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Abstract

Optical nanocircuits, inspired by electrical nanocircuits, provide a versatile platform for
tailoring and manipulating optical fields at the subwavelength scale, which is vital for
developing various innovative optical nanodevices and integrated nanosystems. Plasmonic
nanoparticles can be employed as promising building blocks for optical nanocircuits with
unprecedentedly high integration capacity. Among various plasmonic systems, metallic
aggregated nanoparticle, known as oligomers, possess great potential in constructing functional
metatronic circuits. Here, the optical nanocircuits comprising special plasmonic oligomers,
such as trimers with Dsn symmetry, quadrumers with Dzn symmetry, and their variants with
reduced symmetry, are systematically investigated in the metatronic paradigm, both
theoretically and experimentally. Our proposed circuit models, based on the displacement
current in the oligomers, not only reproduce the resonance spectral details, but also retrieve
many hidden physical quantities associated with their optical responses. Guided by the
metatronic circuits, the spectral engineering of the oligomers with reduced geometric symmetry
is predicted, and subgroup decomposition of several plasmonics quadrumers is examined. Our
investigation has revealed a close correlation between the metatronic circuitry and strongly
coupled plasmonic oligomers. The observed correlation of spatial arrangement and frequency
response in oligomers provides a metatronic guide to modulate plasmonic responses via
geometric variation.
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Planar aggregated plasmonic nanoparticles, so-called oligomers, have attracted considerable

attention in recent years,'® due to their appealing applications, such as photovoltaic cells,’?
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plasmonic switches,'® color displays,*' and biological labeling techniques.’> Remarkably,
plasmonic nanoparticles can concentrate light beyond the optical diffraction limit and enable
truly nanoscale optical elements, optical devices, and optical circuits with unprecedented
integration. In the metatronic paradigm, an individual nanoparticle can be considered as a
frequency-dependent nanoelectronic element, even in the optical regime.*® A nanoparticle with

negative permittivity (i.e., Re(¢) <0) behaves like a nanoinductor, while that with a positive
permittivity (i.e., Re(¢) > 0) presents as a nanocapacitor. Meanwhile, a nanoparticle can also

function as a nanoresistor due to the Ohm loss resulting from the imaginary part of permittivity

(i.e., Im(e)=0 ) A variety of metatronic circuits have been developed based on

nanoparticle assemblies to explore novel optical phenomena and functionalities,®® and
transfer specific functionalities from electronic circuits to nanophotonics.'®-?? For the first time,
Sun et al. experimentally realized a two-dimension optical lumped nanocircuit composed of an
array of silicon nitride (SizN4) nanorods in the mid-infrared frequency and demonstrated that
the polarization of optical signals could tailor the connecting ways between nanocircuit
elements.? Later on, Caglayan et al. presented the first designable lumped nanocircuits with a
tailorable response in the near-infrared frequency, making use of a simple nanorod geometry
and transparent conducting oxides.?* Lately, the metatronic circuit concept has been extended
to the structural dispersion of microwave waveguides,®>? light trapping of multilayer
structures®’, and plasmonic stacks based spectral filters.?? However, the nanoscale optical
circuit elements have only been constructed in either one- or two-dimension regime, partially
due to the tractablility of experimental demonstration.

To advance the nanoscale integration of optical circuits, Liu et al. fabricated a nanocircuit

consisting of a partly loaded gold dimer, which paves the way towards the nanoparticle-based



optical circuits.?® To assemble such nanoparticle-based optical circuits flexibly, Shi et al.
invented a dynamical manipulation approach based on the atomic force microscope (AFM),
through which a series of reconfigurable nanocircuits was developed successfully.*® Using the
similar nanomanipulation, Park et al. assembled non-planar plasmonic oligomers on a
polymethyl methacrylate (PMMA) nanohole template, providing a potential strategy for the
stereoscopic nanocircuits.®

On the aspect of theoretical modeling, many endeavors were paid persistently with the focus
on the nanoparticle or nanoparticle-like systems®?°, For instance, Abasahl et al. analyzed the
metatronic circuits based on dolmen structures, bridging the gap between full-field
electromagnetic calculations and metatronic circuits®. Further, Benz and Attaran et al.
developed theoretical circuit models to describe the coupled plasmon resonances in
nanoparticle dimers, tetramers, and pentamers in both capacitive and conductive coupling
regimes®*%. Most recently, Ma et al. developed a nanophotonic circuitry consisting of
nanodimers theoretically and discovered its dynamical behavior in the regimes of tristable and
astable multivibrators as well as chaos generators.%’

Although serveral theoretical models have been developed for the nanoparticle-based optical
circuits, their associated experimental demonstrations is rarely reported. Moreover, the
metatronic model of the nanoparticle-based optical circuits is also far from mature, requiring
much attention to many aspects such as the robustness and consistency for different oligomers.
So far, the metatronic model, that can accurately reproduce the spectral lineshape, has been
limited to the relatively simple plasmonic nanostructures or metal-dielectric hybrid systems3:3,
Such systems typically possess weak interactions among constituent elements. It remains
challenging to capture the full details of spectral response accurately or predict the evolving
plasmonic oligomers consistently due to the strong interparticle coupling that is extraordinarily
complicated and extremely sensitive to the geometrical variation.®®*4. An accurate circuit

model is supposed to extract many hidden physical parameters that cannot be derived directly
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by full-wave simulations and promptly predict many evolved plasmonic oligomers as a
supplementary of the full-wave calculation that is usually time-consuming and computationally
expensive.

Here, we experimentally build a multilevel metatronic circuitry from basic elements to their
composite networks to describe the spectral response of the plasmonic oligomers including the
dimers, trimers, quadrumers and their variants with symmetry breaking. Unlike the existing
models, we utilize a consistent circuitry wiring-way for different oligomer configurations by
using which the core lumped parameters extracted from the dimer can be directly passed to the
trimer and then to the quadrumers. By comparing the experimental far-field extinction spectra
with the full-wave numerical simulations, the developed metatronic circuitry is verified to be
robust even for complicated high-order optical nanocircuits by consistently addressing the
capacitive and inductive couplings simultaneously. Based on this metatronic paradigm, the
Fano resonances in these systems are successfully reproduced. Therefore, such paraigm
captures the Fano-type spectral details and retrieves the rich physical information with
quantitative values, including interspace capacitance, mutual coupling interaction, radiative and
nonradiative resistances. By using these quantitative parameters, the metatronic circuit can be
employed independently to predict the spectral evolution of a nanoparticle oligomers as its
geometric symmetry is gradually broken, showing good quantitative agreement with the full-
wave simulation results and experimental measurements in terms of such as the spectral
contrast, spectral width, spectral decomposition, and resonance shift.

B RESULTS AND DISCUSSION

Dimer circuitry with different light polarizations. A gold (Au) dimer is investigated first
under normal illumination with two typical linear polarization directions, where an individual
nanoparticle is treated as a basic element, as shown in Figure 1a. The impedance of individual

nanoparticle can be represented as Z = (-iws[w]ra)™, where ¢ and a are the permittivity (see



Figure S1 in Supporting Information (SI)) and the effective size of a nanoparticle, respectively;
o is the angular frequency of light. The real and imaginary parts of Z, originating from the
complex permittivity are corresponding to the nonradiative resistance Rnrag and the inductance
Ly, respectively. The fringe capacity (Ct = 2neoa) is associated with the fringing field around
the dimer configuration, and the mutual inductance (Lm) represents the coupling strength
between two nanoparticles. To further incorporate the radiative loss (Rrad) and coupling
capacity (Cp), a more comprehensive RLC circuit is developed, as shown in Figure 1a. This
circuit is employed for the full description of an individual Au nanoparticle, where the branches
of Zp, Rrad and Cp are connected parallelly in physics (see also Equation S1 in Sl).

For the circuitry consisted of dimers, the individual nanoparticle is treated to be connected
in series or in parallel with the other one, depending on the polarization of incident light. As
can be seen in Figure 1b, when the electric field vector is perpendicular to the dimer axis (in
this case, the polarization angle is defined as 90° for convenience), the metallic particles can be
deemed as a shunt-connected nanocircuit (see also Figure S2 in Sl), and the Ln is negligible
due to the weak coupling between two nanoparticles. On the other hand, when the electric field
vector is parallel to the dimer axis (see Figure 1c), the dimer components can be regarded as

connecting in series along the electric field (see also Figure S3 in Sl).
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Figure 1. Schematic of metatronic nanocircuits and their polarization-dependent responses. (a) Metatronic
description of an individual plasmonic particle. (b) Metatronic description of a shunt-circuit constituted by a
plasmonic dimer under the illumination of electric field (blue arrow) perpendicular to the dimer axis. (c) Metatronic
description of a series circuit formed by a plasmonic dimer under the illumination of electric field parallel (blue
arrow) to the dimer axis. The constant voltage source (Us), the fringe capacitance (Cr) and the mutual induction
coefficient (L) are related to the light stimulation, the ambient capacitive reactance, and the interparticle coupling,
respectively. (d), (e) The measured (black line) extinction spectra and the modeled polarization currents (red line)
for two polarized configurations corresponding to (b) and (c), respectively. Insets: SEM images of the fabricated
dimers; the scale bar is 100 nm.

As shown in Figure 1d and e, the polarization current in the circuit model (denoted by the
blue single-headed arrows in Figure 1b and c) matches well with the experimental extinction
spectra, capturing the detailed features of the measured spectra, such as the spectra shape,
resonance frequency, and quality factor. The key parameters for the polarization-dependent
dimer circuits are listed in Table 1. As the polarization angle equals to 0°, Lm = 28.39 fH, Ct =
83.66 aF, and Rrad = 169.17 Q. The effective size of nanoparticle is adjusted to be a = 103 nm
for precisely reproducing the extinction spectra, which agrees well with the size observed in
scanning electron microscopy (SEM) images. As the polarization angle changes to be 90°, the

value of Rrag reduces significantly and results in an increased quality factor, which corresponds



to the weakened radiative damping. However, the values of Cp and Cs change little, indicating
the capacitance of the nanoparticles and the fringe field around the dimers are almost unaffected
as the external field switches. These invariants of the nanoparticle allow us to treat the circuit
model of each nanoparticle as a relatively independent system and only focus on the variables
arising from the interaction with the surrounding. Therefore, the parameters for the individual
nanoparticle (a = 103 nm, C, = 3.85 aF) and the fringe capacity Cr remain unchanged
throughout the investigation. Therefore, one can solve extremely challenging high-order
problems. It should be noted that the order of our circuit model is proportional to the number
of plasmonic particles, because each additional particle will bring forth an additional capacitive
or inductive branch to the circuit. Therefore, the dimers, trimers, and quadrumers can be

considered as second-, third-, and fourth-order nanocircuits, respectively.

Table 1. Key parameters for the metatronic nanocircuits of the dimer configuration under two linearly polarized

illuminations
Cp (aF) L (fH) Ci (aF) Rrad (©)
| [0°] 3.85 28.39 83.66 169.17
1190°] 3.85 N.A. 83.60 12.69

Trimer circuitry and its tunability on geometric evolutions. A plasmonic trimer is built to
promote the flexibility of the optical circuit system. As shown in Figure 2a, the plasmonic
trimer consists of three identical nanoparticles with equal interspace between every two
nanoparticles. The interparticle capacities between each pair of particles are denoted as Can, Chc,
and Cac, respectively. The extinction spectra are independent of the polarization orientation in
the case of normal illumination due to the Cs symmetry. Without loss of generality, the electric

field polarization is chosen to be parallel to the centerline of A and C. As shown in Figure 2b,



the nanocircuit is developed (see also Figure S4 in Sl for details) by handling both the
capacitive and inductive couplings in the system properly. The logically consistent circuit can
be intuitively described as follows: firstly, the nanocapacitor is inserted between every two
nanoparticles, representing the interparticle capacitance coupling; then all the nanoelements are
connected sequentially along the direction of displacement current; finally, the mutual
inductance is labeled between nanoparticles that are precisely parallel to the electric field for
representing the interparticle inductive coupling (see Figure S2-S5 for details). Similar to the
dimer, the mutual inductance in the trimer is also taken into account for the nanoparticles
parallel to electric field (i.e., A and C). As demonstrated in Figure 2c, a pronounced Fano
lineshape appears in the extinction spectrum, which matches well with the modeling current in
the nanocircuit. This Fano lineshape is due to the near-field coupling between the superradiant
mode and subradiant mode. The detailed parameters of the trimer nanocircuit are listed in
Table 2. The interparticle capacities of Cab and Cy are equal to each other due to the mirror
symmetry. In contrast, Cab (0r Coc = 175 aF) is greater than Cac (108 aF), which is ascribed to
the smaller projection distance of the interspace AB (or BC) onto the direction of electric field,
as compared to AC.

From an intuitive perspective, the trimer configuration can also be regarded as a dimer (e.g.,
AC) with an introduced third nanoparticle (e.g., B). It is found that the mutual inductance L is
almost unchanged, which indicates that the third nanoparticle has a negligible influence on the
coupling strength within the dimer. Therefore, the superradiant mode of dimer configuration is
preserved in the trimer configuration. As a result, the dimer and the trimer configurations share
a similar dipolar extinction peak at ~780 nm, as shown in Figure 1c and 2d. Different from the
invariance of the coupling strength (Lm), the interparticle capacitances (Cab, Cac, and Cyc) and
the radiation resistance (Rrad) Of the trimers change considerably. As listed in Table 2, the
radiation resistances of the nanoparticle B (Rrad1) and A(C) (Rrad2) turn into ~34 Q and ~50 Q

from ~169 Q, respectively. The reduction of Rraq Suggests an increased spectral quality factor.
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As shown in Figure 2c, the spectral widths of two extinction peaks are much narrower than the
counterpart of the bright mode of parallel-aligned dimers, which is consistent with prediction.
By comparing with Figure 1d and e, it can be concluded that the blue- and red-side bright

modes are dominantly contributed from the subgroups of B and AC, respectively.
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Figure 2. Optical nanocircuit built by a plasmonic trimer with C3 symmetry. (a) Trimer configuration with
equivalent interspaces and particle sizes. The labels (A, B, and C) are utilized to distinguish the relative location
of each nanoelement. SEM image of the fabricated trimers with a scale bar of 100 nm. (b) Electrical circuit model
for the plasmonic trimer; (c) Comparison of experimental extinction spectra (black line) and modeling polarization

current (red line) for the trimer in (a).
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Table 2. Key parameters for the metatronic nanocircuits of the trimer configuration

Parameter Ca (aF) Chuc (aF) Cac (aF) Lm (fH) Rrad1 (Q) Rrad2 (Q)

Value 175 175 108 28.40 34.43 50.20

In contrast to plasmonics dimers, plasmonic trimers sustain an additional degree of freedom
for engineering their spectral responses and near-field profiles by breaking the Dan symmetry.
As shown in Figure 3a, when the trimer configuration holds a Cz symmetry, the extinction
spectrum is independent of the polarization of the incident light. However, when the relative
position of particle B is shifted away from the centerline of particles A and C gradually, in
particular, ZACB = 90° and 120°, the resulted symmetry breaking alters its optical response as
shown in Figure 3a. A larger angle of ZACB will result in a reduction in the spectral contrast
of the extinction spectra, which is almost disappeared at ZACB = 120°. Numerical simulations
further confirm the experimental results. From the viewpoint of the metatronic circuitry, Cac
remains almost unchanged during the geometrical evolution; however, Cap or the ratio of Ca to
Cac (i.e., Can/Cac) decreases gradually. As shown in Figure 3b, the spectra contrast is surely
dependent on the ratio Can/Cac. Specifically, when Can/Cac becomes ultra-small, the Fano dip
even disappears completely, which indicates that the trimer degenerates into two linearly
coupled dimers. It is noted that, for predicting the spectral response of the trimers with reduced
symmetry, all the circuitry parameters are the same as that with D2n symmetry, except Ca, and
Cac.

To explore the microscopic origin of the evolutionary trimers, normalized field profiles and
charge densities at typical spectral positions are calculated numerically. The spectral response
of trimer configuration with Cz symmetry in Figure 2c is the same as those indicated in Figure
3a due to the polarization-independence. As shown in Figure 3c, at the peak frequencies, the
electric field is mainly localized at the interspace of the nanoparticle pair in parallel to the

electric vector, and the coupling strength between them is almost unchanged during the
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evolution (e.g., A and C in C12, C32, and C42). When the centerline of the nanoparticle pair

forms an acute angle (< 90°) to the electric vector, the coupling strength is dramatically reduced,
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Figure 3. Dependence of the resonant responses of the plasmonic trimers with symmetry breaking. (a) Comparison

of measured (left panel) and calculated (middle panel) extinction spectra of the trimers with Dz, symmetry and its

Cyy variants; SEM images (right panel) for the evolutive trimers with a scalebar of 100 nm. (b) Polarization current

as a function of the ratio Cay/Cac and the wavelength. (c) Normalized electric field and charge density distributions

in various trimers (i.e., C1 — C4) at characteristic frequencies as labeled in (a). The dipole moments are denoted as
pink arrows for clearly showing the mode state.

which is roughly in proportion to the intersection angle (e.g., B and C in C22 and C42).

Specifically, as the intersection angle is equal to 90°, the coupling strength diminishes

completely (e.g., B and C in C32). The field distribution phenomenally confirms the

reasonability of the assumptions that the mutual inductance is only considered for the

nanoparticle pair of AC and its magnitude remains the same throughout the circuital evolution.

The extinction intensity is determined by the total dipole moment of the plasmonic system,
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which are labeled schematically on the distributions of charge density in Figure 3c. Initially,
the dipole moment of individual particles at the red-side peak frequency is well-aligned to each
other, like C14 and C24 as shown in Figure 3c. However, as the trimer configuration evolves,
the direction of the dipole moment in each nanoparticle gradually becomes misaligned (i.e.,
C34 and C44), which inevitably leads to a reduction of the total dipole moment and then a
decrease in the scattering intensity of the bright mode. In contrast, along with the symmetry
breaking, the total dipole moment of the dark mode gradually increases (as shown in C13, C23,
(C33, and C43), making the dark mode become not so “dark”. Because of the two reasons above,
the spectral contrast of extinction spectra decreases gradually with the symmetry breaking.

Quadrumer circuitry with Dzn, C2v, and reduced symmetries. The metatronic model is
further adopted to treat the optical response of more complex oligomers. Based on our previous
work, the Fano lineshape of plasmonic clusters could be decomposed into several spatial
subgroups.®® For instance, as shown in Figure 4a, the quadrumer ABCD can be decomposed
into two subgroups of BC and AD. Interestingly, as shown in Figure 4c, the measured
extinction spectra of BC (blue line) and AD (red line) overlap well with the blue-side and the
red-side extinction peaks of ABCD, respectively. To explain the experimental observation from
a metatronic perspective, the optical circuitry for the quadrumers (see also Figure S5 in SI for
details) is developed as shown in Figure 4b. The key parameters for the nanocircuit of the
qguadrumer are listed in Table 3. In general, the modeling procedure of the quadrumer
nanocircuit is logically consistent to that of the trimers, i.e., firstly labeling the nanocapacitor
Cij (1, ) = a, b, c, d) between the nanoparticle elements of I and J (I, J = A, B, C, D), then
connecting the B, C, and Caq branches parallelly, and finally connecting the shunt part with A
and D in series. It is worth noting that constructing such a metatronic circuit must follow the
rule, i.e., the actual loop of displacement current in the system; otherwise, the spectral

reproduction of such plasmonic oligomers is nearly impossible as the circuit order is = 3. As
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shown in Figure 4e, the flow of displacement current (indicated by red arrows) is completely
consistent with the model. As a consequence, the displacement current in the metatronic circuit
reproduces the extinction spectra successfully in the optical domain, as shown in Figure 4d.
Similar to the optical subgroup decomposition, the quadrumer circuit can also be divided into
AD and BC branches. As the branch of BC is short-circuited (i.e., only the branch of AD is
left), the quadrumer nanocircuit degenerates exactly into the dimer model as discussed in
Figure 1b. On the other hand, if the AD branch is short-circuited, the nanocircuit becomes
similar to the dimer model as discussed in Figure 1c. To further unveil the physical picture, the
normalized displacement field (|D|) and the flow of displacement current are given in Figure
4e-h. The black circle (®) and square (M) denote the blue-side and red-side resonance
frequencies of the quadrumer ABCD, respectively; the blue circle (®) and red square (M)
represent the resonance frequencies of the dimers BD and AD, respectively. In comparing
Figure 4e with Figure 4g, the displacement field in the subgroup BC is much stronger than the
counterpart in the subgroup AD, and is comparable to that of the dimer BC alone, which
indicates the peak at ~670 nm of the quadrumer ABCD originates from the subgroup BC.
Similar behaviors can also be found for the dimers and the subgroup AD in comparing Figure

4f with Figure 4h.
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Figure 4. Optical nanocircuit built by a plasmonic quadrumer with D2, symmetry. (a) The schematic diagram for
subgrouping the quadrumer ABCD into two dimers of BC and AD; the separated dimers are fabricated with the
same size and same spatial location as the corresponding parts in the quadrumers. (b) The metatronic circuit of
quadrumers, where B and C are shunt-connected firstly and then series-connected to A and D. (c) The measured
extinction spectra and (d) the modeling electrical currents for the quadrumer (black line) and the dimer subgroups
(blue and red lines). The normalized electric displacement fields of the quadrumer (e, f) and the dimer subgroups
(g, h) at characteristic frequencies labeled in (d). The red arrows are the normalized displacement current on a
logarithmic scale.

Table 3. Key parameters for the metatronic nanocircuits of the quadrumer configurations

Parameter Ca (aF) Cad (aF) Lm (fH) Rrad1 (Q) Rrag2 ()

Value 175 274 6.39 39.09 80.54

Finally, the quadrumer with C>y symmetry and its variants are also investigated using the
metatronic circuit, which further demonstrates the convenience of circuit models in predicting

the tricky optical response. As shown in the rightmost column of Figure 5, the quadrumer |

15



with Coy symmetry has only one mirror-symmetyr plane, which results in a particular
capacitance distribution, i.e., Cab (Can) = Cac (Cac) and Cap (Cac) # Cab (Cac). Although
quadrumer | and its variants of 1l and I11 have a reduced symmetry compared to that of the D2n
quadrumer, their circuit structure has no fundamental difference from that of Figure 4b, so
there is no need to rebuild the circuit architecture, except to modify the specific assignment of
nanocapacitors. In this respect, the advantages of the metatronic circuit are well represented. It
is not only fast in computation but also has strong adaptability, i.e., no need to remodel every
structural change like the full-wave simulations. The quadrumer evolution from type I to Il and
then 111 can be treated as a rotation of the nanoparticle B anticlockwise around A. The response
to the light excitation predicted by the circuitry is displayed in Figure 5a, which are then
verified by the experiment and simulations. As observed in Figure 5, the metatronic circuit
correctly predicts the spectral contrast of the extinction spectra for these special quadrumers,
which is characterized by the higher blue-side peak relative to the red-side one. Furthermore,
the tendency of the spectral contrast is also captured by the circuit model. As shown in Figure
5a, in the process of evolution, Cyq is reduced gradually due to enlarged interspace, and the
spectral contrast between the blue-side and red-side peaks is reduced concomitantly. The
decrease of spectral contrast is mainly caused by the increase of the red-side peak, which arises
from the decrease of the capacitance in the B branch and leads to an increase of the current in

the AD branch based on Kirchhoff's laws.
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Figure 5. (a) Evolution of polarization current given by the metatronic circuit model of the quadrumer with Cyy,
symmetry and its variants. (b) The measured and calculated extinction spectra for the corresponding quadrumers

listed in the right-most column. The scalebar of SEM images is 100 nm.

B CONCLUSION

In summary, we comprehensively investigate the optical response of plasmonic oligomers to
light excitation from the metatronic perspective. After retrieving the elementary electrical
parameters of the nanocircuit from a dimer configuration under polarized optical excitations,
high-order nanocircuits, based on trimers, quadrumers, and their variants with reduced
symmetry, can then be built theoretically, which well explain the experimental extinction
spectra. The self-consistent metatronic model captures the full spectral features of the
complicated Fano resonances, shines more light on spatial subgroup decomposition, and
predicts well the spectral evolution with structural changes. In particular, benefiting from
addressing the microscopic inductive and capacitive couplings properly, the metatronic
circuitry can achieve one to one correspondence to the complex plasmonic structures in space,

and thus provides a rational way to engineering the spectral details via geometrical evolution.

B METHODS

Sample preparation and optical measurements: The Au oligomers with different shapes were
fabricated using electron beam lithography. A 3-nm-thick titanium (Ti) film was deposited on
the substrate by e-beam evaporation to increase the adhesion between Au and quartz substrate.
A 60-nm-thick Au film was then evaporated on the substrate followed by a spin-coating of 50-
nm-thick hydrogen silsesquioxane (HSQ) film as a negative electro-resist. After baking the
sample at 200 °C for 2 min, a combined process of e-beam exposure, chemical development,
and iron milling was performed to create well-defined Au nanodisk oligomers on the substrate.

The developed morphology was characterized by high-resolution SEM. Optical transmission

17



spectra were measured using Fourier transform infrared spectroscopy (FTIR, Bruker Hyperion
2000), and the extinction, defined as (1 - Transmission), was then calculated.

Full-wave numerical simulations and metatronic modeling: The 3D optical calculation was
carried out using a commercially available finite-difference-time-domain code (Lumerical
FDTD). The permittivity of the Au material was obtained from the experimental data*. From
the electric field distribution, we calculate the charge density distribution by applying Gauss'
law, p = &,V - E, where E is the electric field vector in the near field, p the charge density, and
o the permittivity in vacuum. The metatronic circuitry is developed in a rational way based on
the microscopic information (such as the direction, magnitude, and spatial distribution) of the
display current and the charge density. All the circuitry is frequency-dependent, and the detail

of the circuitry modeling is attached in the supporting file.
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