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Abstract. Topological edge states (TESs), arising from topologically nontrivial phases, provide a powerful
toolkit for the architecture design of photonic integrated circuits, since they are highly robust and strongly
localized at the boundaries of topological insulators. It is highly desirable to be able to control TES
transport in photonic implementations. Enhancing the coupling between the TESs in a finite-size optical
lattice is capable of exchanging light energy between the boundaries of a topological lattice, hence
facilitating the flexible control of TES transport. However, existing strategies have paid little attention to
enhancing the coupling effects between the TESs through the finite-size effect. Here, we establish a bridge
linking the interaction between the TESs in a finite-size optical lattice using the Landau–Zener model so as
to provide an alternative way to modulate/control the transport of topological modes. We experimentally
demonstrate an edge-to-edge topological transport with high efficiency at telecommunication wavelengths in
silicon waveguide lattices. Our results may power up various potential applications for integrated topological
photonics.
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1 Introduction
Topological insulators exhibit many intriguing effects and phe-
nomena in various physical disciplines,1–4 including electronics,
acoustics, and photonics. Topological edge states (TESs), pro-
tected by topologically nontrivial phases, have captured wide
attention due to their robustness against disorders and imperfec-
tions. TES transport has led to many exotic optical effects and
applications, such as robust directional couplers,5 one-way

waveguides,6 mode-locked waveguides,7 and pseudospin propa-
gation in ring resonator arrays,8 which are of fundamental im-
portance for groundbreaking technologies. TESs are promising
for developing energy and information routers in nanophotonic
circuits, benefiting from their robust transport and strong locali-
zation at the boundaries of topological insulators. Recent works
have expanded the research on manipulating TESs, including
the adiabatic modulation,9–11 the nonlinear effect,12 and the com-
plicated braiding.13 A variety of intriguing physical phenomena
have been demonstrated in optical systems, such as the edge-to-
edge topological transport,5,10,14–16 the topological states with
tunable localization,17,18 the higher-order topological protec-
tion,19,20 the nonlinear excitation of topological modes,21,22 and
the non-Abelian process.23,24 These unique phenomena may
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facilitate the development of many important technologies and
applications, including routing energy and information,25 quan-
tized transport,9 nonlinear photonics,26 and quantum computing.27

Though these phenomena have been extensively studied in pho-
tonic systems, little work has been focusing on enhancing the
coupling effects between TESs under the topological protection
through the finite-size effect. Enhancing the interaction between
the TESs may provide a way of exchanging light energy be-
tween the boundaries of topological lattices, beneficial to the
flexible control of TES transport.

The Landau–Zener (LZ) model, initially established to study
the dynamics in a two-level quantum system,28,29 can be em-
ployed to predict the probability of nonadiabatic tunneling be-
tween two energy levels.30,31 This model has been widely applied
to investigate the tunneling effect in condensed matter phys-
ics,32,33 multi-particle systems,34,35 optical structures,36–38 and
acoustics.39 The LZ model provides an easy yet effective way
to modulate/control the light transport due to its flexible and
convenient realization in 2D optical circuits. More recently, re-
searchers have combined the LZ model and the nonparaxiality
model to achieve spoof surface plasmon channel conversion in
the microwave region.38 However, the previous studies on the LZ
model in optical systems were merely focused on its tunneling
effects, such as LZ Bloch oscillations36 and Rabi oscillations,37

while its counterpart, the LZ single-band evolution process in
optical systems, has been rarely studied to date.

In this paper, we report edge-to-edge channel conversion in a
four-level waveguide lattice with the LZ model. We show that it
is able to link up the coupling between TESs by the finite-size
effect in a two-unit-cell optical lattice to provide an alternative,
effective, and dynamic paradigm to modulate/control the trans-
port of topological modes. The waveguide lattice corresponds to
an interval of an entire modulation period. The underlying
mechanism of such a waveguide lattice is equivalent to a 2D
Chern insulator, and the existence of TESs is predicted. The
TESs are dynamically controlled with the LZ single-band evo-
lution principle, and a near-unity-efficiency edge-to-edge chan-
nel conversion is experimentally demonstrated in the silicon
photonic platform at 1550 nm.

2 Results and Discussion

2.1 Landau–Zener Model in Harper Waveguide Lattices

A silicon optical waveguide lattice with the presence of nearest-
neighbor coupling is shown in Fig. 1(a), and it is constructed
to demonstrate the four-level Harper model.40 The bulk
Hamiltonian of the waveguide lattice is

Ĥbulk ¼
XM
m¼1

�X4
n¼1

Cn;ðnmod 4Þþ1jm; ðnmod 4Þ þ 1ihm; nj
�
þ h:c.

þ
XM
m¼1

�X4
n¼1

knjm; nihm; nj
�
; (1)

where the number sets fmj1,2; 3;…;Mg and fnj1,2; 3,4g de-
note the external and internal degrees of freedom, respectively.
In this case, jm; ni labels the states on the nth waveguide in
the mth unit cell, and M is the number of unit cells. The
hopping strength Cn;ðnmod 4Þþ1 corresponds to the coupling
coefficient whose estimation can be found in Sec. 1 in the
Supplementary Material and kn is the propagation constant

of the fundamental mode in the nth waveguide [Fig. 1(b)].
The waveguide lattice can be regarded as a four-level Harper
model, if the waveguide propagation constant is modulated as
knðβxÞ ¼ kb þ Δk cosðβx þ πn∕2Þ, with the coupling coeffi-
cient Cn;ðnmod 4Þþ1 equal to a constant c, where c is the coupling
coefficient in Harper model. For the specific configuration
studied, we set kb ¼ 2.030k0, Δk ¼ 0.087k0, and c ¼ 0.1k0.
The corresponding geometric parameters of the designed wave-
guide lattice will be provided in detail in the following section.
It should be noted that the practical waveguide widths are varied
along the propagation direction. As a result, the coupling coef-
ficients are thus slightly different from the values used in the
above model. Figure 1(c) shows the propagation constant spec-
tral flow of the four-level Harper model with M ¼ 10. The
bands are degenerated at the crossing points βx ¼ −0.25π
and βx ¼ 0.75π. The finite-size effect requires employing a
limited number of unit cells M. A minimum M ¼ 2 is found
more suitable to open the gap [Fig. 1(d)]. Interestingly, how
the finite-size effect affects the energy bandgap has been studied
in the platform of condensed matter physics, and the coupling
strength can be characterized by the Berry connection.41

To analyze the evolution of the states around minimum
bandgap points, a widely used method is to characterize the band
with an approximate two-level model, i.e., the LZ model,31,39

HðδβxÞ ¼
�−αδβx δk∕2

δk∕2 αδβx

�
: (2)

Here α is the slope of the band near minimum bandgap
points, and δk is the minimum gap size. This model corresponds
to a certain modulation interval within an entire period. In
the following, we will study the evolution of the state near
βx ¼ 0.75π.

As the coupling strength is very small, the band is gapless
[see the left panel of Fig. 1(e) with c ¼ 0.01k0]. The model sup-
ports LZ tunneling process only, represented by the dashed blue
line in Fig. 1(e), and the state can hop to the nearest band. As the
coupling strength is increased to c ¼ 0.1k0 [see the middle
panel of Fig. 1(e)], both of the LZ tunneling and single-band
evolution contribute to the state evolution. The LZ single-band
evolution, represented by the solid red line in Fig. 1(e), occurs in
the same band.

We have calculated the probability of LZ tunneling and LZ
single-band evolution (Sec. 2 in the Supplementary Material).
The βx parameter is projected over the propagation distance
x with βx ¼ 2πx∕l, and the equal-probability distance is
xc ¼ 4αδβx lnð2Þ∕½πðδkÞ2�, at which the LZ tunneling and
LZ single-band evolution share equal probability. l is the length
of the modulation period, affecting the evolution speed. It is
worth noticing that a recent study on topological pumps has
shown that the evolution speed will influence the final states
after traveling an entire cycle.42 With a definition of the evolu-
tion speed as δβx∕L (L is the actual device length affecting the
evolution speed), the tunneling probability is enhanced, associ-
ated with weakened adiabaticity (see more details in Sec. 2 in
the Supplementary Material). It should be mentioned that
the equal-probability distance is not equivalent to the adiabatic
limit in quantum mechanics and condensed matter physics.42

The adiabatic approximation condition can be guaranteed with
L ≫ xc. As the coupling strength is sharply increased to
c ¼ 0.5k0 [see the right panel of Fig. 1(e)], the bands are flat
near βx ¼ 0.75π, allowing LZ single-band evolution. However,
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it is hard to obtain such strong coupling strength in coupled
waveguides. For the waveguide lattice [Fig. 1(a)], the nearest-
neighbor coupling coefficient between waveguides approaches
0.221k0 as gn;ðnmod 4Þþ1 is close to zero, associated with the
upper limit of the energy gap of 0.071k0.

2.2 Dynamic Manipulation of Topological Edge States

To demonstrate the LZ single-band evolution, we have designed
practical silicon waveguide lattices [Fig. 2(a)] with the spectral
flow near βx ¼ 0.75π, as shown by the middle panel of Fig. 1(e).

Different from a topological pump on the three-level Harper
model where periodical modulation potential is required,9,10

our waveguide lattice is described by the four-level Harper
model, corresponding to an interval within an entire modulation
period, associated with the region bounded by the dashed black
frame in Fig. 1(a). In contrast to a topological pump that has
gapless spectrum flow, we have used the finite-size effect to
open the spectrum flow, which enables us to manipulate
TESs through the LZ single-band evolution. For practical exper-
imental implementation, we have employed a linear variation
of waveguide widths (see the detailed structural parameters in

Fig. 1 LZ model in Harper waveguide lattices. (a) Conceptual map of silicon optical waveguide
lattice withM unit cells for demonstrating four-level Harper model. The width of the nth waveguide
isWn , determining the propagation constant kn of the fundamental TE waveguide mode, and each
waveguide has a height of h ¼ 220 nm, and length of l corresponding to the modulation period.
The gn;ðnmod4Þþ1 is the separation distance between the nth and ððnmod4Þ þ 1Þth waveguides,
which is closely related to the coupling coefficient Cn;ðnmod4Þþ1. (b) Propagation constant of
fundamental TE mode kn versus Wn . The propagation constant spectral flow of Harper model
with (c) M ¼ 10 and (d) M ¼ 2, where βx is the evolution parameter normalized to 2π along
the propagation direction. (e) LZ model near βx ¼ 0.75π with different coupling coefficients c.
All the propagation constant spectra are normalized to the free space wavenumber of light,
k0 ¼ 2π∕λ (λ ¼ 1.55 μm).
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Sec. 3 in the Supplementary Material), instead of the variation
described by a cosine function, as in Fig. 1(a). We first focus
on the three cross sections at βx ¼ 0.67π, βx ¼ 0.75π, and
βx ¼ 0.83π, and each cross section can be regarded as a 1D
four-level near-neighbor hopping chain with bulk momentum-
space Hamiltonian,43

HðβyÞ ¼

2
66664

k1 C12 0 C41e−iβy

C12 k2 C23 0

0 C23 k3 C34

C41eiβy 0 C34 k4

3
77775; (3)

where C12 ¼ 0.097k0 (0.096k0 and 0.103k0), C23 ¼ 0.103k0,
C34 ¼ 0.103k0 (0.096k0 and 0.097k0), C41 ¼ 0.105k0,
k1 ¼ 2.011k0 (1.969k0 and 1.926k0), k2 ¼ 2.092k0,
k3 ¼ 2.092k0, and k4 ¼ 1.926k0 (1.969k0 and 2.011k0) in the
cross section at βx ¼ 0.67π (0.75π and 0.83π). By solving
the eigenstates μnðβyÞ of the Hamiltonian, the Zak phase of four
bands can be calculated as ΦZ;n ¼ i

R
FBZhμnðβyÞj ∂

∂βy jμnðβyÞidβ
(see more details in Sec. 4 in the Supplementary Material).
Figure 2(b) shows the Zak phases at three different cross sec-
tions, indicating that both the first and second bands support
nonzero Zak phases corresponding to nontrivial topological
phases. The Zak phases of the other two bands are close to zero,
corresponding to a trivial topological phase. According to the

bulk-boundary correspondence,43 there exist two TESs in the
first bandgap. As shown in Fig. 2(c), the two TESs are chiral
at the cross sections when βx ¼ 0.67π and 0.83π, while their
field intensities jEj2 are symmetrical when βx ¼ 0.75π.

The above theoretical analysis on TES is limited to 1D
insulators and does not involve dynamic modulation during
propagation. Through Fourier transformation and by solving
for eigenvalues of the bulk momentum-space Hamiltonian asso-
ciated with the Harper waveguide lattices in Fig. 1(a), the eigen-
value spectrum kðβx; βyÞ in the 2D parameter space is presented
in Fig. 2(d) (see more details in Sec. 5 in the Supplementary
Material). The Chern numbers of the bands are calculated using
the Wilson loop method (see more details in Sec. 4 in the
Supplementary Material). It should be emphasized that the
coupling coefficients used in the Harper waveguide lattice in
Fig. 1(a) are slightly different from those used in the actual
linear waveguide lattice in Fig. 2(a). However, the difference
in coupling coefficients is negligible and hence will not change
the nontrivial topological phase. Thus, the TESs are protected
by the nonzero Chern numbers within the entire modulation in-
terval. If the adiabatic limit is satisfied (L ≫ xc), the associated
TESs will follow the LZ single-band evolution, and the optical
field will be transferred from one boundary across the bulk
waveguides to another side, i.e., adiabatic edge-to-edge channel
conversion. If L is below xc, the TESs will tunnel and the optical
field will stay at one boundary.

Fig. 2 Topological phase and edge states of the Harper waveguide lattice. (a) Silicon eight-wave-
guide lattice with length L, near βx ¼ 0.75π. This structure refers to the region bounded by the
dashed black frame in Fig. 1(a). (b) The Zak phase of 1D finite chain model corresponding to
three different cross sections with βx ¼ 0.67π, βx ¼ 0.75π, and βx ¼ 0.83π. The red and blue dots
represent the Zak phase of the first band and fourth band, respectively. The orange and purple
rhombus denote the Zak phase of the second band and third band, respectively. (c) The cross-
sectional field intensity distributions of jE j2 with βx ¼ 0.67π, βx ¼ 0.75π, and βx ¼ 0.83π. The
upper (lower) three figures correspond to TES1 (TES2). (d) The Bloch bands of the waveguide
lattice shown in Fig. 1(a) in 2D parameter space βxβy under periodical boundary condition. βy is
the Bloch vector in the reciprocal space along the y direction. The Chern numbers of four bands
are labeled by the white characters.
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2.3 Simulation and Experimental Demonstration

Numerical simulations by finite-difference time-domain are
conducted to verify the LZ dynamics between two TESs.
The two TESs are the second and third eigenmodes in the
eight-waveguide lattice, and the field intensity is mainly located
in the eighth and first waveguides, respectively. We have ad-
justed the waveguide lengths to illustrate how the degree of adia-
baticity affects LZ dynamics. When L ¼ 10 μm is below the
equal-probability distance xc ¼ 16.9 μm, the tunneling process
dominates and mode 3 (mode 2) converts to mode 2 (mode 3) in
the upper (lower) panel of Fig. 3(a). To quantitively evaluate the
percent of optical energy involved in LZ single-band evolution,
we have defined the conversion efficiency as the energy ratio of
the residual input mode at the output side to the total input
mode. There is ∼74% optical energy tunneled to another mode
at 1.55 μm with L ¼ 10 μm (see more simulated details in Sec.
6 in the Supplementary Material). When L is approaching xc,
the tunneling probability is ∼50% [Fig. 3(b)]. Mode 2 (mode 3)
is excited when mode 3 (mode 2) is injected from the left side.
The excited mode and the injected mode undergo interference
during propagation. As a result, the field energy is transferred
between the first and eighth waveguides during propagation,
and the ratio of their energies depends on the propagation dis-
tance. The percentage of tunneling to another mode reduces to
44%, while the percentage of adiabaticity is enhanced to 56%,
as compared with L ¼ 10 μm. When L is further increased and
exceeds xc, the LZ single-band evolution dominates and tunnel-
ing effect is suppressed, accompanied by edge-to-edge channel
conversion with high efficiency [Fig. 3(c)]. The estimated con-
version efficiencies of the two TESs all exceed 93% around
1.55 μm with L ¼ 100 μm and L ¼ 300 μm (see more simu-
lated details in Sec. 6 in the Supplementary Material).

The edge-to-edge channel conversion with silicon waveguide
lattices is experimentally demonstrated. Figure 4(a) shows the
scanning electron microscope (SEM) image of the fabricated
devices. More fabrication process, structural parameters, and
SEM details for sections A, B, and E can be found in Sec. 7 in
the Supplementary Material. The amplified SEM image for
the waveguide lattice in section C is presented in Fig. 4(b).
A tapered waveguide array with 2 μm length is connected to
waveguides 2–6 [Fig. 4(c)]. The width of each waveguide
shrinks quickly to zero, and hence the bulk energy will be leaky.
The resultant optical field energy of TESs is mainly localized
at the boundary waveguides (waveguide 1 or waveguide 8),

as indicated by the simulation results in Figs. 4(d) and 4(e).
The localized optical energy in waveguides 1 and 8 finally out-
puts through ports 2 and 3, respectively, through two bending
waveguides with a bend radius of 35 μm and a straight wave-
guide, as shown by section D in Fig. 4(a).

The edge-to-edge channel conversion performance of the
two TESs was evaluated by use of power contrast ratio ρ3→2

and ρ2→3, with ρ3→2 ¼ ðI3 − I2Þ∕ðI2 þ I3Þ [see the upper panel
in Fig. 4(a)] and ρ2→3 ¼ ðI2 − I3Þ∕ðI2 þ I3Þ [see the lower
panel in Fig. 4(a)]. The optical power at port 2 and port 3,
marked as I2 and I3, respectively, is estimated by detecting
the optical power with a spectrometer (see Sec. 7.3 in the
Supplementary Material for the details of the measurement
scheme). Figures 4(f) and 4(g) show the power contrast ratio
of the output light with input from mode 2 (mode 3). Either
ρ2→3 or ρ3→2 maintains a high value around 1.55 μm. It clearly
indicates the optical field is transferred from one side to the
other with high efficiency. The experimental results show some
deviation from simulations, which can be attributed to the fab-
rication error arising from etching roughness precision and the
residual smudges during the fabrication process.

In nanophotonic circuits, waveguide couplers, such as direc-
tional/adiabatic couplers,44,45 are key components for routing
energy and information. The practical device performance is
highly sensitive to the cross-sectional geometry. The topological
channel converter based on the LZ single-band evolution shows
stronger cross-sectional tolerance, in contrast to these conven-
tional couplers. We have theoretically analyzed the robustness
against parameter perturbation by changing the gap separation
gn;ðnmod 4Þþ1 given in Fig. 1(a). The topological phase transition
point is calculated as the distances gn;ðnmod 4Þþ1 are varied. The
theoretical results indicate the device shows certain robustness
against all the gap distances gn;ðnmod 4Þþ1 (see more theoretical
analysis in Sec. 8.1 in the Supplementary Material). As an
example, the experimental results demonstrate that the gap
distance g41 can tolerate the perturbation up to jΔg41∕g41j ¼
42% (see the experimental validation in Sec. 8.2 in the
Supplementary Material). The structural parameters along the
y direction are experimentally determined by electron-beam
lithography (EBL), whose pattern resolution is much lower than
the degree of tolerance for the sample. As for the z direction, the
etching error arising from inductively coupled plasma (ICP) is
typically below 10 nm. We can therefore ignore the fabrication
error along this direction. In addition, we study how the level
number N affects the topological phase transition point and find

Fig. 3 Edge-to-edge channel converter with different device lengths. The field intensity distribu-
tions of jE j2 for edge-to-edge channel conversion of the two TESs in the waveguide lattice in
Fig. 2(a). (a) L ¼ 10 μm, (b) L ¼ 20 μm, and (c) L ¼ 100 μm.
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that the topological phase transition point approaches zero as N
grows. Although we have only theoretically and experimentally
studied a four-level system in our work, a system based on a
higher-level Harper model promises even stronger robustness
(see more details in Sec. 9 in the Supplementary Material).
The presented topological LZ nanophotonic devices can be ex-
tended to study other optical fields in nanophotonics. For exam-
ple, they can serve as wavelength-dependent switches by tuning
the operating wavelength to govern whether or not the field
jumps between edges, when the device length L is less than
or comparable to xc (see the detailed discussions in Sec. 6 in
the Supplementary Material). Introducing LZ dynamics into

non-Hermitian systems may enable chiral channel conversion.46,47

The scheme may be further extended to non-Abelian adiabatic
process on planar nanophotonic integration circuits with the
proper design of waveguide lattices supporting higher-order
degenerate eigenmodes.23,24

3 Conclusion
We have proposed LZ dynamics to dynamically manipulate the
transport of topological states at optical frequencies. By con-
structing waveguide lattices with a finite size, LZ tunneling
is suppressed. A high-efficiency edge-to-edge channel converter
is theoretically designed based on LZ single-band evolution and
experimentally verified at telecommunication wavelengths on a
silicon platform. The topological LZ optical devices exhibit cer-
tain robustness to structural parameters. Theseresults provide
an avenue to developing topological LZ nanophotonic devices
and empower new opportunities for practical devices and appli-
cations. In the meantime, the edge-to-edge channel converter
can function as a binary optical switching function unit in op-
tical routing networks on chip.48 We can also use multiple cas-
caded edge-to-edge channel converters to serve as a multiplexer
or demultiplexer through coupling or decoupling multiple chan-
nel signals into or out of a bus waveguide.49–55

4 Appendix: Materials and Methods

4.1 Fabrications

The fabrication of the devices is combined with three-step EBL,
ICP etching, electron-beam evaporation (EBE), and plasma-
enhanced chemical vapor deposition (PECVD). The first-step
EBL and EBE aim to form the Au marks on a silicon-on-
insulator wafer for alignment. The second-step EBL and ICP
are used to define the grating couplers [sections A and E in
Fig. 4(a)]. The adiabatic coupler, silicon waveguide lattices, and
output branch waveguides [section B, C, and D in Fig. 4(a)]
are fabricated by the third-step EBL and ICP. Finally, PECVD
is applied to deposit a 2-μm-thick SiO2 cladding layer to cover
the entire device. More details on structural parameters and fab-
rication are given in Secs. 3 and 7 in the Supplementary Material.

4.2 Measurements

The near-infrared light is provided by an amplified spontaneous
emission broadband light source (Amonics ALS-CL-15-B-FA,
spectral range from 1528 to 1608 nm). The polarization beam
splitter and polarization controller are used to adjust the polari-
zation of the incident light for mode matching with the grating
coupler. The optical field after passing through the waveguide
array is coupled out of the silicon waveguide and then collected
by the optical power meter (AV633 4D) and spectrometer
(Yokogawa AQ6370). More details on the measurements have
been shown in Sec. 7.3 in the Supplementary Material.

Code and Data Availability
Structural parameters and simulated and experimental data have
been provided within the main text and Supplementary Material
of this paper. All the other data that support the findings of this
study are available from the corresponding authors upon reason-
able request. The code that supports the plots within this paper
is available from the corresponding authors upon reasonable
request.

Fig. 4 Experimental demonstration. (a) SEM image of the de-
vice. The upper (lower) panel is used to test the edge-to-edge
channel conversion effect of TES2 (TES1) with L ¼ 100 μm.
Sections A and E are the grating couplers for coupling in and
out of the waveguide energy, respectively. Section B corre-
sponds to the adiabatic coupler for exciting the TESs, and section
D represents output branch waveguides for testing the conver-
sion effect. (b) The partially amplified SEM image for section C
associated with Fig. 2(a). (c) The amplified SEM image for the
region bounded by the dashed-line rectangle in section D. The
simulated field intensity distributions of jE j2 with TES2 (d) and
TES1 (e). The simulated and experimental power contrast
ratio ρ2→3, ρ3→2 versus light wavelength with (f) L ¼ 100 μm and
(g) L ¼ 300 μm. The red circles (lines) and blue circles (lines)
represent the estimated ρ2→3 and ρ3→2 from the experiment
(simulation), respectively.
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