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Visualization of a Unidirectional Electromagnetic Waveguide Using Topological Photonic
Crystals Made of Dielectric Materials
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We demonstrate experimentally that a photonic crystal made of Al,O5 cylinders exhibits topological
time-reversal symmetric electromagnetic propagation, similar to the quantum spin Hall effect in electronic
systems. A pseudospin degree of freedom in the electromagnetic system representing different states of
orbital angular momentum arises due to a deformation of the photonic crystal from the ideal honeycomb
lattice. It serves as the photonic analogue to the electronic Kramers pair. We visualized qualitatively and
measured quantitatively that microwaves of a specific pseudospin propagate only in one direction along the
interface between a topological photonic crystal and a trivial one. As only a conventional dielectric material
is used and only local real-space manipulations are required, our scheme can be extended to visible light to
inspire many future applications in the field of photonics and beyond.
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Introduction.—The introduction of topology unravels a
new chapter of physics [1-3]. Topological systems provide
unique edge or interface quantum states, which are
expected to contribute to the development of spintronics
and quantum computation [4-9]. Photonic systems can also
benefit from topology. By paralleling Maxwell’s equations
for electromagnetic (EM) waves and Schrodinger’s equa-
tion for electrons, Haldane and Raghu [10] showed that
chiral edge states can be realized for EM waves. The
prediction was confirmed experimentally using gyromag-
netic materials under an external magnetic field [11-13]
and helical optical fibers with light injection [14].
Topologically protected EM propagation with time-reversal
symmetry (TRS) is preferred as being more compatible
with established semiconductor technology. However,
when TRS is preserved, the difference between EM waves
and electronic systems becomes more significant. Kramers
degeneracy is a concept referring to the doubly degenerate
energy states intrinsically related to fermions with half-
integer spin angular momentum when TRS is present [15].
The Kramers pair formed by the up- and down-spin states is
crucial for the realization of the electronic helical edge
states in quantum spin Hall effect (QSHE) systems [4-8].
Photons, quantized EM waves, obey the Bose-Einstein
statistics for which no intrinsic Kramers pairing can be
expected. Recent effort has been devoted to the creation of
TRS topological EM propagation [16] using a variety of
ways to mimic Kramers pairing in bosonic systems. Among
others, bianisotropic materials [17,18], coupled resonator

0031-9007/18/120(21)/217401(7)

217401-1

waveguides [19,20], structures with engineered synthetic
gauge fields [21-23], and waveguides with broken mode
symmetry [24,25] have been proposed and experimentally
realized.

Photonic crystals (PCs) are the analogue of electronic
crystals in which the periodic atomic potential is replaced
by a periodic distribution of permittivity and/or permeabil-
ity [26]. In contrast to atomic crystals, the use of engineered
“artificial molecules” in PCs enables the creation of a rich
variety of topological photonic states not easily accessible
in natural systems. As an example, a scheme was proposed
to realize two-dimensional (2D) topological states with
TRS by exploring the Cg, symmetry [27], and related
topological phenomena were then observed experimentally
in an acoustic system with steel rods [28] and in an EM
system with metallic rods [29]. We notice that up to this
moment the demonstration of topological EM propagation
in PCs made of dielectric materials is lacking. However,
such a demonstration is of special importance, since the
realization of topological EM features in visible light for
which the element sizes will be scaled down [14,27,30,31]
has been hampered by the lack of suitable gyromagnetic
materials and by high losses in metallic structures.

In this Letter, we engineer experimentally a honeycomb
PC of alumina cylinders, a conventional dielectric material,
to create a pair of photonic pseudospin states mimicking
the electronic Kramers pair and to induce a topological
phase transition in a TRS system. EM waves of a desired
pseudospin state are excited by a designed antenna array.

© 2018 American Physical Society
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We demonstrate successfully their unidirectional propaga-
tion in microwave channels, where the topologically
protected EM transportation is proven both by visualizing
qualitatively the pathway along the interface between
topological and trivial PCs and by measuring quantitatively
the energy flow along the interface. The EM properties
demonstrated explicitly here are readily transferrable to
near-infrared and even optical wavelengths, which are
expected to be able to contribute to future optical science
and technology.

Design of the system.—We consider triangular lattices of
artificial molecules formed by six dielectric cylinders [see
Fig. 1(a) and Supplemental Material [32] Sec. I]. Here, we
consider the transverse magnetic (TM) mode with out-of-
plane electric field and in-plane magnetic field. As sche-
matically shown in Fig. 1(b), there are two competing
lengths in such a composite lattice: the intracouple distance
hy, defined as the distance between neighboring cylinders
within a same molecule, and the intercouple distance #,,
defined as the distance between the nearest cylinders in the
neighboring molecules, with 2h; + h, = a giving the
lattice constant of the triangular lattice. For h; # h,, a
frequency gap opens in the frequency dispersion as shown
in Fig. 1(c), and dipolar (E;) and quadrupolar (E,) EM
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FIG. 1. (a) Photo of the experimental setup to realize EM

pseudospin states and a unidirectional photonic channel, where
two photonic crystals PC; and PC, are assembled in the regions
above and below the interface (dashed line). A square-shaped
antenna array (dashed circle near the interface and enlarged in the
inset) is used to selectively excite one of the two EM pseudospin
states indicated by circular arrows. The sample is located inside a
parallel-plate waveguide with the top metallic plate removed in
the photo. (b) Schematics of PC; in dark gray (red online) and
PC, in gray (blue online) as characterized by two competing
lengths h; and h,. (c) Calculated bulk TM photonic band
diagrams of PC; (right) and PC, (left), with the corresponding
2D representations of eigenmodes at high-symmetry points
labeled. (d) Upon increasing the ratio between h; and h,, the
frequencies of the doubly degenerate E,(E,) modes increase
(decrease), and a band inversion occurs when h;/h, = 1.

modes appear at the two band edges at the I" point, the
center of the Brillouin zone (BZ). They are associated with
the 2D representations E; and E, of the C¢, point group,
whose mode profiles are isomorphic to the p,/p, orbitals
and d,>_»/d,, orbitals, respectively [38]. Their linear
combinations |p.) = |p,) £i|p,) and |dy) = |d,>_2) £
ild,,) provide the eigenstates with eigenvalues of orbital
angular momentum (OAM) (see Supplemental Material
[32] Sec. II). The double degeneracy in both E; and E,
modes can be interpreted as a pseudo-Kramers pairing in
the present PCs. Figure 1(c) also includes the 2D repre-
sentations of the mode symmetries at the high-symmetry M
and K points in the BZ for the two typical PCs defined in
Fig. 1(b). As can be seen clearly in Fig. 1(d), a band
inversion between E; and E, modes at the I" point takes
place as the ratio between the two competing lengths
h,/h, is swept, which indicates a topology phase transition
(see Supplemental Material [32] Sec. II). The case of
hi/h, = 1, corresponding to a honeycomb lattice, is the
phase transition point where the E; and E, modes are
degenerate and Dirac cones appear in the frequency
dispersion. This band inversion between p and d photonic
modes with opposite spatial parities is the foundation of
TRS topological states in the present dielectric photonic
systems.

Because of the distinction in topology between the two
PCs with inverted band properties, a pair of interface states
appears, where the one with up pseudospin |6, = +),
namely, positive (+) OAM, and that with down pseudospin
|o. = —), namely, negative (—) OAM, propagate in oppo-
site directions, very similar to the helical edge states in
QSHE systems (see Supplemental Material [32] Sec. II). As
a unique property of the present approach, unidirectional
interface EM propagations can be excited, as will be shown
in what follows.

We assemble two photonic crystals PC; and PC, with
distinct topologies on the upper and lower side of the
interface as shown in Fig. 1(a). The photonic band diagram
calculated by comMsoL MuULTIPHYSICS [39] is shown in
Fig. 2(a), with the supercell including PC; and PC,
displayed in the side panel. Over the whole system, we
use the same alumina cylinders, a conventional dielectric
material with relative dielectric permittivity € = 7.5, with
diameter d = 6 mm and the lattice constant ¢ = 25 mm.
The intra- and intercouple distances are taken as h; =
0.36a and h, = 0.28a in PC,, whereas h; = 0.30a and
h, = 0.40a in PC,. The two pairs of competing lengths are
taken in such a way that they satisfy the relation h2; > h,
and h; < h,, respectively; thus, PC, and PC, are distinct in
topology, and their photonic frequency gaps overlap with
each other. As seen in Fig. 2(a), two topological interface
states appear in the bulk band gap as highlighted by
symbols. The distributions of the EM field obtained by
an eigenmode analysis at the two points with opposite
momenta [upward and downward triangles in Fig. 2(a)] are
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(a) Calculated band diagram based on a supercell composed of PC; and PC, shown in the right panel, where a periodic

(absorbing) boundary condition is applied on the x (y) direction, respectively. The folded bulk bands belonging to PC; or PC, are
painted in gray, whereas the two topological interface bands are shown by symbols. (b) Distributions of the out-of-plane electric field (in
gray levels, in color online) at the two opposite momenta denoted by the triangles in (a). The corresponding in-plane magnetic field is
also displayed by arrows for the highlighted regions where the length of the arrow indicates the field strength. Black circular arrows
indicate that the magnetic field rotates either counterclockwise or clockwise at the two opposite momenta.

displayed in Fig. 2(b). It is clear that the in-plane magnetic
field rotates counterclockwise and clockwise for the two
opposite momenta, respectively, corresponding to the two
pseudospin states |0, = +) and |6, = —). While there is a
small frequency gap in the dispersions of interface states in
Fig. 2(a), the pseudospin is preserved and backscatterings
are significantly suppressed as shown experimentally
below.

Experimental verification of unidirectional wave-
guide.—In order to verify the momentum-pseudospin lock-
ing experimentally in a clear way, we design a four-antenna
array to generate EM waves coupling with the interface
modes carrying pseudospin |6, = +)/|o. = —) (see
Supplemental Material [32] Sec. III). As highlighted in
the inset in Fig. 1(a), the antenna array is located on the
interface of PC; and PC, [at the position x =y =0 in
Fig. 3(a)]. Because the EM modes with an electric field
parallel to the cylinder axis are explored, a parallel-plate
metallic waveguide setup is used to largely decrease the
height of cylinders, and the time-harmonic out-of-plane
electric-field distributions are measured with a probing
antenna inside. Absorbing materials [in dark blue (online)
in Fig. 1(a)] are arranged around the sample in the lateral
directions. An Agilent ES071C vector network analyzer is
used for data acquisition. The experimental visualization
of the topological interface mode with up pseudospin
lo, = +) is illustrated in Fig. 3(a) at 7.42 GHz, where
the out-of-plane electric field is much enhanced in the
rightward direction. We have measured quantitatively
the distribution of the out-of-plane electric field along
the whole interface and show the result obtained at x =
100 mm in the upper panel in Fig. 3(c) as an example. The
strength of the electric field decays into PC; and PC, with a
decay length of 47.2 4+ 7.8 and 43.7 £ 3.8 mm, respec-
tively, indicating that the unidirectional EM propagation is
confined well within a couple of unit cells of PC structures.
A similar result was obtained at a single point on the
interface in a previous work [25].

We evaluate the transmission in the two directions by
evaluating the line integral of the measured profile of
electric-field intensity as the frequency is swept. The
resultant transmissions to the two ends S1 and S2 as
indicated by the dashed lines in Fig. 3(a) are displayed in
Fig. 3(b). Three different frequency regions can be identi-
fied. Region I (from 7.40 to 7.56 GHz) corresponds to the
frequency range within the common band gap between PC,
and PC,. The transmission in the rightward direction (S1) is
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FIG. 3. (a) Experimentally measured distributions of the out-of-

plane electric field at 7.42 GHz [indicated by the star in (b)]
where an antenna array with positive OAM (represented by a
counterclockwise circular arrow) is used to excite the |6, = +)
state. (b) Measured transmissions to the two ends S1 and S2 of the
sample. (c) Profiles of the magnitude of the out-of-plane electric
field along the y direction at x = 100 mm away from the source
at 7.42 (upper panel) and 7.04 GHz (lower panel) indicated by the
star and triangle in (b), respectively. Magnitudes of the electric
field are normalized to the incident field. The absorbing materials
in experiments are indicated in gray.
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FIG. 4. (a) Photo of the experimental setup for the system with a 120° sharp turn in the interface between PC; (highlighted in gray,
orange online) and PC,, where the |6, = —) state is excited by a four-antenna array as indicated by a clockwise circular arrow.

(b) Measured distribution of the out-of-plane electric field at frequency 7.41 GHz. (c) Measured transmissions to S1 and S2 as indicated

in (b) by the dashed lines.

larger than that in the leftward direction (S2) by over one
order of magnitude, indicating that a good isolation ratio is
achieved. In this frequency region, the EM wave is well
confined in the interfacial region, as typically shown in
Figs. 3(a) and 3(c). The small frequency gap in the calculated
dispersions of interface states [see Fig. 2(a)] is unnoticeable
in our experiments. In region II, where the frequency is
below the bulk band edge around 7.40 GHz, the interface
state gradually approaches the continuum of bulk photonic
bands of PC| and PC, as the frequency decreases, where the
influence from the bulk modes is enhanced. Transmission in
the two opposite directions increases simultaneously, and
their difference gradually decreases upon a decreasing
frequency. This observation provides a proof that our
antenna with the given pseudospin does not emit EM waves
in any preferred direction, and thus the unidirectional
propagation shown in Fig. 3(a) is purely of topology origin.
The effect can also be seen in the field distributions. As
shown in Fig. 3(c) for x = 100 mm and 7.04 GHz, while the
out-of-plane electric field is much stronger as compared to at
7.42 GHz, indicating that a certain number of bulk modes in
PC; and PC, are excited, the interface state still survives,
since the field magnitude is maximal at the interface and
decays into both PCs. In frequency region III, starting from
7.56 GHz where the frequency is above the upper bulk band
edge, the interface state is influenced strongly by the bulk
photonic bands. We notice that in region III the group
velocity of the interface mode is very small and even reverses
its sign away from the I" point, as can be seen in Fig. 2(a).
The measured transmissions in the two directions quickly
become comparable. We thus demonstrated a momentum-
pseudospin locked interface mode in a TRS system that is
associated with the topology of PC and is well confined to
the interface.

In order to verify the effectiveness of the pseudospin
design and the backscattering-immune property of the
topological microwave channel created, we built a sharp
turn of 120° along the interface as displayed in Fig. 4(a).
The region of PC; structure is highlighted in light gray (in

orange online), whereas the remaining region is of PC,
structure, with the upper-lower arrangement opposite to
those in Figs. 1 and 3. The antenna array is now designed to
excite the |6, = —) pseudospin state. As can be seen in the
measured electric-field distribution at the frequency of
7.41 GHz shown in Fig. 4(b), even though the total
propagation length is nearly 3 times that as given in
Fig. 3(a), and, moreover, a 120° sharp turn exists on the
interface, the field magnitude of the interface state remains
unchanged at the exit port. The transmission obtained from
field-intensity integration at S2 is almost identical to that at
the position S1 close to the source as shown in Fig. 4(c),
indicating that the topological interface state with the
desired pseudospin propagates without noticeable back-
scattering from the sharp turn.

Discussions.—In the present experimental setup, the
alumina cylinders are contained in the axial direction by
two parallel metallic plates. This setup is adopted in order
to reduce largely the height of dielectric cylinders, which
makes experimental measurements much easier while
leaving the topological physics designed for the TM mode
intact where the electric field is finite only along the axial
direction. It has been shown experimentally that the zero-
index properties in dielectric PCs contained in metallic
plates [40], the same geometry as used in the present work,
were successfully extended to infrared frequencies [41]
when sizes in lateral directions are scaled down and the
sample height along the axial direction is sufficiently large
with the open boundary condition. Therefore, the topo-
logical EM properties demonstrated in the present work in
the microwave frequencies can be transferred to the near-
infrared or even optical frequencies with the identical
underlying physics.

The honeycomb structure has also been explored for
achieving interface channels protected by the valley index
[30,42—45]. In order to distinguish the present topological
PC from a valley PC, we consider another type of interface
including sharp turns of 90°. As shown in Fig. 5(a) for the
field distributions obtained by finite-element simulations
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(b)
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FIG. 5. (a) Simulated unidirectional propagation of the
|o. = —) state at 6.69 GHz along the interface with 90° turns
shown schematically in the upper panel. (b) Simulated unidirec-
tional propagation with the same setup as (a) except that a
photonic-insulating square-latticed PC5 is included as a part of
the interface to PC; as shown schematically in the upper panel.

[39], the |0, = —) interface state launched by a source at
6.69 GHz propagates along the interface with 90° turns
without noticeable scattering, which cannot be expected for
avalley PC. A topologically trivial PC; with a square lattice
is also considered as shown schematically in the upper
panel in Fig. 5(b), which is designed in such a way that its
photonic band gap is overlapping with those of PC; and
PC, (for details, see Supplemental Material [32] Sec. IV). It
is clear that a stable EM pathway exists only along the
interface between topological and trivial PCs, which
indicates that a genuine topological photonic interface state
is realized in our system.

While in the present work we have concentrated on
topological photonic band engineering, other approaches
have also been proposed to realize unidirectional prop-
agations of EM waves towards the common goal of
achieving one-way optic devices. It was discussed theo-
retically [46] that one-way propagation of circularly polar-
ized modes can be achieved in a straight magnetoelectric
chain or even in dielectric fine-tuned structures. Other
approaches include a desired circular polarized microwave
propagation in a three-dimensional PC with a chiral
photonic band gap [47], a directional circular dipole
emission in PC waveguides [48], and engineering PC
waveguide dispersion to accommodate a highly directive
chiral photon-emitter coupling [49].

In conclusion, unidirectional backscattering-immune
photonic pathways with topological protection are dem-
onstrated experimentally in microwave experiments using
dielectric materials with time-reversal symmetry. The
electromagnetic counterpart of the Kramers pair of elec-
trons is achieved in the photonic crystal purely based on the
geometric effect of honeycomb structures, and pseudospin-
polarized electromagnetic waves with a given orbital
angular momentum are selectively excited by a designed
antenna array. The transversely confined and longitudinally
directional interface propagation of the pseudospin-

polarized electromagnetic state is visualized qualitatively
and measured quantitatively. The electromagnetic proper-
ties demonstrated here are readily available at near-infrared
or even optical frequencies upon scaling down the physical
sizes, which are then expected to contribute to future
optical communications. The present work demonstrates
another example that the physics of topology can provide
novel designs for future optical science and applications
[50-52].
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