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Antichiral surface states in time-reversal-
invariant photonic semimetals
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Wen-Jie Chen 1 & Jian-Wen Dong 1

Besides chiral edge states, the hallmark of quantum Hall insulators, antichiral
edge states can exhibit unidirectional transport behavior but in topological
semimetals. Although such edge states provide more flexibility for molding
theflowof light, their realizationusually suffers from time-reversal breaking. In
this study, we propose the realization of antichiral surface states in a time-
reversal-invariant manner and demonstrate our idea with a three-dimensional
(3D) photonicmetacrystal. Our system is a photonic semimetal possessing two
asymmetrically dispersed Dirac nodal lines. Via dimension reduction, the
nodal lines are rendered a pair of offset Dirac points. By introducing synthetic
gauge flux, each two-dimensional (2D) subsystemwith nonzero kz is analogous
to a modified Haldane model, yielding a kz-dependent antichiral surface
transport. Through microwave experiments, the bulk dispersion with asym-
metric nodal lines and associated twisted ribbon surface states are demon-
strated in our 3D time-reversal-invariant system. Although our idea is
demonstrated in a photonic system, we propose a general approach to realize
antichiral edge states in time-reversal-invariant systems. This approach can be
easily extended to systems beyond photonics and may pave the way for fur-
ther applications of antichiral transport.

Chiral edge state, circulating around a gapped material in either
clockwise or counterclockwise manner, is a fundamental feature of 2D
quantum Hall systems1–5. In the past few decades, these unidirectional
edge states have led to a revolutionized chapter in condensed matter
physics and photonics6–11, because of their promising applications in
one-way waveguides12–21, topological lasers22–27, topological photonic
circuits28–31, etc. Besides gapped materials, unidirectional edge trans-
port can be induced in gaplessmaterials. One approach is to introduce
a pseudomagnetic field by shifting the Dirac cones in momentum
spacewith an inhomogeneous strained lattice32–34. Another approach is
to shift the Dirac cones in frequency by considering a staggered
magnetic flux inHaldanemodel35–42. In this type of 2DDirac semimetal,
two Dirac frequencies at K and K0 points shift in opposite directions,
yielding a tilted antichiral edge dispersion. Unlike chiral edge states
that counter-propagate along the parallel edges of a strip sample,
these antichiral edge states copropagate along the parallel edges,

providing more flexibility for molding the flow of light. However,
because frequency splitting between Dirac points naturally requires
time-reversal breaking, its photonic realization is rather challenging
due to intrinsic material loss and weak magneto-optic effect. It would
be highly desirable if we could achieve antichiral edge transport
without time-reversal breaking.

Interestingly, 2D Dirac semimetals are related to various higher-
dimensional topological semimetals, such as 3D Dirac nodal line
semimetals and their variants (nodal rings43–47, nodal links48,49, nodal
chains50–53). Nodal line semimetals can bemodeled as layers of 2DDirac
semimetals coupled in the stacking direction54,55. With the interlayer
coupling, the twoDiracpoints disperse in the kzdirection, forming two
straight nodal lines55–57. This inspired us to consider an unexplored
route to achieve antichiral edge transport. By engineering appropriate
interlayer couplings, two Dirac nodal lines can evolve asymmetrically
in frequency, yielding two offset Dirac points for a fixed nonzero kz,
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along with tilted edge states in between. Notably, the frequency offset
between the two Dirac points does not embody the violation of time
reversal symmetry because �K and �K0 do not form a time-reversal pair
for nonzero kz.

In this letter, we propose a 3D layer-stacked photonic metacrystal
possessing antichiral surface states, which has never been realized in
time-reversal-invariant systems. Its interlayer couplings mimic an
effective staggered magnetic flux. For any nonzero kz, the 3D system
reduces to a 2DmodifiedHaldanemodel (MHM), with twoDirac cones
split in frequency. From the perspective of 3D band dispersion, these
correspond to two asymmetric nodal lines (ANLs) in 3D momentum
space, along with a twisted ribbon surface state. Based on this idea, we
design and fabricate a layer-stacked photonic metacrystal. The bulk
dispersions of ANLs and associated antichiral surface states are
experimentally demonstrated by the Fourier spectra of measured
electric fields. The antichiral surface transport is confirmed by the
measured surface transmission spectra.

Results
Tight-binding analysis
An modified Haldane model, where the magnetic fluxes acting on two
sublattices take opposite signs (Fig. 1a), was originally proposed to
exhibit the antichiral edgemode35. Amajor challenge to implementing
such a model in a photonic system is the realization of a staggered
magnetic flux, or equivalently, a nonreciprocal next-nearest-neighbor
(NNN) coupling. Recent studies have reported that this issue can be
overcome via gyromagnetic photonic crystals with precise on-site
modulation of magnetization38,40. However, owing to the intrinsic
material loss and weak magneto-optic effect of gyromagnetic materi-
als, this scheme can hardly be extended to the optical regime.

To illustrate how our idea works, we start with a tight-binding
model for an AA-stacked honeycomb lattice (Fig. 1b). Its photonic
realization will be discussed later. The Hamiltonian of this 3D lattice
can be expressed as follows:

H =
X

<i, j>;m

ðt1ay
i,mbj,m +h:c:Þ+

X

<<i, j>>;m

ðt2ay
i,maj,m+ 1 + t2b

y
i,mbj,m+ 1 +h:c:Þ,

ð1Þ

where a (b) and ayðbyÞ are the annihilation and creation operators on
sublattice sites, respectively, i and j label the position of the lattice in
each layer, and m is the layer index. For simplicity, the on-site energy
difference between sublattices is neglected. Only the intralayer
coupling t1 [white sticks in Fig. 1b] and interlayer coupling t2 [yellow
sticks in Fig. 1b] are considered and are both real numbers as restricted
by time reversal. After the Fourier transformation, the corresponding
Bloch Hamiltonian has the following form:

HðkÞ=
λk t1βk

t1β
*
k λk

 !
, ð2Þ

where βk = 1 + expðikxaÞ+ expðikxa=2 + i
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3
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ð3Þ
represents the energymodulationby interlayer couplings and kz, andd
is the interlayer distance. The first Brillouin zone (BZ) of the 3D lattice
is shown in Fig. 1c.

Interestingly, because the proposed system is periodic in the z
direction, kz is a good quantum number. If we consider only the dis-
persion and transport in the x-yplane, the 3D systemcanbe reduced to
an effective 2D system, and kz is regarded as an external parameter. Its

2D BZ corresponds to a kz cut plane in the original 3D BZ (the cyan
plane in Fig. 1c). The original interlayer coupling t2 is reduced to an in-
plane NNN coupling with a complex coefficient of t0 = t2 expð± ikzdÞ,
where the sign of the argument depends on the direction of coupling.
Then, the system becomes an MHM; the yellow arrows in Fig. 1a indi-
cate the direction along which the phase in t0 takes a positive sign. Via
this dimension reduction approach, any type of local magnetic flux
with a complex configuration can be implemented in a 3D time-
reversal-invariant system.

Because the Pierels phase factor in t0 is proportional to kz, the 3D
system mimics different MHMs for different values of kz. When kz =0,
the bulk band structure (middle panel in Fig. 1d) exhibits two Dirac
points with identical energy of −3t2/2, as the synthetic gauge flux
vanishes. In addition, a flat edge band (magenta dashed line) is
expected to span their projections onto the surface BZ. This agrees
with the fact that the kz = 0 plane is a time-reversal-invariant k-plane in
the 3D BZ. However, for a nonzero kz (left and right panels in Fig. 1d),
the twoDirac points split in energy as the synthetic gaugeflux turnson.
Then, a tilted edge band pinned at the two Dirac points is expected.
Notably, time reversal symmetry is preserved in our 3D system,
meaning that the 2D subsystem with positive kz is the time-reversal

Fig. 1 | Synthetic gauge flux in time-reversal system and the resulting energy-
offset between Dirac points. a 2D tight-binding model for a modified Haldane
lattice. TheNNNcouplings are representedby yellow arrows, resulting in staggered
magnetic flux Φ (“�” and “�”). b 3D tight-binding model for an AA-stacked hon-
eycomb lattice. Via dimension reduction, the interlayer couplings (yellow sticks)
mimicnonreciprocal NNNcouplings as in anMHM. In the reduced 2D systemwith a
fixed kz, the effective staggered magnetic flux is proportional to kzd. c The first
Brillouin zone of the 3D hexagonal lattice. A 2D cut plane with a specified kz is
highlightedby a cyanplane,which corresponds to the 2DBZof the reduced system.
d Bulk band structures on different kz planes. The 2D subsystem hosts two iso-
energy Dirac points for the zero kz, whereas it hosts energy-offset Dirac points for
nonzero kz. eANLson�HHand�H0H0 by solving the 3D tight-bindingHamiltonian.
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counterpart of the one with negative kz. Thus, the energy splitting for
kz =0.4π/d, as well as the propagation direction of antichiral edge
states, is opposite to the case for kz = −0.4π/d (Fig. 1d).

Fromtheperspective of 3Dband structure, a series ofDirac points
lying at different kz planes will form two straight nodal lines pinned to
the edges of the hexagonal BZ (the red and blue lines in Fig. 1c). Owing
to the lack of mirror symmetry in the x direction, the two nodal lines
have opposite energy dispersions along kz. The eigenenergies of the
two nodal lines are expressed as

Eð�K=�K0Þ= � 3t2 cosðkzdÞ=2∓3
ffiffiffi
3

p
t2 sinðkzdÞ=2: ð4Þ

Meanwhile, the edge bands for different kz values (the dashed
lines in Fig. 1e) together form a surface band with a ribbon shape,
covering the rectangular region between two ANLs. As the nodal lines
disperse asymmetrically in kzdirection, the ribbon is tilted to the left in
positive kz regime while tilted to the right in negative kz regime,
yielding a “twisted ribbon” shape. Hence, the proposed 3D lattice
model is a nodal line semimetal and the antichiral edge/surface states
are the direct consequences of the asymmetric dispersions of the two
Dirac nodal lines.

Photonic metacrystals supporting antichiral surface states and
asymmetric nodal lines
We now consider the real structure of photonic semimetals with two
ANLs. Because electromagnetic waves can propagate, rather than
decay, in dielectric media, the tight-binding model is usually not a
good approximation for a real photonic structure. The aforemen-
tioned tight-binding lattice cannot be used as a design tool, but it can
still guide us to photonic structures possessing the correct symmetry
to exhibit ANLs. The symmetry of the studied tight-binding model
belongs to a 3D hexagonal lattice with space group P�31m (no. 162),
which has inversion symmetry and in-plane C3 rotation symmetry. As
illustrated in Fig. 2, we designed a 3D metacrystal with hexagonal lat-
tice. The main body of the unit cell (Fig. 2a) is a staggered-ethane-
shapedmetallic particle possessing D3d point group symmetry. Fig. 2c
calculates the bulk band structure of the metacrystal on different kz
planes. In the results, the second and third bands intersect at �K=�K0

points, as predicted by the tight-binding model. Moreover, there exist
two other redundant bands (the first and fourth bands) belonging to
the other electromagnetic polarization (see the eigenmode profiles in
Supplementary Note 2). As in the tight-binding model results, two
Dirac points locate at the same frequency for kz =0 but have opposite
frequency shifts for nonzero kz. In 3Dmomentum space, the twoDirac
cones extrude along the kz direction to form two ANLs (see Fig. 2d). In
the designedmetacrystal, the nodal line degeneracies are protectedby
the PT symmetry. Besides, they are pinned at BZ edges due to Cz

3

rotation symmetry.
To confirm the existence of bulk ANLs, we fabricate the designed

metacrystal using printed circuit board (PCB) technology (see the
photograph in Fig. 3a). The bulk ANLs are experimentally demon-
strated by scanning the electromagnetic fields inside the bulk crystal.
Tomeasure thefield inside, air holes are reserved atunit cell corners to
plug in an antenna (inset of Fig. 3a). The purple line in Fig. 3a outlines
themeasured plane for field scanning. As illustrated in Fig. 3b, a source
antenna is inserted from the bottom, whereas a probe antenna scans
the Ez fields on an x–zplane inside the sample (purple rectangle). Since
a half-wavelength dipole antenna (approximately a point source) was
used in our experiment, modes with any kz component can be excited
in principle. Thus, field profile for each kz can be extracted by Fourier
transform. By performing Fourier transform on themeasured field, we
obtain the projected bulk bands onto the kx-kz plane. Fig. 3i–m show
the resulting Fourier spectra for different values of kz. Compared with
the corresponding calculated band structures in Fig. 3d–h, the in-plane

bulk dispersions, as well as the frequency shift of two Dirac points,
evolve as kz varies. For a nonzero kz (e.g., kz = −0.4π/d), the frequency
shifts of Dirac points at �K and �K0 differ. Consequently, we expect a
tilted antichiral edge band pinned at two Dirac points. Notably,
because our system is time-reversal-invariant, the frequency shifting
condition is reverse for opposite kz (Fig. 3i, m). Our experimental
results agree well with the calculate band structures, except for some
additional signals at low frequency range caused by the transmission
line modes between the source coaxial cable and probe coaxial cable.

Experimental observation of the antichiral surface states
One direct manifestation of the topological features of the nodal line
semimetals is the presence of topological surface states. In this study,
we consider the zigzag surfaces (perpendicular to the y-axis) of the 3D
hexagonal metacrystal. Both its upper (+y) surface and lower (−y)
surface are bounded by metallic plates (see Fig. 4a). The correspond-
ing surface BZ is shown in Fig. 4b, where two Dirac nodal lines are
projected to �~H~H and �~H0 ~H0. Guaranteed by the opposite Berry
phases carried by twoANLs, a nontrivial surface bandmust fill inside or
outside the two projected nodal lines (depending on the surface ter-
mination; see Supplementary Note 6). Because each 2D subsystem
with fixed nonzero kz is analogous to an MHM, the surface band has a
tilted dispersion connecting twoDirac points. As depicted in Fig. 4d–h,

Fig. 2 | Photonic metacrystal possessing ANLs. The unit cell (a) and top view (b)
of the photonicmetacrystal withD3d point group symmetry. Structural parameters:
h = 4mm, l = 4.6mm, w = 2mm, R = 1.8mm. The in-plane and out-of-plane lattice
constants are a = 10mm and d = 7mm, respectively. c Bulk band structures on
different kz planes. For the zero kz, two Dirac points locate at the same frequency,
resulting in a flat edge band (dashed magenta line); for nonzero kz, the two Dirac
points have opposite frequency shifts, yielding a tilted antichiral edgeband.dANLs
constructed by aligning the Dirac points on different kz planes.
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the surface bands for the upper surface (blue dashed line) and lower
surface (green dashed line) aredegenerate due to amirror reflection in
the y direction. Thus, the upper and lower surfacemodes propagate in
the same direction, which is the hallmark feature of antichiral surface
states. Besides the antichiral surface band pinned at Dirac points,
another band appears at a higher frequency (the purple lines in
Fig. 4d–h). Because it is not protected by the Berry phase of Dirac
points, this band can be moved out of the gap by perturbation (see
Supplementary Note 6). In the entire 2D surface BZ, the surface band
looks like a ribbon with a longitudinal twist (Fig. 4c). Moreover, a
recent study of an acoustic system proposed a nodal structure of
straight nodal lines, supporting ribbon surface states that connect two
straight nodal lines55. However, the two nodal lines have symmetric
dispersions and do not exhibit antichiral surface states due to the C6

symmetry of their system.
To the best of our knowledge, such type of unique twisted ribbon

surface state has never been experimentally observed in any physical
system. Fig. 4a illustrates the experimental setup to measure the sur-
face dispersion. Wemeasure the surface electric fields by plugging the
probe antenna into a series of holes near themetallic plate. The source
antenna (not shown in Fig. 4a) is placed near the sample surface to
excite surface waves. The Fourier spectra of the scanned fields for the
upper and lower surfaces are plotted in Fig. 4i–r. A tilted surface band
connecting the two Dirac points can be clearly seen in our experi-
mental data, which agrees well with the simulated results in Fig. 4d–h.
Notably, the tilting directions (group velocity) of the surface bands are

locked to the kz component, suggesting a kz-dependent one-way
transport behavior.

kz-dependent antichiral surface transport
As mentioned in the tight-binding analysis, each reduced 2D system is
analogous to an MHM with its local magnetic flux proportional to kz.
Consequently, the 2D subsystems with positive kz support two copro-
pagating rightward surface modes compensated by leftward bulk
modes (Fig. 5a), whereas those with negative kz support two copropa-
gating leftward surface modes compensated by rightward bulk modes
(Fig. 5g). Notably, these rightward or leftward modes would propagate
in the z direction in themeantime due to their nonzero kz components.

To visualize the kz-dependent antichiral transport behavior, we
simulate the intensity profile excited by two line sources and then
extract certain kz components using Fourier transformation.
Figure 5b–d depict the field profiles with kz =0.2π/d at 9.5GHz.
Rightward surface waves are excited on both surfaces. For positive kz
components (Fig. 5c, d), the excited rightward surfacewaveswill shift a
little in the +z direction due to their group velocities in the z direction.
Similar results can be found in the field profiles for kz = −0.2π/d
(Fig. h–j) but with an opposite propagation direction. Such a phe-
nomenon was experimentally confirmed by the scanned electric field
on the sample surface. After the Fourier transform, an excited field
with a certain value of kz can be obtained. To characterize the uni-
directionality of the antichiral surface mode, we define the direction-
ality of the surface transport. For example, we obtain the electric field

Fig. 3 | Experimental observation of bulk ANLs. a Photograph of the sample. The
purple line depicts themeasured plane to probe the bulk states. Inset: enlarged top
view of the structure. Purple circles depict the reserved air holes for probing.
b Experimental setup for probing the bulk band structure. A dipole source antenna
(yellow) is inserted from the bottom, whereas the probe antenna (green) scans the
middle x–z plane hole-by-hole. A numerically simulated Ez distribution at 9.5 GHz is
plotted at the measured plane. c Bulk Brillouin zone and its surface projection

(yellowplane). The ANLs at�HHand�H0H0 are projected to�~H~H and�~H0 ~H0 of the
surfaceBZ, respectively.d–hSimulatedprojectedbulkbands ondifferentkzplanes.
The blue and red dots denote the Dirac points at �K and �K0 points, respectively.
Because the system is time-reversal- invariant, the frequency shifting condition is
reversed for opposite kz. i–m Measured projected bulk bands. The green dot-
dashed lines outline the simulated band edges.
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with kz = 0.2π/d through Fourier transform and then calculate the
energy ratio between the excited electric field on the right of the
source and the field on the left of the source, namely

η= 10 lgð∣Ez,Right ∣
2=∣Ez,Lef t ∣

2Þ ð5Þ

(details in Supplementary Note 8). Fig. 5e depicts the directionality
spectrum obtained on the lower surface for kz =0.2π/d. The direc-
tionality is always positive in the frequency regime corresponding to
the antichiral surface mode, meaning that most excited surface waves
propagate to the right. Fig. 5k shows a similar result for kz = −0.2π/d,
except for the reversed propagation direction of surface waves.

Notably, the directionality spectra obtained on the upper surface
(Fig. 5f, l) show similar kz-dependent unidirectional surface transport,
with some minor discrepancies. The reason may be the different
excitation efficiencies on both surfaces due to sample imperfection.

Our results show that the surface modes with nonzero kz do
copropagate along the top andbottomsurfaces of a strip sample in the
same direction, which is the hallmark of antichiral surface states.
Further, the propagation directions of these surface states are locked
to the kz component, indicating a unique kz-dependent antichiral sur-
face transport in our time-reversal metacrystals. More data of the kz-
dependent antichiral surface transport for different kz components
can be found in Supplementary Note 9.

Fig. 4 | Experimental observation of twisted ribbon surface state.
a Experimental setup for probing the surfacedispersion. Theupper/lower surface is
covered with an aluminum plate (deemed a PEC in the microwave regime). The
probe antenna scans the crystal surface hole-by-hole. b Bulk Brillouin zone and its
surface projection (yellow plane). c Simulated surface dispersion in the shape of a
twisted ribbon. For clarity, the projected bulk bands are concealed, leavingonly the

surface bands. d–h Simulated projected band structure on different kz planes. The
antichiral surface bands for the upper and lower surfaces are highlighted by the
cyan and green dashed lines, respectively. The purple line denotes a trivial surface
band that is not protected by the nontrivial Berry phase of Dirac point.
i–r Measured surface dispersion. The white lines represent the simulated
bulk bands.
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Discussion
In this letter, we realize antichiral surface states in a 3D time-reversal-
invariant photonic metacrystal by introducing a synthetic gauge flux
via dimension reduction. For each kz, our 3D system reduces to a 2D
subsystem analogous to an MHM and exhibits two frequency-shifted
Dirac points. This indicates that our 3D metacrystal is a photonic
semimetal with two straight nodal lines aligned in the kz direction.
Unlike previousworkonnodal line semimetals, the twobulk nodal lines
in our system have asymmetric frequency dispersions, yielding a
topological surface band in the shape of a twisted ribbon. It is the
twisted ribbon surface dispersion that caused a kz-dependent antichiral
surface transport on the crystal boundary, in a time-reversal manner.
The bulk ANLs and twisted ribbon surface band are experimentally
confirmed by the Fourier spectra of the measured electric fields. The
associated kz-dependent antichiral surface transport is verified by
simulated intensity distributions and measured transmission spectra.
These unique kz-dependent antichiral surface states extend the variety
of unidirectional surface states other than chiral/helical/antichiral edge
states. Our work also implies that the frequency/energy dimension
does serve as an unexplored degree of freedom that may yield
novel topological phases ofmatter. Although our idea is demonstrated
in a photonic system, the results can be readily extended to other
systems.

Methods
Numerical calculations
Commercial finite element softwareCOMSOLMultiphysicswas used in
all full-wave simulations. The unit cell of our metacrystal is a 3D
hexagon, of which we applied Floquet boundary conditions on the
outer boundaries. The metallic structures were assumed to be perfect
electric conductors (PECs) in calculations. In calculating the projected

band structure in Fig. 4, a metacrystal strip with 15 periods in the y-
direction was considered and bounded by two PEC boundaries. To
calculate the intensity profile in Fig. 5, a finite sample with 16 × 5 × 10
periods was considered. After obtaining the electric field, we per-
formed Fourier transform to extract the field profiles for different
kz values.

Samples
The photonic metacrystal in our work has an AA-stacked honeycomb
structure. The oblique and top views of the unit cell are shown in
Figs. 2a and 2b, respectively. A metallic particle satisfying D3d sym-
metry is embedded in a dielectric background with a relative permit-
tivity of εr = 2.65. The staggered-ethane-shaped particle has a 4-mm
height and a 1.8-mm radius. Its six metallic arms are 4.6mm long and
2mm wide. In-plane and out-of-plane lattice constants are a = 10mm
and d = 7mm, respectively. We fabricated an experimental sample
using print circuit boards (PCBs) technology. The 3D metacrystal was
constructed by stacking the patterned PCBs and dielectric spacers
alternately in the z direction. The thicknesses of the PCBs and the
dielectric spacers are 4mm and 3mm. The sample has 50 periods
in the x direction, 8 periods in the y direction and 40 periods in the
z direction.

To probe the surfacemodes, we bounded themetacrystal in the y
direction (the zigzag surface)with an aluminumplate (Fig. 4a). In order
to probe the electromagnetic field inside the sample, we reserved
holes at all six corners of each hexagonal cell (see inset of Fig. 3a) for
sticking into with the probe antenna.

Experimental setup
In our microwave experiment, a vector network analyzer (Key-
sightE5071C) was used to excite and probe the electromagnetic waves

Fig. 5 | kz-dependent antichiral surface transport. Sketch of the energy flow for
bulk modes (cyan arrows) and surface modes (orange arrows) with positive kz (a)
and negative kz (g). b Simulated intensity profiles for kz =0.2π/d at 9.5 GHz. The
cyan cylinders represent the line sources. On both surfaces, the electromagnetic
waves with positive kz copropagate in the +x direction. c, d Simulated Ez profile on
both surfaces for kz =0.2π/d. e, f Directionality spectra in the frequency regime of

the antichiral surface state for kz =0.2π/d. The frequency regime corresponding to
the antichiral surface state is highlighted in yellow. h Simulated intensity profiles
for kz = −0.2π/d. On both surfaces, the electromagnetic waves with negative kz
copropagate in the -x direction. i, j Simulated Ez electric field profile on both sur-
faces for kz = −0.2π/d. k–l Directionality spectra for kz = −0.2π/d.
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in the sample. The length of antenna was optimized to maintain con-
siderable radiation efficiency. Considering the frequency variation of
the offset Dirac points from 8GHz to 10GHz, we used a 6-mm-long
monopole antenna in themeasurement. Themeasured spectra ranged
from 1GHz to 15GHz with a resolution of 0.01 GHz.

The experimental setup for the bulk mode measurement is
shown in Fig. 3b. A source antenna was inserted from bottom of the
sample. In addition, a probe antenna was stuck into the sample from
the reserved air holes at unit cell corners (purple lines in Fig. 3a) to
probe the electromagnetic field. To obtain the projected bulk bands
in Fig. 3, we scanned themiddle x–z plane in the reserved holes hole-
by-hole. The projected bulk bands on different kz planes were
obtained by performing Fourier transform on the measured Ez field.
The experimental setup formeasuring the surface dispersion in Fig. 4
is similar except that a metallic plate was added beside the meta-
crystal (Fig. 4a). In this case, the source antenna is fixed at the sample
surface, whereas the probe antenna scans the surface hole-by-hole.
The measured surface transmission in Fig. 5 was obtained by
extracting the Ez fieldwith a specific kz by Fourier transforming the Ez
field in each hole.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Information. Additional data
related to this paper may be requested from the corresponding
authors.

References
1. Haldane, F. D. “Model for a quantum Hall effect without Landau

levels: condensed-matter realization of the “parity anomaly”. Phys.
Rev. Lett. 61, 2015–2018 (1988).

2. Kane, C. L. & Mele, E. J. “Quantum spin Hall effect in graphene”.
Phys. Rev. Lett. 95, 226801 (2005).

3. Bernevig, B. A. & Zhang, S. C. “Quantum spin Hall effect”. Phys. Rev.
Lett. 96, 106802 (2006).

4. Hasan,M. Z. & Kane, C. L. “Colloquium: topological insulators”.Rev.
Mod. Phys. 82, 3045–3067 (2010).

5. Qi, X.-L. & Zhang, S.-C. “Topological insulators and super-
conductors”. Rev. Mod. Phys. 83, 1057–1110 (2011).

6. Ozawa, T. et al. “Topological photonics”. Rev. Mod. Phys. 91,
015006 (2019).

7. Lu, L., Joannopoulos, J. D. & Soljačić, M. “Topological photonics”.
Nat. Photonics 8, 821–829 (2014).

8. Wu, Y. et al. “Applications of topological photonics in integrated
photonic devices”. Adv. Optical Mater. 5, 1700357 (2017).

9. Xie, B.-Y. et al. “Photonics meets topology”. Opt. Express 26,
24531 (2018).

10. Liu, J.-W. et al. “Valley photonic crystals”. Adv. Phys.: X 6,
1905546 (2021).

11. Tang, G.-J. et al. “Topological photonic crystals: physics, designs,
and applications”. Laser Photonics Rev. 16, 2100300 (2022).

12. Raghu, S. & Haldane, F. D.M. “Analogs of quantum-Hall-effect edge
states in photonic crystals”. Phys. Rev. A 78, 033834 (2008).

13. Wang, Z., Chong, Y., Joannopoulos, J. &Soljačić, M. “Reflection-free
one-way edge modes in a gyromagnetic photonic crystal”. Phys.
Rev. Lett. 100, 013905 (2008).

14. Ao, X., Lin, Z. &Chan, C. “One-way edgemode in amagneto-optical
honeycomb photonic crystal”. Phys. Rev. B 80, 033105 (2009).

15. Wang, Z., Chong, Y., Joannopoulos, J. D. &Soljacic,M. “Observation
of unidirectional backscattering-immune topological electro-
magnetic states”. Nature 461, 772–775 (2009).

16. Wu, L.-H. & Hu, X. “Scheme for achieving a topological photonic
crystal by using dielectric material”. Phys. Rev. Lett. 114,
223901 (2015).

17. Chen, X.-D., Zhao, F.-L., Chen, M. & Dong, J.-W. “Valley-contrasting
physics in all-dielectric photonic crystals: Orbital angular momen-
tum and topological propagation”. Phys. Rev. B 96,
020202(R) (2017).

18. Barik, S. et al. “A topological quantum optics interface”. Science
359, 666–668 (2018).

19. Chen, Q. et al. “Valley‐Hall photonic topological insulators with
dual‐band Kink States”. Adv. Optical Mater. 7, 1900036 (2019).

20. Yang, Y. et al. “Terahertz topological photonics for on-chip com-
munication”. Nat. Photonics 14, 446–451 (2020).

21. Shi, F.-L. et al. “Distortionless pulse transmission in valley photonic
crystal slab waveguide”. Phys. Rev. Appl. 15, 024002 (2021).

22. Ndao, B. B. A., Vallini, F., Amili, A. E., Fainman, Y. & Kanté, B. “Non-
reciprocal lasing in topological cavities of arbitrary geometries”.
Science 358, 636–640 (2017).

23. Bandres, M. A. et al. “Topological insulator laser: experiments”.
Science 359, eaar4005 (2018).

24. Harari, G. et al. “Topological insulator laser: theory”. Science 359,
eaar4003 (2018).

25. Barik, S., Karasahin, A., Mittal, S., Waks, E. & Hafezi, M. “Chiral
quantum optics using a topological resonator”. Phys. Rev. B 101,
205303 (2020).

26. Zeng, Y. et al. “Electrically pumped topological laser with valley
edge modes”. Nature 578, 246–250 (2020).

27. Yang, L., Li, G., Gao, X. & Lu, L. “Topological-cavity surface-emitting
laser”. Nat. Photon. 16, 279–283 (2022).

28. He, X. T. et al. “A silicon-on-insulator slab for topological valley
transport”. Nat. Commun. 10, 872–881 (2019).

29. Ma, J., Xi, X. & Sun, X. “Topological photonic integrated circuits
based on valley kink states”. Laser Photonics Rev. 13,
1900087 (2019).

30. Chen, Y. et al. “Topologically protected valley-dependent quantum
photonic circuits”. Phys. Rev. Lett. 126, 230503 (2021).

31. You, J. W. et al. “Reprogrammable plasmonic topological insulators
with ultrafast control”. Nat. Commun. 12, 5468 (2021).

32. Rechtsman, M. C. et al. “Strain-induced pseudomagnetic field and
photonic landau levels in dielectric structures”. Nat. Photonics 7,
153 (2013).

33. Wen, X. et al. “Acoustic Landau quantization and quantum-Hall-like
edge states”. Nat. Phys. 15, 352–356 (2019).

34. Jamadi, O. et al. “Direct observation of photonic Landau levels and
helical edge states in strained honeycomb lattices”. Light.: Sci.
Appl. 9, 144 (2020).

35. Colomes, E. & Franz, M. “Antichiral edge states in a modified Hal-
dane nanoribbon”. Phys. Rev. Lett. 120, 086603 (2018).

36. Mandal, S., Ge, R. & Liew, T. C. H. “Antichiral edge states in an
exciton polariton strip”. Phys. Rev. B 99, 115423 (2019).

37. Bhowmick, D. & Sengupta, P. “Antichiral edge states in Heisenberg
ferromagnet on a honeycomb lattice”. Phys. Rev. B 101,
195133 (2020).

38. Chen, J., Liang, W. & Li, Z.-Y. “Antichiral one-way edge states in
a gyromagnetic photonic crystal”. Phys. Rev. B 101, 214102
(2020).

39. Mannai, M. & Haddad, S. “Strain tuned topology in the Haldane and
the modified Haldane models”. J. Phys.: Condens. Matter 32,
225501 (2020).

40. Zhou, P. et al. “Observation of photonic antichiral edge states”.
Phys. Rev. Lett. 125, 263603 (2020).

41. Yu, L., Xue, H. & Zhang, B. “Antichiral edge states in an acoustic
resonator lattice with staggered air flow”. J. Appl. Phys. 129,
235103 (2021).

42. Yang, Y. T., Zhu, D. J., Hang, Z. H. & Chong, Y. D. “Observation of
antichiral edge states in a circuit lattice”. Sci. China Phys. Mech. 64,
257011 (2021).

Article https://doi.org/10.1038/s41467-023-37670-y

Nature Communications |         (2023) 14:2027 7



43. Fang, C., Chen, Y., Kee, H.-Y. & Fu, L. “Topological nodal line
semimetalswith andwithout spin-orbital coupling”.Phys. Rev. B92,
081201 (2015).

44. Gao, W. et al. “Experimental observation of photonic nodal line
degeneracies in metacrystals”. Nat. Commun. 9, 950 (2018).

45. Xiong, Z. et al. “Topological node lines inmechanicalmetacrystals”.
Phys. Rev. B 97, 180101 (2018).

46. Deng, W. et al. “Nodal rings and drumhead surface states in pho-
nonic crystals”. Nat. Commun. 10, 1769 (2019).

47. Deng, W. M. et al. “Ideal nodal rings of one-dimensional photonic
crystals in the visible region”. Light.: Sci. Appl. 11, 134 (2022).

48. Yan, Z. et al. “Nodal-link semimetals”. Phys. Rev. B 96,
041103 (2017).

49. Park, H., Wong, S., Zhang, X. & Oh, S. S. “Non-Abelian Charged
Nodal Links in a Dielectric Photonic Crystal”. ACS Photonics 8,
2746–2754 (2021).

50. Yan, Q. et al. “Experimental discovery of nodal chains”. Nat. Phys.
14, 461–464 (2018).

51. Xiao, M., Sun, X.-Q. & Fan, S. “Nodal chain semimetal in geome-
trically frustrated systems”. Phys. Rev. B 99, 094206 (2019).

52. Lu, J. et al. Nodal-chain semimetal states and topological focusing
in phononic crystals”. Phys. Rev. Appl. 13, 054080 (2020).

53. Wang, D. et al. “Intrinsic in-plane nodal chain and generalized
quaternion charge protected nodal link in photonics”. Light.: Sci.
Appl. 10, 83 (2021).

54. Hyart, T., Ojajärvi, R. & Heikkilä, T. T. “Two topologically distinct
dirac-line semimetal phases and topological phase transitions in
rhombohedrally stacked honeycomb lattices”. J. Low. Temp. Phys.
191, 35–48 (2018).

55. Qiu, H. et al. “Straight nodal lines and waterslide surface states
observed in acoustic metacrystals”. Phys. Rev. B 100,
041303 (2019).

56. Zhou, X. et al. “Observationof topological surface states in the high-
temperature superconductor MgB2”. Phys. Rev. B 100,
184511 (2019).

57. Li, J. et al. “PhononicWeyl nodal straight lines inMgB2”. Phys. Rev. B
101, 024301 (2020).

Acknowledgements
This work was supported by National Natural Science Foundation of
China (Grant Nos. 62035016, 12074443), Guangdong Basic and Applied
Basic Research Foundation (Grant No. 2019B151502036), Guangzhou
Basic and Applied Basic Research Foundation (Grant No.
202102080414), Fundamental Research Funds for the Central Uni-
versities (Grant No. 22qntd3001).

Author contributions
W.J.C. and J.W.D. supervised this project; J.W.L. conceived the origin
idea, performed the numerical simulation and analytical analysis with
the help of W.J.C.; J.W.L. performed the experiments and analyzed the
measurement with the help of F.L.S., W.J.C., X.D.C., K.S. and K.C.; J.W.L.
andW.J.C.wrote thismanuscript andall authors contributed toscientific
discussion about this manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37670-y.

Correspondence and requests for materials should be addressed to
Wen-Jie Chen or Jian-Wen Dong.

Peer review information Nature Communications thanks Qinghua Guo
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. Peer review reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-37670-y

Nature Communications |         (2023) 14:2027 8

https://doi.org/10.1038/s41467-023-37670-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Antichiral surface states in time-reversal-invariant photonic semimetals
	Results
	Tight-binding analysis
	Photonic metacrystals supporting antichiral surface states and asymmetric nodal lines
	Experimental observation of the antichiral surface states
	kz-dependent antichiral surface transport

	Discussion
	Methods
	Numerical calculations
	Samples
	Experimental setup

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




