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In momentum space, the nodal loop is regarded as a ring-shaped band degeneracy and is
classified into type-I and type-II configurations depending on the positive/negative
dispersions of the degenerating bands. Here, we experimentally observe a new class
of nodal loop in the photonic band structure, employing an artificially designed bilayer
metasurface. Such degeneracy, termed type-III nodal loop, is formed by the crossing
between a resonant flat band and a positively dispersive band and is protected by mirror
symmetryMz, which manifests in the metasurface’s bilayer architecture. Furthermore, the
sequential topological transitions of band degeneracy from the nodal loop viaDirac point to
gapped phase are demonstrated at the metasurfaces. Such transitions are enabled by the
bilayer design and end with a pair of edge states on the domain wall of gapped systems.
Our work reveals that properly engineered bilayer metasurfaces offer rich physics and vast
flexibility in two-dimensional topological photonic research through assembling and
tunning more symmetries and degrees of freedom along the stacking direction.
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INTRODUCTION

Two-dimensional (2D) materials have opened new physics horizons in nanoscience studies, and the
most known 2Dmatter is graphene that is a single atomic layer of honey-comb carbon lattice and has
exhibited many unusual physics effects (Castro Neto et al., 2009). With the addition of one more
carbon layer and the appearance of the inter-layer twisting degree of freedom, bilayer graphene is
found to own exotic physical properties, such as flat band (FB) and strongly correlated phases (Suárez
Morell et al., 2010; Bistritzer and MacDonald, 2011; Balents et al., 2020), and is also evoking intense
attention to general van der Waals materials (Geim and Grigorieva, 2013; Basov et al., 2016).
Analogous to graphene, the metasurface that is a single layer of artificially designed subwavelength
electromagnetic (EM) scatters can be regarded as the 2D version of metamaterials in photonic studies
and may manipulate the light propagation in a unique planar way (Yu et al., 2011; Holloway et al.,
2012; Kildishev et al., 2013; Chen et al., 2016; Glybovski et al., 2016; Hu et al., 2020; Wang et al.,
2020). Furthermore, with multi-layer structures, the extra symmetry and the degree of freedom may
be engineered. It has been known that mirror symmetry along the stacking direction, e.g., z-direction,
can play an important role in forming a nodal loop (NL) degeneracy in band theory (Feng et al., 2017;
Gao et al., 2018; Yang et al., 2018; Wang et al., 2019a; Deng et al., 2019; Feng et al., 2019; You et al.,
2019), where NLs are considered as a continuous set of degenerate nodes such as Dirac points (DPs)
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or Weyl points (WPs) in momentum space (k-space) (Pyrialakos
et al., 2017; Wang et al., 2017; Armitage et al., 2018; Hu et al.,
2018; Mann et al., 2018). In addition, a nodal line can be formed
through cascading multilayers in three-dimensional (3D)
periodic structures and featured an orientation along the
z-direction (Qiu et al., 2019). Because of different
dimensionalities, NLs may transform into DPs or WPs and
further into gapped phase with symmetry-breaking
mechanisms, featuring the topological phase transitions in the
frequency–momentum space (Volovik, 2017). Investigating them
and identifying the underlying symmetries have been one of the
main topics in condensed matter systems and have been found to
be associated with various interesting transport properties and
quantum effects, such as quantum Hall effect and quantum spin
Hall effect (Hasan and Kane, 2010; Qi and Zhang, 2011; Chiu
et al., 2016).

In terms of the dispersion of degenerating bands, NL can be
classified into type-I and type-II configurations with the former
meaning the cross between positive and negative bands and the
latter representing the cross between positive (negative) bands (Li

et al., 2020). There is also a hybrid configuration, where the
dispersion of at least one band is strongly momentum-dependent
and changes the dispersion sign over the closed-loop in k-space
(Li et al., 2020; Xiong et al., 2020). Such classifications are
applicable likewise to both DPs and WPs and have been
investigated extensively in 2D/3D photonics (Pyrialakos et al.,
2017;Wang et al., 2017; Hu et al., 2018; Mann et al., 2018). Newly,
the type-III configuration, which is termed for the cross between
the flat band and the dispersive band, has been identified for
nodal point degeneracy (Milićević et al., 2019). However, as far as
NL degeneracy is concerned, the type-III configuration is just
proposed theoretically in phonon context (Zheng et al., 2020) and
is not experimentally observed in any wave system in either 2D or
3D cases yet.

In the study, we design and fabricate a bilayer metasurface that
consists of two layers of fractal-shaped resonant metallic patterns
located, respectively, at top and bottom surfaces. A photonic FB is
developed due to local resonance supported by the fractal
patterns. The FB is odd eigenmode under mirror symmetry
Mz and is unavoidably crossing with the positively dispersive

FIGURE 1 | Photos and sketches illustrating how the symmetry breaking in themetasurface induces the photonic topological phase transition in the band structure.
The metasurface is composed of double layers of H-shaped metallic patterns spaced by an insulating dielectric slab. Top panels: (A) photo of the top layer of metallic
patterns, (B) photo of the bottom layer of metallic patterns withMz breaking, and (C) photos of the top and bottom layers of metallic patterns in gapped phase, where all
lattice constants are the same. Middle panels: the schematic drawings of the unit cell for (D) NL, (E) DP, and (F) gapped phase, respectively, where the gray thick
lines represent metallic patterns. Bottom panels: in the presence of mirror symmetryMz , NL is generated by the degeneracy of two bands that are odd and even modes
underMz . When the metallic patterns in the two layers are not identical, NL is lifted except the degeneracy along the X(X′) direction, and type-II DPs appear. When the
mirror symmetryMy of the metallic patterns is broken, the system becomes gapped, and the topological edge state (TES) takes place in the domain wall between type-A
and type-B domains.
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band that is even eigenmode. Consequently, a ring-like
degeneracy (type-III NL) is obtained in the Brillouin zone, as
shown in Figure 1. In addition, the NL has the nearly
k-independent degenerating frequency, fNL, distinguished
significantly from the so-called hybrid type of loop degeneracy
with strong k-dependence (Li et al., 2020; Xiong et al., 2020). We
employ microwave near-field scanning measurements to observe
the type-III NL at the metasurface and confirm its existence.
Enabled by the bilayer structure, a series of topological phase
transitions in the band structure are engineered, starting with the
Mz broken phase and ending with a pair of edge states on the
domain wall of gapped systems. The evolution of nodal
degeneracy from a loop via point to gap opening is realized
with more symmetries broken, as shown in Figure 1, and
manifests that the NL performs like the matrix phase and
harbors several low-dimensional phases with topological edge
states.

TYPE-III NODAL LOOPS

The metallic elements in our design are based on the 2D
H-shaped fractal pattern with a space-filling dimension of two

at the limit of infinite scaling orders and have been shown to
support significantly subwavelength EM resonance (Hou et al.,
2004; Hou et al., 2008). The resonance is found to play an
essential role in the formation of type-III NLs in k-space. The
NL metasurface is a bilayer structure with the unit cell consisting
of two identical metallic patterns located at opposite surfaces and
arranged into a square lattice, seeing the top panel of Figures
1A,D. The fractal pattern in the unit cell has the following
geometric parameters: The line length in the first scaling order
(i.e., the central line) a = 2 mm, the scaling factor is 0.5, the
linewidth w = 0.2 mm, the layer separation h = 0.762 mm, and the
lattice constant along with two directions Dx = Dy = 4 mm (see
Supplementary Material). Obviously, the metasurface is
invariant under three mirror symmetry operations: Mx: x̂ �
(x, y, z) → (−x, y, z), My: ŷ � (x, y, z) → (x,−y, z), and
Mz: ẑ � (x, y, z) → (x, y,−z).

It is known that the photonic FB is readily achieved in
localized resonance structures (Hou et al., 2008; Wang et al.,
2019b), e.g., metamaterials, because of the strong localization of
resonance modes from the point view of tight-binding band (see
Supplementary Material). In our structure, the metallic patterns
in each layer support a subwavelength dipole resonance, and the
resonant mode in one pattern will couple to its in-plane neighbors

FIGURE 2 | Type-III nodal loop in the Mz symmetry phase. (A) Band structure along the high-symmetrical path (Γ-M-X-Γ-Y) in momentum space, where the gray
dash lines donate the light line and the inset indicates the first Brillouin zone and its high-symmetrical points. The crossing between the first (blue line) and the second (red
line) band gives rise to the NL at the frequency fNL � 11.1GHz. (B) 3D view of the band structure in momentum space with the normalized density of states plotted on the
left side, which reveals the flat band (red surface). The NL is labeled as the yellow ring. (C) and (D) Band projection on the kx and ky direction, respectively. The gray
dots constitute the projected energy bands that are calculated in CST, and the colormaps are experimental results.
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(inter-cell coupling along the x- and y-directions) and its out-of-
plane neighbor (intra-cell coupling along the z-direction) in
nearest neighbor approximation. When the latter’s strength is
much larger than the former’s strength under the tiny bilayer
separation, h, the band due to resonant mode will be flat. The
flatness of the band can be controlled by the parameter h (see
Supplementary Material).

To confirm the existence of the type-III NL, we employ the
numerical simulation software (CST Microwave Studio) to calculate
the photonic energy bands as well as their eigenmodes. The
calculated results along high symmetrical paths are plotted in
Figure 2A, where a flat band (band 2, red line) is seen crossing
with a dispersive band (band 1, blue line). The eigenmodes display
that the two bands have different parity with respect to mirror
symmetryMz, corresponding to the odd mode (O-mode) and even
mode (E-mode), respectively (see Supplementary Material).
Therefore, the linear crossing between the two bands is enforced
byMz and stays immune to any perturbations preserving themirror
symmetry. Because the O-mode gives rise to the intense intra-cell
coupling, band 2 becomes flat. In contrast, the E-mode facilitates the

inter-cell coupling rather than intra-cell coupling and displays strong
dispersion. In addition, the FB is found being almost uniform and
spatially non-dispersive across the whole Brillouin zone, showing a
significant density of states (DOS), as illustrated in Figure 2B.
Consequently, the NL takes place in the Brillouin zone and is
regarded as type-III degeneracy coming from the crossing
between the FB and the positive band. The NL frequency, fNL, is
essentially the frequency of the FB and displays the k-independent
characteristics.

To experimentally observe the type-III Dirac NL degeneracy, the
bilayer metasurface is fabricated by using a standard printed circuit
board (Rogers 4350B). In order to ensure a high resolution in
k-space, the whole sample includes the 100 × 100 unit cells and
measures the overall size 400 × 400mm2. The dielectric slab
separating two layers of metallic patterns has the thickness of
0.762 mm and the relative permittivity of 3.5 at 10 GHz. In the
experiment, a z-polarized electric dipole antenna is placed at the
center of the lower surface of the sample and radiates themicrowave,
while a receiving dipole antenna probes the wave field on the upper
surface through point-by-point scanning (the measuring area being

FIGURE 3 | Band structures of the metasurfaces in different broken symmetry phases. (A) Calculated dispersion along the kx direction for the metasurface without
Mz symmetry. Two positive bands, bands 1 and 2, degenerate at the frequency fDP � 13.81GHz and the momentum position kDP � (± 0.52, 0). (B) Measured (color
maps) and calculated (solid lines) iso-frequency contours in the first Brillouin zone. (C) Calculated dispersion along the kx direction for the metasurface with bothMz and
My broken. (D) Band projection of the gapped phase, where the gray dots are the calculated results, and the colormaps are the experimental ones.
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300 × 300mm2 and resolution being 4 × 4mm). The field data in
real space are recorded using amicrowave network analyzer (Agilent
N5230C) and then are Fourier-transformed to obtain the energy
band inmomentum space (see SupplementaryMaterial). As shown
in Figures 2C,D, we plot the measured projected band structure
along the kx and ky directions, respectively, in order to make the
crossing of bands 1 and 2 more clear. (The flat band in single kx = 0
or ky = 0 cut is not as clear as the projected band diagram, possibly
because the resonant field is concentrated in the dielectric slab for the
O-mode.) At the same time, the simulated results are superposed as
solid symbols and are seen in good agreement with measurement.
The flat band is identified around 11.1 GHz, and the measured
results display the slight broadening over frequency because of the
finite size effect of the bilayer metasurface.

TOPOLOGICAL TRANSITION FROM NL
TO DPS

It is known that nodal point degeneracy can be obtained from
higher-order degeneracy, e.g., nodal line, through breaking the
symmetry (Yang et al., 2018). For our bilayer metasurface, the NL
is protected by Mz, and the symmetry can be lifted through
making the top and bottom metallic patterns different, for

instance, shrinking one of them, as illustrated in Figures 1B,E.
If only Mz is removed, the system will display a pair of type-II
Dirac points along the ΓX direction, which is protected by the
mirror symmetry My, as shown in Figure 1.

In the experiment, we shrink the size of the lower metallic
pattern to half of the upper one in the unit cell and fabricate a
Mz-broken metasurface (see Supplementary Material).
Figure 3A shows the calculated bands along the x-direction,
where two positively dispersive bands are crossing with different
parity with respect to the symmetry My. Figure 3B shows the
measured and calculated IFCs as increasing frequencies from 10
to 16 GHz. It is noticed that the shape of the IFC of band 1
changes from ellipse to hyperbola with increasing frequency. At
13.81 GHz, band 1 touches band 2 at k-point (± 0.52, 0), and
consequently, the IFC has a local X-shape around the touching
points kDP . The uniquely shaped IFC is just the signature of the
overtilted Dirac cone for type-II DPs.

TOPOLOGICAL TRANSITION FROM DPS
TO GAP PHASES AND EDGE STATES

Because the DPs in the Mz-broken phase are protected by the
symmetry My, the DPs can disappear and the gap can emerge

FIGURE 4 | Observation of the topological edge states in the gapped phase. (A) and (B) Measured projected bands of AB-type and BA-type domain walls,
respectively. The domain wall is constructed by staking different domains along the y-direction and making the wall along the x-direction. (C) and (D) Corresponding
calculated results, in which the gray regions indicate the bulk states and the red and blue solid lines represent the topological edge states in the AB-type and BA-type
domain walls, respectively. (E) Simulated Poynting vector (arrow maps on two domain elements nearest neighboring the wall, labeled by the dashed rectangular
frame in color maps) and electric field energy (colormaps) for the edge states in the AB-type (upper panel) and BA-type (lower panel) domain walls. For the opposite
propagation denoted by kx, the electric field energy has an identical distribution, and the Poynting vector has an oppositive orientation.
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when My is lifted. Two configurations are illustrated in Figures
1C,F, where we further shrink two of four second-ordered H
shapes in the fractal pattern and make them asymmetric to the
x-axis (see Supplementary Material), and two configurations are
designed, which are transformed into each other via π rotation
around the z-axis and termed type-A and type-B. In Figure 3C,
the calculated dispersions along the ΓX direction do not show the
point degeneracy, but a gap between bands 1 and 2. We also
implement the measurement, and the experimental result is
plotted in Figure 3D and agrees well with the calculated ones.

For topological materials, the gapless edge state is found on the
boundary separating different domains of the gapped system,
i.e., domain wall. For our metasurface, such a domain wall is
constructed by stacking two types of gapped patterns, type-A and
type-B, along the y-direction and aligning the wall direction along
the x-axis. We obtain the x-directed AB and BA domain walls
depending on which domain is occupying the +y half-plane. That
is, in the former (latter), domain A (B) is distributed in the -y half
plane and domain B (A) is in the +y half plane. The experiment
and calculation reveal the gapless edge states existing inside the
gap, seeing Figures 4A–D. The electric field energy map and
Poynting vector profiles for these two types of TESs are simulated
and plotted in Figure 4E, where the opposite energy flux
directions correspond to the opposite wavevectors and the
evanescent nature of the field profile inside both domain
interiors is justified by the decaying along the y-direction.
Furthermore, the calculated photonic spin direction in the
domain wall mode agrees with the spin-wavevector locking
property (see Supplementary Material; Aiello et al., 2015;
Bliokh et al., 2015).

CONCLUSION

In summary, we realize the type-III NL degeneracy is protected by
the mirror symmetryMz at the bilayer metasurface. The NL comes
from the crossing between the flat band and the dispersive band and
is distinguishable from the previously reported NLs in terms of the
band slopes and the spatial dispersion of the crossing point. We
observe a serial of topological transitions evolving fromNL viaDP to
the gapped case under different symmetries broken and topological
edge state emerging in the domain wall at the gapped phase. The

bilayer design allows controlling and tunning more symmetries and
degree of freedoms enabled by the third dimension and will hold the
promising perspective for flat photonics.
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