
Opto-Electronic 
Advances  

Original Article
2019, Vol. 2, No. 4 

 

180030‐1 

© 2019 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved. 

DOI: 10.29026/oea.2019.180030 

Revealing the plasmon coupling in gold 
nanochains directly from the near field 
Quan	Sun1,2*,	Han	Yu1,	Kosei	Ueno1,	Shuai	Zu1,	Yasutaka	Matsuo1	and	
Hiroaki	Misawa1*	

We studied the near-field properties of localized surface plasmon resonances in finite linear gold nanochains using pho-
toemission electron microscopy (PEEM). The localization of the electromagnetic field in the near-field region was 
mapped at high spatial resolution. By tuning the excitation laser wavelength, we can obtain the near-field spectra, from 
which the energy splitting between longitudinal (L) and transverse (T) plasmon modes can be revealed. In particular, the
L-mode red shifts and the T-mode blue shifts with increasing chain length. The red shift of the L-mode is highly depend-
ent on the gap distance. In contrast, the T-mode almost remains constant within the range of gap distance we investi-
gated. This energy splitting between the L-mode and the T-mode of metallic chains is in agreement with previous far-field 
measurements, where it was explained by dipole-dipole near-field coupling. Here, we provide direct proof of this 
near-field plasmon coupling in nanochains via the above-described near-field measurements using PEEM. In addition, 
we explore the energy transport along the gold nanochains under excitation at oblique illumination via PEEM measure-
ments together with numerical simulations. 
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Introduction 
Metallic nanoparticles exhibit localized surface plasmon 
resonances (LSPRs) associated with the local field en-
hancement (often referred to “hot spots”) around the 
surface of the nanoparticles. The properties of the LSPR 
and the spatial distribution of hot spots highly depend on 
the composition, size, and shape of the particles as well as 
the surrounding medium or substrate1–3. For closely as-
sembled nanoparticle arrays or aggregates, the 
interparticle plasmon coupling (including near-field cou-
pling and far-field coupling) also accounts for the proper-
ties of LSPR4–6. In particular, the interaction of light with 
one dimensional (1-D) nanoparticle chains has attracted 
increasing attention because of the fundamental interest 
in plasmon coupling and the potential use of nanoparticle 
chains in plasmonic waveguiding and electromagnetic 
energy transfer beyond the optical diffraction limit1,7–19. 

Considerable research on the plasmonic properties of 

1-D metallic nanoparticle chains has shown that two 
LSPR modes exist, namely the longitudinal mode 
(L-mode) and the transverse mode (T-mode), with the 
polarization of the excitation light parallel and perpen-
dicular to the chain axis, respectively. The energy splitting 
between these two modes has been previously reported, 
with the energy splitting being dependent on the gap dis-
tance and the chain length (the number of particles with-
in a chain)1,17. Typically, the L-mode is significantly 
red-shifted, and the T-mode is insensitive or slightly 
blue-shifted as either the chain length is increased or the 
gap size is reduced. Previous studies based on far-field 
measurements and/or numerical simulations have shown 
that the energy splitting between the L-mode and the 
T-mode is mostly due to near-field coupling1,13,17. The 
interparticle near-field coupling leads to a shift in the 
frequency of the L-mode plasmon resonance that is in the 
opposite direction to the shift of the T-mode plasmon 
resonance due to the change of the restoring force acting 
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on the oscillating electrons of the particles1. However, 
direct assessment of the energy splitting between the two 
modes from the near field has never been performed ex-
perimentally. Moreover, near-field imaging of the 1-D 
metallic nanochains is highly desired to thoroughly un-
derstand its plasmonic properties. However, only a few 
reports have considered such near-field studies, among 
which, scanning near-field optical microscopy 
(SNOM)8,20–23 or Cathodoluminescence (CL) imaging24,25 
was primarily employed; in these studies, the spatial res-
olution is typically limited to tens of nanometers. More 
importantly, the near-field spectral properties of the 
nanochain system have not been investigated yet. The 
recent development of nonlinear photoemission electron 
microscopy (PEEM) using femtosecond laser pulses as 
the excitation source has been demonstrated as a prom-
ising approach to investigate the plasmonic properties of 
surface plasmons for both the localized modes and the 
propagation modes26–37. PEEM allows direct imaging of 
the near field of plasmonic nanostructures with high spa-
tial resolution and enables collection of the near-field 
LSPR spectra. Application of the nonlinear PEEM tech-
nique to a system of 1-D metallic nanoparticle chains 
would be very helpful for better understanding the 
near-field properties and plasmon coupling of such na-
noparticle chains. 

In this article, we report experimental studies on the 
LSPR of finite 1-D gold nanoparticle chains via PEEM 
using near infrared femtosecond laser pulses as the exci-
tation source. The near-field mapping as well as the local 
field enhancement sites can be precisely obtained because 
of the high spatial resolution of our PEEM system (~8 
nm). The near-field spectra are obtained by tuning the 
excitation wavelength. The experimental results clearly 
show the energy splitting between the L-mode and 

T-mode LSPRs and its dependence on the chain length 
and gap distance. These results have the same tendency as 
that observed from far-field measurements. This agree-
ment proves that the plasmon coupling within the 
nanochains is indeed primarily due to the near-field cou-
pling. Furthermore, we observed the signatures for ener-
gy transport along the gold nanochains from the 
near-field, both in experiments and in finite difference 
time domain (FDTD) simulations. The energy transport 
holds promise for applications of plasmonic 
waveguiding13–16,18. 

Results and discussion 
Various patterns of 1-D gold nanochains were prepared 
using electron-beam lithography (EBL, Elionix), followed 
by metal sputtering and the lift-off technique. The fabri-
cation procedure used in this study was similar to the 
process described in our earlier reports38–40. Nb-doped 
TiO2 (110) substrates, which provided the conductivity 
necessary for the EBL process and was compatible with 
the PEEM measurements, were used in this study. The 
constituent unit of each 1-D nanochain was a gold 
nanoblock with the designed dimensions of 100 nm × 100 
nm in the plane of the substrate surface and 36 nm in 
thickness. The chains were aligned along the diagonal of 
the nanoblocks. Figure 1(a) shows the SEM image of an 
array of nanochains consisting of seven nanoblocks with 
the gap distance of 30 nm obtained using a field-emission 
scanning electron microscope (JSM-6700FT, JEOL). Gold 
nanochains with different chain lengths or gap distances 
were prepared. For each fixed chain length and gap dis-
tance, the nanochains were fabricated in a 2-D array with 
dimensions of 150 μm × 150 μm. Two arrays with mixed 
nanochains were also prepared, as shown in Figs. 1(b) 
and 1(c), which represent SEM images of two groups of 

Fig. 1 | (a) SEM image of an array of Au nanochains on a Nb-doped TiO2 substrate. (b, c) SEM images of nanochains with different chain 

lengths (b) and gap distances (c), respectively. (d, e) Plots of the L-mode and T-mode surface plasmon resonance peak wavelengths as a 

function of the chain length (d) and the gap size (e). 
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nanochains: one group with a fixed gap distance but dif-
ferent chain length, and another group with fixed chain 
length but different gap size, respectively. 

The dependence of the plasmonic properties of the 
gold nanochains on the chain length and gap distance was 
assessed by measuring the optical reflection spectra of the 
samples using a microscopic spectrometer. The light 
beam from a halogen lamp was focused onto the sample 
by an objective lens with 40× magnification and numeri-
cal aperture NA=0.75. The reflected beam was collected 
by the same objective lens and subsequently coupled into 
a multichannel photodetector (PMA-11, Hamamatsu 
Photonics). The recorded spectra were normalized using 
the bare TiO2 substrate as the reference. All the reflection 
spectra of the nanochains can be found in the supporting 
information (Fig. S1). According to these spectra, the 
peak wavelength of both the L-mode and the T-mode 
resonance as a function of the chain length and gap dis-
tance is plotted in Figs. 1(d) and 1(e), respectively. The 
L-mode resonance is clearly observed to undergo large 
red shifts whereas the T-mode resonance slightly blue 
shifts with the increase of the chain length. In addition, 
the L-mode is highly sensitive to the gap distance, where-
as the T-mode is insensitive to the gap distance, that is, 
with the increase of the gap distance, the amount of the 
red-shift of the L-mode decays nearly exponentially, 
whereas the amount of the blue-shift of the T-mode re-
mains unchanged or is only slightly reduced. The energy 
splitting between the L-mode and the T-mode increases 
with the increase of the chain length or with the reduc-
tion of the gap distance. These findings are consistent 
with the results of previous reports, where the results 
were interpreted due to near-field interparticle coupling 
via dipole-dipole interaction1,17. We will demonstrate 
whether the energy splitting still exhibits the same ten-
dency from the near-field measurements. 

The near-field measurements were performed using a 
photoemission electron microscope (PEEM III, Elmitec 
GmbH). Femtosecond laser pulses from a mode-lock 
Ti:Sapphire oscillator (Tsunami, Spectra-Physics) were 
used as the excitation source. The laser delivers 100-fs 
laser pulses with a central wavelength that can be tuned 
between 700 nm and 930 nm at a repetition rate of 77 
MHz. The laser pulses were focused onto the sample sur-
face at an angle of 74° from the surface normal by a fo-
cusing lens (focal length f=150 mm) with a focal spot of 
approximately 40 μm×150 μm. The sketch map of the 
light illumination is shown in Fig. 2(a). The tunable 
wavelength range of the laser covers the LSPR peak wave-
length of the gold nanochains used in this study. There-
fore, upon irradiation of the laser pulses, the LSPR of the 
nanochains could be efficiently excited, resulting in the 
plasmon-assisted nonlinear photoemission; as a result, 
the spatially-resolved map of photoemission could be 
acquired via the PEEM technique. Because of the nature 
of this nonlinear photoemission, the photoemission yield 

nonlinearly depends on the local electric field intensity; 
thus, the PEEM images obtained using this method could 
be regarded as nonlinear mapping of the near-field region 
of the gold nanochains. We could also perform such 
PEEM measurements for different excitation wavelengths, 
and the near-field spectra can be further obtained by in-
tegrating the photoemission yield for each wavelength. 

Figures 2(c)–2(e) show the PEEM images of a typical 
gold nanochain with the chain length of N= 7 and the gap 
distance of 100 nm. For comparison, a mercury lamp 
(unpolarized cw light with maximum photon energy of 
4.9 eV) was used as an additional excitation source. Upon 
the irradiation by the mercury lamp, uniform photoemis-
sion from the gold nanochains is observed due to the 
work function contrast between the gold and the TiO2 
substrate, as shown in Fig. 2(c). Upon irradiation from 
both the mercury lamp and p-polarized near infrared 
(NIR) femtosecond pulses, additional photoemission sites 
appeared at the corners in the axis direction (Fig. 2(d)). 
These additional photoemission sites appeared because 
the projected polarization of the incident laser in the 
sample surface is along the chain axis leading to the exci-
tation of L-mode LSPR. With the excitation by the laser 
pulses alone, only hot spots at the corresponding corners 
could be observed, as shown in Fig. 2(e), resulting in the 
near-field mapping of the L-mode LSPR. In contrast to 
the previous investigations on near-field of metallic 
nanochains probed by SNOM, the nonlinear PEEM tech-
nique demonstrated here has better spatial resolution, 
and the local field enhancement sites can be intuitively 

b

a

c

d

e

Light PEEM 
Imaging column 

74° 
e– 

200 nm 

k//, E//
 

Fig. 2 | (a) Sketch map of the light illumination for the PEEM meas-

urements. (b) SEM image of an Au nanochain with the designed gap 

size of 100 nm; PEEM images of the Au nanochain under different 

irradiation conditions: (c) mercury lamp, (d) mercury lamp and 

femtosecond laser pulses, and (e) femtosecond laser pulses. The 

dashed lines indicate the positions of the hot spots. The in-plane 

wave vector k// and polarization E// for the incident laser pulses are 

indicated in (e). 
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and precisely determined. 
As mentioned above, we could measure the near-field 

spectra by integrating the photoemission yield over the 
whole field of view (FOV=10 μm) by varying the excita-
tion wavelengths. We measured the near-field spectra of 
gold nanochains with either different chain length or dif-
ferent gap distance. The excitation wavelength was tuned 
at the step of 10 nm or 20 nm. One example of the PEEM 
images of the excitation nanochains under different 
wavelengths is shown in Fig. S2. For clarity, we only plot-
ted three spectra for each group (L-mode and T-mode for 
either different chain lengths or different gap distance) in 
Figs. 3(a)–3(d). For a fixed gap distance of 10 nm, we 
found that the near-field spectrum of the L-mode (Fig. 
3(a)) red shifts from 780 nm to 860 nm when the chain 
length increases from N=1 (single particle) to N=10, and 
the T-mode (Fig. 3(b)) slightly blue shifts from 800 nm to 
780 nm. For fixed chain length of N=7, we found that the 
L-mode (Fig. 3(c)) dramatically red shifts from 820 nm to 
920 nm when the gap distance is reduced from 100 nm to 
5 nm, while the T-mode (Fig. 3(d)) remains at 780 nm 
with the change of the gap distance. The dependence of 
the peak wavelength of the LSPR probed in the near field 
on both the chain length and the gap distance can be pre-
sented more intuitively by the plots shown in Figs. 3(e) 
and 3(f). It is worth mentioning that the T-mode spectra 
for the fixed chain length of 7 are broadened when the 
gap distance is reduced. This might be due to the in-
creased irradiative damping of the nanochains with the 
decrease of the gap distance. The relative inhomogeneity 

of the gap distance for the small gap distance could in-
duce inhomogeneous broadening, which makes the error 
bar of the peak wavelength for the extreme short gap dis-
tance of 5 nm become larger (Fig. 3(f)). Nevertheless, the 
plots in Figs. 3(e) and 3(f) clearly show that the L-mode 
undergoes a large red shift when the chain length in-
creases or the gap distance decreases, whereas the 
T-mode exhibits a slight blue shift when the chain length 
increases or remains unchanged for decreasing gap dis-
tance. They exhibit the same dependences of the LSPR 
peaks on the chain length and the gap distance as those 
observed in the far-field measurements (Figs. 1(d) and 
1(e)). We argue that the plasmon coupling indeed ac-
counts for the energy splitting that occurs in the near 
field. To the best of our knowledge, this observation is the 
first direct near-field spectral measurements of the 
near-field plasmon coupling of the nanochains. 

The energy transport along the metallic nanochains or 
nanowire has been previously reported as one sequence of 
near-field plasmon coupling8,12–16,18,41. Typically, one end 
of the nanochain is locally excited (either by total internal 
reflection (TIR) of light using a prism18 or through tight 
focusing onto one end14), and the energy propagation 
distance has been demonstrated to range from several 
hundred nanometers to several micrometers.8,14,18. Here, 
we will show that, in the case of oblique incidence, energy 
transport along the nanochain is also possible and can be 
directly observed from the near-field measurements using 
the PEEM technique. PEEM images of nanochains with 
the gap distances of 30 nm and 100 nm excited by femto-

Fig. 3 | Near-field spectra of nanochains with a fixed gap distance of 10 nm but with three different chain lengths for (a) L-mode and (b) T-mode 

surface plasmons. (c, d) near-field spectra of nanochains with fixed chain length (N=7) but three different gap distances for L-mode and T-mode 

surface plasmons, respectively. (e, f) Summary of the dependence of both plasmon resonance peak wavelength on the chain length (e) and gap 

distance (f). The error bars in (e) and (f) are mainly 10 nm, which is mainly resulted from the wavelength scan step of 10 nm. The origin of such 

measurement errors can account for the observed difference in peak wavelength between the L-mode and T-mode for a chain length 1 in (e). 
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second laser pulses at the central wavelength of 840 nm 
are shown in Figs. 4(a) and 4(b), respectively. The striking 
feature is that, in the case of the gap distance of 30 nm, 
the strongest hot spots are located at the distal (the right 
side) end of the nanochains, as shown in Fig. 4(a). Con-
sidering the laser pulses were obliquely irradiated onto 
the nanochains from the left side, the strong localization 
of the near field at the right end of the nanochains could 
be recognized as the energy transport along the chain. A 
PEEM image of one nanochain in Fig. 4(a) is plotted as a 
3-D surface profile (upper figure in Fig. 4(c)), where the 
photoemission intensity from the distal nanoparticle is 
much higher than those of the other nanoparticles in the 
nanochain. Using the same technique as that used to ob-
tain the data in Fig. 2, we determined that the strongest 
hot spot is exactly located at the outside corner of the 
distal nanoparticle. It is noted that the less strong pho-
toemission spots are somehow random in Figs. 4(a) and 
4(c), which is mainly resulted from the fabrication impu-
rities. However, for the large gap distance of 100 nm, the 
photoemission from the last nanochain is not pro-
nounced; instead, each nanoparticle exhibits a similar 
photoemission intensity, as shown in Fig. 2(e), although 
the intensity distribution is somehow random from one 

chain to another due to the small variations of the struc-
tural parameters (especially the roundedness at the cor-
ners). The results suggest that the signature of energy 
transport only holds for the nanochains with a relatively 
small gap distance. 

To understand the nature of this near-field coupling 
and the property of energy transport, we performed finite 
difference time domain (FDTD, Lumerical Solutions) 
simulations of the near-field distribution and the surface 
charge distribution of the gold nanochains. In particular, 
the near field of two nanochains with the same chain 
length of N=7 but different gap distances (30 nm and 100 
nm, identical to those of the chains investigated in Fig. 4) 
under L-mode excitation was calculated. The electric field 
distribution at the excitation wavelength of 840 nm on the 
top surface of the nanochains with the gap distance of 30 
nm and 100 nm is presented in Fig. 5(a) and 5(c), respec-
tively. It is found that, for both chains, the electric field is 
concentrated at the corners in the chain axis. However, 
some differences exist between the two near-field patterns, 
that is, in Fig. 5(a), the maximum local field enhancement 
is located at the right corner of the distal nanoparticle, 
and the enhancement at this site is more pronounced 
than at other hot spots, whereas in Fig. 5(c), the near field 

Fig. 4 | PEEM images of Au nanochains with different gap distances: (a) 30 nm and (b) 100 nm. The outlines of the nanochains are 

indicated by dotted lines. (c) 3-D surface plot of the photoemission intensity from one nanochain with the gap distance of 30 nm, A SEM image 

(bottom) and its corresponding 3-D surface plot (above the SEM image) are also presented to help indicate the location of the hotspots. The 

in-plane wave vector k// and polarization E// for the incident laser pulses are indicated in (a). 

Fig. 5 | FDTD simulations of the (a, c) electric field distribution and (b, d) surface charge distribution for two nanochains with differ-

ent gap distances: 30 nm (a, b) and 100 nm (c, d). The inset shows a sketch of the light irradiation (the blue and red arrows present the 

polarization and the wavelength vector of the incident light, respectively). 
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on each nanoparticle in the chain is almost identical. 
These simulation results agree well with the experimental 
observation shown in Fig. 4. Thus, both the experimental 
and simulation results suggest the energy transport along 
the nanochains favors those with small gap distance, for 
which the near-field plasmon coupling is strong. 

The surface charge distribution on the nanochains was 
also calculated, as shown in Figs. 5(b) and 5(d). For both 
nanochains, the surface charges on each nanoparticle are 
found to oscillate in different phases, but the overall 
charge distribution for each of the whole chains behaves 
as a standing wave. We attribute such a charge distribu-
tion to the retardation effect because the phase of the 
light arrives at each nanoparticle is different due to the 
oblique illumination. As discussed in the literature13,42, 
this charge distribution suggests that the plasmon reso-
nances here can be at least partly identified as the 
subradiant plasmon modes because the dipole moment of 
each nanoparticle can be cancelled out to a certain extent. 
The subradiant plasmon modes reduce the radiative 
damping, resulting in a long propagation distance13,43. We 
argue that, in the case of oblique illumination, the effi-
cient energy transport along the nanochains is due to 
both near-field plasmon coupling and the formation of 
subradiant-like modes induced by the retardation effect. 
Therefore, in the weak near-field coupling regime (large 
gap distance), the signature of energy transport is not 
obvious, despite the presence of subradiant-like plasmon 
modes induced by the retardation effect. In addition, in 
the case of normal incidence, the omnidirectional energy 
transport along the nanochain cannot be expected be-
cause of the symmetry (i.e., the absence of the retardation 
effect between adjoining nanoparticles within the 
nanochains). The irradiation of metallic nanochains at 
oblique angles should be an alternative approach for 
plasmonic waveguiding versus end excitation. This new 
approach is simpler and holds promise for providing a 
long propagation distance because the energy can be sup-
plemented from each nanoparticle. 

Conclusions 
In conclusion, the near-field plasmonic properties of gold 
nanochains were investigated using PEEM with the exci-
tation from femtosecond laser pulses. The near-field cou-
pling in gold nanochains was directly experimentally ver-
ified from the near-field spectral measurements. The 
evolution of the near-field surface plasmon peak wave-
lengths with either the chain length or the gap distances 
has the same tendency as that observed from far field, 
providing direct proof of the near-field coupling in the 
nanochains. As a result of near-field coupling, the energy 
transport along the nanochains was also demonstrated 
upon oblique light irradiation. The role of the near-field 
coupling and subradiant plasmon modes induced by the 
retardation effect on the energy transport was elucidated. 
The results help researchers understand the nature of 

plasmon coupling and energy transport in metallic na-
noparticle chains; such understanding will be of im-
portance in future applications, such as plasmonic 
waveguiding and sensing. 
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