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Higher-order topological insulators (HOTIs) have emerged as unique topological materials hosting topological
corner or hinge states. This work investigates terahertz (THz) higher-order topological states in C3 symmetric
valley photonic crystals (VPCs) in theory and experiment. Based on numerical simulations of photonic band
structure, phase profiles, and Berry curvature, we realize the valley topological phase transition by rotating
the scatterers in unit cells. Meanwhile, the higher-order topology of the VPCs is characterized by nontrivial
bulk polarization. The topological corner states are demonstrated by calculated eigenenergy spectra, field
distributions, and local density of states of nested triangular structures. In addition, the associated fractional
corner charge is also employed to confirm the existence of topological corner states directly. Two topological
corner states are identified, one staying within band gap and the other embedding in bulk bands. Both originate
from quantized bulk dipole moments and are flexibly switchable by rotating the scatterers of the system.
Experimentally angle-resolved transmittance measurements demonstrate the presence of the photonic band
structure and the bulk band gap of the THz photonic crystals. The measured time-domain spectra reveal the valley
edge states between distinct THz VPCs. Further, we directly observe the topological corner states in the measured
spatial mapping of the electric field intensity. These investigations testify to the possibility of simultaneously
employing topological corner, edge, and bulk states to guide THz waves, which may have potential applications

in THz functional devices.
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I. INTRODUCTION

The topological system has expanded from condensed-
matter physics to photonic [1,2], phononic [3-5], and other
classical systems [6,7] in the past decade. A unique class
of topological materials known as higher-order topological
insulators (HOTIs) has recently been introduced. In contrast
to conventional topological insulators, where the topological
edge states have one dimension lower than the bulk states,
HOTTIs have boundary states two or more dimensions lower
than the bulk states, such as corner or hinge states [8—11]. In
the early studies, zero-dimensional (0OD) topological corner
states, characterized by the quantized bulk multipole mo-
ments, arise from edge-localized dipole moments observed
in quantized multipole insulators of finite samples [8,9,12—
16]. Later, inspired by OD topological edge states in the
one-dimensional (1D) Su-Schrieffer-Heeger model, topolog-
ical corner states can be constructed in the generalized
higher-dimensional models, which have the characteristics of
quantized bulk dipole moments [8-10,17-24]. In addition,
some topological defects in the real space of topological
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crystalline insulators can also be regarded as topological cor-
ner states [9,25,26]. Despite being generated in various ways,
topological corner states exhibit fractional charge at corners,
which is one of the critical features of higher-order topology.
Hence, the fractional corner charge has also been employed
to identify topological corner states directly [26-28]. Topo-
logical corner states offer a novel approach towards robustly
confining light, which may enable potential applications such
as cavity modes with a high-quality factor [29], crystal fibers
[30], and low-threshold topological lasing [31,32]. So far,
HOTIs with corner states have been demonstrated in vari-
ous structures such as two-dimensional (2D) square lattices
[12-21], Kagome lattices [22-24], and so on. Lately, it has
also been realized in the valley system [33-36].

Valley degree of freedom was first proposed in 2D hexag-
onal crystals, which refers to a pair of degenerated but
inequivalent states of energy extrema in the momentum space
[37,38]. The materials with valley degrees of freedom exhibit
a local nontrivial valley Hall effect when inversion or mirror
symmetry is broken [39-41]. Generally, the valley-polarized
topological edge states emerge at the domain walls of topolog-
ically distinct regions [39—41] and connect lower and upper
bulk bands. It is possible to open a large band gap and even
enter a fully gapped regime for the structure with zigzag edge
domain walls [42]. In recent years, with the introduction of
HOTIs, it has been demonstrated that higher-order valley-
selective topological corner states can exist in the band gap of

©2023 American Physical Society


https://orcid.org/0000-0003-0783-4983
https://orcid.org/0000-0001-8231-9901
https://orcid.org/0000-0003-0424-2771
https://orcid.org/0000-0002-3823-1272
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.205411&domain=pdf&date_stamp=2023-11-09
https://doi.org/10.1103/PhysRevB.108.205411

GONG-HUI TANG et al.

PHYSICAL REVIEW B 108, 205411 (2023)

C; symmetric valley photonic crystals (VPCs) [33-36], which
is characterized by the nontrivial bulk polarization. Because
of localization within the band gap, these corner states can be
identified and characterized easily. Cs symmetry in the system
protects the degeneracy of valley-selective topological corner
states but does not restrict their energy [26]. Therefore, it
implies that topological corner states can appear within the
band gap and be embedded in the bulk band, depending on
the band structure.

On the other hand, topological photonics also brings
new vitality to develop unique functional materials and de-
vices, including terahertz (THz) ones. Terahertz is considered
as a promising frequency regime due to its large band-
width [43,44] and high security [45]. Up to now, based
on robust topological edge states, people have successfully
realized potential THz devices, such as THz low-loss waveg-
uides [41,46], on-chip demultiplexers [47], and THz quantum
cascade lasers [48]. The efforts introducing higher-order
topology to THz photonics [36,49,50] have been implemented
in theory, and corner states are obtained which provide a new
degree of freedom for manipulating THz waves. However, the
investigations have focused on the topological corner states
within the band gap.

In this work we theoretically and experimentally demon-
strate valley topological transition and the generation of
higher-order corner states in THz photonic crystals. Firstly,
the designed VPCs are characterized by calculated photonic
band structure, phase profiles, and Berry curvature. Then we
construct nested triangular structures and verify the presence
of topological corner states by calculating eigenenergy spec-
tra, field distributions, and local density of states (LDOS).
In addition, the corner charges have been evaluated. When
the corner charges are integers, there is no topological cor-
ner state. However, when the corner charges are fractional,
it indicates the existence of topological corner states. In-
terestingly, there are two types of topological corner states:
one is lying in the band gap, which is usual and simi-
lar to previous reports [33-36]. The other appears within
bulk bands because symmetry reduction is insufficient to
open a wider band gap, forming embedded corner states in
bulk bands. Simply by rotating the scatterers of the system,
the band gap can be tuned, and the two types of corner
states can be switched between each other flexibly. In the
experiments we fabricate a series of THz VPC samples.
By measurements, the valley topological edge states and
the two types of corner states are experimentally observed.
The investigations bring possibilities for simultaneously em-
ploying topological corner, edge, and bulk states to guide
THz waves.

This paper is arranged as follows. After the Introduction,
we present the valley topological phase transition and higher-
order topology of the designed THz VPCs in Sec. II. In Sec. III
we elaborate on forming two topological corner states by
constructing nested triangular structures. Also, we illustrate
the absence of corner states in some cases. Then the fractional
corner charge is obtained to identify the topological corner
states. In Sec. IV the THz experiments are implemented to
confirm the existence of both topological valley edge states
and the two types of topological corner states in the system.
The results are summarized in Sec. V.

II. HIGHER-ORDER TOPOLOGICAL PHASES IN C;
SYMMETRIC VALLEY PHOTONIC CRYSTALS

The designed 2D photonic crystal is arrayed in a triangular
lattice, where the hexagonal unit cell is composed of three
identical metal cylinders embedded in air, as shown in the
left panel of Fig. 1(a). The lattice vectors are a; = (a, 0) and
a; = (a/2, a~/3/2), with the lattice constant a = 475 um. We
set the diameter of the metal cylinders as d = 200 um, and
every three cylinders are tangent together to form a cloverlike
trimer. In the unit cell, the rotation angle 6 is defined as
the angle between one of the principal axes of the trimer
and the x axis, with counterclockwise rotation as the positive
direction, as shown in the right-top panel of Fig. 1(a). The
bottom-right part of Fig. 1(a) shows the first Brillouin zone
(FBZ) of the triangular lattice. In the case of 6§ = 0°, the 2D
photonic crystal possesses a pair of degenerate Dirac points
at K and K’ valleys at 0.29 THz due to the C;, symme-
try, and the photonic band structure is shown in Fig. 1(b).
The calculations on the photonic band structures of THz
photonic crystals have been carried out using a commer-
cial software package (COMSOL MULTIPHYSICS), and periodic
boundary conditions have been applied to the system. Here
only the transverse electric mode is considered. The metal
cylinders of the photonic crystals have been assumed to be
perfect electric conductors within the targeted THz frequency
range. We introduce a geometrical perturbation by rotating the
trimer with an arbitrary angle in the unit cell. In this process
the original C3, symmetry is reduced to the C3 symmetry. It
results in the lifting of degeneracy at the K (and K’) valley
and the opening of a band gap. Without losing generality,
we choose the photonic crystals with & = 15° and 6 = —15°,
and calculate their band structures and phase profiles. As
shown in Fig. 1(c), despite their identical band structure due
to mirror symmetry, the corresponding frequencies of the
left circularly polarized (LCP) and right circularly polarized
(RCP) light are reversed at the K valley [as shown in the
middle of Fig. 1(c)], indicating a typical topological phase
transition.

The topological phase transition is related to the rotating
angle 6. As illustrated in the topological phase diagram of
the VPC in Fig. 2(a), the exchange of states with opposite
chirality occurs at 6 = 0° or & = £60°, where the mirror sym-
metry resumes. Such a transition can occur with a periodicity
of 120° for the phase diagram due to the C; symmetry of
the VPC. To better understand the topological phase transi-
tion, we have calculated the distribution of Berry curvature
of the first band in the FBZ. Here we choose the VPCs with
6 = 30° (VPC304) and 6 = —30° (VPC30_). As shown in
Fig. 2(b), the Berry curvature is opposite in sign for the
K and K’ valley for a certain VPC. In addition, the Berry
curvature is reversed at the same valley in the case of the
opposite sign of the rotation angle 6. By integrating the Berry
curvatures around K or K’ valley, the valley Chern numbers
have been achieved, which are Cx = —1/2 and Cg = 1/2
when 6 > 0°, and Cx = 1/2 and Cx» = —1/2 when 6 < 0°,
respectively.

The bulk polarization of our VPCs has been evaluated to
reveal the nontrivial higher-order topology. In a 2D system,
the bulk polarization [9,10] is defined in terms of the Berry

205411-2



ADJUSTABLE TOPOLOGICAL CORNER STATES IN ...

PHYSICAL REVIEW B 108, 205411 (2023)

(a)

A . gole
>~ 3o gn
it

6=15°

0.6 T T
”\T 1 1 )
g\ ] ()’9
& i |

S 02 '

EERNE ° S
H- 1 1 _

O'OF K M r

L

Ao NN

(b) 6=0°
- 0.6 i
N
I 1
= 04
5 .
K $ 02 '
M g 1 1
K e 1 I
00 1 1
r K M r
6 =-15°
m - 0.6 T T
;s — 1 |
o W N
~ \) u = 04 \é/_/
% ) g 1 |
s : H 8 02 '
@ V-~ = 1 1
Ay [ 1 1
- L 00 1 1
-r K M r

FIG. 1. (a) Schematic of the photonic crystal. The diameter of cylinder d is 200 um, and the lattice constant a is 475 um. The rotation angle
0 of the cylinder location is the angle between one of principal axes of the unit cell and the x axis. The unit cell and the FBZ are shown on the
right. (b), (c) Band structures of the photonic crystals with (b) 6 = 0°, (¢) 8 = 15° and 6 = —15°, respectively. The phase profiles of H, at the
K valley for cases of 6 = 15° and & = —15° are shown in the middle, and the blue and red arrows denote LCP and RCP states, respectively.

connection as

1
P, =— d*kTr[A;], 1
(hﬁﬁm ride] M

where 7 indicating the component of P along the re-
ciprocal lattice vector b, (r =1,2), and [A.(k)]" =
—i(u™(k)|0k. |t (k)) is the Berry connection matrix where
m and n run over occupied energy bands, and |u"(k)) is the
periodic Bloch function for the nth band with the wave vector
k. The Wilson loop approach can achieve the two components
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FIG. 2. (a) Calculated eigenfrequencies of LCP (blue curve) and
RCP (red curve) states at the K valley when 6 varies. (b) Distribution
of Berry curvature when 6 = —30° (left panel) and 6 = 30° (right
panel). (c) The rhombic BZ (gray region) in the numerical calcula-
tions of bulk polarization components is deformed from the original
hexagonal BZ (dashed line region). (d) Calculated polarization com-
ponent P; as a function of 6 using Wilson loop methods, orange
circles represent simulations.

of bulk polarization [9,51],

1
P, = —Z—/dvf,bn. 2)
T JL

Here L denotes the projection length of the FBZ along the
b, direction. v, ;, is the Berry phase along the loop b, for a
fixed b,. The gray region of Fig. 2(c) shows the FBZ in the
calculations, which is adapted by deforming the hexagon to
a rhombus. To show the polarization evolution in our VPCs,
we have calculated P; under the case of different 6 plotted
in Fig. 2(d). In the regime of 6 € (—60°, 60°), there are two
kinds of nonzero bulk polarization corresponding to two dis-
tinct higher-order topological phases. For 6 € (—60°, 0°), P,
is approximately equal to 1/3; while for 6 € (0°, 60°), P; is
about equal to —1/3. Since the two reciprocal vectors, by and
b,, are related by the Cs; symmetry in the FBZ, we can get
P, = P;. Therefore the bulk polarization P of our VPC along
b, can be obtained: P = (1/3, 1/3) (—60° < 6 < 0°) and P
= (-1/3,-1/3) (0° < 6 < 60°), and higher-order topological
phase transition occurs at mr /3 (m = ---—1,0,1---).

III. GENERATION OF TWO TYPES OF TOPOLOGICAL
CORNER STATES

To demonstrate the existence of higher-order corner states,
we construct nested triangular structures made of VPCs
with distinct topological phases. First, type-A structures are
built when the VPC with 6 > 0° is surrounded by the VPC
with 6 < 0°. Specifically, the VPC30, is surrounded by the
VPC30_ to form a type-A30 structure in Fig. 3(a), and the
VPC15; is surrounded by the VPC15_ to create a type-Al5
structure as shown in Fig. 3(d). It is observed that edge and
corner states exist in the bulk band gap of type-A30 structure
from the eigenenergy spectra presented in Fig. 3(b). In par-
ticular, three degenerate corner states appear in the band gap
between the edge and bulk states. It can also be demonstrated
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FIG. 3. Schematic of (a) type-A30 and (d) type-Al5 nested triangular structures. Gray, blue, and red shadows represent bulk, edge, and
corner regions, respectively. (b) and (e) Numerically calculated eigenenergy spectra corresponding to (a) and (d), respectively. (c) Type-A30
and (f) type-A15 show calculated LDOS spectra. Here, a.u. stands for arbitrary units. The intensity distributions of |H,| for corner, edge, and
bulk states are displayed in (g) type-A30 and (h) type-Al5. In the calculations, the inner part of the nested triangular structure is 12 unit cells
long and is surrounded by two layers of the outer part. Perfect electric conductor boundary conditions have been used.

from the distributions of the magnetic field in Fig. 3(g), where
the corner states at 0.37 THz are well localized around the
corners, and the edge state at 0.35 THz and bulk state at 0.39
THz are displayed clearly in type-A30 structure. Interestingly,
for the type-A1S5 structure, three corner states also appear but
are embedded in the continuum of the bulk states [as shown
in Fig. 3(e)]. It is because the band structure can be deformed
simultaneously, in which the band gap is closed and reopened,
by rotating the anisotropic scatterers continuously. With the
rotation angle of 15°, symmetry reduction of the system is
insufficient to open a bulk band gap wide enough. Neverthe-
less, corner states are hardly affected by the deformation of
bulk bands, suggesting the topologically protected property.
As a result, such corner states are embedded in bulk bands,
i.e., for type-AlS5 structure, corner states and bulk states are
overlapped in frequency but are fully localized to the corner.
By calculating the distributions of the magnetic field, it is

found that the corner states are distinguishable [shown in
Fig. 3(h)]. Specifically, the magnetic fields of corner states
at 0.36 THz are confined around the corners with almost no
leakage into the bulk or edge region, but they become “leaky”
when the required symmetries are broken. For comparison,
the edge and bulk states are also demonstrated in Fig. 3(h) for
the type-A1S5 structure. Furthermore, the LDOS for the corner,
edge, and bulk regions [illustrated in Figs. 3(a) and 3(d)] can
be used to reveal the spectral features of corner states. The
photonic LDOS p(r, w) is calculated by [26,27]

plrw)=7

n

r_ el 3)
T (w—wy)* + T2

where 7 indicates the order number of photonic eigenstates,
and I' — 0 is a sufficiently small number that converges the
calculation. HZ(")(r) is the scaled magnetic field distribution
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FIG. 4. Schematic of (a) type-B30 and (e) type-B15 nested triangular structure. Gray, blue, and red shadows represent bulk, edge, and
corner regions, respectively. (b) and (f) Calculated eigenenergy spectra corresponding to (a) and (e), respectively. (c) Type-B30 and (g) type-
B15 show numerically calculated LDOS spectra. The intensity distributions of |H,| for corner, edge, and bulk states in (d) type-B30 and (h)

type-B15.

of the nth photonic eigenstate that satisfies the normalization
condition of

/ dr[H® ()| =1, 4)
where the integral of r is over the whole photonic system. It is
found from the LDOS spectra depicted in Fig. 3(c) that type-
A30 structure exhibits conventional distinguishable features
of corner states: the emergence of a sharp peak of corner
states around 0.37 THz within the bulk band gap. Remarkably,
for the type-A15 structure, the corner states also emerge as a
sharp peak at around 0.36 THz, overlapping with the spectra
of the bulk states [shown in Fig. 3(f)]. Discrete corner states
can be generated in the type-A15 structure even though their
spectral peaks may overlap with the bulk continuum. If we
deliberately rotate the scatterers of the unit cells in the type-A
structures, topological corner states can appear in the band gap
or the bulk continuum controllably. Therefore two types of
topological corner states are obtained: one is lying within the
band gap, and the other is embedded within bulk bands. They
are flexibly switchable by rotating the scatterers of type-A
structures.

In addition, type-B nested triangular structures are con-
structed when the VPC with 8 < 0° is surrounded by the VPC
with 8 > 0°, as shown in Figs. 4(a) and 4(e). Differently, the
eigenenergy spectra show bulk and edge states, while there
is no sign of corner states either in type-B30 or type-B15
structure [Figs. 4(b) and 4(f)]. This feature is further cor-
roborated by the calculated LDOS spectra [Figs. 4(c) and
4(g)] and magnetic field distributions [Figs. 4(d) and 4(h)].
Consequently, the type-B structures have bulk and edge states
without corner states.

It should be noted that corner states either in the band gap
or within bulk bands originate from quantized bulk polariza-
tion. The quantized bulk polarization is protected by the Cs
symmetry of type-A structures, but the C3 symmetry does
not constrain the energy of corner states, so corner states can

appear in the band gap or bulk bands of eigenenergy spectra.
However, the eigenenergy spectra of type-B structures with
quantized bulk polarization do not exhibit the characteristic of
corner states. This is because the emergence of corner states
also depends on corner shape, which is generally related to
the separation of Wannier centers. Wannier centers are the
expected value of the electronic positions relative to the center
of positive charge within the unit cell [9,10], associated with
the bulk polarization. And nonzero bulk polarization suggests
that the Wannier centers may appear at the boundary of the
unit cell. Therefore the separation of Wannier centers can
lead to the generation of fractional charges at the boundary.
When the Wannier center overlaps with the geometric corner
site, topological corner states with fractional charge will be
generated for the finite samples. This is essential to distinguish
topologically protected corner states from other local modes.
In Fig. 5(a) we have depicted the schematic of a type-A
structure with hidden outer layers. The geometric corner sites
overlap with Wannier centers, which induces the separation of
Wannier centers and leads to a fractional charge at the corners.
Moreover, due to the C3 symmetry of the system, the corner
charge is predicted to be fractional to 1/3 or 2/3 (mod 1).
However, the Wannier center configuration in Fig. 5(b) indi-
cates no fractional charge for the type-B structure.

To confirm the above analysis, we evaluate the photonic
“charge” of the system. As an analog of charge in the elec-
tronic system, we define the “charge” [26,27] in the jth unit
cell of the photonic system as

0, =/ da)fdrp(r, ).
0 J

Here the integration over the frequency is from O to a fre-
quency in the band gap wg,, that is below the eigenfrequencies
of the edge and corner states. The physical meaning of the
photonic “charge” represents the number of the photonic
modes contributed from the jth unit cell below the band gap.
Since our system considers the scatterers as perfect electrical

&)
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FIG. 5. Schematic of (a) type-A and (b) type-B structures where
the outer layers of the structure are hidden for ease of visualization.
The orange and blue dots indicate the Wannier center positions at the
boundaries and corners. (c)—(f) Calculated “charge” per unit cell for
bulk (gray) or corner (red) region in (c) type-A30, (d) type-B30, (e)
type-Al5, and (f) type-B15.

conductors, the magnetic field distributions are not concen-
trated in the hexagonal unit cell. To simplify the calculation,
we redefine the unit cell as one of the red rhombuses in
Figs. 3(a), 3(d), 4(a), and 4(e). The “charge” per unit cell in
the bulk region is normalized to 1 because there is only one
band below the band gap, and the “charge” for the corners can
be obtained as shown in Figs. 5(c)-5(f). The corner charges
are fractional and close to 2/3 in Figs. 5(c) and 5(e), which
suggests the existence of topological corner states both in
type-A30 and type-Al5 structures. However, the calculated
corner charges are integers (approximately equal to 1) in
Figs. 5(d) and 5(f), which are consistent with the absence of
topological corner states in type-B30 and type-B15 structures.
According to the above discussions, there are three cases for a
nested triangular structure by rotating the scatterers in a period
of 120°, as illustrated in Fig. 6. Firstly, when 6 € (—60°, 0°),
there is no topological corner states due to type-B configu-
ration. Secondly, for 6 € (16°, 44°), topological corner states
are localized in the band gap. Thirdly, for 6 € (7°, 16°) and
0 € (44°,53°), they are embedded in bulk bands. The corner
states embedded in bulk bands have been demonstrated in
systems with Cy and chiral symmetry, termed the higher-order

FIG. 6. Illustration of adjustable topological corner states. Red
regions represent topological corner states localized within the band
gap; blue regions represent topological corner states embedded in
bulk bands; gray regions represent no topological corner state.

topological bound states in the continuum (BIC) [20,52-55].
In addition, embedded corner states in C; symmetric lattice
were mentioned in sonic crystals in the Supplemental Materi-
als of Ref. [33]. The conditions under which embedded corner
states appear are elaborated in our system. They are sensitive
to the width of the band gap. When there is not a wide enough
band gap to isolate corner states, they will be embedded in
bulk bands. Further reducing band-gap width will cause the
hybridization of corner states and bulk states, making the
corner states indistinguishable. For instance, in the cases of
0 € (0°,7°) and 6 € (53°, 60°), topological corner states are
absent, although they both fit the type-A configuration. There-
fore, by continuously rotating the scatterers of our system,
we can achieve adjustable topological corner states. This can
be potentially applied to design THz topological functional
devices.

IV. EXPERIMENTAL DEMONSTRATION
OF TOPOLOGICAL CORNER STATES

In the experiments we fabricate different kinds of THz
VPC samples. Steel wires with a diameter d = 200 um are
used as cylinders and arranged in the requirements of lattices.
To make three steel wires tangent to each other in the unit
cell, we etch a metal plate with particular chamfered triangu-
lar lattices [left panel of Fig. 7(a)], where the side length is
555 um, and the lattice constant is 475 um. The photograph of
an assembled sample is shown in the right panel of Fig. 7(a),
where we use two metal plates to maintain the lattice shape.
Then we present the experiments of the bulk band gap in a
VPC sample, the topological valley edge states in a waveguide
channel consisting of two VPCs with opposite valley Chern
numbers, and the topological corner states by constructing
nested structures made of VPCs with two distinct higher-order
topological phases.

The measurements are carried out using a THz real-time
spectrometer (EKSPLA/THz, Lithuania), as schematically
shown in Fig. 7(b). The linearly polarized THz waves along
the y direction couple into the VPC sample from one end of
the topological interface and have been collected by detec-
tors. We obtain the transmittance spectrum by comparing the
measured transmission spectrum intensity of the sample to
the reference spectrum. Then the angle-resolved transmittance
measurements are applied to identify the bulk band disper-
sions of the bulk sample. The sample comprises 40 unit cells
along the x axis (length about 19.0 mm) and 4 unit cells
along the y axis (width about 1.6 mm). The incident THz
wave propagates along the y axis through the sample. Then we
rotate the sample in the x-y plane along the z axis to change the
incident angle o, causing the momentum component along the
interface tangential component to vary continuously. Our ex-
periments measure the transmittances when the incident angle
« varies from 0° to 60°. These angle-resolved transmittances
have been further merged into the dispersion map using the
relation between the in-plane vector and incident angle « as
k;) =2m sina/A (here A is the wavelength of the incident
THz wave). Figure 7(d) shows the measured dispersion map
of VPC30,, where the bulk band is branched, and the band
gap is observed between 0.23 and 0.39 THz. This observa-
tion is consistent with the calculated photonic band structure
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FIG. 7. (a) The left panel shows a photograph of a metal plate, where the inset is a magnification to show the detailed structure. An
assembled experimental sample is shown in the right panel. (b) Experimental setup used to perform transmittance measurements. (c) Calculated

and (d) Measured dispersion map for VPC30,..

[as shown in Fig. 7(c)]. There is little difference between
experimental data and numerically calculated results because
of interface impedance matching and imprecise operations of
the measurement process. Due to the geometric symmetry be-
tween VPC30, and VPC30_, the VPC30_ can be obtained by
rotating 180° of VPC30,. along the z axis. The dispersion map
of VPC30_ is the same as the result of VPC30,. Therefore
we have experimentally demonstrated the existence of a bulk
band gap in VPC30,. and VPC30_.

Since the samples we fabricated are the VPCs, topological
valley edge states should exist. To demonstrate the existence
of topological edge states, we constructed a waveguide chan-
nel consisting of VPC30, and VPC30_, and the former is
placed on top of the latter, and they both comprised 10 unit
cells along the x axis and 10-unit cells along the y axis as
shown in Fig. 8(a). The simulated intensity distribution of
|H,| in Fig. 8(b) indicates that the THz waves could propagate
along the edge of the waveguide channel. In the experiment
we measure the time-domain signal, E (¢), of the sample with
an edge waveguide channel and compare it to that of the bulk
sample VPC30, shown in Fig. 8(c). After Fourier transforms,
we can obtain the transmittances shown in Fig. 8(d). The
results show that the transmittance is relatively low for bulk
samples ranging from 0.23 to 0.39 THz. On the contrary, a
sample with an interface waveguide channel exhibits rela-
tively high transmittance at the same regime, suggesting the
presence of topological valley edge states.

To experimentally verify the emergence of topological cor-
ner states, we fabricated several samples with type-A and
type-B nested triangular structures, and two of them are shown
in Fig. 9(a). In this experiment, to successfully excite and
effectively detect the corner states is essential. We have de-
signed and set up the optical path based on far-field detection
as shown in Fig. 9(b). For THz waves with the frequency
around the range of band gap, it is hard to spread across the
x-y plane of the samples. Hence, THz waves can only radiate

outward along the vertical plane direction, that is, along the
metal antenna, and be detected. The simulations of electric
field intensities |E|? are illustrated in Figs. 9(c)-9(f). When
the frequency of incident THz waves is at 0.38 THz, only
corner states can be easily excited for type-A30, but edge
states are excited for type-B30 [as shown in Figs. 9(c) and
9(d)]. In the case of type-AlS5, except for corner states, bulk
states are also excited, but the intensity of the former is greater
[shown in Fig. 9(e)]. For type-B15, there is mainly a bulk
state at 0.38 THz, as shown in Fig. 9(f). Meanwhile, in the
experimental measurements, the distance between the sample
and the detector along the z direction remains constant, while

(a) (C) 0.30 Eiﬂ'ﬂ(ight interface
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o

y
z 0.30 20T, 4(10) 60
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FIG. 8. (a) Photograph of a metal plate in which VPC30, is
on the top and VPC30_ is at the bottom. (b) The simulated field
distribution of |H,| at 0.30 THz. (c) Measured time-domain spectra
for the THz wave going through a straight interface (red curve) and
the bulk (black curve). (d) Measured transmittance results for bulk
(black curve) and edge states (red curve).
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FIG. 9. (a) Photograph of fabricated samples in which type-A30 structure is shown on the left panel and type-A15 structure is on the right
panel, where the inset is a magnification to show the detailed structure. (b) Experimental setup for measurements through the far-field radiation
signal arriving at the detector. (c)—(f) Simulated electric field intensity |E|?> under the excitation from the left for (c) type-A30, (d) type-B30,
(e) type-A15, and (f) type-B15 structures at 0.38 THz, and black dashed lines represent the boundary in different nested triangular structures.
(2)—(j) Measured spatial mapping of electric field intensity |E|? corresponding to (c)—(f), respectively, and orange dashed lines highlight the

structures.

the relative position between the sample and the detector in the
x-y plane is adjusted by moving the sample using a displace-
ment platform. To enhance spatial resolution and minimize the
impact of scattered THz waves, we have installed a narrow
aperture with a diameter of 4 mm in front of the detector.
Then the time-domain signals of different positions of the
sample can be detected, and the spatial mapping of the electric
field intensity of the sample is obtained by Fourier transform.
For the type-A30 structure, we indeed observe the presence
of corner states at a frequency of 0.38 THz, as shown in
Fig. 9(g). Due to the fact that the far-field signals are collected
in the experiments, the measured localized spots have a little
bit of shift, but they clearly present the corner states, while
the edge state is observed for the type-B30 structure at the
same frequency [seen Fig. 9(h)]. When the rotation angle of
scatterers of the system is 15°, the situation becomes different.
It is shown in Fig. 9(i) that the corner states at the frequency
of 0.38 THz remain localized around the corners. Meanwhile,
the bulk states at the same frequency are excited inside the
structure. In other words, the corner states are separated from
the bulk states in space. Detachable topological corner states
are generated, although they are embedded in bulk bands
of eigenenergy spectra in type-A structures. However, it is
different for the type-B15 structure, which only exhibits bulk
states [illustrated in Fig. 9(j)]. Here, some electric fields
exist outside the photonic crystals due to imperfections in

the crystal samples, such as bending or unsmooth surfaces
of steel wires. Additionally, it is worth noting that the spa-
tial resolution of the electric field intensity measurements
is approximately 3—4 mm, as illustrated in Figs. 9(2)-9()).
To enhance the resolution further, one could consider re-
ducing the diameter of the circular aperture, but this may
significantly impact the signal-to-noise ratio. However, two
topological corner states are confirmed experimentally in
type-A nested triangular structures [as shown in Figs. 9(g)
and 9(1)].

V. SUMMARY

In conclusion, we have theoretically and experimentally
investigated higher-order topological states in THz VPCs.
With the triangular lattice, the broken mirror symmetry in-
duced by rotating scatterers leads to the valley Hall effect and
high-order topology. The valley topological phase transition
of the structure is verified through calculated photonic band
structure, phase profiles, and Berry curvature. Furthermore,
topological corner states are demonstrated by numerical sim-
ulations of eigenenergy spectra, related field distributions,
and LDOS of nested triangular structures. The results show
that there are two types of topological corner states: one is
within the band gap, and the other is embedded in the bulk.
Both originate from bulk dipole moments protected by C;
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symmetry and can be switched flexibly by rotating the scat-
terers of the unit cells in the system. Then, by calculating the
corner charge, it is found that the corresponding corner charge
is fractional if corner states exist; the corner charge is an
integer if there is no corner state. Experimentally, we fabricate
a series of THz VPC samples. The angle-resolved transmit-
tance measurements demonstrate the presence of the photonic
band structure, and measured time-domain spectra reveal the
valley edge states. Two topological corner states are directly
observed by spatial mapping of the electric field intensity.
These investigations provide the possibility of simultaneously

employing topological corner, edge, and bulk states to guide
THz waves, which may have potential applications in THz
functional devices.
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