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Photonic topological edge states have shown powerful capabilities to manipulate light propagations. In
particular, the all-dielectric structures serve as a promising platform to support the topological states, in which
the nontrivial photonic band is usually acquired by engineered shape and lattice with isotropic structures. Here,
we propose to manipulate the topological phases in two-dimensional (2D) triangle photonic lattices composed of
anisotropic pillars. It is found that the rotation of pillars or unit cells, accompanied by complex coupling effects,
can infuse degrees of freedom to switch the photonic band structure between trivial and nontrivial topological
phases. We further work out a 2D phase diagram describing the rotation-induced topological transition and
demonstrate polarization-dependent robust one-way light propagations in silicon at telecommunication wave-
length. This work proposes an alternative scheme to manipulate the topological phases and nontrivial photonic
states, which promises more interesting explorations of on-chip light manipulation.

DOLI: 10.1103/PhysRevB.108.134119

I. INTRODUCTION

Topological photonics has taken on a notable significance
in discovering new photonic phases and states, in which the
nontrivial photonic bands are investigated analogous to elec-
tronic topological insulators [1-3]. The emergence of topo-
logical effects is often underlain by adiabatic cyclic variation
of a specific set of parameters, which leads to quantized Berry
phases in the momentum space that give rise to various types
of topological phases [4-8]. In the topologically nontrivial
phases, the systems support robust and unidirectional elec-
tromagnetic (EM) surface wave propagation immune to scat-
tering, disorders, and defects, enabling entirely new ways to
route information for communication and computing [9-24].
In particular, nonmagnetic all-dielectric artificial structures
have been proposed to mimic the quantum spin Hall effects
[11,12,25-30] and quantum valley Hall effects [9,31-38].
These analog dielectric systems redefine spin/valley degrees
of freedom in classical wave setups by tailoring lateral lat-
tice symmetry of the optical lattices [11,28,30,31,39—46].
Note that in previous works, the dielectric structures usually
were isotropic cylinders that possess rotational symmetry,
while more sophisticated manipulation of the artificial struc-
ture may further enrich the modulation of topological phases.

On the other hand, the metasurfaces with subwavelength
artificial structures has generated considerable interest in ma-
nipulating the light field [47-50]. By exquisitely tailoring
the shape [51], symmetry [52], or rotation angle [53] of
the metapillars, unprecedented flexible control of the light
amplitude, phase, and polarization can be obtained. To be
mentioned, besides the geometric (Berry) phase in the mo-
mentum space that defines the topological band properties,
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the geometric-phase effect can be used in controlling light
polarization [i.e., Pancharatnam-Berry (PB) phase] by rotating
anisotropic pillars in the real spaces [53,54], which serves
as one of the powerful methods in light steering with meta-
surfaces [55-57]. It suggests that the rotation of anisotropic
metapillars [58-61] could provide a new design scheme for
light manipulation, and probably gives rise to more fruitful
photonic topological phase transition.

In this work, we systemically investigate how the rotation
of anisotropic structures can control the topological transition
of the photonic band structure, and demonstrate the associ-
ated nontrivial edge modes in silicon at telecommunication
wavelength. Specifically, by replacing the cylindrical pillars
with anisotropic rectangular pillars, a formerly trivial band
structure can be tuned to be topologically nontrivial accord-
ing to the inverted p- and d-type bands. Further rotating
the nanostructure would switch the quantized Berry phase
between trivial and nontrivial phases. Besides rotating a sin-
gle pillar, the rotation of the unit cells as a whole [45,46]
can also be harnessed to jointly manipulate the topological
phases. Importantly, we work out a phase diagram describ-
ing the complex topological phase transition of the rotational
photonic band structures. We further confirm the emergence
of the topologically protected one-way light propagation by
interfacing two media with distinct topological phases with
respective rotation engineering. This work suggests that the
nontrivial topological phase can be acquired by rotating the
anisotropic structures without changing the shape or location,
which provides degrees of freedom to engineer the topological
band structure and control the light propagations.

II. STRUCTURE AND PRINCIPLE

Figure 1(a) shows the schematics of the dielectric structure
arranged in a two-dimensional (2D) triangle lattice composed
of six anisotropic dielectric pillars in air (the purple hexagon

©2023 American Physical Society
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FIG. 1. (a) Schematic diagram of triangle lattice composed of anisotropic dielectric pillars in air, where qy is lattice constant, R is distance
between pillars and center of lattice satisfying ag/R = 3, 6, is rotation angle of pillars, and a; and a, are primitive vectors. (b) Band structures
of lattice for 6; = 0°, two right panels correspond to E, field of two p modes and two d modes, respectively. Inset shows schematics of lattice
arrangement. (c¢) Eigenfrequencies of p modes (red) and d modes (blue) at I point as function of 6,. (d) Band structure of lattice for 8, = 46°
where double Dirac cone appears. Inset shows schematics of lattice arrangement.

is the unit cell). @; and a, are the unit vectors of the lattice and
the lattice constant is ag. The distance between the center of
each atom to the centroid of each hexagon is R, which satisfies
R = ap/3. The first Brillouin zone is also shown in Fig. 1(a),
with I, M, and K indicating the high-symmetry points. We
consider the behavior of the transverse magnetic (TM) mode
of the EM wave, namely, those of finite out-of-plane E, and
in-plane H, and H, components with others being zero. Ac-
cording to Maxwell’s equation, the propagation of the TM
waves in structure can be described by [11,62]
2

[Lv x in|EZ(r)2 - 2 Ewm)z, (1)
e(r) c?

where (r) is the position-dependent permittivity and c is the
speed of light. The magnetic field then can be calculated by
Faraday’s law, H = —[i/uow]V x E. Note that different from
previous works the pillars are usually cylinders with rota-
tion symmetry and the topological phase transition happens
by deforming the lattice [shrinking (R < ag/3) or expanding
(R > ap/3)] or changing the radius of the cylinders. Here, the
pillar structures are anisotropic; thus, the rotation angle 6; of
each pillar provides a degree of freedom for topological band
manipulation. Specifically, the geometric parameters used in
the model are ay = 900 nm, w = 78 nm (width of the pillar),
and / = 238 nm (length of the pillar). The pillars are silicon
with refractive index n = 3.47, and the background media
is set as air. As a proof of concept, we consider a system
infinite in the z direction which reduces the problem to 2D.
The underlying physics will preserve in practical 3D structure
with a finite thickness [11]. Figure 1(b) shows the disper-
sion relations of the TM mode computed by a commercial

software COMSOL MULTIPHYSICS based on the finite-element
method in the case of §; = 0° [the structure is illustrated in
Fig. 1(b)]. The anisotropic pillars break the double Dirac cone
of common cylindrical case at the I' point and result in a
band gap opening. There are two double-degeneracy points
at the I" point protected by Cs symmetry, which carry p-type
(px and p,) and d-type (dy, and d>_,») orbitals with odd-
and even-parity symmetry, respectively [see the correspond-
ing E, field profiles of the two bands in the vicinity of the "
point in the right panel of Fig. 1(b)]. In a photonic structure
with Cg symmetry, it is shown that a pseudo—time-reversal
symmetry (1) can be constructed, such that 7, = —1 [11],
resulting in a Kramers pair, i.e., pseudospin, which is defined
as

pe=(pe£ip)/V2, [de=(dpo_p £idy)/V2]. ()

Here, the two eigenstates of odd (even) parity in p = (d+)
can be mapped as the pseudospin-up and pseudospin-down
states for the p(d) band, which could be excited by coun-
terclockwise and clockwise rotations of in-plane magnetic
fields, as will be shown later. According to Fig. 1(b), the
photonic band below (above) the gap is occupied by d-type
(p-type) states, which is opposite to the order away from the
I point. Therefore, a band inversion takes place that indicates
a nontrivial topological phase, which is described by the spin
Chern number [11,63].

III. RESULTS AND DISCUSSION

Note the nontrivial topological phase is achieved by
simply replacing the cylinder with anisotropic pillars without
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FIG. 2. (a) Illustration of compound lattice with trivial part (blue) and nontrivial part (red) arranged in zigzag configuration. Black frame
shows cell shape and green curve marks interface. (b) Projected band diagrams of compound lattice with two distinct structures with 6, = 0°
and 0; = 90° arranged in zigzag configuration. (c), (d) Electric-field distributions (|E|) of structure which is excited by pseudospin-up mode
S, (c), and pseudospin-down mode S_(d), both showing unidirectional EM wave propagation. Gray dashed line indicates zigzag interface. Top
panels illustrate specific structures around four sharp corners Ay, By, A,, and B,.

changing the center position. In fact, the band structures and
the mode properties can be further modulated by changing the
rotating angle ;. Figure 1(c) shows the simulated eigenfre-
quencies of the p modes (w,) and d modes (wg) at I point as
a function of 6. A critical angle for the topological transition
is identified at 46°, where p modes and d modes degenerate
with a close band gap resulting from the equivalence of the
intra- and intercluster coupling and form a double Dirac
cone [see Fig. 1(d)]. When 6; < 46°, the p-type state has a
higher frequency than the d-type state (w, > wy), indicating
a topologically nontrivial phase. When 6; > 46°, the band
gap reopens, but with a trivial topological phase (w, < wg).
This change of topological phase is central symmetric
about the pillar rotation angle of 90° due to its geometrical
symmetries. Notably, the topological transition point is
expected to be fixed at ~45° regardless of the rectangular sizes
(see the Appendix).

The hallmark of topological bands is the robust edge states
on the interfaces between topologically distinct structures.
Figure 2(a) illustrates a compound lattice composed of a triv-
ial part (blue, 6; = 90°) and a nontrivial part (red, 8; = 0°)

arranged in a zigzag configuration. Figure 2(b) shows the
corresponding projected band diagrams. In this situation, a
pair of edge states marked by blue and red arrows exist in
the bulk band gap, which has opposite group velocities in
the crossing region indicating the existence of counterprop-
agating directional edge states. This pair of edge states is
topologically protected by pseudo time reversal (TR) sym-
metry and can be identified as the spin-up (counterclockwise)
and spin-down (clockwise) modes. Due to the symmetry of
Cs being damaged to a certain extent at the interface, there is
a tiny gap at the I" point, which would get smaller by increas-
ing the period length. Furthermore, we examine the robust
one-way propagation of the topological helical edge states
by arranging the topological trivial part (I) with 6; = 90°
and nontrivial part (II) with 8; = 0° forming a Q2-shaped do-
main wall [64]. A harmonic line source S;. = Hye'® (ex F iey)
(where e, and e, are unit vectors along the x and y direc-
tions) is placed parallel to dielectric pillars to inject the EM
wave at the interface with the frequency in the topological
band gap. The helicity feature of the source corresponds to
the direction of the pseudospins and controls the propaga-
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FIG. 3. (a) Schematics of lattice with pillar rotations fixed at 8; = 0° and different unit-cell rotations 6, = 0°, 5°, 15°, and 30°, respectively.
(b) Eigenfrequencies of p modes (red) and d modes (blue) at I" point as function of 6,. (c) E, field profiles of two p modes (bottom) and two d

modes (top) when 8, = 30°/90°/150°.

tion of EM waves. As illustrated in Figs. 2(c) and 2(d),
the pseudospin-up (pseudospin-down) unidirectional propa-
gation mode is selectively excited with S, (S_). The energy
is mainly distributed along the sharp domain wall with
negligible backscattering, indicating topologically protected
propagations.

Besides rotating the pillars (6;), the unit cell as a whole
can also be synchronously rotated (6,) to jointly modulate
the topological phase [the rotation schematices are illustrated
in Fig. 3(a)]. Without loss of generality, we fix 6; = 0° and
show the eigenfrequencies of the p modes (w,) and d modes
(wg) at T point as a function of 6,, as shown in Fig. 3(b). It
is found that w, > wg when 6, < 10°, and w, < wy; when
6, > 10°, indicating topological transitions from nontrivial to
the trivial as 6, increases. The topological phase switches back
when 6, > 50°, which has a cycle of 60° according to the Cg
symmetry. To be mentioned, when 6, is around 30° /90° /150°,
the d modes are no longer degenerate and have a distinct split
in eigenfrequencies [see Fig. 3(c)]. This degeneracy breaking
might be attributed to the symmetry breaking caused by the
rotation, which leads to complex coupling effects (e.g., the red
pillar in a unit cell only couples to the one pillar [marked by
blue in (a), left panel] in the neighboring unit cell for 8, = 0,
while it couples to two pillars [marked by the purple and green
in (a), right panel] in the neighboring unit cell for 8, = 30°).

To obtain a clear physical picture of the topological phase
transition caused by the rotations, we systematically ana-
lyze the eigenfrequencies of p modes and d modes with
different 0; and 6, to map out a topological phase diagram.
As illustrated in Fig. 4(a), the blue regions (I) indicate the
trivial phase (spin Chern number C = 0) while the red re-
gions (II) are the nontrivial case (C = 1). Here, we pick
a pair of lattices with topologically trivial region I (6 =
30°, 8, = 15°) and nontrivial region II (6; = 0°, 6, = 0°)

(marked by golden stars) to form a compound lattice with
interface channel for the topologically protected propagating
modes. Figure 4(b) shows the projected band diagram of a
compound lattice with a zigzag interface. Two topological
edge states appear in the bulk band gap and indicate unam-
biguously counterpropagations of EM energy at the interface
associated with two pseudospin states. Then, a 2-shaped
domain wall with topologically trivial region 1 (8; = 30°,
6, = 15°) and nontrivial region II (6; = 0°, 8, = 0°) is con-
structed to demonstrate the robust unidirectional propagation
of topological helical edge states. As shown in Figs. 4(c) and
4(d), the harmonic line source S, and S_ with the frequency
in the band gap selectively excites the unidirectional prop-
agation modes with reflectionless light traveling. Taking the
topological waveguiding in Fig. 4(c) as an example, the trans-
mission of one sharp corner is calculated about 91 ~ 96%,
and the unidirectional contrast of the one-way propagation is
about 35 dB.

IV. SUMMARY AND OUTLOOK

In summary, we have investigated the topological prop-
erties of a triangle photonic lattice composed of anisotropic
rectangles, where the rotation of the structures can serve
as an alternative degree of freedom to control the light
behaviors. Different from the traditional way of changing
the position or size of isotropic cylinders, the joint rota-
tion of the rectangles and the unit cells can construct a 2D
phase diagram to illustrate the topological phase transitions.
We further verify the emergence of the topological edge
states by electromagnetic wave simulations based on silicon
in the near-infrared wavelength, which shows polarization-
dependent unidirectional propagation along the sharp domain
walls.
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FIG. 4. (a) Topological phase diagram as function of 6; and 6,. Blue region (I) indicates trivial topological phase (C = 0) and red region
(II) indicates nontrivial topological phase (C = 1). (b) Projected band diagram of compound lattice arranged in zigzag configuration, with
topologically trivial region I (8; = 30°, 6, = 15°) and nontrivial region II (8, = 0°, 8, = 0°), marked by stars in (a). (c), (d) Electric-field
distributions (|E|) of structures with 2-shaped domain wall excited by pseudospin-up mode S, (c), and pseudospin-down mode S_ (d). Gray
dashed line indicates interface. Top panels illustrate specific structures around four sharp corners Aj, By, A,, and B,.

The artificial nanophotonic structures have shown pow-
erful capabilities for light manipulation in recent years. For
example, the PB phase in metasurfaces has been a great suc-
cess in steering the optical field. In a similar way, though
with totally different mechanisms, here we generate the ro-
tation configuration to the topological photonics design in the
near-infrared region, which certainly provides dimensions in
manipulating photonic topological states. Moreover, consider-
ing that the orientation of structures can be well controlled in
current nanofabrication technology, our rotation scheme could
be more robust against the nanofabrication errors compared
to former topological designs such as tuning the size of the
nanostructures. Such robust rotation configuration provides
design possibilities for achieving more complex photonic
edge/corner states [28,46,65-70] for robust on-chip light ma-
nipulation, and even could inspire some intriguing effects
combined with metasurfaces to extend the light manipulation
to free space.
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APPENDIX: ROBUSTNESS OF TOPOLOGICAL
TRANSITION ANGLES

The topological transition would be at exactly 45° and 135°
(rotation angle of rectangles) due to symmetry considerations
in such rectangular cases (leads to the equivalence of the
intra- and intercluster coupling), while because of the limited
simulation precision, there would be a little deviation (<1°)
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FIG. 5. Eigenfrequencies of p modes (red) and d modes (blue) at I" point as a function of 6; when 6, = 0°. (a) is the results of the rectangle
with w = 100nm and / = 210 nm; (b) is the results of the rectangle with w = 100 nm and / = 150 nm. The insert shows the schematics of

the lattice arrangement.

from the expected values. Moreover, the topological transition
point is robust with the rectangular sizes. As shown in Fig. 5,
although the rectangles have different geometric parameters
and aspect ratios [Fig. 5(a) is w = 100nm and / = 210 nm;
Fig. 5(b) is w = 100nm and / = 150 nm], the p-d band in-

version still occurs at nearly 45° and 135°, consistent with
the results shown in Fig. 1(c) (w = 78 nm and / = 238 nm).
The specific geometric sizes only affect the working fre-
quency, while they do not change the topological transition
point.
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