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Photonic topological states induced by local non-Hermitian modulation
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The manipulation of topological states in topological systems can be achieved through gain-loss domain
walls, offering flexibility and reconfigurability within the bulk. However, this typically necessitates a
global non-Hermitian modulation, involving the modulation of all lattice points within each domain,
thereby increasing the complexity of system modulation. In this study, we propose a local-non-Hermitian-
modulation approach to inducing photonic topological states within topologically trivial systems. By
solely modulating the lattice points along the domain boundary, we significantly reduce the complexity of
modulation. We theoretically and experimentally demonstrate the generation of photonic topological states
induced by local non-Hermitian modulation on a silicon chip in a one-dimensional system. This process
is controlled precisely through an effective Hamiltonian. Furthermore, we extend this concept to generate
higher-order topological corner states in two-dimensional systems. Our findings showcase the potential
of local non-Hermitian modulation in facilitating the manipulation of photonic topological states, thereby
offering new possibilities for higher-dimensional systems and other topological systems.
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I. INTRODUCTION

Over the past decade, the field of topological photon-
ics has attracted considerable attention due to its potential
for exploring novel physics in the context of topologi-
cal phases of matter within optical systems. This research
has not only revealed remarkable applications of robust
and exotic topological edge states in integrated photonic
devices [1–3] but has also sparked a recent surge of inter-
est in introducing non-Hermiticity into topological systems
[4–6]. The introduction of non-Hermiticity in a nonrecipro-
cal manner leads to the intriguing phenomenon of the col-
lapse of all eigenmodes at the domain wall, known as the
non-Hermitian skin effect [7,8]. This effect has been suc-
cessfully used in the development of highly efficient light
funnels [9]. Conversely, when non-Hermiticity is intro-
duced through gain and loss, it has been shown to modulate
the properties of topological states, resulting in the selec-
tive enhancement of such states [10], the emergence of
parity-time-symmetric topological states [11], the recov-
ery of topological zero modes [12,13], and the realization
of topological lasers [14], among other phenomena. Fur-
thermore, gain and loss have also been used to manipulate
the topological properties of Hermitian systems, leading to
diverse topological phase transitions [15–25] and eliciting
unique topological responses [26].

Moreover, the incorporation of gain and loss in a
system presents the opportunity to create domain walls
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between topologically equivalent systems, enabling flexi-
ble and reconfigurable manipulation of topological optical
fields. For instance, in a one-dimensional (1D) topological
waveguide array, the introduction of a suitable distribu-
tion of losses has been shown to support robust photonic
zero modes at the domain wall between distinct quantum
phases [27]. However, the exact topological characteris-
tics of these zero modes remain unclear. Similarly, in a
two-dimensional (2D) topological microring lattice, pump-
induced gain-loss domain walls of arbitrary shapes have
been discovered to harbor chiral topological edge states
[28]. While this work is remarkable, the design of such
topological systems can be intricate.

More recently, a simple and versatile method was
proposed to construct topological states on gain-loss
domain walls [29]. This method leverages an effective-
Hamiltonian analysis, but it necessitates the existence of
topological states within different domains. Subsequent
acoustic experiments confirmed the validity of this concept
[30]. In summary, the approach of introducing gain-loss
domain walls offers exceptional flexibility and reconfigura-
bility in manipulating topological states. However, it typi-
cally requires global non-Hermitian modulation, involving
a large number of lattice points in 1D systems [29] or
extensive arrays of lattice points in 2D systems [28–30],
consequently increasing the complexity of system modu-
lation. Therefore, it appears that this challenge could be
alleviated by optimizing global non-Hermitian modula-
tion into local non-Hermitian modulation within specific
areas.
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In this paper, we propose an approach using local non-
Hermitian modulation to generate non-Hermitian domain
walls supporting photonic topological states. Specifically,
we investigate the 1D Su-Schrieffer-Heeger (SSH) model
and demonstrate that local non-Hermitian modulation at a
single lattice point within the bulk structure greatly reduces
the complexity. Through effective-Hamiltonian analysis,
we observe the emergence of interface states resulting
from the coupling of topological zero modes and defect
zero modes at the domain wall. Non-Hermitian modu-
lation detaches the topological zero mode and generates
corresponding topological zero-energy interface states. We
extend this idea to 2D systems, demonstrating the gen-
eration of higher-order topological corner states. On-chip
optical simulations and experimental verification confirm
the effectiveness of local non-Hermitian modulation in the
1D case. Our study presents a simple and feasible approach
to realizing photonic topological states by introducing
local non-Hermitian modulation in domain walls.

II. MODEL AND THEORY

We consider a 1D SSH model with intracell coupling
t1 stronger than intercell coupling t2 [31–33]. To achieve
local non-Hermitian modulation, we introduce loss γ at
a single lattice point in the bulk structure, as depicted in
Fig. 1(a). This lattice point, marked in red, creates a nat-
ural non-Hermitian domain wall indicated by the dashed
line. The domain wall splits the SSH model into two
halves, which have different structures and support differ-
ent boundary states (see Sec. I in Supplemental Material
[34] for details). The left part of the domain-wall structure
corresponds to an open boundary of a topologically non-
trivial SSH model supporting a loss-free topological zero
mode ψT [12]. On the other hand, the right part of the
domain-wall structure supports only a defect zero mode
ψD with inherent loss. By use of the effective-Hamiltonian
approach [29], the coupling between these two boundary
states results in the emergence of interface states at the
domain wall.

We analyze the evolution of eigenvalues as the loss
coefficient γ varies, as shown in Figs. 1(b) and 1(c). As
the loss increases, a pair of interface states within the
band gap transform into a pair of zero-energy interface
states after crossing the exceptional point [5], aligning
with the concept of the effective-Hamiltonian approach.
In Fig. 1(d), it is evident that the defect zero mode ψD
becomes effectively decoupled from the topological zero
mode ψT and becomes the primary component of the field
in the defect zero-energy interface state, denoted as point
A in the eigenspectrum. Similarly, Fig. 1(e) illustrates the
effective detachment of the topological zero mode, which
becomes the dominant component in the topological zero-
energy interface state at point B in the eigenspectrum.
Hence, we classify the interface state dominated by the

(a)

(b)

(c) (e)

(d)

FIG. 1. (a) SSH model with the introduction of local non-
Hermitian modulation. t1 = 0.0115 and t2 = 0.0055 are chosen.
A system with 120 lattice points is considered, and the loss is
placed at the 60th lattice point for illustration purposes. (b) Evo-
lution of the real part of the eigenvalues as the loss coefficient γ
varies. (c) Evolution of the imaginary part of the eigenvalues as
the loss coefficient γ varies. (d) Eigenstate field distribution cor-
responding to point A at loss coefficient γ = 0.128, representing
a defect zero-energy interface state. (e) Eigenstate field distri-
bution corresponding to point B at loss coefficient γ = 0.128,
representing a topological zero-energy interface state.

defect zero mode as the defect zero-energy interface state,
while the interface state dominated by the topological zero
mode is referred to as the topological zero-energy interface
state.

To elucidate the mechanism of local non-Hermitian
modulation, we use an effective Hamiltonian for analy-
sis [29]. This effective Hamiltonian captures the coupling
between a topological zero mode and a defect zero mode
on either side of the domain wall and is mathematically
defined as follows:

Heff =
[

0 κ

κ iχ

]
. (1)

We define χ as the intrinsic loss of the defect zero mode
on the right side of the domain wall, and the coupling
coefficient κ represents the interaction between these two
boundary states, assumed to be a real number. Solv-
ing the eigenvalue equation Heffψ = λψ , we obtain the
eigenvalues λ± = iχ/2 ±

√
κ2 − χ2/4, and eigenstates

ψ± = (c∓, 1)T, where the weight coefficient c∓ = λ±/κ
is involved. Thus, the interface states at the domain wall
can be expressed as a combination of these eigenstates.
By inverting the coupling coefficient from the eigenval-
ues in Figs. 1(b) and 1(c), we derive the weight coefficient
based on the coupling coefficient [Fig. 2(a)]. As the loss

064009-2



PHOTONIC TOPOLOGICAL STATES INDUCED. . . PHYS. REV. APPLIED 20, 064009 (2023)

(a) (b)

FIG. 2. (a) Spectrum of the weight coefficient as the loss coef-
ficient γ varies. (b) Spectrum of the overlap integral as the loss
coefficient γ varies. The red line represents the overlap inte-
gral between topological states, while the blue line represents the
overlap integral between defect states.

increases, the weight factor c+ rapidly increases, indicating
the effective separation of the topological zero mode ψT
from the defect zero mode ψD, leading to the dominance
of the topological zero mode in the zero-energy interface
state.

Importantly, the topological protection of the topologi-
cal zero mode arises from the nontrivial Zak phase of the
structure on the left side of the domain wall [12,32,33].
This protection is not affected by the structure on the right
side or the presence of the defect zero mode. Consequently,
the zero-energy interface state primarily composed of the
topological zero mode remains topologically protected.
Hence, we previously referred to it as the topological
zero-energy interface state. Conversely, the correspond-
ing interface state is the defect zero-energy interface state,
primarily influenced by the defect zero mode.

To assess the validity of our method, we calculate the
overlap integral between the interface states obtained with
use of the effective Hamiltonian and those of the actual
model in Fig. 1(a), as shown in Fig. 2(b). The overlap inte-
gral consistently exceeds 0.96 after the exceptional point,
and it approaches 1 as the loss coefficient γ increases.
This demonstrates strong agreement between the interface
states of the actual model and those obtained by use of the
effective-Hamiltonian method.

These results confirm the accuracy of the effective-
Hamiltonian method in describing the physical nature of
the topological zero-energy interface state generated by
local non-Hermitian modulation. Notably, compared with
the gain-loss-domain-wall approach [29], which requires
a non-Hermitian design at multiple lattice points, our
domain-wall approach necessitates only non-Hermitian
control at a single lattice point. This significantly reduces
the complexity of non-Hermitian modulation.

III. EXTENSION TO TWO-DIMENSIONAL
SYSTEMS

Local non-Hermitian modulation can be used to gen-
erate higher-order topological corner states in 2D topo-
logical systems. We focus on the 2D SSH lattice model

(a) (b)

(c) (d)

FIG. 3. (a) Trivial 2D SSH lattice model, with intracell cou-
pling t1 = 4 and intercell coupling t2 = 1. (b) Calculated eigen-
state of the higher-order topological corner state in the model
depicted in (a) at loss coefficient γ = 40. (c) Trivial kagome-
lattice model, with intracell coupling t1 = 4 and intercell cou-
pling t2 = 1. (d) Calculated eigenstate of the higher-order topo-
logical corner state in the model shown in (c) at loss coefficient
γ = 40.

and the kagome-lattice model [35–42], which are initially
topologically trivial, as depicted in Figs. 3(a) and 3(c).
In these models, corner states do not emerge unless we
introduce non-Hermitian modulation. Unlike the method
of constructing gain-loss domain walls, which requires
explicit non-Hermitian modulation of all lattice points in
different domains [29,30], our proposed approach of local
non-Hermitian modulation requires modulation of only the
boundaries of the domains.

As illustrated in Figs. 3(a) and 3(c), we introduce loss
modulation at the red lattice points. The modulation intro-
duces non-Hermitian domain walls, which have different
internal and external structures (see Sec. I in Supplemen-
tal Material [34] for details). It is evident that the enclosed
boundaries formed by the modulation preserve the struc-
ture of the topologically nontrivial 2D SSH lattice model
[Fig. 3(a)] and the topologically nontrivial kagome-lattice
model [Fig. 3(c)] [35,36,41]. The introduction of loss mod-
ulation effectively separates the corner states supported
by the internal structures, as demonstrated in Figs. 3(b)
and 3(d).

Compared with the gain-loss-domain-wall approach,
which requires modulation of a number of lattice points
proportional to N 2, our local non-Hermitian modulation
requires modulation of only a number of lattice points
proportional to N . This transition from a quadratic to a lin-
ear relationship significantly reduces the complexity of the
modulation process.
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IV. OPTICAL SIMULATIONS AND
EXPERIMENTAL VERIFICATION

We conducted simulations and experiments using 1D
subwavelength-grating- (SWG) waveguide arrays to ver-
ify the photonic topological states generated by local
non-Hermitian modulation in a 1D system [25,43,44].
As depicted in Fig. 4(a), we experimentally fabricated
SWG-waveguide arrays on a commercial silicon-on-
insulator wafer with a 220-nm-thick top layer of silicon
using electron-beam lithography and inductively-coupled-
plasma etching. This fabrication allowed us to realize the
model shown in Fig. 1(a).

(a)

(h) (i)

(j) (k)

(e)(b) (c)

(d) (f)

(g)

FIG. 4. (a) Microscope image showcasing the fabricated
SWG-waveguide array. (b) SEM image of the input port. (c)
SEM image of the output port. (d) SEM image highlighting the
domain wall in the waveguide array. (e) Simulated waveguide
array. (f) FDTD simulation illustrating the optical field evolu-
tion with local non-Hermitian modulation and loss coefficient
γ = 0.128. (g) FDTD simulation depicting the optical field evo-
lution without local non-Hermitian modulation. (h) Experimental
optical field transmission spectrum with local non-Hermitian
modulation and loss coefficient γ = 0.128. (i) Experimental
optical field transmission spectrum without local non-Hermitian
modulation. (j) Optical field transmission spectrum obtained
from FDTD simulation (sim.) with local non-Hermitian mod-
ulation and loss coefficient γ = 0.128. (k) Optical field trans-
mission spectrum obtained from FDTD simulation without local
non-Hermitian modulation.

To detect the output optical field transmittance and
determine the presence of the local non-Hermitian mod-
ulation–induced photonic topological state, we used a
single-waveguide-input-excitation method [32,33]. Three
output waveguides were used to measure the transmittance
(T1, T2, T3) of the output optical field. The top-view
scanning-electron-microscopy (SEM) images of the input
port and the output port are shown in Figs. 4(b) and 4(c),
respectively. The coupling coefficients of the model in
Fig. 1(a) were obtained by our modulating the waveg-
uide spacings, while the loss coefficient was obtained by
our adjusting the corrugation amplitude (δ) of the lossy
SWG waveguide, as illustrated in Fig. 4(d) [25,43,44].
The design wavelength was set at 1550 nm, and spe-
cific structural parameters can be found in Supplemental
Material [34].

We developed a finite-difference time-domain (FDTD)
simulation model to further investigate the system. As
illustrated in Fig. 4(e), the lossy SWG waveguide is
highlighted in red. In the simulation, we used a single-
waveguide input located on the nonlossy side of the
domain wall to excite the photonic topological state.
Figure 4(f) demonstrates the simulated optical field evo-
lution at 1550 nm when non-Hermitian modulation is
introduced with loss coefficient γ = 0.128. The results
show a clear localization of the optical field, indicating
the excitation of a topological zero-energy interface state
depicted in Fig. 1(e). In contrast, when there is no local
non-Hermitian modulation, the system corresponds to the
Hermitian trivial SSH model, and it does not support topo-
logical states. As depicted in Fig. 4(g), the incident light
excites the bulk state and is diffracted.

To validate the reliability of our FDTD optical simu-
lation, we also conducted simulations of the optical field
evolution based on coupled-mode theory using the same
parameters (see Sec. III in Supplemental Material [34]
for details). The results are consistent with the FDTD
simulation, confirming the feasibility of our optical design.

To validate our findings, we conducted experimental
tests on the fabricated chips to measure the optical field
transmission. When applying localized non-Hermitian
modulation with loss coefficient γ = 0.128, as shown
in Fig. 4(h), we observed that T1 > T2 > T3 between
1535 and 1585 nm, indicating a significant localization
of the optical field. This experimental result aligns with
the corresponding simulation results depicted in Fig. 4(j),
confirming the generation of the photonic topological state.

In contrast, when no non-Hermitian modulation was
present, as shown in Fig. 4(i), we observed that ports 2 and
3 dominated the output optical field, indicating scattering
into the bulk structure. This observation is consistent with
the corresponding simulation result displayed in Fig. 4(k).

In conclusion, we have successfully demonstrated
the feasibility of generating photonic topological states
through local non-Hermitian modulation using 1D
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non-Hermitian SWG-waveguide arrays. It is important to
note that our experimental verification has been limited to
the 1D case due to platform and technological constraints.
However, we anticipate that the 2D case can be experimen-
tally validated by designing 2D waveguide arrays using the
direct laser-writing technique [45], where loss can be intro-
duced through optical field radiation leakage generated by
the wiggling waveguide.

V. CONCLUSION

We have demonstrated, both theoretically and experi-
mentally in a 1D system, that the photonic topological
state can be induced by local non-Hermitian modulation,
accurately described by an effective Hamiltonian. This
approach simplifies the modulation process by requiring
modulation at only one lattice point, making it easier
to implement compared with the gain-loss-domain-wall
scheme. Furthermore, we have extended this concept to
generate higher-order topological corner states in 2D sys-
tems, significantly reducing the number of modulated
lattice points compared with the gain-loss-domain-wall
scheme. Our local non-Hermitian modulation provides a
simpler method for manipulating topological states within
the bulk structure of a system.

We believe that the concept of local non-Hermitian
modulation has the potential to be extended to three-
dimensional or higher-dimensional systems, leading to
the generation of even more intriguing topological states.
Additionally, we anticipate that this idea is not limited to
optical systems alone, but may also provide insights and
inspiration for other physical systems.
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