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Fig. 1. Schematic of hexagonal honeycomb lattice (the
hexagon is the unit cell, and a; and a, are the basic vec-
tors of lattice): (a) The scatterer and matrix are air rods
and dielectric, respectively; (b) the scatterer and matrix are
dielectric rods and air, respectively; (c) the first Brillouin

zone.
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Fig. 2. Band structures of the hexagonal honeycomb lat-
tices, and the orbitals of p and d: (a) Type A; (b) type D.
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Table 1.  Distribution of electric field energy density in two structures.
p orbit d orbit
D 9.8962 x 10713 J. m~2 D 2.834 x 10712]. m—2
Type A _Wair = 0.01542 _Wair = 0.04774
Wdielectric 6.4143 x 10 J-m— Wdielectric 5.9366 x 10 J-m—
Wy 3.2652 x 107127 . m~2 Wi 3.603 x 10712J. m~2
Type D = = =0.03574 =z = = 0.042
P Wielectric 9.2058 x 10~11J. m—2 Wielectric 8.5597 x 10~11J. m—2

N T B UEZE AL (Y SR S B MR AR S AN T
FUE RIS AL, T BUN AR R B R
BRIARXTESE R AR R S BLIE A2 AL. DFFE P
SHAREARBEN ag/2, ICRAE T AL p BUET d B
18 B IR BRI A R B e IR BT RL A oL
Ben ZZEMEAL, MR e, = 1, em =11.7. 45
RWE 3R, fEeg—em < 0 WX IATREH WA
e, BTN ey em > 0 MIIXIRIRE I
%, JB T ANETREAR. X ATAT e e B R
RUNALE, S5H e L.

0.54
0.52 .
0.50 B
0.48 B
0.46 B

w(2nc/a)

0.44 [
0.42 [
0.40 |-
0.38 |-

0.36 i Il L Il L Il L Il L Il

3 p HUIE R d BUIE 0 45 B U R B R F R e T
TR R BT R e Z 22 124K
Fig. 3. Frequency positions of p and d orbits with the dif-

ferences of 5 and e .
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Fig. 4. Band structures of the optimized lattices, and the
orbitals of p and d: (a) Type A; (b) type D.
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Fig. 5. Construction and analysis of the edge states: (a) Su-
percell; (b) bands of the supercell; (¢) mode analysis. The
mode field E, of the energy flow vectors of points A and B
in (c) reveal the pseudo spins at the two edges of the
middle non-trivial layer in (a). Because the energy flow vec-
tors at the edge are much larger than those in the vortex,
we move the vector plots to the non-trivial layer for a prop-
er distance.
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(c) BURALE Jy CD, Wil 5 B JE; (d) BURALE R CD, WETEF A i

Fig. 6. Edge state transmission of electromagnetic wave excited by pseudospin source (white hexagon star): (a) Frequency position
at AB and counterclockwise spin; (b) frequency position at AB and clockwise spin; (c¢) frequency position at CD and counterclock-

wise spin; (d) frequency position at CD and clockwise spin.
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Fig. 7. Robust of the topological boundary states and the pseudo-spin source position represented by white hexagonal star: (a) The
distribution of the F, field amplitude with the obstacle (the black area in the illustration) permittivity 2.25; (b) the distribution of
the F, field amplitude with the obstacle permittivity 11.7; (c¢) the distribution of the E, field from the edge state transmission along
the z-type route (the inset shows a locally amplified Poynting vector distribution); (d) the distribution of the E, field and the en-
ergy flow vectors from the edge state transmission along the z-type route with the source moved 3a to the right.
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Abstract

Two kinds of two-dimensional photonic crystal with hexagonal honeycomb lattices are constructed in which
the scatterer and the matrix materials are reversed. Due to the symmetry of special point group, the lattices
have p and d orbitals in the center of Brillouin region, which are similar to those in the electronic system. With
the structure reversal, the p and d orbitals are also directly inverted. Quantitative analysis shows that the
orbital inversion is due to the inversion of air band and medium band because of the local resonance effect in
the low frequency bands. Based on the parity properties of p and d orbitals, the pseudo spin states are
constructed by analogy to the quantum spin Hall effect in electronic systems. The analysis of the effective
Hamiltonian at I" point shows that the topological phase transition caused by orbital inversion is revealed. The
pseudo spin edge states construct an optimal structure. The electromagnetic wave simulations and energy flow
vector analysis show that the structure edge takes on the properties of quantum spin Hall effect, namely, the
propagation direction is locked by the spin direction and the propagation is topologically protected. The results
also show that the quantum spin Hall effect can be realized without undergoing the closing of gap. The
comparison among similar researches indicates that the realization of the pseudo spin states does not need the
deformation of lattice, and the structure proposed in this work possesses the characteristics of simple design,

wide band gap and strong edge localization.

Keywords: photonic crystal, structure reversal, band reversal, topology transition, pseudospin

PACS: 41.20.Jb, 03.65.V{, 42.25.Gy DOI: 10.7498/aps.69.20200415

* Project supported by the Open Fund of Jiangsu Key Laboratory of Security Tech. for Industrial Cyberspace, China (Grant
No. STICB201906).

1 Corresponding author. E-mail: fang yt1965@sina.com

184101-9


http://doi.org/10.7498/aps.69.20200415
http://doi.org/10.7498/aps.69.20200415
mailto:fang_yt1965@sina.com
mailto:fang_yt1965@sina.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

