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ABSTRACT

Metallic nanogap dimers are extremely useful for enhancing surface-enhanced Raman scattering and various nonlinear optical effects employing near-field enhancement effects induced by the localized surface plasmon resonance. However, the metallic nanogap dimers exhibit an
intense light scattering due to the strong dipole–dipole interaction between two metallic nanostructures and, therefore, are not necessarily
a structural design that exhibits the highest near-field enhancement due to the radiation loss. Here, we propose further enhancement of the
near-field on metallic nanogap dimers using quasi-dark plasmon modes. By coupling with gold (Au) nanorods having the same plasmon resonant wavelength, but completely different sizes, a quasi-dark plasmon mode, which reduces the radiation loss slightly, is induced, resulting
in the elongation of the plasmon dephasing time. As a result, the signal of surface-enhanced Raman scattering of crystal violet molecules
adsorbed on the Au nanogap dimer is enhanced up to about three times as compared to that measured using the Au nanogap dimer without the Au nanorods. Scattering spectrum measurements as well as electromagnetic simulations were performed to clarify the mechanism
for further enhancement of the near-field. The proposed coupled plasmonic system is expected to be advantageous, especially in enhancing
nonlinear optical effects using plasmonic enhancement effects.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5142569., s

I. INTRODUCTION
Nanoparticles of noble metals such as gold (Au) and silver (Ag)
exhibit localized surface plasmon resonances (LSPRs). LSPRs are
collective oscillations of conduction electrons of metallic nanoparticles induced by the electric field of incident light.1 LSPRs allow
metallic nanoparticles to absorb and scatter light of a certain wavelength depending on the size and the shape of metallic nanoparticles.2–5 LSPRs show near-field enhancement effects that are several orders of magnitude higher than the incident light field in
the vicinity of metallic nanoparticles.6–8 Light can be confined in
the metallic nanoparticles as a near-field for a certain time (∼fs)
because the coherent electronic oscillation continues after the incident light passes and the near-field is localized at a nanometer-sized
volume like focusing by a super-lens that can break the diffraction
limit. Therefore, temporal and spatial effects play a key role in the
near-field enhancement. Namely, LSPRs can be regarded as a kind
of nano-optical resonator.
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Q/V is known as a parameter exhibiting the intensity of light
in the resonator. Q is related to the quality factor of resonances, that
is, concerning how long light is confined. In the case of LSPRs, it
is related to phase relaxation time (dephasing), that is, when the
coherent electronic oscillations fall apart. V is related to the mode
volume, that is, how small the near-field can be localized. Nanogap
metallic structures such as bow-tie antennae,9 Au nanogap dimers,10
and nanogap resonators11 have been considered to show the highest near-field enhancement effect so far. At the nanogap, it can be
estimated that the near-field is enhanced by 10 000–100 000 times
as compared to the incident light intensity, and a single molecule
detection based on the surface-enhanced Raman scattering (SERS)
has been reported.12–15 However, it has been revealed that the resonance Q value is reduced by shortening the dephasing time since
nanogap metallic structures exhibit intense light scattering due to
the strong dipole–dipole interaction between structures (in-phase
mode).16 Therefore, the structure showing the highest near-field
enhancement is not necessarily a metallic nanogap dimer, and not
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only a mode volume, but also a quality factor is taken into consideration for the structural design to obtain an extremely strong near-field
enhancement.
Coupled plasmonic systems such as a plasmon hybridization,17,18 a modal strong coupling,19,20 and a dark plasmon21,22
have received considerable attention as a tool for harvesting light
efficiently with a wider spectral range or elongating the plasmon
dephasing time. In particular, the modal strong coupling with optical
modes having a high Q value as well as the excitation of dark plasmon modes such as quadrupole and out-of-phase plasmon modes is
promising for elongating the plasmon dephasing time.20,23 Recently,
we have successfully elucidated that the elongation of the plasmon
dephasing time results in an improvement of the near-field enhancement by exciting an out-of-phase plasmon mode of the metal–
insulator–metal metamaterial nanostructures.24 In a simple design
of a metal–insulator–metal nanostructure, however, the mode volume (V) does not become small because the near-field localization effect is small due to the wide area of the nanogap region,
whereas the Q value due to the dark plasmon excitation can be
increased.24 On the other hand, multimer structures such as a heptamer with multiple nanogaps can also induce the out-of-phase
plasmon mode.25,26 However, multiple nanogaps also diminish the
near-field localization effects.27 Therefore, it is difficult to localize the near-field at a tiny space in order to reduce the radiation
loss by the dark plasmon mode, which seems to be a trade-off
relationship.
In the present study, a quasi-dark plasmon mode is induced
by dispersing Au nanorods whose plasmon resonant wavelength
completely accords with that of Au nanogap dimers and whose
size and shape are apparently different from that of Au nanogap
dimers. By placing the extremely small Au nanorods on the Au
nanogap dimer via a ∼nm-sized spacer using a surfactant as a surrounding of the Au nanorod, a quasi-dark plasmon mode can be
induced. The quasi-dark plasmon mode is caused by the strong nearfield interaction between the Au nanogap dimer and Au nanorods
and has a characteristic of a relatively longer dephasing time than
that of the Au nanogap dimer. The near-field enhancement is
improved by the elongation of the plasmon dephasing time due
to the excitation of the quasi-dark plasmon mode while maintaining the smaller nanogap width. SERS is used for the evaluation
of the near-field enhancement in the proposed nanostructures in
this study. This research asserts that it will lead to design guidelines for all chemical reactions and sensors using the plasmonic
enhancement.
II. EXPERIMENTAL
A. Materials
All reagents were used as received without purification. An
electron beam resist (ZEP-520a), the resist thinner (ZAP-A), the
developer (ZED-N50), and the resist remover (ZDMAC) were
purchased from Zeon Co. Acetone, methanol, hexadecyltrimethylammonium bromide (CTAB), hydrogen tetrachloroaurate(III)
trihydrate (HAuCl4 ⋅3H2 O), sodium borohydride (NaBH4 ), silver
nitrate (AgNO3 ), and L(+)-ascorbic acid were purchased from
FUJIFILM Wako Pure Chemical Corp. 5-Bromosalicylic acid (BrSA)
was purchased from Tokyo Chemical Industry Co.
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B. Fabrication of Au nanogap dimers
Au nanogap dimers with a different gap width were fabricated
by electron beam lithography and lift-off techniques.28 A microscope cover glass [Matsunami Co., 24 mm × 24 mm, thickness:
0.17–0.25 mm (No. 2)] was cleaned by immersing in acetone,
methanol, and ultra-pure water under ultrasonic conditions for
every 2 min. ZEP-520a diluted by ZEP-A (1:1) was spin-coated on
the glass substrate under the conditions of 1000 rpm for 5 s and
4000 rpm for 90 s. Then, the resist-coated substrate was pre-baked
on the hot plate at 110 ○ C for 3 min. Electron beam lithography was
performed at a dose rate of 128 μC cm−2 by an ultra-high precision electron-beam lithography system (Elionix Co., ELS-7000HM)
working at 100 kV as an acceleration voltage. The exposed substrate was then immersed in ZED-N50 for 10 min. Cr and Au
were deposited on the developed substrate by sputtering (Ulvac
Co., ACD-4000-C3-HS Compact sputter system) with thicknesses
of 2 nm and 30 nm, respectively. Cr was used as an adhesion layer
between the glass substrate and Au nanostructures. Finally, lift-off
was performed to remove the excess Au-film on the resist and leave
Au nanostructures on the substrate by acetone and ZDMAC under
ultrasonic conditions for every 2 min.
C. Preparation of Au nanorods
Au nanorods were prepared by the seed-mediated method
using CTAB worm-like micelles as a template.2,4,29,30 The seed solution was prepared as described in the following method. A 5 ml
of HAuCl4 aqueous solution (0.5 mmol/l) was mixed with 5 ml
of CTAB solution (0.2 mmol/l).30,31 A 1 ml of NaBH4 solution
(6 mmol/l) was then added to the HAuCl4 /CTAB solution under
stirring. On the other hand, in the growth solution, the CTAB/BrSA
system was used for reducing the micelle-forming surfactants and
the aging time with a high tunability of the aspect ratio.31 A 50 ml of
CTAB solution (0.1 mmol/l) together with 0.22 g of BrSA was mixed
with 2.4 ml of AgNO3 solution (4 mmol/l). A 50 ml of HAuCl4 solution (1 mmol/l) was then added to the CTAB/BrSA/AgNO3 solution.
After slow stirring for a while, a 0.4 ml of ascorbic acid solution
(64 mmol/l) was added. To produce Au nanorods, a 24 ml of the
growth solution was mixed with 0.8 ml of the seed solution at a temperature of 30 ○ C for 12 h.31 The centrifugations were performed
with ∼2000 g to remove the excess CTAB in the solution several
times for 30 min.
D. Spectral properties of Au nanogap dimers
with and without Au nanorods
Extinction spectra of the Au nanogap dimers with and without
Au nanorods were measured by absorption microspectroscopy. The
Au nanogap dimers with Au nanorods (Au nanorods/Au nanogap
dimer) were prepared by dropping a 2 μl of the Au nanorods solution on the substrate of the Au nanogap dimer and the substrate
was air-dried. The halogen light equipped with an inverted optical
microscope (Olympus Co., IX-71) was used as the light source for
the measurement. Light passed through the long working distance
condenser lens (Olympus Co., IX-ULWCD, NA = 0.3) and the sample substrate was collected by an objective lens (Olympus Co., LUCPLFLN60X, NA = 0.7), and then the probe light was introduced into
the spectrometer (Princeton Instruments, SP-2358/PIXIS: 100BR)
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via a pinhole with a diameter of 400 μm. The number of the Au
nanogap dimers in the measured area is estimated to be ∼220. A linear polarizer was set before the condenser lens. The reference of the
extinction spectrum measurement (I 0 ) was obtained by focusing on
the glass substrate, and the sample (I) was measured by focusing on
the Au nanogap dimers. After the measurement, the extinction spectrum was obtained by calculating −log(I/I 0 ) for every wavelength.
The scattering spectra were measured by using a high NA dark
field condenser lens (Olympus Co., Universal Condenser U-UCD8,
NA = 0.8). The other optical setup is the same as that for extinction
spectrum measurement.
E. Surface-enhanced Raman scattering
measurements of crystal violet molecules
A 2 μl of crystal violet aqueous solution (5.0 × 10−4 mol/l)
was dropped and kept stationary for 1 min. Then, the substrate was
cleaned by immersing in ultra-pure water under ultrasonic conditions to remove the excess crystal violet molecules on the substrate.
The Raman microspectroscopic system (RENISHAW, inVia Reflex)
was used for the measurement of Raman scattering spectra. The laser
wavelength and the objective lens used in this study were 785 nm and
50× (Zeiss, NA 0.75), respectively. The laser power of 136 μW was
chosen and the exposure time was set as 1 s.
F. Finite-difference time-domain simulations
Electromagnetic simulations were performed to elucidate the
far-field and near-field spectra and the near-field intensity distribution in temporal and spatial domains by a Finite-Difference TimeDomain (FDTD) method using the FDTD Solutions software package (Lumerical, Inc.). The optical properties of Au were obtained
using the data from Johnson and Christy.32 The FDTD simulations were performed on a discrete, uniformly spaced mesh with
a mesh size of 1 nm. The total-field scattered-field (TFSF) source
was injected into the Au nanorod covered with a 2 nm-thick dielectric layer with a refractive index of 1.4 assuming CTAB and the Au
nanogap dimer from the structure side.
III. RESULTS AND DISCUSSIONS
A. Far-field spectral properties of Au nanogap dimers
with and without Au nanorods
A scanning electron microscope (SEM) image of Au nanogap
dimers with a designed gap width of 6 nm is shown in Fig. 1(a).
The size of each Au nanoblock is 100 nm × 100 nm × 30 nm, and
the structures are diagonally aligned via a nanogap. The nanogap
width is defined as a distance from edge to edge. Extinction spectra
of Au nanogap dimers with a different gap width under the incident
polarization parallel to the x-axis are shown in Fig. 1(b). The inset
in Fig. 1(b) shows a definition of x- and y-axes to the Au nanogap
dimer. The LSPR band shows an obvious red-shift with the decreasing nanogap width due to the dipole–dipole interaction between
two nanoblock structures.33 Under the incident polarization parallel to y-axis, on the other hand, the LSPR band does not change
at around 670 nm with changing the nanogap width (data are not
shown here) because the near-field interaction is quite small for the
polarization.33
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Figure 1(c) exhibits an extinction spectrum of the solution in
which Au nanorods are dispersed. The transverse LSPR band is
peaking at a wavelength of 520 nm, while the longitudinal LSPR
band is peaking at a wavelength of 818 nm. Therefore, the LSPR
bands of both the Au nanogap dimer and the Au nanorods (longitudinal mode) might overlap with each other in the dried system due to
the surrounding reflective index change. Figure 1(d) shows extinction spectra of the Au nanogap dimer and the Au nanorods/Au
nanogap dimer with a gap width of 6 nm. A distinct longer wavelength shift was confirmed, and a slight spectrum dip could be seen
in the spectrum at the resonant wavelength of Au nanorods in the
dried system, whose resonant wavelength was extrapolated by the
FDTD simulation based on the experimental spectrum in an aqueous solution. Figure 1(e) shows a typical SEM image of the structure, in which the Au nanorod is bridged above the nanogap dimer.
On the other hand, Fig. 1(f) indicates typical SEM images of Au
nanorods located near the nanogap region. Because the Au nanorod
is covered with a CTAB surfactant, some positions in the SEM image
have become brighter due to charge-up. The yield of the structure
in which the Au nanorod is bridged above the nanogap dimer is
estimated to be ∼10%, whereas the structure in which Au nanorods
are located near the nanogap is ∼75%. The remaining ∼15% did
not have Au nanorods near the nanogap or were difficult to distinguish due to the charge-up. It is considered that most Au nanorods
are located near the nanogap region because the Au nanorods
might be dammed near the nanogap region during the evaporation
process.
B. SERS properties of Au nanogap dimers
with and without Au nanorods
Figure 2(a) shows Raman scattering spectra of crystal violet
molecules immobilized on the Au nanogap dimers with a different nanogap width. The crystal violet was immobilized on the surface of Au nanostructures through a coordinate bond between the
lone pair of nitrogen in the crystal violet and Au surface. From
Langmuir’s adsorption isotherm, it has been confirmed in advance
that it is an adsorption saturation condition.34 Namely, the crystal
violet molecules are homogeneously immobilized only on the Au
surface due to the adsorption saturation and the powerful cleaning with ultra-pure water. It is clearly demonstrated from Fig. 2(a)
that the SERS intensity apparently increased with a decrease in
the nanogap width. This result is attributed not only to an induction of the strong near-field enhancement accompanying with a
decrease in the nanogap width, but also to the overlapping of the
excitation laser and Raman scattering wavelengths with the plasmon resonance band of the structures having a smaller nanogap
width.35
On the other hand, Raman scattering spectra of crystal violet molecules immobilized on the Au nanorods/Au nanogap dimer
with different nanogap widths are shown in Fig. 2(b). SERS intensity increased significantly at any gap width in the Au nanorods/Au
nanogap dimers. In particular, the SERS intensity of the nanostructures with gap widths of 6 nm, 8 nm, and 11 nm are extraordinarily
enhanced. It is noteworthy that the Raman scattering intensity on
Au nanorods only deposited on the glass substrate is lower than that
with a gap width of 142 nm shown in Fig. 2(b) (data are not shown
here). From the results, the placement of Au nanorods on the Au
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FIG. 1. (a) A SEM image of Au nanogap dimers with a gap width of 6 nm. (b) Extinction spectra of Au nanogap dimers with a different gap width under the incident polarization
parallel to x-axis. The inset in (b) shows a definition of x- and y-axes to the Au nanogap dimer. (c) An extinction spectrum of the solution in which Au nanorods are dispersed.
The inset shows a picture of the solution. (d) Extinction spectra of the Au nanogap dimer (black curve) and the Au nanorods/Au nanogap dimer (red curve) with a gap width of
6 nm. (e) A typical SEM image of the structure in which the Au nanorod is bridged above the nanogap dimer. (f) Typical SEM images of the structures in which Au nanorods
are located near the nanogap region.

nanogap dimers plays an important role in the further enhancement
of SERS on the Au nanogap dimer.
Figure 3(a) shows gap width dependences of SERS intensity
at 1179 cm−1 , which is corresponding to C-phenyl, C–H in-plane
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antisymmetric stretching mode measured using the Au nanogap
dimer with and without Au nanorods.36 Comparing the maximum
values, it can be seen clearly that the SERS signal measured by the
Au nanorods/Au nanogap dimer is about 3 times larger than that

152, 104706-4

The Journal
of Chemical Physics

ARTICLE

scitation.org/journal/jcp

FIG. 2. (a) Raman scattering spectra of crystal violet molecules immobilized on the Au nanogap dimers with different nanogap widths without Au nanorods. (b) Raman
scattering spectra of crystal violet molecules immobilized on the Au nanorods/Au nanogap dimer with different nanogap widths. The inset figures show the designed gap
width.

FIG. 3. (a) Gap width dependences of SERS intensity at 1179 cm−1 measured using the Au nanogap dimer with and without Au nanorods. (b) Gap width dependences of the
LSPR peak wavelength of the Au nanogap dimer with and without Au nanorods. The data were obtained from the extinction spectra shown in Fig. 1(b) and its corresponding
figure with Au nanorods including Fig. 1(d). The dip wavelength centered around 770 nm is highlighted by a gray color band. The excitation wavelength and Raman scattering
wavelength which correspond to 1179 cm−1 are indicated by orange and green broken lines, respectively.
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of the Au nanogap dimer without Au nanorods. The distribution of
the structural size and the gap width fabricated by the same method
should be ∼3 nm as a standard deviation from the previous study.37,38
However, the average near-field enhancement effect of the ensembled Au nanogap dimers showed a clear gap width dependence even
by the change of 1 nm.37 The gap width dependence of SERS from
the Au nanorods/Au nanogap dimer has a high reproducibility and
is reliable to some extent as an ensemble averaged measurement
although Au nanorods are dispersed randomly. It is noteworthy that
the maximum enhancement of SERS was obtained not at a gap width
of 3 nm but at a gap width of around 8 nm.
Figure 3(b) shows gap width dependences of the LSPR peak
wavelength of the Au nanogap dimer with and without Au nanorods,
whose data were obtained from these extinction spectra shown in
Fig. 1(b) and its corresponding figure with Au nanorods. Both the
gap width dependences with and without Au nanorods show a
longer wavelength shift with the decreasing gap width due to the
dipole–dipole interaction. The further spectrum shift can be seen in
the presence of Au nanorods. Importantly, the dip wavelength centered around 770 nm which should be the peak wavelength of Au
nanorods in the dried system overlaps with the plasmon resonance
spectrum of the Au nanogap dimers with gap widths from 0 nm to
12 nm. Namely, a stronger near-field interaction between LSPRs of
the Au nanogap dimer and the Au nanorod can be expected with gap
widths from 0 nm to 12 nm.
On the other hand, the excitation wavelength (785 nm) for the
SERS measurement and the Raman scattering wavelength (865 nm)
which corresponds to 1179 cm−1 are highlighted in Fig. 3(b) as
broken lines. From the electromagnetic theory in SERS,39,40 SERS
intensity is related to the near-field enhancement effect at both wavelengths of the incident light as well as the scattering light, based on
the following equation:
Ps (νs ) = NσSERS L(νi )2 L(νs )2 I(νi ),

(1)

where L(νi )2 is the enhancement factor at the wavelength of incident
light [L(νi ) = |Eloc (νi )|/|E(ν0 )|], and L(νs )2 is the enhancement factor at the Raman scattering wavelength [L(νs ) = |Eloc (νs )|/|E(ν0 )|].41
N is the number of molecules contributing to SERS signals, σ SERS

scitation.org/journal/jcp

is the Raman scattering cross section including chemical effects
on SERS, and I(νi ) is the incident laser power in the SERS measurement. The peak wavelengths of extinction spectra of the Au
nanorods/Au nanogap dimers in which the gap width ranges from
0 nm to 12 nm are between the excitation wavelength and the Raman
scattering wavelength as shown in Fig. 3(b). In particular, the Au
nanogap dimer having a gap width of 8 nm or 12 nm is considered
to exhibit the highest enhancement since the stronger SERS intensity is obtained when the LSPR wavelength exists in the middle of
the two wavelengths.41
On the whole, there are two possibilities for the further
enhancement by placing Au nanorods as follows: (1) a stronger nearfield interaction between the Au nanogap dimer and Au nanorods is
induced when the gap width ranges from 0 nm to 12 nm because
both the LSPR bands overlap with each other, and there is a possibility that the dark plasmon mode having a longer dephasing time
is induced like in a metal–insulator–metal structure. In this case,
CTAB works as an insulator layer having a ∼nm gap width. (2)
The Au nanorods/Au nanogap dimer with a gap width of 8 nm or
12 nm is strongly resonant with incident and Raman scattering light
to evolve the SERS efficiently. In order to elucidate which effect contributes to the further enhancement of SERS in this study, scattering
spectrum measurements and electromagnetic simulations of the Au
nanogap dimer with and without Au nanorods were performed.
C. Scattering spectral properties of the Au nanogap
dimer with and without Au nanorods
Figure 4(a) indicates scattering spectra of the Au nanogap
dimer and the Au nanorods/Au nanogap dimer with a gap width
of 6 nm. Notice that the spectra indicate a red-shift as compared
to the extinction spectra and some other peaks are also observed
because a high NA dark-field condenser lens (NA = 0.8) was used for
the measurements. The spectrum difference between extinction and
scattering spectra is discussed in the supplementary material. In the
case of the Au nanorods/Au nanogap dimer, however, it seems that
two peaks have appeared at the relatively shorter and longer wavelengths than the peak wavelength of the Au nanogap dimer without
Au nanorods. To compare the spectrum difference with and without

FIG. 4. (a) Scattering spectra of the Au nanogap dimer (black line) and the Au nanorods/Au nanogap dimer (green line) with a gap width of 6 nm. (b) The ratio of the scattering
spectra obtained by dividing the scattering spectrum of the Au nanorods/Au nanogap dimer by that of the Au nanogap dimer with gap widths from 0 nm to 11 nm.
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Au nanorods, the ratio of the scattering spectra is obtained by dividing the scattering spectrum of the Au nanorods/Au nanogap dimer
by that of the Au nanogap dimer and indicated in Fig. 4(b). When
the ratio of the scattering intensity is less than 1.0, it means the suppression of scattering by placing the Au nanorods. However, it is
unlikely that the Fano dip was observed by exciting the dark plasmon mode since the spectrum width of the dip is broad. Namely,
it means that the plasmonic Fano resonance was not induced by the
dark plasmon excitation; two peaks have appeared at the shorter and
longer wavelengths of the LSPR band of the Au nanogap dimer without Au nanorods, so that it looks like a spectrum dip as a result. At
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both peaks, the scattering intensity of the Au nanorods/Au nanogap
dimer with gap widths of 8 nm and 12 nm is slightly larger than that
from 0 nm to 8 nm. A kind of coupling modes are excited at both
wavelengths, especially with the gap width of 8 nm and 11 nm, and
the scattering loss of the longer wavelength mode is smaller than the
shorter wavelength mode.
D. Numerical simulations of spectral properties
and the near-field in spatial and time domains
FDTD simulations were performed to elucidate the assignment
of the coupling modes at each wavelength and the near-field in

FIG. 5. (a) A schematic illustration of the FDTD simulation model with a structure in which the Au nanorod is bridged above the Au nanogap dimer. The inset arrows show
the x, y, and z coordinate axes. (b) Scattering spectra of the Au nanogap dimer (black solid line) and the structure in which the Au nanorod is bridged above the Au nanogap
dimer (green solid line). Near-field spectra of the Au nanogap dimer (black broken line) and the structure in which the Au nanorod is bridged above the Au nanogap dimer
(green broken line). The near-field intensity distribution on the x–z plane at y = 0 of the Au nanogap dimer at the peak wavelength (c), and the structure in which the Au
nanorod is bridged above the Au nanogap dimer at the shorter peak wavelength (d) and the longer peak wavelength (e) in (b). A magnitude of the electric field along the
x-axis by color maps on the x–z plane at y = 0 of the Au nanogap dimer at the peak wavelength (f), and the structure in which the Au nanorod is bridged above the Au
nanogap dimer at the shorter peak wavelength (g) and the longer peak wavelength (h) in (b). The simulation results of the plasmon dephasing by monitoring the change in
near-field intensity at the hot site of the Au nanogap dimer at the peak wavelength (i), and the structure in which the Au nanorod is bridged above the Au nanogap dimer at
the shorter peak wavelength (j) and the longer peak wavelength (k) in (b).
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spatial and time domains using the simulation model as schematically illustrated in Fig. 5(a). The center of the Au nanorod was set
at x = 0, y = 0, and on the top of the dimer a 2 nm dielectric spacer
is placed parallel to the x-axis of the Au nanogap dimer with a gap
width of 6 nm. Scattering spectra of the Au nanogap dimer and the
structure in which the Au nanorod is bridged above the Au nanogap
dimer is shown in Fig. 5(b). The shape of the scattering spectra
with and without Au nanorods almost reproduced the experimental results as shown in Fig. 4(a) qualitatively. There are two bands in
the scattering spectrum of the structure in which the Au nanorod is
bridged above the Au nanogap dimer, which are located at relatively
shorter and longer wavelengths than that of the Au nanogap dimer.
The corresponding near-field spectra are also shown in Fig. 5(b)
indicated by broken lines. Although only the near-field spectrum
of the structure in which the Au nanorod is bridged above the Au
nanogap dimer is peaking at the slightly shorter wavelength of the
scattering spectrum, it is the condition to induce SERS. The nearfield intensity distribution of the x–z plane at y = 0 of the Au nanogap
dimer is shown in Fig. 5(c). The near-field intensity distribution was
monitored at the wavelength of 790 nm. The near-field is localized
at the nanogap region and its near-field enhancement factor reaches
10 400. On the other hand, the near-field intensity distribution of
the structure in which the Au nanorod is bridged above the Au
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nanogap dimer monitored at the shorter (755 nm) and the longer
wavelengths (964 nm) are shown in Figs. 5(d) and 5(e), respectively.
From the near-field intensity distribution, it is clearly elucidated that
the shorter and longer wavelength peaks correspond to gap modes
between the two Au nanoblocks and between the Au nanogap dimer
and the Au nanorod, respectively. Note that the near-field enhancement factor of the gap mode between the Au nanogap dimer and
the Au nanorod is extraordinarily enhanced as high as about 77 000
although it is only about 12 000 in the case of the gap mode between
the two Au nanoblocks.
Figures 5(f)–5(h) show a magnitude of the electric field along
the x-axis which indicates the phase information of LSPR by colors
and corresponds to the simulation conditions as shown in Figs. 5(c)–
5(e), respectively, although the phase information induced at the
Au nanogap dimer is almost normal, which is the same phase in
each Au nanoblock. On the other hand, a quadrupole resonance is
induced on the Au nanorod due to the strong near-field interaction with the local electric field at the nanogap. In particular, the
gap mode between the Au nanogap dimer and the Au nanorod is
influenced by the excitation of the quadrupole mode. Namely, a
quasi-dark plasmon mode might be induced, especially at the longer
wavelength. Figures 5(i)–(k) are simulation results of the plasmon
dephasing which are the same monitor wavelengths and structural

FIG. 6. (a) A schematic illustration of the FDTD simulation model with a structure in which Au nanorods are located near the nanogap region. The inset arrows show the
x, y, and z coordinate axes. (b) A simulated scattering spectrum of the structure in which Au nanorods are located near the nanogap region. (c) A phase information of the
structure in which Au nanorods are located near the nanogap region indicated by color maps on the x–z plane at y = 0 nm (at 759 nm wavelength). (d) The phase information
of the structure in which Au nanorods are located near the nanogap region indicated by color maps on the x–z plane at y = 32 nm (at 1017 nm wavelength). (e) The near-field
intensity distribution on the x–y plane at z = 8 nm (at 1047 nm wavelength).
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designs in Figs. 5(c)–5(e), respectively. The FDTD simulations of
the plasmon dephasing were obtained by suddenly cutting the incident continuous light and monitoring the change in the near-field
intensity at the hot site. From the exponential decay fitting, the lifetimes of LSPR estimated in Figs. 5(i)–5(k) are 1.2 fs, 2.1 fs, and
4.1 fs, respectively. The lifetime of LSPR of the Au nanogap dimer
is very short due to the intense light scattering based on the strong
dipole–dipole interaction between two nanoblocks. On the other
hand, the lifetime of LSPR of the structure in which the Au nanorod
is bridged above the Au nanogap dimer is elongated, especially at
the longer peak wavelength in Fig. 5(b), which corresponds to the
gap mode between the Au nanogap dimer and the Au nanorod.
This elongation of the lifetime is thought to be due to the excitation
of the quasi-dark plasmon mode and can be also understood from
the fact that the scattering intensity becomes smaller despite the
longer wavelength side as compared to the peak of the Au nanogap
dimer.
As mentioned above, most Au nanorods are located near the
nanogap region. Therefore, we performed FDTD simulations based
on the structure in which Au nanorods are located near the nanogap
region with an Au nanorod orientation angle of 0○ against the
x-axis as shown in Fig. 6(a). Figure 6(b) shows a simulated scattering
spectrum of the structure. Two distinct peaks can be seen as similar
to the structure in which the Au nanorod is bridged above the Au
nanogap dimer as shown in Fig. 5(b). From the phase information at
the wavelengths of 759 nm [Fig. 6(c)] and 1017 nm [Fig. 6(d)], the
shorter and longer wavelength peaks also correspond to gap modes
between the two Au nanoblocks and between the Au nanogap dimer
and the Au nanorod, respectively. Furthermore, it is noteworthy that
the phase information indicates the excitation of the quasi-dark plasmon modes like a case of the structure in which the Au nanorod
is bridged above the Au nanogap dimer. The near-field intensity
distribution at the wavelength of 1047 nm is shown in Fig. 6(e).
The near-field enhancement as high as 47 000 is obtained at the
nanogap between Au nanorods and the Au nanogap dimer, which
is slightly lower than that obtained by the structure in which the Au
nanorod is bridged above the Au nanogap dimer. FDTD simulations
of the structure in which Au nanorods are located near the nanogap
region with different Au nanorod orientation angles of 15○ and 30○
against the x-axis and the related discussions are described in the
supplementary material. Although the near-field intensity slightly
decreased from 47 000 to 33 600 with an increase in the orientation angle, the structure in which Au nanorods are located near
the nanogap region with any angle still shows a strong near-field
enhancement compared to just an Au nanogap dimer.
IV. CONCLUSION
Although the metallic nanogap dimer such as a bow-tie antenna
was known to be the nanostructure that shows the highest near-field
enhancement based on LSPRs, the radiation loss due to the strong
light scattering is fatal. In the present study, we found a methodology
to improve the near-field enhancement effect by slightly reducing
the radiation loss based on excitation of the quasi-dark plasmon
mode while keeping the nanogap width constant. Although, as the
mechanism, (1) the suppression of light scattering like a Fano dip
by excitation of a dark plasmon based on the strong near-field interaction between the Au nanogap dimer and Au nanorods and (2) the
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enhancement effect of incident and scattering fields in SERS by a gap
mode between the Au nanogap dimer and the Au nanorods were
considered, the excitation of a gap mode between the Au nanogap
dimer and the Au nanorods by the near-field interaction mainly
influences the further enhancement of the near-field, which was clarified by the scattering spectrum measurements and FDTD simulations. It was concluded that the gap mode is a quasi-dark plasmon
mode in which the strong light scattering is slightly suppressed, having an advantageous characteristic that the lifetime of the gap mode
is as long as that of ordinary LSPR. It can be considered that the
quasi-dark plasmon mode is excited by the difference in size between
the Au nanogap dimer and the Au nanorod although the resonant wavelengths are same. This finding is expected to be beneficial,
especially in enhancing nonlinear optical effects using plasmonic
enhancement effects.
SUPPLEMENTARY MATERIAL
See the supplementary material for the comparison of simulated extinction and scattering spectra and FDTD simulation results
of the structure in which Au nanorods are located near the nanogap
region with Au nanorod orientation angles of 15○ and 30○ .
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