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Thesis Abstract 

  In the past few decades, the optical properties of localized surface plasmon 

resonances (LSPRs) that occur on metallic nanoparticles (NPs) have attracted more and 

more research interests due to the wide applications in many fields. The LSPRs lead to 

intense light scattering and absorption around the plasmon resonant wavelength in the 

far field and local field enhancement in the near field. Recent advances in synthesis and 

nanofabrication techniques allow for the fabrication of metallic NPs with nanometric 

accuracy and complex shapes. The complex plasmonic NPs that resemble NPs with 

small gap distance can be fabricated. Complex plasmonic NPs can induce plasmon 

coupling that may result in greater local field enhancement; they also exhibit some 

striking properties such as plasmon hybridization, Fano resonance, and 

electromagnetically induced transparency. So far, optical properties of the complex 

coupled plasmonic NPs have been characterized mainly by far-field spectroscopy and 

numerical simulations. Spectral response and field distribution of the coupled plasmonic 

NPs remain largely unexplored experimentally. This thesis aims at the investigation of 

near-field spectral property and near-field mapping of the coupled plasmonic NPs using 

photoemission electron microscopy (PEEM).  

  First I described the development of multiphoton PEEM in probing the near field of 

the plasmonic NPs. I elucidated how PEEM can be applied to obtain the near-field 

mapping and the near-field spectra using simple gold (Au) nanoblock structures as an 

example. I obtained the near-field mapping of the Au nanoblock structures with high 

spatial resolution. The near-field spectra were obtained by excitation wavelength 

dependent PEEM measurements. Selective excitation of dipole and quadrupole plasmon 

modes was demonstrated by manipulating the polarizations of the oblique incidence 

light. Additionally, the dynamics of the LSPRs was investigated by time-resolved 

PEEM using an interferometric pump-probe technique. In particular, it was 
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demonstrated that the quadrupole mode has longer dephasing time than the dipole mode. 

(Chapter 2) 

  I further apply PEEM in more complex coupled plasmonic nanostructures. I selected 

Au dolmen nanostructures, which have been investigated by several groups as a typical 

coupled plasmonic system. The spectral property of dolmen structures was previously 

explained by the Fano resonance as the result of interference between a spectral wide 

bright dipole plasmon mode and a narrow dark quadrupole mode. However, in this study, 

I clarified that the spectral response of dolmen structures is primarily attributable to the 

bonding and anti-bonding plasmon modes resulted from plasmon hybridization. This 

attribution was supported by near-field spectra measured by PEEM. I obtained the 

spatially resolved near-field spectral response of dolmen structures and observed that 

the maximum near-field enhancement is dominated by the bonding and anti-bonding 

modes. Distinct near-field intensity distribution can be found for different plasmon 

modes. Based on these results, I further discuss the crossover between plasmon 

hybridization and Fano resonance in coupled plasmonic nanostructures. (Chapter 3) 

  The pitch size of a regular two-dimensional array of metallic nanoparticles plays an 

important role in the plasmonic properties of the array due to the far-field plasmon 

coupling between nanoparticles. In particular, when the pitch size is comparable to the 

plasmon resonant wavelength, the grating effect can alter the resonant wavelength and 

the dephasing time of plasmon resonance. I also examined the effect of the far-field 

coupling and especially the grating effect on complex Au dolmen structures from the 

view point of near-field response measured by PEEM. The results demonstrated that the 

two hybridized plasmon modes on Au dolmen structures could be modified by the 

grating effect. For comparison, the grating effects in arrays of simple Au nanoblock 

structures and complex heptamer structures which support a strong bright plasmon 

mode and a dark plasmon mode, respectively, have also been investigated. The spectral 

response of the two hybridized plasmon modes on the dolmen structures as the pitch 

size changed evolved in a manner similar to that of the bright dipole mode on the 
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nanoblock structures could be observed, whereas the dark mode on the heptamer 

structures is less sensitive to the pitch size. (Chapter 4) 

  Herein, the near-field properties on different kinds of Au plasmonic nanostructures 

have been investigated by using PEEM. Near-field mapping in nanometer resolution 

and near-field spectral properties of various plasmonic NPs were measured. The results 

revealed that the dipole mode, quadrupole mode, and even plasmon coupling mode 

could by measured by PEEM. Otherwise, the different plasmon modes have been 

demonstrated that they have different sensitivity to the far-field coupling and grating 

effect. Furthermore, the results demonstrated that the near-field spectrum can be used to 

distinguish the crossover between plasmon hybridization and Fano resonance. The 

investigations deepen our understanding of the LSPRs on plasmonic nanostructures and 

will help for optimizing the design of the structures and developing plasmon-based 

applications. The work present in this thesis further demonstrates the great potential of 

PEEM as a promising technique for plasmonics. 

Keywords: localized surface plasmon resonance, near-field imaging, plasmon 

hybridization, Fano resonance, photoemission electron microscopy, femtosecond laser 

pulses. 
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Chapter 1 

Introduction 

1.1 Background and motivation 

Localized surface plasmon resonances (LSPRs) that occur on metallic nanoparticles 

(NPs) are collective oscillations of the conduction electrons which are confined to the 

surfaces of the metallic NPs. Under the light excitation with the resonant wavelength, 

metallic NPs exhibit intense light absorption and scattering in the far field, and local 

field enhancement in the near field due to the LSPRs. The optical properties of LSPRs 

have been the subject of intense study for the past few decades, since it have potential 

wide applications in various fields, including sensing,1-3 imaging,1, 4 lasing,5 energy 

harvesting,6-8 surface-enhanced Raman scattering,9, 10 plasmon-assisted photochemical 

reactions,11-13 photocurrent generation,14, 15 and artificial photosynthesis.16-18 

Recent advances in synthesis and nanofabrication techniques allow for the 

preparation of metallic NPs by several methods such as chemical synthesis,19-21 electron 

beam lithography (EBL) together with metal deposition and lift-off process,22-24 and 

Focused ion beam (FIB) milling.25 For some practical applications, the metallic NPs 

arranged in two-dimensional (2D) arrays are of particular interest, and they can be 

easily fabricated by the EBL method with nanometer precision and complex shape. 

Complex metallic NPs can induce plasmon coupling exhibiting some striking properties 

such as plasmon hybridization,19, 26 Fano resonance,27-34 electromagnetically induced 

transparency (EIT),35 and plasmonic waveguiding.36, 37  

To date, the investigations of the optical properties of LSPRs have largely relied on 

far-field spectroscopic measurements or numerical simulations. However, to further 

understand the physical mechanism of the LSPRs and to optimize the design of the 

plasmonic nanostructures for the applications, the near-field properties of the LSPRs are 
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very essential. For example, for most LSPR based applications, the local field 

enhancement effect is very important. The local field enhancement sites are usually 

referred to the plasmonic hot spots, which are considered as the active sites for plasmon 

enhanced photochemical reactions and nonlinear optical process. The near-field spectra 

and the spatial distribution of the plasmonic hot spots are highly desired. So far, several 

experimental approaches have been utilized to visualize the near field, scanning 

near-field optical microscopy (SNOM),38 electron energy loss spectroscopy (EELS), 

Cathodoluminescence (CL),39-41 and some indirect methods such as plasmon-assisted 

nonlinear photopolymerization and the near-field ablation.42-47 The recent development 

of multiphoton photoemission electron microscopy (MP-PEEM) using femtosecond 

laser pulses as the excitation light source has become another powerful approach for 

pinpointing the near field of LSPRs with spatial and temporal resolutions.48-60 

The motivation of this thesis is to employ PEEM in probing the near-field properties 

of the complex coupled metallic NPs in order to better understand the plasmon coupling 

in them. In particular, this thesis aims at determining the spatial distribution of the 

plasmonic hot spots of different modes and near-field spectral properties. It is expected 

to reveal the mechanism of the plasmon coupling in the coupled plasmonic systems and 

help to develop the plasmonic nanodevices. 

 

1.2 Surface plasmon resonances 

Surface plasmon resonances (SPRs) are coherent electron oscillations confined to the 

surfaces of conductive materials, and they are well known to play a key role in wide 

divisions of science, ranging from physics, chemistry and material science to biology. 

Although the existence of SPRs was first predicted and termed in 1957 by Ritchie,61 the 

first observation of SPRs can date back to 1902, when Wood’s Anomalies was found in 

the diffraction light from a metallic grating.62 In general, SPRs can be classified into 

surface plasmon polaritons (SPPs) confined at the interface between metals and 
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dielectric materials and localized surface plasmon resonances supported on metallic 

nanoparticles, as skeptically shown in Figure 1.1. 

 

Figure 1.1 The sketch map of surface plasmon polaritons (SPPs) (a) and localized 
surface plasmon resonances (LSPRs) (b).63, 64 

SPPs are a type of surface wave, propagated along the interface in similar way as 

light can be guided by an optical fiber. Perpendicular to the interface, the SPPs decay 

very fast thus they have subwavelength-scale confinement, and they can propagate 

along the interface for a certain distance until their energy are lost due to either the 

absorption in the metal or the scattering into far field. Typically, SPPs cannot be excited 

on the metal surface directly by the light excitation because of the wavevector mismatch 

between SPPs and light. However, coupling of light into SPPs can be achieved using a 

coupling medium such as a prism or grating.65-70 

LSPRs are collective electron oscillations in metallic NPs that can be easily excited 

by light. In 1904, a model has been developed to describe the colors of metal doped 

glasses based on the Drude theory of metals.71 This color change in metal doped glasses 

rely on the far-field properties of LSPRs, that is, LSPRs can enable intense light 

absorption or scattering at resonance wavelength. The resonance frequency and 

amplitude of LSPR on metallic nanostructures are known to depend on the metal 

materials, shapes, and surrounding media.1, 11, 23, 72 For typical gold (Au) or silver (Ag) 

NPs, the LSPRs usually occur in visible and near infrared wavelength region. In the 

near field, the LSPRs can confine optical fields in nanoscale space, leading to the 
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so-called local field enhancement effect. These unique properties promote the 

application of LSPRs in many fields, such as surface-enhanced Raman scattering 

(SERS),9, 10 sensing,1-3  plasmon-based nonlinear optics process,9, 10, 73-76 

photochemical reactions, 11-13 artificial photosynthesis,16-18 and photocurrent 

generation.14, 15 

 

Figure 1.2 Schematic representation of radiative (left) and nonradiative (right) decay of 
particle plasmons in noble metallic nanostructures.77 

The LSPR field is highly localized in the spatial domain, and only can last for a 

certain time in the temporal domain due to the dephasing effect. The dephasing of 

LSPRs mainly result from the radiative damping that is the scattering loss and the 

nonradiative decay, which occurs via excitation of electron-hole pairs either by 

intraband excitation or interband excitation as exploited in Figure 1.2.77 In most case, 

the longer dephasing time is beneficial for plasmonic-based applications. So far, the 

dephasing time can be estimated from the bandwidth of the far-field spectra or directly 

measured in temporal domain by pump-probe techniques.51, 78 For Au and Ag NPs the 

dephasing time is only several femtoseconds.  

 

1.3 Plasmon coupling of localized surface plasmon resonances 

When the metallic NPs arranged in two-dimensional (2D) array or a NP consists of 

two or more NP parts with small distances, the optical properties can be different from 

those of individual NPs. The optical properties can be influenced by the pitch size or the 
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gap distance between the NPs. Two types of the interaction between nearby NPs can be 

distinguished. One is the short range interaction which namely near-field coupling and 

another one is the long range interaction which namely far-field coupling. The optical 

properties can be influenced by the inter-particle distance, d, it include the gap distance 

in a single NP. When d is much smaller than the NP size, the interaction between 

adjacent NPs based on the short range of the electromagnetic field within several tens of 

nanometers leads the near-field coupling with d-3 dependence dominates. When d is 

larger enough comparable to the NP size and the LSPR wavelengths, the interaction of 

long range dipole-dipole interaction in the scattered light field leads the far-field 

coupling with d-1 dominates. Thus, the near-field coupling and far-field coupling can be 

switched by changing the pitch size of the 2D NP array. 

 

1.3.1 Near-field coupling 

 
Figure 1.3 Investigation of LSPRs on coupled Au dimer structures via two-photon 
polymerization of the photoresist surrounding the nanoparticles. (a) SEM image of an 
Au dimer structure with the gap distance is 5.6 nm. (b) SEM image of an Au dimer after 
0.01 s exposure to the laser beam under vertical polarized laser irradiation. (c) SEM 
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image of an Au dimer after 100 s exposure under horizontal polarized laser irradiation. 
(d) and (e) calculated near-field patterns at selected planes under vertical and horizontal 
polarization, respectively. The photopolymerized region resulting after the exposure 
shown in (b) indicate a strong near-field enhancement occurs at the gap position, since 
the small gap leads a strong near-field coupling of the two nanoblocks under the vertical 
polarization excitation.79 

When two metallic NPs close to each other within several tens of nanometers 

(smaller than the particle size), dramatic near-field coupling may occur. The 

electromagnetic field of one particle may interact with the electromagnetic field of 

nearby particle lead to a large enhancement of the LSPRs. Such near-field enhancement 

may modify the LSPR properties; result in the red shift of plasmon wavelength or 

generating some striking properties. Figure 1.3 shows the investigation results of LSPRs 

on coupled Au dimer structures via two-photon polymerization of the photoresist 

surrounding the nanoparticles. The dimer structure consists with two nanoblock parts 

with small gap distance as shown in Figure 1.3 (a). Here, the gap between the two 

nanoblocks is very small, only 5.6 nm. After exposure by laser excitation under vertical 

polarized excitation (along the long axis of the dimer structure), the photopolymer left at 

the gap position of dimer as shown in Figure 1.3 (b). It indicates that the gap position 

has stronger near-field enhancement under vertical polarized excitation. Since the small 

gap leads to a very strong near-filed coupling between the two nanoblocks under the 

vertical polarized excitation, results in the strong near-field enhancement at the gap 

position. The huge near-field enhancement located at the gap position under vertical 

polarized excitation with a local enhancement factor of up to 6.3x103 can be obtained 

from the FDTD simulation as shown in Figure 1.3 (d). Such kind of strong local 

enhancement supported by near-field coupling on coupled plasmonic system can be 

applied to wide applications. In addition, due to the near-field coupling, some specific 

plasmon mode can also be induced. 
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1.3.2 Far-field coupling 

Far-field coupling occurs at the large pitch size which comparable to the NP size and 

LSPR wavelength. It is long range interaction between the dipole-dipole interaction in 

the scattered field in nanoparticle arrays. Meier, Wokaunm and Liao have theoretically 

studied of such phenomena.81 They also found that for a 2D square grating of metal NP, 

particularly strong dipole interaction arises when the light fields change from 

evanescent to radiative in character in some particular grating order which called the 

grating effect.81 The grating effect is a specific kind of far-field coupling. For 2D square 

grating of metallic NPs, there is a critical pitch size, dc, it decided a new diffractive 

radiation order emerges for a given wavelength, The grating constant dc can be 

calculated from the following equation: 

=  ( + )⁄ 

where m is an integer defining the grating order, is the given wavelength (in 

plasmonic system, it can be the plasmon oscillation wavelength),is the light incident 

angle in the medium of refractive index n1, n2 is the refractive index of the array 

substrate or free space. 

 

Figure 1.4 Extinction spectra for square 2D grating of Au nanodisks with different pitch 
sizes.78 

Lamprecht et al. have investigated the far-field coupling and grating effect on Au 
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nanodisks arranged in 2D patterns with different pitch sizes.78 They found that the 

plasmon resonant wavelength evolves with the pitch size as shown in Figure 1.4. The 

plasmon peaks red shift first, then slightly blue shifts, at last red shifts again as 

increasing the pitch size. Furthermore, they found the extinction spectra show different 

bandwidths as varying the pitch sizes.78 The results experimentally demonstrated that 

the pitch size of the 2D metallic nanoparticles array could influence the plasmon 

resonance as well as the plasmon damping dramatically. 

 

Figure 1.5 Investigation of the far-field coupling and grating effect on Au nanorod array. 
SEM image of Au nanorod array (left). Optical far-field extinction spectra of Au 
nanorod arrays with different pitch sizes.82 

Another research by Felidj et al. investigated the far-field coupling and grating effect 

on Au nanorod structures.82 They settled the pitch size in Y direction and changed the 

pitch size in X direction as can be seen in Figure 1.5. The far-field extinction spectra 

show that for Au nanorod structures the grating effect also influence the plasmon 

resonant wavelengths and broaden the plasmon peak as the pitch size close to the 

specific grating constant. Furthermore, new peaks can also be observed when the pitch 

size close to the specific grating constant. This is due to the interaction between the 

LSPR and the grating effects.  

The two investigations mentioned above demonstrated that the far-field coupling and 

grating effects play a very important role in 2D metallic nanostructures since the 

plasmon resonance and plasmon damping can be dramatically modified by the pitch 
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sizes. Furthermore, due to the grating effects, not only the wavelength and bandwidth of 

the LSPRs can be modified, and sometimes even new modes can emerge when the pitch 

size is changed. To make a better design of the 2D metallic nanostructures and optimize 

the wavelength and bandwidth of LSPRs, it is very important to make a further 

investigation of the far-field coupling and grating effects. 

1.4 Plasmon hybridization and Fano resonances on coupled plasmonic 

nanostructures  

1.4.1 Plasmon hybridization 

The model of “Plasmon hybridization” was firstly presented by Prodan et al. in 

2003.19 Plasmon hybridization means the strong interaction between two plasmonic 

building blocks gives rise to hybridization of their constituent plasmonic modes, in 

analogy to bonding and anti-bonding combinations in the molecular orbital theory in 

chemistry. They used metallic nanoshell structures combined from a nano sphere and 

cavity to understand the plasmon hybridization model.19 Figure 1.6 shows an 

energy-level diagram describing the plasmon hybridization in metal nanoshells. The 

sphere and cavity plasmons are electromagnetic excitations that induce surface charges 

at the inner and outer interfaces. The plasmons of sphere and cavity interact with each 

other and the strong interaction results in the splitting of the plasmon resonances into 

two new plasmon resonances. One is the lower energy symmetric or bonding plasmon 

mode and another one is the higher energy antisymmetric or anti-bonding plasmon 

mode as shown in Figure 1.6. The original plasmon modes of sphere and cavity 

interacted with each other and hybridized into two new plasmon modes of plasmon 

hybridized bonding mode and plasmon hybridized anti-bonding mode. Using the model 

investigated above, the principle model of the plasmon hybridization can be described. 
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Figure 1.6 An energy-level diagram describing the plasmon hybridization in metal 
nanoshells resulting from the interaction between the sphere and cavity plasmons. The 
two nanoshell plasmons are an antisymmetrically coupled (anti-bonding) plasmon mode 
and a symmetrically coupled (bonding) plasmon mode.19 

The plasmon hybridization model can be used to understand the plasmon response 

of more complex metallic NPs of “nano-matryushka” structures as shown in Figure 1.7 

(a). The original far-field plasmon peaks of inner shell and outer shell can be observed 

from the spectra in line (1) and line (2), respectively, as shown in Figure 1.7 (b) and 

marked by short black lines. The interaction between the inner shell and outer shell of 

“nano-matryushka” structures also result in generating two new plasmon hybridized 

modes as shown in line (3) of Figure 1.7 (b) and the peaks are marked by short black 

lines. In “nano-matryushka” structures, the plasmon hybridization result in the 

hybridized anti-bonding mode and hybridized bonding mode that can be observed in the 

far field spectrum at lower energy and higher energy, respectively.  
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Figure 1.7 (a) Diagrams depicting the concentric nanoshell (nano-matryushka) 
geometry. (b) Experimental (blue) and theoretical (red) extinction spectra for concentric 
nanoshells (3) compared to the inner shell (1) and outer shell (2).19 

In a coupled plasmonic nanostructure system which exhibit plasmon hybridization, 

normally the anti-bonding mode and bonding mode dominate and these two modes can 

be observed in far-field spectrum.83-85 Otherwise, in much more complex plasmonic 

nanostructures systems, the strong interaction between higher-order plasmon modes 

may result in more hybridized energy states. 

 

1.4.2 Fano resonances 

In 1935, Ugo Fano experimentally discovered a new type of resonance with a 

distinctly asymmetric spectral shape in the absorption profile of noble gases,86 and he 

gave theoretically description of such phenomena in quantum autoionizing states of 

atoms in 1961.87 He described that such phenomena was resulted from the interference 

between a broad continuum state with a narrow discrete state, where constructive and 

destructive interferences take place at the similar energy state, and results in the 

asymmetric spectral shape.87 Now such phenomena bear his name which called Fano 

resonances. Recent investigations of Fano resonances demonstrated that the Fano 

resonance can be applied to explain a huge number of phenomena in various systems 

such as the energy-dependent line profile of absorption in molecular systems,88, 89 

quantum dots and tunnel junctions,90-92 the asymmetric distribution of the density in 

Anderson impurity systems,93 bilayer graphene nanostructures,94, 95 the interaction of 
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narrow Bragg resonances with broad Mie bands in photonic crystals,96, 97 the 

transmission and reflection properties of photonic-crystal slabs,98-105 and terahertz 

metamaterials.34, 106-113 

The Fano resonances in plasmonic nanostructures have been the active subject over 

the past few years, since it is easy to generate the coherent effects.113-122 It has gained a 

lot of applications by the nanoscale classical oscillator systems including diffraction 

grating and hole or particle arrays.10, 25, 30, 35, 39, 80, 123-142 The Fano resonances supported 

by the metallic NPs arise from the interference between a spectral wide bright plasmon 

mode (superradiant) and a narrow dark plasmon mode (subradiant). In normal, the 

spectral wide bright plasmon mode corresponds to the dipole plasmon mode and the 

narrow dark plasmon mode corresponds to the higher-order plasmon mode such as the 

quadrupole mode. Large effort has been put on the design and characterization of 

plasmonic nanostructures exhibiting Fano resonances.129, 143 In previous investigation, 

the plasmonic Fano resonance has been investigated both theoretically and 

experimentally for various structures such as split rings,22 sliced disks,144 dolmen 

structures,39, 80, 142 heptamer structures,31, 40, 145, 146 and so on. 

Verellen et al. have investigated the Au dolmen structures consists of a planar 

nanorod monomer and a planar nanorod dimer as shown in Figure 1.8 (d).80 They 

concluded that the far-field line-shape in extinction spectrum under the specific 

polarized light excitation (i.e. where the electric field vector is perpendicular to the 

symmetry axis of the dolmen structure) is attributed to the Fano resonance. Figure 1.8 (a) 

shows the far-field extinction spectra of plasmonic Au dolmen structures both in 

horizontally polarized incidence light (red) and vertically polarized incidence light 

(blue). Under the horizontal polarized incidence light excitation, the dipole plasmon 

mode of the entire structure can be excited (Figure 1.8 (e) shows the charge distribution), 

results in the broad dipole plasmon band. However, under the vertical excitation light, 

two peaks and a dip can be observed. They explained such phenomena resulted from the 

interference between the bright dipole plasmon mode in monomer with the dark 
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quadrupole plasmon mode in dimer (Figure 1.8 (f) shows the charge distribution of dip 

wavelength excitation). The destructive interference between the two plasmon modes 

leads to the Fano resonance and results in the two peaks and a dip (Fano dip) in the 

far-field extinction spectrum. Here the bright continuum mode is supported by the 

dipole mode in monomer, and the dark mode is supported by the quadrupole mode in 

dimer. Normally, this quadrupole mode is a forbidden mode and it cannot be excited. 

However, when the monomer part close to the dimer part, the dipole plasmon mode in 

monomer may induce the quadrupole mode in dimer part, thus make it is possible to 

interference with the dipole mode in monomer. The numerical simulation results shown 

in Figure 1.8 (b) reproduce well with the experimental results.  

 
Figure 1.8 Fano resonance of an individual dolmen structures (d). (a, b) Experimentally 
and numerically obtained far-field extinction spectra, respectively, with horizontal (red) 
and vertical (blue) polarizations. (c) The evolution of the experimentally measured 
extinction as the polarization direction is changed. (e, f) Calculated surface charge 
distributions of the dipole mode and the Fano extinction dip.80 

Another family of nanostructures that can exhibit sharp Fano resonances is the 
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plasmonic cluster structures. As an example, Figure 1.9 shows the investigation of the 

Fano resonances in plasmonic heptamer structure investigated by Lassiter et al.31 The 

heptamer structure consists with seven nanodisks and they were arranged with small 

gaps as shown in Figure 1.9 (a). Figure 1.9 (b) and (c) shows the experimental and 

simulated far-field scattering spectra, respectively, in which two peaks and a dip can be 

observed. They attributed these phenomena to Fano resonance. The small gaps between 

each circle part lead the plasmon hybridization of the entire structures resulting in 

hybridized bonding plasmon mode (the charge in each circle parts are all in phase ) and 

hybridized anti-bonding plasmon mode (the charge in outer six circle parts are in phase 

and the charge in the inner circle part is out-off phase). The interference between the 

superradiant plasmon mode (bonding mode) and the subradiant plasmon mode 

(anti-bonding mode) leads to the Fano resonance. Figure 1.10 shows the field vector 

distributions for shorter-wavelength peak (a), dip (b), and longer-wavelength peak (c). 

Under dip wavelength excitation, the field vector distribution shows an anti-phase 

distribution between the inner particle and the outer particles. Under the two peak 

wavelength excitations, the field vector distributions show the same in phase 

distribution of the seven particles that indicate such phenomenon arises due to the 

destructive interference between the superradiant and subradiant plasmon modes.31, 146 

 
Figure 1.9 Investigation of Fano resonance in heptamer structures. (a) The SEM images 
of heptamer structure. (b) The experimentally obtained dark-field scattering spectrum, 
obtained with unpolarized light. (c) FDTD calculations of the dark-field spectral 
response of the same structure.31 
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Figure 1.10 Simulated field vector distributions of plasmonic heptamer structures under 
three characterized wavelengths. (a, c) Field vector distributions for shorter-wavelength 
peak and longer-wavelength peak, respectively. (c) Field vector distribution for dip.146 

The far-field extinction and scattering spectra supported by plasmon hybridization 

and Fano resonance described above show the similar line-shape which exhibits two 

distinct peaks and a dip between the two peaks. In this case, it is very difficult to 

distinguish the plasmon hybridization or Fano resonance only from far-field extinction 

or scattering spectra. Such mix of the plasmon hybridization and Fano resonance is like 

recent investigation of crossover between the EIT phenomena and Rabi splitting in a 

plasmon molecular-coupled system; a theoretical effort was used to distinguish EIT and 

Rabi splitting via excitation spectra that reflect molecular absorption spectra.147 The 

excitation spectra can be regarded as the optical response reveals the near-field 

properties. And they demonstrated that the excitation spectra can be used to distinguish 

the EIT and Rabi splitting. 

Considering even the plasmon hybridization and Fano resonance have similar 

far-field line-shape, however in near field, they may different. Since for plasmon 

hybridization the two original energy states hybridized into two new energy states, in 

near field, the near-field enhancement of these two new modes should be obtained. 

However, in a Fano resonance system the dark plasmon mode should have much 

stronger near-field enhancement, thus in near field, such dark plasmon mode should 

dominate. Herein, it is deduced that the near-field properties can be used to distinguish 

the plasmon hybridization and Fano resonance. 
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1.5 Near field probing techniques 

 
Figure 1.11 The diagram of experimental technique for near field probing. The left part 
schematically arranged according to incident/emitted particles. The right part shows the 
simplified depiction of the relevant process and the observed quantity.148 

Nowadays mainly four types of the near-field probing techniques can be divided 

based on the excitation and detection ways; they are the photon-in photon-out 

(photon-photon) methods, photon-in electron-out (photon-electron) method, electron-in 

photon-out (electron-photon) methods, and electron-in electron-out (electron-electron) 

method as shown in the left part of Figure 1.11.148 For the photon-in photon-out 

(photon-photon) method, the photon scanning tunneling microscopy (PSTM), two 

photon luminescence (TPL), 2nd harmonic generation (SHG), scanning near field 

optical microscopy (SNOM) can all access to the near field and reveal the near-field 

properties. For the photon-in electron-out (photon-electron) method, the photoemission 

electron microscopy (PEEM) have rapidly developing into a powerful approach to study 

the near field of LSPR in both space and time. Electron energy-loss spectroscopy (EELS) 

is invented based on the electron-in electron-out (electron-electron) method. It can 

reveal the quantum of energy loss which is the spectroscopic signature of an eigenmode 

being excited. And Cathodoluminescence (CL) based on the electron-in photon-out 

(electron-photon) method can observe the energy transfer from incident electrons to the 



17 
 

plasmonic system through the subsequently emitted photons. These techniques have 

their own advantages and disadvantages; however, they all play very important roles in 

the investigation on the near field. 

 

1.5.1 Scanning near-field optical microscopy (SNOM) 

In normal, scanning near-field optical microscopy (SNOM) is one kind of 

microscope which breaks the far-field resolution limit through the usage of the 

evanescent waves from the sample. The signals from the sample are detected by 

aperture probes which place very close to the sample surface. The probes normally are 

the metal-coated optical glass fiber tapers or hollowed silicon atomic force microscope 

pyramidal tips as shown in Figure 1.12 (a). When the optical excitation (or the detection) 

passing through the aperture, the excitation (or detection) can be qualified as near field 

while the detection (or the excitation) is performed in far field. According to this, 

different configurations in near field and far field excitation and detection can be used 

as shown in Figure 1.12 (a). The near-field information can be converted into the far 

filed signal and can be measured by the SNOM. In a SNOM system, lots of kinds of 

optical signals can be measured such as fluorescence, luminescence, light scattered, 

second or third harmonic generation, and so on. By integrating and analyzing, the 

specific information of the sample can be measured, especially in the scattering 

response, local field distribution, and phase information. A lot of the studies on the near 

field properties of LSPR on metallic nanoparticles have been investigated by SNOM.38, 

149-158 

To further improve the spatial resolution, apertureless SNOM (aSNOM) using a 

metallic or metallized tip was established as shown in Figure 1.12 (b). Different 

configurations of optical excitation and collection were developed to control the 

input/output polarization, the optical collection, the incidence angle, and the 

transparency of the sample and substrate. Figure 1.12 (b) shows the side illumination 
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and collection configuration and the bottom illumination and/or collection configuration. 

The bottom illumination has much higher optical collection than side illumination, but it 

requires a transparent substrate. The small apex radius of the tip determines the higher 

spatial resolution of SNOM,159 and aSNOM can be used to investigate the individual 

plasmon nanostructures.153, 160-166 

 

Figure 1.12 (a) SNOM using optical fiber detector. (b) aSNOM using metallic tips 
detector.167 

Figure 1.13 shows the investigations of the near field properties on simple 

nanostructures. The near-field amplitude (near field intensity) distributions under the 

light excitation can be clearly observed for nanorod, nanocircle, and nanotriangle. 

Furthermore, not only the amplitude distributions but also the phase information can be 

obtained by SNOM. The phase information can help us to clarify the charge distribution 

for each plasmon mode on different nanostructures. Under the horizontal polarized 

excitation, the dipole plasmon mode on the three kinds of nanostructures can be clearly 

identified and were confirmed by the phase information. The experimental results 

obtained by SNOM can be reproduced well with the numerical calculation results.168 
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Figure 1.13 Near-field imaging for different kinds of nanostructures by SNOM. The 
topography (left), experimental results for amplitude and phase (middle), and numerical 
calculation for amplitude and phase (right) were compared.168  

Alonso-Gonzalez et al. investigated the Fano resonance in Au dolmen-like 

plasmonic nanostructures by SNOM with Si tip as shown in Figure 1.14 (a).38 Figure 

1.14 (b) shows the calculated reflection spectra of the dolmen-like structures under the 

horizontal polarization (red) and vertical polarization (blue). The results are similar with 

investigation described in the part of introduction of Fano resonance. Under vertical 

polarization excitation, the dipole plasmon mode for the entire structure has been 

excited. One main broad peak can be observed in the reflection spectra. The 

redistribution of the near-field shows the dipole plasmon mode for each nanorod as 

shown in Figure 1.14 (c). Under the horizontal polarization, the modes evolved as the 

excitation wavelength changing. Such redistribution in near field can also be resolved 

through the near-field mapping by SNOM as shown in Figure 1.14 (d). The results show 

dramatic redistributions of the electric field intensity and phase information for the 

structures at around the Fano wavelengths. A dark quadrupole mode was revealed at the 

dip wavelength excitation. With the help of SNOM, the information of near field 

distributions (electric field intensity and phase) can be directly revealed to us; in 

previous such information can be only obtained from the simulation and calculation. 
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The two investigations described here demonstrated that not only simple but also 

complex plasmonic nanostructures which exhibit dark plasmon and abundant near-field 

properties can be investigated by SNOM. 

Figure 1.14 Real-space mapping of Fano interference in asymmetric dolmen-like 
structures. (a) Experimental setup of near-field imaging. (b) Calculated reflection 
spectrum for horizontal (blue) and vertical (red) polarization. (c) Experimental (up) and 
calculated (down) Ez under horizontal polarization. (d) Experimental (up) and calculated 
(down) Ez under vertical polarization.38 

SNOM is a very powerful tool to investigate the near-field properties of the LSPRs 

supported by metallic nanoparticles. It has high spatial resolution compared with the 

traditional optical microscope. However, it still has the spatial limitation since it limited 

by the principle of the SNOM. The spatial resolution of SNOM is normally at the level 

of several tens of nanometer. Few reports introduced the spatial resolution of SNOM 

can reach less than 10 nm. For disadvantages, it is complex for analyzing of the optical 

near-field image due to the tip-sample interaction. Furthermore, the detectors of fiber or 

metallic tip are very close to the sample which guarantees the spatial resolution. 
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However, the very close detectors may influence the original optical properties of 

LSPRs. 

 

1.5.2 Cathodoluminescence (CL) and electron energy-loss spectroscopy (EELS) 

Cathodoluminescence (CL) is based on the inverse of the photoelectric effect. When 

a sample is illuminated by an electron beam, light can emit from the excitation of the 

electron beam. The photons normally emitted from the inter-band transitions between 

the bottom of conduction band and the valence-band maximum. It reflects the properties 

of the sample not the information of the element. In metallic nanostructures system, the 

electron beam may excite the LSPR giving rise to a detectable radiation. The 

information of plasmonic properties of the oscillation wavelength, near field intensity, 

polarization, and so on may all include in such photoemission signal and can be 

detected by CL. CL is normally combined with a scanning electron microscope (SEM) 

or a transmission electron microscope (TEM) . Firstly, it needs to use SEM or TEM to 

confirm the excitation position of the electron beam. Then the electron beam is scanned 

over the whole plasmonic nanostructure. At the same time, the photons excited by the 

electron beam will be collected. The sketch map of CL is shown in Figure 1.15. Two 

main kinds of information can be obtained in the detected signal. One is the spectral 

information which measured at a given point of the structure; another one is the spatial 

information which obtained from the radiation intensity by scanning over the sample at 

a given emission wavelength. After analyzing, the CL image will give the near-field 

spatial intensity distribution information on the metallic nanoparticles.  

Electron energy-loss spectroscopy (EELS) is based on a pure electronic mechanism. 

One electron beam with a known and narrow range of kinetic energies illustrates on the 

sample, and then EELS records the signal after interaction with the sample. The EELS 

signal related to the energy loss during the interaction with the sample. For metallic 

nanostructures, the energy loss is related to the LSPR plasmon modes which excited by 
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the electron beam. The sketch map of EELS is shown in Figure 1.15. As shown in figure, 

EELS can be performed only with a TEM. EELS and CL are all using the electron beam 

as the excitation source, and the two methods are similar in some points. EELS can also 

provide the spectral information and the spatial information of LSPRs in near field. 

However, the ability of spectral analysis is weaker than CL. One reason is the spectral 

resolution of the EELS is lower than CL. Another reason is the high energy modes 

(typically higher than 1.5 eV) because of the very intense beam of the elastically 

transmitted electron beam limit the response wavelength. It means for shorter 

wavelength investigation (shorter than 830 nm), it is difficult to perform by EELS. 

Since the EELS signal is very intense, it is possible to use low electron current to avoid 

the damage to the sample. Furthermore, the intense EELS signal make it no need to 

enlarge the electron beam to measure a detectable signal, so this ensures higher spatial 

resolution in EELS. 

 

 
Figure 1.15 The sketch map of the CL and EELS.167 

Knight et al. investigated the near field properties of aluminum plasmonic 

nanoantennas by CL.169 Figure 1.16 plots the CL mapping for aluminum nanorod with 

different lengths. For short aluminum nanorod, the CL mapping shows strong 
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photoemission located at the two sides of the structures which indicate the dipole 

plasmon mode has been excited. In the CL mapping of long aluminum nanorod, not 

only the two sides but also the inner place of the nanorod exhibit strong photoemission 

which indicates the higher-order plasmon mode (quadrupole) has been excited. The 

experiment results reproduce well with the FDTD simulations. Both the bright plasmon 

mode and dark plasmon mode can be revealed by CL methods. Figure 1.17 plots the CL 

images of aluminum nanorodantennas with different lengths and the Normalized CL 

emission intensity spectra for each wire length compared with the calculated scattering 

amplitudes spectra. The maximum near-field enhancements on nanorods with different 

lengths were revealed in the normalized CL intensity spectra. The results can also 

reproduce well with the simulations results. By using CL, the spectral information and 

spatial information of the LSPR in near field on metallic nanostructures can be 

investigated. 

 

Figure 1.16 Near-field mapping of the aluminum nano antennas with different length by 
CL. The dipole mode in small size aluminum nanorod and the quadrupole mode in big 
size aluminum nanorod can be clearly observed. The CL results reproduce well with the 
FDTD simulation results.169 
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Figure 1.17 (a) SEM images with the associated CL images of aluminum nanorod 
antennas with different antenna lengths. (b) Normalized CL emission intensity for each 
wire length with different energy ranges. (c) Calculated scattering amplitudes for 
excitation as a function of antenna length with different energy ranges.169 

Figure 1.18 shows the investigated results of bow-tie antenna using EELS by Koh et 

al..170 Figure 1.18 (a) shows the experimental EELS spectra of a bow-tie antenna from 

different positions of the structure. Since at different electron energy ranges, the 

near-field enhancement evolved at different positions because of the excitations of 

different plasmon modes as shown in Figure 1.18 (c)-(e). Such evolution can be 

observed in the EELS spectra. From the EELS spectra and near-field mapping of 

bow-tie antennas, different plasmon modes (the bright plasmon mode and dark plasmon 

mode) can be observed and distinguished at different energy ranges. And such different 

plasmon modes in experimental results correspond to the simulation results. 
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Figure 1.18 The investigation of bow-tie antenna by EELS. Experimental (a) and 
simulated (b) EELS spectra of a bow-tie antenna from different position of the structure. 
(c) Plasmon maps obtained from integrated EELS signal intensity for different energy 
range. (d) Simulated electric-field intensity. (e) Simulated charge distribution.170 

Since the CL supports a very high spectral resolution and the EELS supports a very 

high spatial resolution, scientists always investigate the near-field properties by 

combing of EELS and CL. Thus, complex metallic nanostructures can be investigated 

with detailed insight in the power dissipation of different plasmon modes. Coenen et al. 

investigated the plasmon anti-bonding plasmon mode and bonding plasmon mode 

supported by Au dolmen structures by EELS and CL.39 The two plasmon mode can be 

understood from Figure 1.19 (a). From Figure 1.19 (c) and (d), the EELS and CL 

spectra which detected from the different structure position shown in Figure 1.19 (b) 

reveals the different plasmon modes (dipole plasmon mode, anti-bonding plasmon mode, 

bonding plasmon mode, and dark plasmon mode). Furthermore, with the help of the 

EELS mapping and CL mapping under specific wavelength excitation, the near-field 

intensity distribution for different plasmon mode can be obtained. Thus, it helps to 
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better understanding the different plasmon modes existing in the complex 

nanostructures.  

 
Figure 1.19 investigation of the near-field properties on dolmen structures by EELS and 
CL. (a) Hybridization scheme for the dolmen. (b) TEM image of a gold dolmen 
structure. (c) CL (blue) and EELS (red) spectra for excitation of the dolmen at position 
A as shown in (b). (d) CL and EELS spectra for excitation position B. (e) EELS image 
(1-3) and CL image (4-6) for different excitation wavelengths.39 

CL has very high spectral resolution (~1 meV) while EELS has very high spatial 

resolution (~10 nm). The two techniques are all allow for the investigation of both 

bright and dark plasmon mode. However, it is difficult to control the polarization which 

only can be tuned for the emitted light in CL. For CL, the strong electron beam can 

damage the sample which may take influence to the near field properties of the LSPR. 

For EELS, to ensure the electron transparent, in EELS system, it needs the sample must 

be very thin. However, CL and EELS especially the combination of the two techniques 

play very important role for the investigation of the near-field properties of LSPRs on 

metallic nanostructures. 

 

1.5.3 Photoemission electron microscopy (PEEM) 

Photoemission electron microscopy (PEEM) was firstly designed in 1933 by Brüche 

and his colleagues, and the PEEM made by them is shown in Figure 1.3.1.171 After 
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several tens of year development, during the 1970s and 1980s the PEEM-2 and PEEM-3 

were generated, respectively. The two new type of PEEM make the performance greatly 

improved. Easily saying the difference between these two types of PEEM is that 

PEEM-3 has the aberration corrected function which employs a curved electron mirror 

to counter the lowest order aberrations of the electron lenses and the accelerating field. 

This improvement made PEEM has higher spatial resolution. PEEM is a surface 

sensitive technique so that it is very powerful to investigate the surface properties such 

as the surface physics/chemistry, material growth, and magnetic materials.172, 173 

 

Figure 1.20 The sketch map of early PEEM.171 

Unlike the EELS and CL, photoemission electron microscopy (PEEM) using light 

as the excitation sources. PEEM is based on the well-known photoelectric effect. It 

means that when the light irradiating on a metal material, if the energy of the photon is 

larger than the work function of the metal material, the photoelectrons can be induced 

from the metal surface due to the photoelectric effect which obey the following 

equation:                                                                  

=  +  

where Ek is the kinetic energy of an ejected electron,  is the work function of the metal 

material,  is the Planck constant and  is the frequency of the incident photon. The 

emitting electrons may be driven by high voltage and then pass through several 

electronic lens. The electrons will be focused by these lens and reach the fluorescent 
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screen and detected by a CCD camera. The sketch of the PEEM is shown in Figure 1.21. 

Due to the work principle, PEEM images reflect local differences in the overall 

photoemission intensity of the metal material. 

 
Figure 1.21 The sketch map of the PEEM.174 

In normal, UV light, synchrotron radiation or X-ray are selected as the excitation 

sources since the photon energy of such light sources is large and it is easier to 

overcome the work function of the materials and excite electron from the materials. In a 

plasmonic system which support surface plasmon resonance by metallic nanostructures, 

femtosecond laser pulses are usually used as the excitation source. Since in a plasmonic 

system, usually visible or near-infrared light has to be used as the excitation source to 

match the surface plasmon resonant wavelength. However at these wavelength ranges, 

the light energy is not enough to overcome the work function of the metal materials. 

Since fs laser has high peak intensity and the LSPRs can support strong near-field 

enhancement, the combination of these two effects make the multiphoton photoemission 

become possible. Because the multiphoton photoemission intensity is correspond to the 

near-field electric field intensity of the sample surface in a nonlinear manner, thus the fs 
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laser PEEM images can be treated as nonlinear near-field mapping of the LSPRs. 

 
Figure 1.22 Sketch map of PEEM with energy filter in three different operation modes: 
(a) spectroscopic imaging, (b) spectroscopic diffraction imaging, (c) microspectroscopy 
operation.53 

  Recent new type of the PEEM decorated with energy filter and field limiting aperture 

makes PEEM not only can image the real space of the metallic nanostructures as shown 

in Figure 1.22. Two new kinds of applications can be applied that are the diffraction 

mode which shows the energy filtered diffraction image and the spectroscopy mode 

which shows the magnified image of the dispersive plane of the filter. In diffraction 

mode, the energy filtered diffraction image can access to the local electronic structure of 

laterally inhomogeneous materials by the angle-resolved photoemission and 

photoelectron diffraction measurements.53 The spectroscopy mode can be used to 

investigate the kinetic of the emitted electrons. Since new type of PEEM makes it 

possible to work in different ways, however, the investigations on plasmonic 

nanostructures mainly rely on the real space imaging mode of PEEM nowadays. 
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Figure 1.23 Several investigations by using PEEM. (A) PEEM image of Au nanosphere 
irradiated by femtosecond laser pluses.60 (B) PEEM image of single nanoblock 
irradiated by femtosecond laser pluses with different polarization.175 (C) PEEM image 
of the bow-tie antenna using different light sources.176 (a) 1 photon photoemission 
pattern (off resonant) obtained under UV excitation. (b) 3 photon photoemission pattern 
under TM-polarized laser pulse excitation reveals strong photoemission from the gap 
and a weak photoemission at the two corners of the left nanoprism. (c) 3 photon 
photoemission pattern under TE-polarized laser pulse excitation shows a weak 
photoemission at the corners of the left nanoprism (D) Investigation of surface plasmon 
polaritons (SPPs) by PEEM.177 (a) and (b) Schemes of the co-propagation 
(counter-propagation). (c) Co-propagation PEEM data of SPP propagation along a 
planar gold surface. (d) Corresponding data for the counter-propagating PEEM imaging 
mode. 

  Several research attempts have been investigated for the near-field properties on 
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different kinds of plasmonic nanostructures by PEEM using the femtosecond laser as 

the excitation source. Figure 1.23 (A) shows a PEEM image of Au nanosphere 

irradiated by the femtosecond laser pulses which investigated by Florian Schertz and 

co-workers.60 The hot spots (near-field enhancement) for each nanosphere structure can 

be observed under the fs laser irradiation. However, in this investigation, the hot spots 

from an individual particle cannot be distinguished since the spatial resolution of this 

PEEM is not enough. Figure 1.23 (B) shows the PEEM images of Au nanoblock 

structures irradiated by femtosecond laser pulses with different polarizations by Erik 

Marsell and co-workers.175 As the polarization of the excitation light changing, the hot 

spots distribution (near-field distribution) also changed. And PEEM images of bow-tie 

structures with different light sources are shown in Figure 1.23 (C) which investigated 

by P. Melchior and co-workers.176 Using different kinds of light sources conditions, the 

PEEM image shows different photoemission distributions. Under the UV light 

excitation, 1 photon photoemission is excited (a). Under the TM-polarized laser light 

excitation, the hot spots localized at the gap and a weak photoemission from two 

corners of the left nanoprism can be observed due to the 3 photon photoemission (b). 

Only weak photoemission from the corners of the left nanoprism can be observed under 

TE-polarized excitation which also due to the 3 photon photoemission (c). PEEM can 

investigate not only the LSPR on metallic nanostructures but also the SPPs mode. The 

SPPs mode along the Au surface can be successfully observed by PEEM as an example 

shown in Figure 1.23 (D) which investigated by Christoph Lemke and co-workers.177 In 

this investigation, co-propagation (a) and counter-propagation (b) can be observed from 

the PEEM images (c) and (d), respectively. The investigations introduced above 

demonstrated that PEEM is a strong powerful tool for pinpointing the near field of SPRs 

both in propagating mode and localized mode. 
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Figure 1.24 Time-resolved PEEM investigations on silver grating frame. The images 
show the near-field intensity evolution upon the delay time. (selected four localized hot 
spots on silver grating frame).51 

The combination of PEEM with interferometric pump-probe techniques, 

time-resolved PEEM can be established. The system of time-resolved PEEM is a 

powerful tool to investigate the ultra-fast dynamics of LSPR and the SPPs. Atsushi 

Kubo and co-workers investigated the temporal properties of silver grating frame by 

time-resolved PEEM.51 As shown in Figure 1.24, the near-field intensity evolution of 

four selected hot spots on silver grating upon the delay time can be clearly observed. 

And after analyzed the dephasing time of the LSPRs support on metallic nanostructures 

can be obtained. Since the dephasing time is very short only at several to tens 

femtosecond level, it is very difficult to be obtained by other approaches. Therefore, 

time-resolved PEEM opens a new insight of the investigation of dynamics of SPRs. 

In PEEM system, the requirement of the conductive substrate for the sample and the 

limitation of the incident angle of excitation light limit the possibility of some 

investigation. However, the super high spatial resolution (which can down to 4 nm) and 

the wide applications of PEEM for investigating the plasmonics make it attract more 

and more research attentions. 

 

  



33 
 

1.6 Aim and outline of this thesis 

  Complex coupled metallic nanostructures exhibit specific far- and near-field 

properties, such as the plasmon hybridization and Fano resonance. However, most 

investigations on these issues were in far field spectroscopic and numerical simulations. 

Since the near-field properties of complex metallic nanostructures play an important 

role to help for better understanding the mechanism of the LSPRs and optimizing the 

design of the plasmonic nanostructures for most applications, the near-field properties 

on complex metallic nanostructures is crucial to be determined. Therefore, this thesis 

aims at the near-field properties on several kinds of complex coupled metallic 

nanostructures which can exhibit different plasmon modes detected by powerful 

near-field imaging technique, PEEM. This thesis consists of five chapters including the 

present chapter 1. In chapter 1, it briefly describes the backgrounds of this study, the 

surface plasmon and plasmon coupling regime, the plasmon modes in complex 

plasmonic system, and introduces several near-field probing technique. Chapter 2 

describes how PEEM can be applied to obtain the near-field mapping, near-field spectra, 

and time-resolved PEEM measurement using simple gold (Au) nanoblock structures as 

an example. Chapter 3 describes the investigation of the near-filed properties on 

coupled Au dolmen structures by PEEM.  Chapter 4 describes the investigation of 

far-field coupling and grating effects on complex metallic nanostructures by PEEM 

from the view point of near field. In this chapter, the spectral evolution of different 

plasmon modes support by Au dolmen structures, Au heptamer structures, and simple 

nanoblock structures have been investigated and compared depend on the pitch size of 

the 2D plasmonic nanostructure array. At the end of the thesis, chapter 5 summarizes the 

result described in chapter 2-4. This chapter also make a further perspectives beyond the 

research investigated in this thesis. 
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Chapter 2 

Localized surface plasmon resonance in simple nanostructures 

probed from near field and the fundamental applications of 

PEEM 

2.1 Abstract 

  Near-field mapping, near-field spectrum, and time-resolved PEEM measurement are 

the three fundamental applications of PEEM to investigate the surface plasmon. To 

introduce how these three applications work, the localized surface plasmon resonances 

(LSPRs) supported on Au nanoblock structures has been investigated as an example in 

this chapter. Dipole plasmon mode and quadrupole plasmon mode are the two lowest 

orders of the LSPRs eigenmode. In classic Au nanoblock structures, the dipole plasmon 

mode can be easily excited by the light excitation under normal incidence. However, the 

quadrupole mode is forbidden when excited by linearly polarized light excitation under 

normal incidence. In this study, using PEEM with femtosecond laser as the excitation 

source, it demonstrated that the quadrupole mode in Au nanoblock structures can be 

excited by s-polarized light under oblique incidence. Furthermore, the results revealed 

that the dipole and quadrupole plasmon modes can be selectively excited by changing 

the polarizations of the oblique incidence light. Otherwise, by combining with pump 

and probe technique, the dynamics of the LSPRs have been investigated by 

time-resolved PEEM measurements. By using this technique, the quadrupole mode was 

demonstrated that it has longer dephasing time than the dipole mode. In this chapter, 

during the introduction of the experimental results, the fundamental applications of 

PEEM will be described at the same time. 
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2.2 Introduction 

  Metallic nanoparticles (NPs) can support localized surface plasmon resonances 

(LSPRs) which are the collective charge oscillations on the surface of the materials.  

When light irradiated onto a metallic NPs, LSPRs can be excited. If the size of the 

metallic NPs is much smaller than the irradiation wavelength, dipole plasmon mode can 

be excited due to the in-phase oscillation of the free electron on the surface of the NPs. 

However, if the size of the NPs is comparable to or even larger than the irradiation 

wavelength, quadrupole or multipolar plasmon modes can be excited since the free 

electrons at different locations can be driven by the irradiation light with different 

phases and oscillate in different phases.1 Multipolar plasmon mode has been imaged on 

metal nanorods using scanning near-field optical microscopy (SNOM),2-4 and electron 

energy-loss spectroscopy (EELS).5, 6 Multipolar plasmon modes have specific optical 

properties. For example, the quadrupole plasmon mode has much less scattering loss in 

the far field. Thus, it has much stronger electric field enhancement in the near field. 

  In normal, the quadruple plasmon mode and other even-order multipolar modes are 

forbidden for thin metallic NPs with symmetric geometry under the normal linearly 

polarized light excitation because of the symmetry selection rules. However, the 

quadrupole mode can be excited for some specific situations such as phase retardation 

or symmetry breaking.7-10 The investigation on the mapping of dipole and quadrupole 

LSPRs for Au nanodisks with different diameters under oblique incidence excitation 

using SNOM has been reported by Esteban et al.8 However, there is no research about 

the excitation of dipole and quadrupole modes on metallic NPs with same size. In 

particular, the quadrupole mode should produce a narrower line width which suggests 

that the quadrupole mode should have longer decay time than that in dipole mode. 

Nonetheless, there is no experimental research topic on such investigation. 

  Most investigations of the LSPRs are relay on the far field measurement and 

numerical simulation. To better understand the mechanism of the LSPRs and develop 
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the design of the plasmonic nanostructures, the near-field properties are crucial to be 

determined. Recent development of the photoemission electron microscopy (PEEM) 

using femtosecond laser pulses as the excitation light source has been demonstrated that 

PEEM is a powerful approach for pinpointing the near-field properties of localized 

plasmon of localized mode and propagation modes.11-20  

  In this study, the dipole and quadrupole plasmon modes on Au nanoblock structures 

have been investigated using PEEM. It demonstrated that the dipole mode and 

quadrupole mode can be selectively excited by changing the polarization of the oblique 

incident light. Furthermore, the time-resolved PEEM which is the combination of the 

PEEM with pump and probe technique was used to investigate the dynamic of the 

dipole and quadrupole modes. The results demonstrated that the quadrupole mode has 

longer dephasing time than the dipole mode. 

  Otherwise, in this chapter the fundamental applications of PEEM were also 

introduced in detail through the introductions of the investigations. The results further 

demonstrated that PEEM is a very powerful approach to investigate the near field 

properties of LSPRs both in the spatial domain and the temporal domain. 

   

2.3 Experimental details 

2.3.1 Sample fabrication and characterization 

  The Au nanoblock structures investigated in this study were fabricated by electron 

beam lithography (EBL) followed by metal sputtering and lift-off technique. The 

sample fabrication process is shown in Figure 2.1. The indium tin oxide (ITO)-coated 

glass substrates with an approximately 150 nm ITO layer substrate was firstly 

sequentially cleaned for 5 mins by acetone, methanol, and ultrapure water in ultrasonic 

bath. Then the substrate was spin-coated by a conventional copolymer resist (ZEP520, 

Zeon Chemicals) diluted with a ZEP thinner (1:1) by 1000 rpm for 10s and 4000 rpm 

for 90s. The spin-coated copolymer resist has an average thickness of 180 nm. After 
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spin-coating, the substrate was prebaked on a hot plate at 150°to remove the water 

element in the resist for 2 mins. An EBL system (ELS-7000HM, Elionix) operating at 

100 kV was used for the EBL writing process. The EBL operated at an electrical current 

of 50 pA. After exposing, the development was done by ZED-N50. Then 2 nm thick 

Titanium layer was first deposited by sputtering (MPS-4000, ULVAC) as the adhesive 

layer, and then a 30 nm thickness Au film was deposited. Lift-off was performed by 

immersing the sample in anisole, acetone, methanol and ultra-pure water successively in 

an ultrasonic bath with each step for 5mins. 

 
Figure 2.1 The sketch map of the sample fabrication process of Au nanostructures. 

  After sample fabrication, characterization of topography and far-field extinction 

spectra were measured by a field-emission scanning electron microscopy (SEM) 

(JSM-6700FT, JEOL) and a Fourier transform infrared spectrometer (FTIR) 

spectroscopy equipped with an infrared microscope (FT/IR-6000TM-M, JASCO), 

respectively. In FTIR measurement system, light was focused on the sample by a 

Cassegrainian objective lens, which provided angles of incidence between 16° and 32°. 

 

2.3.2 Near-field measurements 

  The near-field measurements in this study were performed by PEEM. The 

photoemission electron microscope used here was a PEEM-III equipped with an energy 

analyzer (Elmitec GmbH). The sketch map of PEEM is shown in Figure 2.2. The PEEM 

approach has an aberration corrector, so that the spatial resolution can down to 4 nm. 
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The sample was settled in the main chamber with super high vacuum which can reach 

~10-11 Torr. And a 20 kV voltage was applied to the system to ensure most of the 

emitting electrons can be driven and collected by the system. Additionally, as shown in 

Figure 2.2 the laser pulses can irradiate onto the sample at either a fixed oblique 

incidence angle of 74o or normal incidence. 

 

Figure 2.2 The sketch map of our PEEM system. 

In this study, three kinds of light sources were employed. One beam was the UV light 

from a mercury lamp (unpolarized continuous wave (CW) light with a cutoff energy of 

4.9 eV), which was used to characterize the morphologies of metallic nanoparticles. 

Since the energy of UV light is slight larger than the work function of the Au, it may 

light up almost entire Au nanostructures. Due to the work function contrast between the 

Au and substrate, the morphology of the structures can be obtained.  

Second beam was a Ti:sapphire femtosecond laser that delivers approximately 100 fs 

laser pulses with a tunable central wavelength (720−920 nm) at a repetition rate of 77 

MHz. The laser beam was focused onto the sample using a lens with a focal length of 

600 mm. This laser was used for wavelength-dependent PEEM measurements to obtain 

the near-field photoemission spectra, as well as for near-field mapping at various 
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wavelengths. Since in a metallic nanostructures system, assisted by LSPR, femtosecond 

laser pulses provide substantial photoemission (PE) through nonlinear photoemission 

process mainly in multiphoton photoemission, especially when the wavelength of the 

laser pulses are at or close to the LSPR wavelength. In general, the probability of 

multiphoton photoemission is very low. For metal materials it is very difficult to catch 

several photons simultaneously and excite electron. However, in a plasmonic 

nanostructure system, when the ultra-fast femtosecond laser pluses with high peak 

intensity irradiating onto the structures with the wavelength of LSPRs, the near-field 

enhancement effect can promote the multiphoton photoemission process significantly. 

Because the PE intensity on the sample surface in a nonlinear manner, the PEEM image 

under the femtosecond laser irradiation at resonance condition of a metallic 

nanostructure system can be regarded as the nonlinear near-field intensity mapping of 

the structures. Otherwise, the near-field photoemission intensity spectrum can be treated 

as the nonlinear near-field LSPR response spectrum of the metallic nanostructures. 

PEEM can record the photoemission intensity signal from the entire field of view 

(FOV). By changing the irradiation wavelengths from 720 nm to 920 nm step-by-step 

with increments of 10 nm, a series of PEEM images can be obtained. The 

photoemission intensity signal from the entire FOV can be integrated and plotted 

against the incidence wavelength; thus, the so-called near-field PE intensity spectra can 

be obtained.  

The third beam is a Ti:sapphire femtosecond laser (Rainbow, Femtolasers) with 7-fs 

laser pulse at the central wavelength of 800 nm with >200 nm bandwidth from 650 nm 

to 1000 nm at the repetition rate of 77 MHz. The ultra-fast laser pulse provides the 

application of time-resolved PEEM measurement.  

  The multiphoton photoemission is considered as the nonlinear photoemission process 

in this PEEM measurement because of the wavelength range and the laser intensity 

(50-100 MW/cm2). An average value of 4 is considered as the nonlinearity through this 

thesis. Although the nonlinearity of the photoemission can be a little different from the 
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wavelength between 720 nm and 920 nm and different positions of the samples, the 

measured near-field spectra and near-field intensity distribution can be reproduced well 

by finite-difference time-domain simulation results with an average nonlinearity value 

of 4 which will be demonstrated later in this thesis. 

   

2.3.3 Numerical simulations 

  Numerical simulations of the far- and near-field properties of Au nanoblock structures 

were performed using the finite-difference time-domain (FDTD) simulation method by 

FDTD Solutions software package (Lumerical, Inc.). The optical properties of Au were 

obtained using the data from Johnson and Christy.21 The ITO-covered glass substrate 

was assumed to have a dielectric material with an average refractive index of 1.55. The 

plane wave light source was used as the light source and it located at the structure side 

with the light injecting down on the Au nanoblock structures. In the light propagation 

direction, the boundary condition was chosen to be the perfectly matched layer 

boundary conditions. Under normal incidence, in the plane perpendicular to the light 

propagation direction, the periodic boundary conditions were used for each boundary. 

And under the oblique incidence, the Bloch boundary condition was used. The far-field 

extinction spectra were obtained by a transmission power monitor located at 230 nm 

below the ITO layer. The near-field spectra were obtained from the maximum near-field 

enhancement intensity under the corresponding excitation wavelengths, as max. (E/E0)
2. 

The FDTD simulations were performed in a discrete, uniformly spaced meth with 3 nm 

mesh size. 

   

2.3.4 Time-resolved PEEM setup 

  The dynamics of the LSPRs was investigated by the time-resolved PEEM equipment. 

The time-resolved PEEM measurements were performed by an interferometric pump 

and probe technique. As shown in Figure 2.3, the laser beam passed through a 
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Mach-Zehnder interferometer to generate the phase-correlated pump and probe pulses. 

The laser beam can be divided into two beams with the absolute same pluses by the 

interferometer. The most important point in the time-resolved study is that the delay 

time between the two laser pluses can be controlled. The delayed two laser pluses 

generated a pump and probe system and was then focused onto the sample. As adjusting 

the delay time between the pump and probe pulses, a series of PEEM images was 

recorded at a frame interval of 0.67 fs (π/2 rad with respect to the 800 nm carrier wave 

of the laser pulse). 

 
Figure 2.3 The sketch map of time-resolved PEEM. 

Figure 2.4 is shown for easily understanding the principle of the time-resolved 

experiments. LSPRs of the metallic NPs can be excited under the irradiation of the 

pump pulse. Then the plasmon is oscillating following its oscillation frequency. When 

the probe pulse starts to irradiate the sample with the delay time, the probe pulse may 

also excited the oscillation of the LSPRs, and the two LSPRs fields which excited by 

pump and probe pulses may interference with each other mainly in two situations. If the 

two oscillating plasmon are in same phase, constructive interference occurs. In this case, 

electrons can be excited and collected by PEEM. On the contrary, if the two waves are 

in out-off phase, destructive interference occurs. There will be no electron emission. As 
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varying the delay time between the pump and probe pulses, the oscillation of the hot 

spots can be observed. 

 
Figure 2.4 Principle sketch map of time-resolved PEEM experiments. 

  During the first short delay time, the pump and probe beams are overlap, the 

oscillation of the LSPR hot spots is almost decided by the interference of the pump and 

probe pulses, and it oscillates under the carrier frequency. After that, the pump and 

probe pulses are separated. The coherent LSPR fields which excited by the pump pulses 

can keep the oscillation properties of the LSPRs. And two LSPRs filed may interfere 

with each other, in which the two LSPRs filed were excited by the pump and probe laser 

pulses, respectively. Such interference may dominate the oscillation of the hot spots. 

Furthermore, by comprising with the numerical calculated time-resolved nonlinear 

photoemission signal, the decay time of the measured nanostructures can be obtained.    
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2.4 Results and discussion 

2.4.1 Characterization of topography and far-field spectra 

  The Au nanoblock structures were fabricated by EBL followed by metal sputter and 

lift-off process. The nanoblock structures have the dimensions of 200 × 200 × 30 nm3. 

The structures were arranged in a two-dimensional (2D) array with a 150 ×150 m2 

area. The pitch size of the structures is 500 nm. Figure 2.5 (a) shows the SEM image of 

the nanoblock structures array.  Figure 2.5 (b) shows the far-field extinction spectrum 

of the Au nanoblock structures measured by FTIR. In the figure, a strong and wide 

extinction band can be observed which located at approximately 875 nm. This peak is 

corresponding to the dipole LSPR of the Au nanoblock structures. Additional, a very 

weak peak can be still observed at the wavelength of 765 nm. This peak is attributed to 

the quadrupole plasmon mode of the Au nanoblock structures. The quadruple plasmon 

mode in such symmetry nanoblock structure is normally forbidden under the normal 

excitation. However, the light incidence was not exactly normal during the far-field 

extinction spectrum measurement by FTIR. As mentioned in the experimental details, 

the Cassegrainian objective lens provided a range of incidence angels between 16° and 

32°. The oblique incidence of the excitation light makes such quadrupole mode become 

possible to be excited and detected by FTIR. 

 
Figure 2.5 (a) SEM image of Au nanoblock structure array with the pitch size of 500 
nm. The scale bar in inset is 100 nm. (b) Far-field extinction spectrum of Au nanoblock 
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structure measured by FTIR. The red and blue dashed lines plot the wavelength of the 
strong dipole and weak quadrupole peaks, respectively. 

   

2.4.2 Near-field mapping 

  The near-field mapping of Au nanoblock structures was performed by PEEM with the 

wavelength-tunable femtosecond laser source (720 nm to 920 nm). Figure 2.6 (a) shows 

the PEEM image of Au nanoblock structure under the femtosecond laser pulses with at 

central wavelength of 860 nm at normal incidence. Here the field of view is 0.75 m 

which ensures only single particle is imaged. The figure shows that four hot spots from 

the nanoblock structure can be clearly observed. This result was similar to the previous 

observation on Au nanorod structures.17 However, it is very difficult to distinguish the 

exact location of the hot spots only from this PEEM image. To further confirm where 

the hot spots emitted from, a UV light from mercury lamp was used also. Figure 2.6 (b) 

shows the PEEM image of Au nanoblock structure irradiated by the femtosecond laser 

pulses and UV light, simultaneously. From this image, the hot spots were excited from 

the four corners of the Au nanoblock structure can be clearly observed. Since irradiated 

by the UV light, the morphology of the structures can be obtained as shown in Figure 

2.6 (c). As mentioned in the experimental details, the UV light lead to a one-photon 

photoemission process of the Au nanostructures, since the photon energy of the UV 

light is slight larger than the work function of the Au. Also due to the work function 

contrast between the Au and the substrate, the PEEM image under the UV light 

irradiation can perform the geometry of the nanostructures. This method provides a new 

way for PEEM experiments to determine the exact location of the hot spots (near-field 

enhancement). In a metallic nanostructures system under the femtosecond laser 

irradiation, assisted by LSPR, it provide substantial photoemission through nonlinear 

photoemission process mainly in multiphoton photoemission, especially when the 

wavelength of the laser pulses are at or close to the LSPR wavelength. The PEEM 

image under the femtosecond laser irradiation at resonance condition of a metallic 
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nanostructure system can be regarded as the nonlinear near-field intensity mapping of 

the structures. Thus, through the near-field mapping, the near-field properties of 

near-field enhancement for metallic nanostructures with different wavelength excitation 

can be obtained. 

 
Figure 2.6 PEEM images (FOV of 0.75 m) of Au nanoblock structures with different 
light sources. (a) Femtosecond laser at 860 nm wavelength under normal incidence. (b) 
Femtosecond pulses and UV light from a mercury lamp. (c) UV light from a mercury 
lamp. The scale bars are 100 nm. 

  Based on above discussions, the wavelength-dependent near-field properties of the 

Au nanoblock structures under normal incidence and oblique incidence with 74o 

incidence angle have also been investigated. Firstly, by changing the excitation 

wavelengths and the excitation conditions, a series of PEEM images can be obtained. In 

Figure 2.7, selected PEEM images under different wavelength excitations and light 

conditions (normal incidence, p-polarization at oblique incidence, and s-polarization at 

oblique incidence) were shown. Under oblique incidence, p-polarization means the 

electric field of the light is parallel to the plane of incidence, while the p-polarized light 

has the light component along the horizontal direction. Contrary, the s-polarization 

means the electric field of the light is perpendicular to the plane of incidence, while the 

s-polarization is almost totally along the vertical direction as shown in the above part of 

Figure 2.7. In Figure 2.7, all the PEEM images are in same contrast. It is easily found 

that, the PEEM images have stronger photoemission intensity under the 860 nm 

wavelength excitation both at normal incidence and oblique incidence with 

p-polarization. In contrast, it is very weak for s-polarization excitation under the 860 nm 
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wavelength irradiating. However, the PEEM image shows strong photoemission at the 

wavelength of 760 nm under oblique incidence with s-polarization. It seemed that a new 

mode other than the dipole mode was excited at this situation. To further understanding, 

near-field spectra are necessary. 

 
Figure 2.7 PEEM images of Au nanoblock structure irradiated by different light 
conditions with different wavelengths. The figure at top plots the sketch maps of the 
light conditions: normal incidence, p-polarized oblique incidence, and s-polarized 
oblique incidence. The p-polarization incidence light means the electric field of the light 
is parallel to the plane of incidence, while the s-polarization incidence light means the 
electric field of the light is perpendicular to the plane of incidence. 
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2.4.3 Near-field spectra 

  As mentioned and the figure showed above, a series of PEEM images can be obtained 

by changing the excitation wavelength from 720 nm to 920 nm with the incensement of 

10 nm under the three excitation conditions. By integrating the photoemission signal 

and plotting it against the incidence wavelength, the so-called near-field spectrum can 

be obtained. Since the photoemission intensity is correlated with the near-field electric 

field intensity, the near-field photoemission intensity spectrum can be treated as the 

nonlinear near-field LSPR response spectrum of the metallic nanostructures. 

 
Figure 2.8 Near-field spectra of Au nanoblock structures under normal incidence with 
horizontal polarization (red) and vertical polarization (blue) (a) and under oblique 
incidence with p-polarization (black) and s-polarization (red) (b). In (b) the two curves 
were normalized to the maximum photoemission intensity under p-polarized laser 
excitation. 

  Figure 2.8 (a) shows the near-field spectra of Au nanoblock structures under normal 

incidence with horizontal polarization excitation (red) and vertical polarization 

excitation (blue). The two curves all show one peak located at around 860 nm which is 

almost the same wavelength in the far-field extinction spectrum shown in Figure 2.5 (b). 

It demonstrated that under the normal incident light, only dipole plasmon mode can be 

excited at both horizontal and vertical polarization excitation conditions. Figure 2.8 (b) 

shows the near-field spectra of Au nanoblock structures at oblique incidence with 

p-polarized (black) and s-polarized (red) excitations. The different polarization states of 
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the oblique incident light resulted in different near-field spectra. Under the p-polarized 

irradiation, only the dipole mode which located at the wavelength of 860 nm was 

excited. However, under the s-polarized irradiation, dipole plasmon peak cannot be 

observed. On the contrary, a quadrupole plasmon peak located at the wavelength of 760 

nm can be observed. Since the two curves were normalized to the maximum 

photoemission intensity under p-polarized laser excitation, the near-field enhancement 

of the quadrupole mode was much stronger than the dipole mode can be clearly 

observed.  

   

2.4.4 Numerical simulation results 

  To explain the experimental observation, numerical simulation results have been done 

by FDTD simulation. Figure 2.9 shows the numerical simulated near-field intensity 

spectra (the maximum near-field enhancement factor against the excitation wavelength) 

under the oblique incidence with p-polarized light (black) and s-polarized light (red). 

Under p-polarized light excitation, only a dipole plasmon mode located at 

approximately 900 nm can be observed. Under s-polarized light excitation, a quadrupole 

plasmon mode at 750 nm was excited. The experimental results reproduce well with the 

FDTD simulation results. It is also noted that the calculated near-field enhancement of 

the quadrupole mode is larger than that of the dipole mode. This result qualitatively 

agreed with the experimental result. 



65 
 

 
Figure 2.9 FDTD numerical simulated near-field spectra of Au nanoblock structures 
under the oblique incidence with p-polarized light excitation (black) and s-polarized 
light excitation. 

  Figure 2.10 shows the calculated electric field intensity distributions (left) and charge 

distributions (right) for both p-polarized and s-polarized light excitations at the 

corresponding peak wavelengths. The near-field electric field intensity distributions 

reproduce well with the PEEM images under the corresponding wavelength excitations. 

Furthermore, the charge distribution under p-polarized excitation performs an in-phase 

distribution along the in-plane direction of the light polarization; it indicates the mode 

belongs to a dipole plasmon mode. However, under the s-polarized excitation, the 

charge distribution shows an out-of-phase distribution, it indicates that this mode 

belongs to the quadrupole mode. 
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Figure 2.10 Left column shows the calculated electric field intensity distributions 
corresponding to the dipole and quadrupole peak wavelength excitations. Right column 
shows the calculated charge distributions for both p-polarized and s-polarized light 
excitation at the peak wavelengths. 

  It is noted that no clear dipole peak was observed in the near-field spectra under 

s-polarized light excitation either the experimental results or the simulated results. It is 

because of the significant damping which resulted from the large phase retardation 

effect at grazing incidence. From the results, it can be concluded that the dipole plasmon 

mode and quadrupole plasmon mode can be selectively excited by changing the 

polarization of the oblique incident light.  

   

2.4.5 Dynamics of localized surface plasmon resonance investigated by 

time-resolved PEEM 

  Form the experimental and simulation near-field spectra, it can be found that the 

bandwidth of the quadrupole mode is narrower than that of the dipole mode. It is noted 

that the near-field spectra were obtained by scanning the laser wavelength at the step of 

10 nm and during tuning the wavelength, the pulse duration, the focal spot, and the 

nonlinear order can be slightly changes. It is difficult to estimate the spectral line width 

and to infer the dephasing time of the LSPRs, since it is difficult to obtain the real linear 
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near-field intensity spectra. However, it can be qualitatively found that the bandwidth of 

the quadrupole mode is narrower than the dipole mode. It can be deduced that the 

quadrupole mode should has longer dephasing time than the dipole mode. To confirm 

this, time-resolved PEEM has been established. 

  As mentioned in the experimental details, the time-resolved PEEM is the 

combination of PEEM with a interferometric pump and probe technique. Here, a 

Mach-Zehnder interferometer is employed to support the pump and probe pulses. A 

series of PEEM images were recorded by adjusting the delay between the pump and 

probe pulses. Like the near-field spectra, by integrating the photoemission intensity of 

each PEEM image and plotting against the delay time, the time evolution of 

photoemission intensity curves can be obtained.  

 

Figure 2.11 Time evolution of the photoemission intensity for both p-polarized and 
s-polarized light excitation within the phase delay of (0-20) x 2 rad (corresponding to 
the delay time of 0-56 fs) 

  Figure 2.11 shows the time evolution of the photoemission intensity of Au nanoblock 

structures for both p-polarized and s-polarized light excitation within the phase delay 

time of 0-56 fs. As can be seen in the figure, the two curves firstly oscillate at the same 

frequency which corresponds to the laser carrier frequency. After that, the oscillation of 
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the two curves are separated (as shown in the inset), since in this situation the 

oscillation of each curve is charged by the interference of the two LSPR fields excited 

by the pump and probe pulses, respectively. In this region, the oscillation is 

corresponding to the decay of the plasmon modes excited separately by p-polarized and 

s-polarized light excitation. However, the information showed in the figure cannot 

reflect the dephasing time of the dipole mode and quadrupole mode. Since if it is 

assumed that the two plasmon modes have the same plasmon resonance frequency but 

different dephasing time, the two LSPR fields induced by the pump and probe can 

interfere with each other at relatively longer time of the plasmon mode has longer 

dephasing time. Buy here, the dipole mode and quadrupole mode have different 

plasmon resonance frequencies, it is not possible to compare the dephasing time of this 

two modes by simply comparing the width of the time-resolved photoemission curves. 

To confirm the dephasing time, numerical simulations are necessary. 

  Here, the numerical calculation of the time-resolved nonlinear photoemission signal 

is calculated by employing a plasmon oscillator model with an exponential damping 

term including the nonlinearity of the photoemission.22, 23 In the calculation, two 

important parameters were necessary. One is the driving electric field E(t) + E(t + td), 

where td is the time delay between the pump and probe pulses. In this experiment, E(t) 

was determined by the sech2-shaped pulse with the pulse duration of 7 fs of the fs laser. 

Another parameter is the nonlinear photoemission order. Here the average nonlinear 

order for dipole mode and quadrupole mode are 3.7 and 3.6, respectively. The values 

were obtained from the peak to background ratio in the two time-resolved 

photoemission curves. The values are in accordance with recently reported value of 

3.5.24 After determined the two important parameters, the time-resolved nonlinear 

photoemission signal can be calculated with changing the fitting parameter of dephasing 

time. The details of the calculation are as following: 

  A simple damped harmonic oscillator mode was employed to model the time 

dependent surface plasmon filed.22 The plasmon field Epl(t) can be described as 
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following: 

( ) ∝ ( )  [ ( − )]           (2-1) 

In the equation, K(t) is the driving field which can be expressed as K(t) = E(t) + E(t + td) 

in the case of interferometric pump-probe measurements in this investigation. td 

represents the delay between the pump and probe pulses.  denotes the plasmon 

resonance frequency. = 1 2⁄ , where T means the dephasing time of the plasmon 

field. Since the nonlinearity of the photoemission should be considered in this study, the 

delay time td dependent photoemission intensity can be given by: 

( ) ∝ ( )                      (2-2) 

Where N means the nonlinear order of the photoemission and it was assumed as 3.7 for 

dipole mode and 3.6 for quadrupole mode. 

  By using these two equations with the parameters, the photoemission intensity as a 

function of the td can be calculated. By changing the dephasing time and excitation 

wavelengths, several calculated time-resolved photoemission signal curves have been 

obtained. As an example, Figure 2.12 (a-d) shows the results for fixed LSPR 

wavelength of 860 nm with different dephasing time. The calculated time-resolved 

photoemission signal for fixed dephasing time of 9 fs but different wavelengths are 

shown in the panels (e-f) of Figure 2.12. By comparing the calculated results with the 

experimental results, the best fitted T value can be obtained. 
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Figure 2.12 Several calculated time-resolved photoemission signal for fixed LSPR 
wavelength of 860 nm with different dephasing time are shown in panels (a-d). The 
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calculated time-resolved photoemission signal for fixed dephasing time of 9 fs but 
different wavelengths are shown in the panels (e-f). 

  Among the simulated time-resolved photoemission intensity curves for both the 

p-polarized and s-polarized light excitation, it is found that the resulting simulated 

curves yielded the best fitted dephasing time of 5 fs (shown in Figure 2.13 (a)) for 

dipole plasmon mode and 9 fs (shown in Figure 2.13 (b)) for quadrupole plasmon mode. 

It has been demonstrated that the dipole and quadrupole plasmon modes could be 

selectively excited by changing the light polarization between p-polarization and 

s-polarization. Otherwise, it was also demonstrated that the photoemission was 

dominated by the dipole and quadrupole LSPR fields under p-polarized and s-polarized 

light incidence, respectively. It can be concluded that the quadrupole plasmon mode has 

a longer dephasing time than the dipole mode. 

 
Figure 2.13 Experimental (black) and numerical simulated (red) photoemission 
intensity for dipole mode (a) and quadrupole mode (b) as a function of the delay time 
between pump and probe pulses. 

In this study, the quadrupole mode and dipole mode are far from the interband 

transition region leading to negligible contribution to the damping. Thus, the damping 

from the intraband excitation can be thought to be similar. However, the radiative 

damping of the quadrupole mode is suppressed due to the less net dipole moment. This 

leads to a longer dephasing time of quadrupole mode than the dipole mode. 
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2.5 Conclusions 

  In this chapter, the near-field properties of dipole plasmon mode and quadrupole 

plasmon mode on Au nanoblock structures have been investigated using PEEM through 

the near-field mapping, near-field spectrum and time-resolved PEEM measurement 

which are the three fundamental applications of PEEM for investigating the surface 

plasmon resonance. From the near-field mapping and near-field spectrum results, it 

demonstrated that the quadrupole plasmon mode and dipole plasmon mode can be 

selectively excited by changing the polarization of the oblique incident light. Under 

p-polarization, the dipole plasmon was excited and dominated the near field 

enhancement. Under s-polarization, the quadrupole mode dominated the near-field 

enhancement with much higher values than the dipole mode. Furthermore, 

time-resolved PEEM allows to investigate the ultra-fast dynamics of the LSPRs. By 

using the technique, the quadrupole plasmon mode was demonstrated that has longer 

dephasing time than the dipole plasmon mode. The results deepen our understanding of 

the plasmon modes especially the quadrupole mode. Using PEEM to investigate the 

near field properties of LSPRs paves a new way to investigate the plasmonic systems 

both in spatial domain and temporal domain. 
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Chapter 3 

Plasmon hybridization in coupled dolmen structures 

3.1 Abstract 

In a coupled plasmon nanostructure system, the extraordinary optical properties 

make these materials potentially useful in many applications; these materials have 

received a growing level of attention in basic and applied research. Optical properties of 

the coupled plasmon modes have been characterized mainly by far-field spectroscopy 

and numerical simulation. The spectral response of the local field enhancement in 

coupled plasmonic nanostructures remains largely unexplored in near-field spectroscopy. 

In this chapter, the near-field properties of complex coupled gold dolmen nanostructures 

have been investigated by photoemission electron microscopy (PEEM) using a 

wavelength tunable femtosecond laser pulses as an excitation source. The dolmen 

structures are classic nanostructures which were thought to support Fano resonance in 

former works. In this study, the spatial evolution of near-field mapping of an individual 

dolmen structure with the excitation wavelength was obtained. An anti-bonding 

plasmon mode and a bonding mode as the result of plasmon hybridization were spatially 

resolved in the near field. Furthermore, from the spatially resolved near-field spectra, 

the quadrupole-like plasmon mode that could be involved in the formation of a Fano 

resonance was also revealed. However, this quadrupole-like plasmon mode only weakly 

contributed to the total near-field enhancement. The findings demonstrated that the 

hybridization plasmon modes in dolmen structures dominate the near field enhancement 

rather than Fano resonance. The results deepen our understanding of the near-field 

properties of complex plasmonic nanostructures. 
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3.2 Introduction 

  In recent years, the advances in synthesis and nanofabrication technique allow for the 

preparation of metallic NPs with nanometer accuracy and complex shapes by several 

methods. The complex plasmonic NPs that resemble NPs with small gap distance also 

can be fabricated. Such kinds of complex nanostructures can induce plasmon coupling 

and result in larger field enhancement. Some striking properties can also be generated, 

such as plasmon hybridization,1, 2 Fano resonance,3-15 plasmonic waveguiding,16, 17 and 

electromagnetically induced transparency (EIT).18 These specific properties may 

extremely improve the performances of the plasmonic applications and even new 

application can be created. 

  Among the wide applications of LSPRs, many of them rely on the near-field 

properties of the plasmonic nanostructures. The large field enhancements of plasmonic 

modes make particular benefits for plasmon-enhanced photochemical reactions19-21 and 

plasmon-enhanced nonlinear optical effects.22-25 The complex coupled nanostructures 

have much more complicated plasmon resonance line-shape in far field and much richer 

near-field properties compared with the simple individual nanostructures. The near field 

mapping which reveal the near field enhancement distribution and the near field 

spectrum are the two topics of the near field properties. In particular, the spatially 

resolved spectral response of coupled plasmonic nanostructures with different plasmon 

modes is in high demand. Till now, there are few attempts have been reported by using 

scanning near-field optical microscopy (SNOM),7 electron energy loss spectroscopy 

(EELS) and Cathodoluminescence (CL)10, 26, 27 to investigate the near field of complex 

plasmonic nanostructures. Photoemission electron microscopy (PEEM) using 

femtosecond laser pulses as the excitation light source supports another choice to 

investigate the near-field properties on complex coupled plasmonic nanostructures. 

PEEM has been found promising for pinpointing the near-field properties of plasmonic 

modes on different metallic nanostructures.28-36 
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Figure 3.1 The investigations of spectral properties in dolmen structures on the basis of 
far-field spectroscopic measurements and numerical simulations. (A) Investigation on 
dolmen structures in experimental and numerical simulation in far field.14 Under 
horizontal polarized light excitation, one broad extinction peak can be observed due to 
the dipole mode for entire structure. Under vertical polarization excitation, two peaks 
and a dip can be observed in both the experimental and simulated results shown in (a) 
and (b), respectively. The near-field charge distribution demonstrated that a quadrupole 
mode in dimer part can be obtained under the dip wavelength excitation (e). (B) 
Investigation of Fano resonance on dolmen structures by third harmonic mechanism.15 
(C) Investigation of Fano resonance on dolmen structures in experimental, calculations 
and numerical simulations.37 (D) Theoretical investigation of Fano resonance on dolmen 
structures. The researches above all obtained two peaks and a dip in far field spectra.38 
The near-field properties were only performed through the calculation and simulation. 

  Au nano dolmen structure consists of a planar monomer nanorod and a two parallel 

planar nanorods (dimer) is a popular complex plasmonic nanostructures, since it exhibit 

striking spectral properties in far field and have been primarily explained by the Fano 
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resonance as the result of interference between a spectral wide dipole plasmon mode 

and a narrow dark quadrupole plasmon mode.8, 10, 14 In normal, the quadrupole plasmon 

mode in dimer part cannot be excited since it is a forbidden mode and it hard couples to 

the far field. However when the monomer part close to the dimer part, the dipole mode 

in monomer part may induce the quadrupole mode in dimer part due to the near-field 

interaction (near-field coupling). The Fano resonance can be generated from the 

interference between these two modes. The spectral properties of dolmen structures 

have been intensively investigated on the basis of far-field spectroscopic measurements 

and numerical simulations. Figure 3.1 shows several investigations of Fano resonance 

on dolmen structures by several methods in experiments, numerical simulations, and 

theoretical calculations.14, 15, 37, 38 The results all indicated that in far-field spectra two 

peaks and a dip can be observed under the polarized excitation perpendicular to the 

symmetry axis of dolmen structures. Only few attempts of investigations on near-field 

properties, but they were all in calculations or simulations. Since the plasmon 

hybridization and Fano resonance mix with each other and it is difficult to distinguish 

only in far field spectra. Therefore, in near field, the spectral response of the local field 

enhancement in plasmonic Fano nanostructures is extremely desired to be explored. 

In this chapter, the near-field spectral response and spatial evolution of the near-field 

intensity distribution on complex coupled dolmen structures have been investigated by 

PEEM. According to the near-field properties of dolmen structures, the spectral 

response of dolmen structures is primarily attributable to the anti-bonding plasmon 

mode and bonding plasmon mode that are thought to result from plasmon hybridization. 

Upon the high spatial resolution of the PEEM, spatially resolved near-field spectral 

response of dolmen structures has been obtained. In particular, the near-field spectra 

demonstrated that the maximum near-field enhancement is dominated by the 

anti-bonding and bonding hybridized modes, although the quadrupole-like mode can be 

revealed from the spatially resolved near-field photoemission spectra, it only weakly 

contribute to the near-field enhancement. The experimental results can be reproduced 
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well with the finite-difference time-domain (FDTD) method. On the basis of the results, 

the discussion of the crossover between plasmon hybridization and Fano resonance was 

also described. And a new method for distinguishing the plasmon hybridization and 

Fano resonance is concluded. It is the near-field properties especially the near-field 

spectra can be used to clarify the crossover between the plasmon hybridization and Fano 

resonance. 

 

3.3 Experimental details 

  The LSPRs is highly dependent on the shape of the metallic nanoparticles, in dolmen 

structure system the constitution elements of three nanorods provide twelve corners. 

Since the plasmon coupling between the constitution elements decide the spectral 

properties in dolmen structure, the shapes of the nanorods and the corners play a very 

important role. To increase and ensure the quality of the structures, in this study I 

employed another EBL approach (ELS-F130MH, Elionix) to fabricate the sample. The 

fabrication process is almost the same as described in chapter 2. Here, EBL writing was 

performed at 130 kV acceleration voltages and a current of 50 pA. The ELS-F130MH 

used in this study working at 130kV acceleration voltage can dramatically increase the 

accuracy of nanostructures compared with the EBL using in chapter 2. This insures the 

dolmen structures with higher quality, especially the corners of each nanorod. 

Near field properties were also performed by PEEM. The details of the PEEM 

measurements were described in chapter 2. In this study, two light beams were used as 

excitation sources for PEEM. One beam was UV light from a mercury lamp 

(unpolarized cw light with a cutoff energy of 4.9 eV), which was used to characterize 

the morphologies of metallic nanoparticles. The other one was a Ti:sapphire 

femtosecond laser that delivers approximately 100 fs laser pulses with a tunable central 

wavelength (720−920 nm) at a repetition rate of 77 MHz. I used this laser for 

wavelength-dependent PEEM measurements to obtain the near-field photoemission 
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spectra, as well as for near-field mapping at various wavelengths. In this study, all the 

PEEM images were recorded under the field of view of 1.25 m to ensure only single 

dolmen structure has been imaged. The laser power was kept as 120 mW before the 

PEEM window and the focal lens for the wavelength dependent measurements. The 

laser intensity on the sample was estimated to be ~120 MW/cm2, and considering a 

near-field intensity enhancement factor of 102 - 103, the maximum local electric 

intensity could reach 12 - 120 GW/cm2, which is sufficient to generate multiphoton 

photoemission. 

In this study, not only the near-field intensity spectra but also the spatially resolved 

photoemission intensity spectra were investigated which were obtained from integrating 

the photoemission intensity from selected area of one PEEM image and plotting against 

the excitation wavelengths. The spatially resolved photoemission intensity spectra of 

different selected areas can be used to separate the contribution to near-field 

enhancement for different plasmon modes existing in different areas of the structure. 

Numerical simulation of the near-field properties of Au dolmen structures was 

performed using the FDTD Solutions software package (Lumerical, Inc.). The 

simulation details were almost same with that in chapter 2. The boundary conditions 

were different. In the light propagation direction, the same perfectly-matched layer 

boundary conditions were imposed. However only in plane perpendicular to the light 

propagation direction, the periodic boundary conditions were applied on each boundary. 

The simulation region in this plane is 1000 nm  1000 nm, corresponding to one unit of 

the dolmen structure in the array.  

  Here, the near-field intensity spectrum was obtained from plotting the integral of the 

(I/I0)
4 for a 320 nm × 320 nm area on the interface between the dolmen structure and the 

substrate considering the nonlinearity of the PEEM measurement is 4. I and I0 represent 

the local electromagnetic field intensity on the plane and the incident electromagnetic 

field intensity, respectively. This is for better comparison with the PEEM measurement 

results. 
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3.4 Results and discussion 

3.4.1 Characterization of topography and far-field spectra 

The complex coupled metallic nanostructures investigated in this study were Au 

dolmen structures as schematically shown in Figure 3.2 (a). As shown in the figure, the 

dolmen structure consists of a planar nanorod monomer and a planar nanorod dimer 

with small gap distance. The planar nanorod monomer had a dimension of 100 × 150 

nm2. And the dimension of each nanorod in the planar nanorod dimer was 80 × 140 nm2. 

The edge-to-edge distance between two nanorods in the dimer part was 70 nm. The gap 

distance between the monomer part and dimer part was chosen to be 25 nm, and the 

small gap distance guaranteed a strong interaction between the monomer and dimer 

parts. The dolmen structures were arranged in 2D square in a 100 ×100 m2 area with 

the pitch size of 1m. The large pitch size was fabricated to avoid the near-field 

interaction between the nearby dolmen structures.8 A SEM image was shown in Figure 

3.2 (b), in which the Au dolmen structures are uniform and have good quality. 

 
Figure 3.2 (a) Sketch map of Au dolmen structures. Design parameters of the structure 
are as follows: L = 150 nm, W = 100 nm, G = 25 nm, S = 140 nm, V = 80 nm, E = 70 
nm, H = 30 nm. (b) SEM image of the Au dolmen structures with the pitch size of 1 m. 
The scale bar is 200 nm. 

Figure 3.3 shows the far-field extinction spectra of Au dolmen structures with 

horizontal polarized light irradiation (where the electric field vector is perpendicular to 
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the symmetry axis) and vertical polarized light irradiation (where the electric field 

vector is parallel to the symmetry axis of the dolmen structures) measured by FTIR. In 

the case of vertical polarization (red curve), a broad extinction band centered at 

approximately 810 nm can be observed. This is because under the vertical polarized 

light excitation, a broad dipole LSPR mode of the entire dolmen structure was excited. 

On the contrary, two distinct extinction peaks centered at approximately 760 nm and 

850 nm can be observed under the horizontal polarization (black curve). These 

observations are consistent with previous reports on the far-field optical properties of 

Au dolmen structures.  

 
Figure 3.3 Far-field extinction spectra of Au dolmen structures measured by FTIR using 
different linearly polarized light. Red curve is under the vertical polarization (where the 
electric field vector is parallel to the symmetry axis), and black curve under the 
horizontal polarization (where the electric field vector is perpendicular to the symmetry 
axis). The polarization of incident light was also followed the arrow inset the figure. 

In normal, only dipole plasmon mode in the two nanorods in dimer part can be 

excited, since the quadrupole-like mode (the quadrupole-like mode is for entire dimer 

part with anti-phase dipole distributions of the two nanorods) of the dimer is forbidden. 

However, the small gap between the monomer part and the dimer part ensure a strong 

near-field coupling between the two parts, result in the quadrupole mode in dimer part 

become possible. The sketch map of such discussion is shown in Figure 3.4. 
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Figure 3.4 Sketch map of the formation of the quadrupole mode in dimer part. Under 
the horizontal polarization, only the dipole mode in monomer and dimer can be excited. 
The dark quadrupole mode is forbidden. However when the two part close to each other 
with small gap distance, the dipole mode in monomer may induce the quadrupole mode 
in dimer due to the near-field interaction. 

In the frame of plasmonic Fano resonance theory, the dipole mode in monomer and 

quadrupole mode in dimer can interfere with each other, which leads to the so-called 

plasmonic Fano dip in the extinction spectrum.8, 10, 14 In Figure 3.3 a dip at 810 nm can 

be observed. The quadrupole mode is usually thought to be located close to this dip 

position. Such deduction has been demonstrated by calculations of the charge 

distribution.6 The quadrupole mode is subradiant dark plasmon mode, thus the radiant 

loss is smaller. It may exhibit a stronger local field enhancement in the near field and a 

longer dephasing time. Here, in Au dolmen structures, if the Fano resonances decide the 

far-field spectral profile, in near field, the maximum near-field enhancement should 

occurs at the so-called Fano resonance wavelength (close to the dip wavelength). To 

confirm this, near field measurement is necessary. 
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3.4.2 Near-field spectra of Au dolmen structure 

The near-field properties of Au dolmen structures were investigated using PEEM 

with a wavelength tunable femtosecond laser as the excitation source. As mentioned in 

chapter 2, in a metallic nanostructures system, assisted by LSPR femtosecond laser 

pulses provide substantial photoemission through nonlinear photoemission process 

mainly in multiphoton photoemission, especially when the wavelength of the laser 

pulses are at or close to the LSPR wavelength. The PEEM image under the femtosecond 

laser irradiation at resonance condition of a metallic nanostructure system can be 

regarded as the nonlinear near-field intensity mapping of the structures. Otherwise, the 

near-field photoemission intensity spectrum can be treated as the nonlinear near-field 

LSPR response spectrum of the plasmonic nanostructures.  

Here, a wavelength-tunable femtosecond laser with the wavelength range from 720 

nm to 920 nm was employed as the excitation source. The laser delivered a pulse with 

pulse duration of ~100 fs and a repetition rate of 77MHz. In this experiment, the laser 

pluses irradiated onto the sample under normal incidence. A nominal FOV of 1.25 m 

for the PEEM measurements was used to ensure that only a single dolmen structure was 

imaged, since the pitch size of the structures was 1 m. To obtain the near-field spectra, 

I imaged the near-field photoemission intensity over the entire FOV for the illumination 

wavelengths range from 720 nm to 920 nm in 10 nm increments. The integrated the 

near-field photoemission intensity was integrated and plotted against the excitation 

wavelengths, thus the near-field spectra can be obtained. 
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Figure 3.5 PEEM images of the dolmen structure under the horizontally polarized 
femtosecond laser irradiation with the central wavelength changing from 720 nm to 910 
nm in the incresements of 10 nm. Here, the FOV of 1.25 m is used which guaranteed 
only single structures can be detected. The yellow dashed line plots the geometry of 
dolmen structure. 

Figure 3.5 shows the PEEM images of a single dolmen structure under the 

horizontally polarized excitation with the central wavelength changing from 720 nm to 

910 nm (920 nm not shown here) in the increment of 10 nm. These images were the 

original framework of the near-field spectra. From these images, the hot spot intensities 

under different wavelength excitations are different can be clearly observed. By 

integrating the photoemission intensity of each image and plotted it against the 

wavelengths, near-field spectra of dolmen structure were obtained. Figure 3.6 shows the 

near-field spectra of Au dolmen structures under horizontal polarized laser light (red 

curve) and vertical polarized excitation laser light (black curve). The near-field spectra 

of dolmen structure under vertical polarization gives one broad band centered at 

approximately 820 nm; this is similar to the far-field extinction spectra. For horizontal 
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polarization excitation, it is found that two extinct peaks can be observed that located at 

approximately 760 nm and 850 nm, respectively. The near-field spectra and far-field 

extinction spectra were plotted together with the same wavelength range for easily 

compare with the far-field extinction spectra. 

 
Figure 3.6 Near-field spectra of Au dolmen structure under horizontal polarization 
(black curve) and vertical polarization (red curve) using wavelength-tunable laser as the 
excitation source. The inset plots the polarization conditions. 

  Figure 3.7 shows the near-field spectra compared with far-field spectra under 

horizontal polarization (a) and vertical polarization (b). For vertical polarization, the 

broad plasmon peaks located at almost the same wavelength both in far- and near-field 

spectra. Furthermore, under horizontal polarization, the two near-field peaks also 

located at the same wavelengths with the two peaks in far-field extinction spectra. The 

results indicate that the maximum near-field enhancement was not located at the dip 

wavelength. It is unlike the results in a previous report Fano resonant plasmonic 

heptamer structures. Thus, it can be deduced that the far-field spectral profile maybe not 

caused by the Fano resonance since the quadrupole mode cannot be clearly observed at 

the dip wavelength in the near-field spectra.6 The interesting phenomena only occur 

under the horizontal polarization excitation, next I will just discuss about the 

investigation under this polarization.  
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Figure 3.7 Near-field spectra compared with far-field spectra under horizontal 
polarization (a) and vertical polarization (b). 

 

3.4.3 Near-field mapping of Au dolmen structure 

  In far- and near-field spectra of Au dolmen structure under horizontal polarization, 

the curves have approximately the same shape. To further understanding the mechanism 

in Au dolmen structures, the near-field intensity distributions at various wavelengths are 

a matter of particular interest. As mentioned above, since the photoemission intensity is 

correlated with the local electric field intensity in a nonlinear manner, the 

wavelength-dependent PEEM images can give the spatially resolved near-field intensity 

distribution. Firstly, by changing the excitation wavelength, it was found that, under 

different excitation conditions, the PEEM images gave different spatial distribution as 

can be seen in Figure 3.5. The near-field intensity distributions evolve dramatically, 

especially when the wavelength changes between the two peaks. However, it is difficult 

to distinguish where the hot spots excited from only in the PEEM image irradiated by fs 

laser. Therefore, an additional UV light source from a mercury lamp was employed. 

Figure 3.8 (a) shows the PEEM image of Au dolmen structure irradiated by UV light. 

Because the work function between Au and the substrate is different and the UV light is 

uniform with high photon energy (bigger than Au, smaller than substrate), the PEEM 

image irradiates by the UV light can provide details of the morphology of the Au 

nanostructures. Such kind of usage is an important reference for determining the 
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locations of plasmonic hot spots irradiated by fs laser. Figure 3.8 (b) shows the PEEM 

image of Au dolmen structure simultaneously irradiated with UV light and femtosecond 

laser pluses with central wavelength of 800nm. This simultaneous irradiation helps to 

outline Au dolmen structures, which are shown as red dashed lines in Figure 3.9. 

 
Figure 3.8 PEEM image of Au dolmen structure under UV light irradiation (a) and 
simultaneously irradiated with UV light and femtosecond laser pulses, with a central 
wavelength of 800 nm. The scale bar is 100 nm. 

  To present the evolution of the near-field intensity distribution more clearly, the 

PEEM images for four characterized wavelengths were shown in Figure 3.9. The four 

characterized wavelengths are also remarked in the inset number in Figure 3.9 (a). At 

the two peak wavelengths (760 nm (1) and 850 nm (4)), the photoemission is mainly 

from the top monomer part and dominate the near-field enhancement. At the 

shorter-wavelength peak of 760 nm, the photoemission stronger located at the two upper 

corners. However, at the longer-wavelength peak of 850 nm, two lower corners are 

stronger. And at the dip wavelength of 800 nm (3), four hot spots from the dimer part 

also can be seen. They located at the two nearest lower corners and two outside upper 

corners. However, due to the near-field spectrum, the near-field enhancement here is 

much weaker than the two peaks. The strongest photoemission in dimer part was found 

to be at the wavelength of 780 nm (2), however, it is still very weak. 
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Figure 3.9 (a) Near-field spectra of Au solemn structure. The inset shows an SEM 
image of Au dolmen structure investigated here. (b-e) PEEM images under fs laser 
excitation with four different wavelengths. The four wavelengths include the two peak 
wavelengths (shorter-peak wavelength of 760nm and longer-peak wavelength of 850 
nm), dip wavelength of 800 nm and 780 nm with the maximum enhancement from the 
dimer part. The four wavelengths are also remarked in inset of (a). The red dashed line 
plots the geometry of the dolmen structure. The scale bar in all images is 100 nm. 

  The PEEM images for four characterized wavelengths excitation indicate that there 

are different plasmon modes excited by the different wavelengths. To further explain the 

experimental observation and confirm the plasmon modes, numerical calculations were 

performed. 

 

3.4.4 Finite-difference time-domain simulation results 

  The far-field extinction spectra, the near-field intensity enhancement spectra, the 

near-field intensity distributions, and charge distributions are performed by FDTD 

simulations. The simulated far-field extinction spectrum (red) and near-field intensity 

spectrum (black) under horizontal polarization excitation are shown in Figure 3.10. In 

the figure, the normalized integrated value (I/I0)
4 over an area of 320 nm × 320 nm at 



91 
 

the interface between the dolmen structure and the substrate in the near-field spectrum 

is shown for better comparison with the PEEM measurement results. Since it has 

mentioned above, it was assumed an average four-photon photoemission process for the 

PEEM measurement. Here, I and I0 represent the local electromagnetic field intensity on 

the plane and the incident electromagnetic field intensity, respectively. In the near field, 

the maximum near-field intensity was not induced at the extinction dip wavelength, 

instead, two peaks also can be observed and they almost coincided with the far-field 

extinction spectrum. The simulation results reproduce well with the experimental 

results. 

 
Figure 3.10 FDTD simulated far-field extinction spectrum (red) and near-field intensity 
spectrum (black) under horizontal polarization excitation, plotting the integral of the 
(I/I0)

4 for a 320 nm × 320 nm area on the interface between the dolmen structure and the 
substrate. 

The near-field electric field intensity distributions of Au dolmen structure under the 

corresponding four characteristic wavelengths were shown in Figure 3.11. The 

redistribution of the near-field enhancement in monomer part under the two peak 

wavelengths excitation is clearly observed with the same distribution compared with the 

experimental results. The near-field intensity distribution on the dimer part at 
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wavelength positions of 2 and 3 is also reproduced well with the experimental 

observations. 

 

Figure 3.11 Calculated near-field electric field intensity distributions under the 
corresponding four characteristic wavelengths. The wavelengths of 1, 2, 3, 4 are also 
remarked in Figure 3.10.  

  Figure 3.12 performs the calculated charge distribution at the two peak wavelengths 

by FDTD simulation. The results indicate that two kinds of plasmon modes were 

generated correspond to the shorter-wavelength peak and longer-wavelength peak. In 

shorter-wavelength peak, the charge distribution shows an anti-bonding mode between 

the monomer and dimer parts. While in longer-wavelength peak, the charge distribution 

shows a bonding mode between the monomer and dimer parts. The anti-bonding mode 

and bonding mode are thought to result from the plasmon hybridization. 

 
Figure 3.12 Calculated charge distribution at the two peak wavelengths. The 
wavelength correspond to the number marks in Figure 3.10. 

It is reasonable to interpret the wavelength-dependent near-field patterns results in the 

frame of the plasmon hybridization model. The two plasmon hybridization states were 

generated from the strong near-field coupling between the dipole mode in the monomer 
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and the quadrupole-like mode in the dimer.1, 8 The shorter-wavelength peak 

(higher-energy) is according to the anti-bonding state. On the other hand, the 

longer-wavelength peak (lower-energy) is according to the bonding state. The calculated 

charge distribution results shown in Figure 3.12 support such assumption. In the case of 

anti-bonding hybridized mode, the charge distribution in the monomer and dimer parts 

leads to a repulsive Coulomb force at the gap area. It makes the charges in the monomer 

easier concentrate at the two upper corners. Otherwise, in the case of bonding 

hybridized mode, the charge distribution in the monomer and dimer parts leads to an 

attractive Coulomb force at the gap area. Thus, the charges in the monomer easier 

concentrated at the lower corners of the monomer. This explains the experimental and 

simulated near-field intensity distribution results under anti-bonding and bonding 

excitations, respectively.  

 

3.4.5 Spatially resolved photoemission intensity spectra 

  The spatially resolved photoemission intensity spectra from different regions of the 

structure can be obtained due to the high spatial resolution of PEEM measurements. The 

spatially resolved photoemission intensity spectrum is done by integrating the 

photoemission signal of a selected region and plotting it against the excitation 

wavelengths. Figure 3.13 (a) shows the experimental spatially resolved photoemission 

intensity spectra for four regions, and the regions were described in Figure 3.13 (b). The 

total photoemission intensity curve can be divided into three bands. The three bands 

dominate the photoemission signal in three different regions. Area 1 corresponds to the 

anti-bonding plasmon peaks and area 2 corresponds to the bonding plasmon peak. In 

area 3, a small peak located at 780 nm can be observed. This peak related to the 

quadrupole-like plasmon mode in dimer part. This quadrupole-like mode was thought to 

lead the formation of the Fano resonance through the interference with the dipole mode 

in monomer. However, this quadrupole-like mode is much weaker than the two plasmon 
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hybridized plasmon modes.  

 
Figure 3.13 (a) The experimental spatially resolved photoemission spectrum of the 
dolmen, obtained for four different regions by integrating the photoemission signal from 
the selected areas. (b) The sketch map of the four selected areas. 

  Figure 3.14 shows the simulated spatially resolved photoemission spectrum of the 

dolmen structures for four selected regions. The results reproduce well with the 

experimental observation. A weak peak can also be identified in area 3 corresponding to 

the quadrupole-like mode in dimer part. 

 

Figure 3.14 (a) The simulated spatially resolved photoemission spectrum of the dolmen, 
obtained for four different regions by integrating the photoemission signal from the 
selected areas. (b) The sketch map of the four selected areas. 

  From both the experimental and simulation results of spatially resolved 

photoemission intensity spectra, it is reasonable to conclude that in complex coupled 

dolmen structures, the near-field enhancement is dominated by plasmon hybridization 
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rather than Fano resonance. 

 

3.4.6 Discussions 

Upon the results above, some new topics can be summarized which may help to 

better under the mechanism of plasmon hybridization and Fano resonance. As 

mentioned in the introductions, the plasmon hybridization and Fano resonance are 

mixed in most coupled plasmonic nanostructures. It is very hard to distinguish only 

from the far-field extinction or scattering spectra. The crossover between the EIT 

phenomena and Rabi splitting in a plasmon-molecular-coupled system exist the similar 

problem.39 However, such crossover can be distinguished through the excitation spectra 

that reflect molecular absorption spectra. As deduced from the above part, the near-field 

spectral properties can be applied to distinguish the difference of the near-field 

enhancement contribution between plasmon hybridization and Fano resonance.  

Halas et al. investigated the near-field properties of plasmonic heptamer structures 

which support the Fano resonance using surface-enhanced Raman scattering (SERS) 

and numerical calculations.6 In a plasmonic heptamer, plasmon hybridization and Fano 

resonance both exist. The dipole LSPRs of the central nanodisks and the outer 

nanodisks are hybridized to a bonding bright mode with same phase in all nanodisks 

and an anti-bonding dark mode with the center nanodisks and outer nanodisks out of 

phase. The bonding mode and anti-bonding mode interference and induce the Fano 

resonance.40, 41 In experiments, they observed strongest SERS signals when the 

wavelength of the pump laser and the Raman Stokes mode of interest overlap the Fano 

dip wavelength. Additionally, their calculations performed that the wavelength of the 

Fano dip in the far-field scattering spectrum is very close to the wavelength of the 

maximum in the near-field enhancement spectrum. In a real Fano resonance system, the 

sharp dark mode around the extinction or scattering dip position should dominate the 

near-field enhancement. Such kind of finding was also demonstrated by Frimmer et al. 
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using the CL technique.26  

From PEEM measurements, it did not observed strong near-field enhancement at the 

dip position or the Fano resonance position in dolmen system. A strong anti-bonding 

mode and a strong bonding mode can be observed, and they dominate the near-field 

enhancement. In previous investigation, the Fano resonance was thought to result the 

far-field spectral profile in dolmen structures. However, due to the study above, it is 

reasonable to conclude that plasmon hybridization dominate the near-field enhancement 

and result in the far-field line-shape in dolmen structures. 
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3.5 Conclusions 

In this chapter, the near-field properties of a complex coupled Au dolmen structures 

have been experimentally investigated using PEEM. The spatial evolution of the 

near-field patterns revealed the near-field plasmon coupling occurring in the coupled 

dolmen system. The evolution of near-field mapping with high spatial resolution under 

different wavelength excitation presented the coupling anti-bonding and bonding 

plasmon modes which hybridized from the interaction between a dipole plasmon mode 

in the monomer part and a quadrupole-like mode in the dimer part. It is found that the 

two hybridized plasmon mode dominated the near-field enhancement. Although the 

quadrupole-like mode in the dimer part can be identified by the spatially resolved 

near-field spectra, it only contributed weakly to the near-field enhancement. 

Furthermore, a new method which can be used to distinguish the plasmon hybridization 

and Fano resonance was proposed. That is the near-field spectral properties allows for 

distinguishing the difference of the contribution to the near-field enhancement on 

plasmon hybridization and Fano resonance. The results deepen our understanding of 

plasmon hybridization and Fano resonance and are expected to promote further 

development of potential applications.  
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Chapter 4 

Far-field coupling and the grating effect in coupled plasmonic 

nanostructures 

 

4.1 Abstract 

The pitch size of a regular two-dimensional array of metallic nanoparticles plays an 

important role in the plasmonic properties of the array due to the plasmon coupling 

between nanoparticles. In particular, when the pitch size is comparable to the plasmon 

resonant wavelength, the grating effect can alter the resonant wavelength and the 

dephasing of the plasmon resonance. In this study, far-field coupling and grating effect 

on complex Au dolmen structures which exhibit multiple plasmon modes due to 

plasmon hybridization have been experimentally investigated from both the far field and 

the near field. The near-field properties were investigated by photoemission electron 

microscopy using wavelength-tunable femtosecond laser as the excitation source. The 

results demonstrated that the two hybridized plasmon modes on Au dolmen structures 

could be modified by the grating effect. For comparison, the grating effects in arrays of 

simple Au nanoblock structures and complex heptamer structures which support a 

strong bright plasmon mode and a dark plasmon mode, respectively, have also been 

investigated. The spectral response of the two hybridized plasmon modes on the dolmen 

structures as the pitch size changed evolved in a manner similar to that of the bright 

dipole mode on the nanoblock structures can be observed, whereas the dark mode on the 

heptamer structures is less sensitive to the pitch size. These results deepen our 

understanding of the grating effect for complex coupled plasmonic nanostructures. 
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4.2 Introduction 

    For metallic NPs in regular 2D array, the optical properties can be different from 

those of individual NPs. The optical properties can be influenced by the pitch size. In a 

metallic NP array, two types of the interaction between nearby NPs can be distinguished. 

They are the near-field interaction due to the short range interaction and the far-field 

interaction due to the long range interaction. The two kinds of interactions can be 

switched by the pitch size in the metallic NP array or the inter-particles distance for a 

single NP array, d. When d is much smaller than the NP size, the interaction between 

adjacent NPs based on the short range of the electromagnetic field within several tens of 

nanometers leads to the near-field coupling with d-3 dependence dominates. When d is 

larger enough comparable to the NP size and the LSPR wavelengths, the interaction of 

long range dipole-dipole interaction in the scattered light field leads to the far-field 

coupling with d-1 dominates. Thus, the near-field interaction and far-field interaction can 

be separated by changing the pitch size of the 2D NP array. The far- and near-field 

coupling have been investigated intensively on metallic NPs array which formed by 

simple nanostructures, such as nanoblocks, nanodisks, and nanorods.1-16 

 
Figure 4.1 The diffraction of grating order change from evanescent (a) to radiative (c) 
upon the changing of d from d<dc to d>dc. 

The grating effect in the far-field coupling regime plays an important role in 

determining the plasmonic properties. It indicates that the diffraction order can be 

changed from the evanescent to radiation by changing the pitch size.12, 13 For 2D square 
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grating of metallic NPs, there is a critical pitch size, dc, it decided a new diffractive 

radiation order emerges for a given wavelength, For normal incidence onto NP array 

on a substrate, there are two values of dc for first-order diffraction. One is dc=/n which 

correspond to radiation onto the substrate. Another one is dc= which correspond to 

radiation on to the free space. When d<dc, the diffraction of grating order is evanescent. 

The plasmon resonance of an individual particle decided the optical response of the 

grating at this situation with reduced radiation damping compared to a single particle as 

shown in Figure 4.1 (a). When d is approach to dc (and d=dc), the light fields related to 

a grating order is still evanescent, however, the first grating order begins to radiate in 

the array plane and an almost in-phase addition of the scattered light fields of 

neighboring particles enhanced the local optical fields in the plane of the array as shown 

in Figure 4.1 (b). This lead to a modification of the plasmon resonance properties 

resulted in the red shift of the plasmon resonant wavelength. When d>dc, the diffraction 

of grating order becomes radiative at a grazing angle as shown in Figure 4.1 (c). The 

total power radiated by the array can be increased by the additional radiating grating 

order; it enhanced the radiation damping and slight blue shift of the individual particle 

plasmon resonance. Otherwise, it can strongly modify the plasmon resonance and the 

damping. When the diffraction order is evanescent, the diffraction light propagated 

along the plane of the array. At this situation, the local optical fields in the plane become 

large since from an almost in-phase addition of the scattered light field of the nearby 

structures. Lamprecht et al. have investigated the far-field coupling and grating effect on 

Au nanodisks arranged in 2D patterns with different pitch sizes.12 They found that the 

plasmon resonant wavelength evolves with the pitch size as shown in the dashed line of 

Figure 4.2. The plasmon peaks red shift first as increasing the pitch size. Then it blue 

shifts as increasing the pitch size after the pitch size bigger than the grating constant of 

the first grating order diffracted into substrate. After that slightly red shifts again as 

increasing the pitch size. At last, it slightly blue shifts after the pitch size bigger than the 

grating constant of the first grating order diffracted into free space. Furthermore, a 
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dramatic increase of the plasmon damping have been also observed when the pitch size 

close to the transition region from evanescent to radiative fields of the first grating order 

on the substrate and free space.12 The results experimentally demonstrated that the pitch 

size of the 2D metallic nanoparticles array could dramatically influence the plasmon 

resonance as well as the plasmon damping. 

 

Figure 4.2 Experimental results of plasmon resonant wavelength and decay time plotted 
against the corresponding grating constant (pitch size).12 

Otherwise, since the far field and near field are influenced by each other, such grating 

effect should also alter the near-field plasmon properties.12 The near- and far-field 

plasmon coupling becomes more complex when complex NP aggregates are arranged in 

regular arrays, because the near-field coupling in complex NP already plays an 

important role in the plasmonic properties. The investigations of far- and near-field 

coupling on plasmonic nanostructures were mainly through far-field spectroscopic 

measurements. Near-field properties of such plasmon coupling may provide new 

insights into plasmon coupling in complex metallic NP arrays. 

In this chapter, the far-field coupling especially the grating effect on Au 

nanostructures arrays with complex coupled nanostructures have been investigated 

through near-field measurement using PEEM. Au dolmen structures with different pitch 

sizes have been firstly investigated. The results demonstrated that the two hybridized 

plasmon modes can be influenced by the grating effect. The spectral shifts of the 
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anti-bonding plasmon mode and bonding plasmon mode as varying the pitch sizes can 

be clearly observed in experimentally. Furthermore, the anti-bonding mode was 

dramatically suppressed when the pitch size was similar to the grating constant. To 

better understanding the regime, simple nanoblock structures and complex heptamer 

structures have also been investigated, in which supports a superradiant plasmon mode 

and a subradiant plasmon mode, respectively. The spectral response of the two 

hybridized plasmon modes on the dolmen structures as the pitch size changed evolved 

in a manner similar to that of the bright dipole mode on the nanoblock structures can be 

observed, whereas the dark mode on the heptamer structures is less sensitive to the pitch 

size. These results deepen our understanding of the grating effect for complex coupled 

plasmonic nanostructures. 

 

4.3 Experimental details 

  The Au nanostructures investigated in this chapter were also fabricated by EBL 

(ELS-F130MH, Elionix). The fabrication process is same as described in chapter 3. 

Near field properties were also performed by PEEM. The details of the PEEM 

measurements were same as described in chapter 3. Numerical simulation of the 

near-field properties of Au dolmen structures was performed using the FDTD Solutions 

software package (Lumerical, Inc.). The details were same as described in chapter 3. 

Here, two light source angels were used in this study. One is the normal incidence, 

another one is the oblique incidence with the angel of 24o. Under normal incidence 

excitation, the boundary conditions were same as that in chapter 3. However, the 

BEFAST boundary condition was used under the oblique incidence which can largely 

decrease the simulation time. Several simulation regions were used which also 

corresponded to the different pitch sizes of nanostructures investigated in this study. 
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4.4 Results and discussion 

4.4.1 Far-field coupling and grating effect in nanoblock structures  

  The far-field coupling and grating effect on Au nanoblock structures have been 

investigation on the basis of the far-field spectroscopy and numerical simulations. Since 

the far field and near field are influenced by each other, such grating effect should also 

alter the near-field plasmon properties.12 However, there is no experimental 

investigation of such plasmonic nanostructures in near field. In this study, I firstly 

investigated the far-field coupling and grating effect on Au nanoblock structures in near 

field by PEEM. 

 

Figure 4.3 (a) SEM image of the Au nanoblock structures with the pitch size of 400 nm. 
The scale bar is 100 nm. (b) Far- (black) and near-field (blue) spectra of Au nanoblock 
structures with the pitch size of 400 nm. 

  The Au nanoblock structures were fabricated by EBL with different pitch size range 

from 400 nm to 1500 nm. The nanoblock structures have the size of 180 × 180 nm2, 

with a thickness of 30 nm. Figure 4.3 (a) shows the SEM image of the Au nanoblock 

structures with the pitch size of 400 nm. The near-field properties of plasmonic 

nanostructures in this study were also performed by PEEM with a wavelength-tunable 

(720 nm to 920 nm) fs laser as the excitation source. A nominal field of view (FOV) of 

10 m was primarily used in this experiment. The far- and near-field spectra of 

nanoblock structures were shown in Figure 4.3 (b). The black curve represents the 
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far-field extinction spectrum while the blue curve represents the near-filed spectra 

obtained from PEEM. The dipole LSPRs can be observed at approximately 770 nm in 

both far-field and near-field spectra. 

 
Figure 4.4 (a) Experimental far-field extinction spectra on Au nanoblock structures for 
different pitch sizes. For a clear view, each curve is normalized to the extinction 
strength of the curve for a pitch size of 400 nm in term of the same NP density, and an 
offset of 0.5 is applied. (b) Experimental near-field extinction spectra on Au nanoblock 
structures for different pitch sizes. Each curve is normalized by its maximum 
photoemission intensity, and an offset of 1 is applied. The black dashed arrow in 
highlights the peak shift tendency as the pitch size increases. 

  Far- and near-field spectra for pitch sizes of 400 nm, 500 nm, 600 nm, 800 nm, 1000 

nm and 1200 nm are shown in Figure 4.4 (a) and (b), respectively. In far-field extinction 

spectra, a slight shift of the plasmon peak wavelength can be observed. On contrast, in 

near-field spectra, the near-field peaks red shifted dramatically first, then blue shifted 

slightly, and finally, red shifted again. These shift tendencies can also be clearly 

observed following the black dashed arrow. A dramatic red shift can be observed when 
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the pitch size changing from 400 nm to 600 nm. This is in good agreement with the 

previous research on metallic nanostructures in square lattices. The research interpreted 

such phenomena as the radiative dipole coupling as 1/d dependence.12, 13, 15 The 

oscillation of the dipole plasmon peak wavelength was observed when the pitch size is 

larger than 600 nm. This attributed to the grating effect. 

For 2D square grating of metallic NPs, there is a critical pitch size, dc, it decided a 

new diffractive radiation order emerges for a given wavelength,  When d<dc, the 

diffraction is evanescent. While increasing the pitch size, the diffraction order switches 

from the evanescent mode to the radiant mode, it alternates the damping property of the 

LSPR since the emergence of the new radiant mode increases the radiative loss. For 

normal incidence onto the sample on a substrate; there are two values of dc for the 

first-order diffraction. One is /n which corresponds to radiation onto the substrate. 

Another one is  which correspond to the radiation into the free space. The emergence 

of several values of dc enable the LSPR peak wavelength to oscillate when the pitch size 

is larger than the first critical pitch size, n. Such phenomena have been reported 

previously based on far-field spectroscopic measurements of simple nanostructure 

array.12, 13 The experimental results of the near-field properties in this study also 

revealed such behaviors. However, in the far-field spectra, the spectral response is less 

sensitive to the pitch size compared with near-field spectra. This is due to the specific 

light incidence angles during the far-field extinction spectra measurements. During the 

far-field spectra measurement by FTIR, light was focused on the sample by a 

Cassegrainian objective lens, which provided angles of incidence between 16° and 32°. 

The spectral properties of the plasmonic nanostructures in arrays are very sensitive to 

the angle of the incidence light. 
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4.4.2 Far-field coupling and grating effect in coupled dolmen structures 

In chapter 3, the near-field properties of Au dolmen structures have been 

systematically investigated using PEEM. The anti-bonding plasmon mode and bonding 

plasmon mode have been spectrally and spatially resolved by near-field spectra and 

near-field mapping, respectively. The anti-bonding plasmon mode and bonding plasmon 

mode are generated from the plasmon hybridization through the strong interaction 

between the dipole plasmon mode in monomer part and quadrupole-like mode in dimer 

part. The hybridized anti-bonding mode generated from the hybridized anti-bonding 

state, the charge distribution in the monomer and dimer parts leads to a repulsive 

Coulomb force at the gap area. It makes the charges in the monomer easier concentrate 

at the two upper corners. While the hybridized bonding mode was generated from the 

hybridized bonding state, the charge distribution in the monomer and dimer parts leads 

to an attractive Coulomb force at the gap area. In this case, the charges in the monomer 

easier concentrated at the lower corners of the monomer. These formations of the two 

hybridized plasmon modes lead to the two hybridized plasmon peaks in both far- and 

near-field spectra. Even a quadrupole-like mode in dimer part can be resolved from the 

spatially resolved near-field intensity spectra, however, it only weak contribute to the 

near filed. On the contrary, the two hybridized plasmon modes dominate the near field. 

The far- and near-field properties will be more interesting in such kind of complex 

coupled plasmonic nanostructure systems with different pitch sizes which may exhibit 

the far-field coupling and the grating effect. In previous investigation, the pitch size of 

the Au dolmen structures was settled at 1m. To better understanding the far-field 

coupling and the grating effect in complex coupled plasmonic nanostructures, the Au 

dolmen structures with several different pitch sizes were investigated. The Au dolmen 

structures have been fabricated by EBL with pitch sizes ranging from 400 nm to 1500 

nm. The sizes of the dolmen structures were same as investigated in chapter 3 (The 

planar nanorod monomer had a dimension of 100 × 150 nm2. The dimension of each 
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nanorod in the planar nanorod dimer was 80 × 140 nm2. The edge-to-edge distance 

between two nanorods in the dimer part was 70 nm, and the gap distance between the 

monomer part and dimer part was chosen to be 25 nm.). The structures with the smallest 

pitch size (400 nm) were thought large enough to avoid the near-field interaction 

between the nearby particles.17 

 
Figure 4.5 Experimental far-field extinction spectra of Au dolmen structures with 
different pitch sizes (400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 1000 nm, 1200 nm) 
under horizontal polarization (the electric field vector is perpendicular to the 
symmetrical axis of the dolmen). For a clear view, each curve is normalized to the 
extinction strength of the curve for a pitch size of 400 nm in term of the same NP 
density, and an offset of 0.5 is applied. 

The experimental far-field extinction spectra for the pitch sizes of 400 nm, 500 nm, 

600 nm, 700 nm, 800 nm, 1000 nm, 1200 nm are shown in Figure 4.5. The polarization 

of the excitation light is horizontal polarization which the electric field vector is 

perpendicular to the symmetry axis. In this study, only the case under horizontal 
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polarization was investigated. In the figure, the two hybridized plasmon modes 

localized at approximately 780 nm and 900 nm can be clearly observed for each pitch 

size. The appearance of the extinction mode at a short wavelength is attributed to the 

transverse LSPR mode of the dimer rods. As changing the pitch sizes, the peak 

wavelengths slightly shift. The small shift values are different from the results of the 

investigation about the grating effect on simple nanostructures.  

 
Figure 4.6 Experimental near-field extinction spectra of Au dolmen structures with 
different pitch sizes (400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 1000 nm, 1200 nm) 
under horizontal polarization (the polarization vector along perpendicular to the 
symmetrical axis of the dolmen). Each curve is normalized by its maximum 
photoemission intensity, and an offset of 1 is applied. The black dashed line shows the 
peak shift tendency as the pitch size varies. The black dashed arrow in highlights the 
peak shift tendency as the pitch size increases. 

Figure 4.6 shows the near-field spectra of Au dolmen structures for the pitch sizes of 
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400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 1000 nm, 1200 nm. The peak wavelengths 

of the two hybridized plasmon modes were nearly identical for all pitch sizes under 

normal incidence. However, in near-field spectra, the two hybridized plasmon peaks red 

shifted first, then blue shifted slightly and red shifted slightly again as the pitch size 

increased. The black arrows also guided the peak shifts tendency. These shifts are 

similar to the results of previous investigation on the grating effect in plasmonic 

nanostructures through the far-field measurements.12, 13 Furthermore, for some specific 

pitch sizes (600 nm, 700 nm, 800nm), the shorter-wavelength peaks show weak 

intensity. It means that the shorter-wavelength peaks were dramatically suppressed with 

these specific pitch sizes. 

 
Figure 4.7 Simulated far- and near-field spectra of Au dolmen structures for different 
pitch sizes under normal excitation by FDTD simulation. (a) Far-field extinction spectra 
for different pitch sizes. (b) Near-field spectra for different pitch sizes. The normalized 
integrated value, (I/I0)

4, over an area of 320 nm × 320 nm at the interface between the 
dolmen structure and the substrate is shown for better comparison with the PEEM 
measurements, considering the nonlinearity of the multiphoton photoemission as 4. The 
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simulated far-field and near-field spectra are all normalized by the maximum extinction 
or PE intensity of each curve, and an offset of 1 is applied. 

To under the different observation in the spectra in far and near field, the simulated 

far- and near-field spectra have been performed. They were done by the FDTD 

simulation under the normal incidence light excitation. Figure 4.7 (a) and (b) shows the 

far- and near-field spectra of Au dolmen structures with pitch size of 400 nm, 500 nm, 

600 nm, 700 nm, 800 nm, 1000 nm, 1200 nm, respectively. The results of simulated 

near-field spectra reproduced the experimental observations qualitatively. However, the 

simulated far-field spectra on the pitch size were not similar to the experimental 

far-field result; on the contrary, they were similar to the experimental near-field spectra. 

`  

Figure 4.8 Far-field extinction spectra simulated by FDTD with the normal incidence 
excitation (a) and the oblique incidence excitation at 24° incidence angle (b). The black 
dashed arrow in highlights the peak shift tendency as the pitch size increases. 

The difference between the experimental result and the numerical simulations in the 
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far field are resulted from the different angles of incidence of the light. During the 

far-field spectra measurement by FTIR, light was focused on the sample by a 

Cassegrainian objective lens, which provided angles of incidence between 16° and 32°. 

However, in the FDTD simulations, light was irradiated onto the structures under 

normal incidence. To verified the influence of the incidence angles, far-field extinction 

spectra under oblique incident excitation has been simulated. Figure 4.8 compared with 

the simulation results between the normal incidence (a) and oblique incidence at 24o (b). 

It is found that the LSPR peak wavelengths are less sensitive to the pith size for the 

oblique incidence compared to those for the normal incidence. In these simulated results, 

the anti-bonding mode at the pitch size of 600 nm can be seen more clearly at the 

oblique incidence. The spectral properties of the plasmonic nanostructures in arrays are 

very sensitive to the angle of the incidence light. This accounts for the difference in the 

properties of the far-field extinction spectra in the experiments and the simulations. 

Furthermore, if compared with the spectral response on the Au nanoblock structures, 

the two hybridized modes in the dolmen structures affected by the pitch size are similar 

to the spectra response on nanoblock structures. This further demonstrated that the 

anti-bonding and bonding plasmon modes are either bright or superradiant plasmon 

mode. Because they are strongly modified by the grating effect which mainly due to the 

interaction between the scattering fields. 

In dolmen structures, the dipole plasmon mode in monomer part induces the 

quadrupole-like mode in dimers, and the quadrupole-like mode interacts again with the 

dipole mode resulting in the two hybridized plasmon modes. The dipole plasmon mode 

is a bright superradiant plasmon mode while the quadrupole mode is dark subradiant 

plasmon mode. To better understand the grating effect in the complex Au dolmen 

structures, the spectral properties of quadrupole mode are also very important. Next, the 

grating effect on heptamer structures which exhibit a subradiant plasmon mode will be 

discussed. 
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4.4.3 Far-field coupling and grating effect in complex heptamer structures 

  To further explore the grating effect in complex coupled plasmonic systems in near 

field, the complex plasmonic heptamer structures have been investigated. Plasmonic 

heptamer structures have been investigated with exhibiting Fano resonance by several 

groups.18-21 In heptamer structures, the dipole LSPRs of the central nanodisks and the 

outer nanodisks are hybridized to a bonding bright mode with same phase in all 

nanodisks and an anti-bonding dark mode with the center nanodisks and outer 

nanodisks out of phase. The bonding mode and anti-bonding mode interference and 

induce the Fano resonance.19, 20 As introduced in chapter 3, Halas et al. demonstrated 

that SERS signals are most enhanced when the wavelength of the pump laser and the 

Raman Stokes mode of interest overlap the Fano dip wavelength.18 Additionally, their 

calculations performed that the wavelength of the Fano dip in the far-field scattering 

spectrum is very close to the wavelength of the maximum in the near-field enhancement 

spectrum. Their results indicated that the subradiant plasmon mode dominates the 

near-field enhancement. 

 
Figure 4.9 (a) SEM image of Au heptamer structures with the pitch size of 1000 nm. 
The scale bar is 200 nm. (b) Far-field extinction spectrum (black) and near- field 
spectrum (red) of Au heptamer structure with 1000 nm pitch size under horizontally 
polarized light. 

  In this study, Au heptamer structures were fabricated by EBL and the comprised 

circles with 140 nm in diameter and the gaps of 20 nm between them. Figure 4.9 shows 
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the SEM image of the heptamer array with the pitch size of 1000 nm. The far-field 

extinction spectrum (black) and near-field spectrum (blue) of Au heptamer structure 

with 1000 nm pitch size under horizontally polarized light are shown in Figure 4.9 (b), 

respectively. The Fano-like line-shape can be clearly observed in the far-field extinction 

spectrum. A dip located at 800 nm can be also identified. The near-field spectrum 

performs only one peak, which is located at approximately 780 nm, close to the dip 

wavelength of the far-field spectrum. These results indicate that in a heptamer system, 

the subradiant plasmon mode dominate the near-field enhancement, and the interference 

between the superradiant plasmon mode and subradiant plasmon mode lead to the Fano 

resonance resulting in the far-field line-shape. 

 

Figure 4.10 Experimental far-field extinction spectra (a) and near-field spectra (b) of 
Au heptamer structures for the different pitch sizes. In heptamer structures, to avoid 
near-field interaction between two adjacent units, the smallest pitch size was set to 800 
nm. A pitch size of 1800 nm was also investigated. 

  The far-field extinction spectra and the near-field spectra of the heptamer structures 

with different pitch sizes are shown in Figure 4.10 (a) and (b), respectively. The smallest 
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pitch size was set to 800 nm is to avoid the near-field interaction between two adjacent 

units, since the entire heptamer structures was large. In the far-field extinction spectra, 

the pitch size ranged of 800 nm, 900 nm, 1000 nm, 1200 nm, 1500 nm, 1800 nm. The 

dip wavelengths in far-field spectra are almost constant when changing the pitch size. 

And each curve in near-field spectra shows only one dominant near-field enhancement 

peak around the dip wavelength in far-field spectra. These observations are different 

from the behaviors observed in Au dolmen structures and Au nanoblock structures. It is 

because of that in Au heptamer structure system, the superradiant plasmon mode 

dominates the near-field enhancement. The properties of the superradiant plasmon mode 

make it have very low scattering loss. Hence, this plasmon mode is dominated by 

absorption rather than scattering; therefore, it is insensitive to the pitch size. 

 

4.4.4 Summary and discussions 

  The grating effects in plasmonic arrays of dolmen structures, nanoblock structures, 

and heptamer structures have been investigated using the near-field PEEM 

measurements. Figure 4.11 shows the experimental (a) and simulated (b) plasmon 

resonant wavelength as a function of the pitch size for different nanostructures, for 

comprehensive comparison. The black and green curves correspond to the hybridized 

bonding plasmon mode and anti-bonding mode in dolmen structure, respectively. The 

red curve represents the dipole plasmon mode in nanoblock structures, and the blue 

curve corresponds to the subradiant plasmon mode supports on the heptamer structures. 

Note that, for the anti-bonding plasmon mode it was strongly suppressed for the pitch 

sizes of 600 nm and 800 nm, so that, the corresponding data points are missing. The two 

hybridized plasmon modes (black and green) of the dolmen and the dipole plasmon 

mode (red) in nanoblock structure exhibited the same dependence on the pitch size. As 

the pitch size increasing, the plasmon modes red shifted dramatically first, and then 

oscillated. The initial red shift can be contributed to far-field dipole-dipole coupling.12-15 
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The resonance wavelengths of near-field plasmon mode (blue) in heptamer structures 

varied only slightly as the pitch size increasing. For all four plasmon modes, there is 

good agreement between the experiments and simulations. In Figure 4.11 (b), there are 

three dashed lines, namely n,  and 2n. The three lines described the maximum 

wavelengths for each curve. They are corresponding to the grating constant in different 

situations. The three situations are the first-order grazing diffraction in the substrate, n, 

first-order grazing diffraction in free space, and the second-order grazing diffraction 

in the substrate, 2n. The plasmon peak oscillations depend on the pitch size all 

followed this three grating effect mode. It can be concluded that for the two hybridized 

plasmon mode and dipole plasmon mode, not only the far-field spectra but also the 

near-field spectra are affected by far-field coupling and the grating effect.13-15 The slight 

shift of the plasmon mode in heptamer structures demonstrated that the superradiant 

plasmon mode is less sensitive to the far-field coupling and grating effect. 

 
Figure 4.11 Experimental (a) and simulated (b) near-field plasmon resonant wavelength 
as a function of the pitch size for different plasmon modes in different nanostructures. 
The colors represent the different plasmon mode, the hybridized bonding mode in 
dolmens (black), the hybridized anti-bonding mode in dolmens (green), the bright 
dipole mode in nanoblocks (red), and the subradiant mode in heptamers (blue). The gray 
dashed lines in (b) show the three modes of the grating effect: first-order grazing 
diffraction on the substrate, n, first-order grazing diffraction in free space, and 
second-order grazing diffraction in the substrate, 2n. 

  The dolmen structures and heptamer structures have been investigated in this study, 

and they exhibit absolutely different near-field spectra response. Among this thesis, it is 
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assumed that the near-field spectra can be used to distinguish the contribution to the 

near-field enhancement of the plasmon hybridization and Fano resonance, which are 

difficult to be distinguished only from the far-field extinction or scattering spectra. In 

dolmen structures, two hybridized plasmon mode dominate the near-field enhancement, 

while in heptamer structures the subradiant plasmon mode dominates the near-field 

enhancement. The results indicate the far-field line shapes are decided by plasmon 

hybridization in dolmen structure and the Fano resonance in heptamer structures. 

Furthermore, in this study, the different roles of the grating effect in dolmen and 

heptamer structures further prove the difference in the near-field properties of these two 

structures. In dolmen structures, the hybridized anti-bonding mode and bonding mode 

dominate the near field; however, both hybridized plasmon modes are superradiant 

mode and can interact with other structures within the array through the far-field 

coupling and grating effect. In heptamer structures, subradiant plasmon mode dominates 

the near field; the subradiant plasmon mode is very weak to the far-field coupling and is 

insensitive to the grating effect. 
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Figure 4.12 (a) Far-field extinction spectra of Au dolmen structures for different pithc 
sizes, in which the anti-bonding mode is much stronger than the bonding mode. Each 
curve is normalized to the extinction strength of the curve for a pitch size of 400 nm in 
term of the same NP density, and an offset of 0.5 is applied. (b) Near-field spectra of Au 
dolmen structures same in (a). In this group of the dolmen arrays, the near-field 
anti-bonding peak in the pitch size of 600 nm to 800 nm arrays can still be observed 
although it has been strongly suppressed by grating effect. 

  As discussed above, the two hybridized plasmon modes in dolmen structures 

performed different sensitivity to the pitch size, especially, only the anti-bonding 

plasmon mode strongly suppressed in the pitch size from 600 nm to 800 nm. For these 

pitch sizes, the anti-bonding mode seemed to vanish. Since the relative strengths 

between the anti-bonding mode and bonding mode of dolmen structures can be 

controlled by slightly adjusting the geometry. Figure 4.12 shows the far- (a) and 

near-field spectra (b) of Au dolmen structures for different pitch sizes, in which the 

anti-bonding mode was much stronger than the bonding mode in the far-field spectra. In 



122 
 

the figure, the anti-bonding mode can be clearly identified for all pitch sizes. However, 

it was significantly attenuated for the pitch sizes between 600 nm and 800 nm as shown 

in the near-field spectra. The difference responses between anti-bonding mode and 

bonding mode may be understood based on the formation of these two hybridized mode. 

The anti-bonding mode is generated from the repulsive Coulomb force between the 

monomers and the dimers resulting in the maximum near-field enhancement located at 

the two outside corners of the monomer and give a higher energy peak in the shorter 

wavelength range. The bonding mode is generated from the attractive Coulomb force 

between the monomers and dimers resulting in the maximum near-field enhancement 

located at the two down side corners of the monomer near the gap and give a lower 

energy peak in the longer wavelength range. The anti-bonding mode is unstable 

compared to the bonding mode. Therefore, the anti-bonding plasmon mode may be 

affected by the far-field coupling and grating effect more strongly. Nevertheless, details 

of the mechanism underlying the attenuation of the anti-bonding mode due to the 

far-field coupling and grating effect need further investigation. 
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4.5 Conclusions 

In this chapter, the far-field coupling and grating effect on different types of Au 

nanostructures arrays have been investigated using near-field measurements by PEEM. 

The two plasmon hybridization in complex coupled dolmen structures, dipole plasmon 

mode in simple nanoblock structures and subradiant plasmon mode in complex coupled 

heptamer structures were studied and compared. The two hybridized plasmon modes on 

dolmen structures exhibit the dependence of their near-field spectral properties depend 

on the pitch size in a manner similar to the dipole mode on the nanoblock structures. 

The plasmon peaks were found red shifted first, and oscillated due to the far-field 

coupling and grating effect as the pitch size increasing in the two hybridized plasmon 

modes and dipole plasmon mode. In contrast, the spectral response of the plasmon mode 

in heptamer structures exhibit insensitive behaviors to the far-field coupling and grating 

effect. Furthermore, the plasmon hybridization and Fano resonance supports on dolmen 

structures and heptamer structures, respectively, have been successfully distinguished 

through the near-field spectra. This investigation deepens our understanding of far-field 

coupling and especially the grating effect in complex plasmonic nanostructures and may 

help for optimizing the design of plasmonic nanostructures for wide applications. 
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Chapter 5 

Conclusions and future perspectives 

 

5.1 Conclusions 

  This thesis aimed at the near-field properties of complex coupled metallic 

nanostructures which exhibit striking optical properties such as plasmon hybridization 

and Fano resonance. The near-field properties of different kinds of simple and complex 

metallic nanostructures have been investigated using photoemission electron 

microscopy (PEEM). From the high spatial resolution PEEM images for different 

structures with different wavelength excitation, the near-field enhancement distribution 

and the near-field photoemission intensity spectra can be obtained. These measurements 

help for better understanding the plasmon modes supported by different kinds of 

metallic nanoparticles. The temporal domain can also be investigated by time-resolved 

PEEM for better understanding the dynamics of the plasmon modes. Furthermore, the 

thesis emphasized that the crossover between the plasmon hybridization and Fano 

resonance in terms of their near-field properties. The near-field photoemission intensity 

spectra allowed to distinguish the contribution to the near-field enhancement from the 

two phenomena. I believe that the investigations in this thesis deepen our understanding 

to the near-field properties of the plasmonic nanostructures, and may help us for better 

understanding plasmon coupling in complex plasmonic nanostructures. 

  In the chapter 1, I introduce the concept of surface plasmon resonance and 

particularly I discuss the optical properties of localized surface plasmon resonances 

(LSPRs). Plasmon coupling of LSPRs in both near-field and far-field regions are 

introduced. Two striking properties of coupled plasmonic nanostructures as plasmon 
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hybridization and Fano resonance are also introduced. In addition, several approaches 

which can pinpoint the near field are introduced and compared with their advantages 

and disadvantages.  

  In the chapter 2, the application of PEEM in plasmonics has been demonstrated using 

the simple Au nanoblock structures as the example. Most of the experimental details 

related to this thesis are introduced. The near-field mapping and near-field spectra are 

the two fundamental applications of PEEM. With the help of these two applications, it is 

demonstrated that the quadrupole and dipole LSPR modes can be selectively excited by 

changing the polarization of the oblique incident light. Furthermore, time-resolved 

PEEM allows to investigate the ultra-fast dynamics of the LSPRs. In particular, it is 

experimentally proved that the quadrupole LSPR mode has longer dephasing time than 

the dipole plasmon mode. The applications of PEEM to investigate the near field have 

been demonstrated as a promising approach to investigate the plasmonic systems both 

in spatial domain and temporal domain. 

  In the chapter 3, the near-field properties of a complex coupled Au dolmen structures 

have been experimentally investigated using PEEM. The spatial evolution of the 

near-field patterns revealed the near-field plasmon coupling occurring in the coupled 

dolmen system. The evolution of near-field mapping with high spatial resolution under 

different wavelength excitation presented the coupled anti-bonding and bonding 

plasmon modes which hybridized from the interaction between a dipole plasmon mode 

in the monomer part and a quadrupole mode in the dimer part. It is found that the two 

hybridized plasmon mode dominate the near-field enhancement. Although the 

quadrupole-like mode in the dimer part can be identified by the spatially resolved 

near-field spectra, it only contributes weakly to the near-field enhancement. 

Furthermore, for the first time, it is proposed to employ the near-field spectra to 

distinguish the plasmon hybridization and Fano resonance. 

  In chapter 4, the far-field coupling and grating effect on different types of Au 

nanostructures arrays have been investigated using near-field measurements by PEEM. 
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The two hybridized plasmon modes on dolmen structures exhibit the dependence of 

their near-field spectral properties on the pitch size in a manner similar to the dipole 

mode on the nanoblock structures. The plasmon peaks were found red shifted first, and 

oscillated due to the far-field coupling and grating effect as the pitch size increasing in 

the two hybridized plasmon modes and dipole plasmon mode. In contrast, the spectral 

response of the plasmon mode in heptamer structures exhibit insensitive behaviors to 

the far-field coupling and grating effect. Furthermore, the plasmon hybridization and 

Fano resonance supports on dolmen structures and heptamer structures, respectively, 

have been successfully distinguished through the near-field spectra. 

  In conclusion, the near-field properties of different plasmon modes supported by 

different kind of plasmonic nanostructures have been investigated using PEEM. Firstly, 

the dipole and quadrupole plasmon modes on Au nanoblock structures were investigated 

and it demonstrated that the dipole and quadrupole plasmon modes can be selectively 

excited by changing the polarization of the oblique incident light. It is also 

demonstrated that the quadrupole mode has longer dephasing time than the dipole mode 

by time-resolved PEEM measurements. Secondly, hybridized anti-bonding and bonding 

plasmon modes in dolmen structures were revealed by the spatial evolution of near-field 

intensity distributions (PEEM images) with the excitation wavelengths. It is 

demonstrated that the plasmon hybridization dominate the near-field enhancement 

rather than Fano resonance in such dolmen system. Thirdly, the far-field coupling and 

grating effect on different plasmonic nanostructures revealed that different plasmon 

mode give different response to the far-field coupling and grating effect. The bright 

plasmon mode is sensitive to the pitch size while the dark plasmon mode is insensitive 

to the pitch size. Furthermore, the near-field spectrum was demonstrated that it can be 

used to distinguish the crossover between the plasmon hybridization and Fano 

resonance. The results deepen our understanding of the LSPRs on plasmonic 

nanostructures and may help for optimizing the design of the structures and making 

development for plasmonic applications. 
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5.2 Future perspectives 

Based on this thesis, the investigations were concentrated on the near-field 

properties on plasmonic nanostructures. The near-field properties of dipole mode, 

quadrupole mode and the plasmon coupling such as plasmon hybridization and Fano 

resonances have been systematically investigated. On the basis of the mechanisms of 

each plasmon modes, their near-field properties can be different. It was further 

demonstrated that PEEM can be used for investigating the near-field properties of 

complex coupled plasmonic nanostructures. According to these investigations by PEEM, 

near field imaging, near-field spectra, and the time-resolved measurement are the three 

main applications of PEEM in plasmonics. However, as a new developed technique for 

investigating the plasmonics, PEEM still have other potential applications. 

The further outlook of this thesis study can be extended to: 

(1) The near-field imaging and near-field spectra are the two important properties to 

value the near-field enhancement for different plasmon modes. In this thesis, the dipole, 

quadrupole plasmon modes and also the coupling between these two modes have been 

investigated using nanoblock, dolmen and heptamer structures as examples. However, 

there are also huge research interests on more complex coupled plasmonic 

nanostructures which can exhibit much complicated plasmon coupling phenomena by 

multipolar plasmon modes. Such investigation will help for further understanding the 

mechanism of plasmon coupling. 

(2) In this study, only the near-field imaging and near-field spectra on complex dolmen 

and heptamer structures have been investigated. PEEM allows the investigation of the 

dynamics of the LSPRs by time-resolved PEEM. Therefore, in complex plasmonic 

nanostructures the dynamics of the LSPRs modes and couplings are also very important 

for comprehensive understanding the coupled plasmon regime in temporal domain and 

will help for developing the performance of the plasmonic applications.  

(3) The super high-spatial resolution of PEEM make it possible to reveal the spatially 
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resolved near-field intensity spectra for difference areas in one plasmonic structure, 

which has been used in this study for resolving a weak quadrupole-like plasmon mode 

in dimer part of a dolmen structure. Combing this technique with the time-resolved 

measurements, the dynamics of different plasmon modes coexist in one complex 

plasmonic structure can be investigated by the spatially time-resolved measurements. 

The results after comparing with the entire response for the couplings of these modes 

may reveal much more important information about the dynamics of a single complex 

coupled plasmonic structure. 

(4) The hot electron attracts more and more research attention since a huge number of 

plasmonic applications are based on it such as photocurrent generation and water 

splitting system using LSPRs. Till now, in such systems, the electron transfer from 

metallic nanoparticles to the semiconductor substrate has been theoretically 

demonstrated. However, the dynamic of the electrons after that is not so clear. On the 

basis of the spatial and temporal resolution of PEEM as well as the ability in resolving 

the kinetic energy of the photoemitted electrons, such dynamics of the hot electrons can 

be potentially investigated by time-resolved PEEM measurements with another 

two-color pump-probe technique.  

PEEM has unimaginable potential applications for investigating the SPR. We look 

forward to the investigations of the SPR by PEEM to be progressed in the future. 
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