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Abstract—We investigate the localized surface plasmon resonances
(LSPR) of a pair of dielectric-core/silver-shell nanospheres, with and
without a silver nanobar connecting them, for different values of the
permittivity of the dielectric core, using the finite element method.
Results show that the structure of a pair of core shells with a nanobar
possesses a distinct blue-shifted behavior that can be manipulated
from near infrared to visible light. The near field intensity can be
enhanced by several orders of magnitude, and the working wavelengths
depend on the shell thickness, dielectric medium in hollow metallic
shell and the diameter of the nanobar. In addition, three or more pairs
of nanospherical chain waveguides have also been investigated in our
simulations.
1. INTRODUCTION
In recent years, plasmonic resonances in metallic systems [1–3] have
attracted great interest due to their ability to change the light-matter
interaction. It has been shown that the incident light interacting
with nanometal can dramatically enhance the local electrical field by
concentrating electromagnetic energy into sub-wavelength volumes [1].
This could lead to many potential applications, such as molecular
specific imaging and spectroscopy [4], chemical and biological
sensing [5], biomedicine [6] and nano-optical devices [7]. In addition,
surface plasmon (SP) polaritons in thin metal shell have a direct
implication in light and electron transmission across the shell [8, 9].
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The lifetime of SP [10–13] has been demonstrated to strongly influence
the field enhancement and the sensitivity of surface-enhanced Raman
spectroscopy [14] and surface-enhanced fluorescence [15]. The use of
plasmonic nanoparticles, such as metal nanorods or nanoshells, can
tune the plasmon resonance to a wavelength longer than the onset for
interband transitions [16].
The plasmonic properties of a nanostructure depend dramatically
on its size and shape, as demonstrated in studies of nanorods [17],
nanocubes [18], nanostars [19], nanoshells [20], and numerous other
structures. An understanding of how the plasmonic properties depend
on geometry enables the rational design of nanostructures tailored
for specific applications such as surface enhanced spectroscopies [21],
where one seeks to maximize the electromagnetic field enhancement
over specific frequency ranges, or localized surface plasmon resonances
(LSPR) sensing, where narrow spectral line widths and a high
sensitivity to the dielectric environment are desirable [22].
Metal nanoshells, consisting of a dielectric core with a metallic
shell of nanometer thickness, are a new, composite nanoparticle
whose optical resonance can be designed in a controlled manner. By
varying the relative dimensions of the core and shell, the optical
resonance of these nanoparticles can be varied over hundreds of
nanometers in wavelengths [23]. The nanoshells can be constructed
by forming a hollow sphere inside the metallic nanosphere arrays or
coating a metal thin film on the surface of the dielectric nanospheres.
In recent years, the physical and chemical properties of metallic
nanoshells have received particular attention [24–26]. Nanoshells
possess several attractive features which make them interesting as
nanoscale optical components.
They possess a plasmon-derived
tunable optical resonances controlled by the dimensions of a hollow
sphere or dielectric medium in nanospheres and the thickness of
metallic shell, spanning much of the visible and infrared regions of
the optical spectrum [27, 28]. Additionally, nanoshells and other
nanoscale metallic structures have been shown to greatly enhance
local electromagnetic fields in certain regions near their surfaces at
specific wavelengths of light, controlled by nanostructure geometry [29].
This subwavelength structure could functionally provide a tool for
manipulating light below the diffraction limit.
Motivated by these previous works and based on our previous
work [30], in this paper, we propose and demonstrate further
improvements in the near field enhancements of two identical silvershell nanospheres connected by a silver nanobar interacting with
transverse magnetic (TM) mode incident plane wave by using the
three-dimensional (3D) finite element method (FEM), which includes
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the investigation of particle-particle interaction. The enclosure of a
silver-shell nanospherical pair with dielectric cores (DCs) and a silver
nanobar forms an open cavity model, and the electromagnetic field is
effectively confined in the gap of the pair and the surface of a nanobar
to generate an enhance local electromagnetic field. The refractive index
of the DC, thickness of silver-shell nanosphere and the diameter of a
silver nanobar play the key role and could endow additional variables
to explore and tune the near field optical properties between the
nanospherical pairs. We compared the optical response in near-field
zone of silver-shell nanospherical pair with a solid silver counterparts.
The influences of wavelength of incident light, shell-thickness, diameter
of a silver nanobar and the refractive index in DCs on LSPR from our
simulation results are discussed. Besides, near field optical response
of three pairs and sixteen pairs of nanospherical chain waveguides has
also been investigated in this paper
2. SIMULATION METHOD
The simulations in this work have been done in the quasistatic regime.
Quasi-static implies that spatially the field is static, i.e., no retardation
effect, but temporally oscillates according to exp[iωt]. The quasi-static
approximation [24] can be employed when the diameter of nanoparticle
is much smaller than the wavelength.
The dispersion properties of the metal must be considered here
since the absorption and permittivity of the metallic material are
frequency dependent. Throughout this paper we consider solid-silver
and silver-shell nanospherical pair and use the experimental data from
Johnson and Christy [31] for the permittivity, ε(λ), as a function of
the wavelength λ. The Drude model [32–35] represents the dispersive
dielectric response, ε(ω), of the silver particles, i.e.,
ε(ω) = ε∞ −

ωp2
ω(ω + iΓD )

(1)

The Drude model parameters in Equation (1), namely the dielectric
function of the core electrons of the metal, ε∞ , the angular plasma
frequency for free electrons, ωP , and the intrinsic damping parameter,
ΓD , are obtained by fitting on the Johnson and Christy [31] optical
bulk experimental data for the frequency region of interest. Data for
the plasma frequency and Drude damping parameter for silver can be
taken from the graphs and tables in [34, 35].
In our simulations, we used 3D FEM [36, 37] with triangular
high order edge elements. To model an infinite simulation region
with a 3D finite-geometry model (i.e., to enclose the computational
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domain without affecting the numerical solution), it is necessary to use
anisotropic perfectly matched layers (PMLs) [36–38] that are placed
before the outer boundary. This formulation can be used to deal
with anisotropic material in terms of both dielectric permittivity and
magnetic permeability, allowing anisotropic PMLs to be implemented
directly.
3. RESULTS AND DISCUSSION
Metallic nanoshells possess optically excitable plasmon resonances that
can be tuned throughout the visible and into the infrared regions of the
electromagnetic spectrum by changing their aspect ratio, r1 /r2 , where
r1 and r2 are the inner and outer radii of the metallic shell layer,
and r1 − r2 is the metal shell thickness [17]. In this case, the metal
shell of the individual nanoparticle controls its plasmon resonance,
thus controlling its local electromagnetic field. The LSPRs response
of individual nanoshells covered with nonresonant molecules has been
shown to be a function of their aspect ratio [24]. Thus, the metal
shell thickness represents the distance over which this interaction takes
place, and this interaction refers to LSPR.
A pair of close metal nanoparticles provides a stronger electric
field in the gap region than a single metallic nanoparticle does in its
proximity; meanwhile, a pair of metallic nanoshell particles can provide
a stronger local electric field than a single nanoshell and/or a pair
of solid metallic nanoparticles [20]. The plasmon coupling strength
between the core (air or dielectric medium inside the DC) and sphereshell modes vanishes over the size of shell thickness similar to the
decay of the plasmonic field in the interparticle gap of the particlepair system. Compared to a solid metallic nanospherical pair which is
no DC inside the DH, there is no plasmonic core mode as the core is
filled with metal.
Firstly, the difference of near field optical response and LSPR on
a solid-silver pair and a silver-shell nanospherical pair with a different
refractive medium in a pair of hollow metallic shells is investigated
to understand the roles of the particle-particle interaction. For
convenience, we name the case of two identical solid-silver nanospheres
as a pair of solid silver spheres [see Figure 1(a)] and the case
of two identical silver-shell nanospheres with dielectric medium in
nanospheres [see Figure 1(b)] as DC case. We compare the near field
optical response of a pair of solid silver spheres with DC case. The
simulation models are illuminated with a TM electromagnetic plane
wave and propagated in the k direction. The wavelength of incident
light varies from 350 nm to 800 nm. The gap (interparticle distance)
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Figure 1. (a) A pair of solid silver spheres. (b) A pair of silver-shell
nanospheres with dielectric cores in nanospheres (DC cases), near field
intensities of a pair of solid silver spheres and DC cases with different
shell thickness, i.e., (c) d = 5 nm and (d) 10 nm, and different medium
in DCs as a function of wavelengths of TM incident light.
is set to g = 20 nm, and the near field intensity is measured in the
central part of the gap. Near field intensities of local fields in the
gaps between a pair of solid silver spheres and DC cases are also quite
sensitive to the radii of the nanospheres. In the nanoshell system, we
can expect the fractional shift of the dipolar resonance to be a function
of (d/r2 + 1)−3 , where d = r1 − r2 is the shell thickness; r1 is the radius
of solid-silver nanospherical pair; and r2 is the core radius of silver-shell
nanosphere. In other words, a larger core has a larger polarizability,
and a thinner shell ensures stronger near field coupling, thus leading
to a larger fractional plasmon shift. In fact, the dipolar resonance
condition for a core-shell structure in the quasistatic limit is specified
by [39–41]:
εs (1 − f ) + εm (2 + f )
εc = −2εs
(2)
εs (1 + 2f ) + 2εm (1 − f )
where εc , εs and εm are the dielectric constants of the silver-shell
nanospheres, the silver shell, and the dielectric core, respectively, and
f is the fraction of the volume of the core in the composite structure.
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It is interesting to note that f is essentially (d/r2 + 1)−3 . This analogy
serves to qualitatively explain the similarity of the distance dependence
and scaling behavior of plasmon coupling in the nanoshell structure to
that in the particle-pair structure. On the basis of our simulations,
we set the radius r1 = 50 nm in a pair of solid silver spheres, and the
outer and inner radii of r1 = 50 nm and r2 = 40, 45 nm (i.e., d = 10 nm,
5 nm) in DC case, respectively.
The coupling between the nanoparticles influences the corresponding charge distribution: The charge density is more concentrated on
the sides of the gap between the nanospherical pair than on the external sides [8, 9, 20]. Turning to the DC case with a refractive medium
in the DCs, we have another variable εc to explore the near field optical properties. The silver-shell nanospherical pair is a unique shape
of the nanoparticles; it is empty inside and has holes on its walls to
allow molecules to absorb on the inside surface of the walls as well as
on the outside. This could be due to the symmetric distribution of
positive and negative charges on the surface of inside and outside the
shells, which can induce the dipole resonance. Furthermore, the dipole
moments of the inner and outer surfaces are aligned. There is a strong
electromagnetic coupling between the inner and outer shell walls when
the thickness d = r1 −r2 is small compared to the nanosphere radius r1 .
This leads to a new scheme of polarization and results in mode splitting similar to the case of a thin metallic slab, which is characterized
by symmetric and antisymmetric mode branches [42, 43].
Figures 1(c) and (d) show the near field intensities of a pair of solid
silver spheres and a DC case with different shell thicknesses (d = 5 nm
and 10 nm) and different media in DCs as a function of wavelengths
of TM incident light. For certain modes the peak positions are given
under the resonant waves and for others are not given under the offresonant wave. In Figures 1(c) and (d), an evident difference on optical
properties is observed between the solid case and DC case. One can
recognize one resonance peak in solid case and three resonances in
DC case. The first one is due to high frequency (short wavelength)
oscillation between nanospheres and incident light. The second one
of DC case results from interaction of the two identical silver-shell
nanospheres. In a metallic nanoshell there appear two dipole modes
due to plasmon hybridization [44]. Actually, all multipole modes can
in principle be excited, though those with long lifetimes are washed
out by absorption [10]. The shift of the major resonance peak of DC
cases visible in Figures 1(c) and (d) exhibits that increasing of the
dielectric constant (ε) in DCs results in a higher near field intensity
and the red-shift trend with the increasing ε. This phenomenon
can be explained in combination with the SPR on nanoshell and the
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refractive medium in DCs. The performance of different silver-shell
thicknesses on near field intensity is also illustrated in Figures 1(c)
(d = 5 nm) and (d) (d = 10 nm), which shows that a very different
behavior depending on the shell thickness is observed. Note that all
the resonance peaks broaden and the near field intensities enhance as
the size of shell thickness decreases from d = 10 nm [Figure 1(d)] to
d = 5 nm [Figure 1(c)]. It can be seen from Figures 1(c) and (d) that
the peak wavelengths in DC cases are in the range of 670–775 nm for
case d = 5 nm and 530–582 nm for case d = 10 nm. A distinct blueshifted behavior depending on the shell thickness is observed, i.e., the
working peak wavelengths can be manipulated from near infrared to
visible light by decreasing d and ε in DC case.
The top of Figure 2 depicts that the positive and negative charges
accumulate on the side of the gap and that the charge density is
more concentrated on the sides of the gap between the particle-pairs
than on the external sides. Additional positive and negative charges
accumulated on the nanobar (with a diameter of w) can be found on
the top of Figure 2(b). One can expect that the use of two identical
solid-silver nanospheres connected by a silver nanobar may provide
additional positive-negative charge pairs between the gap compared
to the same structure but without a nanobar. Figures 2(a) and (b)
show the near-field distribution corresponding to the models shown
on the top of Figures 2(a) and (b). A stronger near field distribution
concentrated between the gap of nanospherical pair in Figure 2(b)
than that of Figure 2(a) is due to the fact that the additional positivenegative charge-pairs on the surface of the nanobar which can induce
more dipole-dipole interaction in the hot spot region (gap).

(a)

(b)

Figure 2. Near-field distribution corresponding to the models shown
on the top of these figures at their corresponding resonant peak
wavelengths. (a) No bar case (λ = 400 nm), (b) with bar case
(λ = 413 nm).

190

Chau et al.

Now we investigate the difference of LSPR on a solid case
connected by a silver nanobar [Figure 3(a), we name it as case 1]
and the DC cases connected by a silver nanobar [Figure 3(b), we name
it as case 2] with different diameters of silver nanobar (w) and shell
thicknesses (d), which is illuminated with a TM electromagnetic plane
wave. The positive-negative charge distributions are illustrated in
Figure 3(c). Three different diameters of silver nanobar are examined,
i.e., w = 2.5, 5 and 10 nm, respectively. The gap is set to g = 20 nm.
From Figure 3, a clear LSPR can be found as w is less than 10 nm.
Because the light is absorbed by more volume of metal in the gaps, the
intensity of LSPR is decreased as w is larger than 10 nm.

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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(i)

Figure 3. (a) Case 1, (b) case 2, (c) charge distribution of case 2, (d)–
(i) difference of near-field intensities of case 1 and case 2 with different
w and d.
From Figures 3(d)–(i), two clear resonance peaks in the range of
λ = 350–450 nm for case 1 and four pronounced resonance peaks in the
range of λ = 350–800 nm (ultraviolet-visible-near infrared) for cases 2
can be found. The second resonance peak for case 2 is the shifted single
nanoparticle dipole resonance, and the shift is due to dipole-dipole
interaction. The other resonance peaks are attributed to the effect of
a silver nanobar interacted with the incident light. One can observe the
case 2 in Figure 3 that the performance of shell thickness of d = 5 nm
[Figures 3(d), (f) and (h)] is quite different from that of d = 10 nm
[Figures 3(e), (g) and (i)] and can be designed by varying the width of
nanobar (w = 10, 5 and 2.5 nm) and exhibits two physically different
types of resonances: (1) for the cases of d = 5 nm, remarkably enhance
the near field intensity by decreasing the width of nanobar, and (2) for
the cases of d = 10 nm, remarkably blue-shift the LSPR by increasing
the width of nanobar. Compared to the same cases but without the
nanobar as shown in Figures 1(a) and (b), a very distinct LSPR can
be found near the ultraviolet (λ = 350–450 nm) for all cases. For small
diameter of nanobar (w = 2.5 and 5 nm), two enhancing peak values
associated with the interaction of nanoparticle pair and the nanobar is
visible. Note that four distinct peak wavelengths can be obtained for
case with w = 2.5 nm and d = 10 nm at λ = 350, 390, 480 and 600 nm,
respectively, as illustrated in Figure 3(e).
In order to realize the detailed behaviors of the field distribution
inside the case 2, the three components of the field distribution will
be discussed here. To find the contribution of LSPRs, we plot the
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polarization components of the field. The polarized incident wave is
enhanced in case 2 and decayed gradually after exiting the end of case 2,
producing two perpendicularly polarized electric field components —
that is, the incident field is entirely polarized along the x axis and the
scattered field also has components along the y and z axes, respectively.
These components produce depolarization at this interface around
case 2. A more detailed calculation using the 3D FEM is shown in
Figure 4, which illustrates the near field distribution obtained at x-y
sectional plane at z = 0 with different dielectric constants in DCs.
From top to bottom, Figure 4 illustrates the case of w = d = 5 nm and
shows the TM-mode near-field distributions of three components Ex ,
Ey , and Ez and total field distribution Et . Figure 4 shows the near
field distribution at the resonance wavelength for different dielectric
constants. The corresponding TM-mode near field distributions of
three components (Ex , Ey , and Ez ) and total field (Et ) are (a)
λ = 670 nm for ε = 1 (a hollow sphere), (b) λ = 704 nm for ε = 1.77,
(c) λ = 730 nm for ε = 2.31, (d) λ = 750 nm for ε = 2.66 and (e)
λ = 775 nm for ε = 3.06. From the results of Figure 4, we find that
with the 50 nm diameter of a silver-shell nanospherical pair connected
by a nanobar, a larger number of LSPRs can be excited, which interact
with the incident field and form the localized field enhancement. This
is to be expected because many surface charge densities will be induced

(a)

(b)

(c)

(d)

(e)

Figure 4. TM-mode near-field distributions of three components Ex ,
Ey , and Ez and total field distribution Et for the case of w = d = 5 nm.
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in the circumference around the inside and outside of case 2 [see
Figure 3(c)] by the incident electric fields. The strongest field intensity
(peak value) is found at the gap of case 2. Note that the local field at
the circumference of the silver-shell nanospherical pair and the surface
of the nanobar extends in the tens of nanometers range from case 2.
The field enhancement of case 2 originates mainly from the LSPR mode
excited by the evanescent field.
Silver-shell nanosphere with a nanobar is a new hybrid
nanoparticle geometry that combines the intense local fields
of nanospheres with the highly tunable plasmon resonances of
nanoshells [44]. The highly tunable LSPR essentially arise from
plasmon hybridization among a pair of silver-shell nanospheres, a pair
of spherical nanocavity or dielectric medium inside the spherical pair,
and a nanobar. The excitation of the nanosphere plasmon gives rise
to enormous local field enhancements exploitable for surface-enhanced
Raman spectroscopy (SERS). The plasmon resonance frequency of
nanosphere is extremely sensitive to surrounding dielectric media,
holding great potential for monitoring localized environmental changes
during chemical and biological processes.
From the analysis and discussion of the above cases, we can
summarize that highly efficient LSPRs can be achieved in a silver
nanospherical pairs connected by a silver nanobar through a proper
design of the shell thickness (d), dielectric constant (ε) in DCs and the
diameter of the silver nanobar (w). The near field intensity can be
enhanced by several orders of magnitude and the resonance of the
spectrum depends on ε, d and w. As deduced from the previous
simulation results, now we investigate the transmission properties of
chain waveguides made of case 2. One commonly used approach for
evaluating the transmission properties of a chain waveguide is to use
the SNOM tip to drive the first particle at the near end of the chain [45–
47]. The energy transport in the chain is then realized by the field
coupling between the modes of the neighboring particles [45, 46]. The
propagation length is determined based on the energy decay within the
particle chain. In the end of this work, we will focus mainly on the cases
when the chains are driven at the resonances of two identical silver-shell
nanospheres connected by a silver nanobar as discussed above.
Figures 5(a)–(f) compare the near field intensity at their
corresponding peak wavelengths for the chain waveguides with (a) a
chain of three solid silver spheres, (b) a chain of three pairs of solid
silver spheres, (c) three pairs of case 1 (w = 10 nm), (d) three pairs
of case 2 (w = d = 10 nm), (e) a chain of 16 pairs of solid silver
spheres and (f) 16 pairs of case 2, respectively. The chain waveguides
are illuminated with a TM electromagnetic plane wave along the chain
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. Near field distributions at their corresponding peak
wavelengths for the chain waveguides with (a) a chain of three solid
silver spheres, (b) a chain of three pairs of solid silver spheres, (c) three
pairs of case 1, (d) three pairs of case 2, (e) a chain of 16 pairs of solid
silver spheres and (f) 16 pairs of case 2, respectively.
axis, and their parameters are shown in the inset of Figure 5. From
the field distributions as shown in Figure 5, one can observe that the
mesoscopic nature of the finite chain waveguide is clearly visible, as the
near field intensity of case 1 [Figure 5(c)] dramatically enhance the near
field intensities in the gap with the connection of a silver nanobar, e.g.,
compared to a chain of three solid silver spheres [see Figure 5(a)] and
three pairs of solid silver spheres which is without a silver nanobar [see
Figure 5(b)]. Turning to case 2 which has silver nanobars connected
between two identical silver-shell nanospheres as shown in Figure 5(d),
the field is well confined effectively not only along the surface of the
silver-shell nanospheres, but also on the surface of the silver nanobars.
It can also be demonstrated from Figures 5(e) and (f) that the near
field intensities of more pairs of case 2 can dramatically enhance the
near field along the chain axis. Figures 5(e) and (f) compare the near
field distributions of 16 pairs of solid silver spherical chain and 16
pairs of case 2, respectively. It can be verified that our proposed case 2
structure is pertinent to the functionality of long range of wave guiding
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(> 2 µm) or other optical devices. The field enhancement of the silver
nanospherical pair originates mainly from the localized surface plasmon
mode excited by the evanescent field.
4. CONCLUSION AND OUTLOOK
In conclusion, we have investigated LSPR of a pair of core-shell silvernanospheres connected by a silver nanobar with different dielectric
cores (DCs) using FEM. Results show that the proposed structure
exhibit tunable plasmon resonances that are not observed for a solid
case of the same size. The proposed case 2 structure possesses a
distinct blue-shifted behavior, i.e., the working wavelengths can be
manipulated from near infrared to visible light by varying ε, w and d. It
can also be demonstrated that the more pairs (16 pairs) of the proposed
case 2 structure can dramatically enhance the near field intensities
along the chain axis (> 2 µm). The volume confined by two identical
silver-shell nanospheres connected by a nanobar with refractive
medium in DCs is accessible to various sensing and spectroscopy
applications at the nanometer scale. As observed from numerical
simulations, the main features can be qualitatively understood from
a simple silver-shell nanospherical pair with a nanobar model. Silvershell nanospherical pairs could serve as resonant nanocavities to hold
and probe smaller nanostructures, such as biomolecules or quantum
dots. The predictive character of these calculations allows one to tailor
the morphological properties of the nanoparticle to achieve excitation
spectra on demand with a controlled field enhancement. Our proposed
case 2 structure also shows promise for applications in nanooptical
devices, sensing, and surface-enhanced spectroscopy, due to the effects
of strong and tunable plasmon resonance.
In the end of this paper, we will briefly discuss the nonlocal effects
which are very prominent for small structure [48–50], when describing
metal-light interactions at the nanometer length scale. In such systems,
it is necessary to consider the reduced mean free path of the sp-band
electrons due to electron-interface scattering. Recently, McMahon et
al. have studied the optical properties of arbitrarily shaped structures
(including spherical nanoparticles) and demonstrated the longitudinal
plasmons characteristic of nonlocal effects [48]. They demonstrated
a number of effects that result from the spatial nonlocality in the
dielectric response, including anomalous absorption, blueshifting of
LSPRs, and decreases in electromagnetic field enhancements. In the
future, we plan to consider nonlocal calculations, which will allow even
more accurate descriptions of nonlocal optical phenomena than those
presented in this work.
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