŜ ǎǘǊǳŎǘǳǊŜΩǎ ƴƻƴƭƛƴŜŀǊ ƻǇǘƛŎŀƭ ǊŜǎǇƻƴǎŜ ŀƭƻƴƎ ǘƘŜ 

propagation direction for pumping at normal incidence. In this case, radiation generated by the 

particle is determined only by its total electric dipole moment. Higher multiples cannot contribute 

to the radiation along the z direction as discussed in Chapter 4. The displacement of each optical 

electron in the particle is calculated in the time domain by solving their coupled equations of motion 

(details in Chapter 2). We consider a square particle cut from a square lattice and a hexagon particle 

cut from a hexagonal lattice, introducing defects by removing atoms at designed positions in the 

lattice. The coupled system of differential equations is solved in Matlab starting without optical 

electron displacement and allowing transitional effects to pass before analysing the oscillation of 

all electrons over 1000 periods of the driving field. The electric dipole moment of each atom dk is 

the charge times the electron displacement. The total electric dipole of the particle is the sum of 

these dipoles over all atoms, PҐңk dk. This gives the total electric dipole moment P(t) of the 
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nanostructure in the time domain. The total electric dipole moment is separated into linear and 

nonlinear components, P(1), P(2), P(3) Χ Σ ƻǎŎƛƭƭŀǘƛƴƎ ŀǘ ǘƘŜ ŘǊƛǾƛƴƎ ŦǊŜǉǳŜƴŎȅ p̟ and its harmonics 2 p̟, 

3 p̟ Χ Σ through Fourier transformation (see Section 2.4). In the presented Fourier series, the peak 

values are the dipole amplitudes in Coulomb meters at harmonic frequencies.  

5.3 Defect induced nonlinearity in a square nanoparticle 

Since radiation of even order harmonics along z is forbidden in structures with even-fold rotational 

symmetry [84, 102], one can easily identify the defect induced nonlinearity of such structures at 

even harmonics. Therefore, this section first studies a square particle with 25 atoms (D4 symmetry, 

with square lattice) and then introduces one vacancy defect at three different positions. As 

examples, we have chosen the possible types of edge defects ς at a corner, middle or intermediate 

edge position ς which result in different symmetries of the particle. Figure 5.2a illustrates harmonic 

generation in the square particle. The frequency-dependence of the total electric dipole moment P 

generated by electric pump field E0cos(̟ pt) is shown, where Ph Σʲ refers to the h -component of the 

dipole moment caused by a ̡-polarized pump field and ʰΣ̡ is x or y. As required by symmetry, x-

polarized excitation generates a dipole only along x, while y-polarized excitation generates a dipole 

only along y with the same magnitude. i.e. Px,x=Py,y, while Px,y and Py,x are forbidden. As expected for 

a particle with even-fold rotational symmetry [84, 102] , we observe only odd harmonics ς P(1), P(3), 

P(5)ς which appear as peaks in Figure 5.2a. However, when there is a vacancy defect in the particle, 

even harmonics can occur, as shown by Figure 5.2(b-d).  

The defect poǎƛǘƛƻƴ Ƙŀǎ ŀ ƎǊŜŀǘ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ƴƻƴƭƛƴŜŀǊ ǊŜǎǇƻƴǎŜΦ ²ƘŜƴ ŘŜŦŜŎǘ ƻŎŎǳǊǎ ŀǘ 

a corner (Figure 5.2b), x or y-polarized excitation generates dipole moments along both the x and 

y directions, and we observe Px,x=Py,y and Px,y= Py,x. When the defect occurs in between a corner and 

the middle of an edge (Figure 5.2c), the four components Px,x, Py,y , Px,y and Py,x are all allowed and 

different. For a defect in the middle of an edge (Figure. 5.2d), only Px,x, Py,y and one of Px,y and Py,x 

are allowed.  
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Figure 5.2 Harmonic generation in a square nanoparticle without and with defects 

(a)-(d) Frequency dependence of the electric dipole moment of a square particle (insert) with no 

defect (a), and (b-d) one defect at three different locations, in response to optical pumping at 

ŦǊŜǉǳŜƴŎȅ ˖p. Ph Σ ̡indicates the h -ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ŎŀǳǎŜŘ ōȅ -̡

polarized pumping. Arrows indicate the magnitudes of Px,x, Py,y , Px,y and Py,x at second harmonic 

frequency. 
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5.4 Effects of defect position 

The importance of the defect position was revealed by Figure 5.2. Here the dependence of optical 

nonlinearity on the defect position is investigated systematically. Figure 5.3 shows the calculated 

components of the total electric dipole moment P as a function of the position of a single defect. 

The top row shows the total electric dipole moment along the x-direction for x-polarized pumping, 

Px,x at odd (left) and even (right) harmonic frequencies. At odd harmonic frequencies, Px,x is of 

almost the same magnitude for all the 25 defect positions. In contrast, Px,x at even harmonic 

ŦǊŜǉǳŜƴŎƛŜǎ ŘŜǇŜƴŘǎ ǎǘǊƻƴƎƭȅ ƻƴ ǘƘŜ ŘŜŦŜŎǘΩǎ ƭƻŎŀǘƛƻƴΣ ōŜƛƴƎ ǎǘǊƻƴƎŜǎǘ ŦƻǊ ŘŜŦŜŎǘǎ ƻƴ ǘƘŜ ƭŜŦǘ ŀƴŘ 

right edges and vanishing only for defects that do not break the y symmetry axis of the nanoparticle. 

The bottom row shows the total dipole moment along the y-direction for x-polarized pumping, Py,x 

at odd (left) and even (right) harmonic frequencies. At odd harmonics, defects at corners induce 

the strongest dipole moment Py,x, while this component does not arise from defects that maintain 

the horizontal or vertical mirror symmetry of the nanoparticle. In contrast, for even harmonics the 

total electric dipole Py,x is strongest for defects at top and bottom edges and vanishes only for 

ŘŜŦŜŎǘǎ ǘƘŀǘ Řƻ ƴƻǘ ōǊŜŀƪ ǘƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜΩǎ x symmetry axis. Similar behaviour is seen for 

hexagonal particles (see Section 5.5). 

 

Figure 5.3 Total electric dipole moment as a function of the position of a single vacancy defect 

The amplitude at each atom position (black dot) represents the total dipole moment  of the particle 

when the atom is vacant. In the square particle, we can have 25 different defect positions. The top 

(bottom) row shows the dipole component parallel (orthogonal) to the x-polarized pump. Stacked 

images for different ς either even or odd ς harmonics show the same qualitative behaviour. (Py,y 

and Px,y are obtained by 90° rotation of the color maps in the top and bottom rows, respectively.) 
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5.5 Defect induced nonlinearity in a hexagonal nanoparticle 

 

Figure 5.4 Harmonic generation in a hexagon nanoparticle without and with single defects 

Harmonic generation in a hexagonal nanoparticle (a) without and (b-d) with single defects in 

different positions of the hexagonal atomic lattice of D6 symmetry (insets). Frequency dependence 

of the electric dipole moment of the particles ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƻǇǘƛŎŀƭ ǇǳƳǇƛƴƎ ŀǘ ŦǊŜǉǳŜƴŎȅ ˖p. Ph Σ ̡

indicates the h-ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ŎŀǳǎŜŘ ōȅ -̡polarized pumping 

at normal incidence. The arrows mark the magnitudes of Px,x, Py,y , Px,y and Py,x at the SH frequency. 
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To cover a wider range of even fold rotational symmetry, the influence of vacancy defects on 

harmonic generation by a hexagonal nanoparticle with 19 atoms (D6 symmetry, hexagonal lattice) 

is also analysed, shown by Figure 5.4. Electric dipole moments at even order harmonics are 

forbidden in the hexagonal particle without defects (Figure 5.4a), but emerge when a single vacancy 

defects breaks the symmetry of the particle (Figure 5.41b-d). The amplitudes of the electric dipole 

components excited by x and y polarized pumping depend on the defect position.   

This dependence on the defect position is shown by Figure 5.5Φ hǿƛƴƎ ǘƻ ǘƘŜ ŎƻƳǇƭŜǘŜ ǇŀǊǘƛŎƭŜΩǎ 

symmetry, that includes mirror symmetry along x and y, the distributions of total electric dipole 

moment as a function of defect position are mirror-symmetric along x and y.  Electric dipole 

moments at odd harmonics, ὖȟ  , ὖȟ , ὖȟ  ὖȟΣ ΧΣ ǿƘich can be excited without defects (Figure 

5.4a), do not depend strongly on the defect position. All other electric dipole components in Figure 

5.5 are forbidden in the complete particle and therefore depend strongly on the presence of defects 

in locations that affect the symmetry of the nanoparticle. Like for the square particle, pumping with 

x and y polarizations yields similar distributions of odd-order total electric dipole moment as a 

function of vacancy defect position. In contrast, due to lack of four-fold rotational symmetry of the 

hexagonal particle and its lattice, pumping with x and y polarizations yields distinctively different 

distributions of even-order total electric dipole moment as a function of defect position. 
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Figure 5.5 Total electric dipole moment P as a function of defect position 

The amplitude at each atom (black dot) represents the total dipole moment when that atom is 

vacant. In the hexagonal particle, there are 19 possible defect positions. The four components of 

ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ total electric dipole (rows) are shown for the first to fourth order harmonics 

(columns). 

5.6 Nonlinear QR codes 

The recent progress of 2D material fabrication demonstrates the feasibility of defect manipulation 

and postprocessing techniques. SHG has already been used for defect engineering monitoring in 

transition metal dichalcogenides. Our model is a suitable tool for instructing defect engineering. 

We argue that 2D defect patterns could act as 2D bar codes, i.e. QR codes, that could be read based 

on their nonlinear optical properties. Figure 5.6 shows the frequency dependence of the total 

electric dipole moment of four defect patterns ς άмΣ нΣ оΣ пέ ς in a square lattice in response to a 

pump field E0cos(̟ pt). We can identify each of them by looking into their second harmonic 

generation.  

5ŜŦŜŎǘ ǇŀǘǘŜǊƴ άмέ ŘƻŜǎ ƴƻǘ ƎŜƴŜǊŀǘŜ ŀ total electric dipole moment at the second harmonic 

frequency (Figure 5.6aύΣ ǿƘƛƭŜ ŦƻǊ ǇŀǘǘŜǊƴ άоέ (Figure 5.6c) only the electric dipoles along x can be 
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generated at the second harmonic frequency. Although all four electric dipole components are 

allowed for defect patterns άнέ ŀƴŘ άпέ όFigure 5.6b,d), components of equal amplitudes Px,x=Py,y 

and Px,y= Py,x are only observed for pattern άпέΦ ¢ƘǳǎΣ ǘƘŜ ǊŜƭŀǘƛǾŜ ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ǎŜŎƻnd harmonic 

total electric dipole components can be used to identify different defect patterns. We note that 

other polarizations and harmonics could also be considered. In general, both the number and 

Ǉƻǎƛǘƛƻƴ ƻŦ ŘŜŦŜŎǘǎ ŀŦŦŜŎǘ ŀ ǇŀǊǘƛŎƭŜΩǎ ǘƻǘŀƭ ŜƭŜŎǘǊƛŎ dipole response. Indeed, odd harmonic total 

electric dipole moments (Px,x, Py,y) scale with the number of atoms, and could thus be used to reveal 

the number of occupied atom positions. 

 

Figure 5.6 Harmonic generation in a square nanoparticle with atomic defect patterns 

(a)-(d) Frequency dependence of the electric dipole moment of a square particle (insert) with defect 

patterns όŀύ άмέΣ όōύ άнέΣ όŎύ άоέΣ όŘύ άпέ in resǇƻƴǎŜ ǘƻ ƻǇǘƛŎŀƭ ǇǳƳǇƛƴƎ ŀǘ ŦǊŜǉǳŜƴŎȅ ˖p. Ph Σ ̡indicates 

the h -ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ŜƭŜŎǘǊƛŎ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ŎŀǳǎŜŘ ōȅ -̡polarized pumping.  

In principle, a square lattice containing N atom positions can have 2N different defect states. Mirror 

symmetry with respect to x and y in Figure 5.3 implies that up to four different defect states ς that 

are related by reflections with respect to x, y, or both ς share the same nonlinear signature. (Fewer 

in case of defect states that have one or more relevant mirror symmetries.) Therefore, >2N-2 defect 

states may have distinguishable nonlinear signatures, suggesting that nonlinear detection of defect 

states could enable extremely high density optical data storage, in principle approaching 1 bit per 

atom. Arguably, such defect patterns would be the ultimate miniaturization of QR codes.   
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5.7 Summary 

Optical nonlinearity depends on symmetry and symmetries vanish in the presence of defects. The 

emerging ability to manipulate defects in two-dimensional materials and nanoparticles provides an 

opportunity for engineering of optical nonlinearity. In this chapter, a model of defect induced 

harmonic generation in 2D nanoparticles described as a lattice of linear oscillators coupled by 

Coulomb interactions has been presented. The results in this chapter indicate that: 

(1) Defects have a large influence on even harmonic generation in 2D nanostructures. The 

presence of defects can enable even harmonic generation without and with polarization 

change which is not allowed in structures with even-fold rotational symmetry, such as 

square of D4 symmetry and hexagon of D6 symmetry. 

(2) Defects at particle edges have the largest influence on optical nonlinearity, i.e. contribute 

strongly to even-order optical nonlinearity. 

(3) Information could be encoded in atomic defects via defect engineering and read by its 

harmonic generation signature. Arguably, such nonlinear QR codes would be the ultimate 

miniaturization of 2D bar codes. This has been illustrated by showing that harmonic 

generation is controlled by the location of defects in square and hexagonal particles and by 

demonstrating harmonic-based character recognition.  

The nonlinear QR codes in 2D nanostructures could be written by AFM-based techniques and 

read by scanning near-field microscopy techniques. The unique nonlinear signatures of 

different defect states could provide extremely high-density optical data storage, in principle 

approaching 1 bit per atom.   

In parallel with modelling of second harmonic generation in nanostructures in Chapter 2 to 5, I 

designed a metamaterial for second harmonic generation. At that stage, simplicity of 

fabrication and resonant optical properties were key considerations, and therefore I chose a 

double-chevron structure as the meta-atom (more details in Chapter 6). With the development 

of the theoretical model, I found that a triangular shape offers several good features, for 

example, the SHG strength of a triangular structure is insensitive to the pump polarization and 

a triangular shape could have higher nonlinearity than chevron structures. Therefore, I 

optimized my design for high SH conversion efficiency and fabricated a new metamaterial of 

triangular meta-atoms (details in Chapter 8 and Appendix B). 
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Chapter 6 5ŜǎƛƎƴ ŀƴŘ ŦŀōǊƛŎŀǘƛƻƴ ƻŦ ƴƻƴƭƛƴŜŀǊ ŦƛōǊŜπ

ƛƴǘŜƎǊŀǘŜŘ ŀƭƭπŘƛŜƭŜŎǘǊƛŎ ƳŜǘŀǎǳǊŦŀŎŜ 

6.1 Introduction 

Nonlinear optics is crucial in many photonic applications. Efficient even-order nonlinear effects 

typically require thick non-centrosymmetric crystals with a strictly controlled orientation of the 

crystalline axes. These rigid requirements hamper the potential for miniaturization of photonic 

devices, which in turn limits the speed, efficiency and scalability of photonic technology. Recent 

progress in the field of metamaterials promises to revolutionize nonlinear optics, by providing a 

way to achieve desired nonlinear responses through design. Photonic two-dimensional 

metamaterials, often referred to as metasurfaces, could offer an alternative to traditional bulk 

nonlinear optics. Despite that, little effort has so far been dedicated to developing nonlinear 

photonic metamaterials on platforms suited for integration with waveguides. 

To demonstrate nanostructure induced second harmonic generation, a fibre-integrated all-

dielectric nonlinear metasurface has been designed (details in Section 6.2) and fabricated (details 

in Section 6.3). The structure exhibits a resonance at about 1.5 µm with a quality factor of 30 

(details in Section 6.4). The metasurface will be used to demonstrate second harmonic generation 

in Chapter 7.  

6.2 Design of fibre-integrated all-dielectric metasurface 

When designing the fibre integrated metasurface for second harmonic generation, several factors 

needed to be considered, see Figure 6.1. According to the results in Chapter 3 and Chapter 4, 

second harmonic generation by centrosymmetric materials is associated with boundaries, implying 

that a structure with reasonably long boundaries is desirable. 

Also, according to the analysis of symmetry-allowed components of the second order susceptibility 

…  tensor in Chapter 1, only the C1, D1, C3 and D3 point symmetry groups (no rotational 

symmetry or 3-fold rotational symmetry) have non-vanishing …  tensors. Compared to C1, C3 and 

D3 symmetry groups, a chevron (D1 Symmetry)ς two identical lines forming an angle ς is arguably 

the simplest structure lacking an inversion centre, and chevrons can be easily fabricated and 

combined into a compact unit cell that is smaller than its resonant wavelength. In addition, the 

point symmetry group of D1 limits the allowed components of the second-order nonlinear 
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susceptibility tensor to: … , … , … … , where the first index indicates the polarization 

of the second harmonic wave and the other indices indicate the polarizations of the pump wave.  

 

Figure 6.1 Nanostructure design criteria for second harmonic generation 

A unit cell of two chevrons is selected since it ǹ1 has a relatively long boundary, ǹ2 has D1 symmetry 

which supports second order nonlinearity, ǹ3 is easily fabricated and ǹ4 supports Fano resonances. 

Since the second harmonic strength is proportional to the square of energy density, the structure 

should support resonances for higher conversion efficiency. In principle, resonances can help 

enhance the local field at the fundamental frequency as well as second harmonic frequency [62]. 

From these considerations, two chevrons of different size are chosen as the unit cell of the 

nonlinear metasurface, see Figure 6.1.  

 

Figure 6.2 Schematic of the metasurface fabricated from centrosymmetric dielectric 

The metasurface consists of  an array of chevron groove pairs. The figure on the right is the unit cell 

of this metasurface. The blue area corresponds to the dielectric film (amorphous silicon), and the 

gray area corresponds to the substrate (silica). 
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Aiming for a Fano resonance within the technologically important telecommunications band 

around 1.5 µm wavelength, I designed a metamaterial, which is an array of chevron groove pairs, 

with unit cell dimensions of 1.1 × 1.0 µm2, milled into the core of a silica fibre and subsequently 

coated with a 90-nm-thick amorphous silicon layer, see Figure 6.2.  

Silicon film is chosen because it has a relatively high refractive index and low loss at the 

telecommunication wavelength band (shown in Figure 6.3), which enables high quality factor 

resonances. Also, compared with metallic structures such as gold and silver, silicon has a higher 

damage threshold, and can therefore withstand higher pump laser intensity. Moreover, silicon is 

highly compatible with the optical fibre and semiconductor fabrication ecosystem, which enables 

developing integrated nonlinear photonic devices. 

 

Figure 6.3 Refractive index of the fabricated amorphous silicon thin film  

The data is measured by ellipsometry of 90-nm thick amorphous silicon film (deposited in the same 

settings as the silicon of the metamaterial sample). The loss of the silicon  film remains at a low 

level (k=0.015) from 750 nm ( second harmonic wavelength) to 1500 nm (our fundamental 

wavelength). 

The sizes of the two chevrons contained in the unit cell are designed to be slightly different in order 

to excite a resonance with high quality factor at the pump wavelength [59-61]. ¢ƘŜ ƳŜǘŀƳŀǘŜǊƛŀƭΩǎ 

transmission spectra were modelled using Comsol Multiphysics 5.4, assuming a plane wave 

normally incident onto a unit cell with periodic boundary conditions (Figure 6.4). The simulations 

assume a real refractive index of 1.44 for glass and the complex refractive index of the silicon layer 

according to ellipsometry measurements are shown in Figure 6.3. 
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By adjusting the parameters of the asymmetric nanostructure, such as depth and the space 

between the two grooves, resonances of the metamaterial can be engineered. Figure 6.4 shows 

the simulated transmission spectra and the field map at the resonance of the designed 

metamaterial. A closed-mode resonance is seen at a wavelength of 1.5 ˃ ƳΣ ƻƴƭȅ ǳƴŘŜǊ ȅ-polarized 

illumination (along the symmetry axis). No clear resonance is observed when the metamaterial is 

illuminated with the orthogonal polarization. 

 

Figure 6.4 Simulated transmission spectra and field map of chevron groove pairs 

Modelled linear transmission spectra of the metamaterial as a function of wavelength for x (red) 

and y (black) polarization. The colormap shows the y component of the linear polarization density 

distribution at the resonance. 

Since one unit cell contains a deep/wide chevron groove and a shallow/narrow chevron groove, the 

size difference contributes to different field distributions in the two grooves, see the colormap in 

Figure 6.4. The colormap shows the polarization density along the symmetry axis at the closed 

mode resonance. In the colormap, we see that charges in the two chevrons are oscillating in anti-

phase which will trap the energy within the nanostructure. The slightly different size helps couple 

the field to free space. In our case, the closed mode increased the local field at the fundamental 

frequency, which, in turn, shall boost the SHG efficiency.  

According to the simulations, the electric field at the silicon interfaces is up to 8× larger than the 

incident field, see Figure 6.5. 
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Figure 6.5 Electric field enhancement at the silicon interfaces  

Field enhancement is shown relative to the amplitude |E0| of the incident wave, for the case of a 

normally incident y-polarized wave at the 1.5 ˃m wavelength resonance. 

6.3 Fabrication of fibre-integrated all-dielectric metasurface 
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Figure 6.6 Fabrication process diagram 

During fabrication, to reduce gallium deposits, the fibre tip is first coated with a thin layer of gold 

and then the V-shaped grooves are created by milling with a focused gallium ion beam through the 

gold layer to the depth of about 256 nm into silica. After removing the sacrificial gold layer through 

a wet etching process, a 90-nm layer of amorphous silicon is deposited by PECVD on the entire 

patterned fibre tip. 
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The metamaterial structure was fabricated on the tip of an optical fibre. The fabrication process 

diagram is shown in Figure 6.6. 

ǹ1  The fabrication of amorphous silicon metamaterial on a fibre tip [149] is carried out by stripping 

a segment of single-mode silica fibre (Thorlabs SM980-5.8-125) of its protective polymer jacket, 

ƭŜŀǾƛƴƎ ŀ ŦŜǿ ŎŜƴǘƛƳŜǘŜǊ ƭƻƴƎ ōŀǊŜ ǎƛƭƛŎŀ ǊƻŘ όмнр ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊύ, to avoid the protective polymer 

jacket melting and destroying the metamaterial at high temperatures during the deposition 

processes (i.e. 200°C in PECVD process). One end of the fibre is then cleaved to create a smooth 

end-facet that will serve as the metamaterialΩǎ ǎǳōǎǘǊŀǘŜ. 

ǹ2  The next step is followed by coating the cleaved fibre tip with a 50 nm thick sacrificial layer of 

gold using an e-beam evaporator. The sacrificial layer is introduced to reduce gallium deposits [61].  

ǹ3  The centre (core area) of the gold-coated fibre tip is then patterned through the sacrificial layer 

to the depth of about 256 nm into silica using focused ion beam milling (FIB), see Figure 6.8d. 

ǹ4 Following patterning, the metal layer is removed using gold etchants, leaving a nanostructured 

silica fibre tip. The injected gallium ions are mainly in the gold layer. After removing the gold film, 

only a small amount of gallium contamination in the patterned silica fibre tip remains.  

ǹ5  Then, a 90-nm layer of amorphous silicon is deposited onto the entire patterned fibre tip using 

plasma enhanced chemical vapour deposition (PECVD). 

ǹ6  Finally, the bare fibre segment is spliced to a single-mode fibre with a FC connector.  

 

Figure 6.7 Nonlinear silicon metamaterial on a fibre tip 

(a)-(b) Images of the nonlinear silicon metamaterial mounted on a fibre holder. 

The fabricated metamaterial is then mounted in a fibre holder (Thorlabs HFV001). To avid drifting, 

the fibre is clamped to the fibre holder using a metal plate, shown in Figure 6.7a. The spliced FC 

connector is used to directly collect and guide light transmitted or radiated by the metamaterial. 
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The SEM images of the metamaterial are shown in Figure 6.8. The size of the patterned area is 

20×21 ˃ Ƴ2, covering the entire core of the fibre, which has a nominal diameter of 10 ˃ Ƴ, see Figure 

6.8a-b. The structure is patterned to the depth of about 256 nm into silica substate, see Figure 6.8d. 

Therefore, tƘŜ ƳŜǘŀƳŀǘŜǊƛŀƭΩǎ ǘƘƛŎƪƴŜǎǎΣ ŦǊƻƳ ǘƘŜ ƭƻǿŜǎǘ Ǉƻƛƴǘ ƻŦ ǘƘŜ 90 nm thick silicon layer at 

the bottom of the chevron grooves to its highest point at the silicon/air interface in between the 

chevron pairs, is L=346 nm. 

 

Figure 6.8 SEM images of nonlinear silicon metamaterial on a fibre tip 

(a) SEM image of the nonlinear metamaterial fabricated on the end-facet of a single-mode optical 

fibre. The metamaterial covers the core of a cleaved optical fibre and consists of pairs of chevron 

grooves in silica, coated with an amorphous silicon layer. (b) Magnified view of the entire 

metamaterial. (c) Magnified view of a metamaterial section. (d) Cross section of the nanostructure 

(i.e. along the yellow dashed line in c), showing the bottom layer of silica (glass) and an additional 

layer of platinum added for contrast (Pt). (To prevent charging, SEM imaging took place before the 

sacrificial gold coating was removed.)  

6.4 Linear optical property characterization    

After the fabrication process, the transmission spectra of this sample were measured using the 

ANDO AQ-6315E optical spectrum analyser (OSA). The schematic and the experimental 

measurement setup are depicted in Figure 6.9. ¢ƘŜ ǎǘǊǳŎǘǳǊŜΩǎ ǘǊŀƴǎƳƛǎǎƛƻƴ ǎǇŜŎǘǊŀ ǿŜǊŜ 
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measured by illuminating the fibre tip with normally incident linearly polarized white light 

and detecting the transmitted light with the optical spectrum analyser, using an 

unstructured cleaved fibre without the silicon film as a reference.  

 

Figure 6.9 Experimental setup for transmission measurements 

Schematic and photo of the setup are shown. 

The experimental transmission spectra of the sample for both x-polarized and y-polarized incident 

light are shown in Figure 6.10.  

 

Figure 6.10 Measured linear transmission spectrum of the metamaterial 

aŜǘŀƳŀǘŜǊƛŀƭΩǎ ƭƛƴŜŀǊ ǘǊŀƴǎƳƛǎǎƛƻƴ as a function of the pump wavelength for x-polarization (black) 

and y-polarization (red). 
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The experimental spectra of the metamaterial are in qualitative agreement with the modelled 

transmission (Figure 6.4). Due to the size difference of the chevrons contained in each unit cell, the 

metamaterial exhibits an asymmetric resonance at about 1.5 µm wavelength, when illuminated 

with light polarized along the chevron symmetry axis (y-axis in Figure 6.8b). However, no resonance 

is observed when the metamaterial is illuminated with the orthogonal polarization. The 

experimentally observed resonance at 1.5 µm wavelength has a quality factor of Q=30, which is 

ŎŀƭŎǳƭŀǘŜŘ ōȅ vҐ˂0κɲ˂Σ ǿƘŜǊŜ ˂0ҐмΦр ˃Ƴ ƛǎ ǘƘŜ ǊŜǎƻƴŀƴŎŜΩǎ ŎŜƴǘǊŀƭ ǿŀǾŜƭŜƴƎǘƘ ŀƴŘ ɲ˂ ƛǎ ǘƘŜ 

ǊŜǎƻƴŀƴŎŜΩǎ Ŧǳƭƭ ǿƛŘǘƘ ŀǘ ƘŀƭŦ ƳŀȄƛƳǳƳ όC²IaύΦ  

Compared with the modelling, the measured resonance is wider due to fabrication-related residual 

contamination with gallium and inhomogeneous broadening (i.e. slight variations in sizes of key 

features across different unit cells). 

6.5 Summary 

In this chapter, a metamaterial for second harmonic generation has been designed and fabricated. 

The metamaterial is an array of chevron groove pairs integrated in a single mode fibre. The all-

dielectric metamaterial supports ŀ ǊŜǎƻƴŀƴǘ ǊŜǎǇƻƴǎŜ ŀǘ ǿŀǾŜƭŜƴƎǘƘ ˂0ҐмΦр ˃Ƴ ƻŦ ǉǳŀƭƛǘȅ ŦŀŎǘƻǊ 

Q=30. Based on its symmetry, it may support three allowed second-order nonlinear susceptibility 

tensors components: … , … , … … .   
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Chapter 7 {ŜŎƻƴŘ ƘŀǊƳƻƴƛŎ ƎŜƴŜǊŀǘƛƻƴ ƛƴ ŀ ŦƛōǊŜ 

ƛƴǘŜƎǊŀǘŜŘ ŀƭƭπŘƛŜƭŜŎǘǊƛŎ ƳŜǘŀǎǳǊŦŀŎŜ 

7.1 Introduction 

Second-order nonlinear optical processes are of considerable importance for laser 

technologies, quantum optics, materials characterization, spectroscopy and imaging. Over 

the last decade, a substantial effort has been focused on developing plasmonic [20, 22, 24, 

26, 49, 150-152] and dielectric [48, 50, 93, 153] metamaterials [23] with large nonlinearities 

for second harmonic generation (SHG). In particular, in silicon-based photonics, second-

order optical nonlinearities are required in various information processing schemes [29, 

30]. In silicon,  which is centrosymmetric, second-order optical nonlinearity can be imposed 

by strain, electric field and interfaces and has been observed in waveguides [154-160], 

nanoparticles [62], nanowires [161, 162], nanopillars [163], photonic crystal nanocavities 

[164], metamaterials [25, 165, 166] and multi-material stacks with silicon [167, 168]. Silicon 

metasurfaces have also been used to enhance the nonlinear response of materials with 

strong natural second-order nonlinearity [169, 170].  

In this chapter, I will report second harmonic generation from the fibre-integrated 

metamaterial manufactured from amorphous silicon described in Chapter 6 that achieves 

two orders of magnitude higher normalized conversion efficiency than prior state of the art 

[25]. First, the experimental setup for the second harmonic generation measurements is 

discussed in Section 7.2. Then, in Section 7.3, the enhanced generated second harmonic 

signal from the metamaterial is reported. The optical nonlinear conversion efficiency is 

calculated in Section 7.4. Finally, the second order nonlinear tensor of the metamaterial is 

characterized in Section 7.5. 
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7.2 Experimental setup for second harmonic generation measurements 
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Figure 7.1 Photo and schematic of the experimental setup 

A 200 fs ultrafast laser is used as the pump source and the laser light is guided to a cage system by 

three mirrors. The cage system is used for imaging and excitation of the metamterial. The generated 

signal from the metamaterial is collected by its integrated fibre and detected by a photomultiplier 

tube (PMT). A wave plate and a ǇƻƭŀǊƛȊŜǊ ŀǊŜ ǳǎŜŘ ǘƻ ŎƻƴǘǊƻƭ ǘƘŜ ǇǳƳǇ ƭŀǎŜǊΩǎ ǇƻǿŜǊ ŀƴŘ 

polarization. Several filters are used to make sure the detected signal is the second harmonic signal 

generated by the metamaterial. 

The experimental setup for the SHG experiments includes two important parts, the metamaterial 

excitation part and SH detection part, as shown in Figure 7.1. Considering that second harmonic 

generation by unstructured interfaces vanishes at normal incidence [70]  and in order to detect 

second harmonic generation caused by the metamaterial structure, we measure SHG with a 

normally incident pump beam, which also ensures that 0th order SHG diffraction is within the 

acceptance angle of the optical fibre. The second-order nonlinear response of the metamaterial is 

excited by illuminating it with linearly polarized 200 fs optical pulses with 80 MHz repetition rate 

from an ultrafast optical parametric oscillator (Spectra Physics Inspire HF 100, more detail in 
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Appendix A). The centre wavelength of the pulses is tuned from 1440 nm to 1610 nm. The 

excitation laser pluses were guided by three mirrors to a half-wave plate (Thorlabs AHWP10M-

1600). The half-wave plate together with a Glan-Thompson polarizer (Thorlabs GTH10M) controlled 

the polarization and intensity of the excitation laser.  

A beam splitter is used to divert light for imaging of the samples. Then, the polarized pump laser 

pulses of the main path are focused onto the metamaterial, which is located on the cleaved end of 

a single mode optical fiber (Thorlabs SM980-5.8-125) with a numerical aperture of ~0.13, by a 10x 

objective (Mitutoyo Plan Apo NIR Objective) with a numerical aperture of 0.26. ¢ƘŜ ŦƛōǊŜΩǎ 

numerical aperture of 0.13 implies that only the 0th-order diffraction of generated second harmonic 

radiation will be collected. Two longpass filters cutting off at 900 nm wavelength (Thorlabs 

FELH0900) are used to make sure that only pump laser light is focused on the samples. The spot 

ǎƛȊŜ ƻŦ ǘƘŜ ŦƻŎǳǎŜŘ ōŜŀƳ ƛǎ нпΦт ˃Ƴ2. The peak intensity of the focused beam is about 6.3 GW/cm2 

at 25 mW average power.  

To separate the second harmonic signal from the fundamental pump laser, 3 shortpass filters (two 

Thorlabs FESH0950, one Thorlabs FESH0850) are used to block the pump and one longpass filter 

(Thorlabs FELH0600) is used to remove higher order nonlinear signals. These filters are mounted in 

two Thorlabs fiber optic filter mounts (FOFMF/M) and the total loss of these filters as well as the 

mounts is ~84%.  

The second harmonic signal of the power dependence experiment and the tensor characterization 

experiment is detected by a Hamamatsu photomultiplier tube (H7421-50), which has a counting 

efficiency of ~9% at 750 nm (more details in Appendix A). The detector dark noise has been 

measured and subtracted from all second harmonic measurements. 

7.3 Second harmonic signal arising from mesoscopic structuring 

Second harmonic measurements are conducted with the metamaterial-bearing fibre and two 

unstructured reference fibres, one with and the other without the silicon film. Strong second 

harmonic emission is observed only for y-polarized pump light at 1510 nm wavelength with the 

metamaterial-bearing fibre. The detected second harmonic generation of the metamaterial as a 

function of the wavelength of the y-polarized pump beam is shown as green curve in Figure 7.2. 

The power of the second harmonic signal exhibits a resonantly enhanced feature. The second 

ƘŀǊƳƻƴƛŎ ŜƳƛǎǎƛƻƴ ǇǊƻŦƛƭŜ ŎƻƛƴŎƛŘŜǎ ǿƛǘƘ ǘƘŜ ƳŜǘŀƳŀǘŜǊƛŀƭΩǎ ǊŜǎƻƴŀƴŎŜ (purple curve), indicating 

ǘƘŀǘ ǘƘŜ ƴŀƴƻǎǘǊǳŎǘǳǊŜΩǎ ǊŜǎƻƴŀƴŎŜ ŜƴƘŀƴŎŜǎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ǎŜŎƻƴŘ ƻǊŘŜǊ ƴƻƴƭƛƴŜŀǊ ǊŜǎǇƻƴǎŜ ƻŦ ǘƘŜ 

ƳŜǘŀƳŀǘŜǊƛŀƭΦ ¢ƘŜ C²Ia ƻŦ ƳŜǘŀƳŀǘŜǊƛŀƭΩǎ ƭƛƴŜŀǊ ǊŜǎƻƴŀƴŎŜ ƛǎ ŀōƻǳǘ рл ƴƳΦ This matches the 

observed width of the second harmonic generation peak. There is a 10 nm detuning between the 
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ƳŜǘŀƳŀǘŜǊƛŀƭΩǎ transmission resonance and the peak of the second harmonic generation. This 

detuning may be caused by a small spectral shift between the absorption resonance and the 

transmission resonance[59, 171], where the absorption resonance plays the main role in enhancing 

second harmonic generation. 

 

Figure 7.2 Observation of second harmonic generation 

Detected spectral dependence of second harmonic (SH) emission by metamaterial on a cleaved 

fibre (green), unstructured silicon film on a cleaved fibre (red) and an unstructured bare cleaved 

fibre όōƭŀŎƪύ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ƳŜǘŀƳŀǘŜǊƛŀƭΩǎ ƭƛƴŜŀǊ ǘǊŀƴǎƳƛǎǎƛƻƴ ǎǇŜŎǘǊǳƳ όǇǳǊǇƭŜύ ŦƻǊ y-polarized 

pump light.  

In order to confirm that the second harmonic generation is introduced by the metamaterial 

nanostructure, rather than the presence of the silicon film or the optical fibre, two control 

experiments were conducted on a bare fibre tip and on a tip of fibre covered by an unstructured 

90-nm-thick layer of CVD-silicon. It is shown in Figure 7.2 that no second harmonic generation 

above the noise level was detected in the control experiments on unstructured reference fibres 

with and without the silicon film, which confirms that the observed second harmonic generation is 

due to mesoscopic structuring. 

7.4 Optical conversion efficiency 

Then, power dependence measurements of the detected nonlinear signal have been performed to 

confirm the nonlinear order of the detected signal, for pumping at 1510 nm wavelength, shown in 
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Figure 7.3. The detected power exhibits a quadratic dependence on the incident pump power. 

Accounting for the detection efficiency of the photomultiplier tube as well as the losses in the 

detection optics (fibres and filters), 2.9 pW second harmonic power (PSH) has been observed for 35 

mW y-polarized average pump power (Ppump), corresponding to a second harmonic generation power 

conversion efficiency of at least ɖ=PSH/Ppump=0.8×10-10, which is comparable with efficiencies in 

metallic structures [172, 173] and exceeds previously reported silicon metamaterial by four orders of 

magnitude [25]. We note that the fibreôs refractive index of about 1.45 implies that some diffraction 

will occur into the fibre at free-space wavelengths shorter than 1.6 ɛm, while diffraction into air 

occurs at wavelengths shorter than 1.1 ɛm. The fibreôs numerical aperture of 0.13 implies that only 

radiation propagating close to normal to the metamaterial will be collected. Therefore, the calculated 

efficiency of our structure only accounts for 0th order diffraction of SHG into the fibre. Diffraction 

of SHG up to the 1st order into air and up to the 2nd order into glass implies that the metamaterialôs 

true SHG efficiency may be a few times higher. Besides, no saturation of SH intensity can be seen 

in Figure 7.3, which implies that the conversion efficiency is likely to become even larger with 

increasing pumping power. 

 

Figure 7.3 Power dependence of second harmonic generation by the metamaterial 

Power dependence of second harmonic generation by the metamaterial (black dots) with a 

quadratic fit (red curve) at 1510 nm pump wavelength for y-polarized pump light.  

To allow comparison with other materials, we need to consider that phase-matched ς sufficiently 

thin films are always phase matched ς SH conversion efficiency increases linearly with pump peak 

intensity (I) and quadratically with interaction length (L).  
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The measured SH efficiency is =́0.8×10-10 at a pump intensity of I=8.8 GW/cm2. The interaction 

length, which is the thickness of the metamaterial, is L=346 nm. The normalized efficiency is given 

by:  ψ ρπȾ'7Ȣ 

We assume SH generation with perfect phase matching, which is automatically satisfied for 

materials of sub-wavelength thickness. The effective nonlinear susceptibility ὼ  can be estimated 

as [32]: 

                                                                     Ὅ
 
Ὅ 

 

(7.1) 

Ὅ  is the intensity of the generated SH signal, ‫  is the pump frequency. ὲ  and ὲ  are the 

refractive index of silicon at SH wavelength and pump wavelength, respectively. The vacuum speed 

of light is ὧ and the vacuum permittivity is ‐. If we assume ὲ ὲ σȢυ (for silicon), then 

ὼ πȢσ ÐÍȾ6.  

Therefore we arrive at a normalized efficiency of /́(IL2)= 8×10-3/GW corresponding to … ~0.3 

pm/V, which is comparable to KDP [32]. The normalized efficiency reported here exceeds previous 

silicon metamaterial [25] by two orders of magnitude, see Table 7.1. This improvement is largely 

due to resonant enhancement of second harmonic generation at the closed-mode resonance of the 

double chevron structure.  

 Table 7.1 Comparison of our Si metamaterial with the nearest state of the art: 

 

 

 Our metamaterial Si metamaterial [25] 

Material a-Si on glass fibre tip a-Si on glass 

Meta-atom Double chevron grooves L-shape 

Period, ɽx × ɽy (nm) 1000×1100 390×390 

Thickness, L (nm) 346 280 

tǳƳǇ ǿŀǾŜƭŜƴƎǘƘΣ ˂ όƴƳύ 1510 840 

Average pump power, Ppump (mW) 35 ~225 

Repetition rate, fR (MHz) 80 80 

Pulse width, ̱  (fs) 200 100 

Pump peak intensity, I (GW/cm2) 8.8 ~0.36 

SH conversion efficiency, – 0.8×10-10 ~10-14 

SH normalized efficiency, –/ ( Ὅὒ2) 8×10ҍ3/GW ~3.6×10ҍ5/GW 
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7.5 Contribution of each allowed ̝ (2) component 

According to symmetry analysis, this metamaterial ς and any other structure of D1 symmetry with 

symmetry axis y - has three allowed components of the second-order susceptibility: … , …  and 

… … Ȣ However, second harmonic detection through the standard single-mode fibre, that 

hosts the nonlinear metamaterial and does not maintain polarization, does not allow direct 

polarization measurements on the generated second harmonic light. In order to probe the relative 

strengths of the allowed susceptibility components, the generated second harmonic power was 

detected while driving the metamaterial with left-circularly, right-circularly and linearly polarized 

pump fields at several orientations relative to metamaterial symmetry axis. The second-order 

susceptibility tensor components were extracted by fitting the pump-polarization-dependent 

intensity of generated second harmonic signal into the relation equations between the second 

order nonlinear tensors and the intensity of generated SH signal, shown in the following: 

7.5.1 Pump field 

The incident field that drives the metamaterial is given by: 

Ὁὸ ‌ ὖ ϽὼÃÏÓ— ώÓÉÎ—Ὡ Ὡ  (7.2) 

Electric field and incident power Ppump are linked by a proportionality constant ,h ȿὉὸȿ

‌ὖ . The angle  determines the polarization ellipticity of the incident light. In case of linearly 

polarized light ( =0),  ̒ is the polarization azimuth measured relative to the x-axis. The y-

polarization ( =0, ̒ =90°) is along the symmetry axis of the metamaterial, see Figure 7.4. Left and 

right circularly polarized pump light is given by = ωπЈ and ̒ =45°. 

The observable field is given by the real part of the previous expression: 

Ὁ ὸ ὙὩὉὸ ‌ ὖ ϽὼÃÏÓ—ÃÏÓ‫ὸ ώÓÉÎ—ÃÏÓ‰ ‫ὸ (7.3) 
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Figure 7.4 Pump polarization angle relative to metamaterial 

Schematic of linearly polarized (◖=0) pump laser light of azimuth ̒ incident on the metamaterial 

with symmetry axis y. 

7.5.2 SHG intensity 

Assuming the metamaterial has D1 symmetry with symmetry axis along y, the allowed second order 

nonlinear susceptibility tensor components are: … … ȟ… ȟ… , where the first index 

indicates the second harmonic polarization, and the latter indices indicate the polarization of the 

pump wave. 

It is convenient to parametrized them as: 

… … ὥὩ …  (7.4) 

… ὦὩ …  (7.5) 

Where ὥ ●●◐●●◐◐◐, ὦ ●◐●●●◐◐◐ are real-valued and non-negative. The second harmonic 

field is then (using Equation 7.2 ŀƴŘ ŘǊƻǇǇƛƴƎ ʰ ŀƴŘ Ὡ  in the second step for simplicity): 

Ὁ ᶿ … … ὉὉ Ͻὼ … ὉὉ … ὉὉ Ͻώ

ᶿ… ὖ ϽςὥÃÏÓ—ÓÉÎ—ϽὩ Ͻὼ ὦ ÃÏÓ—Ὡ

ÓÉÎ—Ὡ Ͻώ 

 

(7.6) 

The total second harmonic power is given by the sum of the x- and y-polarized second harmonic 

powers: 

ὖ ὖ ὖ ᶿȿὉ ȿ Ὁ

 θ… ὖ Ͻτὥ ÃÏÓ— ÓÉÎ— ὦ ÃÏÓ— ÓÉÎ—

ςὦ ÃÏÓ—ÓÉÎ—ÃÏÓ• ς‰  

(7.7) 
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At this point we drop …  and write this in terms of second harmonic photon counts 

ὔ—ȟ‰ȟὖ , which correspond to the difference between the detected counts ὔ —ȟ‰ȟὖ  

ŀƴŘ ǘƘŜ ŘŜǘŜŎǘƻǊΩǎ ŘŀǊƪ-counts, ὔ  that we assume to be constant. Important special cases are 

listed in Table 7.1. 

ὔ—ȟ‰ȟὖ ὔ —ȟ‰ȟὖ ὔ

ᶿὖ

Ͻτὥ ÃÏÓ— ÓÉÎ— ÓÉÎ— ὦ ÃÏÓ—

ςὦ ÃÏÓ—ÓÉÎ—ÃÏÓ• ς‰  

(7.8) 

Table 7.2 Second harmonic photon counts for selected pump polarizations 

Pump polarization Second harmonic photon counts, ὔ—ȟ‰ȟὖ  

Circular 

=±90°, ̒ =45° 

ὖ Ͻὥ
ρ

τ

ρ

τ
ὦ

ρ

ς
ὦÃÏÓ•  

Diagonal linear 

=0°, ̒ =45° or 135° 

ὖ Ͻὥ
ρ

τ

ρ

τ
ὦ

ρ

ς
ὦÃÏÓ•  

x-polarization 

=0°, ̒ =0° 

ὖ Ͻὦ  

y-polarization 

=0°, ̒ =90° 

ὖ Ͻρ 

7.5.3 Linear and circular polarization experiments 

For linear pump polarization (=0°) at fixed pump power ὖ , the pump azimuth (—) dependence 

of second harmonic photon counts relative to the case of y-polarized pumping is given by: 

ὔ—ȟπȟὖ

ὔωπЈȟπȟὖ

ὔ —ȟπȟὖ ὔ

ὔ ωπЈȟπȟὖ ὔ

τὥ ÃÏÓ— ÓÉÎ— ÓÉÎ— ὦ ÃÏÓ— ςὦ ÃÏÓ—ÓÉÎ—ÃÏÓ•  

(7.9) 

The second harmonic photon counts as a function of the linear polarization angle ̒  of the excitation 

laser were measured at five pump wavelengths and fitted by Equation 7.9. Brute-force lookup of 

all the possible values for ὥ ὼ ὼ , ὦ ὼ ὼ , and • ÁÒÇ… ÁÒÇ…  

constrains the nonlinear susceptibility tensor components that are consistent with the experiments. 

The range of possible solutions is shown by Figure 7.5. ὼ ὼ  is well-constrained at each 
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pumping wavelength, see Figure 7.5(a,c). However, experiments with only linear pump polarization 

yield a range of solutions for ὼ ὼ  and ÃÏÓ•, shown in Figure 7.5(b).  

To break this ambiguity and fully characterize the susceptibility tensor components of our 

metamaterial, we further measured second harmonic generation with circularly and linear 

polarized excitation at 1510 nm pump wavelength, where the second harmonic generation is 

strongest. Figure 7.5d shows generated second harmonic power as a function of the azimuth of the 

linear pump polarization at 1510 nm pump wavelength. The measurements were conducted at an 

average power of 12 mW. Through fitting the generated SH signal by the circular as well as linear 

polarized pump into Equation 7.8 (see also Table 7.1), we found ὼ ὼ  =0.2, ὼ ὼ

πȢς and •=±83° at a pump wavelength of 1510 nm.  

 

Figure 7.5 /ƻƴǘǊƛōǳǘƛƻƴ ƻŦ ŜŀŎƘ ŀƭƭƻǿŜŘ ˔(2) component 

(a) Possible susceptibility ratios ὼ ὼ  as a function of possible ratios ὼ ὼ . (b) 

Possible values of cos ˒ as a function of possible ratios ὼ ὼ . (c) The dependence of 

ὼ ὼ  on the pump wavelength. (d) The generated second harmonic power as a function of 

the azimuth of the linear pump polarization at 1510 nm pump wavelength (the resonance). Dots 

indicate measurements and the blue curve shows a fit according to Equation (7.8). 

 




























