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Photonic Chern insulators are known for their topological chiral edge states (CESs), whose absolute
existence is determined by the bulk band topology, but concrete dispersion can be engineered to exhibit
various properties. For example, the previous theory suggested that the edge dispersion can wind many
times around the Brillouin zone to slow down light, which can potentially overcome fundamental
limitations in conventional slow-light devices: narrow bandwidth and keen sensitivity to fabrication
imperfection. Here, we report the first experimental demonstration of this idea, achieved by coupling CESs
with resonance-induced nearly flat bands. We show that the backscattering-immune hybridized CESs are
significantly slowed down over a relatively broad bandwidth. Our work thus paves an avenue to broadband
topological slow-light devices.
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Recent years have witnessed the rapid development of
photonic topological insulators in time-reversal-breaking
systems, which prohibit light propagation in bulk but can
sustain topologically protected photonic chiral states at
edges, which are intrinsically immune to backscattering
and Anderson localization caused by the disorder [1–11].
The existence of these robust chiral edge states (CESs) is
guaranteed by the nonzero Chern number of the bulk,
according to the principle of bulk-edge correspon-
dence [12]. However, the concrete edge dispersion can
be engineered to exhibit various properties, whose full
potential has not been unleashed.
When passing through certain media, light can be slowed

down with a group velocity remarkably lower than that in
free space [13–15]. This slow-light effect can dramatically
enhance light-matter interaction and significantly minimize
the photonic device footprint, enabling numerous photonic
applications in switching, storage, buffers, and quantum
optics [16–20]. Conventional slow-light devices have

regrettably suffered from two fundamental limitations:
(1) a very low group velocity implies keen sensitivity to
disorders from inevitable fabrication imperfections in
practice, leading to significant loss arising from back-
scattering and Anderson localization [21–23]; (2) the
reduced group velocity usually comes at the expense of
bandwidth, resulting in the narrowband operation that is
highly undesirable in a wide range of applications [19,20].
Only recently has it been suggested theoretically that the

aforementioned limitations can be potentially overcome by
exploiting the multiple winding of the topological CESs
around the Brillouin zone (BZ) in a time-reversal-breaking
photonic system [24–26]. Over a maintained bandwidth,
the engineered CESs can have significantly reduced group
velocity with small variation, which is inversely propor-
tional to the winding number. This thus provides a work-
around to the bandwidth-group velocity trade-off. Note
that the operational bandwidth should not be greater than
the topological band gap width. To achieve the multiple
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winding of the CESs requires judicious engineering of
topological edge states that have been rarely explored
compared to the extensive study of bulk states. There have
been two theoretical proposals to achieve multiple BZ
winding of the CESs for broadband topological slow light.
The first is to engineer the nearest-neighbor and next-
nearest-neighbor couplings in a modified Haldane model,
whose design has not yet been translated into a realistic
photonic setting [24]. The second is to load judiciously
designed resonators at the edge termination of a photonic
Chern insulator (PCI) [25,26]. As a result, the CESs couple
with the nearly flat bands (NFBs) induced by resonance
modes to produce hybridized CESs that wind around the
BZ multiple times. So far, neither type of BZ winding of
CESs has been explored experimentally.
Here, we report the experimental demonstration of the

multiple BZ winding of topological CESs to slow down
light over a relatively wide range of frequencies. We experi-
mentally show that by coupling to the resonance-induced
NFBs, the CESs can wrap many times around the BZ.
Thus, their group velocity can be significantly slowed
down, and the fractional bandwidth with a reduction of the
group velocity of more than 50% relative to the original
CESs is 5.7%. Impressively, the winding number can be up
to five in experiments and has no strict limit in theory.
Finally, we demonstrate the robustness of such broadband
topological slow light against obstacles and defects, as well
as the smooth transport through slow-light regions with
different group velocities.
Figures 1(a) and 1(b) show the experimental setup. The

PCI consists of a square lattice of magnetically biased
yttrium-iron-garnet (YIG) rods [27] with lattice constant a ¼
14.6 mm and radius d ¼ 4.4 mm. In this work, we focus on
the transverse electric (TE) modes with electric fields
polarized along the YIG rods. Several YIG rods are enclosed
by gratings of metal cylinders to construct photonic cavities
that are periodically loaded at the edge of the PCI. As the
distance between adjacent metal cylinders (δ ¼ a=3) is
much smaller than the cut-off wavelength (λ0=2, with λ0
the operating wavelength) for TE modes, the metal gratings
behave approximately as metal walls [27,29]. The resonance
modes in cavities are determined by the cavity width Λ
(Λ ¼ 2a in our designs) and the cavity depth D [D ¼ 2a in
Figs. 1(a) and 1(b)]. The gap width g [g ¼ 4δ in Figs. 1(a)
and 1(b)] controls the coupling strength between the CESs
and the resonance modes. All YIG rods are placed in an air-
loaded waveguide composed of two parallel copper plates
and magnetized by small permanent magnets located at the
top and bottom of each YIG rod [27]. Note that a square
array of small holes, with a diameter of 2 mm and a period of
a=3, are drilled through the top copper plate for inserting
metal cylinders and probes. Figure 1(c) shows the numeri-
cally calculated band structure of the PCI. Under a z-oriented
external static magnetic field with B ¼ 0.043 Tesla, there is
a Chern-type band gap from 11.5 to 12.9 GHz with a gap
Chern number Cgap ¼ 1 [27].

The experimental setup in Fig. 1(a) can be understood
from the schematic in Fig. 1(d). The resonators, periodi-
cally arranged at the bottom edge of a PCI, are isolated
from each other and coupled to the CESs with a strength κ.
When κ ¼ 0, the PCI is equivalently terminated with
a perfect electric conductor (PEC) wall. For a typical
PCI with jCgapj ¼ 1, a single edge dispersion traverses
the entire band gap [2,3]. Because of the decoupling, the
crossing points between the CES dispersion and the
NFBs of the resonator array are preserved. When κ ≠ 0,
the CESs couple to the resonator modes, splitting up the
crossing points. The resulting hybridized edge states are
still chiral, and the corresponding dispersion crosses the
entire topological band gap [see Fig. 1(e)]. Compared with
the original CESs, the hybridized CESs exhibit dispersion
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FIG. 1. Experimental setup and schematic. (a),(b) Photograph
and diagram of the experimental setup. The lattice constant
a ¼ 14.6 mm. The red arrow in (a) shows the position of the
source antenna. The dashed box in (b) indicates the unit cell of
the PCI. The gray circles in (b) represent YIG cylinders with a
diameter d ¼ 4.4 mm. The yellow parts represent copper. Here,
g, D, and Λ denote the gap width, the cavity depth, and the cavity
width, respectively. (c) Second and third bands of the PCI under
an external magnetic field. The gray rectangle indicates the
topological band gap. The Chern number of each band is labeled.
The first band not shown here is trivial. The inset shows the BZ.
(d) CMT model. (e) Calculated dispersions in the decoupling
(i.e., κ ¼ 0, the dashed curves) and coupling (i.e., κ ≠ 0, the solid
curves) regimes. The blue and red dashed curves represent the
NFBs and the CESs, respectively. The detailed parameters can be
found in [27].
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wrapping multiple times around the BZ. The group velocity
of the hybridized CESs, defined as the slope of the
dispersion curve (i.e., vg ¼ dω=dk, where ω and k are
the angular frequency and the wave vector, respectively), is
significantly slowed down, with the slowdown factor pro-
portional to the number of NFBs available in the topo-
logical band gap.
We first experimentally investigate the coupling process

between the CESs and resonance modes. Figures 2(a)–2(f)
show the measured and simulated dispersions of the CESs
and the NFBs. When g is very small (e.g., g ¼ δ), the
evanescent coupling between the CESs and the resonance
modes is negligible, and the CESs do not hybridize with the
resonance modes. Correspondingly, the dispersion of CESs
and NFBs induced by the weak coupling between adjacent
resonators [27] intersect with each other [see Fig. 2(a)].
As the coupling strength increases, the CESs are strongly
coupled to the resonance modes, forming hybridized CESs
[see Fig. 2(g)]. Consequently, the crossing points are split
up, and the dispersion curves of the CESs and the NFBs
connect with each other to produce a single dispersion
curve winding twice around the BZ in the band gap. It is
obvious that the hybridized CESs exhibit much lower group
velocities but the same bandwidth as the original CESs.
Continuously increasing g, the coupling strength is so
considerable that the NFBs shift, and so do the dispersions
of hybridized CESs (see Fig. 2(d)–2(f)). In particular, at
g ¼ 4δ, the second NFB shifts into the topological
band gap, enabling one additional winding of the hybridized
CESs [see Fig. 2(d)]. In the following, we will focus on
g ¼ 4δ.
To explain the mechanism, we further establish a

rigorous coupled-mode theory (CMT) [25] illustrated in
Fig. 1(d). The corresponding dynamic equation is [27]

d
dt

anm ¼ �−i�ω0n − 2Ωn cosðkxΛÞ
� − γn

�
anm

þ κnsmðn ¼ 1; 2; ...; NÞ; ð1Þ

where N is the number of resonance modes located in the
topological band gap. anm is the normalized amplitude of n
th resonance mode in the m th resonator. ω0n is the
resonance center frequency, γn is the loss rate, Ωn is the
evanescent coupling rate between adjacent resonators, and
κn ¼

ffiffiffiffiffiffiffi
2γn

p
is the coupling coefficient between the n th

resonance mode and CESs. sm is the normalized amplitude
of CESs after propagating (m − 1) resonators. sm satisfies

smþ1 ¼ eikxΛsm and smþ1 ¼ eikwΛ
�
Csm þ

XN
n

κnanm

�
;

ð2Þ

where kw is the dispersion of CESs, and C is the direct
scattering rate. Combining Eqs. (1) and (2) with Bloch’s
theorem and CMT identities, we arrive at an equation

eikxΛ ¼ eikwΛ
	
1þ

XN
n

2γn
i
�
ω − ω0n þ 2Ωn cosðkxΛÞ

� − γn



;

ð3Þ

which describes the dispersions of hybridized CESs. We
take g ¼ 2δ as an example. By fitting the simulated disper-
sion with Eq. (3), we can get the coupling rate between
the resonance mode and the CESs, κ1 ¼ 0.062 GHz,
and the coupling rate between adjacent resonators, Ω1 ¼−0.0037 GHz, which indicates Ω1 is a small but non-
negligible value, resulting in the NFB.
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FIG. 2. Coupling between the CESs and the NFBs. (a)–(f) Measured (color) and simulated edge dispersions (black dashed curves) for
different g varying from δ to 6δ. In all cases, D ¼ a. The blue dashed curves denote the NFBs. The gray curves represent projected bulk
states. The color bar represents the momentum-space energy intensity of the measured electric field. The cyan solid curves in
(b) represent the fitted dispersion with CMT. (g) Simulated eigenmode profiles (Ez) of the edge states for the cases without (top panel)
and with coupling (bottom panel). The frequency of each mode can be found in (a) and (d).
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We then perform experiments to demonstrate the
broadband topological slow light through the higher
momentum-space winding by increasing the cavity depthD.
Figures 3(a)–3(c) show the measured and simulated edge
dispersions for D ¼ 2a, 3a, and 4a, respectively. When D
increases, the dispersions of the hybridized CESs wrap
more times around the BZ. Since the bandwidth of the
topological band gap remains unchanged, the increases in
winding numbers lead to the reduction in the group
velocities, enabling the broadband topological slow light.
Note that due to the impedance mismatch between the
measurement system and the hybridized CESs, some edge
states are weakly excited, which leads to the nonuniform
brightness of the measured band structures.
The higher BZ winding achieved here stems from the

increment of NFBs determined by the cavity size. Taking
D ¼ 4a as an instance, there are four NFBs within the band
gap coupling with the CESs and forming new hybridized
CESs [see Fig. 3(d)]. Interestingly, these hybridized CESs
exhibit completely different mode profiles but lie on the
same band. One can imagine that as the edge dispersion
winds around the BZ, the edge modes evolve from one type
to another.
To quantitatively characterize our broadband topological

slow-light systems, we retrieve the group velocities of the
hybridized CESs [see Fig. 3(e)]. One can see that a higher
winding results in a significant reduction of the group velo-
cities for the most frequencies in the topological band gap.
Remarkably, the group velocities are always positive within
the band gap, i.e., the dispersion curve is monotonical,
which means the unidirectional propagation of modes.
We further calculate the average group index (i.e., the

slowdown factor) of the hybridized CESs, defined as

n̄g ¼
Z

fb

fa

ngðfÞ df=Δf; ð4Þ

where Δf ¼ fb − fa (fa ¼ 12 GHz, fb ¼ 12.7 GHz) is
the frequency range (the fractional bandwidth of 5.7%) in
which the reduction of a group velocity is more than 50%
relative to the original CESs. ngðfÞ ¼ c=vg is the group
index, and c is the light speed in the vacuum. The measured
averaged slowdown factors increase remarkably 7.8 times
from 5.28 to 40.53 when D varies from 0 to 4a [see
Fig. 3(f)]. The slowdown factor can be further boosted by
increasing D and has no strict limit in principle. As for the
frequency dispersion of group velocity, it can be moderated
by further optimizations [27].
Finally, we experimentally show the robustness of the

broadband topological slow light against disorder, another
property that is fundamentally distinct from the conven-
tional slow-light approaches. In experiments, we introduce
two types of disorders into our system by removing several
YIG rods around the edge [see Figs. 4(a) and 4(b)], and
inserting a large PEC pillar into the edge [see Figs. 4(c)
and 4(d)], respectively. In both cases, only the forward
transmission characterized by S21 is allowed, and the back-
ward transmission characterized by S12 is forbidden, within
the topological band gap. The robustness of the hybridized
CESs can also be manifested from the simulated field
distributions, where the hybridized CESs can pass through
obstacles and propagate unidirectionally without suffering
from backscattering. Remarkably, we also experimentally
show that in sharp contrast to the conventional slow-light
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systems that require cautious designs to reduce the reflec-
tion losses at the interfaces between two regions with diffe-
rent slowdown factors, our topological slow-light system
can automatically exhibit complete transmission at those
interfaces over a broad frequency range, regardless of the
interface details and the group velocities at two interfaced
regions [see Figs. 4(e) and 4(f)]. Besides, it is worth
mentioning that the topological slow light is also robust
against the detuning of resonators’ frequencies [27].
We have thus experimentally demonstrated the higher

BZ winding of CESs for slow light applications. We show
that by coupling the CESs to the resonance-induced NFBs,
the dispersions of the hybridized CESs can wind many
times around the BZ, and the corresponding group velo-
cities can be significantly reduced over a relatively broad
operational bandwidth. Our approach, therefore, simulta-
neously overcomes the limitations of narrow bandwidths

and susceptibility to disorders caused by fabrication im-
perfections. It is worth noting that the topological slow light
in time-reversal-symmetric photonic topological insulators
can still be backscattered by disorders that do not preserve
certain symmetries [30], which highlights the importance
of the current approach in the nonreciprocal PCIs with
broken time-reversal symmetry.
In terms of applications, our findings can potentially be

used to enhance light-matter interactions at lower frequen-
cies (microwave or terahertz), where gyrotropic materials
are generally available [3,31,32], for both classical and
quantum applications [33]. Moreover, the multiple BZ
winding approach, which requires time-reversal-symmetry
breaking [24–26,30], can also be generalized to higher
frequencies (infrared or optics) using nonlinear photonic
crystals [34], temporally modulated coupled ring resona-
tors [35], or gyrotropic materials [6], enabling photonic
applications in various scenarios, such as quantum memo-
ries and photon blockade [36]. Particularly, the broadband
slow light may lower lasing threshold, as it can boost the
Purcell enhancement over ensembles of inhomogeneously
broadened emitters. Finally, our approach can extend to
other wave systems, such as acoustic, elastic, and magnonic
systems, opening an exciting avenue toward broadband
slow-wave applications.
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