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ABSTRACT

Recently, besides investigating the transmission characteristics of topological
edge  states,  researchers  have  also  explored  their  localization  and  trapping
behaviors. However, the scenario where topological edge states are localized
and  confined  at  specific  interfaces  in  a  frequency-dependent  manner
remains  unexplored  and  unreported.  In  this  work,  by  leveraging  the
coupling effects of different interface stacking types, we systematically inves-
tigate valley Hall edge states at distinct interfaces of valley photonic crystals
(VPCs),  including  bearded  and  armchair  interfaces.  Subsequently,  we
construct  a  U-shaped  topological  waveguide  composed  of  these  interfaces.
Both numerically and experimentally, we demonstrate that valley Hall topo-
logical states in this U-shaped waveguide can be localized and confined at a
designated  interface  in  a  frequency-dependent  manner.  Compared  with
conventional topological rainbow systems — where edge states of different
frequencies  are  separated  and  trapped  at  distinct  spatial  positions  —  our
proposed waveguide avoids complex techniques such as modulating external
magnetic  fields  or  designing  structures  with  gradually  varying  parameters,
thereby  greatly  facilitating  photonic  integration.  These  results  provide  a
practical and feasible platform for nanoscale electromagnetic wave manipu-
lation using the interface as a valley degree of freedom (DOF), with promising
applications in integrated photonic devices such as multi-frequency routers
and ultra-compact topological rainbow nanolasers.

Keywords  valley photonics crystals (VPCs), armchair interface,
U-shaped waveguide, multiple frequency routers
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 1   Introduction

In  recent  years,  photonic  topological  insulators  (PTIs)

[1–5]  have  been  booming  development  in  integrated
photonics  and  on-chip  communications  due  to  their
excellent  transmission  characteristics  with
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backscattering-immune, one-way transport and robustness
against defects or imperfections, such as photonic quantum
Hall insulators [6–11], photonic quantum spin Hall insu-
lators  [12–16],  photonic  quantum  valley  Hall  insulators
[17–20],  photonic  topological  Anderson  insulators
[21–23], and photonic Floquet topological insulators [24,
25].  These  photonic  systems  with  nontrivial  topology
offer  unprecedented  opportunities  for  efficient  and
robust molding of light on a nanophotonic chip and inte-
grated photonics,  important for extension and advance-
ment  for  conventional  condensed  matter  physics  and
optics  based  on  nontrivial  topological  photonic  states.
There are a great number of revolutionary and intriguing
topics derived from topological photonics, such as topo-
logical bound states in continuum (BIC) [26], topological
non-Hermitian  skin  effect  [27–29],  topological  quantum
entanglement [30, 31], and topological microcavity lasers
[32, 33].  These  advances  vastly  facilitate  progress  of
communication  technology  with  new  functions  or
improved performance.

In  a  two-dimensional  topological  photonic  system,
valley-dependent  edge  states  emerge  at  the  interface
formed by stacking two mirror-inverted valley photonic
crystals  (VPCs)  [17, 18, 34],  achieved  by  breaking  the
parity-reversal symmetry (PRS). This mimics the quantum
valley  Hall  effect  (QVHE).  These  edge  states  are
protected  against  intervalley  scattering  at  defects  that
preserve the C3 crystalline symmetry.  Compared to the
photonic  quantum Hall  effect  (QHE)  and  the  quantum
spin  Hall  effect  (QSHE),  the  photonic  QVHE  offers
distinct  advantages,  primarily  due  to  two  factors:  (1)
valley-dependent spin-split photonic bulk bands resulting
from PRS breaking, and (2) the valley degree of freedom
(DOF), a binary index that serves as a superior information
carrier.  Moreover,  the  photonic  QVHE  can  be  readily
implemented using all-dielectric materials and fabricated
with conventional nanofabrication techniques. Significant
progress  has  recently  been  made  in  terahertz  on-chip
communication.  Nanophotonic  chips  based  on  the
QVHE  have  been  developed  and  experimentally  fabri-
cated,  with wireless  communication efficiencies  continu-
ously improving — for example, reaching 13 Gbps [35],
100  Gbps  [36],  160  Gbps  [37],  and  320  Gbps  [38].
Beyond  transmission  characteristics,  researchers  have
also explored the localization and trapping of topological
edge  states.  For  instance,  the “topological  rainbow”
phenomenon  [39–42],  in  which  edge  states  of  different
frequencies are robustly localized at distinct spatial posi-
tions,  provides  a  novel  platform  for  manipulating  elec-
tromagnetic  (EM)  wave  in  integrated  photonics.
Another  important  example  is  the  localization  of  chiral
edge states via non-Hermitian skin effects [28]. However,
the frequency-dependent localization of  topological  edge
states  at  specific  interfaces  remains  unexplored  and
unreported.

To the best of our knowledge, the design and realization

of topological rainbows are mainly based on three principles
or  approaches:  dispersion  engineering,  synthetic  dimen-
sions, and Landau levels. Among these, dispersion engi-
neering  is  the  most  widely  employed.  By  combining  it
with  topological  properties,  the  topological  rainbow
phenomenon can be realized, for instance, by modulating
the  external  magnetic  field  strength  [43],  designing
structures  with  gradually  varying  parameters  [44],  or
introducing  graded  losses  [45].  However,  their  practical
implementation  often  involves  complex  fabrication
processes,  which poses a challenge for photonic integra-
tion.  On  the  other  hand,  considerable  research  has
shown  that  interface  coupling  distance  [46, 47]  and
termination  geometries  or  interface  stacking  types  [48,
49] (e.g., zigzag, armchair, and bearded interfaces) serve
as key factors for enabling precise control over EM wave
frequency.  Building  on  studies  of  dispersion  curves  for
valley Hall edge states at different interfaces, we propose
a topological waveguide structure comprising such inter-
faces.  This  approach  suggests  that  the  interface  itself
could  be  leveraged  as  a  DOF  for  manipulating  EM
wave.  Compared  to  previous  approaches,  this  strategy
could  facilitate  the  development  of  integrated  photonic
devices  by  simplifying  fabrication  requirements  and
enhancing design flexibility.

In  this  work,  we  systematically  investigated  valley
Hall edge states at different interfaces of VPCs, such as
bearded  and  armchair  interfaces.  We  theoretically
analyzed  and  demonstrated  that  the  valley  Hall  edge
states at each type of interface possess distinct transmission
characteristics.  Subsequently,  we  constructed  a  U-
shaped topological waveguide composed of both bearded
and armchair  interfaces.  Through both numerical  simu-
lations  and  experimental  measurements,  we  achieved
and  observed  frequency-dependent  localization  and
confinement  of  valley  Hall  topological  states  at  specific
interfaces  in  the  U-shaped  waveguide  structure.  These
results thereby offer a potential and feasible platform for
manipulating EM wave using interfaces as an additional
DOF  at  the  nanoscale.  This  approach  is  particularly
promising for applications in integrated photonics,  such
as multi-frequency routers [50]  and ultra-compact topo-
logical rainbow nanolasers [51].

 2   Valley photonics crystals

Figure 1(a) shows a schematic of the all-dielectric VPCs
with a honeycomb lattice, composed of alumina cylinders
(relative  permittivity εr =  7.5)  in  air.  The  VPC  has  a
rhombic  unit  cell  containing  two  alumina  cylinders  of
different  diameters.  This  diameter  inequivalence  breaks
the primitive PRS and consequently opens a two-dimen-
sional  photonic  bandgap  (PBG)  [18, 20, 35].
Figures 1(b1)–(b3) illustrate three types of VPC lattice
cells,  designated  as  VPC1,  VPC0,  and  VPC–1,  respec-
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tively.  Their  geometric  parameters  are  defined  as
follows: dA = 6/16a and dB = 5/16a; dA = 2r0 = 11/32a
and dB =  2r0 =  11/32a; dA =  5/16a and dB =  6/16a.
Here, dA and dB are  the  diameters  of  circles  A  and  B,
respectively, and rA and rB are their corresponding radii.
For VPC1, the radii are rA = r0(1+δ) = 3 mm and rB =
r0(1–δ) = 2.5 mm, with δ = 1/11 defined as the valley-
dependent  deformation  parameter.  The  photonic  band
structures  for  transverse  magnetic  (TM)  modes  were
calculated  by  using  the  finite  element  method
(COMSOL  Multiphysics  6.0),  as  presented  in
Figs.  1(c1)–(c3).  A  Dirac  cone  (indicated  by  green
arrows) is observed in the band structure of VPC0. This

Dirac  cone  opens  when  the  cylinder  diameters  become
inequivalent, resulting in the appearance of a PBG. Our
calculations,  presented  in  the  right  panels  of
Figs. 1(c1)–(c3), verify that PRS breaking induces valley-
dependent spin–split bulk bands, manifested as opposite
valley spins and a strongly localized electric field amplitude
at the respective K and K′ valleys.

Due to the large separation between the two valleys in
k-space, a valley-dependent topological invariant can be
defined.  This  invariant,  namely  the  valley  Chern
number,  is  used to classify the topological  states of  the
different lattices. It is defined as follows:
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a1 a2Fig. 1  (a) Schematic of all-dielectric VPCs with honeycomb lattice. Here vectors  and  denote the translation vectors

and a is  the  lattice  constant  (a =  16  mm). (b1–b3) Schematic  of  three  kinds  of  VPCs  cell  units,  VPC1,  VPC0,  VPC-1
respectively. (c1–c3) Photonic band diagrams in the first Brillouin zone (FBZ), corresponding to (a1–a3), respectively. The
right panels denote the electric field amplitude |Ez| and phase distributions of eigenmodes at the K/K′ valley in the first and
second band respectively. (d) Schematic of the VPCs with honeycomb lattice (array of waveguides), with the three principal
edge terminations there of: bearded, zigzag and armchair edges, respectively. Bule lines denote edge shapes.
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CK/K′ =
1

2π

∫∫
K/K′

F (k)d2k,

F (k) = ∇k × An(k) An(k) = ⟨un(k)|i∇k|un(k)⟩

un(k)

Cv = ±1 Cv = CK − CK′

where  and 
are  the  Berry  curvature  and  Berry  connection  respec-
tively,  and  is  the  spatially  periodic  part  of  the
Bloch  function  for  the nth  band.  Integrating  Berry
curvatures around different valleys, we further find that
the  valley  Chern  numbers  are  half-integers,  that  is, CK
= 1/2 and CK′ = –1/2 for the first band, CK = –1/2 and
CK′  =  1/2  for  the  second  band.  The  differences  in  the
valley Chern numbers across the domain wall, formed by
two mirror-symmetric VPCs at the K and K′ valleys, are
calculated  to  be  ( ).  According  to
the bulk-edge correspondence principle [52], these quan-
tized  differences  guarantee  that  within  PBG  a  pair  of
valley  Hall  edge  states  exists  at  the  domain  wall.  In  a
honeycomb  lattice,  three  principal  edge  terminations,
namely, bearded, zigzag, and armchair (implemented as

arrays of waveguides) [48], give rise to distinct domain-
wall  configurations,  as  illustrated  in Fig.  1(d).  By
connecting two VPCs with distinct topological phases, a
pair of valley Hall edge states emerges within the PBG:
one  at  the  K  valley  propagates  unidirectionally  along
one  direction,  while  its  counterpart  at  the  K′  valley
propagates unidirectionally in the opposite direction.

 3   Valley Hall edge states at different
interfaces

For  bearded  interface-1  [see Fig.  2(a)],  the  photonic
band diagram along wavevector kx is shown in Fig. 2(b).
Within PBG marked by a shadow, a pair of valley Hall
edge  states  emerges  at  the  K and K′  valleys  and these
states propagate in opposite directions along the bearded
interface-1.  Additionally,  there  are  two  pairs  of  trivial
topological edge states (marked by pink curves) gapped

 

Fr
eq

ue
nc

y 
(c

/a
)

K 0.5K′
kx (2π/a)

(a)

Bearded interface-1

Frequency (c/a)

Tr
an

sm
itt

ed
 e

ne
rg

y 
(a

.u
.)

0

Max

|Ez|

Straight
Z-shaped

(b)
0.4 1

0.75

0.5

0.25

0
0.34 0.35 0.36 0.37

Frequency (c/a)

Tr
an

sm
itt

ed
 e

ne
rg

y 
(a

.u
.)

1

0.75

0.5

0.25

0
0.34 0.35 0.36 0.380.37

0.39

0.36

0.33

0.3

Fr
eq

ue
nc

y 
(c

/a
)

0.4

0.39

0.36

0.33

0.3

−0.5 0

K 0.5K′
kx (2π/a)

−0.5 0

(c)

Bearded interface-2

Straight
Z-shaped

(e)

(f)

(g) (h)

(i)

(j)

δ=1/11

δ=−1/11

−1

1

Ez

(d) @0.3514(c/a)

@0.3563(c/a)

@0.3523(c/a)

@0.3572(c/a)

1 2

1
2

 

Γ−K
Fig. 2  Valley  Hall  edge  states  in  the  bearded  interface. (a,  f) Schematic  of  bearded  interface-1  and -2. (b,  g) The
photonic bulk band diagrams along  momentum space, where red and pink lines denote topological nontrivial and trivial
edge modes dispersion respectively. The shadow indicates the frequency range where only valley Hall edge modes exist. Right
panel: valley Hall edge eigenmodes (Ez) marked by blue dot. (c, h) The transmission spectra as a function of frequency in
straight and Z-shaped waveguide for the bearded interface-1 and -2. (d, e) and (i, j) Electric field amplitude (|Ez|) distributions
of  valley  Hall  edge  states  in  straight  and  Z-shaped  waveguide  for  bearded  interface-1  and -2,  where  red  star  and  circular
arrow denote location and polarized direction of chiral source, respectively.
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U = 1/2
∫
l
Re(E ×H∗) · dl

out from bulk bands due to breaking the crystal symme-
try. The right panel of Fig. 2(b) displays the eigenmode
profiles  of  the valley Hall  edge states,  which exhibit  an
odd symmetry with respect to the mid-horizontal plane.
The EM wave energy that  passes  through the  planes  1
and 2 [indicated by the white dashed lines  in Fig.  2(d)
and  (e)]  can  be  calculated  by 
[15, 16],  from  which  we  can  define  the  percentage  of
transmitted  energy  as U2/(U1+U2)  and  the  resulting
transmission spectra are shown in Fig. 2(c). From which
one  can  see  that  whatever  waveguide  structure  is
straight or Z-shaped, the valley Hall edge states exhibit
highly unidirectional transmission in bandwidth marked
by  light  shadow.  By  full  wave  simulation,  we  give  out
electric field amplitude (|Ez|) distributions of valley Hall
edge states in straight and Z-shaped waveguides, respec-
tively,  as  shown  in Figs.  2(d)  and  (e).  The  valley  Hall
edge states propagate unidirectionally along the bearded
interface-1  and  traverse  sharp  bends  without  backscat-

tering  when  excited  by  a  chiral  left-handed  circularly
polarized  (LCP)  source.  This  observation  directly
demonstrates  the  robust  transmission  of  these  states,
which  is  guaranteed  by  their  topological  protection.
Similarly,  for  the  case  of δ =  1/11  shown  in Fig.  2(f),
the  lattice  interface  exhibits  mirror-inverted  symmetry.
Consequently,  the  dispersion  of  the  valley  Hall  edge
states  undergoes  a  flip  with  respect  to  the  K  and  K′
valleys,  as  presented  in Fig.  2(g).  The  corresponding
eigenmodes, displayed in the right panel of Fig. 2(g), are
even  symmetric  with  respect  to  the  mid-horizontal
plane. The transmission spectra within the PBG exhibit
a similar trend, showing high unidirectional transmission
over the operational bandwidth. Therefore,  the bearded
interface  in  VPCs  is  advantageous  for  integrated
photonic waveguides and circuits.

Figure  3(b)  presents  the  photonic  band  diagram  for
the armchair interface [Fig. 3(a)]. Within the PBG, two
pairs of edge states dispersion curves are observed. Their
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S

Fig. 3  Valley  Hall  edge  states  in  the  armchair  interface. (a) Schematic  of  armchair  interface,  black  rectangle  denotes
supercell. (b) The photonic bulk bands diagram along  momentum space. Light yellow shadow denotes completed PBG.
Right  panels:  denotes  Poynting  vector  marked by pink  arrows,  black  circular  arrows  denote  directions  of  energy  power
flow. (c) The transmission spectrum as a function of frequency in straight waveguide. Inset: Forward and backward energy
flows through the vertical planes, respectively. (d, e) |Ez| distributions of valley Hall edge states along the armchair interface
and with disorder, the white dashed lines denote the interface. (f) Schematic diagram of the armchair interface with disorder.
The red dashed circles show the original position without disorder. The yellow circles show the position of the cylinders after
the move.
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characteristics  bear  a  notable  similarity  to  those
reported  in  the  Wu–Hu model  [13].  Since  the  armchair
interface is parallel to the lattice  direction [53], the
EM  wave  propagation  is  analyzed  along  the y-axis.
Accordingly, the supercell periodicity is aligned with the
wavevector ky direction  in  our  numerical  simulations.
The  emergence  of  two  pairs  of  edge  states  dispersion
curves  within  PBG can  be  attributed  to  the  folding  of
the  K  and  K′  valleys  onto  each  other  when  the  band
structure is projected along the ky direction [54]. Conse-
quently, the edge states propagating along the armchair
interface at a given Bloch momentum are valley-locking,
inheriting properties from both the K and K′ valleys.

We analyze the eigenmodes marked by pink and blue
dots, which reveal that the electric field component Ez is
concentrated at the armchair interface and decays expo-
nentially  away  from it.  The  vortices  in  the  energy  flux
(Poynting vectors) around the valleys are clearly visible.
The energy flow, indicated by the pink arrows, exhibits
anticlockwise  (clockwise)  rotation,  as  denoted  by  the
black  circular  arrows,  corresponding  to  the  valley-spin
up  (down)  states,  respectively.  Furthermore,  in
Fig. 3(b), the small gap highlighted in yellow, resulting
from the repulsion between the two edge states, signifies
coupling between them [13, 16, 54]. Figure 3(c) presents
the  transmission  spectra  of  the  valley  Hall  edge  states
along the armchair interface. These spectra demonstrate
high  unidirectional  transmission  within  the  frequency
bandwidth  indicated  by  the  light  shadow,  while  trans-
mission  is  nearly  absent  within  the  tiny  gap.  This  is
further  corroborated  by  the  inset  of Fig.  3(c),  which
plots  the  forward  and  backward  energy  fluxes  through
designated  vertical  planes.  As  shown,  both  fluxes
approach zero within the gap. Finally, Fig. 3(d) confirms
that the valley Hall edge states propagate unidirectionally
along  the  armchair  interface  at  a  frequency  of
0.3686(c/a).  The  valley  Hall  edge  states  can  bypass
intentionally introduced disorder and maintain unidirec-
tional propagation along the armchair interface without
back-reflection. This demonstrates their robust transmis-
sion  against  defects  or  disorder,  as  shown  in Figs.  3(e)
and  (f).  Notably,  these  edge  states  also  exhibit  strong
self-guided  transmission  [55]  along  the  zigzag  interface
(see  the  right  boundary  of  the  ribbon).  Additionally,
discussion and analysis of the valley Hall edge states at
the zigzag and comb-like interfaces [56]  are provided in
the Supplementary Material.

 4   U-shaped waveguide

Building  upon  the  preceding  discussion  and  analysis  of
valley Hall edge state dispersions at different interfaces,
we construct a U-shaped waveguide structure composed
of  bearded  interface-1, -2  and  armchair  interfaces.  To
analyze  and  predict  the  transmission  characteristics  of

the valley Hall edge states within this U-shaped waveg-
uide,  we  compile  a  composite  dispersion  diagram
[Fig.  4(a)]  by integrating the data from Figs.  2(b),  (g),
and Fig.  3(b).  Schematics  of  the  U-shaped  waveguide
structure  are  presented  in Figs.  4(b1)–(b4),  where  the
pink, green, and red lines represent bearded interface-1,
bearded  interface-2,  and  the  armchair  interface,  respec-
tively,  with  black  arrows  indicating  the  propagation
direction  of  the  valley  Hall  edge  states.  Based  on
Fig. 4(a), we can deduce the following transport scenar-
ios: At frequency f1, the valley Hall edge states propagate
unidirectionally  along  bearded  interface-2,  the  armchair
interface, and bearded interface-1 in sequence, as illustrated
in Fig. 4(b1). At frequency f2, however, the states propagate
unidirectionally  along  bearded  interface-1  and  bearded
interface-2  but  are  absent  at  the  armchair  interface.
Consequently,  the  EM  wave  becomes  localized  and
confined  at  bearded  interface-2,  marked  by  the  dashed
rectangle in Fig. 4(b2). This localization occurs because
frequency f2 lies within a tiny gap that does not support
the transport of valley Hall edge states at the armchair
interface  [57].  The  EM  wave  is  thus  reflected  at  the
interface  termination  due  to  the  reversal  of  its  valley
degree  of  freedom  [58].  Based  on  this  analysis,  we
predict that the EM wave localizes near the intersection
of  the interfaces,  forming a photonic cavity.  This  local-
ization  originates  from  a  momentum  shift,  which  leads
to  energy  confinement  due  to  a  momentum  mismatch
between  backward  and  forward  scattering  processes.
This  mechanism  is  fundamentally  distinct  from  the
localization  of  chiral  edge  states,  which  is  intrinsically
based  on  the  non-Hermitian  skin  effect  [28].  At
frequency f3, valley Hall edge states propagate unidirec-
tionally  along  bearded  interface-2  and  the  armchair
interface  but  are  absent  at  bearded  interface-1.  Conse-
quently, after propagating along bearded interface-2, the
states are localized at the armchair interface, as similarly
illustrated  in Fig.  4(b3).  Furthermore,  by  altering  the
polarization direction of the chiral source, the propagation
direction can be controlled. Based on valley-spin locking,
the  edge  states  can  be  made  to  propagate  rightward
along  bearded  interface-2  at  frequency f1 (or,  in  princi-
ple, at any of the three frequencies), as demonstrated in
Fig. 4(b4). These results demonstrate that within the U-
shaped waveguide,  valley  Hall  edge states  can not  only
be  guided  but  also  selectively  confined  or  localized  at
specific  interfaces  in  a  frequency-dependent  manner.
This functionality, guiding and frequency-selective trap-
ping,  renders  the  structure  analogous  to  a  topological
rainbow device [40].

The corresponding numerical simulation results at the
respective  frequencies  are  presented  in Figs.  4(c1)–(c4).
The |Ez| field distributions of the valley Hall edge states
observed in these figures are in full agreement with our
previous  analysis  and  predictions.  Most  notably,  at
frequency f3, a significantly enhanced electric field intensity
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is  evident  at  the  intersection  between  the  armchair
interface  and bearded interface-1,  as  seen in Fig.  4(c3).
This  enhancement  can  be  attributed  to  the  mechanism
discussed  earlier:  at  the  junction  between  two  distinct
interfaces, the valley Hall edge states undergo a “valley
index flip” (from K to K′ or vice versa). During this flipping
process,  the effective reflection time (or  delay time) for
photon  transmission  is  substantially  prolonged.  This
extended delay, under the condition of near-conservation
of the valley DOF [58], leads to the pronounced localization
of  photon  energy  at  the  interface  termination.  The
numerical  simulation  results  are  in  excellent  agreement
with  the  preceding  predictions  and  analyses.  Therefore,
we  have  successfully  demonstrated,  theoretically,  that
the valley Hall edge states can be selectively localized at
specific  interfaces  within  the  U-shaped  waveguide
through  a  frequency-dependent  mechanism  enabled  by
interface engineering. This operating principle, localizing
states  at  predefined  positions  via  their  frequency,  is
functionally analogous to conventional topological rainbow
trapping,  where  topological  edge  states  of  different
frequencies  are  spatially  separated  and  confined  at
distinct  locations.  However,  a  key  advantage  of  our  U-
shaped  waveguide  design  is  its  implementation  simplic-
ity:  it  requires  neither  modulation  of  an  external

magnetic field, design of structures with gradually varying
geometric  parameters,  nor  the  introduction  of  graded
losses. Owing to these features, the interface-engineering-
based  U-shaped  waveguide  demonstrates  significant
potential  for  nanophotonic  applications,  such  as  robust
light-harvesting devices [59] and ultra-compact topological
rainbow nanolasers.

The experimental setup for the U-shaped waveguide is
illustrated  in Fig.  5(a).  The  configuration  comprises
three  kinds  of  interfaces:  bearded  interface-2,  the
armchair  interface,  and  bearded  interface-1,  highlighted
by green, red, and pink lines, respectively. The fabricated
sample consists of two distinct types of dielectric cylinders
with radii of 0.3 mm and 0.25 mm, both having a height
of 8 mm. This sample is  positioned on a lower metallic
plate (10 mm in height), together with an upper metallic
plate, to form the complete waveguide device.

The  microwave  field  mapper  system  [14, 16]  is
employed  for  measurement.  A  chiral  source  is  inserted
into  the  bottom  plate  via  a  drilled  hole.  The  time-
harmonic field distributions are then measured point-by-
point  using  a  probing  antenna  connected  to  a  vector
network  analyzer  (Keysight  E5063A)  through  the  top
metallic plate. Experimentally, the electric field distribu-
tions along the interfaces of the U-shaped waveguide are
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Fig. 4  U-shaped  waveguide. (a) Valley  Hall  edge  modes  dispersion  curves  of  the  bearded  interface-1, -2  and  armchair
interface,  marked  by  pink,  green  and  red  curves  respectively. (b1–b4) Schematic  diagram  of  U-shaped  waveguide,  black
arrows denote transport direction of the topological  edge states, “ ” denotes cannot support transport of  valley Hall  edge
states  in  the  interfaces.  Where  the  pink,  green and red lines  represent  the  bearded interface-1, -2  and armchair  interfaces
respectively.  The  dashed  rectangles  represent  localization  zone  of  U-shaped  waveguide. (c1–c4) |Ez|  distributions  of  U-
shaped waveguide corresponding to (b1–b4) respectively.
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acquired by scanning the frequency within PBG in steps
of  0.01  GHz,  from  which  the  electric  field  intensity
profiles  are  derived.  Consequently,  a  series  of  electric
field  intensity  profiles  at  various  frequencies  are
obtained.  All  experimental  results  are  presented  in
Figs. 5(b)–(e), utilizing a chiral source as the excitation.
Figure  5(b)  demonstrates  that  at  7.15  GHz,  the  valley
Hall  edge  states  propagate  unidirectionally  along
bearded interface-2, the armchair interface, and bearded
interface-1,  respectively.  Similarly,  at  7.32  GHz,  the
states propagate unidirectionally along bearded interface-
2  and  become  localized  at  this  interface,  as  shown  in
Fig. 5(c). Figure 5(d) shows that at 7.44 GHz, the unidi-
rectional  propagation  occurs  along  bearded  interface-2
and the armchair interface, with subsequent localization
at  the  latter.  Finally,  when the  chiral  source  is  excited
by left-handed circular polarization (RCP) at 7.49 GHz,
the  valley  Hall  edge  states  propagate  rightward  along
bearded  interface-2,  as  evidenced  in Fig.  5(e).  The
experimental  results  clearly  demonstrate  that  the  U-
shaped waveguide is selectively localized and confined at
a  specific  interface  in  a  frequency-dependent  manner.
Although a slight deviation exists between the numerical
simulations  and  experimental  measurements,  which  is
acceptable and unavoidable owing to EM wave scattering
in  the  experimental  setup.  Overall,  the  experimental
results are in broad agreement with the numerical simu-
lations.  Detailed  findings  for  the  point  source  (dipole)
excitation  are  provided  in  the  Supplementary  Material.
For this configuration, EM wave scattering is compara-
tively weaker. While the results obtained from the dipole
source show an offset relative to the previous experimental
set, they remain in good agreement with the simulation

results.
Building upon the study of transmission characteristics

for  valley  Hall  edge  states  at  different  interfaces,  we
propose and demonstrate a potential application in inte-
grated photonics and on-chip communications: topological
metasurface  antennas.  By  constructing  distinct  inter-
faces, these antennas can be engineered to realize various
microwave  antenna  functions.  A  detailed  discussion  of
the topological  metasurface antennas is  provided in the
Supplementary Material.

 5   Conclusion

In  conclusion,  we  systematically  and  comprehensively
study  the  valley  Hall  edge  states  at  different  interfaces
in  VPCs,  including  bearded  (-1  and -2)  and  armchair
interfaces. Building on the analysis of their transmission
characteristics,  we theoretically propose and experimen-
tally  demonstrate  a  U-shaped  waveguide  formed  by
these interfaces. The results confirm that the valley Hall
edge  states  can  not  only  guide  but  also  be  selectively
confined  or  localized  at  a  given  interface  within  the
waveguide,  governed  by  frequency  dependence.  More-
over,  compared  to  previous  approaches,  our  fabrication
method  is  simpler  and  more  convenient,  as  it  does  not
require  complex  techniques  or  additional  processing
steps. These findings provide a potential and viable plat-
form for controlling EM waves by utilizing interfaces as
an additional DOF at the nanoscale. For future work, it
would  be  promising  to  experimentally  extend  this  U-
shaped  waveguide  concept  to  higher  frequency  regimes,
such as  terahertz,  infrared,  and optical  bands,  enabling
more compact on-chip applications.
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Fig. 5  Experimental observation of U-shaped waveguide. (a) Photograph of an experimental sample from top view. (b–
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