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Electromagnetic Asymmetry, Quantum Conductivity and Optical Magnetism for 

Nonlinear Plasmonics 

 
Dangyuan Lei 

Department of Materials Science and Engineering, City University of Hong Kong, Hong Kong 

E-mail: dangylei@cityu.edu.hk  

 
In general, symmetric plasmonic nanocavities, such as a pair of two closely spaced metal nanospheres of 

the same size and constituting material, support only symmetry-allowed bright modes under light 

illumination. Breaking the cavity symmetry introduces mode hybridization between its bright and dark 

modes, leading to new plasmon modes like Fano resonance and bound states in the continuum.  

 

In this talk, I will go on to discuss three “dark” aspects of symmetry-broken plasmonic nanocavities, 

including 1) light-induced electromagnetic asymmetry for enhancing the surface second-harmonic 

generation (SHG) of noble metals (Nature Communications 2021, 12, 4326), a mechanism well beyond 

conventional enhancement strategies, 2) photon-assisted tunnelling induced second-order nonlinear optics 

in conductive molecular nano-junctions (Nano Letters 2023, 23(12), 5851-5858), and 3) plasmon-induced 

optical magnetism in an asymmetric nanoparticle dimer-on-mirror cavity and its theoretical implication as 

a new second-order nonlinear source (Laser & Photonics Reviews 2020, 14(9), 200068). 

 

 
 
Figure 1: Suppressed and amplified surface second-harmonic generation in symmetric (upper panel) and 

asymmetric (middle and lower panels) plasmonic nanocavities 

 

Short Bio: 

Dangyuan LEI received his PhD degree in Physics from Imperial College London, UK. He is 

Professor of Materials Science and Engineering at The City University of Hong Kong, China, and 

Provost’s Visiting Professor of Physics at Imperial College London. His research interest centres on 

nanophotonics and low-dimensional quantum materials, with particular interest in the nanoscale 

cavity-matter interaction. 
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Super-resolution microscopy using the nonlinear behavior of fluorescent molecules 
Dept. of Applied Physics, Osaka Univ. 1, Dept. of Neurosurgery. Osaka Univ. 2,  

Kenta Temma1, 2 

E-mail: temma@ap.eng.osaka-u.ac.jp 

 
Fluorescence microscopy is an indispensable tool for observing biological samples due to its less 

invasiveness, target specificity, and single-molecule sensitivity. The development of super-resolution 

techniques such as stimulated emission depletion (STED) [1], single-molecule localization [2], and 

structured illumination microscopy (SIM) [3] have overcome the limitation in spatial resolution, 

expanding the capability for imaging with higher spatial resolution beyond the classical diffraction limit. 

However, most of the super-resolution techniques fully exhibit their resolving capability only near the 

surface of samples, due to the requirement of complex illumination patterns or single molecule detection. 

These techniques are often hampered by background light from out-of-focus or optical aberrations, 

making the observation of internal structure difficult, especially in thick samples. 

We developed several super-resolution techniques that leverage the nonlinear behavior of fluorescent 

molecules such as multiphoton [4], saturable [5], and step-wise absorption [6,7]. Nonlinear fluorescence 

signals derived from these behaviors are three-dimensionally localized within the excitation area, 

suppressing background light and improving the spatial resolution even within thick samples.  

In this talk, I will introduce our development of super-resolution techniques using reversibly photo-

switchable fluorescent proteins (RSFPs) whose capability of fluorescence emission (off and on state) 

can be modulated by light irradiation. We combined the nonlinear property of RSFPs and two-photon 

excitation to induce higher-order nonlinear response for further improvement of spatial resolution [6].   

We also utilized RSFPs to integrate two illumination patterns: selective plane illumination and 

structured illumination [7]. Localizing fluorescent regions through selective plane activation of RSFPs 

enables the use of SIM in thick samples by suppressing background light. We succeeded in observing the 

internal structure of a single cell and large cell clusters with high spatial resolution, which was a difficult task 

for conventional super-resolution microscopy. 
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1. Introduction 

The interaction of a real optical beam and a planar inter-
face results in an apparent shift of the reflected beam with 
respect to the prediction of geometric optics. The reflected 
beam could be displaced along the optical axis, called Goos-
Hänchen (GH) shift, or transverse to the optical axis, called 
Imbert-Fedorov (IF) shift [1,2]. GH shift arises from the dif-
fraction corrections in the reflection coefficients while IF 
shift originates from the spin-orbit (SOI) interaction of pho-
tons due to the conservation of total angular momentum. IF 
shifts are typically observed under circularly polarized 
source or under 45o linearly polarized source which corre-
spond to the eigenmode of the shift [3]. As such, upon exci-
tation of surface plasmon resonance under p-polarized illu-
mination, GH shifts occurs whereas no IF shift is expected. 
In our previous works [4-6] and elucidated during the 2020 
JSAP Autumn Meeting [7], we demonstrated significant en-
hancement of GH shifts at the SPR region that agree well 
with theoretical calculations. In this work, however, we 
show a large anomalous IF shift measured at the SPR angle. 
 
2. Methodology 

Modifications to the experimental system used in our 
previous works in [4-6] allowed for the simultaneous meas-
urements of GH and IF shifts around the SPR region. Thin 
film of gold (tAu = 47. 5 nm) with titanium (tTi = 2.5 nm) 
adhesion layer was used as substrate. Excitation of surface 
plasmons were made using the standard Kretschmann con-
figuration where a linearly polarized laser diode (𝜆 = 633 
nm) impinges the substrate through a hemispherical prism 
(𝜙 = 25 mm). The polarization state of the incident beam is 
switched between p and s states using an electro-optic (EO) 
modulator. Reflected beam centroid displacements were ob-
tained using a quadrant detector (QD) positioned 4.5 cm 
from the incident beam waist. 

 
3. Results and Discussion 
   Fig. 1 shows the GH and IF shifts measured around the 
SPR region. The gray line shows the location of the SPR an-
gle which was obtained from reflectivity measurements per-
formed simultaneously with beam shift measurements. The 
measured GH shift agrees well with analytical calculations 
where an angular GH shift-dominated is shown for a focused 
incident beam.  

Analytically, no IF shift should be measured since IF 
shift does not have an eigenmode at p and s polarization state. 
Our measurements, however, show otherwise where a sharp 

IF shift is measured at the SPR angle as shown in blue dots 
in Fig. 1. We surmise that the sharp IF shift arises from the 
polarization mixing from the focused incident beam and the 
finite extinction of the EO modulator, where for a focused 
incident beam, any slight deviation from the pure polariza-
tion state would result to large IF shifts. We deem our results 
essential to measurements requiring high precision espe-
cially for microscopy-based setups where high numerical ap-
erture lenses are used. 
 
3. Conclusions 
   We measured significantly large beam shifts along and 
perpendicular to the optical axis upon excitation of surface 
plasmon resonance. While the in-plane GH shift agrees well 
with analytical calculation, we measured significantly large 
anomalous IF shift at the SPR angle which we surmise to 
have originated from the polarization mixing of the focused 
incident beam. 
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Figure 1. GH (red) and IF (blue) shift of the reflected beam. 
The gray line corresponds to the location of the SPR angle. 
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1. Introduction 

Empirically measuring the Purcell factor, which 

represents the maximum enhancement to spontaneous 

emission in an optical cavity, is straightforward as the 

photoluminescence enhancement (PLE) can be determined 

directly by comparing the luminescence intensity with and 

without the cavity. However, predicting the Purcell factor 

have been proven to be tricky. In particular, the effective 

modal volume is difficult to analyze empirically, especially 

for non-Hermitian systems which includes open resonators 

and systems with dissipative materials [1]. 

Surface lattice resonances (SLR) is a hybrid 

plasmonic-photonic resonance supported on nanoparticle 

arrays that provides strong and directional PLE via Purcell 

effect and directional out-coupling. In this work, we 

analyzed the Purcell effect arising from SLR and proposed 

an analytical model that predicts the PLE only with 

parameters that can be obtained through spectral 

measurements. We also studied a wide variety of structures 

to ensure the predictive power of the model.  

 

2. Analytical Model 

In our recent work that explores the effectiveness of 

different materials used in PLE [2], we discovered that the 

nearfield enhancement of SLR in the embedded dye layer 

can be mapped to the absorptive decay rate contributed by 

dye Γabs,dye, which is a parameter that is obtained through 

spectral measurement and fitting. Through the Lorentz 

reciprocity theorem, we also learned that the nearfield 

enhancement is a predictor of PLE that is commonly used 

in numerical analysis [3]. By connecting these insights, we 

derived a new method in determining the Purcell factor of 

SLR that only uses parameters that can be obtained from 

spectral measurements. In particular, we find the 

spontaneous emission enhancement provided by the SLR to 

be described by: 

 
where ω0 is the resonant frequency, Γrad is the radiative 

decay rate of the SLR, t is the dye layer thickness, κ is the 

extinction coefficient of the dye layer, and c is the speed of 

light in vacuum. Γtot is the total decay rate and Γtot = Γrad + 

Γabs,dye + Γabs,NP, where Γabs,NP is the absorptive decay 

rate contributed by the nanoparticles.  

 

3. Results and Discussion 

In order to verify our analytical model, we numerically 

simulated SLRs on nanoparticle arrays of different 

materials and geometries with the finite-difference 

time-domain (FDTD) method. The numerically simulated 

PLE of each structure are plotted against the PLE predicted 

by our analytical model in Figure 1 for comparison. As 

illustrated in Figure 1, the data closely follows the diagonal 

line, which indicates that our model predicted the PLE in 

numerous simulated structures.  

 

 
Figure 1. The PLE predicted by the analytical model was 

plotted against the FDTD simulated PLE. 

 

We also experimentally analyzed PLE measurements 

with TiO2 nanoparticle arrays. The experimental results 

verified the predictions from our analytical model. We also 

discovered that some parameters can be generalized over 

multiple structures with similar features. This insight 

allows us to further extend the predicting power of our 

analytical model with limited information.  

 

4. Conclusions 

   In conclusion, we developed an analytical model that 

describes the Purcell effect using Lorentz reciprocity 

theorem. With our analytical model, we predicted the PLE 

mediated by SLRs on multiple structures made of a variety 

of materials in both numerical simulations and experiments. 

This study presents a useful analytical framework for 

optimizing PLE on a wide variety of plasmonics and 

nanophotonics resonators.  
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1. Introduction 

Plasmon nanofocusing is a phenomenon that generates 

strong near-field light at an apex of a metallic tapered 

structure through plasmon propagation and focusing toward 

the apex. Among its various characteristics such as back-

ground-free from incident light, one of its distinctive ad-

vantages is the broadband property. Unlike localized plas-

mon resonance of a metallic nanostructure, which is excited 

only near the plasmon resonance wavelength, plasmon 

nanofocusing is excited over an extremely broad wave-

length range as it is not based on resonance, but propaga-

tion of plasmons. As we have previously demonstrated the 

generation of white nanolight source through plasmon 

nanofocusing for optical nanoimaging [1], broadband 

plasmon nanofocusing holds a great potential for various 

nanophotonics techniques.  

In this study, we applied plasmon nanofocusing for 

broadband absorption spectroscopy. Absorption spectros-

copy has been a fundamental analytical technique for vari-

ous samples. The previous study has further demonstrated 

the highly sensitive absorption sensing based on the local-

ized surface plasmon resonance [2]. However, this reso-

nance-based approach is limited in its detection wavelength 

range, which makes it difficult to precisely analyze absorp-

tion spectral shape or to simultaneously detect multiple 

different peaks. To overcome this issue, we employed 

broadband plasmon nanofocusing, and experimentally 

demonstrated broadband absorption spectroscopy.  

Fig. 1 (a) Schematic of our method. (b) SIM image of the tapered 

metallic structure (after deposition of the protection layer). 

 

2. Results and Discussion 

  To demonstrate broadband absorption spectroscopy 

based on plasmon nanofocusing, we used the setup summa-

rized in Fig. 1a. The aluminium tapered structure was fab-

ricated by first depositing an aluminium thin film via vac-

uum evaporation and then patterning it using a focused ion 

beam (FIB). A slit structure was fabricated as a plasmon 

coupler. Subsequently, the entire tapered structure was 

covered with a PMMA thin film as a protection layer, and a 

detection hole was fabricated near the apex using FIB so 

that only the apex was exposed to detect absorption at the 

tip of the tapered structure (Fig.1b). The white supercon-

tinuum laser was shined on the plasmon coupler to excite 

plasmons. Propagating plasmons generate a white nanolight 

source at the apex, which was used for the broadband ab-

sorption spectroscopy.  

For absorption measurement, a water drop was first de-

posited on the substrate, and analytes solution was subse-

quently injected for measurements. Absorption spectra 

were calculated by comparing the scattering signals from 

the taper apex with analytes and without analytes. As 

shown in Fig. 2, we successfully acquired absorption spec-

tra of three different analytes Cy3, Cy5 and Cy7.5 simulta-

neously, which have different absorption peaks from 500 to 

800 nm over a broad wavelength range. The result was in a 

good agreement with the spectrum obtained with the con-

ventional absorption spectrometer. Also, we confirmed that 

our method has a linearity despite the limited detection 

sensitivity due to the mechanical drift of optical compo-

nents at this moment.  

Fig. 2 Absorption spectrum acquired via plasmon nanofocusing 

(solid line) and reference spectrum by conventional spectrometer 

(dashed line). 

 

3. Conclusion 

   We successfully demonstrated broadband absorption 

spectroscopy based on plasmon nanofocusing ranging from 

500 nm to 850 nm.  
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Fig. 1. Cross-sectional geometry of flat zero-thickness electron 

beam moving near M identical circular dielectric nanowires. 

 

 
Fig. 2. Color map of the DR power versus the 

frequency and the wire radius for the M = 500 

graphene-wrapped nanowire grating. 

Suppression of Modulated Electron Beam Diffraction Radiation from Finite Array of 
Circular Graphene Nanotubes due to the Lattice-Mode Effect 

 
Dariia O. Herasymova  

 

Laboratory of Micro and Nano Optics, Institute of Radio-Physics and Electronics NASU, Kharkiv 61085, Ukraine 

E-mail: dariia.heras@gmail.com 

 

 

We analyze the effect of the suppression of the 

diffraction radiation (DR) caused by the electron beam 

flowing above a finite grating made of dielectric circular 

nanowires with graphene covers – see Fig.1. The work 

focuses on the combined effect of the plasmon-mode and 

the lattice-mode resonances on DR. 

In our analysis, we assume that the zero-thickness 

electron beam density is time-harmonically modulated 

with the cyclic frequency  and its velocity is constant, 

v c= , and consider its field in the free space as the 

incident field [1-4]. To characterize the graphene, we employ the quantum-theory Kubo formalism and the 

resistive sheet boundary conditions [5]. Then, the DR problem is a full-wave two-dimensional boundary-value 

problem for the Helmholtz equation with exact boundary conditions, plus the condition of local power finiteness 

and the radiation condition at infinity. To cast this problem to the form convenient for computations, we use the 

separation of variables in local coordinates and the addition theorem for cylindrical functions that yields a block 

type (M x M) infinite-matrix equation of the Fredholm second kind. This enables precise control of numerical 

accuracy [4]. The DR power characteristics, such as the total 

scattering cross-section, are calculated. 

Fig. 2 shows the color map of the DR total scattering 

cross-section (TSCS) for the electron beam excited grating of 

M = 500 wires with the radius varying from 60 nm to 125 nm 

near the 300 THz frequency. The chemical potential of 

graphene is 1 eV, and the electron beam relative velocity is  = 

0.5. The red “ridge” on the map, visible for the wires of all 

radii, corresponds to the resonance on the dipole plasmon 

mode P1 of the graphene cover of each nanowire. The Q-factor 

of that resonance is moderate, around 53 according to equation 

(26) from [4]. Our previous works [6] have revealed that such 

a grating with the number of wires that is counted in large 

dozens and hundreds possesses an ultrahigh-Q lattice-mode 

resonance [7,8] at the frequency where period is entirely 

divisible by wavelength/. If the frequencies of the plasmon and lattice mode resonances are well separated, 

each of them yields a peak in the DR power spectrum. In the studied here case of the 2-µm period, the mentioned 

two resonance frequencies coincide. As one can observe from Fig. 2, then the collective lattice-mode effect is not 

distinguished if the wire radius is smaller than around 90 nm. However, if it gets larger, then there happens a 

suppression of the plasmon-mode resonance peak – TSCS has a deep minimum. The larger the wire radius, the 

deeper the suppression. The potential application of the studied effects is discussed. 
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1. Introduction 

Extreme scattering phenomena, such as nonreciprocity, 
and parametric amplification, in periodically time-varying 
mediums have attracted numerous attentions in recent years. 
Periodically time-varying permittivity is used as an 
additional degree of freedom in metamaterials or 
metasurfaces. Here, we investigate the Floquet Mie 
scattering properties of a spherical nanoparticle coated with 
a time-varying dispersive shell. Our result can provide 
insight into the light-matter interaction in the time-varying 
system and can also guide the antenna design based on the 
core-shell structure. 

2. General Instructions 

We consider a circularly polarized light impinges on a 
temporal modulated spherical core-shell nanoparticle. The 
spherical particle consists of a dielectric core with radius a 
and a time-varying dispersive shell with radius b. The 
electric field inside the shell can be expanded as a series of 
vector spherical harmonics (VSFs) ( )κF r , 

( ) ( ) ( ) ( ), A Sκ
κ

ω κ ω κ=∑E r F r , 

where κ  is the wavenumber, ( )Sκ ω  is the spectral part of 
the eigenmode. 

Dispersion relation inside the periodically time-varying 
dispersive material 

We consider the plasmonic materials with periodically 
modulated electron density, which can be realized via 
“shaking” the metal with pulse etc. The electron motion can 
be described by the equation of motion [1,2],  

( ) ( ) ( )
22

2
2 , ,e

r
e

qt N t t
t t m

γ ω
 ∂ ∂
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where ( ) ( )0 1 cosN t N t= + ∆ Ω . And the permittivity can be 
solved from this equation. After substituting the permittivity 
into the Maxwell’s equations, the dispersion relation takes 
this form, 
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The results 

The electromagnetic field inside the time-varying shell can 
be written as, 
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 Applying the boundary conditions, i. e., the continuity of the 
tangential component of electric and magnetic field, the 
scattered field can be solved.  

We calculate its elastic scattering cross section using the 
scattered field. As is shown in Figure 1, the elastic scattering 
cross section is strongly suppressed at the resonance 
frequency. 

 

 

 

 

 

 

Figure 1. Elastic scattering cross section of the spherical particle 
with core-shell structure. [3] Their radius is set as 100 a nm= and 

150 b nm= , the modulation strength 0 and 1∆ = , and modulation 
frequency 0.377 THzΩ = .  

3. Conclusions 

We have proposed a rigorous method to describe the 
scattering properties of the spherical particle with a time-
varying dispersive shell. We calculated the scattering cross 
section. The results may help us understand the energy 
transfer between the EM field and the time-varying medium. 
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1. Introduction 
Strongly localized and enhanced near-field light gener-

ated near plasmonic nanostructures has been widely applied 
in various fields from material science to biology. The 
near-field light is often generated by localized plasmon 
resonance of metallic nanostructures such as a gold nano-
particle and nanorod. Recently, plasmon nanofocusing has 
also attracted much attention as another method to generate 
the near-field light due to its distinctive advantages such as 
background-free from incident light [1]. The near-field 
light is generated at an apex of a plasmonic tapered struc-
ture, such as a gold cone, through plasmons propagating 
toward the apex. Considering both methods of localized 
plasmon resonance and plasmon nanofocusing, one of piv-
otal questions is “Which generates more intense near-field 
light?”, as the near-field light intensity is a fundamental and 
important property for most of optical applications.  
 
2. Results and discussion 

In this study, we numerically investigated which of lo-
calized plasmon resonance and plasmon nanofocusing gen-
erates intense near-field light. To evaluate the maximum 
near-field light intensities for both methods, we considered 
not only light field intensity but also heat generation and 
temperature in plasmonic structures. The near-field light 
intensity can be simply increased by increasing the incident 
light intensity. However, it is limited by the fact that too 
strong incident light destroys plasmonic structures as tem-
perature goes beyond the melting point. Therefore, we cal-
culated both electric field and temperature around the 
plasmonic structures using finite element method.  

Figure 1(a) shows the calculation models for the local-
ized plasmon resonance and plasmon nanofocusing. We 
chose 785 nm as the incident light wavelength. We used a 
gold nanorod and cone for the localized plasmon resonance 
and plasmon nanofocusing, respectively, as typical struc-
tures. Their geometries were optimized for the wavelength 
of 785 nm. We used a grating as a plasmon coupler for 
plasmon nanofocusing, which was located 3.75 µm far 
from the apex. Under incident light irradiation to the gold 
nanorod and the grating of the gold cone, we simulated the 
distributions of both the electric field and temperature, as 
shown in Figs. 1 (b, c). We confirmed that near-field light 
was generated for both cases. At the same time, we found 
that temperature of the structures increased due to heat 
generation. We further increased incident light intensity 

until temperature reaches the melting point of gold (1337K). 
In this situation, we found that the maximum near-field 
light intensity by plasmon resonance was 6.26 × 1013 V2/m2. 
As for plasmon nanofocusing with the gold cone, the 
maximum near-field light intensity was 11.40 × 1013 V2/m2. 
Therefore, we concluded that plasmon nanofocusing is ca-
pable of creating approximately twice stronger near-field 
light compared with localized plasmon resonance. 
 
3. Conclusions 
   In conclusion, we found that plasmon nanofocusing 
generates twice more intense near-field light compared with 
localized plasmon resonance. However, it was investigated 
only at a particular condition, which calls more extensive 
studies at various conditions in the future. In the presenta-
tion, we also discuss the case of more moderate tempera-
ture. Also, an interesting phenomenon of the near-field 
light intensity decrease with respect to the incident light 
intensity will be discussed.  
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Figure 1 Fig 1. (a) Schematics of calculation modes of 
(b) Electric field and (c) temperature distributions of 
the gold nanorod and cone. 
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1. Introduction 
When light is incident on a nanoantenna, i.e., a periodic 

array of nanoparticles, individual local resonances couple 
cooperatively and produce surface lattice resonance (SLR). 
Operating the in-plane symmetry of the nanoantenna would 
break the in-plane symmetry of the optical response of the 
SLRs, and also lead to the suppression of radiation of the 
SLRs to become bound-states in the continuum (BICs) [1]  
In this study, we prepared two samples with in-plane 

asymmetry: the first sample is the square lattice comprising 
asymmetric-shaped TiO2 nanoparticles. The second sample 
is non-Bravais lattice of Si nanoparticles array, supporting 
quasi-BIC states at normal incidence. Using these asym-
metric nanoantennas, we investigated non-centric direc-
tional photoluminescence and sensitivity to the surrounding 
refractive index. 
2. Asymmetric TiO2 nanoantenna for non-centric emis-
sion 
The asymmetric TiO2 nanoparticle arrays were fabricated 
by a glancing angle deposition of titanium on the square 
lattice of TiO2 nanoparticle array at an angle of 45° to the 
substrate, followed by rapid thermal annealing (RTA) to 
convert the deposited Ti to TiO2. The shape of the nanopar-
ticle was observed by scanning electron microscopy (SEM) 
and atomic force microscopy. In the SEM image (Fig. 1(a)), 
a shadow can be seen on the right side of each nanoparticle, 
indicating that the titanium was deposited from the left 
side.  
We measured the incident angle dependence of the extinc-

tion spectra of the poly(methyl methacrylate) 
(PMMA)-coated array on the substrate (Fig. 1(b)) and the 
emission angle dependence of the PL enhancement of the 
PMMA-coated array containing a fluorescent dye (Fig. 
1(c)) along the x-axis. In the extinction spectra, two disper-
sive features are found along the (±1,0) diffraction orders. 
Their intensities are very different because of the asymmet-
ric shape of the nanoparticles. The PL enhancement map (in 
Fig. 1(c) follows this asymmetric intensity. These results 
show that the simple glancing angle deposition makes the 
asymmetric nanoparticle arrays to shift the center of the 
luminescence intensity distribution. 
3. Doubly-detuned Si nanoantenna for sensing 
We broke the in-symmetry by detuning the size and posi-
tion of silicon particles periodically arranged in an array, 
resulting in magnetic and electric quasi-BICs at gamma 
point. We investigated the sensing characteristics of them 
by measuring the spectral shift in response to changes in 
the refractive index of the surrounding medium[2]. In addi-

tion, we revealed the sensing range of the different reso-
nances through simulations involving a layer of deviating 
refractive index of increasing thickness. Interestingly, the 
resonances show very different responses, which we de-
scribe via the analysis of the near-field. This work contrib-
utes to the development of highly sensitive and selective 
BIC-based sensors that can be used for a wide range of ap-
plications. 
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Fig.1(a) SEM image of asymmetric TiO2 nanoparticle ar-
rays prepared with glancing angle deposition. Angular de-
pendent (b) extinction and (c) photoluminescence en-
hancement (PLE) spectra of the asymmetric TiO2 nanopar-
ticles arrays. The dotted lines in (b) denote (±1,0) diffrac-
tion orders. PLE was defined as the PL intensity from the 
luminous layer on the array divided by that from the same 
layer but on a flat substrate. 
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