
Progress In Electromagnetics Research, Vol. 181, 99-112, 2024

(Received 10 November 2024, Accepted 26 December 2024, Scheduled 27 December 2024)

Three-Dimensional Topological Photonic Crystals

Jian-Wei Liu1, *, Gui-Geng Liu2, 3, *, and Baile Zhang1, 4, *

1Division of Physics and Applied Physics, School of Physical and Mathematical Sciences
Nanyang Technological University, Singapore 637371, Singapore

2Research Center for Industries of the Future, Westlake University, Hangzhou 310030, China
3Department of Electronic and Information Engineering, School of Engineering, Westlake University, Hangzhou 310030, China

4Centre for Disruptive Photonic Technologies, The Photonics Institute
Nanyang Technological University, Singapore 637371, Singapore

ABSTRACT: Photonic crystals, often referred to as the “semiconductors of light,” have entered a new phase enabling exotic properties
once exclusive to topological quantum matter such as topological insulators. While the development of the first three-dimensional (3D)
photonic crystal marked the establishment of photonic crystals as an independent field, initial studies in topological photonic crystals
focused mainly on one and two dimensions. Though a true photonic crystal counterpart of a 3D strong topological insulator remains
elusive, significant progress has been made toward achieving 3D topological photonic crystals. Compared with their lower-dimensional
counterparts, 3D topological photonic crystals reveal a richer variety of topological phases and surface manifestation, which enables more
degrees of freedom for light manipulation. In this review, concentrating on the novel boundary states unique in 3D systems, we provide a
brief survey of the 3D topological photonic crystals and recent advances in this field. We categorize and discuss various topological phases
and associated phenomena observed in 3D photonic crystals, including both gapped and gapless phases. Additionally, we delve into some
recent developments in this rapidly evolving area, including the realization of 3D topological phases through synthetic dimensions.

1. INTRODUCTION

Almost four decades ago, Yablonovitch [1] and John [2] pro-
posed the concept of photonic crystals, commonly referred

to as the “semiconductors of light”. Their first pursuit was a
three-dimensional (3D) structure that exhibits a full photonic
bandgap — as inspired from semiconductor’s bandgap — in
which electromagnetic wave propagation is forbidden in all
directions [3–8]. While the history of one-dimensional (1D)
photonic bandgap (e.g., in a Bragg mirror) can be traced back
to Rayleigh’s time in 1887, it is this 3D photonic crystal that
marked the establishment of photonic crystals as an impactful
independent field in photonics. Since then, many 3D photonic
crystals have been realized with plenty of applications such as
laser cavities and photonic integrated circuits, typically involv-
ing a few degrees of freedom (DOFs), such as frequency, po-
larization, and phase [9–14].
The main motivation in the emerging field of topological

photonics is to introduce topology as a new DOF into the de-
sign and construction of photonic systems, typically in photonic
crystals [15–18]. A common practice in topological photonics
is to map Maxwell’s equations into the electronic Schrodinger
equation. While there exits distinction between light (vector
wave) and electronic wavefunction (scalar wave), this mapping
workswell in 2D [19–32], because the two polarizations of light
can be decoupled and each polarization can be treated as a scalar
wave. For example, in the first so-called “photonic topologi-
cal insulator”, a photonic crystal was demonstrated to exhibit
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non-trivial Chern number and chiral edge states [20, 21], sim-
ilar to the quantum Hall effect. Therefore, the relatively intu-
itive design and simpler fabrication demandmakes 2D topolog-
ical photonic systems hold great promise with exciting applica-
tions such as topological photonic circuits [33–35]. In addition,
the inadequate light confinement induces radiative coupling in
2D systems, which leads to research fields such as topological
lasers [36–38] and metasurface [39, 40].
Compared with 2D, light is intrinsically vectorial and volu-

metric in 3D, making the construction of 3D topological phases
in photonics fundamentally more difficult in both theory and
experiment. Nevertheless, the topologically protected omni-
directional photonic band gap makes 3D topological photonic
crystals a potential platform for achieving ultra-strong light lo-
calization and consequently enhanced light-matter interaction.
This potential mirrors the historical trajectory of conventional
3D photonic crystals, which is born to be recognized in light-
matter interaction due to the omnidirectional photonic band
gap. Additionally, the extra spatial DOF in 3D systems pro-
vides more tunable parameters, leading to a richer variety of
topological phases, which are broadly classified into gapped
and gapless categories. The 3D gapped topological phases can
be seen as extensions of the 2D “Hall family”, while the 3D
gapless topological semimetals, exhibiting point or line degen-
eracieswhere two bands intersect in the 3DBrillouin zone (BZ),
have no 2D counterpart [41–43]. More importantly, the addi-
tional spatial dimension in 3D systems further enables versatile
control over light, including 2D surface states (Figs. 1(a) and
1(b)), 1D light propagation channels (hinge states in Fig. 1(c)),

99doi:10.2528/PIER24111001 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIER24111001


Liu, Liu, and Zhang

(a) (b)

(e)

(c) (d)

FIGURE 1. Schematic illustration of different 3D photonic topological phases and the roadmap of 3D topological photonic crystals. (a) Dispersion
and corresponding surface states of 3D gapped topological phases. (b) Dispersion and corresponding surface states of 3D gapless topological phases.
(c) Manifestations of 3D higher-order topological phases. (d) Different approaches to realize topological phases in synthetic space. (e) Evolutionary
roadmap of 3D topological photonic crystals.

and 0D localized modes (corner states in Fig. 1(c)). For exam-
ple, a 2D chiral surface state could be supported at the surface of
photonic 3D Chern insulator (left panel in Fig. 1(a)) [44], while
a pair of surface Dirac cones exist at the surface of weak topo-
logical insulator (middle panel of Fig. 1(a)) [45, 46]. Similarly,
as shown in Fig. 1(b), the Fermi arc can exist at the boundary
of the photonic Weyl semimetal, connecting two Weyl points
with opposite chirality [47, 48].
Although the fundamental differences make it challenging

to transfer condensed-matter concepts directly to topological
photonics in 3D, some breakthroughs have been achieved. The
first realization of photonic 3D topological phases was demon-
strated in double-gyroid photonic crystals, revealing the exis-
tence of Weyl points and nodal rings in photonic systems [49].

Furthermore, photonic 3D weak topological insulators have
been achieved in time-reversal invariant systems, by vertically
stacking photonic 2D quantum spin Hall insulators [45, 46].
Most recently, the photonic 3DChern insulators have been real-
ized in 3D gyromagnetic photonic crystals [44], complement-
ing the family of 3D magnetic topological phases. However,
unlike the early history of photonic crystals that began with a
3D photonic crystal, so far, a 3D photonic crystal exhibiting
properties of a 3D strong topological insulator remain elusive.
Fig. 1(e) shows a roadmap of 3D topological photonic crystals,
which provides a relatively clearer development of this field.
Here, concentrating on the novel boundary states unique in

3D systems, we review the latest developments in 3D topologi-
cal photonic crystals. Wewill classify and discuss various topo-
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FIGURE 2. Photonic 3D Chern insulators. (a) 3D Haldane model. (b) Photograph of the photonic 3D Chern insulator. The unit cell of this structure
is comprised of a YIG rod placed atop a metallic plate. (c) Phase diagram of the photonic 3D Chern insulator. The gray regions represent the
intermediate Weyl phase. (d) Illustration of an interface between two photonic 3D Chern insulators with perpendicular Chern vectorsC1 = (0, 0, 2)
and C2 = (2, 0, 0). (e) Surface intensity on the interface BZ. Green lines indicate Fermi loop surface states. (f) Fermi loops wrap around the surface
BZ torus to form a Hopf-link.
All figures reproduced from Ref. [44], Copyright 2022, Springer Nature.

logical phases and associated phenomena observed in 3D pho-
tonic crystals, including both gapped and gapless phases. In
addition, we will delve into some recent developments, includ-
ing the realization of 3D topological phases through synthetic
dimensions (Fig. 1(d)) and the realization of higher-order topo-
logical phases in 3D photonic crystals (Fig. 1(c)).

2. GAPPED PHASES IN 3D TOPOLOGICAL PHOTONIC
CRYSTALS
As the research focus of 2D topological photonics lies in the
gapped bulk bands and the associated topological edge states,
a logically straightforward strategy to construct photonic 3D
topological phases is to extend the 2D topological phases into
3D systems. Similar to the 2D counterparts, the 3D gapped
phases include 3D Chern insulators [44, 50, 51] (described by
the Chern vector) and 3D topological insulators [45, 46, 52–55]
(described by Z2 index).

2.1. Photonic 3D Chern Insulators

While the photonic 2DChern insulator was historically inspired
by the 2D Haldane model, a photonic 3D Chern insulator can
be designed by following a 3D Haldane model. As depicted in
Fig. 2(a), a 3D Haldane model can be constructed by layering
the 2D one [56]. Within each layer, the model is identical to
the original 2D Haldane model, while between layers are in-
terlayer hopping terms for A and B sublattice. In photonics,
such model was realized by using the 3D gyromagnetic pho-

tonic crystals [44], as shown in Fig. 2(b). The unit cell of this
structure is comprised of a gyromagnetic Yttrium-Iron-Garnet
(YIG) rod placed atop a metallic plate. The YIG rods, sub-
jected to an external magnetic field, break time-reversal sym-
metry (T), while small coupling holes with different radii in
the metallic plates break the inversion symmetry (P). By mod-
ulating the magnetic field strength and the size of the coupling
holes, the photonic crystal exhibits a phase diagram (Fig. 2(c))
that includes trivial insulators, 3D Chern insulators, and inter-
mediate Weyl phases [grey regions; the Weyl semimetal phase
will be discussed in the following section]. Since the Chern
number is ill-defined in 3D spaces, the 3D Chern insulator can
be characterized by a Chern vector consisting of three Chern
numbers C = (Cx, Cy, Cz), with each Chern number defined
for a 2D sliced BZ oriented in one of the three orthogonal di-
rections [57, 58], similar to the 3D quantum Hall effect.
Distinct from the scalar Chern number in 2D systems, the

vectorial Chern vector can render richer topological manifes-
tation. For instance, a non-trivial Chern vector gives rise to
the 2D chiral surface states. Like the unidirectional 1D chi-
ral edge states in the photonic 2D Chern insulators, the chiral
surface state circulates anticlockwise around the photonic 3D
Chern insulator, and can navigate around sharp bends and large
obstacles without backscattering. In momentum space, the chi-
ral surface states winding around the surface BZ, forming the
surface Fermi loops. Moreover, by considering an interface
between two 3D photonic Chern insulators with perpendicular
Chern vectors (Fig. 2(d)), the vectorial nature of the Chern vec-
tor can be further validated. As shown in Fig. 2(e), the Fermi
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FIGURE 3. Photonic 3D topological insulators. (a) Bianisotropic induced photonic 3D weak topological insulators. (b) Photonic 3D weak topological
insulators with extremely large bandgap. (c) Measured gapless Dirac-cone-like surface states in split-ring resonators. (d) Photonic 3D topological
crystalline insulator in a 3D gyroelectric photonic crystal. (e) Time-reversal-invariant photonic 3D topological crystalline insulators with quadratic
surface dispersion.
Figures reproduced from: (a) Ref. [45], Copyright 2017, Springer Nature; (b), (c) Ref. [46], Copyright 2019, Springer Nature; (d) Ref. [52], Copyright
2016, Springer Nature; (e) Ref. [54], Copyright 2022, Springer Nature.

loops caused by the two domains winding simultaneously in
the surface BZ. Because of the avoid-crossing principle, theses
Fermi loops can form topological links or knots in the surface
torus (e.g., a Hopf link shown in Fig. 2(f)), according to the
knot theory.

2.2. Photonic 3D Topological Insulators

Distinct from the chiral surface states in photonic 3D Chern in-
sulators, the Dirac-cone-like surface state, known as the surface
Dirac cone, is a significant manifestation in photonic 3D topo-
logical insulators. Characterized by the topological invariant
of Z2 index, the photonic 3D topological insulators can be clas-
sified into weak and strong types [59]. However, besides the
Z2 index, a rule of thumb to tell one type from another is the
number of the surface Dirac cones: the photonic 3D weak topo-
logical insulators have an even number of surface Dirac cones,
while the strong ones possess an odd number.
The electromagnetic duality and bianisotropy have been used

to realize the topological quantum spin Hall phase in 2D topo-
logical photonic crystals. It has been known that the stacking of
the 2D topological insulators with proper interlayer couplings
can give rise to a 3D weak topological insulator. Following
this approach, a photonic 3D weak topological insulator with
an even number of surface Dirac cones was theoretically pro-

posed (structure shown in Fig. 3(a)) [45]. However, despite
the elegance of the above proposal based on dielectric materi-
als, the 3D topological bandgap has a narrow fractional band-
width of only about 1%, making the experimental realization
challenging. Subsequently, a photonic 3D topological insulator
with a broad topological bandgap was proposed by using a 3D
array of metallic split-ring resonators [46]. Due to the strong
bianisotropy, this photonic 3D topological insulator possesses
an extremely large 3D topological bandgap with a fractional
bandwidth up to 25%, which significantly exceeds the previ-
ously proposed 3D photonic topological bandgaps, as depicted
in Fig. 3(b). The wide 3D bandgap further facilitates the exper-
imental demonstration. Indeed, a fully gapped bulk dispersion
and a pair of surface Dirac cones in the 3D bandgap were di-
rectly visualized at the boundary (Fig. 3(c)).
Unlike photonic 3D weak topological insulators, photonic

3D strong topological insulators have an odd number of surface
Dirac cones. A typical design can be achieved using magneti-
cally biased gyroelectric materials, as shown in Fig. 3(d) [52].
Nevertheless, due to the experimental challenges in implemen-
tation of complex magnetization, this photonic 3D strong topo-
logical insulator has not been realized thus far. While most
3D strong topological insulators protected by the fermionic T,
this photonic 3D strong topological insulator is protected by the
nonsymmorphic glide reflection of the underlying lattice. Thus,
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FIGURE 4. 3D photonic crystals possessing Weyl semimetal phase. (a) Schematic of the helicoidal Riemann surface states and Fermi arc. (b) Ideal
Weyl points in 3D photonic crystal of saddle-shaped metallic coils. (c) MultipleWeyl points in stacked metallic photonic crystals. (d) Robust surface
states between the Weyl photonic crystal and the perfect electric conductor. (e) Ideal charge-2 Weyl points in chiral metallic photonic crystals. (f)
Noncontractible loops wrapping around the surface BZ. (g) Quadruple-helicoid Fermi arcs in the maximally charged photonic Weyl semimetal. (h)
The chirality of the Weyl points results in the coupling of spin-angular momentum of light.
Figures reproduced from: (a) Ref. [86], Copyright 2016, Springer Nature; (b) Ref. [47], Copyright 2018, The American Association for the Advance-
ment of Science; (c), (d) Ref. [48], Copyright 2016, Springer Nature; (e), (f) Ref. [66], Copyright 2020, American Physical Society; (g) Ref. [68],
Copyright 2022, Springer Nature; (h) Ref. [70], Copyright 2017, Wiley-VCH.

it can also be regarded as a 3D topological crystalline insula-
tor. Actually, the photonic 3D topological crystalline insulators
with preserved bosonic T can also exist. As shown in Fig. 3(e),
a T-invariant photonic 3D topological crystalline insulator can
be realized with split-ring resonators [54]. Different from the
Dirac-cone-like surface states in photonic 3D weak topologi-
cal insulators, the surface states of this photonic 3D topological
crystalline insulators possess a quadratic dispersion.

3. GAPLESS PHASES IN 3D TOPOLOGICAL PHO-
TONIC CRYSTALS
The discovery of topological gapless phases, also known as
topological semimetal phase, has broadened our understanding,
challenging the notion that non-trivial band topology can only
exist in gapped systems. Instead of non-trivial band gaps, the
defining feature of topological semimetal phases is the pres-
ence of band degeneracies, where two ormore bands intersect at
specific momentum points in the 3D BZ. These band degenera-
cies can be categorized based on their dimensionality, including
0D nodal points (Weyl points [47–49, 60–70]/Dirac points [71–
74]), 1D nodal lines [75–83], and 2D nodal surfaces [84, 85].

3.1. Weyl Point
Weyl point is a prototypical example of band degeneracies
in 3D topological semimetals, where two bands intersect lin-
early in momentum space. Governed by the Weyl Hamiltonian
that incorporates all spatial DOFs, Weyl points are inherently

robust against any translational-symmetry-preserved perturba-
tions. Consequently, Weyl points can only be created or an-
nihilated in pairs of opposite chirality — defined by the Chern
number of a closed surface enclosing theWeyl point in momen-
tum space.
As in other topological materials, Weyl semimetals support

topologically protected surface states at their boundaries. No-
tably, as shown in Fig. 4(a), the surface states ofWeyl semimet-
als exhibit a helicoidal Riemann surface dispersion [86]. Fur-
thermore, at the Weyl frequency, the equifrequency contour of
these surface states forms an open arc linking the Weyl points
with opposite chirality, commonly referred to as the Fermi arc.
In photonics, Weyl points were first realized in a 3D pho-

tonic crystal with a double-gyroid structure [49]. However, the
complicated configuration of bands around the Weyl frequency
have hindered the observation of the helicoidal surface disper-
sion. To achieve a more straightforward Weyl system, an ideal
Weyl semimetal was proposed using a microwave photonic
crystal comprising saddle-shapedmetallic coils (Fig. 4(b)) [47],
where all Weyl points reside at the same frequency and are
well-separated from other bands. Through angle-resolved mi-
crowave transmission measurements and near-field scanning
technology, theWeyl structure and the associated surface Fermi
arcs were experimentally observed in this system.
Beyond single Weyl points carrying a topological charge of

1, higher-charged Weyl points have also been explored and
experimentally verified. Unlike single Weyl points (charge
1) with linear dispersion in all three momentum directions,
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FIGURE 5. 3D photonic crystals possessing Dirac semimetal phase. (a) Schematic of the helicoidal Riemann surface states and Fermi arc in Dirac
semimetals. (b) Dirac points in an all-dielectric photonic crystal, where p- and d-wave Mie resonances with double degeneracy were employed. (c)
Dirac points stabilized by screw symmetry. (d) Dirac-Weyl semimetal in photonic crystals with screw symmetry but lacking inversion symmetry.
(e) Experimental observation of photonic Dirac semimetals.
Figures reproduced from: (a) Ref. [86], Copyright 2016, Springer Nature; (b) Ref. [71], Copyright 2016, American Physical Society; (c) Ref. [72],
Copyright 2017, Springer Nature; (d) Ref. [73], Copyright 2023, The Optica Society; (e) Ref. [74], Copyright 2019, American Physical Society.

doubleWeyl points (charge 2) can display quadratic dispersion.
Using planar fabrication technology, photonic crystals with
multiple Weyl points have been demonstrated (Fig. 4(c)) [48].
Additionally, robust surface states at the boundaries of Weyl
systems were observed experimentally, for the first time
(Fig. 4(d)). Multiple Weyl points present intriguing properties
beyond those of single Weyl points, such as multiple topolog-
ical surface states, i.e., multiple Fermi arcs. To observe these
features clearly, an ideal multiple Weyl system, as shown in
Fig. 4(e), is desired [66]. With the aid of microwave near-field
scanning technology, the projected bulk dispersion, along with
two long surface arcs forming a non-contractible loop around
the surface BZ, were directly observed (Fig. 4(f)). Further
investigation into multiple Weyl points revealed that the topo-
logical charge of a 2-fold Weyl point has an upper limit of 4.
This maximally charged Weyl point was demonstrated in a 3D
metallic photonic crystal [68]. Using microwave pump-probe
spectroscopy, quadruple-helicoid Fermi arcs emanating from
the charge-4 Weyl point were directly mapped out (Fig. 4(g)).
Moreover, recent advancements have led to the observation

of Weyl points at optical frequencies using the galvo-dithered
direct laser writing technique [70]. The coupling between cir-
cularly polarized light and Weyl points with different chirality
has been demonstrated (Fig. 4(h)).

3.2. Dirac Point

Dirac points are 4-fold linearly degenerate points that occur in
systems with both T and P. While Dirac points are less stable
than Weyl degeneracies, they are often seen as parent or inter-

mediate states that bridge various topological phases. For in-
stance, when either T or P is broken, a Dirac point can split into
two Weyl points with opposite chirality. Additionally, the pro-
cess of gap closing and reopening at Dirac points can transition
a system between topologically trivial and non-trivial phases.
As the progenitor of paired Weyl points, a Dirac point also sup-
ports surface Fermi arcs at the boundaries of Dirac semimetals.
However, in contrast to Weyl semimetals, two Fermi arcs em-
anate from a single Dirac point, as shown in Fig. 5(a).
The realization of Dirac points in photonic crystals is chal-

lenging. In electronic systems, Dirac points arise from the com-
bination of 2-fold spin degeneracy and 2-fold orbital degener-
acy. However, this is difficult to achieve in photonic crystals
due to the absence of inherent spin degeneracy. Two main ap-
proaches have been explored to address this limitation. The
first is to introduce additional orbital degeneracy, substituting
the role of spin degeneracy. For example, by employing the
p- and d-wave Mie resonances with double degeneracy, pho-
tonic Dirac semimetals were realized in an all-dielectric pho-
tonic crystal (Fig. 5(b)) [71]. The second approach involves
constructing anti-unitary operators by combining T and screw
rotation symmetry, mimicking the Fermionic nature. Via this
approach, Dirac points can be stabilized in a photonic crys-
tal structure with two orthogonal screw axes (Fig. 5(c)) [72].
Since Dirac points can be stabilized by screw symmetry, which
relaxes the need for P, the coexistence of Weyl points and
Dirac points becomes possible. In a metallic photonic crys-
tal with screw symmetry but lacking P, the photonic Dirac-
Weyl semimetal phase was demonstrated (Fig. 5(d)) [73]. In
this system, Dirac points are protected at the hinges of the BZ
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FIGURE 6. 3D photonic crystals possessing nodal lines. (a) Experimental observation of photonic nodal rings. (b) Observation of hourglass nodal
lines. (c) Straight photonic nodal lines possessing quadrupole Berry curvature distribution. (d) Nodal rings of 1D photonic crystals in the visible
region. (e) Nodal chains in 3D metallic-mesh photonic crystals. (f) Nodal links in dielectric photonic crystals.
Figures reproduced from: (a) Ref. [75], Copyright 2018, Springer Nature; (b) Ref. [76], Copyright 2019, American Physical Society; (c) Ref. [79],
Copyright 2022, American Physical Society; (d) Ref. [80], Copyright 2022, Springer Nature; (e) Ref. [82], Copyright 2018, Springer Nature; (f)
Ref. [83], Copyright 2021, American Chemical Society.

(kx = ky = π), while two pairs of idealWeyl points are located
at the kz = 0 plane.
Due to the complex symmetry requirements for stabilizing

Dirac points, experimental observation of Dirac points in pho-
tonic crystals is particularly difficult. Utilizing electromagnetic
dual symmetry, the first experimental demonstration of a Dirac
semimetal in a classical system was achieved in a carefully de-
signed metamaterial (Fig. 5(e)) [74]. Since Dirac points can be
viewed as a combination of two Weyl points with opposite chi-
rality, the Fermi arcs in Dirac semimetals are spin-polarized.
In this metamaterial system, the spin-dependent surface states
were also observed under circularly polarized light excitation.

3.3. Nodal Line
When two bands intersect, they can form not only point degen-
eracies in momentum space, but also line degeneracies, known
as nodal lines. Nodal lines are typically classified by their
shapes and how they connect with other nodal lines, such as
rings, links and chains [87]. A nodal ring exhibits topolog-
ical features, such as a π Berry phase threading through the
ring [88, 89]. Due to this π Berry phase, topological surface
states, known as the drumhead surface states, can be supported
inside or outside the nodal ring. A nodal ring is not topologi-
cally charged and can be gapped or split into two Weyl points
by introducing perturbations.
The first realization of a photonic nodal line semimetal oc-

curred in a 3D double-gyroid photonic crystal [49]. How-
ever, due to the complex structure of double-gyroid photonic
crystals, experimental observation of this nodal line structure
has not yet been achieved. Instead, the first experimental
observation of photonic nodal line degeneracies was accom-

plished in ametacrystal possessing glide andmirror symmetries
(Fig. 6(a)) [75]. Early realizations of nodal line semimetals
mostly relied on accidental degeneracies, making these nodal
lines fragile and susceptible to perturbations even without sym-
metry breaking. It was found that by involving four bands in-
stead of two, forming an hourglass-shaped band dispersion, a
robust nodal line degeneracy resistant to symmetry-preserving
perturbations can be realized. The photonic realization of such
an hourglass nodal line was demonstrated in a metacrystal
with three glide symmetries and D4h point group symmetry
(Fig. 6(b)) [76]. In addition to the ring-shaped nodal lines, a
novel type of straight nodal lines was demonstrated, located at
the hinges and central axis of the BZ (Fig. 6(c)). Protected by
rotoinversion and T symmetries, these straight nodal lines ex-
hibit quadratic band dispersion and give rise to a quadrupolar
distribution of Berry curvature [79]. Instead of 3D photonic
crystals, nodal line degeneracies were recently found in a 1D
layer-stacked photonic crystal by considering off-axis momenta
(Fig. 6(d)) [80]. Owing to its simple structure, the nodal ring
and accompanying drumhead surface states were experimen-
tally observed in the visible spectrum. Furthermore, by break-
ing P, this nodal line was gapped, and the π Berry phase evolved
into a toroidal-shaped Berry flux, resulting in photonic ridge
states.
When two nodal rings come into contact, they form a nodal

chain. While the Berry phase encircling a single nodal line
is π, the Berry phase around the chain point is zero (since
π + π = 0 modulo 2π) [90]. In a 3D metallic-mesh pho-
tonic crystal, such photonic nodal chain degeneracies have been
demonstrated [82]. As shown in Fig. 6(e), the nodal rings in the
BZ are all interconnected, forming a chain. When two nodal
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FIGURE 7. Topological effects in gapless 3D photonic crystals. (a) Reflected beam displacement on the interface of Weyl medium. (b) Vortical
refection around Weyl points. (c) Veselago lens based on Weyl semimetals. (d) All-angle reflectionless negative refraction based on semicircle
Fermi arcs. (e) Antichiral surface states in 3D magnetic Weyl photonic crystals. (f) Antichiral surface states in time-reversal-invariant photonic
cyrstals.
Figures reproduced from: (a) Ref. [92], Copyright 2019, American Physical Society; (b) Ref. [93], Copyright 2020, American Physical Society; (c)
Ref. [94], Copyright 2021, The Optica Society; (d) Ref. [95], Copyright 2022, Springer Nature; (e) Ref. [97], Copyright 2023, Springer Nature; (f)
Ref. [98], Copyright 2023, Springer Nature.

rings approach even closer, they can merge to form a nodal link
structure [91]. Since nodal links often involve multiple bands,
recent studies in non-Abelian band topology have revealed that
the topological charges of these nodal links can be described us-
ing quaternions. In a dielectric photonic crystal with a double-
diamond structure, a nodal link carrying non-Abelian charges
was demonstrated (Fig. 6(f)) [83].

3.4. Topological Effects Related to Gapless Phases

Based on the novel features of topological semimetals, vari-
ous intriguing topological effects and light transport phenom-
ena related to topological gapless phases have been extensively
studied. For example, when beams in a Weyl medium reflect
off an interface with a gapped medium, it has been found that
the reflected beams experience a displacement analogous to the
Goos-Hänchen or Imbert-Fedorov shifts, forming a half-vortex
in the 2D surface momentum space (Fig. 7(a)) [92]. This effect
is tied to both bulk geometrical properties and Fermi arc sur-
face states, bridging the gap between topological surface states
and bulk properties that have traditionally been studied sepa-
rately. In addition, when a beam with spin angular momentum
is incident onto a Weyl semimetal, the reflected beam is con-
verted to the opposite spin angular momentum and acquires ad-
ditional orbital angular momentum (Fig. 7(b)) [93]. Based on
this vortical reflection around the Weyl points, spiraling Fermi
arcs have been observed in a guided system where an air layer
is sandwiched between a metallic plate and a Weyl semimetal.
It has been discovered that negative refraction can occur at

the interface between a suitably designed Weyl medium and a
normal dielectric medium when operating below the Weyl fre-

quency. Utilizing this negative refraction property, a Veselago
lens was demonstrated in a Weyl semimetal (Fig. 7(c)) [94].
In addition, it was found that by interfacing the Weyl medium
with a perfect electric conductor (perfect magnetic conductor),
the Fermi arc can form a semicircle, exhibiting a positive (neg-
ative) refractive index, which leads to the realization of reflec-
tionless negative refraction (Fig. 7(d)) [95].
While chiral edge state is a hallmark of 2D Chern insulators,

the antichiral edge state was recently proposed in a 2D modi-
fied Haldane model [96]. In contrast to chiral edge states that
propagate in opposite directions along two parallel strip edges,
the antichiral edge states exhibit co-propagation along two par-
allel strip edges. Recently, the antichiral transmission has been
extended to 3D systems. The 3D modified Haldane model was
constructed by stacking the 2D version along the z-axis. This
3D model was realized in a magnetic photonic crystal with pre-
cise on-site magnetization modulation (Fig. 7(e)) [97]. Instead
of using gyromagnetic materials to break T, antichiral surface
transport was also achieved in a T-invariant photonic crystal by
constructing a gauge magnetic field (Fig. 7(f)) [98].

4. OTHER PROGRESS IN 3D TOPOLOGICAL PHO-
TONIC CRYSTALS

4.1. 3D Topological Phases in Photonic Crystals with Synthetic
Dimensions
Beyond spatial dimensions, non-spatial DOFs, referred to as
synthetic dimensions, have recently been found to offer new
possibilities for realizing topological phases. By combining
spatial dimensions with synthetic dimensions, we can construct
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FIGURE 8. Other progress in 3D topological photonic crystals. (a) Realization of Weyl points in the 2D array of ring resonators. (b) Synthetic
Weyl points in 1D photonic crystals. (c) Probing rotated Weyl physics in on-chip waveguide arrays. (d) Realization of chiral zero modes by
designing artificial magnetic field. (e) Realization of co-propagating chiral zero modes. (f) One-way fiber modes in 3D photonic crystals with
helical modulation. (g) Higher-order topological insulator phase in 3D metallic-cage photonic crystals. (h) Higher-order Dirac semimetal phase in
photonic crystals. (i) Real higher-order Weyl semimetal phase in photonic crystals.
Figures reproduced from: (a) Ref. [100], Copyright 2016, Springer Nature; (b) Ref. [101], Copyright 2017, American Physical Society; (c) Ref. [102],
Copyright 2021, American Physical Society; (d) Ref. [103], Copyright 2019, The American Association for the Advancement of Science; (e)
Ref. [104], arXiv; (f) Ref. [105], Copyright 2018, Springer Nature; (g) Ref. [107], Research Square; (h) Ref. [108], Copyright 2022, American
Physical Society; (i) Ref. [109], Copyright 2023, Springer Nature.

a higher-dimensional “synthetic space” [99]. In photonics, syn-
thetic space can be created in two main ways. One approach is
to treat a synthetic dimension as an additional spatial dimen-
sion, forming a lattice. For example, by considering the fre-
quency dimension as a synthetic spatial dimension, a synthetic
3D lattice can be created by dynamically modulating a 2D array
of ring resonators (Fig. 8(a)) [100]. With precise modulation,
the coupling between modes in the frequency dimension can
be finely controlled, enabling the realization of Weyl physics
in this 2D resonator array.
Instead of forming a lattice, a synthetic parameter space can

be created by exploiting the system’s parameter dependencies,
with the synthetic dimension functioning similarly to Bloch
momentum. For example, replacing two Bloch momenta with
two independent geometric parameters enables the realization
of Weyl physics in a 3D synthetic space composed of two
geometric parameters and one Bloch momentum. Using this

concept, Weyl points were observed in 1D photonic crystals
(Fig. 8(b)), where the vortical reflection phases confirmed the
presence of synthetic Weyl points [101]. This idea was fur-
ther demonstrated in a 1D waveguide array system on lithium
niobate-on-insulator chips (Fig. 8(c)) [102]. The flexibility of
synthetic space allows the orientation between two Weyl struc-
tures to be freely rotated, which is ideal for exploring Fermi arc
reconstruction but difficult to achieve in conventional 3DWeyl
semimetals due to lattice mismatch.

4.2. 3D Topological Photonic Crystals with Lattice Deformation

Intriguing topological phenomena can also emerge in systems
with lattice deformation. One significant effect of lattice defor-
mation is the introduction of a gauge field inWeyl systems. For
instance, by rotating the saddle-shaped metallic coil in the unit
cell, four Weyl points in the BZ rotate around the kz-axis [103].
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Through careful manipulation of different rotation angles for
each individual unit cell at different locations, the entire system
can be treated as aWeyl system under an external magnetic field
(Fig. 8(d)). In this inhomogeneous 3D photonic crystal, chi-
ral zero modes with unidirectional propagation were observed.
Moreover, making the Weyl points with opposite chirality ex-
perience artificial magnetic fields in opposite directions, co-
propagating chiral zero modes were demonstrated in a 3Dmag-
netic photonic crystal (Fig. 8(e)) [104].
By introducing helical modulation into 3D lattices, a line

defect can be created, accompanied by defect modes. In this
case, the line defect acts as a “fiber core” within the 3D system,
supporting 1D propagating modes [105]. By applying periodic
modulation, one-way fiber modes were achieved in a 3D Weyl
magnetic photonic crystal (Fig. 8(f)). These one-way defect
modes reside within the band gap, and the number of modes is
determined by the helix frequency.

4.3. Higher-Order Topological Phases in 3D Photonic Crystals

Recently, the discovery of higher-order topological phases has
attracted significant attention due to its violation of the con-
ventional bulk-boundary correspondence [106]. For instance,
a 3D third-order topological insulator can host not only 2D sur-
face states but also 1D hinge states and 0D corner states. These
higher-order topological insulators (HOTIs) offer more DOFs
for light manipulation. In 3D systems, there are two types of
higher-order topological phases: octupole HOTIs, which pos-
sess quantized multipole moments, and Wannier-type HOTIs,
which do not. While the realization of octupole HOTIs requires
negative coupling — challenging to achieve in photonic crys-
tals — the realization of Wannier-type HOTIs, which mimic
a 3D Su-Schrieffer-Heeger (SSH) model, appears more feasi-
ble. However, due to the vectorial nature of the electromag-
netic field, achieving a non-trivial complete band gap in 3D
SSH-like photonic crystals is still difficult. In very recent, the
experimental realization of the 3D SSH model was demon-
strated in 3D tight-binding-like metal-cage photonic crystals
(Fig. 8(g)) [107]. This photonic crystal mimics a tight-binding
systemwith nearest-neighbor coupling, successfully simulating
the 3D SSH model and observing the associated higher-order
topological features.
Beyond topological insulators, higher-order topology has

also been introduced into topological semimetals, where the
surface states and lower-dimensional hinge states are allowed
to coexist. For example, a higher-order Dirac semimetal was
demonstrated in a layer-coupled deformed photonic honey-
comb lattice (Fig. 8(h)) [108]. In this system, the 3D BZ is
divided into two regions: a normal insulator phase and a HOTI
phase. In the projected BZ, the Dirac points are connected by
higher-order hinge states. In addition to higher-order Dirac
semimetals, a higher-order Weyl semimetal was realized in a
3D metallic photonic crystal (Fig. 8(i)) [109]. In this system,
the 3D BZ is divided by Weyl points into a Chern insulator
phase and a generalized real Chern insulator phase. Protected
by both the nonzero Chern number and the nontrivial general-
ized real Chern number, this system supports the coexistence
of Fermi arc surface states and higher-order hinge states.

5. CONCLUSION AND OUTLOOK

Historically, 3D geometries have introduced richer and more
complex physics into photonic research; the realization of 3D
complete bandgap marks the advent of photonic crystals as a
distinct field in modern photonics. Following a quite similar
trajectory, the development of 3D topological photonic crystals
is still in its infancy.
In recent years, significant breakthroughs, such as the

realization of photonic topological insulators and topological
semimetals, have demonstrated the 3D photonic crystal a
promising platform for exploring novel physics. Further, new
physics can still be found at these systems. For instance,
axion insulators — 3D magnetic topological insulators that
support chiral hinge states — have been proposed as a means
of detecting dark-matter axionic particles in high-energy
physics [110–115]. It has recently been found that axion
insulator can have its photonic counterpart in 3D gyrotropic
photonic crystals [116]. Moreover, the outer surfaces of the
photonic axion insulator behave as fractional Chern insulators
with a half-quantized Chern number. Such interaction between
fractional and integer Chern numbers presents new avenues in
topological physics.
While initial studies of 3D topological photonic crystals fo-

cused on mimicking condensed matter phenomena, future re-
search may prioritize the applications of 3D topological phases.
For instance, the low-loss light transport facilitated by topolog-
ical edge modes has positioned photonic topological systems
as promising platforms for optical communication [117–120].
Despite the current applications of topological light transmis-
sion are mainly concentrated on 2D systems, it is potential to
develop topological 3D photonic circuits due to the diverse
boundary manifestations in 3D topological photonic crystals,
ranging from 0D localized modes to 2D propagating modes.
The 3D topological photonic circuits are potential to enable ro-
bust and flexible light transport in 3D space.
In addition, microwave control plays a fundamental role in

modern quantum computing algorithms, in which microwave
resonators can mediate interactions between distant qubits and
microwave pulses can be used for rotating qubits or generat-
ing entanglement [121, 122]. However, qubits are highly sen-
sitive, and easy to decoherence due to the defects or fabrication
imperfections [123–125]. Therefore, the implementation ofmi-
crowave 3D topological photonic circuits, which provide robust
and flexible light transport in 3D space, could offer a promising
solution to mitigate these challenges in quantum computing.
Furthermore, recent studies have investigated the interac-

tion between topological light and matter, leading to phe-
nomena such as the emergence of helical topological polari-
tons [115, 116] and room-temperature valley polariton conden-
sation [117, 118]. Distinct from the 2D counterparts, the om-
nidirectional bang gaps of 3D topological photonic crystals of-
fer robust light confinement in all three spatial directions, en-
abling enhanced light-matter interactions. Thus, by leveraging
corner or hinge states in 3D topological photonic crystals, it
is potential to realize the topological cavities with ultra-high
quality factors, which could find applications in fields such as
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sensing [126, 127], Bose-Einstein condensation [128, 129] and
polariton lasing [130, 131].
At the end of this review, it should be reminded that there are

still some challenges to be addressed for reaching these exciting
prospects. For example, implementing 3D topological photonic
crystals for communication or lasing applications requires the
realization of 3D topological phases in the communication and
visible wavelength ranges. While certain 3D topological phases
have been demonstrated in the infrared regime [65, 69, 132],
the bulky nature of 3D photonic crystals still imposes consider-
able demands on advanced micro-nano fabrication techniques.
Moreover, many realizations of 3D topological phases rely on
metallic or gyromagnetic materials [44, 46, 47, 50, 97], which
suffer from losses or weak magneto-optical responses in the op-
tical domain, making the selection of suitable materials a criti-
cal challenge.
On a more optimistic note, even if extending 3D topological

photonic crystals to the visible regime proves challenging, the
intersection between microwave 3D topological photonic crys-
tals and quantum computing can be a promising and exciting
direction for future exploration.
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