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The recent realization of valley physics in photonic systems has enriched the topological phases of light with protected edge
modes and shown applications in designing high-performance photonic devices. However, the widely reported valley Hall effect
of light in two-dimensional systems is limited to one single polarization. Here, we present dual-polarization two-dimensional
valley photonic crystals by simultaneously opening two frequency accidental degenerate Dirac cones. Two band gaps with
different polarizations are characterized by opposite-valley Chern numbers, which are confirmed by the opposite-phase vortex
distributions of bulk modes and opposite Berry curvatures. This situation results in the polarization-dependent refraction of bulk
and edge modes, which locate in opposite valleys. The polarization-independent topological valley transport is also demon-
strated. Our work shows the flexible control of light in topological photonic systems with a polarization degree of freedom and
has applications in polarization multiplexing photonic devices.
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1 Introduction

The introduction of topology in photonic systems has at-
tracted considerable attention not only for the elaborate to-
pological phases of light but also for its practical applications
in novel photonic devices [1-6]. The quantum Hall effect of
light was realized in photonic crystals (PCs) by introducing
external electric or magnetic fields to break the time-reversal
symmetry (TRS) [7-15]. Based on the propagation of one-
way edge modes along its boundary, robust photonic wave-
guides can be designed and demonstrated. Instead of
breaking the TRS, the quantum spin-Hall effect of light has
been achieved in different TRS-preserved systems, such as
metamaterials, coupled ring optical waveguides, and PCs,

with the careful construction of photonic pseudospins [16-
27]. With decoupled photonic pseudospins, the topologically
protected optical propagation of pseudospin states was de-
monstrated, and photonic applications, such as high-perfor-
mance topological lasers, were shown. Recently, the valley
Hall effect of light has been realized by introducing the
binary valley degree of freedom into photonic systems [28-
38]. With the preservation of the TRS, the valley Hall effect
of light in two-dimensional (2D) PCs, whose band gaps are
characterized by nonzero valley Chern numbers, can be
achieved. Such nontrivial band gaps can be realized in a
triangular-lattice PC with broken mirror symmetry [28] or in
a honeycomb-lattice PC with broken spatial inversion sym-
metry [30]. Furthermore, valley-dependent edge modes are
found by constructing the domain wall using two PCs with
opposite-valley Chern numbers. Under the suppression of
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intervalley scattering between valley-dependent edge modes,
the topological valley transport has shown prospects in the
realization of photonic waveguides, splitters, and ring re-
sonators [39-48].
The valley Hall effect of light is commonly realized in 2D

photonic systems because it has sufficient degrees of free-
dom to control the flow of light and is compatible with
semiconductor materials to realize nanophotonic devices.
For electromagnetic waves that propagate within the xy
plane, the eigenmodes of a 2D photonic system can be
classified into two decoupled modes (or polarizations),
namely, the transverse-electric (TE) modes with non-
vanishing Ex, Ey, and Hz components and transverse-mag-
netic (TM) modes with nonvanishing Hx, Hy, and Ez
components. However, the most reported valley Hall effect
of light in 2D PCs is limited to one single polarization,
hindering its applications in polarization multiplexing pho-
tonic devices. In this work, we present the polarization-val-
ley Hall effect of light in a 2D triangular-lattice PC. The
accidental degeneracy of frequencies of Dirac cones with TE
and TM polarizations, i.e., accidental dual-polarization Dirac
cones, are realized by changing the filling ratio of metallic
rods in a dielectric background. The accidental dual-polar-
ization Dirac cones play important roles in the realization of
band gaps for both polarizations. The resultant TE- and TM-
polarized band gaps with opposite-valley Chern numbers
lead to the polarization-valley Hall effect of light. Two key
phenomena of the polarization-valley Hall effect of light, i.e.,
polarization-dependent refraction of bulk modes into the
homogeneous medium and polarization-dependent edge
modes at the domain wall, are demonstrated. Aside from the
polarization-dependent phenomena, the polarization-in-
dependent topological valley transport is also presented.

2 Results and discussion

2.1 Accidental dual-polarization Dirac cones

In this study, we consider a 2D triangular lattice of PCs with
the lattice constant of a (Figure 1(a)). The unit cell consists
of an equilateral triangular rod in the dielectric background,
with a relative permittivity of εr = 2.25. The triangular rod is
considered a perfect electric conductor that can be achieved
by metals in the microwave regime. The side length of the
triangular rod is s0, which controls the filling ratio of the
central rod (or the outer dielectric background). The angle
between the tip of the rod and the positive x-direction is
denoted by θ. Without loss of generality, we first consider the
PC with s0 = 0.8a and θ = 0° (left inset in Figure 1(c)) and
numerically simulate its bulk band dispersions using a finite
element method (COMSOL MultiphysicsTM. COMSOL AB,
Stockholm, Sweden). Figure 1(c) shows the band dispersions
of the TE and TM bulk modes in red and blue, respectively.

TM modes have a nonzero cutoff frequency f = 0.743c/a,
below which there is an absence of passing bands, while TE
modes start from the zero frequency. This finding is in
agreement with previously reported results that discuss 2D
metallic PCs [49-51]. Within the frequency range from 0 to
c/a, six bulk bands for TE modes and two bulk bands for TM
modes exist. Particularly, the first and second TE-polarized
bands linearly cross near the corner of the Brillouin zone,
i.e., the K point. The crossing point of the band dispersion at
the K point is called the Dirac point, and band dispersions
around lead to the Dirac cone. Moreover, Dirac cones are
found in the fourth and fifth TE-polarized bands and first and
second TM-polarized bands. The existence of Dirac cones
around the K point has been widely discussed in 2D trian-
gular or honeycomb crystals whose point group symmetry is
favored in the realization of Dirac cones [38,52-54]. Al-
though Dirac cones are found for TE and TM polarizations,
their frequencies are different, i.e., fTE,1 ≠ fTM,1 and fTE,2 ≠
fTM,1, as the electromagnetic duality symmetry of the 2D PC
is broken (i.e., ε/μ is not a constant over the whole real
space). However, by changing the filling ratio of metallic
rods, the frequencies of Dirac points for both polarizations
can accidentally degenerate at a specific filling ratio, and
accidental dual-polarization Dirac cones can be achieved. To
examine this condition, we enlarge the side length of metallic
rods and plot the evolution of the frequencies of the second-
lowest TE Dirac modes (i.e., fTE,2) and first-lowest TM Dirac
modes (i.e., fTM,1) in red and blue, respectively (Figure 1(b)).
As a function of s0, an accidental degeneracy occurs between
TE- and TM-polarized Dirac frequencies, i.e., fTE,2 = fTM,1,
which implies the realization of dual-polarization Dirac
cones. For further details, Figure 1(d) shows the band dis-
persions of TE and TM bulk modes for the PC with s0 =
0.845a and θ = 0°. Only band dispersions within the nor-
malized frequency range from 0.6 to 1 are shown here for
brevity. Clearly, at a frequency of 0.844c/a, doubly degen-
erate bulk modes are found for TE and TM polarizations.
Near the frequency of 0.844c/a, linear band dispersions are
found around the K point for both polarizations. This result
proves the realization of accidental dual-polarization Dirac
cones by changing the filling ratio of metallic rods. In ad-
dition, both Dirac cones are frequency isolated. That is, no
other bulk modes exist at the Dirac frequency except the bulk
modes at the K point. Furthermore, these accidental dual-
polarization Dirac cones serve as good candidates for
achieving complete band gaps and polarization-valley Hall
effect of light by opening the Dirac cones, which will be
discussed in the next section. In particular, they are much less
robust than single-polarization Dirac cones that are not ac-
cidental, as the accidental dual-polarization Dirac cones are
sensitive to the changes in the side length s0. Essentially, the
realization of accidental Dirac cones is a good starting point
but not the necessary condition to achieve dual-polarization-
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valley PCs. As presented in Appendix A of Supplementary
Materials, one can also obtain dual-polarization 2D valley
PCs without the accidental Dirac cones, as long as the dual-
polarization topological nontrivial band gaps can partially
share the same frequency range.

2.2 Polarization-valley Hall effect of light

The realization of accidental dual-polarization Dirac cones is
a good starting point in achieving the polarization-valley
Hall effect of light in PCs by opening the gapless Dirac
cones. To examine this, we note that the existence of the
gapless Dirac cone around the zone corner is protected under
the combination of the TRS and mirror symmetry. Therefore,
to open the Dirac cone and obtain a complete band gap, we

consider PCs with broken mirror symmetry, which are easy
to realize. By rotating the central metallic rod around the
origin with an angle of θ, the mirror symmetry is broken, and
the degenerate bulk Dirac modes at the K point are split. As a
function of θ, Figure 2(a) shows the frequency spectra of the
fourth and fifth TE-polarized bulk modes at the K point and
Figure 2(b) for the first and second TM-polarized bulk
modes at the K point. When θ is nonzero, the degenerate
Dirac modes split and band gaps are obtained for both po-
larizations. Although both band gaps are omnidirectional,
they are characterized by different valley Chern numbers,
which can be inspected by the eigen fields of bulk modes just
below the band gap. To examine this, the amplitude of Hz

fields (i.e., |Hz|) and power fluxes of two TE-polarized bulk
modes are shown in the inset of Figure 2(a). Both modes

Figure 1 (Color online) Dual-polarization Dirac cones in the two-dimensional photonic crystal (PC). (a) Schematic of the PC consisting of periodic
equilateral triangular metallic rods (white) in the dielectric background (cyan) with a relative permittivity of εr = 2.25. The lattice constant is a. The enlarged
inset shows that the side length of the metallic rod is s0, and the angle between the tip of the metallic rod and the positive x-direction is θ. Here, the positive θ
is obtained when the rod is rotated anti-clockwise around its center. (b) Evolution of the frequencies of the fourth- and fifth-lowest TE modes and the first-
and second-lowest TM modes at the K point are shown in red and blue, respectively. The accidental frequency degeneracy of the TE- and TM-polarized Dirac
cones (i.e., fTE,2 = fTM,1) is achieved at the PC with s0 = 0.845a. Two representative PCs presented in (c) and (d) are labeled by the orange and purple dots. (c)
Band dispersions of TE and TM bulk modes of the PC with s0 = 0.8a and θ = 0. Around the K point, Dirac cones are found between the first and second TE
bands, fourth and fifth TE bands, and first and second TM bands. The schematics of the unit cell and first Brillouin zone are shown as insets. (d) Band
dispersions of the TE and TM bulk modes of the PC with s0 = 0.845a and θ = 0. The accidental dual-polarization Dirac cones are found. Here, only band
dispersions within the normalized frequency range from 0.6 to 1 are shown.
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have their vanishing Hz fields at the triangular-lattice corner
p or q, and chiral power fluxes are observed around these
corners. Here, the mode with an anti-clockwise power flux
around the triangular-lattice corner q is labeled as the q+

mode. On the contrary, the mode with a clockwise power
flux vortex around the triangular-lattice corner p is labeled as
the p− mode. With the increasing θ, the two modes come
closer, meet each other, and separate apart once again. Along
with this mode exchange, a topological phase transition
happens, and the valley Chern number changes from nega-
tive to positive (see Appendix B of Supplementary Materials

for the numerical calculation of Berry curvatures and valley
Chern numbers). A similar topological phase transition is
also found in the TM-polarized bulk modes, but the valley
Chern number changes from positive to negative because the
lowest bulk modes changes from the p− mode to the q+ mode.
This finding indicates that the TE- and TM-polarized band
gaps are characterized by opposite-valley Chern numbers, i.
e., the polarization-valley Hall effect.
The polarization-valley Hall effect of light can be in-

spected from the polarization-dependent refraction of bulk
modes into the homogeneous medium. To be concrete, we

Figure 2 (Color online) Polarization-valley Hall effect. Evolution of bulk modes at the K point as a function of θ for (a) TE polarization and (b) TM
polarization. The valley Chern number is given for each band gap, and the topological phase transition happens at θ = 0°, where the closing of both gaps
happens. The eigen fields and power fluxes of the representative bulk modes (p− and q+ modes) are shown in insets. (c) TE- and TM-polarized bulk bands of
the PC with θ = 2°. Band gaps for TE and TM polarizations are shaded in red and blue, respectively. The inset shows the schematic of the unit cell. The angle
between the tip of the metallic rod and the positive x-direction is marked by θ. Here, the positive θ is obtained when the rod is rotated anti-clockwise around
its center. The mirror symmetry along the x-axis is broken when θ is nonzero. Polarization-dependent refraction of bulk modes of (d) TE polarization and (e)
TM polarization. The schematic of the excitation with the chiral source and the k-space analysis of the refraction of bulk modes are shown in the left panel.
The outcoupled fields of the excited bulk modes of the PC into the air are shown in the right panel.
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consider a PC with s0 = 0.845a and θ = 2° and plot its bulk
dispersions in Figure 2(c). A band gap ranging from 0.83c/a
to 0.856c/a (0.819c/a to 0.874c/a) is found for the TE (TM)
polarization, shaded in red (blue). Below the band gap, the
fourth TE-polarized bulk mode has a clockwise power flux
vortex ofHz fields at hexagonal unit cell corners p, i.e., the p

−

state (right inset of Figure 2(a)). On the contrary, the first
TM-polarized bulk mode has an anti-clockwise power flux
vortex of Ez fields at hexagonal unit cell corners q, i.e., the q

+

state (right inset of Figure 2(b)). As bulk modes below the
band gap with different polarizations have contrasting field
distributions, the TE gap is characterized by the valley Chern
number of Cv > 0 and TM gap by Cv < 0, indicating that their
valley Chern numbers are different. This finding indicates
that bulk modes in opposite valleys can be selectively excited
using a chiral source with the same phase vortex. Here, we
consider the triangle-shaped PC whose three outer bound-
aries are along the ΓK direction and it is surrounded by the
air (Figure 2(d) and (e)). Chiral sources with an anti-clock-
wise decreasing phase vortex are placed at the corners of the
unit cell [27,38], and their operating frequencies are set to be
0.819c/a. In particular, to excite bulk modes with different
polarizations, the source component should be changed to Hz

for the TE polarization and to Ez for the TM polarization. The
corresponding bulk modes in different valleys will be excited
only when their phase chirality matches the chirality of the
source [30,55]. For example, when the source with an anti-
clockwise decreasing phase vortex is put at the unit cell
corner p, bulk modes at the K′ valley are excited (left top
panel of Figure 2(d)). The refraction of bulk modes into the
air can be analyzed by the phase-matching condition at the
interface between the PC and air. Here, we take the refraction
of bulk modes at the interface along the x direction as an
example (left panel in Figure 2(d)). The outer black circle
outlines the dispersion of light at the frequency of f = 0.819c/a
in the air, and the inner hexagon marks the first Brillouin
zone of the triangular lattice of the PC. For the bulk modes
and refracted light beams, their wave vectors should be equal
or differ by the integer multiple of the reciprocal lattice
vector along the x direction, i.e., m ak k= ± 2 /x xbulk, air, ,
where m is an integer [28,31]. As a result, there will be two
refracted light beams whose directions are given by two red
arrows in the left bottom panel of Figure 2(d). Directions of
simulated refracted light beams are in good agreement with
those of the results based on the k-space analysis (right panel
in Figure 2(d)). Conversely, when the source is changed to be
placed at unit cell corners q, bulk modes at the K valley are
excited (left panel in Figure 2(e)). As bulk modes at opposite
valleys are excited, the directions of refracted light will be
switched, which is confirmed by our numerical results shown
in the right panel of Figure 2(e).
The polarization-valley Hall effect can also be inspected

from the polarization-dependent edge modes of the domain
wall. To examine this, we consider the domain wall between
the PC with θ = −2° at the top and the PC with θ = 2° at the
bottom (Figure 3(a)). The valley Chern numbers of the TE
and TM gaps are Cv > 0 and Cv < 0 for the PC with θ = 2°,
while the valley Chern numbers of the TE and TM gaps of
the PC with θ = −2° are reversed and changed to Cv < 0 and
Cv > 0. Therefore, the two PCs are topologically distinct, and
edge modes should be found at the domain wall between
them. Figure 3(c) and (d) show the dispersions of the cor-
responding edge modes (marked in red or blue). Based on the
difference of the valley index at the K valley crossing the
domain wall, the group velocity direction of edge modes for
the TE (TM) polarization at the K valley is positive (nega-
tive). Figure 3(b) plots the eigen fields of the represented
valley edge modes with TE polarization (left) and TM po-
larization (right). Due to a larger band gap, the TM-polarized
edge mode has stronger field confinement than the TE-po-
larized edge mode. Although valley-dependent edge modes
are found in both polarizations, their group velocity direc-
tions are polarization-dependent. This is the manifestation of
the polarization-valley Hall effect and can be used to achieve
the polarization-dependent refraction of edge modes into the
air. To examine this, we place the source at the left part of the
domain wall, and rightward-propagating edge modes are
excited (Figure 3(e) and (f)). The interface between the PC
with the domain wall and air is set to be along the ΓK di-
rection, and this interface morphology is used to suppress the
intervalley scattering [28,31,56]. The operating frequency of
sources is set to 0.845c/a at which edge modes of both po-
larizations can be found. When TE-polarized light is in-
cident, the rightward-propagating edge modes at the K valley
will be excited (left top panel of Figure 3(e)). Once again,
based on the phase-matching condition, their refraction into
the air can be theoretically obtained through the k-space
analysis (left bottom panel of Figure 3(e)) and numerically
confirmed with the outcoupled Hz field distributions (right
panel of Figure 3(e)). Two refracted light beams (one
pointing almost along the −y direction and one almost along
the +x direction) are found, and their directions are in good
agreement with those that are predicted in theory. By con-
trast, when the polarization of the incident light is switched
from the TE to TM polarizations, rightward-propagating
edge modes at the K′ valley (instead of the K valley) are
excited (left top panel of Figure 3(f)), and their refracted
direction into the air is altered (left bottom panel of Figure 3(f)).
The change in the refraction direction of outcoupled light
beams is also confirmed by our numerical results, in which
two light beams with different propagating directions are
found (right panel of Figure 3(f)). Therefore, polarization-
dependent refraction is demonstrated, which serves as po-
tential applications in the design of polarization multiplexing
photonic devices, such as polarization beam splitters.
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2.3 Polarization-independent topological valley transport

Aside from the two key polarization-dependent phenomena
discussed in the above section, polarization-independent
light propagation can also be achieved in the proposed dual-
polarization 2D valley PC. For example, although the above-
discussed edge modes are polarization-dependent, the robust
transport of edge modes is polarization independent, and it
can be achieved under the suppression of the intervalley
scattering. To demonstrate the robustness of edge modes, we
design three different waveguides, i.e., without the domain
wall (left panel), with the flat domain wall (middle panel),
and with the Z-shape domain wall (right panel), as sche-
matically shown in Figure 4(a). For the latter two wave-
guides, the domain wall is constructed by the PC with θ = 2°
at the bottom and the PC with θ = −2° at the top, while the
first waveguide only consists of a PC with θ = 2°. The in-
cident source with the TE or TM polarization is placed on the
left side of the waveguide, and a detector is placed on the
right side to measure the transmittance. Figure 4(b) and (c)
plot the transmission spectra of the TE and TM modes along
the three waveguides. The transmittances of the three dif-
ferent waveguides are marked in gray, green, and pink, re-
spectively. The low transmittance of the first waveguide
means that there are no bulk modes, and the low-transmit-
tance frequency ranges correspond to the frequency band
gaps of the PC. When the operating frequency of the incident
source is inside that of valley-dependent edge modes (shaded

in red or blue), the excited edge modes are backscattering
suppressed even when they meet the sharp corners. This
result is confirmed by the same transmittance of the Z-shape
bend as that of the flat channel. Of note, the transmittance
shows a plateau feature in the frequency from 0.83c/a to
0.86c/a for the TE case, while peaks and dips are observed in
the corresponding frequency region for the TM case. This is
because the bulk band dispersions of TMmodes deviate from
the effective Dirac Hamiltonian. Backscattered waves are
induced when the excited TM-polarized edge modes en-
counter the right output port. The interference between the
forward and backward waves causes the peaks and dips in
the corresponding frequency region for the transmittance of
TM-polarized edge modes. The field patterns of the excited
TE- and TM-polarized edge modes at the frequency of
0.845c/a are given in Figure 4(d) and (e). The field patterns
show that both edge modes smoothly pass through two sharp
corners, proving the polarization-independent topological
valley transport. Therefore, by manipulating the polarization
degree of freedom, enhancing the capacity of data multi-
plexing in topological waveguides is promising.

3 Conclusions

In this study, we realize accidental dual-polarization Dirac
cones in PCs by tuning the filling ratio of the metallic rod
within the dielectric background. The polarization-valley

Figure 3 (Color online) Polarization-dependent edge modes. (a) Schematics of the domain wall between the PC with θ = −2° at the top and PC with θ = 2°
at the bottom. (b) Eigen fields of the represented edge modes for the TE polarization (left) and TM polarization (right). (c), (d) Band dispersions of the edge
modes of the domain wall. Valley-dependent edge modes are found at both band gaps, and their group velocities are determined by the valley Chern number
difference across the domain wall. The representative edge modes, whose eigen fields are presented in (b), are outlined in black. (e), (f) Polarization-
dependent refraction of rightward-propagating edge modes. The schematic of the excitation of edge modes in the opposite valley and the k-space analysis of
the refraction of edge modes are shown in the left panel. The outcoupled fields of the excited edge modes into the air are shown in the right panel.
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Hall effect of light is achieved by opening the accidental
dual-polarization Dirac cones in a simultaneous manner. The
polarization-dependent refractions of bulk and edge modes
in opposite valleys are demonstrated. In addition, the po-
larization-independent topological valley transport is pre-
sented. The introduction of polarization degrees of freedom
into valley photonic systems provides an opportunity for the
flexible control of the flow of light, and it has potential ap-
plications in the design of polarization multiplexing photonic
devices. The simulation models are presented in Appendix C
of Supplementary Materials.
We consider ideal 2D PCs, in which TE and TMmodes are

entirely decoupled. For a practical multilayer system, TE and
TM modes are coupled when the mirror symmetry is broken
along the z direction. Consequently, TE and TM edge modes
in Figure 3(c) and (d) will not be gapless within each valley,
and a partial gap will appear. However, topologically pro-
tected vector edge states are still found in dual-polarization-
valley PC slabs [57]. Some other interesting phenomena may
happen when TE and TM modes are coupled. For example,
higher-order topological physics and related corner states
can be explored within the band gap when edge modes are

coupled [58,59]. For another example, the spin-Hall effect of
light can be explored by constructing the photonic pseu-
dospin with coupled TE and TM modes [60,61]. Conversely,
the mirror symmetry of PCs along the x direction is broken
by introducing a nonzero rotation angle of the central me-
tallic rod. This case can also be achieved by changing the
relative permittivity of the dielectric background. One ex-
ample is presented in Appendix D of Supplementary Mate-
rials.
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Figure 4 (Color online) Polarization-independent topological valley transport. (a) Schematics of three waveguides: without the domain wall (left), with the
flat domain wall (middle), and with the Z-shape domain wall (right). TE- or TM-polarized light is incident from the left, and the transmission is measured at
the right output. Transmission spectra for three waveguides when (b) the TE-polarized or (c) TM-polarized incident light is considered. The robust transport
of edge modes can be achieved for both polarizations, proving the polarization-independent topological valley transport. Eigen fields of transmitted
electromagnetic waves with the frequency of 0.845c/a for (d) TE and (e) TM polarizations.
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