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Second-order photonic topological insulators that host highly localized corner states resilient to defects,
are opening alternative routes towards developing fascinating photonic devices. However, the existing
works on second-order photonic topological insulators have mainly focused on either transverse-magnetic
or transverse-electric modes. In this paper, we propose a dual-polarization topological photonic crystal
structure for both transverse magnetic and transverse electric modes through topology optimization. Sim-
ple tight-binding lattice models are constructed to reveal the topological features of the optimized photonic
crystal structure in a transparent way. The optimized dual-polarization second-order photonic topolog-
ical insulator hosts four groups of corner states with different profiles and eigenfrequencies for both the
transverse-magnetic and transverse-electric modes. Moreover, the robustness of these corner states against
defects is explicitly demonstrated. Our results offer opportunities for developing polarization-independent
topological photonic devices.
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I. INTRODUCTION

One of the most noteworthy recent developments of
condensed-matter physics is the discovery of topological
states of matter [1–5], in particular, topological insula-
tors (TIs) [6,7]. A unique feature of these systems is
the existence of topological protected edge states, where
according to the bulk-edge correspondence principle, a d-
dimensional TI supports (d1-) dimensional gapless edge
states. Inspired by the interesting physics and promising
technological applications, the concept of TIs has been
extended to classical wave systems, e.g., photonic systems
[8–17]. Photonic topological insulators enable the robust
manipulation of light, thus providing the possibility of
alternative topological photonic applications, such as non-
reciprocal devices [11], pseudospin-polarized waveguides
[12–14], and topological lasers [18–20].

Beyond the traditional bulk-boundary correspondence,
high-order TIs can host lower-dimensional boundary states
[21–23]. For example, a d-dimensional second-order TI
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supports (d1-) dimensional gapped boundary states but
(d2-) dimensional gapless edge states, which are corner
states in two-dimensional (2D) systems. The second-order
photonic TIs (SPTIs) have been theoretically predicted
and experimentally demonstrated [24–30]. Based on these
highly localized corner states, a high-Q-factor nanocav-
ity [31] and low-threshold topological nanolaser [32] have
been experimentally realized.

For 2D photonic crystals (PtCs), electromagnetic
waves possess two possible polarizations, i.e., transverse-
magnetic (TM) modes or transverse-electric (TE) modes.
So far, the existing works of SPTIs have focused on
either TM or TE modes. Thus it would be interesting
to see whether SPTIs for both the TM and TE modes,
i.e., dual polarization, could be built considering the fact
that polarization-dependent manipulation of light is a
relevant and active area of research in photonics [33],
which has many practical applications. For example, low-
threshold topological nanolasers based on second-order
corner states have been demonstrated recently [32]. A
dual-polarization SPTI would allow the realization of the
so-called dual-polarization laser [34–36] with additional
built-in topological protection. Furthermore, due to the sig-
nificant difference between the field distributions of TE
and TM polarization modes, which respond differently
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to the environment, dual-polarization interferometry has
been widely used for a broad range of applications [37–
39], such as, bionanotechnology, surface science, liquid
studies, crystallography, and drug discovery. Dual polar-
ization is also useful to enhance nonlinear optical effects
[40–45]. For example, in nonlinear optics, materials with
large off-diagonal nonlinear susceptibility terms can be
used to enhance the harmonic generation when two modes
with orthogonal polarizations are mixed [41]. Last but
not least, polarization division multiplexing [46] is widely
used in high-speed communication systems due to its
ability to enlarge the capacity and data rates of these
systems and as such devices, like, dual-polarization modu-
lator [47–49], transmitter [50,51], and receiver [52–54] are
actively explored for realizing dual-polarization photonic
integrated circuits.

Considering the usefulness of dual-polarization optics
and its diverse applications, in this work, we propose an
alternative dual-polarization SPTI supporting corner states
based on an optimized PtC structure with a wide complete
band gap (CBG). Interestingly, we find that two differ-
ent choices of the unit cell (UC) for the optimized PtC
exhibit distinct topological properties for both the TM and
TE modes, where the numerical results are confirmed by
simple tight-binding analysis. SPTIs can be built by form-
ing edges and corners between the topologically trivial and
nontrivial unit cells. We find that the created SPTI hosts
four groups of corner states with different eigenfrequen-
cies and field profiles for both the TM and TE modes.
Moreover, the robustness of these corner states against
defects is also verified. The proposed dual-polarization
SPTI could provide a promising platform for the devel-
opment of polarization-independent topological photonic
applications.

II. DESIGN OF THE DUAL-POLARIZATION SPTI

Since the corner states generally locate within the
frequency band gap, designing a PtC with a CBG is the pre-
requisite for constructing a dual-polarization SPTI. How-
ever, dielectric material of PtC with a band gap in the TM
modes usually consists of isolated dielectric “rods,” while
it forms “walls” for the TE modes. This opposite structural
characteristics makes it challenging to create a PtC with a
CBG for the TM and TE modes simultaneously. To tackle
this design problem, we consider a PtC structure composed
of GaAs with εr = 11.4 and air with εr = 1 and employ the
topology optimization method. In this method, we firstly
design a PtC with a complete band gap for both TM and
TE modes and set the gap-midgap ratio as the objective
function. We then discretize the unit cell uniformly into
96 × 96 square elements and treat each element as the
design variable. Upon calculating the sensitivity of the
objective function with respect to each design variable,
the optimization algorithm increases design variables for

elements with high sensitivities and decreases design vari-
ables for elements with low sensitivities iteratively until
the objective function is maximized (for more details of the
numerical optimization algorithm, see Ref. [55]). Figures
1(a) and 1(b) show one of the optimized PtCs with a max-
imal CBG and its band structure for both the TM and TE
modes, respectively. The gap-midgap ratio of the CBG is
20.79% with the band gap ranging from the normalized fre-
quency of 0.726 to 0.894. This CBG exists from an overlap
of the TM band gap between bands 9 and 10 with the TE
band gap between bands 5 and 6.

For the topological properties of our optimized PtC
structure, while previous studies based on the 2D Su-
Schrieffer-Heeger (SSH) model suggest that choosing the
unit cell in different ways could result in different topolog-
ical behaviors [24–27,31,56–58], it is a nontrivial question
whether our PtC will exhibit any topological properties
because our system is not based on the SSH design. To
study the topological properties of our optimized PtC, we
select two different UCs (UC1 and UC2) as sketched in
Fig. 1(a), where UC1 is the primitive unit cell of the
optimized PtC while UC2 is a translation of UC1 by
(a/2, a/2) with a the lattice constant. The topological
properties of UC1 and UC2 could be characterized by the
2D polarization P = (Px, Py) defined by [57]

Pi = 1
2

(∑
n

qn
i modulo2

)
, (−1)qn

i = ηn(Xi)

ηn(�)
, (1)

(a)

(b) (d)

(c)

FIG. 1. (a) Structure of the optimized PtC considered in this
work and two different choices of the unit cell, i.e., UC1 and
UC2. (b) Band structure of the PtC with a CBG. Parities of bands
below the CBG at high symmetric points � and X of the first
Brillouin zone for TM (c) and TE (d) modes, respectively, where
an odd number of pairs of parities with opposite signs at � and X
of the same band below the gap indicates the gap is topological
nontrivial whereas an even number implies a trivial gap.
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where i = x, y stands for the direction and ηn represents
the parity at the high-symmetry points � = (0, 0) and
X = π/a(1, 0) of the first Brillouin zone for the nth band.
Note due to the C4v point group symmetry of our PtC
structure, P could be determined by the parities at the
high-symmetric points [57,59,60] and also Px = Py .

The parities at the high-symmetric points of UC1 and
UC2 for both TM and TE modes are shown in Figs. 1(c)
and 1(d), respectively. The corresponding eigenmode pro-
files used for identifying the parities are given in the
appendix, from which one can determine the parity by
the behavior of the eigenmode profile under the inversion
operation with respect to the center of the unit cell. In
this way, one can find that the p modes have an odd par-
ity (−), whereas the s and d modes have an even parity
(+). According to the results of Figs. 1(c) and 1(d) and
Eq. (1), which indicate that an odd number of pairs of pari-
ties with opposite signs at � and X of the same band below
the gap makes the gap topological nontrivial whereas an
even number implies the gap is trivial, the 2D polarizations
of UC1 and UC2 can be determined to be P = (0, 0) and
P = ( 1

2 , 1
2 ), respectively, for the TM modes, and P = ( 1

2 , 1
2 )

and P = (0, 0) for the TE modes. This means that UC1 is
trivial and UC2 is nontrivial for the TM modes, while UC1
is nontrivial and UC2 is trivial for the TE modes, which is
fully compatible with the complementary nature of TM and
TE modes. Based on the 2D polarizations, the topological
corner charge can be calculated as [59,60],

Qc = 4PxPy . (2)

As a result, the corner charges of (UC1, UC2) are (0, 1) for
the TM modes, and (1, 0) for the TE modes.

While we show above that the optimized PtC can exhibit
topological properties through numerical calculations of
the band structure and eigenmode profiles, it would be
more insightful if a simple tight-binding lattice model
could be built to understand these interesting topological
features as this would allow us to demonstrate that the
topological features of the optimized PtC structure exist at
a more fundamental level, i.e., applicable to any systems
that can effectively implement the lattice model.

To this end, we note that while the dielectric regions can
be viewed as lattice sites for the TM modes, air regions
serve this purpose for the TE modes. As such, the lat-
tice models for the TM and TE modes can readily be
constructed, which are presented in Figs. 2(a) and 2(d).
Particles hopping in these lattices can be described by the
following Hamiltonian:

H = −
∑
〈ij 〉

tij c†
i cj , (3)

where the hopping patterns (tij ) for the TM and TE modes
are also given in Figs. 2(a) and 2(d), respectively, and

c†
i (ci) is the creation (annihilation) operator of the par-

ticle at site i. Note, to match more closely with the PtC
structure in Fig. 1(a), three hopping strengths of t0, t1, t2
are introduced. The values of t0, t1, t2 in the tight-binding
models could be chosen in the following way. First, from
the topology-optimized PtC structure shown in Fig. 1(a)
and its tight-binding pictures in Figs. 2(a) and 2(d), one
can roughly identify the relation among t0, t1, t2. For exam-
ple, for the TM modes, as the dielectric connection for t0
is a thin stripe, it is smaller than t1 and t2. Moreover, one
can also see that the dielectric connection for t1 is thicker
than t2, thus, t1 > t2. Based on these intuitive relations, one
can scan the values of t0, t1, t2 in the tight-binding models
directly and choose these values that give the band struc-
tures in Figs. 2(b) and 2(e) as closer as these in Fig. 1(b).
The resulting tight-binding band structures for the TM and
TE modes are given in Figs. 2(b) and 2(e), respectively,
which reproduce the PtC band structures in Fig. 1(b) qual-
itatively. The lattice structure for the TM modes contains
nine lattice sites in each unit cell while it contains five lat-
tice sites for the TE modes, thus there are nine bands for
the TM modes and five bands for the TE modes, which
perfectly agrees with the number of bands below the CBG
for both the TM and TE modes. The lattices in Figs. 2(a)

(a) (b)

(d) (e) (f)

(c)

FIG. 2. (a) Tight-binding unit cells (UC1, UC2) for the TM
modes with three different kinds of hopping t0, t1, t2. (b) The
tight-binding band structure for the TM modes with t0 = 1, t1 =
1.6, t2 = 1.4. (c) Parity distribution of the nine bands at the high-
symmetry points of � and X for the two different unit cells in
(a). (d) Tight-binding unit cells (UC1, UC2) for the TE modes.
(e) The tight-binding band structure for the TE modes with
t0 = 1, t1 = 1.6, t2 = 1.5. (f) Parity distribution of the five bands
at the high-symmetry points of � and X for the two different unit
cells in (d).
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(a) (b) (c) (d) (e)

FIG. 3. (a) Schematic of the supercell of a ribbon structure, which is periodic along the horizontal direction and consists of eight
UC1s and eight UC2s with a domain wall between them. (b),(c) Projected band structures of the ribbon for the TM and TE modes,
respectively. The solid lines within the gap indicate the emerging topological edge states while gray regions mark the bulk states.
(d),(e) Eigenfield profiles at the solid points in (b),(c) for TM and TE modes, respectively, which demonstrate the highly localized
nature of these modes.

and 2(d) possess the inversion symmetry, which allows the
states at inversion symmetric points (such as � and X ) to
associate with a definite parity. Figures 2(c) and 2(f) show
the parity distributions at the high-symmetry points � and
X . While the tight-binding band structure and parity dis-
tribution for TE modes match these of the PtC structure in
Fig. 1, we can not find parameters of t0, t1, t2 that repro-
duce the parity distribution of the PtC structure for the TM
modes as there are more bands for the TM modes than the
TE modes, thus requiring a higher degree of fine tuning.
Another possibility is that, the long-range hopping physics
of the electromagnetic waves in the PtC structure is not
captured by our simple tight-binding description with only
three short-range hopping terms. Nevertheless, the topo-
logical invariants (odd or even number of pairs of parities
with opposite signs at � and X for the same band) for the
TM modes are the same as these of the PtC structure.

It is interesting to note that our lattice models have
an odd number of bands (i.e., nine bands for the TM
modes and five for the TE) and the whole band structure
(i.e., considered gap above all bands) possesses topological
behavior for one choice of the unit cell, which is very dif-
ferent from the widely used 2D SSH square tight-binding
lattice model (see, e.g., Ref. [57]), which has an even num-
ber of bands and the whole band structure is topological
trivial for both choices of the unit cell, i.e., one would need
to consider partially filled bands of the 2D square SSH
model for topological applications.

III. TOPOLOGICAL EDGE AND CORNER STATES

According to the bulk-edge correspondence princi-
ple, topological edge states will emerge at the boundary

between topological trivial and nontrivial PtCs. To ver-
ify the existence of topological edge states, we consider
a ribbon structure consisting of eight UC1s and eight
UC2s with a domain wall between them, as illustrated in
Fig. 3(a). Figures 3(b) and 3(c) show the projected band
structures for the TM and TE modes, respectively, from
which one can see that three waveguide modes appear
within the CBG. Figures 3(d) and 3(e) further present the
eigenfields of the edge states calculated at the solid points
in Figs. 3(b) and 3(c) for the TM and TE modes, respec-
tively. As can be seen, these modes are highly localized at
the edge between UC1 and UC2, which could be used as
defect-immune light transport. Of note, these edge states
are gapped, which is also the prerequisite for the generation
of topological corner states [59,60].

The different corner charges between UC1 and UC2
guarantee the existence of topological corner states. To
further demonstrate the coexistence of topological edge
and corner states, we build a box-shaped region consist-
ing of 10 × 10 UC2s surrounded by three-layer UC1s, as
sketched in Fig. 4(a). Figures 4(b) and 4(c) plot the calcu-
lated eigenfrequencies of the finite-size structure for TM
and TE modes, respectively, from which one can see the
coexistence of topological edge and corner states within
the CBG for both the TM and TE modes. Figures 4(d)
and 4(e) show the typical eigenfield distributions of the
edge states for the TM and TE modes, respectively. It can
be seen that electromagnetic waves are highly localized
at the domain wall between UC1 and UC2. It is inter-
esting to note that the proposed SPTI hosts four groups
of corner states at different frequencies, which are labeled
as TMC1, TMC2, TMC3, TMC4 for the TM modes and
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(a) (b) (c)

(d)

(e)

(g)(f)

f = 0.7538

f = 0.8169 TMC1: f = 0.7503 TMC2: f = 0.7946 TMC1: f = 0.7451 TMC2: f = 0.7712

TMC3: f = 0.8221 TMC4: f = 0.8419 TMC3: f = 0.7718 TMC4: f = 0.8161

FIG. 4. (a) Schematic of a box-shaped finite-size structure consisting of 10 × 10 UC2s surrounded by three-layer UC1s for the study
of coexistence of topological edge and corner states. (b),(c) Calculated eigenfrequencies of the box-shaped structure for the TM and
TE modes, respectively, where four groups of corner states emerge within the CBG for both the TM and TE modes. (d),(e) Typical
eigenfield profiles of the edge states for the TM and TE modes, respectively (note f = ωa/2πc). (f),(g) Eigenfield distributions of one
representative corner state in each of the four groups for the TM and TE modes, respectively.

TEC1, TEC2, TEC3, TEC4 for the TE modes in Figs. 4(b)
and 4(c), respectively. As a result, our current design of
the SPTI is distinct from any existing SPTIs, which only
host one or two groups of corner states. Figures 4(f) and

4(g) show the eigenfield distributions of the corner states
for TM and TE modes, respectively. Each group of corner
states contains four degenerate corner states, therefore only
one eigenfield distribution of a representative corner state

–Min

Max

–Min

Max

TMC1: f =0.7503 TMC2: f =0.7946

(a)
(b) (c)

TMC3: f = 0.8221 TMC4: f = 0.8419

TMC1: f =0.7451 TMC2: f =0.7712

TMC3: f = 0.7718 TMC4: f = 0.8161

FIG. 5. (a) Schematic of a perturbed structure after removing certain UCs donated by the red circles for the demonstration of
robustness of the corner states agains defect. (b),(c) Calculated eigenfields and eigenfrequencies of one representative corner state
from each of the four groups for the TM and TE modes, respectively.
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FIG. 6. Eigenmode profiles at � point (upper panel) and X point (bottom panel) for the nine bands (from left to right) of UC1 in TM
modes.

in each group is plotted. It reveals that these corner states
are highly localized around the corners and exhibit differ-
ent profiles, which may provide flexibilities in practical
applications.

The corner states have a topological origin related to the
different corner charges of UC1 and UC2, thus they enjoy
the topological protection. To demonstrate the robustness
of the corner states against defects, we remove some unit
cells around the corners as denoted by the red circles in
Fig. 5(a). The eignfields and eigenfrequencies of the corner
states in this perturbed structure are calculated and pre-
sented in Figs. 5(b) and 5(c) for the TM and TE modes,
respectively. As can be seen, although defects are intro-
duced around the corners, all the corner states remain
unchanged and their eigenfrequencies also keep invariant,
demonstrating the robustness of the corner states against
defects.

IV. CONCLUSION

In conclusion, we demonstrate the design of a dual-
polarization SPTI, which supports localized corner states
for both the TM and TE modes in a wide common gap.
Our design is based on the topology optimization method
and the topological properties of the optimized PtC struc-
ture are characterized through the band structures and
parity analysis of the eigenmode profiles. The designed
SPTI hosts four groups of corner states with different
eigenfrequencies and field profiles for both the TM and
TE modes, which provide more degrees of freedom for
developing new photonic devices compared to the existing
SPTIs. We also demonstrate the robustness of these corner
states against defects, which could advance the design of
polarization-independent topological devices with diverse
functionalities.

FIG. 7. Eigenmode profiles at � point (upper panel) and X point (bottom panel) for the nine bands (from left to right) of UC2 in TM
modes.
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FIG. 8. Eigenmode profiles at � point (upper panel) and X point (bottom panel) for the five bands (from left to right) of UC1 in TE
modes.

Moreover, we construct simple tight-binding lattice
models, which allow us to capture the key topological
features of the optimized PtC structure in a transparent
way and these tight-binding lattice models indicate that
the dual-polarization topological physics we reveal in the
PtC system carries over to diverse system platforms, such
as plasmonics, acoustics, as long as these systems can
implement the tight-binding models. Furthermore, these
tight-binding lattice models have an odd number of lattice
sites in each unit cell and the whole band structure shows
topological properties for one choice of the unit cell.
These interesting features are beyond the 2D square SSH
paradigm, which has an even number of lattice sites in its
unit cell and the whole band structure shows no topological
properties for both choices of the unit cell, i.e., one would
need to consider partially filled bands of the 2D square
SSH model for topological applications, which may limit

the size of the topological band gap. Thus we expect our
findings will bring alternative insights and open interesting
directions in this field. Finally, we note that it is certainly
interesting to see whether dual-polarization SPTI can be
constructed in PtCs having hexagonal symmetry [61–63].
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modes.
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APPENDIX: EIGENMODE PROFILES OF THE
OPTIMIZED PtC AT HIGH-SYMMETRY POINTS

� AND X

In this appendix, we give the eigenmode profiles of
the optimized PtC at high-symmetry points of � and X ,
whose parities under the inversion operation are listed in
Figs. 1(c) and 1(d) and used for determination of the topo-
logical properties of UC1 and UC2 through Eq. (1). In
particular, Figs. 6 and 7 show the TM eigenmode profiles
of the nine bands at the high-symmetry points of � and X
for UC1 and UC2, respectively. On the other hand, Figs. 8
and 9 show the TE eigenmode profiles of the five bands at
the high-symmetry points of � and X for UC1 and UC2,
respectively. Note, for the eigenmode profiles presented in
Figs. 6–9, while the p modes have an odd parity (−), the s
and d modes have an even parity (+).
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