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Arbitrary spatial distributions of the electric field of light are formed through the interference of individual
wavenumber mode fields with appropriate amplitudes and phases, while the maximum wavenumber in the far
field is limited by the wavelength of light. In contrast, localized surface plasmons (LSPs) possess the ability to
confine photons strongly into nanometer-scale areas, exceeding the diffraction limit. In particular, gap-mode
LSPs produce single-nanometer-sized, highly intense localized fields, known as hot spots. Here, we show the
nanoscale spatial profiles of the LSP fields within hot spots, which exhibit complicated fine structures, rather
than single peaks. The nanopatterns are created by constructive and destructive interferences of dipolar,
quadrupolar, and higher-order multipolar plasmonic modes, which can be drastically altered by controlling
parameters of the excitation optical system. The analysis in this study would be useful for proposing new
concepts for manipulation and control of light-matter interactions in nanospaces.

anoscale spatial confinement of the electric field can be achieved by LSP polaritons of metal nano-

structures'™, which strongly enhances photophysical and photochemical processes®”. One promising

structure is a dimer of metal nanoparticles with a nanometer-sized separation, which can produce an
intense electric field within the nanogap'®', called the hot spot. The extreme field enhancement and localization
effects are caused by strong interaction between the plasmonic resonances of the two particles. The hot spot
provides an enormous spatial gradient of the electric field'®, which induces a strong radiation pressure exerted
even on a single molecule'”'®. When the spot size is comparable to the spread of the molecular electric wavefunc-
tions, anomalous excited-state dynamics'® that break the long wavelength approximation appears. Furthermore,
the small mode volume provided by the gap-mode LSP enhances exciton-photon coupling, allowing vacuum Rabi
splitting to be successfully observed****. These applications of the hot spot could be advanced if the spatial pattern
of the gap-mode LSP field could be externally controlled.

Here, we consider metal nanodisks for simplicity. When an incident electric field couples with coherent
electron oscillations in a metal disk, surface charge density waves propagate circularly around the disk’s edge.
The resonance condition for the round-trip propagation determines the angular modes, which are numbered by
integers n and are known as the whispering gallery modes. The lowest-order mode (n=1), i.e., the dipolar
resonance, can be excited by illumination with circularly polarized light. For linearly polarized light, i.e., super-
positions of right- and left-handed circular polarizations, counter-propagating waves interfere with each other to
produce a standing wave around the disk. The second-order mode (n=2), i.e., the quadrupolar resonance, cannot
couple to plane-wave light at normal incidence.

When two nanodisks are placed in close proximity, the charge density waves propagating in the individual disks
interact strongly with each other. The attractive Coulomb interaction in the nanogap region slows the plasmonic
wave, thereby redshifting the resonant frequency and increasing the charge density and the field intensity around
the nanogap (see Supplementary Videos S1 and S2). Because this interaction breaks the symmetry of the charge
distribution, the quadrupolar mode becomes able to couple to normally incident plane-wave light. When multiple
angular modes are simultaneously excited, they interfere with each other, which results in Fano-like resonances
appearing in the far-field scattering spectra®. In particular, the destructive interference can be used to achieve
efficient photon harvesting from the far field to the nanospace without the scattering loss. In this study, we
investigated the constructive and destructive interference of the gap-mode multipolar plasmonic resonances in
the near-field range, which manifest as dramatic variation of the electric field distributions within the hot spot.

Results

Model system with multipolar plasmonic resonances. We performed numerical simulations of the gap-mode
LSP field. Figure 1a shows a schematic of the model system, which consists of two gold disks separated by a
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Figure 1| Structural geometry of a metal nanodisk dimer and its spectral
responses. (a) A schematic of a model system consisting of two gold disks
separated by a nanogap. The surrounding medium is air. The origin of the
three-dimensional Cartesian coordinate system is positioned at the center
of the disk dimer structure; the y-axis is along the dimer axis, and the x- and
z-axes are set to be parallel and perpendicular to the flat surfaces of the
disks, respectively. (b) Scattering spectra of the gold disk dimer illuminated
at normal incidence (red) and at oblique (45°) incidence (gray broken).
The blue dots show an enhancement spectrum of the LSP field at the center
of the gap, where the field enhancement is defined as the absolute
amplitude normalized by the incident field, |E,/E,|.

nanogap. The system is similar to structures that were fabricated and
analyzed in our previous work'. Recently, the resolution of the
fabrication technique for gold nanogap is pushed to <1-nm level
using an electron-beam lithography processes*°. The disk dimer is
excited by normal illumination of plane-wave light linearly polarized
along the dimer axis (the y-direction in Fig. 1la). The far-field
scattering spectrum (red curve in Fig. 1b) exhibits the dipolar
plasmonic resonance as the lowest frequency peak at 1.29 eV, and
the small resonance peak at 2.14 eV corresponds to the quadrupolar
mode. Note that the dipolar mode of a single nanodisk exhibits a
resonant peak at 2.06 eV, and the surface plasmon frequency of gold
is 2.5 eV.

Excitation frequency dependence of gap-mode LSP fields. Figure 2
shows steady-state spatial distributions of the gap-mode LSP fields.
At the incident light frequency of 1.29 eV (Fig. 2a), where the dipolar
resonance is excited, the gap-mode LSP field along the x-axis exhibits
a single-peak profile with a width of 14.0 nm. When the excitation
frequency is increased to 1.82 eV (Fig. 2b), the peak shape narrows
(9.8-nm width) and forms small sidelobes with a phase of —x relative
to the main peak. At this frequency, the dipolar and quadrupolar
modes are both excited, and radiations from those resonances des-
tructively interfere such that the far-field scattering is suppressed. In
the near-field range, the gap-mode LSP fields of the dipolar and

quadrupolar resonances induce constructive interference at the
center of the peak and destructive interference at the shoulders
(x~=*10 nm), producing the observed intense narrow peak shape.
The field enhancement spectrum at the center of the gap (blue dots in
Fig. 1b) exhibits a secondary-large peak at 1.82 eV. This result is
similar to that of the reported work by McMahon et al.*’, which
showed that the field enhancement spectrum is the lack of
correlation with the far-field optical spectrum. At the excitation
frequency of 2.14 eV (Fig. 2c), the quadrupolar mode profile
dominates, and the dipolar mode shape is superposed. When the
excitation frequency is further increased, destructive interference
of the mode fields at the center of the gap gives rise to anomalous
shapes, such as three distinct peaks separated by 10-nm intervals
(Fig. 2d) or a central dip profile (Fig. 2e).

Because all LSP field distributions can be expressed as linear com-
binations of the individual angular mode profiles, we performed
eigenanalysis of the real and imaginary parts of the five spatial pro-
files presented in Fig. 2. The sum of the two largest eigenvalues is
99.3% of the total value, and the sum of the three largest is 99.9%. The
corresponding eigenfunctions are unitarily transformed to three
orthogonal bases such that the first basis (Fig. 3a) is a curve optimally
fitted to the dipolar mode profile presented in Fig. 2a. The second and
third basis functions (Fig. 3b,c) correspond closely to the spatial
mode profiles of the quadrupolar and hexapolar plasmonic reso-
nances, respectively. These curves demonstrate that the spatial per-
iods of the charge density waves are strongly compressed in the gap
region due to the slowed plasmonic wave propagation. The left dia-
grams in Fig. 3a-c show schematics of the charge distributions of the
individual angular modes. Note that the distributions of these three
modes are symmetric with respect to the y-axis, and the signs of the
charges alternate following the oscillation of the incident field.
Because the dipolar charge oscillation is delayed by a phase of nearly
n from the quadrupolar oscillation at the incident frequency of
1.82 eV, the field profile (Fig. 2b) is approximately given by sub-
tracting these two mode profiles (Fig. 3,b), which gives rise to the
intense and narrow peak.

Interference patterns of gap-mode LSP fields with oblique illu-
mination system. The individual angular modes are doubly de-
generate, which corresponds to counter-propagating wave modes.
These modes can be unitarily transformed into two orthogonal
standing wave modes that have symmetric and antisymmetric char-
ge distributions with respect to the y-axis. The symmetric distribu-
tion mode can be excited by normally incident plane-wave light, as
described above, while the antisymmetric mode cannot. Here, we
employ an oblique illumination system to excite the antisymmetric
distribution mode. Figures 4a—c display the spatial distributions of
the gap-mode LSP fields excited by a y-directionally s-polarized
plane-wave at an incidence angle of 45°. The scattering spectrum
under oblique illumination (gray broken curve in Fig. 1b) exhibits
no appreciable difference from that produced under normal illumi-
nation. Additionally, the LSP field profile obtained at the dipolar re-
sonance frequency (Fig. 4a) is shaped nearly the same as it is under
normal illumination (Fig. 2a). In contrast, the amplitude and phase
profiles at the excitation frequencies 1.82 and 2.14 eV (Fig. 4b,c) are
asymmetric and include m-phase jumps. We also analyzed these
spatial profiles to determine the eigenfunctions, and the calculation
shows that the profiles can be reconstructed from the two basis
functions presented in Fig. 3a,b and the additional basis function
shown in Fig. 3d. This curve corresponds to the field profile of the
quadrupolar antisymmetric distribution mode, whose charge distri-
bution is illustrated in the left diagram of the figure.

We also investigated a sophisticated illumination system in which
two coherent plane-waves are incident on the dimer structure at
angles of +45°. The excitation light frequency is fixed to the quad-
rupolar resonant peak at 2.14 eV. When the two plane-waves are

| 2:764 | DOI: 10.1038/srep00764

2



|E,/Eol
0] S

a 8 max 0

o ,.300

s 5

of =
. 8200 h
S c L o)
£ o g -m %
> 5

g I 2100

Q i

' F-2m

0 : : : : :
-60 -40-20 0 20 40 60 -60 -40 -20 0 20 40 60
X (nm) x (nm)

=
3

200

y (hm)
-40 -20 0 20 40

Field enhancement
it
a1
; :
) 3
= aseyd

-60 -40-20 O 20 40 60

X (nm)

c 0

o —

~ 5 60

of IS
-« 8 T
g o S 40 3
= - [0}
> o 5

“E - 201

Q £

! 0 . . . . . F-21

-60 -40-20 0 20 40 60 -60 -40 -20 0 20 40 60

X (nm) X (nm)

0
o = 121
N 5
e 8 2
o S g r-m e
< @
o 41
@
o iT 2
5 0 . . . . . -2
-60 -40-20 O 20 40 60 -60 -40 -20 O 20 40 60
X (nm) X (nm)
44 0
o i
1 5
ol £ 31
« 8 o
o 8 24 —ng
< 3
o [0
T 14
= i

-60-40-20 0 20 40 60
X (nm)

%60 40 20 0 20 40 60
X (nm)

Figure 2 | Spatial distributions of the LSP fields formed by normal
illumination at different excitation frequencies. The left patterns display
the y-component of the electric field E, on the x-y-plane at z=0, where the
absolute amplitude | E,| normalized by the maximum value in each pattern
is presented using color. The right figures show the cross-sectional profiles
of the field amplitude (red) and phase (blue) within the gap along the x-
axis at y=z=0. The amplitude is plotted on a field-enhancement scale, and
the phase is relative to that at the center (x=0).

in-phase at the origin (Fig. 4d), a symmetric field profile similar to
the profile shown in Fig. 2c (normal incidence) appears. When the
phase difference is increased to m/2 (Fig. 4e), the spatial profile
becomes asymmetric and similar to that presented in Fig. 4c (oblique
incidence). By introducing two plane-waves with inverted phases
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Figure 3 | Charge distributions and field profiles of individual multipolar
plasmonic modes. (a)—(c), Orthogonal basis functions calculated by
eigenanalysis of the real and imaginary parts of the cross-sectional profiles
in Fig. 2 (right) and schematic illustrations of the charge distributions of
the individual angular mode resonances (left). The three functions
correspond closely to the spatial mode profiles of the dipolar (a),
quadrupolar (b), and hexapolar (c) plasmonic fields. (d) An additional
basis function determined by eigenanalysis of the profiles shown in Fig. 4a—
¢ (right) and a schematic of the corresponding charge distribution (left).
The curve is the third eigenfunction, and the first and second basis
functions are much the same as the orthogonal functions presented in (a)
and (b). This profile corresponds closely to the antisymmetric distribution
mode of the quadrupolar resonance.

(Fig. 4f), all symmetric distribution modes are cancelled by destruct-
ive interference, and the quadrupolar antisymmetric distribution
mode is excited within the gap. This profile exhibits a narrow dip
(2.6-nm width) and a phase jump of 7 at the center.
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Figure 4 | Cross-sectional profiles of the LSP fields formed by oblique illumination. Amplitude (red) and phase (blue) profiles of the electric field E,
within the gap are plotted against the x-axis. (a)—(c), The dimer structure is illuminated with a y-directionally s-polarized plane-wave at an incidence angle
of 45°. The LSP fields are excited at three different frequencies. (d)—(f), The LSP fields are formed by dual-plane-wave oblique illumination with two y-
directionally s-polarized lights incident at angles of =45° (normal intersection). The phase difference between the two plane-waves is set to 0 (d), 7/2 (e),

and  (f).

Discussion
To conclude, the nanoscale spatial distributions of gap-mode LSP
fields in a gold nanodisk dimer system have been analyzed. A variety
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