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ABSTRACT: Electromagnetically induced absorption (EIA) by a phase-retarded
coupling is theoretically investigated using a dimer composed of a plasmonic and
dielectric particle. This phase-retarded coupling originates from the particles
interacting with each other through their scattered intermediate fields (in between
near and far fields). Our analysis based on the coupled-dipole method and an
extended coupled-oscillator model indicates that EIA by the phase-retarded
coupling occurs due to constructive interference in the scattered fields of the
particles. By employing the finite element method, we demonstrate that the
absorption of the plasmonic particle is dramatically enhanced by tuning the
interparticle distance and achieving constructive interference. In contrast to EIA by
near-field coupling, which has been intensively researched using coupled plasmonic
systems, EIA by a phase-retarded coupling enables us to strengthen the absorption
of plasmonic systems more significantly. This significant absorption enhancement is
expected to be beneficial to advancing various applications, such as energy
harvesting and radiative cooling.
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1. INTRODUCTION

Light absorption is of fundamental importance for various

plasmonic systems for EIA is a cou led system composed of
a bright and dark oscillators.”>™*” The bright oscillator

applications. The field of plasmonics has attracted considerable
attention since localized surface plasmons (LSPs) can confine
electromagnetic fields beyond the optical diffraction limit and
enhance light absorption. Strong light absorption is induced at
the resonance of the LSPs, which can be controlled by
designing the composition, shape, and size of a plasmonic
structure. Given the high tunability of the LSPs, plasmonic
structures have been designed in different wavelength ranges to
advance emerging applications such as energy harvesting,1
solar-thermophotovoltalcs, radiative cooling,4 sensing,s_7 IR
camouflage,® and optical heating.”~'' To enhance light
absorption of materials, different absorption mechanisms
have been utilized, such as 1mpedance matchmg,12 15 Kerker
effect,'*™"® and rainbow trapping.'

In addition to those optical phenomena, electromagnetically
induced absorption (EIA) can be a potential approach to
strengthening the absorption of plasmonic systems. EIA was
first observed in atomic systems as a substantial absorption
enhancement of the system by constructive quantum
interference.””’ In contrast, destructive quantum interference
results in electromagnetically induced transparency (EIT),
which creates a transparency window in absorption spectra.”*
Since interference phenomena in quantum and classical
systems are analogous, EIA-like effects have been realized in
plasmonic systems. One of the most commonly used
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possesses a high total (ochmic + radiative) damping and can
be excited by the external incident wave. On the other hand,
the dark oscillator exhibits low total damping and is excited
only by coupling to the electromagnetic near field of the bright
oscillator. EIA has been extenswely investigated and applied to
perfect llght absorbers,”® optical modulators,”"** and nonlinear
effects.”® However, mechanistic interpretations of EIA have
contained ambiguity so far.

In our previous work, we developed the unified interpreta-
tion of EIA by investigating the absorption properties of
coupled plasmonic systems known for EIA: plasmonic-polymer
composite and dipolar-quadrupolar antennas.’ We concluded
that their EIA is attributed to the absorption enhancement of
the dark oscillator by near-field coupling, enabling the total
absorption of the entire system to possess an EIA-like spectral
profile (see Figure 1a). However, the absorption of the bright
oscillator always has an EIT-like profile, meaning that the near-
field coupling process is equivalent to destructive interference
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Figure 1. Schematic illustrations of plasmonic EIA excited by (a) near-field coupling and (b) phase-retarded coupling.

and contradicts EIA observed in the atomic systems. Moreover,
we found that EIA of the plasmonic systems can enhance the
dark oscillator’s absorption up to 1/4 of the maximum
extinction of the isolated bright oscillator (without coupling to
the dark oscillator). This finding indicates that the total
absorption of the entire system cannot exceed the upper
absorption bound of the isolated bright oscillator, which is
given by C,, = 34,"/8x for a dipolar antenna (C,, is the
absorption cross-section, and A, is the resonance wave-
length)."’s_38

Mimicking EIA of the atomic systems in plasmonic systems
and searching for means to overcome C,, = 31,°/87 by
constructive interference are of great interest not only for the
applications mentioned earlier but also for the physics of
plasmonics.>”™* One of the approaches to achieving
constructive interference in plasmonic systems may be utilizing
a phase-retarded coupling. The phase-retarded coupling has
been investigated by using, for example, waveguides™** and
dimers made of two scattering particles.**™>® In the case of the
dimers, interactions between particles can be characterized by
two dipole moments, and the phase-retarded coupling occurs
by far-field interactions. It has been observed that scattering
and absorption of the dimers are strengthened and weakened
by controlling their interparticle distance, which may
correspond to constructive and destructive interference,
respectively.”*>> However, a rigorous understanding of the
phase-retarded coupling has not been given. Also, EIA-like
effects have not yet been confirmed in the dimers.

In this work, we theoretically investigate EIA excited by the
phase-retarded coupling using a dimer consisting of a
plasmonic and dielectric particles. An LSP of the plasmonic
particle and a Mie resonance of the dielectric particle exhibit
dipolar resonances with high and low damping, respectively.
Considering this damping contrast and that both dipolar
resonances can be excited directly by the incident wave, the
plasmonic and dielectric particles are characterized as bright
and quasi-dark oscillators, respectively (Figure 1b). To
interpret the phase-retarded coupling of this plasmonic-
dielectric system, we first discuss the scattering properties of
isolated plasmonic and dielectric particles by considering their
dipole moments. Next, we investigate dipole—dipole coupling
of the dimer using the coupled-dipole method (CDM). Based
on the CDM, we design an extended coupled-oscillator (ECO)
model to give an intuitive picture of the coupling. The ECO
model suggests that three forces are working on each particle
with different phases, and those phases can be controlled by
changing the interparticle distance of the dimer. Consequently,
the interparticle distance determines whether the coupling in
the dimer becomes constructive or destructive, resulting in EIA
or EIT, respectively. These effects of the phase-retarded
coupling on the absorption properties of the dimer are
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demonstrated by performing the finite element method (FEM)
simulation. With an optimal interparticle distance of the dimer,
we show that EIA by the phase-retarded coupling enhances the
absorption of the plasmonic particle beyond C,p,, = 31,°/87 at a
resonance condition (Figure 1b). To the best of our
knowledge, this type of EIA has been observed only in the
interactions between an LSP and waveguide mode.”*>*

2. THEORY AND METHODS

2.1. Scattered Fields of Electric and Magnetic Dipole
Moments. Plasmonic and dielectric particles with subwave-
length scales can be approximated as a dipolar antenna. The
optical properties of the dipolar antenna are described by its
electric dipole (ED) moment p; and magnetic dipole (MD)
moment m;. The ED and MD moments at r; in free space are>

P, = £gE;, (1) (1)
m; = )(,-Hin(l'j) (2)
where ¢, is the electric permittivity in a vacuum, @; is the

electric polarizability, and y; is the magnetic polarizability.
E,(r) = E,e™ 5 and H,,(x;) = Hye™ 9 are the incident electric
and magnetic fields, respectively. k is the wave vector (Ikl =
2m/A, where A is the wavelength of the incident field).
Scattered electric and magnetic fields at r; created by the ED
moment are expressed as

By (5) = EiOGE@- ~5)p o
H(r) = LGy, - r)p,

VA / (4)
Similarly, scattered fields of the MD moment are
Esmj(ri) = —ZGy(r; — rj)'mj ©)
Hsmj(ri) = Gy(r, - rj)'m,‘ (6)

where Z, is the vacuum impedance. G and Gy, are the dyadic
Green'’s functions, which are expressed using r; — r; = Du, (D
and u, are the distance and unit vector of r; — 1;, respectively):

Gg(r; — r)u=gu+ g (u-uu, 7)

Gy(r — r)u =g (u Xu) (8)

where u is the arbitrary unit vector. Equations 7 and 8 have the
relationship of Gg(r; — 1)) = Gg(r; — r;) and Gy(r; — 1) =
—G(r; — 1;), respectively. The terms g, g, and gc in eqs 7
and 8 are
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J. Phys. Chem. C 2023, 127, 19127-19140


https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

kP 5 ik 1
L=kt 5=
47D D D 9)
ikD .
e ol 3)
B 4zD D D (10)
ikD .
- o)
€ 4zD D (11)

Equations 9—11 describe the amplitude and phase of the
scattered fields. The scattered field of dipole moments can be
categorized into three regions by comparing D with A: the near
(static) field for D < A, the intermediate (induction) field for
D =~ 4, and the far (radiation) field for D > 1 (see Figure 2a).
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Figure 2. (a) Schematic illustration of a scattered electric field created
by a plasmonic particle. The scattered field can be categorized into
three fields: the near field (D < < 1), intermediate field (D = 4), and
far field (D > > A). There is no clear boundary between those fields,
and the illustration just gives an intuitive picture of those boundaries.
(b) Phases given by eqs 15—17. Those are plotted as a function of kD.
The red, blue, and green solid lines are the net phases of ¢,, ¢z, and
¢c, respectively. The red, blue, and green dashed lines are ¢,, ¢, and
¢ respectively. The gray shaded area indicates the near field
determined by kD < 1. Since kD = 27zD/A = 6D/A and the
intermediate field is D &~ A, the plot is in a range of the near and
intermediate fields.

Considering Maxwell’s equations and the wave equation, each
field has a time derivation in different orders: 0-th, 1-th, and
2nd order derivation for the static, induction, and radiation
fields, respectively. We consider the time-harmonic system;
therefore, by setting the static field as a reference, the induction
and radiation fields are /2, and 7 phase shifted, respectively.
Equations 9—11 can be modified as

[ 2 2 .

1 [ 1 i ro(k? ik_ 1

AT A (k2 - _2) + (E) P Fas( =)
47D D

D
= gl (12)
| 2 2 .
1 k il arg(— 2 3k, 3
& = (—k2+%) +(3—) (P )l
B 42D D D
= IgBIei(’l)B (13)
1 o (EY s i
& == K+ | = T ) = |gC|el Ve
47D D (14)

where |g,l, Igsl, and Igcl are the scattered field amplitude, and
arg() is the argument of a complex function. Note that the
CDM cannot express the near-field property since the
scattered field amplitudes diverge with D — 0. The net phases
denoted as ¢,, ¢, and ¢ can be divided into two terms

ik 1
= kD + k2+1———)=kD+
¢A arg( D D2 @1 (15)
3ik 3
=kD + arg| -k — — + = | =kD +
P arg( D DZ) e
ik
= kD + k2+l—)=kD+
% arg( D % (17)

In eqs 15—17, kD can be considered a background phase. ¢,,
¢y, and ¢, express influences from the near and intermediate
fields. Equations 15—17 are shown in Figure 2b. The
contributions from the near and intermediate fields are
substantial at a small D. This contribution decreases and
becomes negligible for a large D; therefore, the net phases are
dominated by kD in the far field. From eqs 15—17, we can
understand that the scattered fields have different phases
depending on the direction and distance from the dipole
moments.

We consider two dipole moments interacting with each
other in the different fields defined in Figure 2a. For a near-
field interaction occurring through the hot spots, the
interaction is expected to occur instantaneously with the
oscillations of the dipole moments. This type of interaction has
been extensively researched since an electromagnetic field can
be strongly confined between the dipoles.**®" When the
distance between the dipole moments is in a region of D > 4, a
far-field interaction has to be considered. In that far-field case,
each dipole moment is oscillated by the scattered field of
another dipole moment with phase delay determined by eqs
15—17. This phase-retarded coupling may provide additional
control for light-matter interactions and allow for achieving
EIA. In the far field, the phase can be controlled in a wide
range by tuning D. However, eqs 12—14 indicate that the
scattered field amplitudes are weakened with an increase in D.
Since a strong interaction requires a strong electromagnetic
field, it is challenging to achieve a strong interaction in the far
field. However, the intermediate field can possess moderately
strong field amplitude and phase control simultaneously. By
considering these advantages of the intermediate field, we will
outline how the phase-retarded coupling results in EIA.

2.2. Phase-Retarded Coupling. The phase-retarted
coupling is investigated by considering that a plasmonic
particle interacts with a dielectric particle, and they are
oriented along the propagation direction of the incident wave.
In general, any particles possess ED and MD moments;
therefore, a four-dipole (FD) model has to be used for a
complete analysis of the optical properties of a dimer (Figure
3a). However, a plasmonic particle has a strong ED moment
by a localized surface plasmon (LSP) and its MD moment is
negligibly weak.”” A dielectric particle possesses both ED and
MD moments by Mie resonances. ED and MD of a dielectric
particle with a low refractive index usually spectrally overlap
with each other. With a high refractive index, a dielectric
particle can resolve its ED and MD. Therefore, a dimer
composed of plasmonic and high-index dielectric particles
allows us to reduce the FD model to two-dipole (TD) models
(see Figure 3b).

Using the TD models and CDM,S()’(’O’(’Z’s3 we observe how
excitation states of the LSP and Mie resonances change by the
intermediate-field coupling. The incident wave propagates
along the z-direction with Ej(r;) = E,ee™ 5 and H,,(r) =
Hoéye'k“’, where e is the unit vector in the Cartesian
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(b) p,-m, coupling

p.-p, coupling

Figure 3. Schematic illustrations of the dimer composed of plasmonic
and dielectric particles. (a) The FD model considers all dipole
moments of the dimer. (b) The TD models involve only two dipole
moments.

coordinate system. The plasmonic and dielectric particles
locate at r; = (0, 0, —D/2) and r, = (0, 0, D/2), respectively.
Under this condition, we first consider a p;-m, coupling of the
dimer based on our previous work.”* The ED moment of the
plasmonic particle p,,,; and the MD moment of the dielectric
particle m,,, are given using eqs 1—6 as

00 [Eyy (1) + B ()]

P

pml

80a1[Eoéxe_i(kD/ 2)

- ZOGM(rl - l‘2).lnpm2] (18)

mme = )@[Hin(rz) + Hspl(rz)]

=% Hoéyei(kD/z) + L Gy(r, — r)p .
€02y P (19)
For spherical particles, the electric and magnetic polar-
izabilities can be given as a = (67i/k*)a; and y = (67i/k*)b,,
where a, and b, are Mie coefficients for first-order electric and
magnetic modes, respectively.””*® These polarizabilities may
be approximated using the Lorentz oscillator®”

s £,

a = P _ ’p
T2 2 -
Wy — o —ilw  Q, (20)
o o
5= 2 =45
] .
Wy — w” — il o Q. 21)
where f,,; and f,; are the oscillator strength, w,; and @,,,; are the

angular resonance frequencies, and I, and I, are the
damping rates. @ is the angular frequency in free space.
Using eqs 18—21, self-consistent forms of p,,,; and m,,, are

(S1, Supporting Information)
i(¢p+kD
Pt = Ponia®e = Qs = Ly, gl h )p
pml ~ fpmixx T 2 i 1
Rz + iy I (22)

i(¢h.—kD
Q9 + Quf lgle (¢c=kD)

2
Qplﬂmz +fplfm2 |gC| e

A

pm2 = Mpm2y €y =

m m,
(23)
where p; and m, are the ED moment of the isolated plasmonic

particle and the MD moment of the isolated dielectric particle,
respectively (see eqs 1 and 2). Equations 22 and 23 show that

the dipole moments of the dimer result from the dipole
moments of the isolated particles modulated by interactions
through their scattered field. In a similar manner to the p;-m,
coupling, we investigate a p,-p, coupling by considering that
the dielectric particle only has an ED at the resonance of the
LSP of the plasmonic particle. In this case, the ED moments of
the plasmonic particle p,,; and the dielectric particle p,, are
expressed as (S1, Supporting Information)

i(¢,+kD)
e Q,Q, + Qplfpz lg, le .
1 x 2 iy Tl
Q,0,, _fplfpz lg,Ie

P

|23 pplx

(24)
Q,19Q,; + Quf, lg le
Py = & = 2 g, P2
Q.0 _fplfpz Ig, 1" (25)

In eqs 22—-25, we can find that those interacting dipole
moments contain the phase terms originating from the
scattered fields. These results suggest that the dipole moments
can be controlled by distance-dependent phase retardation,
and the amplitude of the dipole moments can be enhanced if
the dipole moments can couple constructively.

We provide an intuitive understanding of the phase-retarded
coupling by designing an ECO model. Our ECO model shown
in Figure 4a comprises two mechanical harmonic oscillators:

(a)L (b) (c) (d)
E w1, Ty
= i(6/12+) 2, i2f
g fFye2 fif2lg|Foe’ fif2lg[ X €
S flgle® filgle® Tlgle®
g WFodl™ w2 T2lglx ¢
g w2, M2 f2Fo€’

Figure 4. (a) Schematic illustration of the ECO model. (b—d)
Schematic illustrations of (b) the first, (c) second, and (d) third terms
of eq 30.

Oscillator] and Oscillator2 correspond to the plasmonic and
dielectric particles in Figure 3, respectively. The equations of
motion of the ECO model are given as

d’x, dx, 2 . .
i, _ —i6/2
? + FIE + W% —fllgle Xy —leO(t)e (26)
dzxz dx, 2 i i5/2
? + FZE + wyx, —legle X, =f21:‘(')(t)€ (27)

where x; is the displacement of the mass objects, w; is the
angular resonant frequency, and I is the damping rate.
Oscillatorl has a higher damping rate than Oscillator2,
meaning I'y > I',. In our previous work, we demonstrated
that the damping of plasmonic systems needs to be
distinguished into intrinsic and radiative damping to fully
characterize their optical properties.34 However, in this work,
we are interested in phenomenological analysis to understand
the oscillation state of the plasmonic-dielectric dimer. There-
fore, for simplicity, we only consider the total damping
(intrinsic + radiative) of the particles. ijo(t) is the external
force working on the oscillators. The external force is time-
harmonic; therefore, Fo(t) = Foe ™" where F is the amplitude
of the external force. f; describes the coupling rate of the
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oscillator to the external force and corresponds to the oscillator
strength of the polarizabilities (see egs 20 and 21). f; is
normalized by the mass of the oscillator m;. The external force
includes the phase term determined by & to consider that the
LSP of the plasmonic particle and the Mie resonance of the
dielectric particle are oscillated with different phases by the
incident wave. This is because the dimer axis of Figure 3 is
parallel to the propagation direction of the incident field. Next,
we consider the coupling between Oscillatorl and Oscillator2.
From the CDM, we know that the LSP of the plasmonic
particle couples with the Mie resonance of the dielectric
particle through their scattered fields. In the ECO model, the
scattered field amplitude is represented as Igl. Each oscillator
couples to the scattered field of another oscillator with the
coupling rate of f. Therefore, the coupling strength of each
oscillator is given by f/lgl. As explained earlier, the scattered
field involves the phase delay ¢, resulting in a phase-retarded
coupling of f;lgle"’p. A modification of eqs 26 and 27 gives

1 —i5/2 i
x, = — [fE(t)e + f Iglex, ]
1 Q, [f1 0 flg 2 (28)

1 i5/2 ip

x, o, [szO(t)e + f, Iglex;] 29)
where €, = a)j2 -’ - iljw. In eq 28, the first term is the
direct influence of the external force on Oscillatorl (see Figure
4b). The second term means that the oscillation of Oscillator2
works on Oscillator1 through the phase-retarded coupling. The
same interpretation can be applied to eq 29. Substituting eq 29
into eq 28 gives

1 —id 1 e
5= {leo(t)e e o VhBIR®e @+(0/2))
1 2

+ | |Zei2¢x1]}
I8 (30)

The second term of eq 30 describes the effect of the external
force f,Fy(t)e®’* working on Oscillatorl (see Figure 4c). The
third term shows a round-trip coupling process of x; = x, =
x, (see Figure 4d), which is described in two steps: (A) the
oscillation of Oscillatorl works on Oscillator2 through the
coupling of f,lgle?”. (B) This coupling oscillates Oscillator2,
and the oscillation of Oscillator2 works back on Oscillatorl
through the coupling of f;lgle’”. Therefore, the round-trip
coupling involves a total phase delay of 2¢.°° A self-consistent
form of eq 30 is

i(p+0)
. QQ, + Qf Igle [ Ay (1)
1= i 0
QQ, - ff, Iglze % (31)

Q

Equation 31 coincides with p,,; given by eq 24. The p;-m,
coupling can also be described by the same coupling processes
shown in Figure 4. Considering the coupling processes
described in Figure 4, it can be found that three forces work
on Oscillatorl, and those forces have different phases.
Therefore, if those phases allow the forces to work on
Oscillatorl constructively, the displacement amplitude of
Oscillatorl can be enhanced. From the CDM, the phase of
the coupling is a function of the interparticle distance D,
meaning that the coupling may occur constructively by
controlling D. By comparing the ECO model and the CDM,
we can find that the coupling strength in the CDM is expressed

by a combination of the oscillator strength of the polar-
izabilities ( fpj and fm}-) , and the scattered field amplitudes (Ig,l
and Igcl). As can be seen in eqs 12 and 14, the scattered field
amplitudes dramatically decrease with an increase in D even in
the intermediate field. Therefore, f, and f,; must be
sufficiently large to achieve strong coupling between distant
particles.

2.3. Constructive and Destructive Interference in the
Dimer. We figure out a condition of EIA originating from the
phase-retarded coupling. As explained in the introduction,
there are two types of EIA: EIA induced by near-field or phase-
retarded coupling. EIA by a near-field coupling is dominated
by the absorption enhancement in the dark oscillator. In
contrast, for EIA by a phase-retarded coupling, it is expected
that an absorption enhancement occurs in the bright oscillator
since the oscillation of the bright oscillator can be amplified by
the coupling (see eq 31). In the plasmonic-dielectric dimer, the
plasmonic particle corresponds to the bright oscillator.
Therefore, the dimer may possess an EIA-like spectral profile
even though the dielectric particle, which corresponds to the
quasi-dark oscillator, has no absorption. Based on this, to
simplify our investigation, we consider that the dielectric
particle is lossless (no intrinsic damping), and the plasmonic
particle solely determines the absorption properties of the
dimer. The optical properties of the plasmonic particle are
dominated by the ED of the LSP. For the dimer, extinction,
scattering, and absorption cross-sections of the ED are given as
(S2, Supporting Information)®®

Cowzpj = ——5Im[p_-Ej(r)]
tEDj 80 |E0|2 Pn] J (32)
k ik 1 y
Coppy = ———1Im + —|Ip.? — p E,(r
scaEDj & |E0|2 [677,'80 ani]pnl Pnl n( ;)
(33)
CabsEDj = CextEDj - CscaEDj
k ik? 1
= ——Im|-|— + —||Ip.P
& B 6me, g0 |7 (34)

The subscript n represents n € (pm, pp). In eqs 32—34, an
isotropic electric polarizability is considered. From eq 34, the
absorption of the plasmonic particle is proportional to the
absolute square of its ED moment. When the resonances of the
particles of the dimer are aligned, meaning that w,; = @,,, for
the p;-m, coupling and w,,; = @y, for the p;-p, coupling, Ip,*
is given as (@, = @, = @, = ®) (83, Supporting
Information)

, 1+ @, +20, sin(¢, + kD)

lp I”=
Fom1 1+ @%,m + ZCDPmcos(quc + ) P
2
= Bmlp| (35)
1+ @2, +2® sin(—¢, — kD)
Ipppll2 = - 2 2 - |P1|2 =B, IF’1I2
1+ @, + 20, cos(24,)
(36)
where
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1%p2
e FPIFPZCUO L0, sza)o e (38)

@, is the ratio of the coupling strength to the total damping of
the dimer. This ratio describes how strongly the particles
couple with each other.* ®,; is the ratio of the coupling
strength to the damping of each particle. When there is no
coupling (q)nj =0), eqs 35 and 36 coincide with Ip,|*. The sine
and cosine functions of eqs 35 and 36 describe the influence of
phase retardation in the coupling. Depending on those
functions, it is determined whether Ip,,I* can be amplified.
Therefore, we can understand that the function P, (in egs 35
and 36) describes the phase-retarded coupling, and EIA is
induced when P, > 1.

For a fundamental understanding of P, we employ a
systematic analysis using a simplified form of P,

2 .
P 1+ @i + Z(I)Zsm€s’ ® = 00,
14+ @ + 2Pcos 6 (39)

where 65 and 6c are the angles for the sine and cosine
functions, respectively. ® and ®; are dimensionless and
unitless values. P is the most amplified when sinfg = 1 and
cosOc = —1 occur simultaneously. This is a condition for EIA
excited by complete constructive interference. We first
consider how @, and ®, influence P under complete
constructive interference. In Figure Sa, we can find that P is

(s, B¢c) = (n/2, 1)

b (1, ®2) = (0.5, 2)

o
o

95 [ rad]
g

Oc [7[ rad]

Figure S. (a) Color map of eq 39 as functions of @, and @,. (&, 6)
= (n/2, ) is used. (b) Color map of eq 39 as functions of O and 6.
(®,, @,) = (0.5, 2) is used.

significantly enhanced at @ = 1. This is because P diverges at
@ = 1. Considering eqs 37 and 38, ® = 1 means that the
damping of the entire system takes balance with the energy
transferred between two dipole moments. This situation can be
recognized as a critical coupling.** When a set of (®,, ®,)
makes @ # 1, P decreases no matter which is larger @, or @,.
Next, we investigate the influences of (05, 6c) on P. Figure Sb
shows P as functions of 65 and 0. (®,, ®,) = (0.5, 2) is used
for this color map. As expected from eq 39, P increases for (6,
0c) — (n/2, m) and decreases for (6, 0.) — (37/2, 0 or 27).
It is found that P > 1 can be obtained even though complete
constructive interference is not achieved. Therefore, partially
constructive interference ((6s, 6c) # (x/2, #) but P > 1) can
also contribute to EIA. The gray shaded areas of Figure Sb
indicate P < 1, meaning that the coupling is destructive and
EIA cannot be observed. The same properties of P shown in
Figure Sb can be applied to P with different (@, @,).
However, if @ becomes larger or smaller than 1, the area of P <

1 increases, and the overall intensity of P decreases (S4,
Supporting Information).

Our systematic analysis using P suggests that ® = 1 and
complete constructive interference must occur simultaneously
to maximize EIA. However, Hugonin et al. indicated that the
upper bounds of absorption of any dimers may be determined
independently of their material properties.”” Therefore, this
extreme condition may not be achieved since @ is connected
to material properties. Our analysis also suggests that the
condition for EIA is not confined to the extreme condition and
demonstrates that EIA may be induced under partially
constructive interference.

Since satisfying the extreme condition is not straightforward,
we focus on partially constructive interference in this work.
From eqs 37 and 38, (®,, ®,) is determined by the
polarizabilities of the particles and the scattered field
amplitude. (65, Oc) is solely determined by the phase of the
scattered fields. If the design and materials of the particles are
determined, the polarizabilities are immediately given. In this
case, P can be expressed as a function only of D. Therefore, we
may be able to find an optimal D for EIA just by calculating P
and finding its maximum.

2.4. Design and Optical Properties of the Particles.
Plasmonic and dielectric particles of the dimer are designed to
theoretically demonstrate EIA as discussed earlier. We use a
concentric core-shell geometry for the plasmonic particle (see
Figure 6a). The plasmonic core-shell particle consists of a
dielectric core with radius rcg being fully covered with a
plasmonic shell with a thickness of t.s. The core-shell structure
has been widely used in plasmonics, and it is known that its
LSP can be controlled by tuning the aspect ratio of the outer to
inner radii. In addition, its scattering and absorption properties
can also be controlled by changing the aspect ratio.”>**** 00
For a dielectric particle, a sphere with a radius of rg is used.
Compared to the LSP, a Mie resonance of a dielectric sphere is
relatively easily controlled by tuning rg since the Mie resonance
is not confined by the Frohlich condition.®”

Next, proper materials for the plasmonic core-shell particle
and the dielectric sphere have to be chosen. We first consider
the material for the dielectric sphere. To realize the p;-m, and
P1-P, coupling, a refractive index of the dielectric sphere has to
be sufficiently large to spectrally separate its ED and MD
resonances. Silicon, which has been intensively used for
nanophotonics,”® possesses a high refractive index of about
3.5,% but the ED and MD resonances are close to each other
with a refractive index of this value. A refractive index higher
than that of silicon can be accessible from infrared (IR)
dielectric materials, such as PbTe and Bi,Te;.’””" Based on
those considerations, a complex refractive index of the
dielectric sphere Ng = ng + iks has to be determined. We
chose ng = 5.6 by referring to the refractive index of PbTe. As
mentioned earlier, we simplify the system by considering a
lossless dielectric sphere, meaning ks = 0; therefore, Ng = ng
(later, we will consider the case of kg # 0). Since the material
we consider for the dielectric sphere is for the IR region,
materials of the plasmonic core-shell particle also have to be
for that wavelength range. Metal oxides, such as AZO, are
representative plasmonic materials in the IR region.”” There-
fore, we use an AZO shell for the plasmonic core-shell particle.
We assume that the dielectric core has a constant refractive
index of Ng = 1.55, which can be obtained by polymers, such

as polystyrene .”*
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Figure 6. Optical properties of the plasmonic and dielectric particles. (a) Schematic illustrations of the plasmonic core-shell particle and dielectric
sphere. The core-shell particle is composed of the AZO shell and dielectric inner core with a refractive index of Ng = 1.55. The shell thickness and
inner core radius are tcg and rcg, respectively. The dielectric sphere with the radius of rg has the complex refractive index of Ng = ng + iks. (b)
Absorption properties of the plasmonic core-shell particle. The red, blue, and gray solid lines are for the ED, MD, and total absorption of the
dipolar resonances, respectively. The red, blue, and gray dashed lines are for the EQ, MQ, and total absorption of the quadrupolar resonances,
respectively. (c, d) Scattering properties of the dielectric spheres with rg = S00 and 690 nm. The red and blue solid lines are for the ED and MD,
respectively. The red and blue dashed lines are for the EQ and MQ, respectively. The gray dashed line is the absorption spectrum of the ED of the

plasmonic core-shell particle, which is taken from panel b.

The absorption properties of the isolated plasmonic core-
shell particle are shown in Figure 6b. The absorption of the
ED, MD, electric quadrupole (EQ), and magnetic quadruple
(MQ) are calculated using Mie theory.”> The refractive index
of AZO is taken from ref 69. rg and tcg are determined so that
the ED absorption is roughly maximized by satisfying C,,, ~
C.a (SS, Supporting Information).>® This is because we are
interested in observing that EIA enhances the absorption of the
plasmonic core-shell particle beyond the upper absorption
limit of an isolated particle C,,, = 34,>/87. The absorption of
the plasmonic core-shell particle is dominated by the ED. The
MD has a nearly constant absorption over the wavelength
range. The EQ and MQ contribute to the total absorption at
short wavelengths.

Scattering cross-section (C,,) spectra of the dielectric
spheres with different radii are shown in Figure 6¢c,d. As
mentioned earlier, since the dielectric spheres are lossless, they
do not possess any absorption. For both spheres, ED and MD
resonances are well resolved. The dielectric spheres with rg =
500 and 690 nm have the MD and ED at the absorption peak
of the plasmonic core-shell particle, respectively. Therefore, the
p;-m, and p;-p, coupling can be investigated using the
plasmonic core-shell particle and those dielectric spheres. The
dielectric sphere with rg = 690 nm possesses a strong MQ_
resonance right next to the ED resonance. This MQ resonance
may disturb observing the p,-p, coupling.

Note that our discussion made here is based on Mie theory,
which provides multipole resonances of a spherical particle by
multipolar decomposition on a spherical basis. In addition to
this spherical multipolar decomposition, Cartesian multipolar
decomposition (CMD) has been widely recognized.”””’® In
CMD, the ED resonance of Mie theory is further decomposed
to an ED resonance on a Cartesian basis (ED,,,) and a toroidal
dipole resonance. The scattered field created by the ED_,, and
toroidal dipole resonances can interfere with each other in the
far-field and create an anapole state when a certain condition is
satisfied.””~*° For our particles, their toroidal dipole
resonances are weak, and we cannot see any anapoles (Figure

19133

S2b, Supporting Information). Therefore, we can safely ignore
the influence of the toroidal dipole resonances.

2.5. Numerical Calculations. In the following section, the
optical properties of the dimer will be discussed in detail. C,,
and C,, of the dimer were obtained using COMSOL
Multiphysics, which is a commercial software package based
on the FEM. The orientations of the dimer and the incident
plane wave are shown in Figure 3a. The plasmonic core-shell
particle and dielectric sphere designed in Figure 6 were used.
The surrounding of the dimer was air, and a perfectly matched
layer (PML) was applied around the calculation domain. C,
was calculated by taking the volume integral of energy
dissipation density over the dimer. C,, was calculated by
taking the surface integral of the Poynting vector of the
scattered field over the integration sphere, which was defined
between the dimer and PML.

The optical cross-sections of the dimer were also calculated
using the CDM. So far, we have only discussed interactions
between two dipole moments. This can be valid for
phenomenological analysis. However, as seen in Figure 6b—
d, there are small contributions from other dipole moments of
the plasmonic core-shell particle and dielectric sphere (for
example, the MD of the plasmonic core-shell particle), which
must be considered for a complete analysis. Therefore, we
calculated the optical properties of the dimer by using the FD
model shown in Figure 3a (S1 and S2, Supporting
Information). In these calculations, the polarizabilities were
not approximated by the Lorentz functions, but those were
given by Mie coefficients for accurate analysis. For simplicity,
our CDM calculations do not consider quadrupole moments,”’
but the plasmonic core-shell particle has an EQ and MQ_in a
short wavelength range. Therefore, the contributions from the
quadrupole moments were taken into account in the total
absorption of the dimer by adding EQ + MQ_of the plasmonic
core-shell particle, which is given by Mie theory (Figure S4,
Supporting Information).
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Figure 7. (Top row) p;-m, coupling of the dimer composed of the dielectric sphere with rg = 500 nm. (Bottom row) p;-p, coupling of the dimer
composed of the dielectric sphere with rg = 690 nm. (a, e) d dependencies of the absorption of the dimer. The absorption spectra are calculated
using the FEM simulation. The gray dashed lines are the reference spectra given by the total absorption of the isolated plasmonic core-shell particle
(Figure 6b). The blue and red solid vertical lines show the resonance wavelengths of the MD and ED of the dielectric spheres, respectively. (b, f)
The solid lines are the absorption spectra of the dimer, which are calculated using the CDM. The red and blue solid lines are for the ED and MD of
the plasmonic core-shell particle. The black solid line is the total absorption of the plasmonic core-shell particle (Figure S4, Supporting
Information). The orange dashed lines are taken from Figure 7a,e. (c, g) The sine and cosine functions of Pom (eq 35) and Py (eq 36) are plotted
as a function of d on the left vertical axis. The phases of ¢)c and ¢, are shown as the black dashed lines on the right vertical axis. (d, h) P, and Py,
are calculated at @, = @, = 3.29 X 10" rad/s and w, = @y = 3.33 X 10" rad/s, respectively.

3. RESULTS AND DISCUSSION

The absorption properties of the dimer are presented in Figure
7. We first focus on the p;-m, coupling shown in the top row
of Figure 7. The dielectric sphere with rg = 500 nm is used in
the dimer. Figure 7a shows absorption spectra of the dimer
with different face-to-face distances d (Figure 3a), which are
obtained using the FEM simulation. Since the dielectric sphere
is lossless, the absorption properties of the dimer are
dominated by the plasmonic core-shell particle. The gray
dashed lines are the reference spectra given by the total
absorption of the isolated plasmonic core-shell particle (from
Figure 6b). When d is small, the absorption spectra have an
absorption dip around the MD resonance of the dielectric
sphere (the blue vertical line of Figure 7a). This spectral profile
can be recognized as EIT. In contrast, the absorption is
strongly enhanced with increasing d, and a sharp absorption
peak appears at the MD resonance of the dielectric sphere
when d is around 2 pum. This absorption enhancement is
attributed to EIA. With a further increase in d, the absorption
spectra again show the EIT-like spectral profile.

In Figure 7b, the absorption of the dimer with d = 2 ym is
calculated using the CDM. The black solid line is the total
absorption of the plasmonic core-shell particle. The orange
dashed line is the absorption taken from Figure 7a. Comparing
the black solid and orange dashed lines, we find that the CDM
is in good agreement with the FEM simulation, which proves
that the CDM is a proper method to investigate the absorption
properties of the dimer. This agreement can be confirmed for
different d and the scattering properties of the dimer (S6,
Supporting Information). The red and blue solid lines are the
ED and MD absorptions of the plasmonic core-shell particle,
respectively. It can be found that the ED absorption possesses

a pronounced peak over a broad absorption, characterizing EIA
by the phase retarded coupling. Interestingly, this absorption
enhancement enables the plasmonic core-shell particle to
exceed the upper absorption limit of Cy, = 31,%/87 ~ 3.9 um*
at 4y & 5.7 um, which cannot be achieved by EIA induced by
near-field coupling.**

We investigate the EIA of the dimer using P,,, (eq 35). P,
contains sin(¢c + kD) and cos(2¢) + ), which are functions
of D. D is the center-to-center distance of the dimer; therefore,
D =d + (rcg + tcg) + rs. Figure 7c shows sin(¢p¢ + kD) and
cos(2¢pc + 7) as a function of d. It can be found that complete
constructive interference cannot be achieved by the p,-m,
coupling. To better understand the EIA of the dimer, P, has
to be calculated using the variables of the polarizabilities. The
variables can be extracted by fitting the Lorentz functions to
the polarizabilities given by Mie coefficients (SS, Supporting
Information). The fitting results are summarized in Table 1. In
Figure 7d, P, with @, = @, is plotted using these extracted
values and the sine and cosine functions in Figure 7c.

Table 1. Oscillator Strengths, Resonance Frequencies, and
Damping Rates of the Polarizabilities”

core-shell sphere (rg = SO0  sphere (rs = 690
particle electric nm) magnetic nm) electric
Lorentz oscillator  polarizability polarizability polarizability
f; [m*(rad/s)*] 4.35 x 10" 4.3 x 10" 7.83 X 10"
w; [rad/s] 3.31 x 10™ 329 x 10™ 3.33 x 10™
T [rad/s] 2.38 x 10" 9.11 x 10" 1.72 x 10"

“These values are obtained by fitting the Lorentz oscillator (eqs 20
and 21) to the polarizabilities given by Mie coefficients. The details
can be found in SS, Supporting Information.
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Depending on d, P,,,, can be smaller or larger than 1. When P,,,,
< 1 (blue shaded area of Figure 7d), the absorption of the
plasmonic core-shell particle is decreased by destructive
interference, resulting in the EIT-like spectral profile. In
contrast, P, > 1 (yellow shaded area of Figure 7d) means that
constructive interference enhances the absorption of the
plasmonic core-shell particle, enabling us to observe the EIA-
like spectral profile. P, is maximized at around d = 2 pm,
which can be the optimum d for EIA. These results from P,
coincide with the FEM simulation shown in Figure 7a, proving
that Py, is an applicable function for investigating the EIA of
the dimer. At d = 2 um, the scattered field amplitude is lgcl =
2.98 X 10'* m™, which gives (P 1, Cpmay Pprm) = (0.17, 0.43,
0.07). ®,,, is much smaller than 1, suggesting that the critical
coupling cannot be achieved in this p;-m, coupling.

We turn our focus to the p;-p, coupling shown in the
bottom row of Figure 7. In this case, the dielectric sphere with
rg = 690 nm is used. Figure 7e shows d dependency of the
absorption of the dimer. There are sharp absorption dips and
peaks at around the wavelengths of 4.2 and 5.5 pm, which are
attributed to the influence of the EQ and MQ of the dielectric
sphere, respectively (see Figure 6d). At around the ED
resonance of the dielectric sphere (the red vertical line of
Figure 7e), we can see that the absorption spectra change from
EIA — EIT — EIA-ike profile with an increase in d. The
dimer system with d = 0.01 ym has the strongest absorption,
which is examined using the CDM in Figure 7f. The CDM
(black solid line) and the FEM simulation (orange dashed
line) are in good agreement, but the discrepancy between them
is slightly larger than that for the p;-m, coupling. This is
because our CDM calculations do not take the influence of the
EQ and MQ of the dielectric sphere into account.
Furthermore, the discrepancy originates from the fact that
the CDM cannot fully describe the near-field effect. d = 0.01
p#m means that the particles of the dimer are nearly touching
each other. In this situation, the near-field effect may be
expected to dominate the p;-p, coupling. However, consider-
ing the orientations of the dimer and the incident wave, the
electromagnetic hot spots of the particles weakly influence the
p1-p, coupling. This is because the hot spots are concentrated
in the x-direction so that the ED moments of the particles do
not directly interact through the hot spots. Therefore, there is a
near-field effect in the p;-p, coupling, but the intermediate-
field effect dominates the p;-p, coupling. Figure 7f shows that
the ED absorption of the plasmonic core-shell particle is
strongly enhanced by the p;-p, coupling. Compared to the case
of the p;-m, coupling, the absorption enhancement for the p;-
p, coupling is more significant.

To understand this absorption enhancement, we use P, (eq
36). Figure 7g shows sin(—¢, — kD) and cos(2¢,) of P,
indicating that complete constructive interference cannot be
achieved by the p,-p, coupling. Using Figure 7g and the
extracted electric polarizability of the dielectric sphere (see
Table 1), P, is calculated at @, = ,,, and plotted in Figure 7h.
P, suggests that the p;-p, coupling becomes constructive —
destructive — constructive with an increase in d, which
coincide with the spectral change shown in Figure 7e. From
the agreement between the results in Figure 7e,h, we can find
that the optimum d for EIA is 0.01 gm. d = 0.01 ym gives the
scattered field amplitude Ig,| = 5.69 X 10'® m™>. Using this
value, we get (®,,;, @, @) = (0.31,0.77, 0.24). This @, is
larger than @, = 0.07, resulting in stronger EIA for the p,-p,
coupling than for the p;-m, coupling. In addition to the

absorption properties of the dimer, one can find the scattering
properties of the dimer with the p;-m, and p,-p, couplings
(Figures S6 and S7, Supporting Information).

For experiments and applications related to sunlight, such as
solar absorbers, we must understand whether EIA presented
here can be excited under an unpolarized incident wave. To
induce EIA, our theory suggests that constructive interference
of the following three waves must occur at the position of the
plasmonic particle: the incident wave, the scattered wave of the
dielectric particle, and the round-trip scattered wave (see
Figure 4). This constructive interference can be achieved only
when their electric fields are oriented in the same direction.
However, under an unpolarized incident wave, the directions
of their electric fields may be different. Thus, the waves cannot
interfere or can only weakly interfere. Having understood this,
we conclude that EIA may not be induced under an
unpolarized incident wave even though the dimer is symmetric
from the view of the incident wave’s propagation.

Here, we briefly summarize the finding from Figure 7. The
dimer involves the phase-retarded coupling, and its EIA is
attributed to partially constructive interference. An optimum d
for EIA can be found relatively easily by calculating P,,, and P,
for the p;-m, and p;-p, coupling, respectively. It must be
mentioned that the dimer possesses different absorption
properties if the positions of the plasmonic core-shell particle
and dielectric sphere are swapped. By doing this, an EIA-like
spectral profile cannot be observed in the absorption of the
dimer (S7, Supporting Information). We have only discussed
the absorption properties of the dimer oriented parallel to the
propagation direction of the incident wave. In S8 and S9 of
Supporting Information, we investigate the absorption proper-
ties of the dimer oriented perpendicular to the propagation
direction of the incident wave. Our investigation reveals that
EIA can be excited in the dimer with different orientations.
Furthermore, we also investigate the ng dependency of the
absorption properties of the dimer (S10, Supporting
Information). Even though ng is smaller than 5.6, EIA can be
observed. Since P, and P, increase and decrease depending
on their sine and cosine functions, one might expect that there
is a characteristic kD maximizing EIA. If this is true, an optimal
D is immediately found when the resonance condition of the
dimer is determined. However, P, and P, also depend on the
material properties of the dimer (eqs 37 and 38). Thus, an
optimal kD for EIA changes when a different dimer is
investigated (S11, Supporting Information).

For an insight into constructive and destructive interference
of the dimer, we observe electric field distribution maps
obtained using the FEM simulation. Figure 8a is a reference
electric field map of the isolated plasmonic core-shell particle
at its ED resonance (4o = 5.72 ym). Figure 8b shows the p;-m,
coupling of the dimer. From Figure 7d, it is known that the
absorption of the plasmonic core-shell particle in the dimer
with d = 0.5 and 2 pum possesses the EIT-like and EIA-like
spectral profiles, respectively. The field maps of Figure 8b are
taken at around the absorption dip (4, = 5.73 um) for d = 0.5
um and the absorption peak (4, = 5.74 ym) for d = 2 um. The
electric field around the plasmonic core-shell particle is much
stronger for d = 2 yum than for d = 0.5 ym. In general, it might
be expected that the electric field enhancement is stronger for
the dimer with a smaller d because the electric fields of each
particle are strong at a point close to the particles, and strong
coupling can occur if the particles are close to each other.
However, as explained earlier, the coupling involves phase
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(a) Only core-shell

Py-m, coupling (ri: 500 nm)

[EVEo

Figure 8. Electric field distribution maps. The absolute values of the
electric fields are normalized by the electric field amplitude of the
incident wave. The black arrows are electric field vectors. (a) The field
map for the isolated plasmonic core-shell particle at its ED resonance.
(b) The field maps of the dimer with rg = S00 nm. d = 0.5 and 2 yum
are chosen to observe the destructive and constructive coupling,
respectively. (c) The field maps of the dimer with rg = 690 nm. d =
0.01, 2, and 3 um are used to show the transition of constructive —
destructive — constructive interference. Additional field analyses can
be found in S12, Supporting Information.

retardation, which can make the coupling destructive or
constructive depending on d. Therefore, the electric field of the
plasmonic core-shell particle can be strengthened even though
d is large. This field enhancement occurs through the scattered
intermediate field without relying on the electric field hot
spots. In Figure 8¢, the field maps for the p,-p, coupling are
presented. The dimers with d = 0.01, 2, and 3 um are

considered for those field maps. Those interparticle distances
are chosen based on the findings in Figure 7e¢h: with
increasing d, the absorption of the plasmonic core-shell
particle changes EIA — EIT — EIA-like profile. Therefore,
the electric field around the plasmonic core-shell particle is
weak for d = 2 ym (at Ay = 5.67 ym), and it becomes strong for
d =001 pum (at Ag = 5.7 um) and d = 3 um (at Ay = 5.64 um).
The dimer with d = 0.01 um possesses the strongest electric
field of the plasmonic core-shell particle because constructive
interference occurs with a small d, meaning that the coupling is
significantly strong.

Additional electric field analyses can be found in SI2,
Supporting Information. From previous studies, it has been
known that the absorption spectrum of a plasmonic system
blueshifts from its near-field spectrum.®”~* This spectral shift
of the optical responses can also be seen for EIA (Figure S18,
Supporting Information). By analyzing the near field of the
plasmonic particle of the dimer, one can find unique dispersion
properties of EIA by the phase retarded coupling, which may
provide a better understanding of the destructive and
constructive couplings (Figures S19 and $20, Supporting
Information).

We have considered a dimer with a lossless dielectric sphere.
However, real dielectric materials are usually not lossless. Here,
we investigate the influences of an intrinsic loss kg of the
dielectric sphere on the EIA properties of the dimer. For this
investigation, the p;-m, coupling is considered, and the dimer
with rg = 500 nm and d = 2 ym is used. Figure 9a shows how
the absorption properties of an isolated dielectric sphere with
rs = 500 nm and ng = 5.6 change with an increase in xg. Those
spectra are calculated using Mie theory. The absorption
becomes pronounced with increasing ks up to about 0.1. With

(@) Ns=5.6+iks, rs =500 nm
4

. (b) Without coupling (Mie)
0
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Figure 9. k5 dependency. (a) Absorption properties of the isolated dielectric sphere with Ng = 5.6 + ik and rg = S00 nm. The solid and dashed lines
are for the MD and ED, respectively. The black solid line is the total absorption of the plasmonic core-shell particle, taken from Figure 6b. (b, c)
Color maps of the total absorption of the dimer with rg = 500 nm and d = 2 ym, which are calculated using Mie theory and CDM for without and
with coupling, respectively. (d) Maximum absorptions of Figure 9b,c.Those are plotted as a function of ks. (e) Absorption properties of the
plasmonic core-shell particle and dielectric sphere with kg = 0.052 in the dimer with d = 2 um. The solid and dashed lines are calculated using the
CDM and Mie theory, respectively. (f) Influence of ks on the ED absorption of the plasmonic core-shell particle.

https://doi.org/10.1021/acs.jpcc.3c03307
J. Phys. Chem. C 2023, 127, 19127-19140


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03307/suppl_file/jp3c03307_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03307/suppl_file/jp3c03307_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03307/suppl_file/jp3c03307_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig8&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03307/suppl_file/jp3c03307_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03307?fig=fig9&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

a further increase in kg, the absorption decreases and becomes
broad.

Suppose there is no coupling effect in the dimer. In this case,
the total absorption of the dimer is given by a superposition of
the absorptions of the isolated plasmonic core-shell particle
and isolated dielectric sphere. The dielectric sphere with a
moderately high kg possesses a strong absorption. Therefore,
the total absorption of the dimer with the lossy dielectric
sphere can be strong even though EIA does not exist. In other
words, the total absorption of the dimer can be improved
further if EIA of the plasmonic core-shell particle coincides
with the strong absorption of the dielectric sphere. To figure
out whether the phase-retarded coupling can positively affect
the absorption properties of the dimer with kg # 0, the total
absorption spectra of the dimer without and with coupling are
plotted in Figure 9b,c as functions of kg and 4. The absorption
of the dimer without coupling is given by the sum of the
absorptions of the isolated plasmonic core-shell particle and
isolated dielectric sphere in Figure 9a. The absorption of the
dimer with coupling is calculated using the CDM. Comparing
Figure 9c to Figure 9b, the absorption properties for with-
coupling are similar to those for without coupling. A strong
absorption peak is found around the MD resonance of the
dielectric sphere. This pronounced peak is broadened with an
increase in Kg.

In Figure 9d, the maxima of the absorption spectra in Figure
9b,c are plotted as a function of k5. The maximum absorption
for with coupling is larger than without coupling for any ;.
The peak of the maximum absorption for with coupling
appears at kg ~ 0.052. Figure 9e shows the absorption spectra
of the dimer with kg = 0.052. Those spectra are calculated
using Mie theory and the CDM for without and with coupling,
respectively. The absorption spectra of the plasmonic core-
shell particle and dielectric sphere are separately obtained by
taking their ED + MD (the EQ + MQ_ is considered only for
the plasmonic core-shell particle). The results from the CDM
are in good agreement with the FEM simulation even though
the lossy dielectric sphere is considered (Figure S21,
Supporting Information). For with coupling (the CDM), the
absorption spectral profile of the plasmonic core-shell particle
is similar to what we observed in Figure 7b, which is the case of
ks = 0. This result indicates that the EIA properties of the
plasmonic core-shell particle discussed earlier are preserved
even though kg # 0. The absorption of the dielectric sphere is
slightly enhanced by the coupling. But its spectral shape is
almost the same as the spectrum from Mie theory, meaning
that the absorption properties of the dielectric sphere are not
significantly influenced by the phase-retarded coupling (S7,
Supporting Information). From the results in Figure 9e, it is
understood that the dimer with coupling can possess EIA of
the plasmonic core-shell particle and the strong absorption of
the dielectric sphere simultaneously. When the plasmonic core-
shell particle does not couple with the dielectric sphere, EIA
obviously has no contribution to the total absorption of the
dimer. Thus, the phase-retarded coupling can have a positive
effect on improving the total absorption of the dimers with any
Ks.

Comparing with and without coupling in Figure 9d, their
peaks are located at different k5. The peak for without coupling
appears at kg = 0.082. When there is no coupling effect
between the plasmonic core-shell particle and dielectric sphere,
the maximum absorption of the dimer is determined by the
absorption of the dielectric sphere. The absorption of an

isolated particle is maximized when C,, & C,, is satisfied. For
the dielectric sphere with ng = 5.6 and rg = 500 nm, this
condition is satisfied with kg ~ 0.082 (Figure S22, Supporting
Information). Therefore, the peak for without coupling appears
at kg & 0.082. However, as mentioned earlier, the peak for with
coupling is found at kg = 0.052. When the plasmonic core-shell
particle couples with the dielectric sphere, the maximum
absorption of the dimer is determined not only by the
absorption of the dielectric sphere but also by EIA of the
plasmonic core-shell particle. From Figure 7, it is known that
EIA occurs on the ED resonance of the plasmonic core-shell
particle. Figure 9f shows how the ED absorption of the
plasmonic core-shell particle changes depending on «g. Those
spectra are calculated using the CDM, and the dimer with d =
2 pm is considered. With an increase in &g, EIA becomes weak,
which can be described using ®@,,,,. For the dimer investigated
in Figure 9, f,;, [',1, g, and Igcl are constant. £, is also nearly
constant for different kg, but only I',;,, increases with increasing
ks because kg directly connects to the intrinsic damping of the
dielectric sphere (S13, Supporting Information). Therefore,
®,,, decreases with increasing kg, resulting in weak coupling. In
consequence, EIA of the plasmonic core-shell particle
attenuates. Based on understanding how EIA is weakened by
ks, we can find why the peaks for with and without coupling in
Figure 9d appear at different 5. The absorption of the
dielectric sphere increases with increasing ks up to 0.082;
however, the EIA of the plasmonic core-shell particle keeps
decreasing with increasing ks. Therefore, the peak for with
coupling locates at kg slightly lower than that for without
coupling.

In summary, constructive interference can occur between
the plasmonic core-shell particle and the dielectric sphere even
though the dielectric sphere contains x5 # 0. This constructive
interference can enhance the total absorption of the dimer with
any k. As seen in Figure 9d, kg is an essential parameter to
maximize the total absorption of the dimer. Since kg is
determined by material properties, controlling ks is not
straightforward. But if it is possible to control kg, an optimal
ks may be found at around kg satisfying C,,, &~ C,, for the
isolated dielectric sphere. However, an increase in kg weakens
the coupling effect because kg increases the damping of the
entire system, resulting in weak EIA. Therefore, if it is required
to maximize the absorption of the plasmonic core-shell
particle, the dielectric sphere must be lossless.

4. CONCLUSIONS

We investigated the mechanism of EIA induced by a phase-
retarded coupling between plasmonic and dielectric particles.
We formulated the phase-retarded coupling using the CDM,
enabling us to find the optimum interparticle distances of the
dimer to achieve EIA (P,,: eq 35, P,: eq 36). This
formulation suggested that EIA can be strengthened by
balancing the coupling strength and the total damping of the
dimer (®@,,.: eq 37, @,,: eq 38). We obtained the absorption
spectra of the dimer using the FEM simulation and CDM,
showing that the absorption of the plasmonic particle is
significantly enhanced when the interparticle distance of the
dimer is optimized. This result demonstrated that EIA by the
phase-retarded coupling strengthens the bright oscillator’s
absorption, which is different from EIA by the near-field
coupling in coupled plasmonic systems.”* Our numerical
analysis suggested that EIA by the phase-retarded coupling
allows the plasmonic particle to overcome the upper
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absorption bound of an isolated particle. In contrast, EIA
excited by the near-field coupling cannot achieve this
significant absorption enhancement.”* EIA properties of the
dimer can be preserved even though the dielectric particle is
made of lossy material; however, EIA becomes weak with an
increase in the dielectric particle’s extinction coeflicient. In this
work, we only presented a dimer composed of two spherical
particles. Our interpretation of EIA can be applied to many
systems consisting of two dipolar optical elements, providing a
route to engineer the optical properties of heterostructured
materials.
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