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Abstract

Despite numerous potential advantages of sub-radiative dark modes due to an extremely high quality
factor, the practicality still depends on the consistency of excitations for a tight fabrication tolerance.
This work proposes a novel approach to adaptive transitions between different dipole moments to allow
for consistent excitation of Fano and electric quadrupole resonances that are extremely sensitive to
geometric errors. The proposed geometry of each metamolecule consists of four strips printed on a thin
dielectric film with four gaps between the strips, and the geometric error is described as structural
deformation by adjusting the strip lengths and gap sizes in the vertical direction. In each deformed state,
current and magnetic-field distributions are analyzed to interpret operating principles, and multipole
moments are calculated based on the multipole expansion using the current distributions. The results
demonstrate that the consistent excitation of the electric quadrupole moment is enabled based on a
simultaneous transition between toroidal and electric dipole moments, and the Fano resonance is
consistently excited by the magnetic-to-electric dipole moment transition. For verification, original and
deformed metasurfaces are fabricated, and their transmission and reflection coefficients are measured
in a semi-anechoic chamber to experimentally validate the proposed dipole moment transitions. The
results confirm that the proposed approach has great potential to bring advances in recent sensing and

energy harvesting applications where an extremely high quality factor is essential.
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1. Introduction

Resonance with high quality (Q) factors are essential in various applications due to several advantages
as illustrated in Figure 1.1: for a sensing purpose, the high Q factor results in a sharp resonance that
provides more pronounced spectral shifts with respect to different electromagnetic properties [1]. The
high Q resonance is also preferred in wireless power tranfer because it maximizes the power delivered
to the load of the receiver by suppressing the stored electromagnetic energy. The sub-radiative behavior
of high Q resonance is also benefical to energy harvesting due to its strong localized fields which traps
the ambient energy within desired areas [2]. In the radio frequency (RF), most efforts to achieve high
Q resonance are considered as macroscopic approachs, which have been made from the circuit and
scattered field standpoints as shown in Figures 1.2 (a) and 1.2 (b). However, to produce strong magnetic
coupling, which is beneficial to obtain the sub-radiative behavior, bulk designs are inevitable. Despite
of the strong magnetic coupling in the optics spectrums, its design freedom is restricted by the short
wavelengths. Therefore, simple geometries as in Figure 1.2 (c) are widely utilized. In the microscopic
standpoint, which is mostly investigated in optics, the sub-radiative behavior can be analyzed based on
the multipole expansion using current distributions induced by electromagnetic waves, since the
induced currents can be characterized as a sum of dipole, quadrupole, and higher-order moments [3],
[4]. Recent research interests related to these multipole moments are mostly about independent
adjustment of their contributions to achieve the high O resonance [5]-[8]. Note that typical dipolar
resonances have broader bandwidths with a lower Q factor due to their radiative behavior, since the Q
factor is inversely proportional to the radiation resistance [9]. One of the well-known approaches to a
high Q factor is the use of interaction between bright and dark modes, i.e. the Fano resonance [10]-[14].
The Q factor can also be enhanced by inducing two antiparallel dipole moments in a single
metamolecule to excite a quadrupole moment, which is sub-radiative due to being a dark mode [15].
However, excitation of the dark mode has been a challenging research area since the destructive
interaction occurs when two modes or moments completely cancel each other out with the same
magnitude in opposite directions. This implies that the dark-mode excitation is extremely sensitive to
geometrical parameters, material properties, and fabrication tolerance. Owing to this sensitivity, most
of the previous works are limited to the following: first, most of the theoretical predictions have been
established in optical wave spectrums because of stronger microscopic interactions; however, extremely
short wavelengths lower the flexibility of structural modifications [16]-[19]. Second, although the
structural modifications become more flexible in microwave spectrums due to longer wavelengths [20]—
[22], this does not provide any fundamental solution to consistent excitations because it still depends

highly on the geometrical parameters.
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Here, we introduce a novel approach to geometry-independent excitations of dark modes using
adaptive transitions between different dipole moments to maintain consistency in the existence of
geometric errors. The proposed approach employs four strips printed on a thin dielectric film to form
the shape of two rectangular loops for each metamolecule. One of the novel aspects of the structure
compared to previous works is that the gaps between the strips are placed along the horizontal plane to
interact with vertically polarized waves. Note that most of the structures reported in previous works [6],
[8] place gaps in the vertical plane to achieve the same interaction. The proposed placement of the gaps,
in fact, plays a key role to consistently excite two dark modes, herein Fano and electric quadrupole
resonances, even when existing considerable geometric errors in metamolecules. This geometry-
independent excitation is enabled based on simultaneous transitions between two different dipole
moments: toroidal and electric dipole moments for the electric quadrupole and magnetic and electric
dipole moments for the Fano resonance. These dipole moment transitions are experimentally
demonstrated by defining five deformed states, each of which characterizes different geometric errors.
Then, sample metasurfaces are fabricated to measure their frequency responses of transmission and
reflection coefficients. We also provide in-depth analyses on the mechanism of toroidal-to-electric and
magnetic-to-electric dipole transitions based on the multipole expansion [4] with detailed observations
of near field and current distributions. We think that the proposed approach of dipole moment transitions
will provide potential breakthroughs in future sensing and energy harvesting applications with a high
degree of tolerance against geometric errors. In addition, the proposed concept can be expanded to
flexible or stretchable substrates whose frequency responses are easily affected by geometric

deformation.



II. Design and Analysis

2.1. Characterization of geometric error

Figure 2.1(a) shows five states of deformed metamolecules representing different geometric errors.
The original structure, State 1, is composed of two square loops placed side by side, and these square
loops are divided into upper and lower strips by inserting four gaps along the horizontal plane (z-x
plane). The detailed design procedure is provided in the Appendix. It is of importance to adjust gap
sizes and their positions for dark-mode excitations in such a way that the geometry becomes asymmetric
in both vertical and horizontal planes [26]-[28]. Note that we use the terms ‘central’ and ‘lateral’ to
specify gap positions according to the distance from the vertical plane (z-y plane) for ease of
explanations. In our design, two lateral gaps are completely symmetric whereas one of the central gaps
is slightly enlarged and the other parameters are maintained to be identical for the structural simplicity.
To characterize various deformation states, we stretch the geometry in the vertical direction so that the
metamolecule shrinks in the horizontal plane with increasing lateral gaps. Thus, the ratio between
horizontal and vertical lengths of metamolecules increases from 0.5 to 1.6, as the state index increases.
Figures 2.1(b) and 2.1(c) show conceptual illustrations of dipole moment transitions of State 1 and State
5, respectively. The gray arrows indicate electric currents induced on the strips, and these currents
generate magnetic and electric dipole moments, as specified by red and blue arrows, respectively. The
circulation of magnetic currents produces toroidal dipole moments expressed by green arrows, and the

equivalence to the electric quadrupole is specified by using two pairs of positive and negative charges.
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Figure 2.2 shows the geometry and its design parameters that are used to define five deformed states
whose size of the metamolecule is adjusted by py and p,. Four strips are designed using wy, wy, and Wi,
and the gaps between the strips are specified by s., s;, and g. Note that s, plays a key role to break the
symmetry in both vertical and horizontal planes that are specified by dash-dot lines. These parameters
are tuned for the X-band operation, and detailed values of the five states are listed in Table 1. It is worth
noting that the proposed approach to the broken symmetry is distinguished from most of the prior works
varying only the gap positions, e.g. [29] and [30], and give more design freedom in terms of current
distributions. More specifically, the geometry in [29] has a single central strip that is not separated into
left and right, and this restricts the vertical current at the center to point the same direction in either
upward or downward. Due to this restriction, the geometry excites a single dark mode of toroidal dipole
moment along with two electric dipoles. Although the geometry in [30] has separated strips at the center,
there are only central gaps, and the high-order dark mode, herein octupole is excited only as a harmonic
resonance. Thus, the resonant frequency of the octupole is three-time higher than that of the magnetic
dipole, on the other hand, our design is capable of simultaneously exciting two dark modes within the

X band for the five deformed states.



* Periodic boundaries

Figure 2.2. Top and side views of a single metamolecule with design parameters and periodic

Table 2.1: Design parameters and their values

Parameters Dx Dy Wr Wy S g
State 1 18 9 7 7 0.8 1
State 2 16 10.8625 6 8.8625 2.72 0.94
State 3 14 12.725 5 10.725 4.65 0.88
State 4 12 14.5875 4 12.5875 6.58 0.82
State 5 10 16 3 14.45 8.5 0.75

(sc = 02,52 =01, 51 =53 =854=355=8s=257=253s =0, wae = 0.75, and ¢ = 0.12 for all

designs (unit: mm))



In our full-wave electromagnetic simulations, the geometry of each metamolecule is modeled as
piecewise triangular meshes in xy-plane, and the infinite periodic boundary condition is applied in both
x- and y-directions to realize an infinite two-dimensional array. A far-field source is excited along the
z-axis to be normally incident to the geometry, and the source is linearly polarized with a tilt angle of
0°. The dielectric substrate is modeled using a cuboid with properties of ¢, = 2.66 and tand = 0, and the
metallic triangles are assumed as the perfect electric conductor (o = ©) to ignore conduction losses.
Note that only the fabricated metasurface is tuned by considering actual material properties, which will
be provided in Section 3.1. The simulated data are obtained in a frequency range from 8§ GHz to 12 GHz
with the minimum interval of 40 kHz, and the triangular meshes are designed to have edge lengths of
less than 0.05 4 at 10 GHz, which produces the total number of 756 meshes in State 5.

Figure 2.3 presents transmission and reflection coefficients of the five states for vertically polarized
waves along y-axis, and highlighted resonances at dip positions represent excited dark modes: electric
quadrupole moment (Qc) and magnetic dipole moment (M,), i.e. the Fano resonance. It is worth noting
that these dark modes are consistently excited although the structure is stretched in the vertical direction,
for example, dark-mode resonances appear at 9.4 GHz (Q.) and 9.7 GHz (M,) in State 1, and they still
exist at 9.2 GHz (Q.) and 10.9 GHz (M,) in State 5. To provide an in-depth analysis on such geometry-
independent excitation of sub-radiative dark modes, multipole moments are calculated based on the

multipole expansion [4], [32] using the information of electric currents induced on the metallic strips.
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2.2. Analysis.

2.2.1. Multipole Expansion

To calculate multipole moments based on the multipole expansion, we first need to obtain vector
electric current density J induced on metallic triangular meshes from full-wave electromagnetic
simulations. In Cartesian coordinates, the vector components of J,, J;, and J: are exported as raw data

to use in the computation of multipole moments using the following equations:

Electric dipole moment:

1
P=—|Jdr
=] (M
Magnetic dipole moment:
1 1
M. =—|(rxJ) d’r=—|0J, +xJ )d’
e [l [CTARR A Tt @)
Toroidal dipole moment:
1
T =10 [(r-d)r, =27, Jdr 5
1 2, 2 3
:ﬁ [(xe+ny)y—2(x +y )J}}d r

Electric quadrupole moment:

1 2
Qaﬁ :%I[}ﬂa’]ﬁ +}"ﬁJa —E(r-J)Saﬁ}d%’

(4)

a a

1 2
:7@]{;’ Jytryd, _E(xe +ny)5aﬁ}d3r

where r is the position vector from the origin to the centroid position of each triangular mesh. @ is the
angular frequency, and c is the speed of light. The subscript a and  can be selected as one of coordinate
components x, y, and z, and 6 represents the Kronecker delta that is equal to unity only for the same
coordinate components (and zero otherwise).

Then, the scattering intensity associated with the multipole moments can be calculated using the
following equations:

Scattering intensity due to electric dipole moment P,

20* | P, |’
Iy :—3c3 (5)

P

Scattering intensity due to magnetic dipole moment M.:

10
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Ly, === ©)

M,

Scattering intensity due to toroidal dipole moment 7}:
20° |T, |
Io=——=s (7

Scattering intensity due to electric quadrupole moment Qg
6
1) 2
I, =—
0 =55 2120l ®)

2.2.2. Analysis based on multipole expansion

Figure 2.4 shows comparisons of multipole moments and transmission coefficients of all states with
the geometry of each metamolecule as an in-set figure. In State 1, the electric quadrupole moment (Q.)
has the greatest peak at the first resonance, when the magnetic dipole moment (M,) is being dominant
for the other two resonances. Another interesting phenomenon is that the peaks of the toroidal dipole
moment (Ty) are aligned with those of the magnetic dipole moment at 9.4 GHz, 9.6 GHz, and 9.8 GHz.
This is because the toroidal dipole moment is induced by two antiparallel magnetic dipole moments,
when two square loops of the metamolecule operate as a two-dimensional toroid [33]. In State 2, the
first resonance is still associated with the electric quadrupole moment, however, the major contribution
of the second and third transmission resonances at 10 GHz and 10.2 GHz is switched to the electric
dipole moment. Instead, the remaining magnetic dipole moment at 10 GHz produces a trapped mode,
which accompanies to a Fano resonance in reflection coefficients [21]. Note that the average levels of
the magnetic and toroidal dipole moments tend to decrease as the state index increases while that of the
electric dipole moment shows the opposite trend. As a result, in State 5, the electric dipole moment
becomes dominant over a wide frequency range, but, nevertheless, the electric quadrupole and Fano
resonances still exist at 9.2 GHz and 10.9 GHz, respectively.

To evaluate the validity of our observation on the transition of multipole moments provided in Figure
2.4, we calculate the scattering intensity associated with Py, Ty, M, and Q. in the backward (+z)
direction, and their sum is normalized by the incident amplitude [3]. Figure 2.5 presents the calculated
sum of scattering contributions in comparison with the simulated reflection coefficients that are
identical to Figure 2.3, but in log-scale. The results confirm that multipole moments calculated using
the currents in the metallic parts make dominant contributions, and the involvement of substrate

displacement currents can be negligibe.

11
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2.2.2.1. Toroidal-to-electric dipole transition

Figure 2.6 shows absolute values of electric currents with arrows to specify directions of the currents
and magnetic fields at the electric quadrupole resonance. In State 1, each strip forms a circulation of
electric currents, thus, two upper strips induce magnetic fields toward opposite directions. This is
equivalent to the field distributions of a two-dimensional toroid placed in x-y plane, which produces a
toroidal dipole moment in +y-direction. In a similar manner, current distributions of two lower strips
make another toroidal dipole moment in the opposite direction, and these antiparallel toroidal dipole
moments excite the electric quadrupole moment. However, as the geometry is stretched in the vertical
direction, the current circulation of each strip becomes weaker due to a reduced length in x-direction,
so the toroidal dipole moment diminishes together (Figure 2.1(c)). Alternatively, the upper and lower
strips induce linearly oscillating currents toward opposite directions, which results in two antiparallel
electric dipole moments enabling the excitation of electric quadrupole moments. To more thoroughly
observe this toroidal-to-electric dipole transition, the strengths of scattering intensity in the far-field
zone for toroidal and electric dipole moments as well as their phases are separately calculated for upper
and lower strips as shown in Figures 2.7(a) and 2.7(b). In State 1, two toroidal dipole moments have a
phase difference of 180° with similar magnitudes of about 107, and they are greater than the electric
dipole moments by a factor of 10%. Due to the reduced current circulation, the toroidal dipole moment
shows a decreasing trend for both upper and lower strips, on the contrary, the electric dipole moment
becomes stronger for a larger state index. Thus, the intensity ratio of the electric dipole to toroidal dipole
moments tends to increase as indicated by a red line, and this dipole moment transition provides

consistent excitation by accompanying with the steady phase difference of about 180°.
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Figure 2.6. Distributions of surface currents induced on the strips in five states (unit: mA). The black
and red arrows illustrate the instantaneous directions of electric and magnetic current densities at wt

= 0°, respectively, for the electric quadrupole resonance.
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induced on upper (solid) and lower (dashed) strips. The red lines express the amplitude ratio of

electric dipole to toroidal dipole moments. (b) Phase variations of dominant dipole moments with
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2.2.2.2. Consistent excitation of Fano resonance

Figure 2.8 shows distributions of electric currents in absolute values at three resonant frequencies for
State 1 and State 5. The terms ‘T;” and ‘T>’ represent the second and third resonant dips of the
transmission in Figure 2.3, and ‘R’ indicates a dip of the reflection between T, and T», which is the Fano
resonance. Note that the square loop of State 1 induces a circulation of electric currents, which produces
the magnetic dipole moment (Figure 2.1(b)), and each side of the strips in State 5 constructs the electric
dipole moment in the vertical direction (Figure 2.1(c)). In both states, only the strips on the right-hand
side induce strong currents at T, and those on the left-hand side become active at T». Consequently,
current magnitudes on the right and left-hand sides reach the equality at R, which is also known as a
trapped mode having the sub-radiative behavior. Figure 2.9 presents variations of scattering intensity
for electric and magnetic dipole moments calculated from current distributions of the strips in the right-
and left-hand sides, separately. The scattering intensity of the magnetic dipole moment is dominant at
both transmission resonances in State 1, and they are 100 times greater than those of the electric dipole
moments. Although the contribution of magnetic dipole moments decreases due to the reduced
circulation in a larger state index, the Fano resonance R still remains because of raised electric dipole

moments, which results in the increasing trend of the intensity ratio specified by red lines.
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III. Experiments

3.1. Fabrication and measurement

It is now experimentally demonstrated if the geometries in State 1 (original) and State 5 (deformed)
produce the two dark modes of electric quadrupole and Fano resonances. To employ more realistic
conditions of a real metal and a lossy dielectric material, design parameters are tuned for the actual
properties: RT/Duroid 5880 (e, = 2.2, tand=0.001) and copper (o= 5.8 x 107), as listed in Table 2. The
sample metasurfaces are fabricated by a wet etching process on a thin dielectric film with the overall
dimension of 237 mm x 237 mm, and photographs of the fabricated metasurfaces are shown in Figure
3.1

Figure 3.2 shows detailed measurement setup with a sample holder that is used to make the fabricated
metasurface flat, since the substrate is flexible due to the 0.12-mm thickness. Two X-band horn antennas
are connected to a network analyzer (Model: N5242A PNA-X) through two coaxial cables, and the
interval between each antenna and the metasurface is maintained to be 25 cm (= 104 at 12 GHz) for far-
field conditions with plane wavefronts. To minimize the effect of ground reflections, the antennas and
the sample holder are placed on the top of a Styrofoam cuboid with the overall size of 90 cm (width) x
90 cm (depth) x 60 cm (height), and reflection and transmission coefficients are obtained from measured
scattering parameters. To compensate for the space loss of the given environment, first, we measure
two-port scattering parameters without the fabricated metasurface and save as free-space data. Then,
we conduct another measurement with the fabricated metasurface and subtract the free-space results to
get pure frequency responses caused by the metasurface under test. Note that the total of 32,001
frequency points is measured for an increment of 125 kHz in the frequency range from 10 GHz to 14

GHz to clearly detect the resonances with such high Q factors.
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State 1

State 5
Figure 3.1. Photographs of the fabricated metasurfaces in State 1 (upper) and State 5 (lower). The

inset figures show magnified views of the fabricated metamolecules with scale bars (unit: mm).

Table 3.1: Design parameters of fabricated metasurfaces

Parameters Dx Dy Wy Wy
State 1 19.6 10.3 7.8 7.8
State 5 10 16 3 14.5
Parameters g 82 S4 Ss s7
State 1 1.2 0.2 0.8 0.8 0.8
State 5 0.75 0.8 0 0 0

(5¢=0.3,51 = 53 = 86 = 58 = 0, way = 0.75, and ¢ = 0.12 for all designs (unit: mm))
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Figure 3.2. Measurement setup: reflection and transmission coefficients of the fabricated
metasurface are calculated from measured Si;1 and S»1, respectively, by compensating for the space

loss.
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3.2. Experimental demonstration

Figures 3.3(a) and 3.3(b) present measured transmission and reflection coefficients in comparison
with simulated results in State 1 and State 5, respectively. For each state, two transmission resonances
are specified by I and III, the Fano resonance of the trapped mode is indicated by II, and the electric
quadrupole resonance is I'V. We can verify that the measured data agree well with the simulated results,
and the major cause of reduced Q factors is due to the finite conductivity and the dielectric loss of the
substrate. Figure 3.4 shows variations of multipole moments and current distributions in State 1, and
those in State 5 are shown in Figure 3.5. As can be seen, the magnetic dipole moments are being
dominant at II, and the peak of the electric quadrupole moments are associated with resonances I'V. The
strips on the right- and left-hand sides induce strong currents at I and 111, respectively, and transitional
current distributions are observed at II. Two antiparallel toroidal dipole moments in State 1 and electric
dipole moments in State 5 are generated by upper and lower strips at IV, and their destructive

interferences excite the electric quadrupole moment as discussed in the previous section.
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Figure 3.3. Measured reflection (R, blue) and transmission (T, red) coefficients in comparison with

simulation (dashed) of (a) State 1 and (b) State 5.
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Figure 3.5. (a) The scattering intensity of multipole moments over the frequency range and (b)
Surface current distributions with instantaneous directions of electric and magnetic current densities

in State 5.
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3.3. Analysis on structural deformation

The validity of the proposed structure is further evaluated by performing additional analyses using a
numerical software that calculates geometrical deformations when a tensile strength is applied [34].
Note that the tensile strength is assumed as 6.5 MPa, and the material properties are selected from the
library of the software to stretch the substrate with the given strength. Details of our validation process
are as follows:

(1) We model the geometry of State 3 in the software and apply the tensile strength at the upper
and right edges, separately. Different tensions of 125 N and 250 N at the right edge lead the geometry
of State 3 to that of State 2 and State 1, respectively, while the tensions in the horizontal direction

produce State 4 and State 5.
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original geometry of State 3 is indicated by dashed lines. The strength is adjusted to mimic each unit
cell’s size of (a) State 1, (b) State 2, (c) State 4, and (d) State 5.
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) The simulation provides displacements of the geometry, such as strip widths and substrate
thicknesses, due to the tension, as shown in Figure 3.6. Then, the displacements of geometrical
parameters are exported to full-wave electromagnetic simulations to replicate the deformation.

3) To account for the change of conductivity, i.e. surface resistance, we use the data provided in
[31] for describing the stretching effect. For example, State 3 has a conductivity of 2 x 10° S/m at no
strain, and the conductivity is reduced to 0.9 x 10° S/m as the strength increases.

Figure 3.7 shows variations of reflection coefficients due to the deformation. Although the dark-mode
resonances become less obvious with the reduced conductivity, the proposed geometry is still capable
of exciting dark modes for all states of deformations. This implies that the proposed design is valid to

excite dark modes under deformations when the conductivity is maintained.
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Figure 3.7. Variations of reflection coefficients in the existence of geometrical deformation. The red,

blue, and green lines indicate results when applying different conductivity of o= 7x 107, o= 4x 10°,

and o < 2x 10° [31], respectively. (a) State 1, (b) State 2, (c) State 3, (d) State 4, and (e) State 5.



IV. Conclusion

The adaptive transitions between different dipole moments have been explored to demonstrate
geometry-independent excitations of dark modes from various standpoints: multipole expansion,
reflection and transmission coefficients, and distributions of electric and magnetic current densities.
The transition between toroidal and electric dipole moments provided consistent excitations of electric
quadrupole moments with the Q factor of greater than 9,250, and the Fano resonance continuously
appeared based on the magnetic-to-electric dipole moment transition with the Q factor of greater than
170 in the five deformed states. The feasibility of the proposed approach was further verified using the
fabricated metasurfaces, and their reflection and transmission coefficients were measured in the semi-
anechoic chamber. The measure results showed that the Fano resonance exists at 10.11 GHz and 11.84
GHz as a trapped mode in State 1 and State 5, respectively, and the electric quadrupole resonance
appears at 13.45 GHz and 13.75 GHz. The measured Q factors were 63 (48) and 168 (105) for Fano
and electric quadrupole resonances in State 1 (State 5), respectively, and this reduction was mainly
caused by the finite conductivity of the metallic strips and the dielectric loss of the film. We believe that
the proposed idea will play a key role in making the use of sub-radiative dark modes more practical. In
addition, it also has great potential to be expanded for future sensor technologies that utilize stretchable

or flexible substrates, which will be our future topics.
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Appendix

Design procedure

The following is an example design procedure of the original geometry (State 1): we first design a
single square loop, composed of two strips as indicated in Appendix Fig. 1 (a), and we will denote this
structure as a single-sided cell (SSC) for ease of explanations. Each metallic strip of the SSC is designed
to have electrical length of, approximately, half wavelength at resonant frequency to support the strong
interaction with the incident waves. This SSC brings a magnetic dipole moment in +z-direction due to
the circulation on the strips, and the geometry expands to a double-sided cell (DSC) by mirroring the
structure about the vertical plane as shown in Appendix Fig. 1 (b). When s, is equal to zero, the left side
of the DSC produces another magnetic dipole moment in the opposite direction, and its magnitude is
almost identical due to symmetry. As a result, a toroidal dipole moment is excited in +y-direction
because of the coupling between the two closely spaced magnetic dipoles, which operates as a two-
dimensional toroid. For a non-zero s,, the geometry becomes asymmetric in both planes and produces
tri-band resonances of electric quadrupole, toroidal dipole, and Fano resonances. In the proposed design,
the electric quadrupole moment is excited by destructive interference between two toroidal dipoles
oscillating out-of-phase. More specifically, the upper strips operate as a two-dimensional toroid that

accompanies to a toroidal dipole moment in +y-direction, and the lower strips generates another toroidal

dipole in —y-direction with a similar magnitude, which destructively interfere with each other

L. Vi

X X

(a) (b)
Appendix Fig. 1: Design procedure: (a) Single-sided cell (SCC), (b) Double sided cell (DSC).
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