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Photonic analogs of topological crystalline insulators (PTCIs) that host pseudospin-locked unidirectional
helical interface states have promising applications for developing novel integrated optical devices. However,
current PTCIs are limited to a single polarization. Here, we propose a dual-polarization PTCI hosting topological
interface states for both transverse electric (TE) and transverse magnetic (TM) modes. First, we design a photonic
crystal (PC), constrained with glide symmetry, with a dual-polarization bulk gap via inverse design. Then, by
adopting two kinds of unit cells with different topology indexes from the PC and arranging them to form an
interface, pseudospin-locked unidirectional helical interface states are observed. Pseudospin-locked one-way
propagations of edge states for both TE and TM modes are demonstrated. Besides the polarization-independent
function, we also present the polarization-dependent propagation of interface states by tuning the frequency. Our
work demonstrates the flexible manipulation of light in PTCIs with the polarization degree of freedom, having
promising applications in developing both polarization-independent and polarization-dependent topological
optical devices.
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I. INTRODUCTION

The discovery of photonic topological insulators (PTIs)
has revolutionized the way of light manipulation and opened
doors for developing photonic devices [1–10]. Inspired by the
topological band theory in condensed matter physics, various
photonic analogs of topological insulators have been proposed
to mimic different topological phases in electronic systems.
The first version of PTIs featured with unidirectional and
backscattering immune electromagnetic waves was achieved
using a gyromagnetic photonic crystals (PCs) platform, which
mimics the famous quantum Hall effect [11–13]. However, the
requirement of the breaking of time-reversal symmetry makes
them incompatible with integrated optical devices. To over-
come it, photonic analogs of topological crystalline insulators
(PTCIs) [14–17], which take full advantage of the crystalline
symmetry and hence go beyond the material limitation, have
been proposed. For instance, by breaking the spatial inversion
or mirror symmetry of triangular or honeycomb PCs, one may
achieve the PTCI with valley kink states [18–21]. Another
common PTCI is the so-called bosonic Z2 topological crys-
talline insulator with robust pseudospin dependent edge states,
which was proposed by Wu et al. in expanded and shrunken
honeycomb lattice [14–17]. Besides, nonsymmorphic sym-
metry, e.g., glide and screw symmetry, which consists of
mirror/rotation symmetry and a translation operation, has
proven to be a powerful tool to realize PTCIs with pseudospin

*wanghaixiao@nbu.edu.cn
†zhongqing.su@polyu.edu.hk

dependent edge states [22–25]. Moreover, by further consid-
ering the topology of the edge states, higher-order PTIs going
beyond the conventional bulk-boundary correspondence have
also been proposed [26–35].

It is worth noting that most studies of all-dielectric
PTIs are realized in two-dimensional systems since the
electromagnetic wave can be decoupled into two orthogo-
nal polarization modes, that is, the transverse electric (TE)
mode with in-plane electric fields, and the transverse mag-
netic (TM) mode with in-plane magnetic fields [36], making
it more accessible than that in three dimensions. On the
other hand, the dual-polarization photonic devices, includ-
ing dual-polarization interferometry [37], dual-polarization
laser [38], dual-polarization nonlinear enhancement [39,40],
dual-polarization photonic integrated circuits [41], and dual-
polarization beam splitter [42], have attracted significant
attention since they can be further multiplexed to enlarge
the optical information-processing capacity of integrated op-
tical devices. Hence, it is highly desirable to realize the
dual-polarization PTCIs from an application perspective. Very
recently, dual-polarizations PTCIs with valley kink states have
been proposed [43–45].

In this work, we design a dual-polarization PTCI support-
ing pseudospin-locked unidirectional helical electromagnetic
waves with both TM and TE modes at the same interface. A
PC constrained with glide and mirror symmetries is first de-
signed to have a dual-polarization bulk gap via inverse design.
By adopting two kinds of unit cells with different topological
crystalline indexes and arranging them to form an inter-
face, pseudospin-locked unidirectional helical interface states
are observed. The polarization-independent high-efficiency
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FIG. 1. (a) The optimized PC. (b) The band diagram of the opti-
mized PC. (c), (d) Eigenmodes at the M point of the bands below the
complete band gap for UC1 and UC2 for TE and TM modes.

propagation and pseudospin-locked unidirectional transmis-
sion of interface states are demonstrated. In addition to
the polarization-independent function, we also present the
polarization-dependent propagation of interface states by
modulating the frequency. Our work suggests a route for
developing both polarization-independent and polarization-
dependent topological optical devices.

II. RESULTS AND DISCUSSION

To design the dual-polarization PTCI, we first constraint
the PC with glide and mirror symmetries [46], which plays
a key role in realizing topological crystalline insulators in
classical wave systems, and then utilize the inverse design
method to open a complete band gap for both TM and TE
modes, as introduced in Appendix A. Throughout this work,
the angular frequency ω is normalized as � = ωa/2πc, where
a and c denote the lattice constant and light speed, respec-
tively. For simplicity, the PC is made of dielectric materials
with a relative permittivity of 12, and the complete band
gap is opened by maximizing the minimum imaginary part
of wave vectors for both TM and TE modes at normalized
frequency � = 1.2. Figures 1(a) and 1(b) show the optimized
PC and its band diagram, within which the blue solid line and
pink dashed line represent TM and TE modes, respectively.
Remarkably, all bands appear in pairs along the Brillouin
zone boundary line MX due to the introduction of the glide
symmetry (see Appendix B for details), which plays a key
role on the emergence of the helical interface states. It is also
observed that there is a complete band gap (denoted by the
yellow area) ranging � = 1.150 − 1.217 for both TE and TM
modes. The band gap for the TE mode locates between the
14th band and the 15th band, whereas it locates between the
24th band and the 25th band for the TM mode.

Next, we adopt two primitive cells from the optimized PC:
the UC1 (denoted by the pink box) and the UC2 (denoted
by the black box) obtained by translating the UC1 along
the horizontal direction with a/2. Because UC1 and UC2 are
adopted from the same PC, they share the same band diagram.
However, the eigenmodes at high symmetry points of each
band can be different. As shown in Figs. 1(c) and 1(d), we
present the eigenmodes at the M point (labeled by the colorful

circles) of the bands below the complete band gap for UC1
and UC2 for the TE and TM modes, respectively. It can be
seen that, for the TE mode, the first two modes below the gap
are of even parities for UC1 and are of odd parities for UC2. In
contrast, for the TM mode, the first two modes below the gap
are of odd parities for UC1 and are of even parities for UC2.
Actually, regardless of the polarization, the parities of the
eigenmodes of a specific band at M are opposite for UC1 and
UC2. Hence, a parity-inversion band gap forms when UC1
and UC2 are placed together, which results in the emergence
of interface states within the complete band gap according to
the Jackiw-Rebbi theory [47].

Moreover, we use the symmetry indicators to characterize
the bulk topology of UC1 and UC2. The PTCI in this work
exhibits with both C2 and time-reversal symmetries, hence,
according to Refs. [48,49], the topological crystalline index
can be expressed as χ = ([X1], [Y1], [M1]), where [�1] =
#�1−#�1(� = X,Y, M ), and #�

(2)
1 (#�

(2)
1 ) denotes the num-

ber of bands below the band gap with even parity eigenvalues
of C2 symmetry at the � and � points for all bands below the
band gap [50]. Accordingly, for the TE mode, χ = (0, 0, 0)
for UC1 and χ = (−2,−2,−2) for UC2; for the TM mode,
χ = (0, 0,−2) for UC1 and χ = (0, 0, 2) for UC2. It is worth
noting that the trivial atomic insulators (namely, the band gap
formed by uncoupled atoms) have [�1] = 0 for all the high
symmetry points, while any nonzero [�1] indicates a topolog-
ical band gap that is adiabatically disconnected from the trivial
atomic insulator. Hence, for the TE modes, while UC1 is topo-
logically trivial, UC2 is topological nontrivial. Differently, for
the TM modes, both UC1 and UC2 are topologically nontriv-
ial. Nonetheless, the topology crystalline indexes of UC1 and
UC2 for both TE and TM modes are different, predicting the
emergence of interface states at the domain wall between UC1
and UC2 for both TE and TM modes [48,49]. It is also worth
noting that not all UCs selected from the optimized PCs via
the inverse design method have distinct topological crystalline
indexes, and therefore we conduct several optimizations and
choose the PC with the desired topological indexes as shown
in Fig. 1(a).

To verify our predictions, we study the domain wall sys-
tems formed by the UC1 and UC2 for both TE and TM
polarizations. Owing to the lack of C4v symmetry, the ver-
tical and horizontal interfaces formed by UC1 and UC2 are
not equivalent. Therefore, we construct two supercells with
vertical and horizontal interfaces formed by UC1 and UC2,
respectively (see the schematic in Appendix C), which are
termed as SCV and SCH, respectively. For the vertical in-
terfaces, the projected band diagrams for TE and TM modes
are shown in Figs. 2(a) and 2(b), respectively, where the gray
regions and lines represent the projections of bulk bands and
the dispersions of edge states. As expected, both diagrams
indicate that interface states within the bulk gap emerge at the
domain walls. For the TE modes, the frequency window of
the interface states is (1.154, 1.407), while for the TM modes,
there are two pairs of interface states, of which the frequency
windows are (1.14, 1.149) and (1.163, 1.216), respectively,
separated by a gap emerging in the bulk band gap. Since the
parity-inversion picture is valid as long as the supercell con-
tains both UC1 and UC2, the interface states within the lower
frequency window can be regarded as a physical manifestation
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FIG. 2. Interface states of the vertical interfaces. (a),(b) Projected
band diagrams of SCV for TE and TM modes, respectively. (c), (d)
The eigenfields at ky = 0.7π/a (black balls) and ky = 1.3π/a (red
balls) for TE and TM modes, respectively. The enlarged views of
black dashed boxes show the energy flux distributions.

of the parity inversion of the lower bulk band. It is also seen
that one edge band indicated by a red line has a positive
group velocity whereas the other edge band indicated by a
blue line has a negative group velocity, which are intersected
at ky = π/a. The degeneracy of the helical interface states
at ky = π/a results from the combination of the space group
symmetry of the waveguide and its periodicity along the glide
dislocation [51]. Figures 2(c) and 2(d) display the two typical
eigenfields of the interface states and their Poynting vector
distributions at ky = 0.7π/a (black balls) and ky = 1.3π/a
(red balls) for TE and TM modes, respectively. The Poynt-
ing vector distributions (also see the enlarged views of black
dashed boxes) show that the interface states with ky = 0.7π/a
and ky = 1.3π/a of the same frequency exhibit opposite en-
ergy flows, unveiling the intriguing spin-momentum locking
feature of the helical interface states.

For the horizontal interfaces, we display the projected band
diagrams for TE and TM modes in Figs. 3(a) and 3(b), respec-
tively. It is seen that a pair of interface states for the TE mode,
of which the frequency window is (1.173, 1.339), emerge
within the bulk gap. Meanwhile, for the TM mode, two pairs
of interface states originated from parity inversion of lower
bands experience a band anticrossing around kx = 0.5π/a,
resulting in two frequency windows, namely, (1.14, 1.149)
and (1.161, 1.187). We also plot the eigenfields and energy
flux distributions at kx = 0.7π/a (blue balls) and kx = 1.3π/a
(red balls) for TE and TM modes in Figs. 3(c) and 3(d),
respectively, showing that energies are highly localized at the
interface between UC1 and UC2 and the energy of interface
states denoted by red and blue balls flows rightward and
leftward, respectively, indicating the interface states of TM
mode also carry finite orbital angular momentum (OAM).

Considering the frequency windows of the interface states
for TE and TM modes, the overlapped frequency windows
of the interface states between TE and TM modes are

FIG. 3. Interface states of the horizontal interfaces. (a),(b) Pro-
jected band diagrams of SCH for TE and TM modes, respectively.
(c), (d) The eigenfields at kx = 0.7π/a (blue balls) and kx = 1.3π/a
(red balls) for TE and TM modes, respectively. The enlarged views
of black dashed boxes show the energy flux distributions.

(1.163,1.216) and (1.173,1.187) for SCV and SCH, respec-
tively, within which the dual-polarization interface states can
survive. Figures 4(a) and 4(d) display the transmission spectra
of electromagnetic waves propagating along the vertical and
horizontal channels formed by UC1 and UC2 (as sketched
in Appendix D), respectively, where the bulk gap is within
the black dashed lines and the blue (yellow) area refers to
the overlapped frequency windows of dual-polarization in-
terface states supported by the vertical (horizontal) channel.
It is seen that within the overlapped frequency windows, the
dual-polarization interface states propagating along the verti-
cal and horizontal channels exhibit high transmission ratios
for both TE and TM waves. Figures 4(b) [4(e)] and 4(c)
[4(f)] give absolute electric and magnetic field distributions at
� = 1.18 of TE- and TM-polarized waves propagating along
vertical (horizontal) channels, from which we can observe
high-efficiency transmission of both TE- and TM-polarized
waves propagating along the vertical and horizontal channels.
Therefore, dual-polarization interface states with the same
frequency propagating along the edge channel are realized.

Furthermore, we demonstrate pseudospin-momentum
locking for dual-polarization interface states along the
vertical channel. To excite pseudospin-momentum-locked
interface states, we use a four-antenna array at the center
of the vertical channel to generate electromagnetic waves
carrying positive OAM (counterclockwise rotating energy
flow) and negative OAM (clockwise rotating energy flow).
Figure 5 shows the pseudospin-locked one-way propagation
for TE- and TM-polarized waves at � = 1.203, wherein we
can observe upward unidirectional propagation of TE- and
TM-polarized waves carrying positive OAM [see Figs. 5(a)
and 5(c)] and downward unidirectional propagation of
TE- and TM-polarized waves carrying negative OAM [see
Figs. 5(b) and 5(d)]. Therefore, pseudospin-locked one-way
propagation of dual-polarization interface states is achieved.
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FIG. 4. (a), (d) Transmission spectra of electromagnetic waves propagating along the (a) vertical and (d) horizontal channels. (b), (c)
Absolute field distributions at � = 1.18 of (b) TE- and (c) TM-polarized waves propagating along the vertical channel. (e), (f) Absolute field
distributions at � = 1.18 of (e) TE- and (f) TM-polarized waves propagating along the horizontal channel.

The mismatch of the frequency window of interface states
for TE and TM modes may find potential application in a pho-
tonic beam splitter. As depicted in Fig. 6, a horizontal channel
formed by UC1 and UC2 is designed as a polarization-
dependent beam splitter. When an excitation source, with

FIG. 5. Pseudospin-locked one-way propagation of dual-
polarization interface states. (a), (b) Upward and downward
unidirectional propagation of TE-polarized waves carrying positive
and negative OAM. (c),(d) Upward and downward unidirectional
propagation of TM-polarized waves carrying positive and negative
OAM.

frequency �1 = 1.167 [see the green line in Fig. 4(d)], is
excited, it is expected that only TM-polarized waves can
pass through the horizontal channel while TE-polarized waves
cannot [see Figs. 6(a) and 6(d)]. Increasing the frequency of
the excitation source to �2 = 1.18 [see the purple line in
Fig. 4(d)], both TE- and TM-polarized waves can pass through
the channel [see Figs. 6(b) and 6(e)]. Further increasing the
frequency of the excitation source to �3 = 1.2 [see the black
line in Fig. 4(d)] results in the propagation of TE-polarized
waves and the forbidden propagation of the TM-polarized
waves [see Figs. 6(c) and 6(f)]. Therefore, the frequency can
be used to turn on or off the propagation of TE- and TM-
polarized waves along the interface.

III. CONCLUSIONS

To conclude, we propose a dual-polarization PTCI in
all-dielectric PCs with glide symmetry. Pseudospin-locked he-
lical interface states are achieved for both TE and TM modes.
The high-efficiency transmission and pseudospin-locked one-
way propagation of interface states for both TE and TM
polarizations are realized. In this way, two different optical
signals can be separately encoded into TE- and TM-polarized
waves so that the optical information processing capacity
of the dual-polarization PTCI can be doubled. Besides, we
present the polarization-dependent propagation of interface
states by modulating the frequency, that is, the channels for
TE- and TM-polarized waves can be separately turned on
or off, which can be exploited for developing topologically
protected polarization multiplexing devices. Furthermore, the
dual-polarization PTCI has promising applications in the
development of dual-polarization topological interferometry,
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FIG. 6. (a)–(c) Absolute magnetic field distributions of TE-polarized waves propagating along the horizontal channel at (a) �1 = 1.167, (b)
�2 = 1.18, and (c) �3 = 1.2, respectively. (d)–(f) Absolute electric field distributions of TM-polarized waves propagating along the horizontal
channel at (d) �1 = 1.167, (e) �2 = 1.18, and (f) �3 = 1.2, respectively.

dual-polarization topological lasers, dual-polarization topo-
logical nonlinear enhancement devices, and dual-polarization
topological photonic integrated circuits. Finally, we would
like to mention that advanced fabrication techniques, such as
3D printing technology in microwave regime [52] and electron
beam lithography technology [53–56] at optical wavelengths,
are readily available to fabricate complicated PC structures
designed via the inverse design method. Moreover, the fine
details of the optimized PC structures typically have size of
a/10, which only affect physics above frequencies of ∼10c/a,
a scale much larger than the operational frequencies of the
helical interface states at around ∼c/a (see, e.g., Figs. 2 and
3).
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APPENDIX A: INVERSE DESIGN METHOD TO OPEN
A COMPLETE BAND GAP

The eigenvalue equations of 2D PCs for the TM and TE
modes can be expressed as [36,57]

(∇ + ik) · [(∇ + ik)E (r)] = ε(r)
(ω

c

)2
E (r) for TM,

(A1a)

−(∇ + ik) ·
(

1

ε(r)
(∇ + ik)H (r)

)
=

(ω

c

)2
H (r) for TE,

(A1b)

in which ε(r), E(r), and H(r) represent the dielectric con-
stant, the electric field, and the magnetic field at position r,
respectively; k = (kx, ky) is the Bloch wave vector. Because
Eqs. (A1) have two unknown variables k and ω, two methods,
the ω(k) method based on classical band theory and the k(ω)
method based on complex band theory, can be adopted to
solve it. Here, we adopt the k(ω) method and kx and ky are set
as kx = k cos θ and ky = k sin θ , respectively, where θ denotes
the wave vector direction. Using the finite element method,
Eqs. (A1) can be formulated as the following matrix form:

(k2KI+kKII+KIII)u = 0, (A2)

where u denotes the eigenvector of the electric or magnetic
field. The detailed expressions of matrix KI, KII, and KIII for
TM and TE modes can be found in Ref. [57]. Then, the
quadratic eigenvalue equation Eq. (A2) can be converted into
the standard eigenvalue problem as

[K(θ, ω) − kM(θ )]Ū = 0, (A3)

where K = [
KII KIII
I 0 ], M = [

−KI 0
0 I], Ū =[

ku
u ]. After

solving Eq. (A3) at the specific ω and θ , we can get k in
a complex form, k′ + ik′′. Previous work indicates that the
complete band gap can be automatically opened by maxi-
mizing the minimum k′′ of all wave vector directions at the
given frequency for both TM and TE modes. For the PC
with glide symmetry, θ ∈ [0, π

4 ]. Therefore, the inverse design
formulation can be expressed by

max : f (xe) = min(k′′
θg,TM, k′′

θg,TE)

s.t. : θg ∈
[
0 :

π

36
:

π

4

]

xe = 0 or 1; e = 1, 2, · · · , m, (A4)
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FIG. 7. Schematics of (a) SCV and (b) SCH.

where the unit cell is discretized as m elements and xe denotes
the design variable of the element e, which equals 1 when the
element is full of silicon, whereas it is 0 for air. k′′

θg,TM and
k′′

θg,TE denote the minimum imaginary part of the wave vector
at the specific direction θg for TM and TE modes, respectively.
To update the design variables, the sensitivity of each element

should be derived, which can be calculated upon getting
k′′

θg,TM

∂xe

and
k′′

θg,TE

∂xe
. Differentiating both sides of Eq. (A2), we can get

∂k′′
θg,TM/TE

∂xe

= imag

⎛
⎜⎝−

vT
(

k2
θg,TM/TE

∂KI
∂xe

+ kθg,TM/TE
∂KII
∂xe

+ ∂KIII
∂xe

)
u

2kθg,TM/TEvT KIu + vT KIIu

⎞
⎟⎠.

(A5)

Upon getting sensitivities of all elements, we use the
gradient-based optimization algorithm to iteratively update
the design variables until the optimal structure is obtained
[57].

APPENDIX B: BAND DEGENERACY ALONG HIGH
SYMMETRY LINE XM

Note that all bands appear in pairs along the Brillouin
zone boundary line MX, which can be understood as the
result of the glide symmetries Gx : (x, y) → (x + a

2 , a
2 − y).

FIG. 8. Sketch of the channels formed by UC1s and UC2s.
(a) The vertical channel. (b) The horizontal channel.

When combined with the time-reversal operation T, the an-
tiunitary symmetry operators �x = Gx ∗ T enable the double
degeneracy at the Brillouin zone boundary. For example,
�2

x�n,k = eikxa�n,k, where �n,k is a Bloch wave function for
the electromagnetic field, and n and k are the band index and
wave vector, respectively. Hence, at the Brillouin zone bound-
ary line MX, namely, kxa = π , we have �2

x = −1, inducing
fermioniclike Kramers double degeneracy.

APPENDIX C: SCHEMATICS OF SUPERCELLS FOR
CALCULATING INTERFACE STATES

Figures 7(a) and 7(b) show the schematics of supercells,
made of six UC1s and UC2s, for calculating interface states
along the vertical interface and the horizontal interface, which
are named SCV and SCH, respectively.

APPENDIX D: SKETCH OF VERTICAL
AND HORIZONTAL CHANNELS FORMED BETWEEN

UC1s AND UC2s

Figures 8(a) and 8(b) show the sketch of the vertical and
horizontal channels formed by UC1s and UC2s, respectively;
they are labeled by the blue dashed line and the black dashed
line, respectively.
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