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We theoretically and experimentally demonstrate a thermally tunable anapole metasurface. By ther-
mally changing the dielectric function, our studies unveil the tolerance of the nonradiating anapole source
to the presence of dissipation losses in systems of all-dielectric meta-atoms. The so-called anapole state is
an ac current distribution of electric and toroidal dipoles in such a relation that their exclusive destructive
interference leads to the absence of far-field radiation. It has been shown to exist in variable dielectric
configurations that involve assemblies of infinite dielectric rods, yet a systematic study of its tolerance
to losses is still open. Here we examine two designs focusing on their tolerance to dissipation losses:
one combining the toroidal mode of a peripheral four-cylinder system with the mixed toroidal mode
of a single central cylinder of adjusted size, and another consisting of five rods in a regular pentagon
arrangement. The first design exhibits a particularly enhanced toroidal dipole moment and high anapole
precision. The second design exhibits anapole states with enhanced loss tolerance and, thus, it is the target
of our experimental investigation. For the experiment, we use water-based rod metasurfaces designed for
anapole operation in the microwave regime and we employ a characterization in a standard rectangular
waveguide. The dielectric properties of water exhibit significant temperature dependence that allows for
controlled permittivity and dissipation, leading to the dynamical modification of Mie resonances in meta-
atoms. Thus, we experimentally prove the emergence of an anapole state and its tolerance to the losses in
a well-controlled system; furthermore, we demonstrate and expose the potential of aqueous schemes for
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tunable electromagnetic applications.
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I. INTRODUCTION

The nonstatic anapole is a special case of a nonradi-
ating source that emerges when a toroidal dipole mode
oscillates out of phase with respect to an electric dipole
[1-3]. The very existence of the toroidal dipole as an
independent electromagnetic excitation and subsequently
the nontrivial nonradiating anapole have been studied and
debated for many years [4—6]. However, it was only after
the evolution of metamaterials technology [7] that the exis-
tence of these states was experimentally realized, initially
in the microwave regime [8,9] and then in the terahertz
and optical regimes [10—12]. Soon after its experimental
demonstration, the anapole was examined for a plethora of
applications, such as nanolasers [13], broadband absorbers
[14,15], devices for wavefront shaping [16], modulators

*atasolam@jesl.forth.gr

2331-7019/21/15(1)/014043(17)

014043-1

[17,18], and high-harmonic generation [19—22]. The real-
ization of the anapole state requires the enhancement of the
usually weak toroidal dipole (in comparison with the elec-
tric dipole) and the proper manipulation of their phases.
This has been done in various works involving Mie res-
onances in all-dielectric metasurfaces. For example, the
anapole has been achieved in sculptured cylinders by
employment of high-order Mie modes [23], in silicon disks
[10,24-26], etc. An interesting scheme for manipulating
the toroidal mode emerged by the proper combination
of high-index dielectric cylinders [27]. These assemblies
have been shown to allow control over the multipole
moments and particularly the toroidal dipole excitation by
properly choosing the number of rods in meta-atoms, their
shape, or size [28-32].

Water has attracted great interest as a constituent
material for dielectric metasurfaces due to its outstand-
ing potential as a high-refractive-index material in the
microwave regime (replacing the conventionally used
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scarce and expensive materials such as barium strontium
titanate or lithium tantalate). Additionally, water exhibits
two prominent properties, the convenience of adjusting
to the shape of its container, thus enabling the manu-
facture of a wide range of water-based objects, as well
as the strong temperature dependence of its dielectric
function [33,34]. The latter may enable the automatic
external control of a water-based metasurface response
and lead to tunable electromagnetic operations [35-37].
Many recent researches exploit the tunability of water;
for example, its thermal, mechanical, and gravitational
properties have been exploited in periodically positioned
water-filled reservoirs [38]. Magnetic field enhancement
of magnetic resonance imaging coils has been accom-
plished by controlling the water level in a tuning cavity
of a spiral resonator [39], microwave broadband absorbers
have been demonstrated in Refs. [40,41], while the guid-
ing effects of water-filled elements were investigated in
Ref. [42]. Recently, it was shown that water offers con-
trol over the Mie resonances; water cubes were found
to sustain thermally tunable magnetic and electric dipole
resonances [43].

In this work, we consider two different high-index meta-
surface designs of many-rod assemblies, and demonstrate
their capabilities of sustaining the anapole by properly
adjusting the toroidal (T) and electric (p) dipole moments;
to achieve the anapole state, these contributions must
satisfy the relation p 4 ikT = 0. After an extensive exami-
nation of the modes influencing the anapole realization and
an evaluation of their performance as anapole nonradiat-
ing sources, we then study both candidate structures with
regards to their resilience to ohmic losses; we provide a
thorough discussion of the anapole tolerance to dissipa-
tion by systematically evaluating the effects of the latter
on the anapole realization. Thus, our work presents a the-
oretical, numerical, and experimental investigation of the
material damping effects in toroidal and anapole sustaining
dielectric systems and may serve as an analogue for ranges
where such investigation is not as accessible, for example
systems in the IR and optical regimes. Applications of the
anapole state involve the exploitation of its key property
that is the far-field radiation suppression with the simulta-
neous enhancement of the near-field energy, an important
feature for a plethora of technological applications, such as
electromagnetic harvesting, sensing, cloaking, lasing sys-
tems, and nonlinear optics. Furthermore, we expose the
potential of the water-based metasurfaces as tunable com-
ponents operating in the microwave regime, which could
apply to tunable absorbers, modulators, polarizers, tunable
reflectors, and many more.

Our first system is characterized by a particularly high
toroidal dipole excitation and an anapole state of high
precision, i.e., virtually no radiation leakage. Our second
structure, comprised of five rods in a pentagon arrange-
ment, also exhibits a clear anapole with a bit more radiation

leakage than the first design and increased tolerance to
dissipation losses. Consequently, we first examine the-
oretically the response of a single unit cell of water-
filled tubes in a regular pentagon arrangement and placed
inside a rectangular waveguide in order to compare with
the subsequent experimental observations [44]. The latter
are performed under conditions of controlled dissipation,
achieved by employing a heating mechanism external to
the waveguide, i.e., a heating tape, that allows for the ther-
mal tunability of the water within the tubes. In accordance
with our theory, the experimental observations reveal that
there is a temperature or, equivalently, a loss threshold
beyond which the anapole ceases to exist as a result
of the increased loss sensitivity of the toroidal dipole
contribution.

II. ANAPOLE STATES IN ALL-DIELECTRIC
INFINITE ROD ASSEMBLIES

The coexistence of many rods in the same unit cell leads
to the appearance of collective electromagnetic super-
modes characterized by an enhanced toroidal character,
as we have thoroughly discussed in Ref. [29]. To demon-
strate this, we begin with a cylinder, infinitely long in the
z direction and of circular cross section in the x-y plane, as
shown in Fig. 1(a). We additionally assume that the elec-
tric field is polarized along the cylinder axis E=F,, i.e.,
TE polarization, and that the wave vector remains in the
x-y plane. The magnetic dipole eigenmodes of the isolated
infinite dielectric cylinder, TE;o shown in Fig. 1(a), can
serve as the building block for the formation of toroidal
supermodes. The latter emerge due to intracoupling inter-
actions of the unit-cell rods, arranged in regular polygons
as shown in Fig. 1(a) (here we show up to five rods). The
magnetic lines thread the current distributions of all rods,
and form a loop, characteristic of the toroidal eigenmode.
The existence of toroidal supermodes in these structures in
combination with electric dipole modes suggests the possi-
bility for the realization of the anapole state. Nevertheless,
the achievement of the latter requires the spectral isolation
of the toroidal and electric dipole modes from several other
modes of magnetic character.

Previously, in Ref. [29] we showed that this spectral iso-
lation is strongly dependent on the number of rods within
the unit cell; odd-numbered systems enhance the isolation
that is also affected by their separation distance. To obtain
our goal of realizing the anapole states, we have examined
the design of four rods of square arrangement accompa-
nied by a central rod, system 4-1, shown in Fig. 1(b), as
well as the pentagon arrangement of Fig. 1(c), system 5-0.
Our investigation strategy is similar to our theoretical work
presented in Ref. [23]. To facilitate the reading flow, we
draw the theoretical framework of our study and provide
more details in the Appendix.
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FIG. 1. Toroidal eigenmodes in infinitely long dielectric cylinders assuming TE polarization, E=E;, and k, = 0. (a) The mag-
netic dipole eigenmode TE(, of an isolated cylinder as a building block of the toroidal supermode in many-rod systems, here
shown for two-, three-, and four-rod systems. Color represents the current density J, and arrows represent the magnetic field
distribution. (b) The 4-1 system and the combination of the TE,; eigenmode of the central cylinder and the collective toroidal
supermode of the peripheral rods that realizes the anapole state, accompanied by its electromagnetic eigenmode identifier. The
expected radiation contributions are the electric dipole p., the toroidal dipole 7-, the magnetic quadrupole QF, and the electric
octupole O%,.. The dimensions of the unit cell are: Ry = 13.44 mm for the central cylinder, R = 8.076 mm for the peripheral
four rods, the period is d = 84 mm, and the center-to-center separation distance between the peripheral rods is s = 42.24 mm.
(c) The 5-0 system and the collective toroidal supermode, accompanied by its electromagnetic eigenmode identifier. The expected
radiation contributions are the electric dipole p., the toroidal dipole 7, and the magnetic quadrupole Q7. The dimensions of
the unit cell are: R = 8.05 mm, the period is d = 109.2 mm, and the center-to-center separation distance between the rods is

s =26 mm.

As described in Ref. [23], we follow two approaches. In
the first approach there is no external incoming field and
the eigenmodes are determined by imposing the appropri-
ate boundary conditions, i.e., periodic boundary conditions
in the y direction and open boundary conditions in the
x direction; in the second approach, the scattering cross
section (reflection in our case) is obtained by imposing
periodic boundary conditions in the y direction and port
conditions in the x direction; the eigenmodes are identified
as peaks in the scattering spectrum. For both the eigen-
mode approach and the scattering analysis in vacuum or in
waveguide, we perform full wave numerical calculations
with commercially available electromagnetic solvers, such
as CST Microwave Studio® and COMSOL Multiphysics®.
To ensure high numerical accuracy, we assume a maxi-
mum mesh element size equal to 1¢/100 and frequency
resolution equal to 5 MHz.

Each eigenmode is characterized by its eigenfrequency,
its quality factor (which describes its radiative characteris-
tics), and the associated displacement current distribution.
The latter allows us to calculate the first eight multipole
moments, Egs. (A2) to (A8) in Appendix Al, and to com-
pare their sizes. Since our systems are subwavelength,
we calculate the lower-order moments (zero up to first

order). The omitted multipole moments make a contri-
bution to the fields of the order of (a/1)* and (a/A)* to
the power, where a is the size of the unit cell and A is
the wavelength. All the multipole moments are multiplied
with the radiation prefactors appearing in Appendix Al,
Eq. (A1), since each moment is expected to contribute dif-
ferently to radiation. For each eigenmode, we identify the
strongest multiple contribution and use it to normalize all
the expected contributions. Therefore, each eigensolution
possesses a different electromagnetic character determined
by its strongest multipoles. We identify the eigenmodes
with the enhanced toroidal dipole contribution. Based on
its spectral and morphological characteristics and the char-
acteristics of neighboring (in frequency) eigemodes, we
perform the proper structural adjustments in the unit cell,
so that the anapole condition, p + ikT = 0, can be satis-
fied in the reflected field. The eigenvalue analysis provides
us with an initial partial determination of the structural
parameters that are capable of satisfying the anapole con-
dition. This is only a partial determination because the
multipole analysis is made only at the central frequency of
each eigenmode, while each eigenmode acquires a band-
width as a result of radiation and material losses. This
is why the second approach, i.e., the one employing the
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reflection amplitude of an external incoming wave by the
metasurface, becomes necessary, as it allows us to make
the multipole analysis at every single frequency by calcu-
lating the displacement currents induced by the incoming
field, and then applying Eqgs. (A1) to (A8) of Appendix Al.
Combining this result with that of the first approach, we
are in a position to identify at each frequency from which
eigenmode(s) every multipole originates. The employment
of both approaches also provides stringent tests to the accu-
racy of our numerical methods since we find that both
approaches give the same characteristics for the eigen-
modes; in addition, adding the amplitude contributions of
all eight multipole moments for each frequency is equal to
the reflection amplitude at this frequency obtained by the
full wave numerical simulation. The frequency where the
anapole occurs is expected to be found close to the eigen-
frequency of the mode bearing the strong toroidal dipole
contribution.

The anapole state in the 4-1 structure is obtained by
exciting a hybrid eigenmode, which is the combination
of a single-cylinder (central) TE;p mode (mixed toroidal)
and a collective toroidal supermode formed by the periph-
eral rods; see Fig. 1(b). For the 5-0 system, the anapole is
observed by exciting the collective toroidal supermode of
the five-rod formation; see Fig. 1(c). (A detailed discus-
sion on the electromagnetic character of the eigenmodes
of the single rods and the systems is provided in Appendix
A2.) Our subsequent theoretical analysis is focused on the
gigahertz regime, around 1.5 GHz, which facilitates the
experimental demonstration of the anapole state by means
of our thermally tunable water-based metasurface in the
closed rectangular waveguide experiment.

A. Anapole in the 4-1 system

We begin with the investigation of the 4-1 system. We
consider a plane wave of x incidence and z polarization
impacting normally on the metasurface, which is infinite
along the z axis and periodic along the y axis, as shown
in Fig. 2(a). The E, incident wave induces polarization
currents and excites the TE-type eigenmodes, thus affect-
ing the reflected and transmitted far-field coefficients. The
calculation of the latter, as well as of the reflected power
by each multipole, is employed as in Ref. [23] and is
based on the decomposition of the E field into its multi-
pole components. The appearance of local extrema in the
reflected multipole powers and in the reflection and trans-
mission coefficients is associated with the excitation of
the TE eigenmodes and the interference of their individual
multipole (amplitude).

Initially, we assume that the permittivity of the con-
stituent rods of the metasurface is ¢, = 80. For the
moment, we ignore the dissipation losses. We perform
an eigenvalue analysis and focus on the eigenvalue that
emerges as the combination of the TEy, eigenmode of
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FIG. 2. (a) Schematic of the z-polarized plane wave impact-

ing normally the metasurface that is infinite along the z axis
and periodic along the y axis. The dimensions of the unit cell
are: Ry = 13.44 mm for the central cylinder, R = 8.076 mm
for the peripheral four rods, the period is d = 84 mm, and the
center-to-center separation distance between the peripheral rods
is s = 42.24 mm. (b) Total reflection coefficient, full wave cal-
culation (black solid), by adding all amplitudes (blue dashed),
and by including only the electric and toroidal dipole amplitudes
(red) for the frequency range 1-2 GHz. At ~ 1.52 GHz, there
is an excellent coincidence of the dip (red) corresponding to the
cancelation of the electric and toroidal moments, with the dip
(black) of the total reflected field. Detail of the phase difference
[Ap = ¢ (p.) — ¢ (ikT.) = 7] of the electric and toroidal radi-
ation contributions to the amplitude fields. (c) Power reflected
by the individual multipoles for the infinite metasurface of unit
cells as in Fig. 1(c) for 1-2 GHz. The excitation of the hybrid
toroidal mode leads to the emergence of a strong 7. reflection
power (green curve) that cancels out the p, (blue) via the rela-
tion (p, + ikT, = 0), resulting in a zero overall reflection power
at approximately 1.52 GHz.

the central cylinder and the collective toroidal supermode
of the peripheral rods, shown in Fig. 1(b). As seen in
Fig. 1(b), the eigenmode is characterized by an enhanced
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toroidal dipole character. The spectral position of the spe-
cific eigenmode in the landscape of the neighboring eigen-
solutions is discussed in detail in Appendix A3. We find
that the eigenfrequency of this hybrid toroidal mode sus-
tained by the 4-1 system lies at fit) = 1.515 GHz for the
following parameters: the periodicity along the y axis is
set to d = 84 mm, the radius of the peripheral rods is
set to R = 8.076 mm, the radius of the central cylinder is
set to Ry = 13.44 mm, and the center-to-center separation
between the peripheral cylinders is 42.24 mm.

In Fig. 2(b) we present the overall reflection coefficient
in the range 1-2 GHz, which is calculated by (i) numer-
ical full wave simulations based on the finite element
method (black curve) and (ii) the summation of reflected
amplitude fields by each multipole (light blue curve); there
is complete agreement between the two, verifying that
all multipole contributions have been included. The total
reflection coefficient is also compared with the reflection
obtained when only the electric and toroidal dipole terms
are considered in the multipole expansion [i.e., the R =
f (p,T) terms], shown with the red curve in Fig. 2(b). In
Fig. 2(c) we present the power reflected by the individ-
ual multipoles of the metasurface in the range 1-2 GHz. In
this regime, the nonzero radiation contributions come from
the electric dipole p., the toroidal dipole 7., the magnetic
dipole m,, the electric quadrupole Qf,, and the magnetic
quadrupole Q7. In Fig. 2(c) we observe that at fir) = 1.515
GHz, where the hybrid toroidal eigenmode is excited, the
T, power is maximal. Note that in this design the toroidal
dipole component is remarkably only slightly weaker than
the corresponding electric dipole component; this is a sig-
nificant enhancement compared to studies investigating
similar systems. We also observe that around this same
frequency there is a crossing of the toroidal dipole T,
and the electric dipole p, terms (green and blue curves,
respectively). We provide a more thorough discussion of
the multipole contributions in Appendix A3. Returning to
the total reflection shown in Fig. 2(b), we observe that
at the same frequency, f(1), we find a reflection dip. In
fact, the reflection dip of R = f (p, T) coincides with that
of the overall reflection coefficient (the shift of the two
reflection dips is only 8f /fo = 0.0072%, and at the shifted
frequency the leakage is only 0.4%). This indicates that at
the vicinity of fity practically no other multipoles (except
from the toroidal and electric dipoles) contribute. More-
over, the sharp dip in the reflection shows that these two
dipoles cancel each other and that the anapole relation, p +
ikT = 0, is satisfied. This cancelation is further verified by
the phase relation of the radiation field amplitude contri-
butions of the dipoles [i.e., Ap = ¢ (p.) — ¢ ((kT,) = ];
see the inset of Fig. 2(b). Hence, by matching two toroidal
dipole eigenmodes and by properly adjusting the geomet-
rical dimensions, we eliminated parasitic magnetic con-
tributions (see also Appendix A3), thus obtaining a pure
anapole state.

—Full wave —R=f(p,T) —R=f(p, T, m,Q;Q,Q,0°,0"
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FIG. 3. (a) Total reflection coefficient (the full wave simula-

tion is represented as a black solid line and adding all amplitudes
is represented as a blue dashed line) and reflection coefficient
including only the electric and toroidal dipole amplitudes (red)
for the frequency range 1-2 GHz for system 5-0. There is a good
coincidence of the dip (red) corresponding to the cancelation of
the electric and toroidal moments, with the dip (black) of the
total reflected field at approximately 1.43 GHz. Inset: detail of the
power reflected by the moments for the range 1.3—1.5 GHz. Near
the excitation of the toroidal supermode, the p, and 7, powers
cross and their amplitudes cancel, resulting in a zero total reflec-
tion power at approximately 1.43 GHz. The dimensions of the
unit cell are: R = 8.05 mm, the period is d = 109.2 mm, and the
center-to-center separation distance between the rods is s = 26
mm.

B. Anapole in the 5-0 system

In this section, we follow the same approach for the 5-
0 system. The anapole state of this structure is achieved
by means of exciting the collective toroidal supermode of
the pentagon arrangement, which is shown in Fig. 1(c).
As seen in Fig. 1(c), the eigenmode is characterized by
an enhanced toroidal dipole character. As in the previ-
ous case, we consider a plane wave of x incidence and z
polarization impacting normally on the metasurface that is
infinite along the z axis and periodic along the y axis (see
the inset of Fig. 3). We assume that the permittivity of the
metasurface’s constituent rods is €, = 80 and we initially
assume no dissipation losses. We perform an eigenvalue
analysis and focus on the collective toroidal supermode.
We find that the eigenfrequency of the mode is equal to
Jiry = 1.422 GHz for the following parameters: the peri-
odicity of the metasurface is approximately 109 mm, and
the radii of the rods are 8 mm and their center-to-center
separation is 26 mm.

In Fig. 3, we present the overall reflection coefficient in
the range 1-2 GHz, which is calculated by (i) numerical
full wave simulations based on the finite element method
(black curve) and (ii) the summation of reflected ampli-
tude fields by each multipole (light blue curve); there is
complete agreement between the two, verifying again that
all multipole contributions have been included. We also
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FIG. 4. Loss sensitivity of the anapole condition in the (a) 4-1 and (b) 5-0 systems. Upper panels in (a),(b) present the power
reflected by each multipole, assuming that a wave of E. polarization impinges on the metasurface for variable values of fictitious
losses, tand = 0, tan§ = 0.002, tan§ = 0.006, tan§ = 0.012, and tan § = 0.024. Lower panels in (a),(b) present the total reflection by
the metasurface for the same values of fictitious losses. As evident, for the 4-1 structure, the crossing between the electric and toroidal
dipoles is sustained for up to tan§ = 0.012. On the contrary, structure 5-0 exhibits increased resiliency in material losses with a twice

limiting value of tan § for the crossing to occur.

include in red the reflection obtained when only the electric
and toroidal dipole terms are considered in the multipole
expansion [i.e., the R = f (p, T) terms]. In the inset we
present the power reflected by the individual multipoles
of the metasurface around the resonance of interest, in
the range 1.3—1.55 GHz. We observe that at the excita-
tion frequency of the collective toroidal supermode we
obtain a maximum in the toroidal dipole (7;) contribu-
tion, while around this same frequency there is a crossing

of the toroidal and electric dipole (p,) terms (green and
blue curves, respectively). In this area we also find a sharp
reflection dip at 1.43 GHz, shown in Fig. 3(a), which
signifies the excitation of the toroidal supermode. The
relation R = f (p, T) (red curve), is again evaluated in rela-
tion to the total reflection (black curve). We observe that
R =f (p,T) is shifted by Af = 0.0085% from the over-
all reflection dip, relating to a radiation leakage of 3%.
Despite the less distinct toroidal peak power at 1.41 GHz

014043-6



ANAPOLE TOLERANCE TO DISSIPATION...

PHYS. REV. APPLIED 15, 014043 (2021)

(inset of Fig. 3), we still manage to sustain an anapole state,
well isolated from unwanted multipolar contributions. We
further verified that the phase relation of the two dipole
contributions is consistent with the cancelation relation
(i.e., A¢p = m).

C. Comparison of the loss resilience between the two
systems

Both infinite rod assemblies discussed in the previous
sections have been proven to efficiently sustain the anapole
in the absence of dissipation. To address the issues con-
cerning their resilience and the realistic implementation
ranges of our propositions, we examine the response of
both metasurfaces for permittivity €, = 80 and variable
fictitious losses, up to tané = 0.024. For an effective com-
parison, we evaluate the reflected power by each multipole
and the total reflection for system 4-1 [Fig. 4(a)] and sys-
tem 5-0 [Fig. 4(b)] for a z-polarized and x-incident E
field. According to our previous findings, the anapole is
expected to emerge at crossings of p, and 7, powers (if the
phase condition also holds). Beginning with system4-1, for
tan § = 0, the toroidal contribution (green curve) is strong
enough to cancel the electric dipole (blue curve). The for-
mer gradually degrades as the loss tangent is increased
(tan§ = 0.002 or tan § = 0.006), while the electric dipole
dips become shallow. This tendency is further enhanced
for greater losses up to a point where the two powers no
longer cross, as is the case for tan s = 0.024 [Fig. 4(a)] for
the 4-1 structure. Because of the losses, the bandwidth of
the toroidal resonance broadens and merges with neighbor-
ing excitations. However, it must be noted here that the dip
at approximately 1.6 GHz in the second row of Fig. 4(a)
exhibits a surprising nonmonotonic behavior regarding its
width and strength with increasing losses. A more detailed
study (not included here) showed that the loss resilient
magnetic quadrupole, O, mode and the interference of
several modes at this frequency is the reason for this
unusual behavior.

For the same parameters, we record the reflected power
contribution of the various multipoles and the total reflec-
tion for structure 5-0. We observe that the toroidal power
is less sensitive to an increase in the loss factor; in fact,
the limiting value of tan§ for the crossing of p, and T,
to be observed is twice that corresponding to system 4-1.
The reason behind the increased resilience of structure 5-0
compared to structure 4-1 is that by readjusting our initial
scheme we reduced the filling factor (high-index area ver-
sus the air), and hence limited the absorption. In particular,
the filling ration of the 4-1 system is 0.14 while that of
the 5-0 system is 0.08. Another reason for the dissimilar
tolerance to material losses is the different electromagnetic
nature of the constituent eigenmodes. Specifically, at the
frequency of the anapole, the hybrid mode T for system
4-1 is also composed of the TE; central eigenmode that

has decreased resilience to dissipation losses, compared
to the TE;p modes that give rise to the toroidal contribu-
tion in the 5-0 system. Additionally, in the 5-0 case, the
neighboring excitations become weaker, providing better
isolation of the anapole state. This advantage is obvious in
all panels of Fig. 4(b); the reflection dip associated with the
excitation of the anapole state is well defined and involves
suppressed contributions from other parasitic excitations,
while even for the highest dissipation case, the electric and
toroidal powers remain the dominant ones.

With the enhanced resilience of structure 5-0 over
4-1, under conditions of dissipation, we proceed with the
evaluation of a water-based design of system 5-0, aim-
ing for thermal tunability that will provide control over
the absorption losses. Subsequently, we assess theoreti-
cally the temperature response of the water-based version
of system 5-0, and then we present the experimental find-
ings of a single such unit cell within a thermally regulated
rectangular waveguide.

ITII. ANAPOLE IN WATER-BASED ASSEMBLIES

A. Dielectric properties of water

Water is a dielectric medium of high permittivity with
real part Re(e,) =~ 80 for room temperatures; nonetheless,
it is lossy when the ionic or impurity concentration is con-
siderable. One of its main assets is the thermal tunability
of'its dielectric properties, which render water a candidate
for engineering tunable systems. The complex dielectric
function of distilled water in the microwave range is linked
to the collective motion of the molecular dipole moments
under the influence of an electric field and is described by
the Debye formula [33]

_ €o(T) — €xo(T)
e(w,T) —Goo(T)-i-m, (D

where w is the angular frequency, €y(T) is the static permit-
tivity, € (7) is the optical permittivity at a high frequency,
T is the water temperature, and t(7) is the rotational
relaxation time; the latter is a measure of dipole mobil-
ity. Note that all parameters depend on temperature; this
feature favors the controllability of the electromagnetic
response of water-based metasurfaces. Equation (1) has no
ionic conductivity term (i.e., o = 0) since, for distilled or
pure water, the ionic presence is negligible. The analytic
expressions for €, €5, and T of Eq. (1) can be found in
Ref. [33].

Molecules in liquid water are linked together via hydro-
gen bonds; these are characterized by dynamical processes
of constantly breaking and reforming. Only non- or single-
hydrogen bonded molecules can rotate their permanent
electric dipole moment into the direction of an external
electric field. The breaking and reforming process of bonds
is known as reorientation and the spectrum of water is
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FIG. 5. Temperature and frequency dependent profile of the

dielectric function of water based on Eq. (1). Color coded solid
lines correspond to the real part of the permittivity, while dashed
lines correspond to the imaginary part. Inset: detail of the loss
tangent (tand) as a function of the temperature; because of the
temperature increase, its maximum shifts to higher frequencies.

dominated by this contribution up to approximately 100
GHz [45]. For temperature 7 = 20°C, the loss tangent
ranges from tan§ = 0.056 (f = 1 GHz) to 0.167 (f =3
GHz). In Fig. 5 the real and imaginary parts of the per-
mittivity are presented for various temperatures. At high
frequencies the molecules lose their ability to respond to
the fast changes of the electric field, leading to an decrease
in permittivity. As the temperature rises, the strength and
extent of the hydrogen bonding decrease. Effectively, this
lowers the static and optical permittivity and lessens the
difficulty for the dipole movements, thus allowing water
molecules to oscillate at higher frequencies. In a higher
temperature environment, water molecules rotate with less
friction, and hence lower dielectric loss. Heated water
retains high permittivity and is characterized by substan-
tially lower absorption, due to the shift of the loss factor
to higher frequencies, as shown in the inset of Fig. 5.
Our focus is on the low gigahertz band, favorable for
our experimental purposes, as is characterized by lower
absorption.

B. Free-space water-based metasurface

So far, we have discussed the features of our two promis-
ing structures 4-1 and 5-0 and estimated their threshold
for the observation of an anapole state. To examine the
temperature response of each water-based design, we used
the permittivity model of Eq. (1). Regarding system 4-
1, room temperatures do not allow for the appearance of
an anapole state, as the structure is not robust against the
loss-tangent values of water (around 1-2 GHz). Higher
temperatures did not improve the situation to the desir-
able extent and at the target anapole state we calculated a
weak toroidal contribution and a shallow dip in the overall

reflection coefficient, indicative of noncanceling multipole
contributions. Yet, the design principles we introduced for
this structure can be extended to high-index materials (e.g.,
LiTaO3) to obtain a pure anapole state due to their low loss
in the terahertz band [46—48].

Regarding the five-rod water-based metasurface [unit
cell in the inset of Fig. 6(a)], we assume the same parame-
ters as in the previous section for system 5-0. In Fig. 6(a),
we compare the total reflection coefficient R with the rela-
tion [R = f (p, T)] for T = 90 °C. At high temperatures (as
is the case for 7 = 90 °C) where the losses are lower, we
observe a distinct reflection dip [sharpest dip in Fig. 6(a)],
emerging at the crossing between the electric and toroidal
dipole contributions [Fig. 6(b)]. An increase in losses, as
we showed in Sec. C, leads to the critical case when their
crossing disappears. The limiting temperature of this tran-
sition is around 50—60 °C, as can be seen in Fig. 6(c), where
we plot the reflected power contributions of the electric,
P-, and toroidal, T, dipoles as a function of temperature.
Below approximately 60°C the two sharpest reflection
dips of Fig. 6(a) merge into a single one, just as the
crossing between p, and T, ceases. At lower temperatures
we also observe a broadening of the strongly dissipated
resonances.

In Fig. 6(d), we present the transmission as a function of
water temperature. We observe that an increase in the tem-
perature shifts the transmission curve to higher frequencies
due to a decrease in permittivity, and the excitation fre-
quency of all eigenmodes (Mie resonances) is displaced
accordingly. For high temperatures, two distinct transmis-
sion peaks appear; the higher one originates due to the
crossing of p, and 7. Our analysis proves that the five-rod
water-based metasurface offers a wide enough temperature
range for implementation of the anapole. In general, by
adding one more rod to the unit cell, we can strengthen the
toroidal power; thus, cooler water can be used to obtain
comparable electric and toroidal powers. Nevertheless, for
N > 6 rods, no actual improvement of the transmission
is obtained due to the increased filing factor and to para-
sitic contributions of higher-order modes that prohibit the
appearance of the anapole.

C. Experimental characterization of the anapole
resilience of five water-filled tubes in a rectangular
waveguide

To demonstrate experimentally the temperature-
controlled anapole metasurface exploiting the 5-0 design,
we employ a waveguide electromagnetic characterization.
In Fig. 6 we demonstrated the response of an aque-
ous metasurface via temperature control, by exciting and
shifting the Mie resonances and specifically a nonradiat-
ing state, the anapole. The dielectric properties of water
offer tunability of the absorption losses, while its ability
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(a) Reflection coefficient of the water-based version of system 5-0: total (black) and only by the electric and toroidal moments

[R =1 (p,T)] (red) for temperature 7 = 90 °C. The anapole state emerges around the toroidal supermode excitation f* =~ 1.685 GHz.
(b) Reflected power by multipoles for 7 = 90 °C; at the indicated crossing of p, and 7. the two contributions cancel out, mainly con-
tributing to the overall reflection dip. (c) Reflected power by the electric (solid) and toroidal (dashed) dipoles for various temperatures.
The limiting temperature for a crossing to occur is 7 > 50 °C. (d) Transmission coefficient as a function of the temperature for 1.2—2
GHz, showing how the two peaks merge into one at the same temperature where the crossing of p, and 7. ceases to exist.

to be easily incorporated into almost any design facili-
tates the manufacture processes for practical realization
of temperature-controlled metasurfaces. Aiming for easier
characterization, instead of measuring the metasurface in
free space, we place a single such unit cell inside a stan-
dard microwave waveguide WR430 (wyy X hyg = 109.2
mm x 54.61 mm). The height of the unit cell matches
the height of the waveguide. The electric field is polar-
ized along the small dimension of the waveguide (E =
E;) and follows a sinusoidal distribution along the large
dimension of the waveguide [E. o sin(ry /wy,) forall z €
[0, hwg] ]; see Fig. 7(b). The metallic y and z walls of the
waveguide impose periodic boundary conditions, E(x,z =
0) = E(x,z = hyyg), E-(x,y = 0) = E.(x,y = Wy,). Con-
sequently, together the two conditions mimic an infinite
metasurface; the distinct difference of such an experimen-
tal layout from free space is in the profile of the impinging
wave. That is, the amplitude of the fundamental waveg-
uide mode varies in the y-z plane, contrary to the constant
amplitude of a free-space TEM mode. However, the elec-
tric field of the fundamental waveguide mode has no zero
crossings along the y direction (half sinusoidal) and is thus

as close as possible to the TEM mode. Hence, our approach
provides simpler fabrication and characterization methods
compared to a free-space experiment, while still allowing
us to discriminate the features of an anapole excitation.

First, we readjust our calculations by studying the
response of a unit cell placed inside a rectangular waveg-
uide. Each cylinder is made of polyvinyl chloride (PVC;
€, = 4) with an inner diameter of 16.1 mm and a thick-
ness of 2 mm; their height is 54.6 mm, equal to that of the
waveguide. They are placed in the pentagon alignment of
side 26 mm and are filled with distilled water [Fig. 7(a)].
Note that the large difference between the permittivity of
PVC and water indicates that the former is electromag-
netically insignificant. In the schematics of Fig. 7(b) we
demonstrate the rectangular waveguide and the TE ;) mode
(single-mode operation).

The experimental setup consists of the WR430 waveg-
uide connected to a digital HP (Agilent) 8722ES net-
work analyzer, which collects the complex values of
the reflection and transmission coefficients in the range
1.4-1.9 GHz. In order to regulate the water tempera-
ture, a BriskHeat grounded heavy insulated heating tape is
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(a) Unit cell of five water-filled tubes in a regular arrangement of side 26 mm. (b) Standard design of the rectangular

waveguide WR430 with the inclusion of the unit cell; we excite the fundamental waveguide mode at the input port. (c) Modeled
transmission power for frequencies 1.4—1.9 GHz as a function of temperature. (d) Experimental data of the transmission curves for the
same range as in (c). (e) Current distribution (J;; top) and magnetic field (color represents |[H; | and arrows represent direction; bottom)
in the spectral vicinity of the toroidal supermode excitation (i.e., first transmission maximum); note that the fields are identical as in
the infinite metasurface case, despite the different impinging wave form.

wrapped around the exterior part of the waveguide, directly
above the unit cell, as shown in Fig. 7(b); thus, its conduc-
tive material allowed heat to permeate in the inner region.
To prevent extensive heat loss, both the waveguide and
the tape are wrapped with aluminum foil; more details and
onsite images are provided in the Supplemental Material
[49]. Also, the water temperature is measured via a J-type
thermocouple placed into one of the five cylinders. The
amplitude and phase of the transmission coefficient are
measured for a specific temperature of the water starting
from 20 °C up to the final value of 90 °C. Each temperature
is set using an Acushnet FP900 microprocessor tempera-
ture controller, following a heating rate of 3 °C per hour,
and after 2 h of temperature stabilization (steady state).

In Fig. 7(c), we display the theoretically calculated
transmission power for various temperatures. For the
numerical calculation, we solve the full wave scattering
problem within the waveguide, i.e., we assume a calcula-
tion domain with metallic walls and the excitation of the
fundamental mode as previously mentioned. As expected,
the spectral features are similar to the infinite metasurface
[Fig. 6(c)]. In particular, in the waveguide configuration
we observe two resonances that merge at temperatures
around 50-60°C and below, as well as the shift of the

maxima to higher frequencies with increasing temperature.
Also, the excitation of the toroidal supermode leading to
the anapole state is confirmed by the local current dis-
tribution and magnetic field at frequencies near the first
transmission maximum [see Fig. 7(e)].

The experimental data are shown in Fig. 7(d); very
good agreement with the numerical simulations of Fig. 7(c)
is observed. Similarly to our theoretical results, two dis-
tinct transmission peaks are obtained above 50 °C, with
the first one attributed to the excitation of the toroidal
supermode. As we decrease the temperature, the water
losses are enhanced, leading to a weaker overall transmis-
sion and merging of the two peaks. As already discussed,
this merging is due to the crossing between the p, and
T, reflected powers ceasing to exist and the broadening
of nearby dissipated resonances. Furthermore, the exper-
imental transmission curves reveal the same tendency of
shifting to higher frequencies with increased temperature.

Some discrepancies between the theoretical and the
experimental results are attributed to possible inhomo-
geneities in the temperature distribution within the volume
of the water, potential water impurities, or uneven water
levels in the cylinders. Other factors involve the small
gap between the water level of the cylinders and the
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waveguide, as well as small geometrical deviations in the
placement of the rods. Nevertheless, the experiment was
successful in proving the most prominent characteristics
of our theory; the existence of transmission maxima due to
Mie resonance excitations and their dependence on the dis-
sipation losses, regulated by the water temperature. In the
frequency range of the first maximum and for 7 > 50 °C,
the electric p, and toroidal dipole 7, cross, a fact that
points to the anapole state. Our theoretical and experi-
mental investigations prove that there is a threshold in
the degree of material losses beyond which the condition
for the anapole state is not satisfied anymore. Thus, any
anapole design aiming at a particular application has to
take into account this limitation. Moreover, as a byprod-
uct of our investigation, we point out that the thermally
tunable device may serve as a tunable absorber or modu-
lator for the microwave regime. We mention here that our
investigation could benefit from a lower-frequency design
and operation, where the dissipation losses of the water are
lower than in the 1.5 GHz regime. Then, we could probably
have more design flexibility and possibly larger sensitivity
resolution. However, this would require a physical scaling,
in particular an increase in the cylindrical components as
well as the characterization waveguide, which could create
implications not only in the physical handling of the setup,
but also in the heating belt system that, most possibly,
would not be able to reach high temperatures.

IV. CONCLUSIONS

We theoretically and experimentally demonstrate ther-
mally tunable all-dielectric metasurfaces sustaining
anapole states. Exploiting this tunability, we examine
the dissipation losses sensitivity of the nonradiating state
appearing in two designs consisting of high-index cylin-
ders. Regarding our first design, the combination of the
toroidal supermode of four cylinders with the mixed
toroidal mode of the single central cylinder results in a pure
anapole state, i.e., having no radiation leakage, entirely
isolated from parasitic magnetic contributions. Our second
design, based on the toroidal supermode of a five-rod reg-
ular pentagon arrangement, also produces a clear anapole
state with slightly higher radiation leakage, but enhanced
loss tolerance. Thus, for our experimental realization,
we chose this second design operating in the microwave
regime. To perform a systematic experimental study, we
employ a tunable, water-based unit cell. The high permit-
tivity of water in the microwave range combined with its
thermally tunable properties is crucial in accomplishing
the experiment. For the electromagnetic characterization,
we use a rectangular waveguide wrapped with a heat-
ing tape that controlled the temperature of the water, and
thus the dissipation losses. We find that the anapole state
is attainable at high temperatures, owing to water’s high
permittivity and lower losses. A decrease in temperature,

or equivalently an increase in losses, leads to violation
of the condition between the electric dipole p, and the
toroidal dipole T, required for the anapole state; as a
result, full destructive interference between the electric and
toroidal dipoles is no longer possible and, consequently,
the anapole state ceases to exist.
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APPENDIX

In this appendix we explain the electromagnetic nature
of single-cylinder eigenmodes and we provide a more elab-
orate discussion regarding the electromagnetic character
of our two free-space metasurface designs, 4-1 and 5-0,
discussed in the main text.

1. Multipole terms and reflection coefficient

The results presented in the main text are obtained by
full wave analysis and by an analytical multipole expan-
sion. The analytical framework that we use is based on Ref.
[50]. We consider a z-polarized and x-incident field, which
induces charge-current density oscillations. The scattered
field by an infinite array of subwavelength emitters is
approximated by including the first eight multipoles (i.e.,
p, T, m, Q°,Q",Q7,0°,0",07) as well as the first-
order corrections due to the finite size of the sources (i.e.,
toroidal TV and magnetic m") and is given by

2 2
moc” | . PN Ky
E, = m{ kp,—ikR x <m|—ﬁm” )

i .
- (TI+ET(II)) +E(Q - Ry

i . A~ i3 A
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(A1)
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where R is the unit vector at the position of the far-field
observer (in our case R = —x for the reflection and R = %
for the transmission), ¢ is the speed of light in vacuum,
o 1s the vacuum magnetic permeability, and A is the
area of the unit cell. The subscript || denotes the projec-
tion of the vector onto the plane of the array. Since the E
field is z polarized, this means that only terms with unit
vector Z contribute. As we showed in the Appendix of
Ref. [23], the multipoles that contribute in our case are
p-, T, 02,01 ", O5.., O, In the main text we include
all these multipoles in the calculation of the scattered field.
To obtain the reflected field, we set R= —X, ie, Ep =
Egs|g__4- Therefore, the reflection coefficient is calculated
as R = |Eg|?. To find the interference between the electric
and toroidal dipoles, we set all the other contributions to
zero, which means that R = |Ez(p-, 7.)|?; this is denoted
as R =f (p,T) in our analysis.

The contributing multipoles are calculated via the Carte-
sian expressions found in Ref. [50]. We provide these
expressions (and for arbitrary indices) for completeness:

1
Po = —— d3rJa,

' (A2)
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1 3
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To find the overall reflection coefficient, we “vectori-
ally” add the complex reflected field of each contributing
moment (also considering their phase factors) and then
take the norm squared.

2. Eigenmode analysis of a single dielectric cylinder

A single isolated cylinder can sustain Mie eigenmodes
of specific current distribution. We consider a uniform and
infinitely long free-standing cylinder, orientated along the
z direction, and focus on the transverse-electric modes it
supports. These are denoted as TE,,, to simply account
for the z-polarized character of the eigenmodes and the
z-polarized E field. The first subscript describes the
azimuthal variation and the second the radial variation of
the current distribution. The eigensolutions (Mie modes)
possess a different electromagnetic character that can be
obtained via a calculation of the multipole moments [50].
In particular, as we have shown in Ref. [23], to obtain
the electromagnetic character of each mode, we calcu-
late the eigensolutions and find their distinct displace-
ment current distributions. Having calculated the displace-
ment currents in each point of the cylinder, we calcu-
late the multipole moments within the mode, finding the
stronger expected radiation contribution (amplitude) in
each mode and using it to normalize the weaker contri-
butions. Thus, we can distinguish the dominant character
of the mode and the relative expected contribution of the
other multipoles. For z-polarized eigenmodes, the only
nonzero displacement current component is J,, and the
nonzero multipole radiation contributions are the electric
dipole p., the magnetic dipole m,, the toroidal dipole 7,
the magnetic quadrupole QF., and the electric octupole
O¢,.. Furthermore, the electric quadrupole O, for two-
dimensional space (z-independent meta-atoms) coincides
with the magnetic dipole. Considerably weaker contribu-
tions also arise from the toroidal quadrupole Q7 and the
magnetic octupole O}, moments. In Fig. 8(a), we present
the magnetic field lines and displacement current distri-
butions of the first seven TE eigenmodes in ascending
frequency of a single cylinder (principal eigenmodes) and
in Fig. 8(b) the expected electromagnetic contributions in
these modes or their electromagnetic character. We rec-
ognize the electric dipole (TEq) profile with a strong p,
contribution and neither radial nor azimuthal variations.
Up next lies the magnetic dipole eigenmode (TE ;) with
a dominant m, component and one azimuthal variation.
The magnetic quadrupole (TE,) is recognized by its sig-
nificant Q7. signature and two azimuthal variations. The
mixed toroidal eigenmode (TEg,) is mostly a combination
of p, and T, contributions, possessing one radial variation.
At higher frequencies, we encounter eigenmodes of more
complex current distributions, shown in Fig. 8(a). Inter-
estingly, these repeat the electromagnetic (EM) character
of the principal eigenmodes; the TE;; eigenmode displays
a magnetic dipole contribution and the TE;; eigenmode
a magnetic quadrupole. The TE(, eigenmode exhibits
a more enhanced toroidal 7, component, as a result
of the additional current flow reversal compared to the
TE(; eigenmode. Additional phenomena are observed by
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TE,; is a magnetic dipole as TE(, eigenmode TE;; is a magnetic quadrupole as TE;, and eigenmode TE, is a mixed toroidal mode

of stronger 7, contribution compared to TE;.

considering many rods occupying the same unit cell, such
as the emergence of collective supermodes discussed in
Sec. II of the main text. Note that in the case of many-rod
metasurfaces the adjacent unit-cell (intracell) interactions
change the electromagnetic contributions of the isolated
cylinder (single-cylinder) eigenmodes. Furthermore, as we
showed in the main text for structure 4-1, it is possible to
combine eigenmodes that lie in different frequency ranges
since the frequency varies directly with the size of the rods
(i.e., radii).

3. Eigenmode identification of systems 4-1 and 5-0

The design goal of our first structure, system 4-1,
involves the enhancement of the total toroidal mode by
frequency matching of the toroidal supermode sustained
by four peripheral rods, with that of the mixed toroidal
eigenmode (TEg;) of a single cylinder sustained by the
central one; see Fig. 9(b) [hybrid mode (T)]. This is indeed
possible as the eigenfrequencies vary inversely with the
size (i.e., radii) of the rods, assuming that there is no
material dispersion. For the parameters introduced in the
main text and shown in Fig. 9(a), the eigenfrequency of
the hybrid mode (T) sustained by the metasurface lies at
1.515 GHz. The current density profile and quality factor
of eigenmode (T), as well as of the spectrally neighbor-
ing eigenmodes (A), (C), and (D) are shown in Fig. 9(b).
We clarify that these eigenmodes are the composition
of (collective) supermodes (sustained by the peripheral

rods) and of single-cylinder modes (sustained by the cen-
tral rod). To identify the electromagnetic contributions of
each mode, we decompose them into multipole contri-
butions (expected amplitude radiation like in Ref. [23]),
as displayed in Fig. 9(c); these contributions are nor-
malized with the maximum one for each eigenmode. As
seen in Fig. 9(c), the toroidal component 7, for the com-
bined eigenmode (T) is remarkably only slightly weaker
than the corresponding electric dipole p.; this is a signif-
icant enhancement compared to studies investigating sim-
ilar systems [51—54] and leads to the anapole realization
discussed in Sec. I1A.

One intriguing effect of the single-collective mode com-
bination is that it alters the electromagnetic character of
the two compositions. For instance, based on Fig. 8 the
TE,p mode carries no net electric dipole, p., contribution
and is shown to correspond to a magnetic quadrupole. To
the contrary, modes (A) and (D) composed of the TEj
central mode and the peripheral magnetic quadrupole dis-
tribution display a mixture of O\ and p. contributions.
Surprisingly, in these altered modes, the electric dipole
contribution becomes the dominant one. This phenomenon
is further enhanced by nearby unit-cell interactions; con-
sequently, modes (A) and (D) acquire asymmetric dis-
tribution of upward and downward currents that would
otherwise imply zero electric dipole moment. Remarkably,
we also note that the combination brings together eigen-
modes of the same electromagnetic character. Eigenmode
(T) illustrates this tendency, being the composition of
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(b) Current distribution of combined supermodes and single-cylinder eigenmodes
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FIG. 9. Unit cell of the metasurface (infinite in the Z direction and periodic along the y axis) comprised of five cylinders of per-
mittivity €, = 80. The dimensions of the unit cell are: Ry = 13.44 mm for the central cylinder, R = 8.076 mm for the peripheral four
rods, the period is d = 84 mm, and the center-to-center separation distance between the peripheral rods is s = 42.24 mm. (b) Resonant
frequency /', quality factor O, and current and magnetic field distributions of the combined toroidal supermode and TEy; mode (T) and
of its spectral neighbors (A), (C), and (D); color represents the current density (J;) and lines represent the magnetic field distribution.
(c) Eigenmode identifier for each combined supermode and single mode sustained by the metasurface. The toroidal mode (T) is mostly
a combination of the p, and 7, moments, while (A) and (D) are mainly a mixture of electric and magnetic quadrupole moments, and
(C) is a pure magnetic dipole. All values are normalized to the maximum contribution.

the central mixed toroidal eigenmode and of the toroidal
supermode of the four rods. In a similar way, modes (A)
and (D) are composed of two magnetic quadrupole modes
(outer collective and central TE;(), while mode (C) is also
the combination of two magnetic dipole modes.

In Fig. 2 of the main text, we proved that system 4-1 is
capable of sustaining a pure anapole state. Here, we pro-
vide a detailed explanation regarding the success of this
design. First, we should mention that the excitation of each
eigenmode is followed by multipole contributions based
on their electromagnetic character; however, each of the
reflected powers presented in Fig. 2 of the main text is the
end result of amplitude interferences coming from excited
modes that may lie in a much broader range. An example of
this is the impressively suppressed magnetic dipole power
(m, dip) at the excitation of mode (T) at fir) = 1.515
GHz. This feature appears due to the destructive inter-
ference of two overlapping magnetic dipole contributions;
a background contribution (coming from a highly radiat-
ing magnetic dipole excitation) and a local one excited
at approximately 1.6 GHz [collective mode (C)]. Conse-
quently, this allows for the isolation of the anapole state
from magnetic dipole, m,, contributions, while the excita-
tion frequency of the hybrid (T) mode is tuned between
two spectrally localized QF peaks, which correspond to
the magnetic quadrupole resonances [collective modes (A)
and (D)]. The central cylinder proves to be of crucial

importance to the success of this design; by tuning the
geometrical dimensions we are able to isolate the anapole
state from the parasitic magnetic contributions. The exis-
tence of electric dipole dips in Fig. 2(b) of the main text
was explained in Ref. [23]; these emerge due to the can-
celation of inherent p, contributions in the eigenmodes
we excite with a background p, radiation. The destructive
interference of the electric and toroidal amplitude fields at
their crossing point at approximately 1.5 GHz, based on
their phase difference A¢ = m, concludes the emergence
of a pure anapole state by matching two toroidal dipole
eigenmodes: one supermode and the single-cylinder mode
TEq;.

As mentioned in the main text, this structure is not
robust enough to dielectric losses for the frequency range
that we aimed for the experimental anapole demonstra-
tion using water as the dielectric medium of the cylinders.
However, we can instead consider a metasurface made of a
high-index material such as LiTaO3; or BaSrTiOy4, both of
which are associated with low losses in the terahertz range.
By adjusting the dimensional parameters we can induce
a desired shift of all resonant frequencies, and hence the
anapole excitation, in the terahertz band.

Regarding the five-atom metasurface arranged in a reg-
ular pentagon with parameters shown in Fig. 10(a), the
anapole state is achieved by means of exciting the toroidal
supermode of Fig. 10(b). According to its eigenmode

014043-14



ANAPOLE TOLERANCE TO DISSIPATION...

PHYS. REV. APPLIED 15, 014043 (2021)

(b) Current distribution of combined
supermodes and single-cylinder

eigenmodes
° f3=1.442 GHz
Q=13
(a) ° >
°

X
O Color: J,
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radiation contribution
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FIG. 10. (a) Unit cell of the metasurface (infinite along the z
axis and periodic along the y axis) comprised of five cylinders
of permittivity €, = 80 and zero losses. The dimensions of the
unit cell are: R = 8.05 mm, the period is d = 109.2 mm, and
the center-to-center separation distance between the rods is s =
26 mm. (b) Resonant frequency f°, quality factor O, and current
and magnetic field distributions of the toroidal supermode. (c)
Eigenmode identifier for the toroidal supermode, showing that it
is a composition of electric and toroidal dipole contributions.

identifier [Fig. 10(c)], it displays a weaker toroidal con-
tribution than our first anapole candidate. Nevertheless, as
discussed in the main text, it has the potential to sustain
an anapole state more resilient to dissipation losses than
our system 4-1. In the no-loss case, for the 5-0 system,
we are able to entirely remove the parasitic contribution
of the magnetic quadrupole O and suppress the magnetic

dipole, m,, contribution to an order of approximately 107>.
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