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This paper presents the second harmonic generation (SHG) behavior of a dolmen-type Au nanostructure under
surface plasmon (SP) resonance conditions. The SP-enhanced optical fields of the plasmonic metal nanoparticles
are suitable for nonlinear wave mixing at the nanoscale. However, the SP-enhanced fields alone are insufficient
for second-order nonlinear optics, including the SHG effect. As in traditional nonlinear optics, it is helpful
to prepare the metal nanoparticles in a noncentrosymmetric shape to obtain the large SHG signals in the far
fields. The dolmen-type Au nanostructure consists of three centrosymmetric rectangular Au nanorods (AuNRs),
two of which are arranged in parallel and the third is perpendicular. The U-shaped arrangement breaks the
centrosymmetry in this complex nanostructure. The noncentrosymmetric dolmen-type AuNRs exhibited ∼25
times higher SHG signals than the reference single AuNR. According to the numerically mapped surface charges
and near fields, the enhanced SHG signals were related to the hybridized bonding state between the dipolar
plasmon of the monomer moiety and the quadrupolar plasmon of the dimer moiety. The far-field SHG signals are
attributed to the intense near field, which was not centrosymmetric in the nanogap region between the monomer
and dimer moieties. The dependence of the SHG signals was also investigated as a function of the separation
between the monomer and dimer moieties. The SHG conversion efficiency shows a considerable increase as
the separation narrows down to ∼20% of the AuNR size. Our present research demonstrates that second-order
nonlinear plasmonic behavior can be engineered by appropriately arranging the constituent simply shaped metal
nanoparticles.
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I. INTRODUCTION

Metal nanoparticles have been studied for many years for
their unique and exotic optical properties [1–4]. Surface plas-
mons (SPs), which are collective oscillations of conducting
electrons, are generated on metal nanoparticle surfaces under
light irradiation. When SPs are produced, intense and local-
ized near fields are generated directly above them, which are
useful for the nanoscale manipulation of light [5]. The SP
resonance wavelength is sensitive to changes in the refractive
index of the surrounding optical medium. This property is
applied in technologies used for sensing of gas, pH levels, bi-
ological materials, etc., [6–8] and can be tuned by engineering
the size [9], shape [10], and surrounding environment [11] of
the metal nanoparticles.

Complex plsmonic nanostructure systems exhibit a more
diverse photonic behavior than single-particle systems
[12–14]. When metal nanoparticles are assembled in close
proximity, the SP polarizations are coupled by near-field inter-
actions and they oscillate coordinately. In the strong coupling
regime, the SP polarizations hybridize to form new modes
[15,16]. Their resonance frequencies are shifted with respect
to those of the single particles. The arrangement of metal
nanoparticles is crucial for the electromagnetic properties
of the hybridized SP modes. When properly arranged, the
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near fields in the complex systems are more confined and
enhanced than in the single-particle systems [17,18]. The res-
onant wavelength in the former is more sensitive to changes
in the refractive index of the surrounding optical medium than
in the latter [19]. It is quite natural to extend these properties
to a variety of nanophotonic applications as well, of which
nonlinear optics (NLO) is one of the most important [20–23].

NLO is a phenomenon of mixing multiple photons, re-
sulting in the generation of photons with sum or difference
frequencies. The NLO phenomena tend to occur at very
high levels of light intensity. The intense and confined SP-
enhanced optical fields are suitable for operating nonlinear
wavelength conversions. There are several requirements for
better wavelength conversion in nonlinear plasmonics. First,
the fundamental wavelength must be tuned to the SP reso-
nance. For further improvement, it is also helpful to tune the
wavelength-converted light to a different SP resonance [24].

In traditional NLO, the inversion symmetry of the optical
medium has an important effect on the NLO susceptibilities
[25]. Odd-order effects are allowed in the optical media of any
symmetry, whereas the even-order effects are allowed only in
noncentrosymmetric media. A similar selection rule is applied
to nonlinear plasmonics [26]. The nonlinear susceptibilities of
metal nanoparticles are attributed to the surface and bulk terms
[27–29]. The surface term is related to the broken symmetry
at the dielectric/metal interface. This behavior is explained by
the electric dipole approximation. The bulk term includes the
electric quadrupole and magnetic dipole interactions, which
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are allowed even in the centrosymmetric particles beyond the
electric dipole approximation. The contribution of the former
is much larger than that of the latter [27]. In application of
even-order nonlinear plasmonics, it is important to consider
how to use the surface terms effectively.

The wavelength conversions resulting from the surface
term occur at the surface of metal nanoparticles of any shape.
However, it is usually difficult to observe them in the far
fields, when the particle shape is centrosymmetric. The NLO
polarizations, or the point light sources of new light waves,
are distributed over the particle surface in centrosymmetric
matter. During the propagation, the emissions cancel each
other perfectly. Exceptionally, even-order NLO behavior can
be observed even in the centrosymmetric nanoparticle of small
size because of the bulk terms. In addition, it can be observed
in the far field, when a multipole plasmon mode is generated
in a relatively large metal nanoparticle by exploiting the re-
tardation effect under oblique incidence conditions [30,31].
Alternatively, it allows us to access it in the far field by
breaking the centrosymmetry of the environment surrounding
the centrosymmetric metal nanoparticle [32]. In general, to
benefit from the dominant surface term, the meal nanoparticle
shapes should be noncentrosymmetric [33].

The concept of complex plasmonic nanostructures is suit-
able for applications in even-order nonlinear plasmonics.
There have been reports of complex plasmonic nanostructures
with unique designs. Most have been challenged by dealing
with the second harmonic generation (SHG) behavior, one of
the most fundamental NLO phenomena [34–37]. In the SHG
effect, the two photons in the incident light are combined into
one frequency-doubled photon.

Because rectangular rod-shaped nanoparticles are cen-
trosymmetric, they are not suitable for even-order NLO
applications. When two nanorods were arranged in a T shape,
the centrosymmetry was broken and electric dipole-type
nonlinearities were obtained [34]. The nanotrimer structure,
which consisted of one large and two small rods in a coaxial
arrangement, satisfied the double resonance conditions; the
former and the latter rods exhibited SP resonances under
fundamental and SHG light illuminations, respectively [35].
Furthermore, the generated SHG signals were approximately
four times higher than that of a single nanorod satisfying a sin-
gle resonance. The dimers consisting of a rod and a V-shaped
particle also satisfied the double resonance condition [36]. In
addition, the mode-matching condition was satisfied and the
two modes satisfying the resonances in response to the fun-
damental and SHG lights overlapped spatially. The oligomer
structure, or clustered nanoparticles, supported the Fano res-
onance condition, in which the radiation loss is suppressed,
resulting in more enhanced near fields [37]. A several-fold
enhancement in the SHG conversions was obtained at the
Fano resonance of the heptamer structure compared with the
conventional plasmonic antenna system.

Herein, the SHG behavior of a dolmen-type Au nanos-
tructure is reported. The structure consisted of three closely
assembled rectangular Au nanorods (AuNRs), two of which
were arranged in parallel and the third was perpendicular
[38]. The centrosymmetry was broken in the dolmen-type
nanostructure, although each constituent AuNR was cen-
trosymmetric. Assuming that the fourth AuNR is placed

perpendicular to the two parallel AuNRs and opposite to
the third, the system becomes centrosymmetric again. The
tetramer is not suitable for the SHG operation. This trimer
structure is probably suitable for electric dipole-type second-
order NLO operations. The numerical study of Butet and
Martin suggested that the SHG responses of the dolmen-type
nanostructure are promising as a nanoruler for evaluating dis-
tances as small as a few nanometers [39]. The third harmonic
generation (THG) behavior of the dolmen-type Au nanostruc-
ture was reported by Metzger et al. [40]. However, there are
still no reports on the experimental data of the even-order
NLOs, including the SHG.

The unique behavior of coordinated plasmons has been
studied using various spectroscopic techniques, such as con-
ventional optical microscopy [38], electron energy loss spec-
troscopy [41], cathode luminescence spectroscopy [41,42],
and photoelectron emission microscopy [43]. These studies
have showed that coordinated plasmons exhibited the char-
acteristics of Fano resonance, which is interference between
the broadband electric dipolar plasmon in the monomer moi-
ety and the narrow-band electric quadrupolar plasmon in the
dimer moiety [38,41,44]. Conversely, Yu et al. explained
the coordinated plasmons in terms of plasmon hybridiza-
tion because the intense photoelectron emission signals were
recorded at the positions of the far-field extinction peaks
rather than at the Fano dip [43].

First, we investigated the SHG behavior of the dolmen-type
Au nanostructure and compared it with that of the reference
AuNR monomer and dimer structures to determine if they
were really suitable for the second-order NLO operations. The
dolmen-type Au nanostructure supports several coordinated
plasmon modes that respond differently to the wavelength
and polarization direction of the incident light waves. Each
mode can be selectively excited by appropriately selecting
the wavelength and polarization of the excitation light. The
polarization state of the SHG waves can also be sensitive to
the plasmon modes, not only toward fundamental wavelengths
but also toward the SHG wavelengths. Then, the SHG signals
were studied as a function of the wavelength and the polariza-
tion direction of the excitation light. The polarization states of
the SHG signals were also resolved.

Numerical calculations were performed to obtain the dis-
tributions of the surface charges and the near fields near the
nanostructures. Additionally, the SHG excitation spectrum
was calculated using the nonlinear effective susceptibility
method from previous studies [45,46]. Using the extensive
experimental and numerical data, we attempted to understand
how the near fields are converted into nonlinear polarizations
at the AuNR surfaces and how they propagate into the far
field. Finally, the SHG signals were studied as a function of
the interparticle separation between the monomer and dimer
moieties. The efficiency of plasmon coupling depended on
the interparticle separation. We used the data to discuss how
the near-field coupling strength influences the second-order
susceptibilities.

II. EXPERIMENTAL

The dolmen-type Au nanostructures were fabricated on
a fused silica substrate by using electron beam lithography
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FIG. 1. Scanning electron microscopy (SEM) image of dolmen-
type Au nanostructures. The size parameters of L1, W1, L2, and W2,
and the interparticle separations g1 and g2 of the constituent Au
nanorods are shown. The definition of the coordinates is also shown.

method. The scanning microscope image of them is shown in
Fig. 1. Figure 1 also shows the size parameters of the dolmen-
type Au nanostructures, as well as the coordinate definitions.
The nanostructures were arranged in a two-dimensional face-
centered rectangular lattice or, more precisely, a rhombic
lattice. Here, the x axis was set along the long axis of the
AuNR in the monomer moiety and the y axis was set along
the long axis of the dimer moiety. The length, width, and
thickness of the AuNR were L1 = 160 nm, W1 = 100 nm,
and T1 = 50 nm, respectively, in the monomer moiety and
L2 = 140 nm, W2 = 100 nm and T2 = 50 nm, respectively,
in the dimer moiety. Structures with different edge-to-edge
separations (g1 = 30–200 nm) were prepared. The edge-to-
edge separations between the two AuNRs were g2 = 70 nm in
the dimer moiety. Here, the distances between the neighboring
dolmen-type Au nanostructures in the x- and y-axis directions
were set to �x = �y = 500 nm to avoid an unexpected
diffraction grating effect [45,46]. In two-dimensional metallic
nanoparticle systems, the SP resonance can be coupled to the
surface lattice resonance, if the operating wavelength is longer
than the periodicity. The monomer and the dimer structures
were also prepared for comparison.

The linear optical properties of the samples were investi-
gated by measuring the extinction spectra. The light source

was white light from a tungsten lamp. The light beam was
shaped by passing it through a multimode optical fiber with
a core diameter φ ∼ 100 µm. The beam was loosely focused
on the sample at normal incidence using a plano-convex lens.
The beam diameter on the sample was ∼100 µm.

The excitation light sources for SHG spectroscopy were
femtosecond optical pulses (600 mW average power, 6 nJ
pulse energy, and 100 fs pulse width at 75 MHz) from a
mode-locked Ti:sapphire laser. The oscillation wavelength
was tunable between 730 and 920 nm. The SHG signals were
detected in transmission geometry using a back-illuminated
charge coupled device (CCD) camera (Pixis: 1024BR, Prince-
ton Instruments Inc.) after being spectrally resolved using a
multichannel spectrograph (HRS-500, Princeton Instruments
Inc.). A color glass filter (FGB37, Thorlabs Inc.) was used
to remove the residual portion of the excitation light that
propagated almost collinear with the SHG light. The SHG ex-
citation spectra were obtained by measuring the SHG signals
at different excitation wavelengths. The polarization of the
excitation light was rotated using a λ/2 wave plate, whereas
the polarization states of the SHG signals were resolved using
a Glan-Taylor prism. The beam diameter φ on the sample was
∼100 µm. The average power was 40 mW, corresponding to a
peak power of 70MW/cm2.

III. NUMERICAL

The extinction spectra, the surface charge distributions, and
the near-field distributions were calculated using the finite-
difference time-domain method with the FULLWAVE software
(Rsoft Design Group, Inc.). Yee’s algorithm was used to solve
Maxwell’s equation in the time domain [47]. The partial
derivatives in space and in time are discretized by means of
the central difference approximation. A staggered grid is used
in which the electric and magnetic fields are interleaved. A
perfectly matched layer condition was established. The simu-
lated regions are 1000, 1000, and 2000 nm in the x-, y-, and
z-axis directions, respectively. The meshs were evenly spaced
with a pitch of 5 nm. To calculate the extinction spectra,
pulsed plane waves were launched vertically onto the surface
of the dolmen-type Au nanostructures on a SiO2 substrate.
Monochromatic plane waves were used to calculate the sur-
face charge and the near-field distributions.

The SHG excitation spectra were calculated using the
nonlinear effective susceptibility method described in previ-
ous studies [48,49]. The method is based on the theory of
Lorentz’s reciprocity [50]. According to the Lorentz reci-
procity theorem, the near-field generation under plane-wave
irradiation from the detector and electric field propagation
radiated by polarizations on the metal nanoparticle surface to
the detector are considered as identical process. The far-field
SHG electric field [ESHG(2ω)] was determined using Eq. (1):

ESHG(2ω) ∝
∫

S
χ⊥⊥⊥ · E⊥(ω, �r)2 · E⊥(2ω, �r) · dS. (1)

The integration was performed over the entire surface
of the three AuNRs. In Eq. (1), E⊥(ω, �r) is the near-field
component normal to the surface at position �r generated
by the fundamental light at frequency ω. pNLO(2ω, �r) =
χ⊥⊥⊥ · E⊥(ω, �r)2 is the nonlinear polarization generated on
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the surface of the metal nanoparticle. χ⊥⊥⊥ is the surface
nonlinear susceptibility tensor component of Au, where ⊥
is the component normal to the surface. E⊥(2ω, �r) is the
near-field component normal to the surface at 2ω driven by
the plane wave propagating from the detector. This term
is used as a substitute of the scattering rate of the SHG
waves generated on the surface of the metal nanoparticle
in the far field. pNLO(2ω, �r) · E⊥(2ω, �r) = χ⊥⊥⊥ · E⊥(ω, �r)2 ·
E⊥(2ω, �r) is the spatial-overlap degree between the nonlinear
polarization and near field at the SHG wavelength. This term
means that the far-field SHG signal is efficiently observed
when the E⊥(ω, �r) and E⊥(2ω, �r) have good overlap.

According to the selection rule, χ⊥‖‖ and χ‖⊥‖ are
nonvanishing electric dipole allowed second-order surface
susceptibility tensor components. However, a previous study
showed that they were much smaller than χ⊥⊥⊥ [27].
Therefore, only the χ⊥⊥⊥ component was included in the
calculations. More precisely, this component includes the con-
tribution of the bulk term, which cannot be separated from the
surface term. Rather, this term deserves to be referred to as
the surfacelike term. The hydrodynamic model provides the
explicit form of χ⊥⊥⊥, as shown in Eq. (2) [29,51]:

χ⊥⊥⊥ = 1

4
[εr (ω) − 1] · e · ε0

m · ε(ω)2 · ω2
. (2)

The parameters ε0, ε(ω) = εr (ω) + iεi(ω), m, and e are
the permittivity of vacuum, the dielectric function of Au
at frequency ω, the electron mass, and the electron charge,
respectively. In this definition, the electric fields at the funda-
mental and SHG wavelengths are evaluated outside the metal
region. The data on the dielectric function of Au were taken
from the literature [52].

First, the near-field distribution [E⊥(ω)] was calculated
at position �r on the surface of the AuNRs under irradia-
tion of the monochromatic plane wave at the fundamental
frequency ω. Next, the surface nonlinear polarization com-
ponent, pNLO(2ω) = χ⊥⊥⊥ · E⊥(ω)2, was calculated. The
near-field distribution [E⊥(2ω)] was also calculated sepa-
rately for a frequency of 2ω. The values of E⊥(ω, �r) and
E⊥(2ω, �r) were evaluated just outside the Au on the air/Au
interface. Finally, the far-field SHG waves were obtained after
performing the integral over the entire surface of the nanos-
tructure. The square of ESHG [Eq. (2)] provides the intensity
of the far-field SHG signal.

IV. RESULTS AND DISCUSSION

Figure 2 shows the extinction and SHG excitation spectra
of the dolmen-type Au nanostructure. Figures 2(a) and 2(b)
are the data for the x- and y-polarized lights, respectively. The
spectra of the constituent monomer and dimer structures were
studied for reference. The data of the monomer, dimer, and
their sum are shown in the figure. There were three peaks in
the extinction spectrum of the dolmen-type Au nanostructure
in response to the x-polarized light. These three peaks at λX1

= 908 nm, λX2 = 800 nm, andλX3 =737 nm are referred to
as peaks X1, X2, and X3, respectively. Peaks X1 and X2 are
located at shorter and longer wavelengths with respect to that
of the monomer at 835 nm. The peaks correspond to the two

FIG. 2. Extinction (black solid curve) and SHG excitation spec-
tra (black open circles) of the dolmen-type Au nanostructure together
with the reference monomer (blue solid curve and open circles) and
dimer structure (red solid curve and open circles). The green dashed
curve is the sum of the data from the monomer and dimer structures.
Graphs (a) and (b) correspond to the data under x- and y-polarized
excitation light, respectively.

extinction peaks of the dolmen-type Au nanostructure in the
previous study [43].

In the previous study, it was indicated that the two new
modes, the bonding and antibonding modes, were formed
after the near-field coupling between the dipole mode in the
monomer moiety and the quadrupolar mode in the dimer
moiety. In the bonding mode, the dipole and the quadrupole
oscillate in phase and the resonance condition is satisfied at
a wavelength longer than that of the monomer. Conversely,
in the antibonding mode, the dipole and quadrupole oscillate
out of phase and the resonance condition is satisfied at a
wavelength shorter than that of the monomer. Peaks X1 (λX1

= 908 nm) and X2 (λX2 = 800 nm) correspond to the bond-
ing and antibonding modes described in the previous study.
Conversely, the wavelength position of peak X3 was consistent
with that of the dimer structure and was related to the plasmon
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oscillation along the short axis direction of the AuNRs in the
dimer structure.

The dolmen structures show a strong peak at λ′
X1 = 870 nm

and a weak peak at λ′
X2 = 790 nm in the SHG excitation

spectra. These two peaks corresponded to peaks X1 and X2

in the extinction spectrum. However, the SHG peak wave-
length differed from that of the extinction peak in the two
peaks. The SHG peak position of X ′

1 (λ′
X1 = 870 nm) was

38 nm shorter than the extinction peak position of X1 (λX1 =
908 nm). Furthermore, the SHG peak position of X ′

2 (λ′
X2 =

790 nm) was 10 nm longer than the extinction peak position
of X2 (λX2 = 800 nm). The monomer showed a faint SHG
peak at 830 nm. This was a result of the bulk term, which is
allowed even for the particles with centrosymmetric shapes.
The wavelength of monomer SHG peak was consistent with
that of the extinction peak. The dimer showed almost no SHG
signals.

The intensity of the SHG peak at λ′
X1 = 870 nm was 25

times higher than that of the reference monomer at 800 nm.
The SHG intensity at λ′

X2 = 790 nm was almost as high as that
of the monomer. These results indicate that resonant photoex-
citation of the hybridized bonding mode was suitable for the
conversion of far-field SHG waves, whereas photoexcitation
of the antibonding mode was not.

The average SHG power at the peak λ′
X1 was PSHG =

0.07 pW at PF = 40 mW-average pump power, correspond-
ing to 70 MW/cm2-peak power. The SHG power conversion
efficiencies were PSHG/PF = 0.2 × 10−11. The value of the
SHG conversion efficiency is almost comparable to that of
plasmonic nanostructures in previous studies [53,54].

The extinction peak of the dolmen-type AuNR structure
showed two peaks at λY 1 = 772 nm and λY 2 = 670 nm under
y-polarized light, which are referred to as peaks Y1 and Y2, re-
spectively. The peak at λY 1 772 nm corresponds to the peak at
759 nm of the reference dimer, which was a result of plasmon
oscillation along the long axis of the AuNRs. The magnitude
of the redshift was �λY 1 = 14 nm, which was much smaller
than �λX1 for the x-polarized lights. The redshift was also
related to the plasmon coupling between the monomer and
dimer moieties. The peak at �λY 2 = 670 nm corresponded to
that of the reference monomer and was caused by the plasmon
oscillation along the short axis of the AuNR.

The SHG intensity of the dolmen-type Au nanostructure
was as weak as that of the reference monomer and dimer
structures for the y-polarized excitations. Although plasmon
coupling occurred between the monomer and dimer moieties,
this hybridized plasmon did not generate the near fields nec-
essary to convert the far-field SHG. Therefore, not all of
the hybridized plasmon modes in the dolmen structure were
useful for second-order nonlinear light-matter interactions at
the nanoscale.

The polarization states of the SHG waves were studied in
the dolmen-type Au nanostructure. Figure 3 shows the polar
plot of the SHG signals at λ′

X1 = 870 nm against the x-
polarized excitations as a function of the angle of the polarizer.
The direction of polarization was defined as the angle with
respect to the x-axis in Fig. 1. There were two robes at 90◦
and 270◦, indicating that the SHG waves were y polarized.
Therefore, the dolmen-type Au nanostructure converted the
x-polarized fundamental light into y-polarized SHG waves.

FIG. 3. Polarization resolved SHG signals at 880 nm excitation
wavelength.

Next, the numerical data of the extinction and SHG exci-
tation spectra are presented. In the SHG excitation spectrum
calculations, the surface integral in Eq. (1) was performed
only on the six surfaces of A1, A2, B1, B2, C1, and C2

[Fig. 4(a)]. In Fig. 3, the x-polarized excitation light waves
were converted into y-polarized SHG waves by the dolmen-
type Au nanostructure. As mentioned above, the surface
nonlinear susceptibility tensor component, χ⊥⊥⊥, was much
larger than the other tensor components and was the only
one considered in the calculation. The far-field SHG waves
were inevitably attributed to the surface nonlinear polarization
component, py(2ω, �r) = χ⊥⊥⊥ · Ey(ω, �r)2, generated on these
six surfaces. The y-polarized near-field component generated
by the x-polarized incident light at frequency 2ω was used
as Ey(ω, �r) in Eq. (1), and the y-polarized component gen-
erated by the y-polarized lights at frequency 2ω was used as
Ey(2ω, �r).

In this study, the excitation light was tunable between 730
and 920 nm. The SHG signals were obtained in the wave-
length range of 365–460 nm. The present dolmen-type Au
nanostructure did not exhibit any SP resonance and Ey(2ω, �r)
was a smooth function of the wavelength in this SHG wave-
length range. Therefore, the shape of the SHG excitation
spectrum was determined using the near-field waveform in the
wavelength region of the excitation light.

Figure 4(b) shows the numerical data of the extinction
and SHG excitation spectra of the dolmen-type Au nanos-
tructure against x-polarized light. The data of the reference
monomer and dimer structures are also displayed. There
were three peaks at λX1 = 935 nm, λX2 = 780 nm, and
λX3 = 730 nm in the extinction spectrum of the dolmen-
type Au nanostructure. The monomer and dimer structures
showed peaks at 830 and 740 nm, respectively. The peaks
at λX1 = 935 nm and λX2 = 800 nm appeared at longer
and shorter wavelengths, respectively, than the 830 nm-peak
of the monomer structure. The peak at λX3 = 730 nm was
consistent with that of the dimer structure. These features of
the extinction spectrum were reproducible in the experimental
data [Fig. 2(a)].

The SHG excitation spectrum had a strong peak at λ′
X1= 910 nm in addition to the weak secondary peak at λ′
X2= 790 nm. The strong X ′

1 peak corresponded to the extinc-
tion peak of X1. However, the former occurred at a shorter
wavelength than the latter. The λ′

X1 position was ∼ 15 nm
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FIG. 4. (a) Definitions of surfaces and edges of a dolmen-type
Au nanostructure. (b) Calculated extinction (red solid curve) and
SHG excitation (blue open circles) spectra of a dolmen-type Au
nanostructure. Extinction spectra of the reference monomer (black
dotted curve) and the dimer (green dashed curve) structures are also
shown. (c) SHG field components in Eq. (3) from surface A1 (black
open circles), surface A2 (red open triangles), and their sum (blue
filled cubes). (d) SHG field components from surfaces B1 and C1

(black open circles), B2 and C2 (red open triangles) and their sum
(blue filled cubes).

shorter than that of λX1. The numerical data reproduced the
redshift of peak X ′

1 with respect to peak X1, although the mag-
nitude of the shift was smaller than that of the experimental
data [Fig. 2(a)]. The second SHG peak at λ′

X2 = 790 nm
appeared slightly longer than the corresponding extinction
peak at λ′

X2. The observation of the blue shift of peak X ′
2

with respect to peak X2 in the numerical SHG excitation
spectra was also consistent with the experimental data in
Fig. 2(a).

To study the SHG conversion process on each of the sur-
faces separately, the SHG field component generated on each

of the surfaces was calculated according to Eq. (3),

SX =
∫

X
χ⊥⊥⊥ · E⊥(ω, �r)2 · E⊥(2ω, �r) · dS, (3)

where X (= A1, A2, B1, B2,C1, andC2) is the surface of in-
terest. The data were acquired 5 nm above each surface.
Figure 4(c) shows the plots of components SA1 and SA2 and
their sum (SA1 + SA2) as functions of the excitation light
wavelength. The term SA1 + SA2 provides the total SHG wave
component generated on the surfaces of the monomer moiety.
Component SA1 was opposite in sign to SA2 and oscillated
out of phase with SA2. SA1 had two moderately large peaks
at 950 and 790 nm, whereas SA2 had a large negative peak
at 930 nm. The contribution of SA2 overwhelmed that of SA1

in the 930-nm wavelength region. Conversely, the nonlinear
polarization was generated only on surface A1 in the 790-nm
wavelength region.

Figure 4(d) shows the component generated on the surfaces
of the dimer moiety. Owing to the mirror symmetry in the
y − z plane, the amount of SB1 was identical to that of SC1.
For the same reason, the amount of SB2 equaled the amount
of SC2. In the figure, the amounts of SB1 + SC1 and SB2 + SC2

are shown together with the sum of SB1 + SB2 + SC1 + SC2.
SB1 + SC1 was opposite in sign to SB2 + SC2 because the for-
mer oscillated out of phase with respect to the latter.

SB1 + SC1 had a positive peak at 930 nm, whereas SB2 +
SC2 had a negative peak at 900 nm. They both tended to tail
off to shorter wavelengths. In the 930-nm wavelength region,
the contribution of SB1 + SC1 overwhelmed that of SB2 + SC2.
Furthermore, SB1 + SC1 canceled SB2 + SC2 almost perfectly,
and their sum SB1 + SB2 + SC1 + SC2 was almost zero in the
790-nm region. SHG conversions did not occur from the
dimer moiety in the same wavelength region.

Next, the SHG conversions from the entire dolmen struc-
ture are discussed. In the 930-nm wavelength region, the
nonlinear polarization was generated more efficiently in the
nanogap area surrounded by surface A2, B1, and C1. SA1 + SA2

of the monomer moiety was larger than SB1 + SB2 + SC1 +
SC2 of the dimer moiety. The SHG wave converted on surface
A2 interfered destructively with those on B1 and C1, and the
remaining SHG wave component was observed as far-field
SHG signals.

In contrast, the peak wavelengths of SA1, SB2, and SC2, the
surfaces outside of the nanogap region, were inconsistent. The
SA1 peak wavelength (954 nm) was much longer than the peak
wavelengths of SB2 and SC2 (898 nm). At these wavelengths,
the plasmon polarizations on the monomer and dimer moieties
were somewhat weakly coupled to each other. The confine-
ment of the surface charge in the nanogap was weakened.
Simultaneously, it was distributed on the surfaces inside and
outside nanogap. As a result, the intensity of the near fields
increased and a certain amount of nonlinear polarizations was
more likely to be generated on the surfaces A1, B2, and C2. The
peak wavelength of the far-field SHG signals was shifted by
the nonlinear polarization contributions outside the nanogap
with respect to that of the linear extinction spectrum.

In the 790-nm wavelength region, the contribution of the
monomer moiety, SA1 + SA2, was substantial. Although the
nonlinear polarization was locally present in the dimer moiety,
it did not contribute to the far-field SHG signals. This occurred
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FIG. 5. Calculated charge density and near-field distributions of
a dolmen-type Au nanostructure. Graphs (a) and (b) are the charge
density and near-field at 910 nm, respectively. Graphs (c) and (d) are
the data at 790 nm.

because the SHG wave from SB1 offsets the SHG wave from
SB2. The SHG wave from SC1 also offset the SHG wave from
SC2. The SHG waves propagate into the far field because of
the nonlinear polarization generated on surface A1

Yu et al. reported the observation of intense photoemission
electron signals at the extinction peaks of both the bonding
and antibonding hybridized states [43]; therefore, the intense
SP-enhanced fields occurred in these modes. In the present
study, the intense SHG signal was obtained at the extinction
peaks of both the bonding and antibonding hybridized states.
This result is consistent with that obtained using photoemis-
sion electron microscopy. However, the SHG signal caused
by the bonding state was much higher than that caused by the
antibonding state. Therefore, in addition to the field enhance-
ment, a method of hybridization is necessary for efficient SHG
conversion.

Our present paper does not simply experimentally test the
prediction of the previous numerical study by Butet et al. in
Ref. [22]. Our paper clearly shows which hybridized plas-
mon modes were the main contributors to the second-order
nonlinear optical effects. The previous study analyzed the
SHG behavior at the wavelength satisfying the so-called Fano-
resonance. They calculated it monochromatically at the Fano
dip, which corresponds to the valley between the two peaks
in the linear spectrum. Conversely, our present paper does not
find significant SHG conversion at the Fano dip. Rather, the
intense SHG conversion behavior occurred near the extinc-
tion peak due to the bonding hybridized mode. This result
indicates that the resonance to the bonding hybridized mode,
rather than the Fano resonance, provides the unharmonicity
suitable for the second-order NLO in the dolmen-type AuNR
structure. It was only after we studied the spectrally resolved
SHG data both experimentally and numerically that this phys-
ical insight was obtained.

The calculated surface charge and near-field distributions
are presented to discuss the role of hybridized plasmon modes
in generating the nonlinear polarization at each SHG peak

wavelength. Figures 5(a) and 5(b) show the surface charge and
near-field distributions, respectively, at 910 nm. In the dimer
moiety, the surface charges oscillated antisymmetrically in
the two parallel AuNRs of the dimer moiety, exhibiting the
electric quadrupole mode characteristics. These results con-
firm that the dipole mode in the monomer moiety and the
quadrupole mode in the dimer moiety were hybridized in
phase to form a bonding mode.

Intense near-field distributions were found in the nanogap
region surrounded by surfaces A2, B1, and C1. They were
most strongly distributed at the a2 − a′

2 and a3 − a′
3 edges

on surface A2 of the monomer moiety. The field intensity at
these two edges was much higher than that at a1 − a′

1 and
a4 − a′

4. The formation of the bonding hybridized plasmon
mode promoted greater redistribution of the near fields inside
the nanogap region than outside it in the monomer moiety.
The moderately intense fields were widely distributed over
the entire surfaces of B1 and C1 of the dimer moiety. This
observation demonstrates that the electric force lines flowed
between the a2 − a′

2 edge and surface B1 as well as between
the a3 − a′

3 edge and surface C1. The near-field distributions
at the b3 − b′

3 edge on surface B2 and at the c2 − c′
2 edge

on surface C2 were less intense and contributed little to the
far-field SHG signals.

The nonlinear polarization generated in the nanogap region
was mostly responsible for the far-field SHG signals. The near
fields were linearly concentrated at the a2 − a′

2 and a3 − a′
3

edges on surface A2 and were converted into SHG waves more
efficiently than on surface B1 and C1, on which the fields were
widely dispersed. The SHG waves converted on A2 interfered
destructively with those converted on B1 and C1, and the
former overcame the latter, resulting in intense far-field SHG
signals.

The near-field distribution was also calculated for the refer-
ence single AuNR structure at an extinction peak wavelength
of 800 nm. The near field was equally distributed at the four
edges of a1 − a′

1, a2 − a′
2, a3 − a′

3, and a4 − a′
4. The SP field

enhancement factor (ηmono = |E2
SP/|E0|2) was 120 at these

edge regions. Conversely, the SP field enhancement factor of
the dolmen-type Au nanostructure (ηdolmen) was 480 at the
a2 − a′

2 and a3 − a′
3 edges and 200 at the a1 − a′

1 and a4 − a′
4

edges, which were much higher than that of the reference.
The enhanced SHG conversion efficiency in the dolmen-type
Au nanostructure was a result of the noncentrosymmetric field
distribution caused by the mode hybridization as well as the
large field enhancement effect caused by the gap plasmon
effect.

Figures 5(c) and 5(d) show the surface charge and near-
field distributions at a wavelength of 790 nm. The surface
charges oscillated antisymmetrically in the two parallel
AuNRs of the dimer moiety, demonstrating the characteristics
of the electric quadrupole plasmon mode. In contrast to the
case at 910 nm, the dipole mode of the monomer moiety and
the quadrupole mode of the dimer moiety were hybridized
out-of-phase to form an antibonding state. In the monomer
moiety, the surface charge density at the a1 − a′

1 and a4 − a′
4

edges was higher than that at the a2 − a′
2 and a3 − a′

3 edges in
the monomer moiety. In the dimer moiety, the density at the
b2 − b′

2, and c3 − c′
3 edges was higher than that at the b4 − b′

4
and c1 − c′

1 edges. The surface charge density was higher out-
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FIG. 6. Extinction (solid curves) and SHG excitation (filled
circles) spectra of dolmen-type Au nanostructures with different
edge-to-edge separations (g1).

side than inside the nanogap. Owing to the repulsive Coulomb
interactions between the monomer and dimer moieties, the
flow of the electric force lines between surfaces A1 and B1

and between A2 and C1 was suppressed.
Near the a2 − a′

2, a3 − a′
3, b4 − b′

4 and c1 − c′
1 edges, there

was almost no near-field distribution in the nanogap region.
Rather, there was a moderately strong distribution near the
a1 − a′

1, a4 − a′
4, b1 − b′

1, b3 − b′
3, c2 − c′

2, and c4 − c′
4 edges

outside the nanogap region. Notably the near fields at the
b1 − b′

1 and b3 − b′
3 edges were symmetrically distributed

with respect to the center of the AuNR in the left part of the
dimer moiety. The SHG waves generated at these two edges
oscillated out-of-phase with one another, canceling each other
as they propagated into the far field. Similarly, the near fields
at the c2 − c′

2 and c4 − c′
4 edges were distributed symmetri-

cally with respect to the center of the AuNR in the right part
of the dimer moiety. They had almost no effect on the far-field
SHG signals. For this reason, the nonlinear polarization com-
ponents, SB1 + SC1 and SB2 + SC2, had opposite signs and their
absolute values were approximately equal [Fig. 4(d)]. The
weak SHG signal at 790 nm was attributed to the nonlinear
polarizations generated at the a1 − a′

1 and a4 − a′
4 edges on

the surface A1.
Finally, the dependence of linear and nonlinear optical

behavior on the interparticle gap separation (g1) is reported
for the dolmen-type AuNR nanostructure. Figure 6 shows the
extinction and SHG excitation spectra of the dolmen-type Au
nanostructure with different g1 values between 30 and 200 nm.
The spectroscopic measurements were performed under x-

FIG. 7. (a) SHG (red open circles) and extinction (blue open tri-
angles) peak wavelengths versus edge-to-edge separation (g1). Solid
curves are fitted to the exponential decay function. (b) SHG peak
intensities versus g1.

polarized light. The intensity and position of the three peaks
depended differently on g1.

As g1 narrowed, the position of extinction peak X1, which
corresponds to the bonding plasmon mode, became longer.
This occurred because reduced separation caused stronger
hybridizations of the plasmon modes. Extinction peak X2,
which is related to the antibonding mode, was barely visi-
ble at g1 >50nm. The position of extinction peak X3 (λX3 ∼
735 nm) was almost independent of g1. As shown in Fig. 2(a),
the position of extinction peak was consistent with that of
the reference dimer structure. This is because the interparticle
plasmon coupling strength between the monomer and dimer
moieties is weak in this mode.

In the SHG excitation spectrum, SHG peak X ′
1 was ob-

served near peak X1, regardless of g1. The SHG intensities
increased as g1 narrowed. As g1 widened, the SHG intensities
approached a constant value. This constant component of the
SHG signal was attributed to the bulk term, which was related
to the field gradient and originated mainly from the monomer
moiety. The peak position of the SHG signal also became
longer as g1 became narrower.

For a more quantitative discussion, extinction peak λX1

and SHG peak λX1’ are plotted against g1 in Fig. 7(a). The
dependence of the peak wavelength on g1 was well repro-
duced with a single-distance exponential decay function. The
distance decay constant was dλ,Ext = 22 ± 5 nm for the ex-
tinction peak and dλ,SHG = 30 ± 5 nm for the SHG peak. The
SHG peak intensity was also plotted against g1 [Fig. 7(b)].
It was reproduced by the single-distance exponential decay
function, and the distance decay constant is dI,SHG = 20 ± 5
nm. Although the values of dλ,Ext, dλ,SHG, and dI,SHG differed
slightly, they remained consistent.

The plasmon coupling strength has been extensively stud-
ied for dimeric metal nanoparticle systems. According to
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previous works, it is closely related to the magnitude of the
redshift of the SP resonance wavelength with respect to that
of the isolated nanoparticle [55,56]. A single exponential
distance decay function is universally used to model the de-
pendence of the spectral shift magnitude on the interparticle
separation, independent of the particle shape, size, and envi-
ronment.

Assuming that the plasmon coupling follows the purely
electric dipole interaction model, the intensities of the near
fields are inversely proportional to the cubic of the interpar-
ticle separations. In practice, higher-order multipolar terms,
such as electric quadrupolar and octupolar, are involved [57].
Their distance dependencies obey the inverse power law with
exponent n > 3. The decay of these terms is steeper than
that of the cubic inverse relation of the dipole term. For
example, the quadrupolar and octupolar decays are inversely
proportional to the fourth and fifth powers of the interparticle
separation, respectively. Because of the combined contribu-
tions of the different terms with different exponents, the decay
behavior of the coupling strengths is well reproduced phe-
nomenologically using an exponential decay function instead
of the inverse power law. Previous studies have indicated
that the gap-distance dependence of the near-field intensity
follows a power-law rather than an exponential decay [58].
The current dependence of the SHG intensity on g1 should be
reproduced using a power law decay function. However, be-
cause of the constant term and the limited number of the data
points, it is difficult to determine which of the model functions
more accurately reproduces the experimental data. Here, the
g1 dependence of the SHG intensity was also reproduced
using the exponential function to address the correspondence
relationship with the peak wavelength shift.

In the previous studies, the decay distance constant was
universally ∼0.2 times the particle size and independent of
types of the metals, the particle size, particle shape, and di-
electric constant of the surrounding optical medium [58]. The
width and length of the present AuNR were W = 100 nm and
L = 140 or 160 nm, respectively. The distance decay constant

of ∼20–30 nm was nearly equal to 15 ∼ 20% of the W and L.
This universal rule is also useful to explain the plasmonic cou-
pling strength in dolmen-type Au nanostructures. The present
observations suggest that the appropriately hybridized mode
provides the near-fields necessary for second-order nonlinear
interactions. Furthermore, we found that the magnitude of
the nonlinear susceptibilities at the nanoscale was flexibly
controlled by g1.

V. CONCLUSIONS

This paper reports the SP-enhanced SHG behavior of the
dolmen-type Au nanostructure. Because of its centrosymme-
try, each constituent AuNR of this nanostructure by itself
is unsuitable for second-order NLO and exhibits weak SHG
conversion behavior. Conversely, the SHG intensity of the
dolmen-type Au nanostructure was 25 times higher than that
of the reference single AuNR. The dolmen-type Au nanos-
tructure supports bonding and antibonding modes, which are
hybridized between the electric dipole mode caused by the
monomer moiety and the electric quadrupole mode caused
by the dimer moiety. The numerical surface charge distri-
bution shows that the enhanced SHG behavior is related to
the hybridized bonding mode. The numerical data also indi-
cate that the strong and confined near field in the nanogap
region between the monomer and dimer moieties is noncen-
trosymmetric, resulting the enhanced far-field SHG signals.
Additionally, the SHG signals were investigated as a func-
tion of the interparticle separation between the monomer and
dimer moieties. The intensity and peak wavelength position
of the SHG signals followed an exponential distant decay
function. Their decay behavior was consistent with that of
the extinction peak wavelength. The SHG conversions were
found to occur extensively at interparticle separations less
than ∼20% of the AuNR. This paper demonstrates that the
optical fields suitable for second-order nonlinear plasmonics
can be engineered by appropriately arranging the centrosym-
metric metal nanoparticles.
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