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Abstract: We investigated the grating effect in complex gold dolmen structures, in which 
multiple plasmon modes are present due to plasmon hybridization, experimentally from both 
the far field and the near field. In particular, the near-field properties were investigated using 
photoemission electron microscopy, and it was demonstrated that two hybridized plasmon 
modes on the dolmen structures could be influenced by the grating effect. For comparison, we 
also investigated the grating effect in arrays of simple nanoblocks and heptamer structures, 
which were supposed to support a strong bright plasmon mode and a strong dark plasmon 
mode, respectively, in the near field. We found that the spectral responses of the two 
hybridized modes on the dolmen structures as the pitch size changed evolved in a manner 
similar to that of the bright dipole mode on the nanoblocks, whereas the dark mode on the 
heptamer structures is less sensitive to the pitch size. 
© 2017 Optical Society of America 

OCIS codes: (240.6680) Surface plasmons; (240.6675) Surface photoemission and photoelectron spectroscopy; 
(190.4180) Multiphoton processes; (180.4243) Near-field microscopy; (320.7090) Ultrafast lasers. 
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1. Introduction 

Over the past few decades, localized surface plasmon resonances (LSPRs) supported on 
metallic nanoparticles (NPs) have attracted significant research interest due to their abundant 
optical properties and broad range of applications in various fields, including surface-
enhanced Raman scattering [1], sensing [2], plasmon-assisted photochemical reactions [3], 
photocurrent generation [4], and artificial photosynthesis [5, 6]. In terms of the optical 
properties of LSPRs, metallic NPs exhibit intense light absorption and scattering in the far 
field that depends strongly on the size, shape, and dielectric function of the metal and the 
dielectric constant of the surrounding medium [2]. Furthermore, complex metallic NP 
aggregates can induce plasmon coupling that exhibits some striking properties, such as 
plasmon hybridization [7, 8] and Fano resonance [9–17]. 
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The optical properties of metallic NPs in a regular two-dimensional (2D) array can be 
different from those of individual NPs, and they can be influenced by the pitch size. In a 
metallic NP array, two types of interaction between nearby NPs can be distinguished, namely, 
near-field coupling and far-field coupling, for different pitch sizes (for a single NP array, this 
can also refer to the inter-particle distance, d). On one hand, when d is much smaller than the 
NP size, near-field coupling with d−3 dependence dominates, as a result of interactions 
between adjacent NPs due to the short range of the electromagnetic field within several tens 
of nanometers. On the other hand, when d is comparable to the NP size and the LSPR 
wavelength, far-field coupling with d−1 dependence dominates as a result of long-range 
dipole-dipole interactions in the scattered light field. Near- and far-field coupling can 
normally be separated by changing the pitch size of the ensemble of metallic NPs. For arrays 
formed from single metallic NPs, such as arrays of nanoblocks, nanodisks, and nanorods, the 
effects of near- and far-field coupling have been investigated intensively, and in the far-field 
coupling regime the grating effect plays an important role in determining the plasmonic 
properties [18–23]. When the diffraction order is evanescent, that is, the diffracting light 
propagates along the plane of the array, the local optical fields in the plane become large 
resulted from an almost in-phase addition of the scattered light field of neighboring particles. 
This can result in the shift of the plasmon resonance. Additionally, when the grating order is 
switched between the evanescent and radiating, the plasmon damping property is also 
modified due to the change in the radiating loss [19]. This grating effect should also alter the 
near-field plasmonic properties, since the far field and the near field are influenced by each 
other. However, when complex NP aggregates are arranged in regular arrays, the near- and 
far-field plasmon coupling becomes more complex because near-field coupling already plays 
an important role in the plasmonic properties of even a single aggregate unit. Furthermore, the 
effects of far- and near-field coupling on the plasmonic properties have been investigated, 
mainly through far-field spectroscopic measurements. Near-field measurements will provide 
new insights into plasmon coupling in complex metallic NP arrays, but they are still lacking. 
Such near-field measurements of plasmonic nanostructures can be made using multiphoton 
photoemission electron microscopy (PEEM), which has been used to investigate the near-
field properties of not only simple NPs but also complex aggregated nanostructures [24–31]. 

In this study, we investigated far-field coupling, especially the grating effect, in arrays of 
complex coupled plasmonic nanostructures through near-field measurements using PEEM. In 
particular, we first investigated gold (Au) dolmen structures, which have been largely 
reported to exhibit Fano resonances [9–12, 15]. Very recently, we clarified that in the dolmen 
structures, plasmon hybridization, not Fano resonance dominates the plasmon coupling using 
near-field measurements based on PEEM [24]. We also spectrally and spatially resolved the 
bonding and anti-bonding hybridized modes in the near field. However, in that previous 
study, the pitch size was fixed at 1000 nm. In this study, we further investigated how the pitch 
size affects the two hybridized modes in far-field coupling regime. We observed the spectral 
shifts of the bonding and anti-bonding modes while varying the pitch size. More interestingly, 
we found that the anti-bonding mode was dramatically suppressed when the pitch size was 
similar to the grating constant. These results can be explained using the grating effect. For 
comparison, the grating effects for simple nanoblock and plasmonic nano heptamer structures 
were investigated to better understand the mechanism. 

2. Methods 

Various Au nanostructures were fabricated on indium tin oxide (ITO) coated glass substrate 
using electron beam lithography (EBL) and metal sputtering. The fabrication procedure used 
in this study was similar to the process described in our previous works [24–26]. Here, a high-
resolution EBL system (ELS-F130HM, Elionix) operated at 130 kV was used. The EBL was 
conducted at a current of 50 pA. After the development, a 2-nm-thick titanium adhesive layer 
was deposited first; it was followed by 30 nm-thick Au film deposited via sputtering (MPS-
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4000, ULVAC). Lift-off was performed by successively immersing the sample in anisole, 
acetone, methanol, and ultra-pure water in an ultrasonic bath. Morphologies were analyzed 
using field-emission scanning electron microscopy (SEM) (JSM-6700FT, JEOL). Far-field 
spectral properties were analyzed using Fourier transform infrared (FT-IR) equipped with an 
infrared microscope (FT/IR-6000TM-M, JASCO). 

The photoemission electron microscope used in this study was a PEEM-III equipped with 
an energy analyzer (Elmitec GmbH). We used two light beams as excitation sources for the 
PEEM. One beam consisted of UV light from a mercury lamp (unpolarized CW light with a 
cutoff energy of 4.9 eV); it was used to characterize the morphologies of metallic NPs. The 
other was a Ti:sapphire femtosecond laser that delivered laser pulses lasting approximately 
100 fs with a tunable central wavelength (720−920 nm) at a repetition rate of 77 MHz. The 
laser beam was focused onto the Au nanostructure side of the sample at normal incidence 
using a lens with a focal length of 600 mm. We used this laser for wavelength-dependent 
PEEM measurements to obtain near-field photoemission (PE) spectra and for near-field 
mapping at various wavelengths. By changing the irradiation wavelength from 720 nm to 920 
nm in 10 nm increments, a series of PEEM images can be obtained. The PE signal from the 
entire field of view (FOV) can be integrated and plotted against the incidence wavelength; 
thus, the so-called near-field PE spectra can be obtained. Therefore, near-field properties, 
such as mapping and spectra, can be investigated via this method. 

Numerical simulations of the far- and near-field properties of the Au nanostructures 
investigated in this study were performed using finite-difference time-domain (FDTD) 
Solutions (Lumerical, Inc.). The ITO-covered glass substrate was assumed to behave as a 
dielectric material with an average refractive index of n = 1.55. The optical properties of Au 
were obtained using data from Johnson and Christy [32]. The FDTD simulations were 
performed on a discrete, uniformly spaced mesh with a mesh size of 3 nm. 

3. Results and discussion 

The mainly metallic NPs investigated in this study were Au dolmen structures. Each dolmen 
structure consisted of a planar nanorod monomer and a planar nanorod dimer with dimensions 
of 150 × 100 nm2 and 80 × 140 nm2, respectively, as schematically shown in Fig. 1(a). The 
thickness of the Au dolmen is 30 nm. In the planar nanorod dimer, the edge-to-edge distance 
between the two nanorods was 70 nm. To guarantee strong interaction between the monomer 
and the dimer, the gap between the two parts was set to 25 nm. SEM images of the typical 
dolmen structures are shown in Fig. 1(b), which shows that the dolmen structures have good 
structural quality. These dolmen structures were arranged in a 2D square array with an area of 
100 × 100 μm2 and a pitch size of 1 μm. The black curve in Fig. 1(c) shows the far-field 
extinction spectrum under horizontal polarization (i.e., when the electric field vector is 
perpendicular to the symmetry axis). Since plasmon hybridization occurs only during 
excitation under horizontally polarized light, in this study, we only investigated the properties 
under such excitation. Two distinct extinction peaks can be observed in the figure. This 
observation is consistent with the previously reported far-field optical properties of Au 
dolmen structures [9, 10, 12]. As we recently reported, the near-field properties of the dolmen 
structures can be determined using PEEM with femtosecond laser pulses as the excitation 
source [24]. PEEM can image the electrons emitted from Au nanostructures via the 
multiphoton PE process, especially when the wavelength of the femtosecond laser pulses 
approaches the LSPR wavelength. Here, the plasmonic local field enhancement leads to the 
formation of PE intensity distribution on the surface of the Au nanostructures, which enabling 
the PEEM images to act as nonlinear maps of the near-field intensity distribution of the 
nanostructures because the PE intensity is nonlinearly correlated with the local near-field 
intensity. The excitation-wavelength-dependent PEEM measurements using a wavelength- 
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Fig. 1. Far-field and near-field properties of Au dolmen structures. (a) Sketch of an Au dolmen 
structure that consists of a planar nanorod monomer and a planar nanorod dimer. The design 
parameters of the structure are as follows: L1 = 150 nm, W1 = 100 nm, G = 25 nm, L2 = 140 
nm, W2 = 80 nm, D = 70 nm, and thickness H = 30 nm. (b) SEM image of the Au dolmen 
structures with the pitch size of 1000 nm. The scale bars are all 200 nm. (c) Experimental far-
field extinction spectrum (black) and near-field spectrum (red) of the Au dolmen structures 
under excitation by horizontally polarized light. (d) PEEM images of a dolmen under the three 
characteristic excitation wavelengths marked in (c). The red dashed lines represent the 
geometry of the dolmen structures. The inserts in (d) present the simulated charge distribution 
(left) and near-field intensity distribution (right) at corresponding excitation wavelengths by 
FDTD simulations. 

tunable femtosecond laser source yielded a near-field PE intensity spectrum that can be 
regarded as the nonlinear near-field LSPR response spectrum of the plasmonic 
nanostructures. Using this system, the near-field properties of different kinds of plasmonic 
nanostructures were investigated [24–26]. In this experiment, we also employed a 
wavelength-tunable femtosecond laser (720-920 nm) as the excitation source for the PEEM 
measurements. The setup was the same as it was in our previous investigation [24–26]. A 
nominal FOV of 10 μm was primarily used in the PEEM measurements. The near-field 
spectra were obtained by imaging and integrating the near-field PE intensity over the whole 
FOV at wavelengths ranging from 720 to 920 nm at 10 nm increments. It is worth noting that 
multiphoton photoemission is considered as the nonlinear photoemission process in our 
PEEM measurements considering the wavelength range and the laser intensity (50-100 
MW/cm2) [26]. Although the nonlinearity of the photoemission can be varied a little bit 
within the wavelengths between 720 nm and 920 nm or even at different positions for the 
same wavelength. An average value of 4 is considered as the nonlinearity, and the measured 
near-field spectra (wavelength dependent PE intensity spectrum) can be reproduced well by 
FDTD simulations assuming the constant nonlinearity of 4. The red curve in Fig. 1(c) shows 
the near-field spectrum of the Au dolmen structures under horizontally polarized light. Two 
distinct peaks can also be observed, and they located at the position approximately identical 
to those observed in the far-field spectrum. The two distinct peaks in the far- and near-field 
spectra resulted from plasmon hybridization between the planar monomers and dimers in the 
dolmen structures. The peaks correspond to an anti-bonding mode (the shorter-wavelength 
peak) and a bonding mode (the longer-wavelength peak), as reported in our previous study 
[24]. Typical PEEM images obtained at these two modes are shown in panels 1 and 3 of Fig. 
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1(d); they exhibit different near-field intensity distributions. The redistribution of the near-
field enhancement between the upper and lower corners of the monomer is due to the near-
field Coulomb interaction between the monomer rod and the dimer rods. Additionally, a 
PEEM image obtained at the dip wavelength is shown in panel 2 of Fig. 1(d), where notable 
PE from the dimer rods can be observed. This indicates that a quadrupole mode can be 
induced in the dimer rods near the dip wavelength, although its contribution to the near-field 
enhancement is not as pronounced as those of the two hybridized modes. These arguments are 
also supported by the calculated surface charge distribution and the near-field intensity 
distribution shown in the insets of Fig. 1(d). In particular, the charge distributions in Panel 1 
and 3 of Fig. 1(d) reflect the characters of the anti-bonding and bonding mode, respectively; 
the calculated near-field intensity distributions also agree well with the PEEM images 
qualitatively in all the three panels. It is noted that, near the dip wavelength (panel 2 of Fig. 
1(d)), the dipole mode in the top monomer part still can be seen, although its contribution to 
the near-field enhancement significantly decreases. The two hybridized modes and the 
quadrupole mode have been discussed in detail in our previous study [24]. 

 

Fig. 2. Experimental far-field and near-field spectra of Au dolmen structures for different pitch 
sizes. (a) Far-field extinction spectra of Au dolmen structures for 400 nm, 500 nm, 600 nm, 
700 nm, 800 nm, 1000 nm, and 1200 nm pitches. 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) Near–field spectra of the Au dolmen structures for different 
pitch sizes obtained using wavelength-dependent PEEM measurements. 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. 

To explore the grating effect in complex Au dolmen structures, we fabricated dolmen 
structures with pitch sizes ranging from 400 to 1500 nm. The structures with the smallest 
pitch size (400 nm) were considered large enough to avoid near-field interactions between 
adjacent units [12]. The experimental far- and near-field spectra are shown in Figs. 2(a) and 
2(b), respectively. For a clear view, we present spectra for seven pitch sizes, 400 nm, 500 nm, 
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600 nm, 700 nm, 800 nm, 1000 nm, and 1200 nm; arrays with other pitch sizes (450 nm, 550 
nm, 650 nm, 900 nm and 1500 nm) were also investigated. In the far-field extinction spectra, 
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, which occurred 
below 700 nm. However, the peak wavelengths of the two hybridized modes were nearly 
identical for all pitch sizes. In contrast, in the near-field spectra, the two hybridized peaks red 
shifted first, then blue shifted slightly and red shifted slightly again as the pitch size 
increased. Such peak shifts can be clearly observed by following the black dashed arrow in 
Fig. 2(b). These phenomena are similar to the results of previous investigations of the grating 
effect in plasmonic nanostructures observed through far-field measurements [19, 20]. 
Furthermore, in our near-field measurements, we found that for some specific pitch sizes (600 
nm, 700 nm and 800 nm), the shorter-wavelength peaks became very weak. In other words, 
the shorter- wavelength peaks were dramatically suppressed with these specific pitch sizes. 

 

Fig. 3. FDTD simulations of far-field and near-field spectra of Au dolmen structures for 
different pitch sizes. (a) Simulated far-field spectra of Au dolmen structures for pitch sizes of 
400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 1000 nm, and 1200 nm. (b) Simulated near-field 
spectra of Au dolmen structures with 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 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 understand the differences in the observed optical properties in the near and far fields, 
we simulated the far- and near-field spectra numerically under light at normal incidence using 
the FDTD methods as shown in Figs. 3(a) and 3(b), respectively. The results of these 
simulations for the near-field spectra reproduced our experimental observations qualitatively. 
Unlike the experimental observations, the dependence of the far-field spectrum on the pitch 
size was similar to that of the near-field spectrum. However, these results were different from 
our experimental results. The differences between the experimental results and the numerical 
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simulations in the far field are thought to result from the different angles of incidence of the 
light. In the FT-IR measurements of the far-field spectrum, light was focused on the sample 
by a Cassegrainian objective lens, which provided angles of incidence between 16° and 32°, 
whereas in the FDTD simulations, light was irradiated onto the structures at normal 
incidence. The spectral properties of the plasmonic nanostructures in two regular arrays also 
depend on the light’s angle of incidence. This accounts for the difference in the properties of 
the far-field spectra in the experiments and the simulations. To verify the influence of the 
incidence light angle on the far-field spectra, we also simulated the extinction spectra under 
oblique incidence at 24° (data are not shown). 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. It is also noted that the anti-bonding mode at the pitch size of 600 nm can be seen 
more clearly at the oblique incidence. For the near-field spectra, both the experiments and 
simulations were performed at normal incidence. Our experimental near-field spectra, 
simulated far-field spectra and simulated near-field spectra all showed similar dependence of 
the LSPR wavelength on the pitch size and suppression of the anti-bonding mode (the shorter-
wavelength peak) at certain pitch sizes. Notably, the shifts of the two hybridized modes as the 
pitch size varied were not the same, that is, the anti-bonding mode shifted more slowly than 
the bonding mode. These interesting phenomena are discussed later. 

 

Fig. 4. (a) SEM image of the Au nanoblock structures. The scale bar is 100 nm. (b) 
Experimental far-field extinction spectrum (black) and near-field spectrum (red) of the Au 
nanoblocks for a pitch size of 400 nm. Experimental far-field spectra (c) and near-field spectra 
(d) of Au nanoblocks with different pitch sizes. The black dashed arrow in (d) highlights the 
peak shift tendency as the pitch size increases. 

In dolmen structures, the dipole LSPR mode on the monomer induces the quadrupole 
mode on the dimers due to near-field interactions, and the quadrupole mode interacts again 
with the dipole mode resulting in two hybridized plasmon modes (anti-bonding and bonding 
modes), which dominate the near-field enhancement of the whole dolmen structures. To 
better understand the grating effect in such complex Au dolmen structures and explain the 
experimental observations, the far- and near-field spectra of simple Au nanoblock arrays that 
only generate the simple dipole LSPR mode was investigated for comparison. The Au planer 
nanoblock structures were 180 × 180 nm2 in size with a thickness of 30 nm, and the structures 
were arranged in square lattice arrays with the pitch sizes ranging from 400 to 1500 nm. An 
SEM image of an array with a pitch size of 400 nm can be found in Fig. 4(a). Figure 4(b) 
shows the far-field extinction spectrum (black) and the near-field spectrum (red) of the 
nanoblock array with a pitch size of 400 nm measured using FT-IR spectrometry and PEEM, 
respectively. The dipole LSPR can be observed at approximately 770 nm in both the far-field 
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and the near-field spectra. 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 Figs. 4(c) and 4(d), respectively. A slight 
shift of the plasmon peak wavelength can be observed in the far-field extinction spectra. On 
contrast, as the pitch size increased, the near-field plasmon peaks first red shifted 
dramatically, then blue shifted slightly, and finally, red shifted again. Such phenomena can be 
clearly observed by following the black dashed arrow in Fig. 4(d). In particular, a dramatic 
red shift emerged when the pitch size increased from 400 nm to 600 nm. This is in good 
agreement with the previous report on metallic NPs in square lattices; it was previously 
interpreted as the radiative dipole coupling as 1/d dependence [19–21]. When the pitch size 
was larger than 600 nm, some oscillation of the LSPR peak wavelength was observed. We 
attribute this oscillatory behavior to the grating effect; it was previously reported by 
Lamprecht et al. [19]. It is known that for 2D square gratings of metallic NPs there is a 
critical pitch size, dc, at which a new diffractive radiation order emerges for a given 
wavelength, λ. For normal incidence onto NP arrays on a substrate, there are two values of dc 
for first-order diffraction, namely, λ/n and λ, which correspond to radiation onto the substrate 
(refractive index: n) and into free space, respectively. Near dc, when the pitch size d<dc, the 
diffraction is evanescent, and when d>dc, it is radiant. The switch between the evanescent 
mode and the radiant mode alternates the damping property of the LSPR since the emergence 
of the new radiant mode increases the radiative loss. 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, λ/n. This behavior has been reported previously based on far-field 
spectroscopic measurements of simple NP arrays [19, 20, 22]; it was also revealed by our 
near-field measurements of Au nanoblock arrays. In our experiments, compared to the near-
field spectra, the less sensitivity of the plasmon peak wavelength in the far-field spectra to the 
pitch size is also mainly due to the specific light incidence angles in the FT-IR measurements. 
More importantly, we found that the peak wavelengths of the two hybridized modes in the 
dolmen structures were affected by the pitch size in a way similar to that in which the LSPR 
wavelength in the simple NP arrays is affected in both the experiments and the simulations. 
This suggests that the anti-bonding and bonding modes are either bright or superradiant since 
the grating effect for periodic structures is mainly due to interaction between the scattering 
fields. 

To further explore the effect of the grating effect in complex coupled plasmonic systems 
in the near field, the plasmonic heptamer structures, which have been reported to exhibit Fano 
resonance by several groups [13, 14, 16, 17], were also considered. In heptamer structures, 
Fano resonance can arise due to the destructive interference of a spectral wide superradiant 
mode with a spectral narrow subradiant mode [14, 16]. Halas et al. investigated the near-field 
properties of Fano resonance in plasmonic heptamer structures using surface-enhanced 
Raman scattering (SERS) and numerical calculations [13]. They 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. Their results indicate that the subradiant 
mode dominates the near-field enhancement. In this study, we examined the near-field 
spectral properties of the Au heptamer structures using PEEM measurements. The heptamer 
structures investigated in our study comprised circles 140 nm in diameter with gaps of 20 nm 
between them, which guaranteed strong interaction between the particles. The thickness of the 
Au nanostructures was also 30 nm. The heptamers were arranged in arrays with pitch sizes 
ranging from 800 to 1800 nm. Since the entire heptamer structure was large (with dimensions 
of 460 × 420 nm2 in the substrate surface plane), the smallest pitch size was set to 800 nm to 
avoid near-field interaction between two adjacent units. An SEM image of a heptamer array 
with a pitch size of 1000 nm can be found in Fig. 5(a). Figure 5(b) shows the far-field 
extinction spectrum (black) and the near-field spectrum (red) of heptamer structures with a 
pitch size of 1000 nm under excitation by horizontally polarized light. The Fano-like shape 
can be clearly observed in the far-field extinction spectrum. According to previous reports, 
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the dip at a wavelength of 800 nm can be interpreted as the Fano dip [13, 14, 17]. The near-
field spectrum shows only one peak, which is located at approximately 780 nm, close to the 
dip wavelength of the far-field spectrum. The far-field extinction spectra and the near-field 
spectra of the heptamer arrays with pitch sizes of 800 nm, 900 nm, 1000 nm, 1200 nm, 1500 
nm and 1800 nm are shown in Figs. 5(c) and 5(d), respectively. The dip wavelength in far-
field spectra are almost constant when varying the pitch size; while in the near-field spectra, 
each curve shows only one dominant near-field enhancement peak around the far-field 
spectral dip wavelength. These results indicate that in a heptamer system, the shape of the far-
field spectrum is induced by Fano resonance and the subradiant plasmon mode at the Fano 
resonance dominates the near-field enhancement. Furthermore, the near-field peak 
wavelengths of the heptamer structures were less sensitive to the pitch size. The observations 
of plasmonic heptamer structures were different from those of Au nanoblocks and dolmen 
structures. 

 

Fig. 5. (a) SEM image of the Au heptamer structures. The scale bar is 200 nm. (b) 
Experimental far-field extinction spectra (black) and near-field spectra (red) of the Au 
heptamer structures for a pitch size of 1000 nm. Experimental far-field extinction spectra (c) 
and near-field spectra (d) of Au heptamer structures with 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. 

We investigated the grating effect in plasmonic arrays of dolmen structures, nanoblocks, 
and heptamer structures using near-field PEEM measurements. For comprehensive 
comparison, we show the plasmon resonance wavelength as a function of the array’s pitch 
size for different NPs in Figs. 6(a) and 6(b) show the experimentally measured values and the 
values calculated in the FDTD simulations, respectively. The black and red curves correspond 
to the hybridized bonding and anti-bonding modes of the dolmen structures, respectively. The 
green curve represents the dipole resonance mode of the nanoblocks. To create these three 
curves, we plotted the values for all the pitch sizes we investigated, except for the anti-
bonding modes in the dolmen structures. In the case of the anti-bonding modes in the dolmen 
structures, the resonance mode was suppressed and hard to identify for pitch sizes of 600 nm 
and 800 nm; therefore, the corresponding data points are missing. The blue curve represents 
the subradiant mode (corresponding to the near-field enhancement peak wavelength at Fano 
resonance) in the heptamer structures. For all four resonance modes, there is good agreement 
between the experiments and the simulations in the dependence of the resonance wavelength 
on the pitch size. The resonance wavelengths of the two hybridized modes of the dolmen 
structures and the dipole mode of the nanoblocks exhibited the same dependence on the pitch 
size, that is, as the pitch size increased, the plasmon modes red shifted dramatically first and 
then, oscillated. The initial red shift can be contributed to far-field dipole-dipole coupling 
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[19–22]. Notably, within the range of pitch size we investigated, there were three maximum 
wavelengths for each curve. More importantly, the pitch sizes corresponding to these 
maximum wavelengths were approximately the three critical pitch sizes, namely, the one for 
first-order grazing diffraction in the substrate, λ/n, the one for first-order grazing diffraction in 
free space, λ, and the one for second-order grazing diffraction in the substrate, 2λ/n, as 
indicated by the three dashed lines in Fig. 6(b). From these results, we concluded that for 
these three plasmon modes, not only the far-field spectra but also the near-field spectra are 
affected by far-field plasmon coupling and the grating effect [19–22]. However, the resonance 
wavelengths of near-field plasmon mode observed for the heptamer structures varied only 
slightly when the pitch size was changed. In particular, no oscillation of the resonance 
wavelength was observed, even when the pitch size was increased to 1800 nm. This result 
indicates that this plasmon mode is dominated by absorption rather than scattering; therefore, 
it is insensitive to the pitch size. Consequently, this mode is further validated as a subradiant 
or dark mode, which is involved in inducing Fano resonance via interaction with a 
superradiant mode. 

 

Fig. 6. Near-field peak wavelengths vs. pitch sizes for different types of Au nanostructure. (a) 
Experimental spectrum of near-field peak wavelengths as a function of the pitch size for four 
plasmon modes in three Au nanostructures, namely, the hybridized bonding mode in dolmens 
(black), the hybridized anti-bonding mode in dolmens (red), the bright dipole mode in 
nanoblocks (green), and the subradiant mode in heptamers (blue). In the anti-bonding mode 
(red curve) for pitch sizes of 600 nm and 800 nm, the resonance mode is suppressed and hard 
to identify; therefore, the corresponding data points are missing. (b) Numerical simulation 
results of the plasmon modes in (a). The gray dashed lines show the three modes of the grating 
effect: first-order grazing diffraction on the substrate, λ/n, first-order grazing diffraction in free 
space, λ, and second-order grazing diffraction in the substrate, 2λ/n. 

Although it is beyond the scope of this paper, the different near-field properties of the 
dolmen structures and the heptamer structures, which are both typical coupled plasmonic 
systems, are worth discussing. Previously, we proposed that near-field spectra could be used 
to reveal the dominant effect (plasmon hybridization or Fano resonance) in near-field 
enhancement and showed that in dolmen structures, near-field enhancement is dominated by 
plasmon hybridization rather than Fano resonance. In this study, for the heptamer structures, 
near-field enhancement exhibited only one main peak located near the dip wavelength in the 
far-field spectra, which indicates that Fano resonance dominates near-field enhancement. 
Therefore, we confirm that near-field spectra are very helpful in understanding the plasmon 
coupling within a coupled plasmonic system in which plasmon hybridization and Fano 
resonance may be mixed. 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 and bonding modes dominate 
the near-field enhancement, but both are superradiant modes and can interact with other 
dolmen structures within the array through the grating effect. In contrast, in heptamer 
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structures, the near-field enhancement is dominated by Fano resonance, which exhibits only 
very weak far-field coupling and is insensitive to the grating effect. 

It is also interesting to evaluate the slight differences in the grating effect between the two 
hybridized modes of the dolmen structures. Compared to the bonding mode, the anti-bonding 
mode was dramatically suppressed for certain pitch sizes (especially 600 – 800 nm). For these 
pitch sizes, the anti-bonding mode seemed to vanish. Actually, the relative strengths between 
the anti-bonding mode and bonding mode can be tuned by slightly adjusting the geometry of 
the dolmen. In another group of dolmen arrays, in which the anti-bonding mode was much 
stronger than the bonding mode in the far-field spectra, we still clearly identified the anti-
bonding mode for all pitch sizes, but it was significantly attenuated for pitch sizes between 
600 and 800 nm (data are not shown). These attenuations of the anti-bonding mode may be 
understood based on the formation of this hybridized mode. The anti-bonding mode is 
generated from the repulsive Coulomb force between the monomers and the dimers, and the 
maximum near-field enhancement occurs at the two outside corners of the monomer, as 
shown in Fig. 1(d). This type of anti-bonding mode is unstable compared to the bonding 
mode; therefore, its intensity may be affected more strongly by the grating effect. 
Nevertheless, details of the mechanism underlying the attenuation of the anti-bonding mode 
due to the grating effect need further investigation. 

4. Conclusions 

In conclusion, we systematically investigated the grating effect for different types of Au 
nanostructures arranged in 2D square arrays using near-field measurements by PEEM. In 
particular, the arrays of two coupled plasmonic systems (dolmen and heptamer 
nanostructures) and one system of individual nanoblocks were studied and compared. Both 
the two hybridized plasmon modes in the 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 
nanoblocks. In all three plasmon modes, as the pitch size increased, the resonance peaks in 
the near-field spectra were found to first red shift and then, oscillate due to dipole-dipole far-
field coupling and the grating effect. In contrast, the grating effect is insignificant in the 
heptamer structures, where the dark plasmon mode at Fano resonance dominates the near-
field enhancement. To our knowledge, this is the first time the grating effect has been 
investigated in coupled plasmonic nanostructures using near-field measurements. The results 
demonstrate that different plasmon modes have different sensitivities to the grating effect. 
This investigation deepens our understanding of far-field coupling and especially the grating 
effect in complex plasmonic nanostructures and may help with the design and optimization of 
plasmonic nanostructures for practical applications. We also further validated the 
applicability of using near-field spectral properties to distinguish the roles of plasmon 
hybridization and Fano resonances in different coupled plasmonic systems. 
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