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Coupling Strength and Total Damping Govern
Electromagnetically Induced Absorption in Coupled

Plasmonic Systems

Kishin Matsumori,* Ryushi Fujimura, and Markus Retsch

Electromagnetically induced absorption (EIA) is an optical phenomenon that
enhances light absorption of plasmonic systems. Depending on the plasmonic
system under investigation, the decisive role of intrinsic versus radiative damping
and phase retardation has been pointed out to control the EIA. Herein, a unified
interpretation is provided and the mechanism of EIA for plasmonic—dielectric
composites and all-plasmonic dipolar—quadrupolar antennas is unraveled. In this
theoretical work, the finite element method is used to elucidate how EIA is
attributed to an absorption enhancement of a resonance mode excited by near-field
coupling. For a fundamental understanding, a quantitative analysis is developed by
designing an extended coupled-oscillator model. A critical parameter to maximize
EIA is found, which is different from previous interpretations of such coupled
plasmonic systems. Namely, the ratio of coupling strength to the total damping of
the entire system controls EIA. The generalized interpretation of EIA given by this
work can be applied to many plasmonic systems and is essential for designing

future optical components and devices.

1. Introduction

Electromagnetically induced transparency (EIT) is an optical
phenomenon occurring as a result of Fano interference.l'! EIT
can be observed in coupled plasmonic systems composed of
bright and dark oscillators. The bright oscillator strongly couples
with the incident field but the dark oscillator indirectly couples
with an incident field through a near-field coupling to the bright
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oscillator. This coupling occurs destruc-
tively. Thus, an absorption spectrum is split
into two peaks, and a transparency window
appears at the resonance of the dark
oscillator.” In the transparency window,
a material’'s dispersion dynamically
changes.?**3  These unique optical
phenomena have been applied for slow
light,****  nonlinear  optics,”)  and
sensing.®) Recently, the mode splitting
phenomenon of EIT has been utilized to
obtain broadband absorption from simpler
plasmonic systems.” The counterpart of
EIT is electromagnetically induced absorp-
tion (EIA). EIA can also be observed in sim-
ilar coupled plasmonic systems for EIT. In
contrast to EIT, EIA significantly enhances
the absorption of the systems at the
resonance of the dark oscillator, and the
mode splitting is not observed.?*4# EIA
has been extensively investigated, and
EIA-based plasmonic systems have been
developed for perfect absorbers,® optical modulators,® nonlin-
ear optics,'” and Faraday rotation.!"")

The mechanism of EIT is almost the same for any type of plas-
monic system; however, the mechanism of EIA is described by
different interpretations depending on the coupled plasmonic
systems. One interpretation is that EIA is excited by controlling
a ratio of radiative to intrinsic damping of the bright oscillator.”*
This interpretation originated from the temporal coupled mode
theory, which was used to describe absorption properties of com-
posite systems comprising a plasmonic particle covered with a
thin shell with molecular vibrational mode, such as J-aggregate
or poly(methyl methacrylate) (PMMA). It is known that the
absorption of plasmonic systems is maximized under the condi-
tion that its radiative damping equals its intrinsic damping.['
When the LSP of the plasmonic particle couples with the molec-
ular vibration, the total intrinsic damping of the composite sys-
tem becomes a sum of the intrinsic damping of the LSP and the
molecular vibration. Therefore, if the plasmonic particle in
the composite system has an intrinsic damping smaller than
the radiative damping, the total intrinsic damping of the compos-
ite system can be equal to the radiative damping at the resonance
of the molecular vibration. This spectrally local increase in the
intrinsic damping results in an EIA-like spectral profile.
Another interpretation of EIA can be found in a fully plasmonic
system: a dipolar antenna vertically stacked over a quadrupolar
antenna.®*® This system suggested that there is phase
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retardation in the coupling due to a near- and far-field effect orig-
inating from a physical distance between the dipolar and quad-
rupolar antennas. It was described that this phase retardation can
make the coupling destructive or constructive by controlling the
distance, and an EIA-like spectral profile can be obtained when
the coupling is constructive. Those two distinct interpretations
have been utilized to explain EIA occurring in other coupled plas-
monic systems.®'""* However, it is still unclear how the ratio
of the radiative to the intrinsic damping and the phase retarda-
tion in coupling enhance the absorption of those coupled plas-
monic systems. In addition to those interpretations, planar
plasmonic systems suggested that an absorption of a dark oscil-
lator contributes to EIA.2414

In this work, we integrate the previously established interpre-
tations and develop a fundamental comprehension of EIA by
theoretically investigating the absorption properties of the
two-representative coupled plasmonic systems mentioned
earlier: the plasmonic—polymer antenna (PPA) and the
dipolar—quadrupolar antenna (DQA). Using the finite element
method (FEM), we find that strong absorption enhancement
occurs on the dark oscillator for both systems, which is attributed
to the EIA-like spectral profile. To understand how the absorp-
tion of the dark oscillator is enhanced, we use a coupled-oscillator
(CO) model composed of two mechanical harmonic oscillators
coupled via a spring. The CO model has been widely used to
investigate the optical properties, especially EIT and EIA proper-
ties of plasmonic systems. Depending on which system is inves-
tigated, different CO models have been developed.?*"7>#1415]
In general, those conventional CO models consider only either
the intrinsic or radiative damping channels of a system. These
CO models are useful to investigate the extinction, scattering,
or absorption of the systems individually, but a full description
of their optical properties cannot be given. This is because plas-
monic structures always contain both intrinsic and radiative
damping. As it has been suggested that the system’s damping
is an essential parameter for plasmonic EIA,**Y a CO model
must involve all damping channels of the systems to investigate
plasmonic EIA. Based on this idea, we design an extended CO
(ECO) model involving all intrinsic and radiative damping chan-
nels. The radiative damping is given by the Abraham-Lorentz
force, which works on charges emitting radiation.®
Throughout this work, we demonstrate that the ECO model
quantitatively reproduces not only the absorption but also the
scattering spectra obtained from the FEM for both plasmonic sys-
tems (PPA and DQA). From the ECO model, we can derive a
condition to maximize plasmonic EIA via the absorption of
the dark oscillator. Going beyond the established understanding
of the role of intrinsic versus radiative damping®? and phase
retardation of the coupling,®* we find that EIA is solely deter-
mined by the ratio of the coupling strength to the total damping
of the whole system.

2. Plasmonic—-Polymer Composite Antenna

2.1. Design of the PPA and Calculation Method

First, we investigate the optical properties of a plasmonic—
polymer composite system. Then, we elucidate how the ratio
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of radiative to intrinsic damping of a plasmonic structure influ-
ences the mechanism of EIA. For this investigation, we designed
the PPA, composed of an Au antenna covered with a PMMA shell
(Figure 1a). The Au antenna is a cylindrical structure with a
radius of r. The tips of the antenna are spherical with a radius
of r. The tip-to-tip length of the antenna is . It is known that the
ratio of scattering (Csc,) to absorption cross section (C,pg) in the
Au antenna can be controlled by tuning the aspect ratio of
/13 1 Coaand Cype are directly related to radiative and intrinsic
damping, respectively. Based on this, different ratios of radiative
to intrinsic damping can be obtained by controlling Cgca/Caps.
The PMMA shell with a thickness of ¢ uniformly covers the
Au antenna. PMMA has been widely used to investigate interac-
tions between an LSP and a molecular vibration because PMMA
has a strong molecular vibration of C=0 stretch at around a
wavelength of 5.8 pm.*“'® If an LSP of the Au antenna is
induced at the same wavelength, the LSP of the Au antenna
and the molecular vibration of PMMA strongly couple.
Therefore, the size of the Au antenna should be determined such
that the LSP is induced at around 5.8 pm. The coupling strength
between the LSP and the C=0 stretch can be changed by chang-
ing the thickness. This is because the coupling becomes stronger
if more molecules interact with the LSP.['%

The optical properties of the PPA were calculated using
COMSOL Multiphysics, which is a commercial software package
based on the FEM. The dielectric function of Au was taken from
Babar et al.?% For PMMA, the Lorentz model was fitted to the
dielectric function of PMMA obtained from Zhang et al.*!!
From the fitting, the resonance angular frequency and the damp-
ing rate of the C=0 stretch was wc—o=3.26 x 10"*rads™"
(5.78 um in wavelength) and yc—o =5.3 x 10"*rads™", respec-
tively (see S1, Supporting Information). The refractive index
of the surrounding of the PPA was fixed as m,g = 1.46, which
coincides with the background refractive index of PMMA.
This is to prevent a shift of the LSP depending on the thickness
of the PMMA shell. An incident field is polarized along the x-axis
and propagates along the z-axis. A perfectly matched layer (PML)
was applied to the surrounding of the calculation domain. Cy,
was calculated by taking the surface integral of the Poynting vec-
tor of the scattered field over the integration sphere, which was
defined between the structure and the PML. C,p,s was calculated
by taking the volume integral of energy dissipation density over
the structure. Extinction cross section (Ceyx) was calculated by
Csca + Cabs-

2.2. Absorption Properties of the PPA

The optical properties of the bare Au antenna with different sizes
are shown in the top panels of Figure 1b. We have to mention
that the aspect ratios of those Au antennas are very high.
Considering the enormous progress in the synthesis of highly
anisotropic metallic nanoparticles, however, the investigated
aspect ratios fall within a reasonable range.”?’ The smallest
Au antenna has Cy,/Cups<1, the medium one has
Cscal Cabs = 1, and the biggest one has Cyc,/ Caps > 1. For all sizes,
the Au antenna has one LSP mode at around 5.78 pm. The
absorption spectra of the PPA with different shell thicknesses
are also shown in the top panels of Figure 1b. For the case of
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Figure 1. a) Schematic illustrations of the PPA. The refractive index of the surrounding is n,; = 1.46. b) (Top panels) The black, blue, and red dashed lines
are the extinction, scattering, and absorption spectra of the Au antenna without the PMMA shell, respectively. The solid lines are the absorption spectra of
the PPA. (Bottom panels) The dashed and solid lines show the absorption spectra of the Au antenna and PMMA shell in the PPA, respectively.

Csca/ Cabs < 1 and Cyeaf Caps = 1, there are two absorption peaks,
and the distance between those two peaks becomes larger with
increasing shell thickness. The absorption dip appears at the res-
onance of the C=0 stretch of PMMA, meaning that the LSP of
the Au antenna strongly interacts with the C=O stretch.
However, for the case of Cs,/Caps > 1, the absorption spectra
do not show mode splitting. The absorption is enhanced at
the resonance of the C=0 stretch, and a sharp absorption peak
appears in addition to the broad absorption spectra. This spectral
shape has been regarded as EIA.”“"* The extinction and scatter-
ing spectra of the PPA can be found in Figure S2, Supporting
Information. In contrast to the absorption, the extinction and
scattering spectra show mode splitting no matter how large
Csca/ Cabs 1s. The extinction and scattering spectra of the PPA
do not have a similar spectral shape to the absorption spectra
because the PMMA shell does not strongly scatter the incident
field (Figure S3, Supporting Information).

To better understand the absorption properties of the PPA, the
absorption of the PPA is divided into the absorption contribution
of the Au antenna and PMMA shell (in the bottom panels of
Figure 1Db). The absorption of the Au antenna splits into two
peaks for all antenna sizes and shell thicknesses. On the other
hand, the PMMA shell has relatively sharp absorption spectra.
This sharp absorption becomes broader with an increase in t.
In general, the C=0 stretch cannot strongly couple to the
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incident field, so the absorption of the PMMA shell is weak when
the PMMA shell is not combined with the Au antenna
(Figure S3, Supporting Information). However, in the PPA,
the Au antenna creates a strong near-field by its LSP, and the
C=0 stretch strongly couples with the near-field, resulting in
a significant enhancement in the absorption of the PMMA shell
(Figure S4, Supporting Information).l"”>?* We have to note that
for the smallest PPA with a large t, the PMMA shell has a sharp
absorption peak at the resonance of the C=O0 stretch in addition
to the broad absorption spectrum (e.g., [=502nm, r=>5nm,
t=160 nm). This sharp peak is not attributed to the near-field
coupling but is attributed to the intrinsic absorption of the
C=0 stretch (see S2, Supporting Information).

When Cye,/Caps < 1, the absorption of the Au antenna domi-
nates the total absorption of the PPA. As the mode splitting
occurs on the LSP of the Au antenna by the near-field coupling,
the total absorption of the PPA shows an EIT-like spectral profile.
In contrast, for the case of Cy,/Caps > 1, the absorption of the
PMMA shell is stronger than that of the Au antenna, resulting
in the EIA-like spectral profile of the total absorption of the PPA.
These results show that Cy,/Cyps of the Au antenna is an impor-
tant parameter to observe an EIA-like spectral profile, which
Adato et al. demonstrated.” In addition, our results suggest that
the absorption enhancement of the PMMA shell contributes to
the EIA-ike spectral profile.?*' Therefore, one might
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understand that the plasmonic EIA of the PPA is maximized
when the absorption of the PMMA shell is maximized.
However, for all PPA structures investigated here, we observe
that the absorption of the PMMA shell increases, is maximized
at a certain ¢, and becomes broader. This result indicates that
there is a condition of maximum absorption of the PMMA shell,
which is independent of Cy,/Caps of the Au antenna. As the shell
thickness determines the coupling strength, the coupling
strength may play a key role in the maximum absorption of
the PMMA shell. In the following, we will discuss how the maxi-
mum absorption of the PMMA shell and Cy.,/Caps of the Au
antenna are relevant to plasmonic EIA.

2.3. An Extended CO Model

We propose an ECO model that involves all damping channels of
the PPA system, which enables us to investigate the mechanism
of plasmonic EIA in this case (see Figure 2a).>>% This model
extends the understanding of EIA beyond the established inter-
pretation based on intrinsic versus radiative damping. Our ECO
model consists of two harmonic oscillators. One is a bright
oscillator driven by an external force. Another is a dark oscillator
connected to the bright oscillator by a spring, which describes the
near-field coupling of the system. Comparing the ECO model
and the PPA, the bright and dark oscillators correspond to the

www.adpr-journal.com

Au antenna and the PMMA shell, respectively. The equations
of motion of the ECO model can be written as

de 104 dx a d3x a

dtZB +7B dtB + wlxp, — K*Xp, = F(t) + 73 dtf (1)
d®x dx

dtZDa +7p d]:a + wZDxDa - KZxBa =0 (2)

The subscripts n=B and D represent the bright and dark
oscillators, respectively. The subscript o distinguishes
Equations (1) and (2) from another ECO model that will be
shown later. x, is the displacement of the mass objects. y, is
the intrinsic damping rate, w, is the resonance angular fre-
quency determined by the spring constant, and « is the coupling
rate. 7, is the radiative damping coefficient given by the
Abraham-Lorentz force,'® and the radiative damping rate is
expressed as z,o’. The total damping of the oscillator is
[y = n + o> F(#) is the external force normalized by the mass
mg, which is time-harmonic; therefore, F(f)=Foe ! In
Equation (2), a radiative damping term is not included because
the radiative damping of the PMMA shell is negligibly small
(Figure S3, Supporting Information). In addition, Equation (2)
does not have an external force term. This is attributed to the
fact that, in our case, the excitation of the PMMA shell is
dominated by the near-field coupling (Figure S4, Supporting
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Figure 2. a) Schematic illustration of the ECO model. b) Optical cross-sectional spectra of the PPA. The black and blue solid lines are the extinction and
scattering spectra of the whole system, respectively. The red and orange solid lines are the absorption spectra of the Au antenna and the PMMA shell,

respectively. The dashed lines are calculated using the ECO model (Equation (4)) and fitted to the solid lines. c) Egy(@wo) and Apy(wo) normalized by

Fo?/(2Tss). d) The coupling rate and e) @, of the PPA as a function of the shell thickness ¢.
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Information). We must note that an external force term may need
to be included in Equation (2) if a different polymer shell and
antenna are used in the PPA system (a description can be found
in S2, Supporting Information). The time-averaged dissipated
power of the whole system is

P= <Re [F* () x %} > 3)

The dissipated power of the system described by Equations (1)
and (2) can be written as!'®

1
Pu = E (YBQ)Z'xBa‘Z + TBw4|xBa|2 + wa2|xDa|2) = Etota
= ABa + SBa + ADa (4)
The absolute squares of xp, and xp, are

(Qp® +rp’@?)Fj
QpQp — Ipypw? — k*)? + 0*(TpQp + 7pQp)*

|XB0(|2 = (

K*F2
0
QpQp — I'pypw? — k*)? + 0 (TpQp + 7pQp)?

(©)

Xpge|? =

| Dal (
where Q,= (wnszz). Apy Spw and Ap, correspond to
absorption and scattering of the bright oscillator and absorption
of the dark oscillator, respectively. Ei., is the extinction of the
whole system. Epy = Apy+ Spa and Ayq = Ape + Ape Can be
considered the extinction of the bright oscillator and the
absorption of the whole system, respectively. To figure out
whether the ECO model can explain the optical properties of
the PPA, Equation (4) is fitted to optical cross sections of the
PPA calculated using the FEM simulation. Before fitting
Equation (4), the physical constants of the ECO model have to
be extracted. To extract Fy, wg, yp, and g, a single harmonic
oscillator model is fitted to optical cross sections of the bare
Au antennas (Figure S5, Supporting Information), whose
results are summarized in Table 1. wp and yp are already
known from the optical properties of the C=0 stretch of
PMMA (wp = ®wc=0 = 3.26 X 10%rads™! and yp=yceo=
5.3 x 10" rad s™%). Therefore, the coupling rate « is used as a
parameter to fit the ECO model to the FEM simulation. An exam-
ple of the spectra calculated using the ECO model is shown in
Figure 2D, and it can be confirmed that the ECO model nearly
perfectly fits the spectra of the FEM simulation. The same fitting
result can be obtained for all sizes of the PPA for any ¢t
(Figure S6a, Supporting Information). This result proves that
the ECO model is an appropriate quantitative model to describe

Table 1. wg, 78, and 7 of the bare Au antennas.

(I, 1) [nm]? wg [10™rads™] s 10" rad s™] rgwg’ [10rad s7']
(502, 5) 3.26 2.95 0.16
(1115, 14.7) 3.27 1.88 1.87
(1500, 40) 3.31 0.65 6.35

IThose values were obtained by fitting a single harmonic oscillator model to the
optical cross sections of the bare Au antenna (see S2, Supporting Information).
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the optical properties of the PPA. Note that there is a discrepancy
between the ECO model and the FEM simulation for the PMMA
shell’s absorption at around the resonance of the C=0 stretch.
This discrepancy is attributed to the intrinsic absorption of
PMMA. Our ECO model only considers the near-field coupling
effect but does not take this intrinsic absorption into account
(Figure S6b, Supporting Information).

As mentioned earlier, the absorption of the PMMA shell is
strongly enhanced by the coupling between the LSP of the Au
antenna and the C=O0 stretch of PMMA, and the absorption is
maximized at a certain shell thickness. Using our ECO model,
we find a condition to maximize the absorption of the PMMA
shell. Considering that the absorption of the PMMA shell is
enhanced at the resonance of the C=0 stretch, the ECO model
has to be solved at wp. From the fitting shown in Table 1, it is
known that the resonance frequency of the LSP of the Au
antenna is almost the same as that of the C=0 stretch of
PMMA, meaning that wg = wp. Therefore, Ep, and Ap, at the
resonance (@ = wo = wp = wp) can be written as

1 1 R

Ega(wo) = T (110, 2 (7)
1 o, P

Apg(wg) = ————2— -2 (8)

T (1+@,)2 2

where ®@,=«*/ (FBawaOZ) and Tpy = yp + Tpwo>. @, describes
the ratio of the coupling rate to the total damping of the whole
system. From Equation (7), it can be found that Eg,(wo) is maxi-
mized when there is no coupling between the bright and dark
oscillators, meaning ®,=0. Therefore, the maximum of
Epo(wo) can be expressed as Fy?/(2['gy). By normalizing
Epo(@o) and Apg(wo) With Fo?/(2Tsy), Esw(@o) and Apg(wg) can
be expressed only as a function of ®,. In Figure 2¢, the normal-
ized Epq(wo) and Apg(wo) are shown. Epe(wo) keeps decreasing
with an increase in ®,. In contrast, Ap,(wo) increases with
increasing ®,, is maximized at ®, =1, and starts decreasing
with further increase in ®, Therefore, we can find that
®,=1 is the condition for maximum absorption of the
PMMA shell. We call this condition critical coupling. The critical
coupling means that energy transferred between the bright and
dark oscillators takes balance with the energy dissipated by the
whole system.!'*>?>24 From Figure 2c, it is found that the maxi-
mum value of the normalized Ap,(wo) is 0.25. This result indi-
cates that the absorption of the PMMA shell can be maximized
up to 25% of the maximum of the extinction of the Au antenna.

To calculate @, for the PPA, the coupling rate of the PPA must
be known. The coupling rates obtained from the fitting are
shown in Figure 2d. The coupling rate is determined by the
amplitude of the near-field created by the Au antenna. As a
smaller antenna has a lower radiative damping rate, the smaller
antenna can create a stronger near-field (Figure S4, Supporting
Information),”* resulting in a higher coupling rate."***¢ In
addition, as mentioned earlier, the coupling rate is influenced
by the number of molecules interacting with the LSP of the
Au antenna. The number of interacting molecules increases with
an increase in the shell thickness of the PMMA shell. Therefore,
the coupling rate is higher for thicker shell thickness. Using the
values in Table 1 and the coupling rate in Figure 2d, @, is
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calculated as a function of the shell thickness (Figure 2e). @,
shows a similar trend as the coupling rate because all values
in @, except k are constant. For the smallest, medium, and larg-
est PPAs, the critical coupling (@, = 1) is nearly satisfied att =5,
10, and 40 nm, respectively. In Figure 1b, we can see that the
absorption of the PMMA shell is maximized at those shell thick-
nesses. This result demonstrates that the condition for the maxi-
mum absorption of the PMMA shell can be found from ®,. As
described earlier, ®, comprises the coupling rate and the damp-
ing rate of the whole system. In consequence, C,/C,ps of the Au
antenna, which directly correlates the ratio of radiative to intrin-
sic damping q = 7gwo’/ys, is not a key parameter for the maxi-
mum absorption of the PMMA shell.

We make a systematic analysis to gain an insight into the
mechanism of the absorption enhancement in the PMMA shell
of the PPA. Eg, and Ap, normalized by Fy*/(2['s,) are plotted as
functions of the wavelength and ®, (Figure 3a). For this plot,
wo=wp=wp=2327x10™rads™! and yp=5.3 x 10" rads™!
are used. As can be seen in Equations (4-6), neither Eg,
nor Ap, depends on g. Therefore, for the bright oscillator,
the total damping rate is only considered by setting
gy =3.76 x 10"*rads™! (yg and 7 are arbitrary values but
determined from yg + 10> = 3.76 x 10" rad sfl). K is changed
so that @, can be in a range from 0.1 to 10. In Figure 3a, Ep,
shows mode splitting, which becomes stronger with an increase
in @,. Therefore, Eg, keeps decreasing at the resonance with an
increase in @, (see Figure 2c). For Ap,, the peak becomes pro-
nounced with an increase in ®, up to 1. With an increase in @,
beyond 1, Ap, becomes broader and weaker. This is because the
mode splitting starts occurring at the resonance of the dark

www.adpr-journal.com

oscillator when ®,>1, which describes the decrease in
Apq(wo) shown in Figure 2c. As the dark oscillator shows mode
splitting only when the coupling is strong,?>***! the coupling
can be divided into two regimes according to ®,: 1) When
®, <1, the coupling is in a weak coupling regime. In this
regime, the energy transferred between the bright and dark oscil-
lators is mostly dissipated in the system. 2) When @, > 1, the
coupling can be classified into a strong coupling regime because
the energy is transferred between the bright and dark oscillators
before the energy is dissipated by the system’s damping. By hav-
ing a closer look at the absorption of the dark oscillator, we may
obtain more detailed information about the coupling regime (S3,
Supporting Information). We appreciate that other groups cate-
gorize coupling regimes differently. For example, it has been
suggested that the strong coupling 1is given by
Kk >> (Cpoyp)/2.11>? As demonstrated in Figure 3a, ®, can give
a clear boundary between weak and strong coupling regimes.
Therefore, ®, may be used as an alternative indicator to find
those coupling regimes.

Based on the finding from Figure 3a, the absorption prop-
erties of the PMMA shell shown in Figure 1b are considered
more in detail. In Figure 2e, we demonstrated that the smallest
PPA has @, larger than 1 for all . Therefore, the absorption
of the PMMA shell keeps decreasing, and the absorption
peak starts splitting into two peaks with an increase in t. In
contrast, ®, of the medium and the largest PPA cross over
1 with an increase in t. For those two PPAs, the absorption
of the PMMA shell becomes stronger until ¢ reaches ®,=1,
and the absorption becomes weaker and broader when
@, is over 1.
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Figure 3. a) Color maps of Eg, and Ap, normalized by Foz/(ZFB“). wo=wg=wp=3.27 x10"rads™", Tg,=3.76 x 10" rads™", and
7o=>5.3 x10"%rad s are used. g is not considered. The white dashed line indicates ®,=1. The cyan dashed line indicates wo. b) The black, blue,
red, orange, and wine-red solid lines are Epy, Spa, ABw Apaw and Ao, Normalized by Foz/(ZFBa). Those are calculated at ®, =1 in (a) for different
qzrgwoz/yg. As I'g, is fixed, Egy, and Ap, are nearly identical for all q. The dark-yellow dashed lines are Ag, without coupling between the bright
and the dark oscillators (x = 0).
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Having addressed the role of critical coupling in the PPA, we
finally turn our focus on the influence of q=7pw,*/ys on the
plasmonic EIA.*I Figure 3b shows Epy, Spw Apw Ape and
Aoro calculated at @, =1 in Figure 3a. For those spectra, g is
changed so that the total damping is fixed as
e =3.76 x 10" rad s~!. As mentioned earlier, Ep, and Apq
are independent of g. Thus, Fp, and Ap, are almost identical
for all q. As all spectra in Figure 3b satisfy ®, =1, Ap, is maxi-
mized. With an increase in g, S, increases, Ag, decreases, and
Aore changes from an EIT-like (two peaks) to an EIA-like profile
(one pronounced peak). This spectral change of A, is because
two peaks of Ap, are higher than the peak of Ap, when g is small,
but the peak of Ap, can be higher than those two peaks of Ag,
when ¢ is large. Therefore, we derive that g determines whether
Atoro possesses an EIT- or EIA-like spectral profile. To observe the
EIA-like profile, Ap, > Ag, has to be satisfied. This condition
may be found by comparing the maximum of Ap, and the maxi-
mum of Ap, without coupling (dark yellow dashed lines in
Figure 3b), which are Apgumay=(1/4)[Fo’/(2ss)] and
ABy(max) = (VB /I“B(,()[Fo2 /(2Igy)]- From those equations,
Apg(max) > Apymax) €an be obtained by g > 3. In general, when
the absorption properties of coupled plasmonic systems are
investigated, the total absorption of the system (corresponding
to Ayore) 1S considered. Thus, the plasmonic EIA has been recog-
nized as the absorption spectral shape of A, that can be seen in
Figure 3b for g=4 and 5. In this case, g plays a key role in EIA,
and the condition for EIA may be found as g > 3. However, no
matter how large g is, Ap, maximizes when the critical coupling
condition is satisfied. Therefore, as EIA and the absorption of the
dark oscillator are linked via ®@,, the EIA has to be optimized
based on ®,, not on g.

( a) Débﬂ/align/enna

Wi

www.adpr-journal.com

3. Dipolar—-Quadrupolar Antenna
3.1. Design of the DQA and Calculation Method

Next, we focus on EIA occurring in the DQA composed of Au
(Figure 4a). To excite EIA, the incident field should propagate
along the z-direction with x-polarization (parallel to the long axis
of the dipolar antenna). In this configuration of the incident field,
only the dipolar antenna can strongly couple with the incident
field, and the quadrupolar antenna interacts with the dipolar
antenna through the near-field created by the dipolar antenna.
In the DQA, the near-field coupling is maximized when the dipo-
lar antenna is close to the tip of the quadrupolar antenna. As
mentioned earlier, it was suggested that EIA of this fully plas-
monic system is induced by the phase retardation in the coupling
between the dipolar and quadrupolar antennas. This phase retar-
dation is attributed to the fact that there is a distance between the
dipolar and quadrupolar antennas in the z-direction.*®!

To elucidate the mechanism of EIA of the DQA in more detail,
we obtained the absorption properties of the DQA using the
FEM simulation. The size of the DQA was based on the works
of Taubert et al. (L;=375nm, W;=60nm, H;=40nm,
L,=420nm, W,=120nm, H,=60nm, g=220nm, and the
periodicity in the x- and y-directions is 700 nm).*" The dielec-
tric function of Au was taken from Rakic et al.*®! The surround-
ing was set as air. As the periodic structure was considered, the
Bloch—Floquet periodic boundary conditions were applied in the
x- and y-directions. PMLs were applied on the top and bottom of
the simulation model in the z-direction. Absorptance was calcu-
lated by taking a volume integral of dissipated energy density
over the structures and dividing the dissipated energy by the
energy of the incident wave per area of the unit cell.
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Figure 4. a) Schematic illustrations of the DQA. The structural parameters are Ly =375nm, W; =60 nm, H; =40 nm, L, =420 nm, W, =120 nm,
H, =60 nm, and g =220 nm. The periodicity in the x- and y-directions is 700 nm. b) Absorption spectra of the dipolar and the quadrupolar antennas
in the DQA, and total absorption spectra of the DQA. d, is fixed at 120 nm. d, is varied in a range of 10-120 nm.
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3.2. Absorption Properties of the DQA

Figure 4b shows absorption spectra of the dipolar antenna, quad-
rupolar antenna, and DQA for different d.. d, is fixed at 120 nm.
The absorption of the dipolar antenna shows mode splitting for
all d,. Even though the quadrupolar antenna is considered to be
the dark oscillator, it possesses strong absorption. This is because
the LSP of the quadrupolar antenna is excited by an indirect path
through near-field coupling: incident wave — dipolar oscillator
— quadrupolar oscillator. During this indirect excitation process,
the incident wave’s energy concentrated on the dipolar oscillator
is transferred to the quadrupolar oscillator. Part of the trans-
ferred energy is absorbed by the LSP of the quadrupolar oscilla-
tor. This absorption process is the same as the PMMA shell of the
PPA. In contrast to the dipolar antenna, the absorption spectral
shape of the quadrupolar antenna dramatically changes with a
decrease in d,: the absorption has one sharp peak for a large
d,, it is maximized at a certain d,, and it splits into two peaks
for a small d,. The absorption of the quadrupolar antenna is
stronger than that of the dipolar antenna. Therefore, the total
absorption of the DQA shows the EIA-like or the EIT-like spectral
shape depending on d,. These absorption properties of the DQA
are similar to those of the PPA discussed earlier.

To gain a deeper insight into the absorption mechanism of the
DQA, we again use the ECO model. In the ECO model, the
dipolar and quadrupolar antennas correspond to the bright
and dark oscillators, respectively. In general, the radiative damp-
ing of the quadrupolar antenna is ignored because it is expected
that the scattering of the quadrupolar antenna is negligible.?>**
However, for an accurate quantitative analysis, we introduce the
radiative damping of the quadrupolar antenna in the ECO model
by adding 71, on the dark oscillator. Therefore, the equations of
motion of the ECO model for the DQA are

dZXBﬂ de/;

dtz + YB T + CU%?CB/; — szD/} = F(t) + (3} dt3 (9)
dszg de d3xD
dtz/ YD dt/} + (,()ZDXD/} — K'sz/} =17p d—t?’/} (10)

The subscript f distinguishes the ECO model of the DQA
from that of the PPA. Using Equation (3), (9), and (10), the
time-averaged dissipated power of the whole system is given as
E

1
Py= 5(}’3602|xB/3\2 + 1p0*|xp4]* + yp@? [Xpg|* + Tp@*|xpy )

(11)
= Eyotp = App + Spp + Aps + Spp
where the absolute squares of xp; and xpy are
|x ‘2 _ (QDZ + FDZ(UZ)F% (12)
Bp (QBQD — FBFDCUZ - K4)2 + CUZ(FBQD + FDQB)Z
4F2
2 Kro
= 13
oyl (QQp — Tplpe? — k*)? + @ (TpQp + [pQp)? (13)

Compared to Equation (4), (11) has an additional term
Spp,  which corresponds to the scattering of the dark
oscillator. Therefore, Epsz=Aps+ Spp and Sis= Sps+ Spp
can be considered the extinction of the dark oscillator and
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scattering of the whole system, respectively. To figure out
whether the ECO model can describe the absorption properties
of the DQA, Ag;, App, and A,y were fitted to the absorption
spectra of the dipolar antenna, quadrupolar antenna,
and DQA, respectively. Before fitting the ECO model, F,, wg,
yg, and 7 of the dipolar antenna without quadrupolar
antenna were extracted by using the single oscillator model,
resulting in wg=1.55 x 10" rads™' (1.22 pm in wavelength),
7 =5.23 x 102 rad s}, and Tpwp? = 4.47 x 10" rad s 71
(S4, Supporting Information). In contrast to the case of the
PPA, the ECO model was fitted using all variables as fitting
parameters. This fitting was made by referring to the extracted
Fo, wg, g, and 7g. Figure 5a shows examples of the fitted Agg,
Apyp, and Aygs. For all d,, the ECO model shows good agreement
not only for the total absorption of the DQA but also for the
absorption of the dipolar and quadrupolar antennas. This result
proves that the ECO model is an appropriate quantitative model
to describe the absorption properties of the DQA. Note that this
nearly perfect fitting cannot be achieved if zp = 0 (S5, Supporting
Information). From the fitting, we find that the coupling rate
increases, and the resonance wavelength of the quadrupolar
antenna (Ap = 2nc/wp, where c is the speed of light in vacuum)
redshifts with decreasing d, (Figure 5b). The resonance wave-
length of the dipolar antenna also slightly redshifts in a range
of 1.22-1.25pm with decreasing d, (Figure S8b, Supporting
Information).

In a similar manner to the case of the PPA, the condition for
the maximum absorption of the quadrupolar antenna is found
using the ECO model. As the absorption of the quadrupolar
antenna is enhanced at wp, (see Figure 4b), Equation (11) should
be solved at w = wp. However, in the case of the DQA, wg and wp
are not aligned. Therefore, it is considered that wg is shifted from
wp by an amount of §. Using wg = wp + 6, Egpand Epg at wp can
be written as

1 1 F?
Egplwp) = — -0 14
w(@p) Tps (1+ @4)2 + A 2 (14
1 O] F?
where q)/)’ = K4/(FB/3FD/3(DD2), Fn/} =¥Ynt+ TnCL)DZ, and

A =§[(2wp + 8)/(Tppwp))*. For A#0, Eps(wp) is maximized
when @ equals @, = (1 + A)"/?, which is the critical coupling
condition when wg# wp. This critical coupling condition
can be applied to Aps because Ap; at wp can be written as
(ypa/T'pp) X Epp(wp). To calculate @4 and @ . of the DQA, the
damping rates at wp have to be known (Figure 5c). Compared
to the intrinsic damping rates, the radiative damping rates dra-
matically change with a decrease in d, for both the dipolar and
quadrupolar antennas, resulting in the total damping rate of the
quadrupolar antenna exceeding that of the dipolar antenna at
d, =10 nm. However, when the absorption properties of a single
particle of the DQA are investigated, these dramatic changes in
the radiative damping rates are not observed (S5, Supporting
Information). As the absorption properties of the periodic struc-
ture are considered in Figure 4b, near-field interactions occur in
lateral directions, which may influence the radiative damping
rates. ®; and P calculated using the values in Figure 5b,c
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Figure 5. a) Aggs, App, and Aoy fitted to the absorption spectra of the dipolar antenna, the quadrupolar antenna, and the DQA, respectively. The absorp-
tion spectra of the dipolar antenna, the quadrupolar antenna, and the DQA are taken from Figure 4b. Agg, App, and Ao are calculated using the ECO
model (Equation (11)). b) The black and blue marks are the fitting values of the coupling rate and the resonance wavelength of the quadrupolar antenna,
respectively. c) The red and blue marks are the fitting values of damping rates of the dipolar and quadrupolar antennas, respectively. The triangle, square,
and circle marks are the intrinsic, radiative, and total damping rates, respectively. The total damping rates are calculated by I,y = y,, + 7,0p°. d) The black
and gray marks show @ and ®, respectively. Those are calculated using the fitting values in (b) and (c).

are shown in Figure 5d as a function of d,. When d, = 60 nm, the
critical coupling ®; = @ is nearly satisfied. In Figure 4b, it can
be found that the absorption of the quadrupolar antenna is max-
imized at d,= 60nm. Therefore, these findings prove that @,
and @ can be indicators to achieve the maximum absorption
of the quadrupolar antenna. Furthermore, from ®4 and @,
we can understand the coupling regime of the DQA. In the case
of the PPA, the coupling is classified into the weak or the strong
coupling regimes by checking whether @, is smaller or larger
than 1. However, in the case of DQA, ®; has to be compared
with ®.. The absorption of the quadrupolar antenna shown
in Figure 4b has a sharp peak for ®; < &, but it shows mode
splitting for @43 > @. Therefore, we can find that @4 < ® gives
the weak coupling regime and ®;>®.. gives the strong
coupling regime. As the ECO models used for the PPA and
the DQA are almost the same, it is intuitively understood that
the absorption properties of the DQA are nearly identical to those
of the PPA.

The d, dependence of the absorption properties of the DQA
was also investigated in a similar manner to the d, dependency
(S6, Supporting Information). Aps Apsg, and Ay of
Equation (11) also agree with the FEM simulation for the d,
dependency. Comparing the coupling rate for the d, and d,
dependencies, it is found that two different sets of (d,, d.)
can have a similar coupling rate. The DQA with those sets of
(d,, d;) has almost the same absorption spectra. Therefore, we
conclude that the absorption properties of the DQA are

Adv. Photonics Res. 2023, 4, 2200211 2200211 (9 of 11)

determined by the coupling rate, which can be controlled
by changing the position of the dipolar antenna in the
y-z plane.

Taubert et al. proposed a CO model including phase retarda-
tion in coupling to investigate the mechanism of EIA occurring
in the DQA.®*" They described that the phase retardation effect
can make the coupling constructive, resulting in EIA. The
absorption spectra obtained using the CO model with phase
retardation agree with the absorption of the DQA. However, this
agreement can only be seen for the total absorption of the DQA,
but not for the individual absorption spectra of the dipolar and
quadrupolar antennas (S7, Supporting Information). If the
distance between the dipolar and quadrupolar antennas is
comparable to the wavelength, their coupling occurs through
their far-field. In this case, the coupling may contain distance-
dependent retardation effects, which has been suggested by
our previous work based on the coupled-dipole method.”® In
case the gap distance of the DQA is much smaller than the wave-
length (e.g., refs. [8a,b]), we expect that the near-field effect dom-
inates the coupling phenomenon of the DQA. This indicates that
retardation effects play a subordinate role in near-field coupled
systems. Considering the facts discussed above, we conclude that
the EIA in the DQA is not attributed to phase retardation, but its
EIA originates from the absorption enhancement in the quadru-
polar antenna. Note that our results just indicate that a phase-
retarded coupling may not be an appropriate interpretation to
explain the absorption properties of the DQA, but EIA by a
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phase-retarded coupling may be observed in other plasmonic
systems (S8, Supporting Information).”>")

Before concluding this work, it is essential to discuss the
potential influence of the environment around the plasmonic
systems on EIA for transitioning into an experimental investiga-
tion. In our study, we optimized the environment to simplify our
analysis. For example, we considered that the surrounding of the
PPA has a refractive index of 1.46 to investigate the shell thick-
ness dependency of the PPA’s absorption. However, when the
PPA is experimentally realized, the surrounding may have a
refractive index different from 1.46. Also, in an experiment, it
is expected that the PPA and DQA are fabricated on a substrate,
but we did not include the substrate in our simulation models.
These environmental parameters influence the optical properties
of the plasmonic systems. However, it is expected that these
parameters do not significantly impact EIA. Throughout our
work, we demonstrated that the critical coupling governs EIA.
The critical coupling can be achieved for different environments
by optimizing the plasmonic systems with taking the environ-
mental parameters into account. Therefore, it is possible to
induce EIA in an experimental system.

4. Conclusion

We theoretically investigated the absorption properties of the
PPA and the DQA, which are widely known for plasmonic
EIA. We find that in those coupled plasmonic systems, the
absorption of the bright oscillator always splits into two peaks,
and the absorption of the dark oscillator is enhanced at the reso-
nance of the dark oscillator by near-field coupling. To gain a
deeper understanding of the absorption enhancement in the
dark oscillator, we introduced an ECO model, including radiative
damping originated from the Abraham-Lorentz force. We dem-
onstrated that our ECO model can quantitatively describe the
absorption properties of those systems. Using the ECO model,
we found two essential parameters to maximize the absorption
of the dark oscillator. One is the degree of coupling ®. @ is deter-
mined solely by the ratio between the coupling rate and the total
damping rate of the whole system. Another parameter is the crit-
ical coupling state @, which is equal to 1 when the resonances
of the bright and dark oscillators are aligned. When & is equal to
D, the critical coupling occurs, resulting in a maximum absorp-
tion of the dark oscillator. Our ECO model predicted that the
absorption of the dark oscillator can be enhanced up to 25%
of the maximum extinction of the bright oscillator without
coupling.

Maximizing the absorption of the dark resonator, however, is
not sufficient to observe EIA-like spectra. In addition, the bright
oscillator should have a radiative damping sufficiently larger than
its intrinsic one so that the absorption of the bright oscillator can
be smaller than that of the dark oscillator. By doing this, the
sharp absorption peak of the dark oscillator can be visible in a
total absorption spectrum of a whole system, resulting in an
EIA-like spectral profile. Notably, the absorption of the dark oscil-
lator is independent of the ratio between intrinsic and radiative
damping of the bright oscillator. Therefore, if plasmonic EIA is
dominated by the maximization of the dark oscillator’s
absorption, plasmonic EIA is determined just by @ and @.
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This interpretation of plasmonic EIA can be applied to many
plasmonic systems similar to the PPA and the DQA.

Using our ECO model, we developed a new interpretation of
plasmonic EIA, which is essential to advance EIA-based
plasmonic systems. In addition, our ECO model may be able
to provide details about Rabi splitting and energy transfer, which
play a crucial role in plasmon—exciton coupled systems!**>>
and surface-enhanced infrared absorption spectroscopies.*"
Therefore, we expect that this work can be beneficial for a wide
range of applications and may outline an approach to develop a
new type of plasmonic system.
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