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Gauge-Induced Floquet Topological States in Photonic
Waveguides

Wange Song, Yuxin Chen, Hanmeng Li, Shenglun Gao, Shengjie Wu, Chen Chen,
Shining Zhu, and Tao Li*

Tremendous efforts are devoted to the research of exotic photonic topological
states, in which Floquet systems suggest new engineered topological phases
and provide a powerful tool to manipulate the optical fields. Here, a
gauge-induced topological state localized at the interface between two
gauge-shifted Floquet photonic lattices with the same topological order is
demonstrated. The quasienergy band structures reveal that these interface
modes belong to the Floquet 𝝅 modes, which are further found to enable an
asymmetric topological transport of this interface mode thanks to the flexible
control of the Floquet gauge. The intriguing propagations of the
gauge-induced topological states are experimentally verified in a silicon
waveguides platform at near-infrared wavelengths, which show broadband
working wavelengths and robustness against the structural fluctuations. This
work provides a new route in manipulating optical topological modes by
Floquet engineering and inspires more possibilities in photonics integrations.

1. Introduction

Topological photonics has provided unprecedented opportuni-
ties for optical field manipulations.[1,2] Tremendous progress has
been made exploring the unique properties of photonic topo-
logical states and utilizing the topological protection against
disorder to design robust photonic devices. For example,
high-order topological insulators,[3–5] non-Hermitian topolog-
ical steering,[6–8] and topological lasers.[9–11] Specifically, the
Su−Schrieffer−Heeger (SSH) model is a popular model reveal-
ing nontrivial topology in one-dimensional (1D) systems,[12] in
which the chiral zero modes exhibit robustness against local
structural fluctuations and disorders that plays an important role
in light transport,[13–15]
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lasing,[16,17] and photonic integra-
tion,[18–20] etc. Recently, the notion of
topological phases has been extended
to Floquet systems where the Hamil-
tonian is periodic in time, H(t + T) =
H(t), with T is the driving period.[21–26]

Periodically driving the SSH models
provides a powerful tool to engineer
the quasienergy band structure and
induces new topologically nontrivial
phases with the emergence of anoma-
lous Floquet topological states (i.e., 𝜋

modes).[27–30] In contrast to the static
zero modes, the 𝜋 modes exhibit pe-
riodic oscillation features. Thanks to
the flexibility of Floquet engineering,
the topological properties of Floquet
systems are much richer than static
systems. Unconventional effects have
been demonstrated by tuning the driving

frequency and amplitude, such as anomalous topological Floquet
edge modes,[30–32] “0” and “𝜋” Majorana modes,[33,34] and inter-
acting topological Floquet phases.[35,36] Importantly, the Floquet
systems also enable the manipulations of artificial gauge fields
(i.e., the Floquet gauge).[37,38]

As an important concept in physics, artificial gauge fields
govern the effective dynamics of neutral particles (i.e., pho-
tons). It can be generated by properly engineering a physical
system through the geometric design or external modulations,
which allows us to endow systems with a wide range of in-
triguing features and novel functions, such as effective magnetic
field for photons,[39,40] photonic topological insulators,[41,42] dy-
namic localization and self-imaging,[43–45] and light guiding.[46,47]

Therefore, it is quite possible to engineering the Floquet
gauge to access new emergent topological effects and potential
applications.
Here, we demonstrate a gauge-induced photonic topological

state, which forms at the interface between two lattices with
different Floquet gauges. We use lattices of curved silicon waveg-
uides array as a platform to implement the Floquet engineering,
where the gauge-induced 𝜋 modes can be constructively con-
trolled by the Floquet gauge. It therefore gives rise to asymmetric
topological transports by Floquet gauge engineering. Inheriting
the topological protection property, these new modes and asym-
metric topological transport show good robustness against the
structure fluctuations and broad working bandwidth, suggesting
application potentials in photonic integrations.
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Figure 1. Gauge-induced photonic 𝜋-interface modes. a) Schematics of 1D periodically driven waveguide array consists of two arrays with the same
topological phases but different Floquet gauge. b) Corresponding quasienergies with 𝜔/4c0 = 0.4 under open boundary conditions with 80 waveguides
as a function of gauge difference Δ𝜑. A new pair of 𝜋 modes that localized at the gauge-shifted interface forms at Δ𝜑 = 𝜋. c,d) Quasienergies as a
function of 𝜔 with Δ𝜑 = 0 c) and Δ𝜑 = 𝜋 d). The two insets show the zoom-in of quasienergies and field distributions of the Floquet 𝜋 modes. e,f)
Calculated topological invariantG𝜋 at𝜔/4c0 = 0.4 and Floquet gauge 𝜑 across the waveguide array forΔ𝜑 = 0 e) andΔ𝜑 = 𝜋 f). The arrow in f) indicates
the gauge-shifted interface.

2. Results

2.1. Photonic 𝝅-Interface Modes Induced by Floquet Gauge
Transition

The basic idea of gauge-induced topological mode can be illus-
trated by a simple example of a 1D SSH model with Floquet
engineering,[27–30] as the schematic depicted in Figure 1a. Every
other waveguide is periodically bent along their propagating di-
rection z, i.e., x0(z) = A cos(𝜔z + 𝜑), where z acts as the syn-
thetic time dimension,[41] A and 𝜔 (𝜔 ≡ 2𝜋/P, P is the period)
denote the amplitude and frequency of the sinusoidal bending,
and 𝜑 is the initial phase determined by the starting “time” z= 0,
i.e., Floquet gauge.[37,38] Two arrays with different Floquet gauge

(𝜑1 = 𝜑0 at left and 𝜑2 = 𝜑1 + Δ𝜑 at right, shown in Figure 1a)
are combined and form an interface as Δ𝜑 ≠ 0. The waveguides
on both sides of the interface are marked by I and II. Here, we
need to mention that our Floquet modulation is not based on
the commonly used purely curved waveguides, but a straight and
curved alternating arrangement. It provides a continuous tuning
of the Floquet gauge difference (Δ𝜑) across the interface with
exact sine/cosine function, because the interface is composed
of a pair of straight and curved waveguides (i.e., I and II indi-
cated in Figure 1a). It guarantees a well-defined periodic coupling
as required by the Floquet theory, while an interface composed
of two shifted curved waveguides will break this definition and
leads to more complex coupling circumstances. Our design en-
ables us to apply flexible controls on the Floquet gauge, which
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is necessary to inspect possible anomalous topological effects.
Through the coupled-mode theory (CMT), the waveguide array
can be mapped into an effective 1D time-periodic tight-binding-
approximated Hamiltonian as

H(z) =
2N−1∑

n=1,3,5,…
𝛽n(z)a

†
nan +

2N∑

n=2,4,6…
𝛽0a

†
nan

+
N−1∑

n=1
[c0 + (−1)n𝛿c1(z)]a†nan+1

+
2N−1∑

n=N
[c0 + (−1)n𝛿c2(z)]a†nan+1 +H.c. (1)

Here, a†n and an are the creation and annihilation operators
at the nth waveguide, N is the number of waveguides of each
array (N is even), the total waveguides number are 2N, 𝛽0 is
the propagation constant for the straight waveguides, and 𝛽n(z)
is the effective propagation constant for the curved waveguides
which can be treated as a constant in the weak-guidance approx-
imation (WGA).[49] The third and fourth terms in Equation (1)
represent couplings between nearest-neighbor (NN) waveguides
for the left and right arrays with a constant (staggered) cou-
pling strength c0(𝛿c(z)). According to the WGA, the NN coupling
strength mainly depends on their distance d(z). In our config-
uration, the NN spacing d1(2) for left (right) arrays (center-to-
center distance) d1(2)(z) = d0 ± A cos(𝜔z + 𝜑1(2)), where d0 is
the spacing without bending. Consequently, c can be approxi-
mated as c1(2)(z) = c0 ± 𝛿c cos(𝜔z + 𝜑1(2)). Note that the stag-
gered term 𝛿c1(2)(z) is periodically modulated, and the Hamilto-
nian H(z) in Equation (1) thus exactly mimics the periodically
driven SSHmodel with tunable time-periodic NN couplings and
Floquet gauge modulations. According to the Floquet theory, the
evolution of our systemwithHamiltonianH(z) is governed by the
time evolution operator U(z) = T̂e−i ∫

z
0 H(z′)dz′ , where T̂ denotes

the time-ordering operator. The Floquet operator is defined as the
time evolution operator for one full period P, given byU(P), from
which a time-averaged effective Hamiltonian can be defined as
Heff = (i/P)lnU(P).[21] The eigenvalues of Heff correspond to the
quasienergy spectrum of the system.
We first considerΔ𝜑= 0, in which the array as a whole exhibits

no Floquet gauge transition. Figure 1c shows the quasienergy (𝜖)
spectrum of 80 waveguides under open-boundary conditions. A
Z-valued invariant G𝜋 can be defined for the quasienergy spec-
trum of this systems [29,30] (see Section S1 in the Supporting In-
formation). The driving frequency 𝜔 determines the topological
phases: 𝜔/4c0 > 1 gives rise to G𝜋 = 0 and corresponds to the
topologically trivial phase, whereas 1/3 < 𝜔/4c0 < 1 gives rise
to G𝜋 = 1 and corresponds to the nontrivial phase that supports
topological 𝜋modes, as verified by the quasienergy spectrum (see
Figure 1c). As an example, the system of 𝜔/4c0 = 0.4 shows non-
trivial topological phase across the whole system (see Figure 1e)
with localized edge modes on two boundaries (see inset figures
of Figure 1c). Interestingly, when Floquet gauges of the two ar-
rays are different, especially, anti-phased (Δ𝜑 = 𝜋), new 𝜋 modes
would emerge with localized fields at the gauge transition inter-
face. Figure 1b displays the quasienergy spectrum at 𝜔/4c0 = 0.4
as a function of gauge difference Δ𝜑, where two new discrete

modes stand out from bulk modes and gradually turn into 𝜋

modes as Δ𝜑 reaches 𝜋, while the original 𝜋 modes keep un-
changed. Figure 1d shows the quasienergy spectrum with Δ𝜑 =
𝜋, and 𝜋 modes also appear within the range 1/3 < 𝜔/4c0 < 1.
After careful observation, one indeed finds an additional pair of
𝜋 modes in this range (see the zoom-in figure in Figure 1d). The
new 𝜋 modes have strong localizations at the gauge transition
interface, as shown in the inset of Figure 1d. We note that the
two arrays have the same topological order defined by G𝜋 , de-
spite the change of Floquet gauge (see Figure 1f). Without loss
of generality, 𝜑0 is set as 0 here, which is not crucial to the ex-
istence of the new 𝜋 modes (see Section S1 in the Supporting
Information).

2.2. Simulation and Experimental Results

To observe the formation of these gauge-induced interface
modes, we excite an interface waveguide (e.g., waveguide-I) of
the systems composed of 80 waveguides and investigate the dy-
namics of light. Figure 2d–f shows the theoretical (CMT) results
(left panels) corresponding to different gauge differenceΔ𝜑 with
a fixed 𝜑0 = 0. At Δ𝜑 = 0 without gauge transition, the optical
fields spread out into the bulk of the lattices, indicating no local-
izedmodes at the interface. By contrast, as theΔ𝜑 increases, bulk
diffraction is suppressed and the optical field gradually tends to
be localized at the interface and finally get trapped at the inter-
face at Δ𝜑 = 𝜋. It is evident that the 𝜋-interface modes form with
the Floquet gauge transition. Afterward, we carried out full-wave
simulations (COMSOL MULTIPHYSICS) and experiments in a
silicon waveguide array on a sapphire substrate. The structural
parameters of waveguide width (w) and height (h) are optimized
as w = 400 nm, h = 220 nm to support only one fundamental
mode in the silicon waveguide at 𝜆 = 1550 nm with a propaga-
tion constant 𝛽0 = 2.1601k0 (k0 is the free space k-vector). To real-
ize the periodically driven condition, we consider that the silicon
waveguide is sinusoidally curved along the propagation direction
z as x0(z) = A cos(2𝜋z/P + 𝜑), where A = 71.5 nm, P = 48.4 µm.
Note that the bending period P is larger than about three orders
of magnitude over the amplitude A, which leads to a negligible
loss for silicon waveguides that have well-confined modes due
to the quite large refractive index. The spacing of neighboring
waveguides without bending d0 = 618.5 nm. Based on these de-
signs, the coupling coefficient approximately follows c(z) = c0 ±
𝛿c cos(2𝜋z/P+𝜑), where c0 = 0.0811 µm–1, 𝛿c= 0.0405 µm–1, and
𝜔 = 0.130 µm–1, corresponding to the theoretical calculations.
The schematics of the silicon waveguide array and the zoom-in
input ends for different Δ𝜑 are presented in Figure 2a,b, respec-
tively. Figure 2d–f (middle panels) shows the simulated optical
field evolutions of different Δ𝜑 for 20 waveguides and 100 µm
propagations, corresponding to the CMT calculation enclosed by
dashed boxes in the left panels. Since the full-wave simulation
is quite time-consuming, we didn’t perform simulations over a
same large scale as the CMT calculations. Nevertheless, the sim-
ulated results are in extremely good agreement with the CMT
results and clearly demonstrate the gauge transition induced 𝜋-
interface modes.
The experimental samples were fabricated by E-beam lithog-

raphy and inductively coupled plasma (ICP) etching process (see
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Figure 2. Observation of gauge-induced topological dynamics. a) Schematics of the silicon waveguide array, where the interface is indicated by the red
dashed line. b) Zoom-in figure of the input end for different Δ𝜑. c) SEM image of the fabricated sample with Δ𝜑 = 𝜋. d–f) Field evolutions with different
Δ𝜑. Left panel: CMT calculated field evolutions; middle panel: simulation results within the boxed region in the left panel; right panel: experimental
results with output intensity profiles. The 𝜋-interface modes form when Δ𝜑 increase from 0 to 𝜋. Here, 𝜑0 = 0. The white dashed lines in experiment
results indicate the interface.

the Experimental Section), which include the waveguide array
(80waveguides with 200 µm length, the same as the CMT calcula-
tions) and input grating coupler that is connected to the interface
waveguide. As an example, the scanning electron microscopy
(SEM) images of the fabricated structure of 𝜑0 = 0, Δ𝜑 = 𝜋 are
shown in Figure 2c. In experiments, the light was input into the
waveguide lattice by focusing the laser (𝜆 = 1550 nm) via a grat-
ing coupler and a tapered waveguide (see the Experimental Sec-
tion). The transmitted signals can be collected from the scattered
light from the output end by a near-infrared CCD camera (Xenics
Xeva-1.7-320). Figure 2d–f (right panels) shows the experimen-
tal captured optical signals as light scattered from the output of
the arrays with Δ𝜑 = 0, 𝜋/2, and 𝜋 respectively, corresponding
to the theoretical designs. As the gauge difference Δ𝜑 increases
from 0 to 𝜋, the distribution of scattered light at the output grad-
ually gets localized, and eventually to a single spot at the inter-
face, evidently indicating the emergence of localized 𝜋-interface
modes at Δ𝜑 = 𝜋, which well confirms the CMT and simula-
tion results. We explained the formation of the gauge-induced 𝜋

modes by analyzing the eigenmode property of 𝜋 modes in Sec-
tion S2 of the Supporting Information. It should be noted here
that for convenience we only input the light through a single
waveguide, which does not strictly conform to the eigenmodes
profile of the 𝜋 interface states. However, theoretical calculations
show that this single waveguide input can basically excite this
local interface mode as compared with the exact 𝜋mode prepara-

tions (see Section S3 in the Supporting Information for more de-
tails), and does not affect the demonstration of the fundamental
physics.

2.3. Influence of Initial Gauge on the 𝝅 Mode Excitation

Next, we fixed the gauge difference at Δ𝜑 = 𝜋 and change the
initial gauge 𝜑0 (𝜑0 = 𝜋/2 and 𝜋). Figure 3a,e shows the zoom-
in schematics of input ends for 𝜑0 = 𝜋/2 and 𝜋. For 𝜑0 = 𝜋/2
case, there is a bright light spot at the output end that rightly
locates at the interface, ensuring the emergence of 𝜋-interface
mode (see Figure 3d). Surprisingly, for another 𝜑0 = 𝜋 case, we
observed an obvious spreading of light at the output end (see Fig-
ure 3h) without the 𝜋-mode localization. Both experiments are in
good coincidence with the CMT and simulation results (see Fig-
ure 3b,c and f,g). To explain it, we analyze the eigenmode property
of 𝜋-interface modes at the initial stage (z = 0), as representative
distributions shown in Figure 3i,j for 𝜑0 = 𝜋/2 and 𝜋, respec-
tively. It is found that localized 𝜋-interfacemodes do exist for both
cases, but have different mode profiles. The input waveguide-I
(i.e., waveguide #40, marked by dashed red circles) has strong
field for 𝜑0 = 𝜋/2 while none for 𝜑0 = 𝜋. This is also true for
other 𝜋-interface modes (see Section S4 in the Supporting Infor-
mation). Particularly, we plotted out the intensity of one of the 𝜋
modes at waveguide-I as a function of 𝜑0 as shown in Figure 3k.
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Figure 3. Influence of initial gauge. a–d) 𝜑0 = 𝜋/2, Δ𝜑 = 𝜋. a) Zoom-in schematic of the input end. b) CMT calculated field evolution. c) Simulation
result within the boxed region in (b). d) Experimental result with output intensity profiles. e–h) Corresponding results for 𝜑0 = 𝜋, Δ𝜑 = 𝜋. i,j) Field
distribution of the 𝜋 modes at the initial stage (z = 0) for 𝜑0 = 𝜋/2 i) and 𝜋 j), respectively. k) Field intensity of 𝜋 eigenmodes at waveguide-I with respect
to different initial gauge 𝜑0. The arrow in (i) indicates the interface.

It is evident that 𝜋 modes have the strongest field at the input
waveguide for 𝜑0 = 𝜋/2 but zero at 𝜑0 = 𝜋. Therefore, the input
fromwaveguide-I can excite the 𝜋modes to themost extent in the
case of 𝜑0 = 𝜋/2 and give rise to robust localization, but not as 𝜑0
= 𝜋 and result in a dispersive feature. This is exactly the experi-
ments have confirmed in Figure 3d,h. Thus, the initial gauge 𝜑0
influences the excitation condition of the 𝜋-interface modes sig-
nificantly, and more detailed discussions and experimental ver-
ifications are provided in Sections S4 and S5 of the Supporting
Information.

2.4. Asymmetric Topological Transport by Floquet Gauge
Engineering

Inspired by the emergence of gauge-induced 𝜋-interface modes
and flexible control with gauge modulation, we further explore a
function of asymmetric topological transport, which is difficult to
achieve in 1D static systems, where one only realizes either the
topological transports from both ends or none. Here, we show
the feasibility of Floquet gauge system. Specifically, we design a
waveguide array with one end to have 𝜑0 = 𝜋/2 (marked by end-
A) while the opposite is 𝜑0 = 𝜋 (marked by end-B), as schemat-
ically shown in Figure 4a. We input light from both ends to ex-
amine their propagation properties. Figure 4b,c shows the CMT
calculated and experimental results of field evolutions from end-
A (forward), respectively. The light propagates along the interface

with topologically protected localization according to 𝜋-interface
modes excitation.However, for the backward case (input from the
opposite end-B), no topological mode can be excited and the light
will spread out into the entire lattices, as well verified by theory
and experiment in Figure 4d,e.
Being energetically isolated from the bulk and strongly con-

fined in real space, the 𝜋-interfacemodes should inherit the topo-
logical protection. To examine the robustness of the topological
transport, we fabricated controlled samples with random struc-
tural discrepancies for comparisons. The theoretical analyses and
experimental results are provided in Section S6 of the Support-
ing Information. It is obvious that for forward propagation, the
optical field still propagates along the boundary, which indeed
suggests its robustness against disorders. Moreover, we also find
that the asymmetric topological transport is considerably insensi-
tive to the wavelengths that indicates a broadband property. Fig-
ure 4f shows the extracted normalized output intensity for for-
ward and backward propagations with respect to different wave-
lengths, which clearly demonstrates the broadband asymmet-
ric topological transport functions. The experimentallymeasured
contrast ratio (determined as 10 log|(IA − IB)/(IA + IB)|, where IA(B)
is the output intensity of the interface lattice sites of end-A(B))
of forward and backward propagations reaches ≈−0.059 dB for
central wavelength of 1550 nm, and has a broad band (≈100 nm)
for contrast ratio >−1dB (Figure 4g, dashed line). The detailed
experimental data can be found in Section S7 of the Supporting
Information.
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Figure 4. Asymmetric topological transport. a) Schematics of the waveguide array with Floquet gauge modulation at the interface, where end-A and end-
B represent the two ends of the waveguide array that have different initial gauges, 𝜑0 = 𝜋/2 for end-A and 𝜋 for end-B. The red and blue arrows represent
input from end-A and end-B, respectively. The length of the waveguide array is 254 µm. b,c) CMT calculated b), experimental detected c) field evolutions
with input at end-A for the forward propagation case, showing confined topological transport. d,e) Corresponding results for backward propagation with
input from the opposite end-B, showing dispersive feature. f) Normalized output intensity profiles for different wavelengths. g) Contrast ratio for the
output fields of forward and backward propagations. The arrow in f) indicates the interface.

3. Discussion and Conclusion

According to bulk-edge correspondence, a topological state is ex-
pected to form at an interface between two systems with differ-
ent topological invariants.[48] However, as we have demonstrated,
the two gauge-distinct arrays have the same 𝜋-gaps topological
invariants of G𝜋 (G𝜋 = 1, see Figure 1f). Inspired by the Jackiw–
Rebbi model,[50–53] it is found that the Floquet gauge is responsi-
ble for the contradiction, and the Floquet Hamiltonians of the
two gauge-distinct arrays have a 𝜋-gap mass term with oppo-
site sign due to the Floquet gauge transition (see Section S8 of
the Supporting Information). As such, our gauge-induced inter-
face modes are different from other modulation-induced defect
states.[54–56]

In contrast to the topological modes formed at the boundary
of a topological domain to a topologically trivial domain (e.g.,
the zero modes), the gauge-induced topological modes provide
us new degrees of freedom in engineering the topological light
transport thanks to the gauge modulation, as has been well
demonstrated by the asymmetric topological transport experi-
ments by judicious initial gauge design. Compared to the original
𝜋modes that can only form at the edges, the gauge-induced 𝜋 in-
terface modes can be generated inside of the lattices wherever 𝜋
gauge shift is applied. Notably, the ability to realize topological 𝜋

transport at will opens the door to many possibilities. For exam-
ple, the coherent coupling of topological 𝜋 modes can increase
systems versatility and tunability, which has potential in assem-
bling on-chip topological optical devices.[18,57]

In conclusion, we have demonstrated a gauge-induced Floquet
state in topological photonic lattices, which arises from the Flo-
quet gauge transition. Thanks to the initial gauge dependence,
these 𝜋modes can be carefully engineered to access an asymmet-
ric topological transport along the interface with broad working
bandwidth and robustness against structural fluctuations. The
experiments were implemented in silicon waveguides platform
with convincing results fully consistent with the theoretical pre-
dictions. Our Floquet gauge engineering enriches new physics in
topological photonics systems that give rise to novel optical phe-
nomena and functionalities inaccessible in the static systems.

4. Experimental Section
Sample Fabrication: The waveguide arrays and grating nanostructures

are fabricated using the method of electron-beam lithography and ICP
etching process. The substrate used herein is 230 nm silicon deposition on
460 µm alumina substrate, and the substrates are cleaned in ultrasound
bath in acetone and DI water for 10 min respectively and dried under clean
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nitrogen flow. Then 400 nmAR-N7520 photoresist film is spin-coated onto
the substrate and baked at 85 °C for 1 min. After that, the sample is ex-
posed to electron beam in E-beam writer (Elionix, ELS-F125) and devel-
oped to form the AR-N7520 nanostructures. Then, the sample is trans-
ferred into HSE Series Plasma Etcher 200 and etched with C4F8 and SF6
(the flow rates of these two types of gases are 75 sccm:30 sccm). After the
ICP etching, the remaining AR-N7520 is removed by using an O2 plasma
for 5 min.

Measurement: In optical measurements, a white light laser (Fianium
Super-continuum, 4 W) with the wavelength range from 400 to 2200 nm
was used, and the wavelength was switched by a group of filters (FWHM
= 12 nm). The light with different wavelength was focused at the input
grating by an objective lens (100×), and then coupled into the waveguide
mode. The output signals can be detected by the scattering field from the
output end by a near-infrared camera (Xeva-1.7-320) through another mi-
croscope objective (50×).
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the author.
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