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Fig. 1. Schematics of the honeycomb structure of two-di-
mensional photonic crystals: (a) Triangular lattice struc-
ture of “artificial atoms” composed by two equilateral-tri-
angle-ring-shaped silicon rods, which are labeled by purple
in the figure, embedded in an air host; (b) the same as pa-
nel (a), except that the silicon rods are rotated by 60°
around their respective centers, the corresponding ¢ arti-
ficial atom” is labeled by orange in the figure. a1 and asg
are unit vectors with length a as the lattice constant. The
relative permittivity and permeability of silicon rods are
er =12 and pr =1, respectively. The distance from the
vertices of the inner and outer equilateral triangles to the
center of the silicon rod are r; = 0.2&/\/?: and ro =
0.45a/+/3 , respectively. The distance between the centers
of the neighboring silicon rods is L = a/v/3 . Red hexagons

represent the unit cells of the triangular lattices.
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Fig. 2. Band structures and the eigenstates for E; and Fs irreducible representations: (a) Band structure of P-type photonic cry-
stal; (b) band structure of N-type photonic crystal, the insets of (a) and (b) show the magnetic field distributions of the twofold de-
generated dipolar state (marked as ps/py) and the twofold degenerated quadrupolar state (marked as d,2_,2/dzy ) at I” point,
and the positive and negative maxima of the magnetic field, H,, are represented by dark red and dark blue, respectively, band in-
version takes place under the rotation of the silicon rods; (c) real-space distributions of the time-averaged Poynting vector for the
dipolar states in P-type photonic crystal; (d) real-space distributions of the time-averaged Poynting vector for quadrupolar states in
P-type photonic crystal; the arrows show the direction and magnitude of the Poynting vector, whose anticlockwise/clockwise circu-

lar polarization around the unit cell center reveals the pseudospin-up/pseudospin-down orientation.
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Fig. 3. Project band structure and topological edge states: (a) Schematic of a ribbon-shaped supercell composed of topologically
nontrivial crystal with its two edges cladded by topologically trivial crystals; (b) dispersion relation along I'K direction for the ribbon-
shaped supercell, the ribbon has 20 nontrivial unit cells in the middle and 10 trivial unit cells on both sides, the red and black dots
display the edge and bulk states, respectively; (c) distribution of the magnetic field and time-averaged Poynting vector around the
lower interface of the supercell, corresponding to point C indicated in panel (b); (d) the same as panel (c), but corresponding to the
point D indicated in panel (b); the positive and negative maxima of the magnetic field, H , are represented by dark red and dark
blue, respectively, and the arrows show the direction and magnitude of the Poynting vector.
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Fig. 4. Two typical interfaces between P-type and N-type
photonic crystals: (a) Zigzag interface; (b) armchair inter-
face.

N T AEFRFMEAS ) B A o St T Lk B —
W FUBE R M, SR\ RE T A
PR A 5(a) B, A KREEI S A0 T
A2 R ~ 0.03a Y[R L, I ELAHAR 2R 0] 1 A L 22
A wfd. NSRRI ALY N, EAT7E

2 B CA B S A WL 5(b) B, R B Y
FAEIE AP FCRIE FUE R _EBFRMA SRS, 2\
A RERBIARQER EHI8 N, EATTE 2SR Bk
(Rt 0 A AP 5(c) Brs, X6 LY TP 28 i aT
ORI A e T RPN RS, LRI 5(d) R KA

max

B
=i
T

e EaEpes

Sy

—max

Fl5 0% B R Y 1 AT zigzag TR 43 S THI A B 1) £
i (a) M1 8 AR T LAY T2 R BIAT, AR R L
AR AL 228 m/4 5 (b) AL 38 I BT 0/ B9 T 1 2% d R e 2
TR G 43 A s (c) AR S /N Y T2 R
URAEZS ST TR BIRE A oA s (d) B (b) B iR Bk
V1) FL T D VY zigzag PR 3 SRLTHT 1) 72 SR 11 6 4 (e) #H () Bl
4 R T B R B B G Y zigzag T 43 S THT 1) A7 B 1] 4% i
(d), (e) P BT 7 G546 1) DU J&) 40 Bl 58 R D L2 T2 U
BN f ~0.95¢/a, FEOBRIBRICIRALE, H o iy 8Os
S 7R PRI FEAL I/ TT 1) 5 KT 1] 1) 16 Sk KR 0
ki |

Fig. 5. Unidirectional propagation of the pseudospin-de-
pendent edge states localized at the zigzag interface:
(a) Schematic of a point-like chiral source made by an
eight-antenna array with phase delay of m/4 one by one;
(b) magnetic field distribution stimulated by the point-like
chiral source with an anticlockwise phase delay in the air;
(c¢) magnetic field distribution stimulated by the point-like
chiral source with a clockwise phase delay in the air;
(d) leftward unidirectional electromagnetic wave propaga-
tion excited by the source in panel (b) along the zigzag in-
terface; (e) rightward unidirectional electromagnetic wave
propagation excited by the source in panel (¢) along the zig-
zag interface. The structures in panel (d) and (e) are sur-
rounded by the perfectly matched layers; the point-like
chiral sources are marked as white circles with operating
frequency f = 0.95¢/a, and their phase delay directions
are repre-sented by black arrows; the white arrows along
the horizontal direction indicate the propagation directions
of the edge states.
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Fig. 6. Unidirectional propagation of the pseudospin-de-
pendent edge states localized at the armchair interface:
(a) Downward unidirectional electromagnetic wave pro-
pagation excited by the point-like chiral source with an an-
ticlockwise phase delay along the armchair interface;
(b) upward unidirectional electromagnetic wave propaga-
tion excited by the point-like chiral source with a clockwise
phase delay along the armchair interface. The structures are
surrounded by the perfectly matched layers. The point-like
chiral sources are marked as white circles with operating
frequency f = 0.95¢/a, and their phase delay directions
are represented by black arrows. The white arrows along
the vertical direction indicate the propagation directions of
the edge states.
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Fig. 7. Robustness of the topological edge states against de-
fects: (a) Magnetic field distribution under the excitation of
a plane wave with operating frequency f =~ 0.95¢/a in the
system consisting of P-type and N-type photonic crystals;
(b) the same as panel (a), except that a cavity defect (dis-
played by ellipse) is introduced into the interface. The
structures are surrounded by the perfectly matched layers.
Red arrows represent the incident directions. The topologic-
al edge states are immune to various defects including sharp
bend and cavity at the interface.
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Abstract

Based on the transmission properties of against backscattering and robustness against defects, photonic
topological insulators have opened up a novel way to steer the propagation of electromagnetic wave. In order to
construct the photonic analogs of the quantum spin Hall effect in an electronic system, we propose a simple
two-dimensional photonic crystal made of dielectric materials to realize topologically protected edge states
associated with the photonic pseudospin. The photonic crystal comprises a honeycomb array of equilateral-
triangle-ring-shaped silicon rods embedded in an air host. By simply rotating the silicon rods around their
respective centers by 60°, the band inversion between a twofold degenerated dipolar mode and a twofold
degenerated quadrupolar mode is clearly observed in the Brillouin zone center. For the double twofold
degenerated states, the chirality of the time-averaged Poynting vector surrounding the unit cell center (i.e.,
right-hand or left-hand circular polarizations) plays the role of the pseudospin degree of freedom in the present
photonic system, and their point group symmetry can be utilized to construct a pseudo-time-reversal symmetry.
By utilizing k - p perturbation theory, we develop an effective Hamiltonian for the associated dispersion relation
around the Brillouin zone center and calculate the spin Chen number, which indicates that the band inversion
leads to a topological phase transition from a trivial to a nontrivial state. With numerical simulations, we
unambiguously demonstrate that the unidirectional propagation of pseudospin-dependent edge state along the
interface between a topologically nontrivial photonic crystal and a trivial one, and robustness of the edge states
against different defects including sharp bend and cavity, regardless of the type of interface. The photonic
system proposed by us consists of dielectric materials and the corresponding lattice structure is simple. And
without changing the fill ratio or changing the positions of the silicon rods, a simple rotation of the silicon rods
can generate the topological phase transition. So the potential applications of the pseudospin-dependent edge

states based on our design are expected in more efficient way.
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