FULL PAPER

ADVANCED
OPTICAL
MATERIALS

Topological Metamaterials

www.advopticalmat.de

Extremely Broadband Topological Surface States
in a Photonic Topological Metamaterial

Minkyung Kim, Wenlong Gao, Dasol Lee, Taewoo Ha, Teun-Teun Kim, Shuang Zhang,

and Junsuk Rho*

Metamaterials, artificially engineered materials consisting of subwavelength unit
cells, have shown potentials in light manipulation with their extraordinary optical
properties. Especially, photonic topological metamaterials possessing topologi-
cally protected surface states enable extremely robust control of light. Here, an
extremely broadband topological phase in photonic topological metamaterials
is demonstrated. In particular, topological surface states are observed for all the
frequencies below a certain cut-off, originating from a double Weyl point at zero
frequency. The extreme bandwidth and robustness of the photonic topological
metamaterial are beneficial for practical applications such as one-way wave-
guide and photonic integrated systems but also advantageous in design and
fabrication since the only necessary condition is to satisfy the effective hyper-
bolic and chiral properties, without entailing strict periodic arrangement.

1. Introduction

Recent discovery of Weyl fermion in certain crystals, which had
been only previously predicted in quantum field theory,*? have
opened a new realm of condensed matter physics.l*! The photonic
analogy of Weyl degeneracies has been soon implemented in
photonics.*8! Besides Weyl points, other topological states, such
as quantum Hall effect and quantum spin Hall effect have been
also predicted and observed in photonics.**® During the last
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several years, photonic topological systems
have developed rapidly, revealing many
exotic phenomena including photonic top-
ological surface states, chiral anomalies,
and Weyl degeneracies. Weyl points, mono-
poles of Berry curvature in the momentum
space with integer topological charges, are
manifestations of the photonic Weyl sys-
tems, which are endowed with topological
surface states, or photonic Fermi arcs that
connect Weyl points with the opposite top-
ological charges.

In the field of topological photonics,
most of the studies have been performed
in the regime of photonic crystal where
periodicity is comparable to the wave-
length. There are also a few works based
on metamaterials, artificially structured optical materials com-
posed of unit cells much smaller than the wavelength.[*>19-20]
The mechanism of the metamaterial-based approaches is fun-
damentally different from photonic crystal-based ones, relying
on the combination of two distinct properties: hyperbolicity
and chirality. Existence of topologically protected surface states
and photonic Weyl points in a medium with hyperbolic and
chiral responses have been theoretically predicted*!*l and
experimentally demonstrated® recently. Since the topological
surface states are formed between the Weyl point pairs, band-
width of the surface states is related to the frequencies of the
Weyl points. Here, we present a photonic topological metama-
terial with a double Weyl point at zero frequency, generating
extremely broadband topological surface states. The zero fre-
quency Weyl point sets the lower limit of the bandwidth, so that
the topological surface states exist at all frequencies below a cer-
tain frequency carrying the other Weyl point pair. Focused on
three lowest bands, there exist six pairs of Weyl points, among
which two have multiple topological charges. Chern numbers
directly calculated from the simulated eigenmodes and experi-
mentally observed surface waves support our result. The pres-
ence of topological surface states across a very broad bandwidth
may lead to potential applications in topologically protected
integrated photonic circuits.

2. Results and Discussion

A typical hyperbolic metamaterial consists of an array of
metallic wire embedded in a dielectric medium with deep sub-
wavelength spacings.??2l This highly anisotropic geometry
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Figure 1. a) Two unit cells aligned along z-axis. The geometry parameters are given as: a=10 mm, p=10 mm, R=3 mm, and r=1 mm. b) Fabricated sample.

makes the wire system to have opposite signs of permittivity
along the wires and perpendicular to the wires. However,
straight wire array does not possess chirality due to the mirror
symmetry. To simultaneously achieve hyperbolic properties and
chirality in a single structure, we introduce long metallic hel-
ices.2%24 One can expect that metallic helix structure has both
hyperbolic and chiral properties, thereby possessing topologi-
cally nontrivial optical properties. Indeed, by adding a twist to
the wire structure to break the inversion symmetry, the nodal
line node is transformed into Weyl points.[?’]

Two unit cells of the right-handed double-helix structure
aligned along z-axis are illustrated in Figure 1a. Geometric
parameters of the double-helix structure are set as the fol-
lowing: periodicity along x- and y-axis ¢ = 10 mm, pitch
p =10 mm, helix radius R = 3 mm, and fiber radius r = 1 mm.
Note that periodicity along z-axis is half of the pitch because
the unit cell has screw symmetry; in other words, it is invariant
under the /2 rotation along z-axis followed by p/4 translation
along z-axis. Considering the periodicity along z-axis, disper-
sion has C, symmetry along k,-axis in a momentum space.
Four blocks of sample are fabricated by embedding periodically
arranged metallic springs in acrylic (Figure 1b). The unit cell
is designed to work at microwave regime for the ease of fabri-
cation and near-field imaging measurement, but by expanding
or shrinking the size of unit cell, the topologically nontrivial
system can operate at the higher frequencies (see Section S6 in
the Supporting Information).

The retrieved effective parameters of the double-helix struc-
ture contain opposite signs of permittivity and nonzero chirality,
satisfying both hyperbolic and chiral conditions (details can be
found in Section S1 in the Supporting Information). We would
like to note that while we employ periodically arranged structure
to simulate band structures, effective hyperbolicity and chirality
are the only necessary condition to achieve topological phase in
the metamaterial regime, whereas lattice system with exact peri-
odic arrangement is essential in photonic crystals.

In order to obtain band structure, we use eigenfrequency
solver in COMSOL Multiphysics. For bulk states dispersion, a
unit cell of real structure of metallic double-helix embedded in
a dielectric is simulated with periodic boundary condition in all
external boundaries. Perfect electric conductor condition is used
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for metallic parts and refractive index of the surrounding die-
lectric medium is set as 2. Band structures and equifrequency
curves of the double-helix structure are shown in Figure 2. Wave
vectors are normalized by r/a for k, and k, and 2x/p for k.. Here
we focus on the lowest three bands. The bands have several
point and line degeneracies which are presented as blue, yellow
and red points and green lines. Circle and square points with
the same color represent distinct point degeneracies forming
a pair. Chern numbers are calculated based on Wilson loop
method by using spatially averaged fields in the realistic struc-
ture instead of the effective Hamiltonian model (see Section S2
in the Supporting Information). The line degeneracy denoted
as green line has no topological charge. On the other hand, the
point degeneracies are all Weyl points with nonzero topological
charges. Among them, the pair labeled as yellow circles is type
2 Weyl points and the others are type 1 Weyl points. Interest-
ingly, two Weyl points, one at the Brillouin zone center (blue
circle) and the other at the zone boundary (yellow square), are
doubly charged and have partners of a pair of single charge of
the opposite sign. The double or even multiple Weyl points have
been predicted and reported in condensed matter physics26-2%)
and also in photonics.?%3! Whereas a Weyl point of single topo-
logical charge has a cone-shape dispersion near the Weyl point,
the multiple Weyl points can either possess linear dispersion in
all reciprocal directions?! or have linear dispersion around the
crossing point only in one reciprocal direction while exhibiting
nonlinear dispersion along the other directions.?’l The double
Weyl point denoted as blue circle has linear dispersion along
k.-axis. However, along k.- and kj-axes, one bulk state shows
linear dispersion, whereas the other state has zero slope
resulting from z-component of permittivity diverging to negative
infinity (Figure 2a,b). Nonlinear and linear dispersion around
the double Weyl point marked as yellow square can be found in
Section S3 (Supporting Information). The doubly charged Weyl
points are protected by C, and C4 point group symmetries.?% As
such, by breaking the C, symmetry through designing different
helix radius along x- and y-axis, the double Weyl point is split
into two type 2 Weyl points with single charge (Section S4, Sup-
porting Information).

Equifrequency curves at four frequencies and Chern num-
bers in each bulk state are shown in Figure 2c-f. Among
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Figure 2. Band structure of (a) k,= 0 and (b) k, = k, and Chern numbers. Equifrequency curves along a line k, = k, and Chern numbers at (c) 2.5 GHz,
(d) 5 GHz, (e) 5.71 GHz, and (f) 6.5 GHz. Circle and square points with the same color represent distinct Weyl points forming a pair.

six Weyl points, equifrequency curves at 5.71 GHz is shown
(Figure 2e) because it is the only type 2 Weyl points. The
Weyl points are marked as yellow circles, whose Chern
number is calculated by non-Abelian Wilson loop method. In
this time-invariant system, the sum of Chern numbers at a
given frequency is zero, but each branch has different Chern
number. According to the bulk-edge correspondence, topolog-
ical surface states are expected between these momentum gaps
between topologically inequivalent bulk states. Surface state
dispersion is simulated by using supercell structure consisting
of 19 unit cells aligned along x-axis, with boundary condition
of perfect electric conductor, while the boundary conditions of
the other directions are set to be periodic. Surface state dis-
persion at five different k, are shown in Figure 3a—e. Between
the first and the second bands, there exist topological surface
states connecting the blue circle and square points. As one
Weyl point is located at origin (f = 0) and the other point at
3.70 GHz, the double-helix structure supports topological sur-
face states at all frequencies below 3.70 GHz. As opposed to
previously reported topological surface states which have both
lower and upper frequency limit, the surface states observed
in the double-helix structure has no lower limit and are hence
extremely broadband. Also, the surface states connected to the
zero frequency Weyl point appear as a pair due to the double
charge of the Weyl point. The another states not shown in
Figure 3a—e can be found by converting k, to —k, (Figure 3f).
Other surface states connecting the red circle and square
points are also found. Here, the surface states connecting the
Weyl point pair marked as red points only appear in narrow
bandwidth near 3.66 GHz where the point degeneracies are
located. Figure 3 also shows the existence of topological sur-
face states between the second and the third bands. When |k,
is larger than 0.48 within which all Weyl points are located,
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the surface states disappear due to the neutralized topological
charges.

Electric field distributions in logarithmic scale of two
counter-propagating surface state at 3 GHz are shown in
Figure 3gh. Gradient of electric field amplitude indicates
highly localized surface waves at each side. If the surface states
are indeed topologically protected, their propagation should
be extremely robust against perturbations such as defects and
cannot be backscattered. To confirm this topological property,
surface waves propagating along the sharp edge are shown in
Figure 3i. Since the double-helix structure is working in a meta-
material regime where unit cell is much smaller than the wave-
length, homogeneous medium with the retrieved effective para-
meter (shown in Section S1, Supporting Information) is used
instead of the real structure. Line current excites specific k,
between the topologically nontrivial bandgap, generating robust
surface waves which are not scattered by an arbitrarily shaped
obstacle. Although we only focus on the surface states between
three lowest bands, surface states connecting the higher bands
are also observed (shown in Figure 3f), indicating the double-
helix structure also works in photonic crystal regime.

Finally, we experimentally demonstrate the existence of top-
ologically protected surface states in a broad frequency range.
y-polarized source placed near the one side of sample excites the
surface waves and y-component of electric fields propagating
on the surface of fabricated sample are measured by near-
field scanning setup. The experiments are performed in two
schemes. Surface waves on the top surface of the 2 by 2 stacked
layers at 4.4 GHz shows the one-way propagating surface
waves (Figure 4a). To demonstrate the backscattering immune
propagation along sharp edges, we use the similar experimental
setup shown in Figure 3i. In this step-like measurement setup,
the surface state is further confirmed by scanning both top and
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Figure 3. Band structures with surface states when k,= 0 and (a) k, = 0.25, (b

Electric field amplitude in logarithmic scale of surface state at 3 GHz when k,
electric field of surface waves at 3 GHz.
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Figure 4. a,b) Near-field scanning experimental setup with experimentally measured instantaneous electric field at 4.4 GHz for (a) stacked layer and

(b) step-like sample. c—f) Electric field experimentally measured by the stacked layer setup at (c) 1.7 GHz, (d) 3.8 GHz, (e) 8.3 GHz, and (f) 9.0 GHz
The source and the probe are y-polarized.

Sou rce
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the bottom surface while exciting the surface waves at the top
surface (Figure 4b). The one-way propagating surface states are
also experimentally observed in a broadband range including
1.7, 3.8, 8.3, and 9.0 GHz (Figure 4c—f). We would like to note
that since the dielectric part of the fabricated sample is acrylic,
which has lower refractive index compared to the index used for
numerical simulation, working frequency is blueshifted. How-
ever, the use of dielectric with lower refractive index only affects
the frequency of the Weyl points while keeping the main fea-
tures such as existence of the Weyl points and the topological
properties (Section S5, Supporting Information).

3. Conclusion

In conclusion, double Weyl points and extremely broadband
topological surface states residing in a double-helix struc-
ture are presented. Unlike topological photonic crystals, this
topological metamaterial relies on effective hyperbolicity and
chirality, which forces a Weyl point with double topological
charge in zero frequency. We observe six pairs of Weyl points
and broadband topological surface states connecting them,
which are robust against deformation. The extreme broad
bandwidth and robustness will be beneficial for applications
such as one-way waveguide and photonic integrated circuits.

4. Experimental Section

Fabrication: Four blocks of samples (250 mm x 210 mm X 40 mm)
were fabricated by 3D fabrication company (3Dmakers). Each block of
sample contained 25 X 4 periods of double helices (made of ]IS G3522)
embedded in acrylic, and each helix had 25 turns.

Measurement: For near-field scanning measurement, 2 by 2 stacked
layers were excited by y-polarized source and the surface waves on the
top surface were detected by y-polarized probe. A step-like geometry was
made by stacking two blocks of sample on one side and placing one
block on the other side. Both the top and bottom surfaces of the step-
like sample were scanned, while exciting the top surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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