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Electric and magnetic resonances of dielectric particles have recently uncovered a range of exciting
applications in light steering at the nanoscale. Breaking of particle inversion symmetry further modifies its
electromagnetic response, giving rise to bianisotropy known also as magnetoelectric coupling. Recent studies
suggest the crucial role of magnetoelectric coupling in realization of photonic topological metamaterials. To
further unmask this fundamental link, we design and test experimentally one-dimensional array composed of
dielectric particles with overlapping electric and magnetic resonances and broken mirror symmetry. Flipping over
half of the meta-atoms in the array, we observe the emergence of interface states providing photonic realization
of the celebrated Jackiw-Rebbi model. We trace the origin of these states to the fact that local modification of
particle bianisotropic response affects its effective coupling with the neighboring meta-atoms, which provides a

promising avenue to engineer topological states of light.
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I. INTRODUCTION

Electric and magnetic resonances supported by dielec-
tric particles [1,2] have initiated an entire direction of all-
dielectric nanophotonics, opening a route toward metamate-
rials and metadevices without lossy plasmonic components
[3,4] featuring unique functionalities both in linear [5] and
nonlinear regimes [6]. Bianisotropy, which stems from the
particle symmetry reduction, further broadens the plethora
of available physical effects enabling the coupling between
electric and magnetic responses of a particle.

An important application of bianistropic meta-atoms is as-
sociated with engineering of time-reversal-invariant photonic
topological metamaterials [7,8]. In contrast to the majority of
systems, photonic topological structures support electromag-
netic modes which possess a unique property of spin-locked
unidirectional propagation along the boundaries. Besides that,
photonic topological states feature considerable robustness
against disorder or imperfections, which is of paramount
importance for applications [9-12]. Recently, experimental
works have demonstrated photonic topological structures in
two [13,14] and three [15] spatial dimensions with topological
states facilitated by magnetoelectric coupling.

The next conceptual step, in our opinion, is related to
the analysis of photonic structures with spatially varying
bianisotropic response, which may give rise to even richer
variety of topologically protected states. In this paper, aiming
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to further unmask the fundamental link between bianisotropy
and topological states of light, we investigate an array com-
posed of dielectric meta-atoms with broken mirror symmetry
and different bianisotropic response [Fig. 1(a)]. Based on the
discrete dipole approximation, we derive an effective photonic
Hamiltonian for such system and demonstrate the interface
states at the boundary between the two halves of the array with
the different signs of magnetoelectric coupling. Such modes
are proved to be photonic analogues of Jackiw-Rebbi states
which have recently been investigated in various systems
including transmission line metamaterials [16], driven slow-
light systems [17] and waveguide arrays [18].

The key result of our analysis is that local modification
of the disk bianisotropy translates into the modification of
coupling constants in the effective photonic Hamiltonian.
Apparently, this opens a route to engineer electromagnetic
topological states via the staggered bianisotropy pattern. To
confirm our findings, we realize such one-dimensional array
experimentally [Fig. 1(b)], proving the emergence of the
interface states by mapping the near fields of the structure.

II. THEORETICAL MODEL

To grasp the physics of the proposed 1D system, we
develop a theoretical model based on the discrete dipole
approximation [19-22]. To simplify the treatment, we take
into account only x and y components of electric and mag-
netic dipole moments of the disks neglecting off-resonant z
components along with higher-order multipoles. Additionally,
we consider interaction of the disk with its nearest neighbors
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FIG. 1. One-dimensional array composed of disks with different
magnitudes of bianisotropy parameters: w; and w,. (a) A schematic
of the structure. (b) Photograph of experimental sample composed of
N = 12 disks.

only. This yields the set of equations:
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Here, G(r) is the dyadic Green’s function describing electric
and magnetic fields produced by electric and magnetic dipoles
as labelled by the superscripts ee, em, me and mm [23]; p and
m are the two-component vectors containing x and y compo-
nents of electric and magnetic dipole moments, respectively;
&, ™™ are tensors of electric and magnetic polarizability of
the disk, and off-diagonal tensors &“™ and &™° describe the
effect of magnetoelectric coupling.

Rotational symmetry of the disk with respect to the Oz axis
and mirror symmetry in the Oxz plane impose constraints on
the structure of the polarizability tensors: @*¢ and @™ are
proportional to identity matrix, while the tensors of magne-
toelectric coupling read

& = g = (—?x ’5‘) : ©)

Moreover, by the proper choice of the disks parameters, we
can ensure equal magnitudes of electric and magnetic polariz-
abilities in the frequency range of interest: &* = @™ = g 1.

Further details on the analysis of this model are provided in
the Supplemental Material [24], Secs. 1 and 2.
The inverted 4 x 4 polarizability tensor takes the form

u 0 0 —iv
0 u iv 0
0 —iv u 0 | )
iv 0 0 u

where u = /(8% — x?) and v = x /(8% — x?). Additionally,
in the vicinity of the disk resonance wg, we approximate the
frequency dependence of u as (w — wyp)/A, which corresponds
to the pole approximation of polarizability. With these as-
sumptions, Eq. (1) can be reformulated as an eigenvalue prob-
lem with the effective Hamiltonian and the “wave function”:

Hly)=Ey). )

For convenience, we use eigenmodes of an isolated disk as a
basis, in which case the wave function is defined in terms of
electric and magnetic dipole moments as follows:

[¥) = (px +imy, py —imy, py —imy, py+im)",  (5)

and normalized to unity as usual, and “energy” parameter is
related to the frequency of the mode E = 2(w — wy) R /A
such that zero energy corresponds to the frequency of dipole
resonance of an isolated disk. The effective photonic Hamil-
tonian takes the form

. [_js(+) 0
A= ( 0 Ao ©)
where each of the 2 x 2 blocks is given by the expression
I-?S(i):ZIAcosk+uaz:|:6ax cos k, ©)

w=2vR? and o; stand for Pauli matrices. We interpret
two blocks of the Hamiltonian as two effective pseudospins.
Spin-up configuration |yr;) corresponds to the nonzero p,
and m, components of dipole moments, whereas spin-down
configuration [y_) is characterized by the nonzero p, and m,.
Essentially, energy spectra for two pseudospins coincide and
read

E =2 cosk ++/u?+36 cos?k. (8)

Energy spectrum calculated from Eq. (7) is shown in
Fig. 2. In the case n = 0, we observe two crossing points
k12 = Fm /2. In the vicinity of these points k = k; » + 6 k, the
dispersion is linear E, = 4 8k and E;, = +8 §k. At the same
time, the Hamiltonian Eq. (7) takes the form of type-I Dirac
Hamiltonian [25],

Hs(i):28k11+uazﬂ:6axtz5k, )]

where the mass term p = 2v R’ quantifies magnetoelectric
coupling in the disk and elements of Pauli matrix t, label
inequivalent points in reciprocal space: 7, = 1 for k| = —m /2
and 7, = —1 for k, = /2. In analogy to the standard Dirac
Hamiltonian [26], this model features zero-energy Jackiw-
Rebbi states at the boundary of the domains with the oppo-
site sign of the mass term (see Supplemental Material [24]
Sec. 3.1).

Since there are two Dirac points in the spectrum, k; =
—m/2 and k; = /2, the Hamiltonian Eq. (9) features two
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FIG. 2. The dispersion of dipole excitations E (k) for the infinite
array without and with bianisotropy (red solid and black dashed lines,
respectively). There are two Dirac points at k; , = Fx /2. Dashed
blue lines indicate the energy of the interface states which appear in
the presence of the domain wall.

interface states. Furthermore, each of these states is doubly
degenerate due to the polarization degree of freedom, and
hence we expect two doublets of polarization-degenerate in-
terface states. While the existence of the interface states can
be inferred from the simplified type-I Dirac Hamiltonian,
correct evaluation of their energies requires more involved
calculation, which is done in Sec. 3.2 of the Supplemental
Material [24]. The symmetries of the system ensure that the
splitting of interface states is always symmetric with respect
to zero energy (Supplemental Material [24] Sec. 3.3), whereas
the magnitude of splitting is governed by the dimensionless
parameter (.

In particular, in the limit of weak magnetoelectric coupling
u <K 1, the energies of the interface states can be approx-
imated by E = +u? /6, whereas for larger u, the interface
states are pushed away from the band-gap center. However,
they do not disappear in the continuum of bulk states even for
extremely large values of magnetoelectric coupling © > 1.

The results of the presented analytical model exhibit good
qualitative agreement with full-wave numerical simulations
carried out in Comsol Multiphysics (Fig. 3). The simulations
reveal in particular that the spectrum of bulk excitations in
the array has a band gap, which hosts four states inside it.
These four states are grouped into two doublets positioned
symmetrically with respect to the band-gap center. The cal-
culated mode profiles, shown as insets in Fig. 3, suggest that
the field for these four states is indeed localized at the domain
wall.

III. ORIGIN OF THE INTERFACE STATES:
MODIFICATION OF COUPLING DUE TO BIANISOTROPY

To further clarify the origin of the interface states in our
model, it is instructive to examine the limit of strong bian-
isotropy @ > 1. We analyze geometry in Fig. 4(a), in which
case periodicity of the array is broken by the domain wall.
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FIG. 3. Eigenmodes of the array composed of ceramic meta-
atoms with permittivity & = 39 calculated with Comsol Multiphysics
software. In numerical simulation, the array is placed in a cylindrical
waveguide of the radius r, = 21.3 mm with perfectly conducting
walls. Periodic boundary conditions along x axis are applied. One
period contains 16 particles. Each meta-atom consists of two closely
attached disks with diameters 29.1 mm and 22.0 mm and heights
9.0 mm and 3.0 mm, respectively. Distance between the centers of
the neighboring disks is R = 36 mm. Insets show the calculated
distribution of magnetic field |H,|* + |H,|* for bulk and interface
modes. Note that interaction of the array with the waveguide causes
small blueshift of all eigenmodes in comparison with the experiment
performed in an anechoic chamber.

Therefore, Egs. (6) and (7) have to be replaced by

" 0
Elg,) = (’g _ Mﬂ) Ipn)

+<§ i)(|¢n1>+|¢n+1>), (10)

where the same basis Eq. (5) is used, and |¢) = (a,, b,)"
denotes a two-component wave function for the single pseu-
dospin, where a, = ppy + imyy and b, = p,, — im,, for spin-
up configuration. t = +3 for up and down pseudospins, re-
spectively.

Now consider a fixed band with energy £ ~ . In our ge-
ometry, i, = u forn < 0 and p,, = —p for n > 0 [Fig. 4(a)].
Then, Eq. (10) suggests that the amplitudes b, for n < 0 and
a, for n > 0 scale as 1/u and can be neglected in the limit
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FIG. 4. Mapping of electromagnetic problem (a) onto the tight-
binding model, (b) valid in the limit of strong bianisotropy w > 1.
Note that local bianisotropy of meta-atoms controls the magnitude of
couplings in the effective tight-binding model.
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u > 1. Truncating the system Eq. (10) to include only the
leading-order amplitudes a, for n < 0 and b, for n > 0, we
get

(E—w)ay, = ap-1 + anp1 (n < =2), (11
(E—-—p)a1=a,+tbhy, (12)
(E—wm)by=ta_+by, (13)

(E = w)by =by_1 + by (n22). (14)

In turn, the system of Egs. (11)—(14) corresponds precisely
to the tight-binding model Fig. 4(b), which provides a simple
interpretation of predicted interface states. Furthermore, this
simplified model yields the energy of the interface state,
E = p — 10/3, which agrees with the limiting case © > 1 of
the rigorous solution (Supplemental Material [24], Sec. 3.2).
Most importantly, this derivation clearly demonstrates that the
magnitude of coupling which enters the effective photonic
Hamiltonian is controlled by the signs of bianisotropy of the
two adjacent disks and can be enhanced up to three times.

IV. EXPERIMENTAL VERIFICATION

To confirm our prediction of Jackiw-Rebbi-type inter-
face states, we have designed and tested experimentally a
microwave prototype system based on high-index ceramic
meta-atoms purchased from Ceramics Co. Ltd. having real
and imaginary parts of permittivity equal to & =39 and
&” = 0.004, respectively. Each meta-atom is composed of two
coaxial cylinders with different diameters (d; = 29.1 mm,
d, = 22.0 mm) and different heights (A; = 9.0 mm and ki, =
3.0 mm, respectively). The cylinders are placed on top of each
other as illustrated in Figs. 1(a) and 1(b). Such design breaks
the meta-atom mirror symmetry with respect to Oxy plane,
which gives rise to magnetoelectric coupling. Parameters of
cylinders were chosen to ensure that electric and magnetic
dipole resonances appear in the same frequency range around
2.4 —2.5GHz.

Twelve fabricated ceramic particles were arranged in a
linear array with the period R = 36 mm. The structure was
excited by two electric dipoles placed at two edges of the
structure and separated by eight meta-atoms. The dipoles
were connected to the port of vector network analyzer (VNA)
Rohde & Schwarz ZVB20 through the divider, which pro-
vided in-phase feeding. Near-field measurement was accom-
plished using automatic mechanical high precision scanner
Trim TMC 3113 and subwavelength electric dipole connected
to the second port of VNA which was used as the receiving
antenna. To suppress multiple reflections, the measurements
were carried out in an anechoic chamber with the walls
covered by microwave absorbers Eccosorb VHP-12-NRL.

The measurements of the near-field map were performed
for the two structures: the first structure with the same align-
ment of meta-atoms (“no wall” case) and the second one with
half of the meta-atoms in the array flipped over, which ensured
the opposite signs of magnetoelectric coupling u for the two
halves of the array [“wall” case, Fig. 1(a)]. In agreement with
our theoretical predictions, we observe the interface states
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FIG. 5. Experimental observation of the topological interface
state excited by the pair of electric dipoles in the array of 12 bian-
isotropic disks at frequency f = 2.435 GHz. (a), (b) Experimental
near-field maps showing the quantity / = |E,|> + |E,|* for the array
(a) with and (b) without domain wall. White arrows show the location
of the dipoles exciting the structure. (c), (d) Normalized intensity
I along the axis of the array according to (c) numerical simulation
in CST MICROWAVE STUDIO software package and (d) experimental
data. Distance is measured from the array center. Insets illustrate
field distribution in the vicinity of array center for the cases with
and without domain wall.

(Fig. 5) which manifest themselves through field localization
in the vicinity of the domain wall.

Furthermore, our simulations suggest that the observed
interface states are quite robust to disorder, whereas buckling
of the array into zigzag geometry is accompanied by the
topological transition from Jackiw-Rebbi interface states to
the topological edge states (see Supplemental Material [24],
Sec. 5 for details).

V. DISCUSSION AND CONCLUSIONS

To summarize, we have demonstrated an approach to tailor
coupling constants in the effective photonic Hamiltonians by
local modification of the disk bianisotropy. We believe that
this finding bridges the existing gap between the need for
tunable nonlinear couplings required for implementation of
tunable topological states [27] from one side and experimental
possibilities of nonlinear tuning allowing only for modifica-
tion of on-site parameters. While at microwave frequencies,
this problem is typically solved by insertion of varactor diodes
[28-30], implementation of the same functionality in infrared
or optical range remains highly challenging.

Besides that, we envision that our findings will initiate
further research on photonic topological states in metama-
terials with the staggered bianisotropy pattern which can be
readily implemented experimentally but still wait for detailed
theoretical investigations.
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