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Topological physics has garnered attention across various fields, emphasizing topologically protected
modes renowned for their robustness against disorders. Recent advancements have expanded from
conservative wave systems to diffusion systems with dissipative interactions. However, the transition
region between wave and diffusion dynamics remains scarce, primarily due to the complexities involved in
coupling modulation. Here, we develop a universal coupling control scheme via reservoir engineering,
achieving conservative, dissipative, and mixed topologies in an optical waveguide array. Contrary to the
belief that topological modes are disorder resistant, we found that topological dissipative modes are highly
sensitive to initial excitations and noise. This sensitivity is due to their residence within the complex band
gap, facilitating the excitation and preservation of bulk modes with lower loss. We also propose a method to
control the degree of topological robustness and even stabilize these sensitive topological states by
selectively managing dissipative potentials. Our Letter offers new insights into the dissipative dynamics
of topological states, paving the way for wave coherent manipulation and diffusion transport on photonic
chips.
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Topological phases ofmatter, initially discovered in solid-
state physics, have been extended to classical wave systems
such as acoustics and photonics due to the similarity
between the field equation and the Schrödinger equation
[1–12]. One of the fundamental topological concepts is the
bulk-boundary correspondence [13–15], which is crucial in
topological theory. This principle relates to bulk topological
invariants [14,16] and predicts the presence of topologically
protected edge states at the boundaries. The topological edge
states are notable for their robustness against disorder,
attracting significant attention for robust wave manipula-
tions, such as Floquet topological insulators [17–22],
topological pumping [23–27], higher-order topology [28–
32], non-Hermitian topology [33–41], non-Abelian effects
[42–47], and topological lasers [48–50], etc. This robustness
is traditionally considered an inherent property determined
by the topological invariant, which can only be altered
through a topological phase transition associated with
closing a gap. Nonetheless, it is also realized that the
nontrivial topological invariant does not imply robustness
of all relevant features of the topological states [51,52].
Most systems demonstrating topological phenomena

rely on conservative couplings, intrinsically determined

by direct mode overlap [53]. However, dissipative cou-
plings also exist in physics, particularly described by the
dissipation term of the master equation in open quantum
systems, yielding unique dissipative topological properties
[37,54–64]. Recently, diffusion systems, such as heat
transport, have garnered attention for their intriguing
diffusion effects like thermal cloaking [65,66], illusions
[67], and coding [68]. Couplings in diffusion systems are

FIG. 1. (a) The schematic of SSH model with complex
couplings κn expðiθnÞ (n ¼ 1, 2) and the scheme for obtaining
complex coupling via the intermediate reservoir engineering.
(b) Classification of the topology according to complex couplings
and their unique dynamics, including (i) conservative (CT),
(ii) dissipative (DT), and (iii) mixed topology (MT), which are
classified by the coupling phases θ1;2, and the trivial or nontrivial
topology is determined by the coupling amplitude difference δκ.
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inherently dissipative, with the corresponding Hamiltonian
being anti-Hermitian with imaginary eigenspectra (Fig. 1),
which indicates that fields in diffusion systems are gov-
erned by “decay,” showcasing completely distinct dynam-
ics and topological physics [6,7,15,69–71]. Although
topology in wave and diffusion systems has been system-
atically studied separately, a general framework bridging
their topological dynamics between conservative and dis-
sipative remains elusive. Observing such mixed topology
edge states is still challenging due to the essential control of
the non-Hermitian complex couplings.
Here, we propose a scheme to endow the topological

system with wave and diffusion properties via coupling
control by introducing common reservoir engineering
[56,57,63] in an optical waveguide array. We observe
unique dynamics of topological modes when transitioning
from conservative to dissipative topology. The robustness
of the edge state is maintained only in the conservative
topology regime and becomes anomalously sensitive in the
dissipative topological states. This is because topological
dissipative modes are always in the complex (Re= Im) band
gap, leading to easier excitation of bulk modes with lower
loss. Moreover, we propose an effective approach to control
the topological robustness freely and even stabilize these
sensitive topological states by dissipation engineering in
the lattice. This Letter uncovers the subtle relationship
between conservative and dissipation topology, opening
new avenues for light coherent manipulation and diffusion
transport.
We start with the celebrated Su-Schrieffer-Heeger (SSH)

model with complex couplings Cn ¼ κn expðiθnÞ (n ¼ 1,
2) to illustrate the concept [see Fig. 1(a)]. Different from
the traditional SSH model, the couplings between neigh-
boring sites here are complex and non-Hermitian, i.e.,
Cji ≠ C�

ij (θ1;2 ≠ 0). Such coupling arrangements can be
obtained indirectly by coupling to a common reservoir
(Supplemental Material S1 and S2 [72]), in which some
information or energy is lost to the reservoir during the
coupling process. The full dynamics of such a system can
be described by the general Lindblad master equation
dρ=dt ¼ Λρ (Supplemental Material S3 [72]), where the
Liouvillian (Λ ¼ Kþ Δ) contains the coherent (K) and
dissipative (Δ) parts [75,76]. The system exhibits only
coherent (dρ=dt ¼ Kρ) or diffusion (dρ=dt ¼ Δρ) dyna-
mics when the couplings become purely real (e.g., θ1;2 ¼ 0)
or imaginary (e.g., θ1;2 ¼ π=2), respectively. When θ1;2
takes other values, one obtains complex couplings whose
dynamics are governed by the full master equation, serving
as a bridge between the conservative and dissipative
dynamics. These coupling arrangements motivate three
different topological classifications [see Fig. 1(b)], i.e.,
conservative (CT), dissipative (DT), and mixed topology
(MT), tailored to their unique dynamics and energy band
structures.

For such a non-Hermitian SSH model, its bulk
Hamiltonian is

HðkÞ¼ �
κ1eiθ1 þ κ2eiθ2 cosðkaÞ

�
σx−κ2eiθ2 sinðkaÞσy; ð1Þ

which possesses a chiral symmetry ½σzHðkÞσz ¼ −HðkÞ�
and the energy spectrum is symmetric around the zero
energy [77], here σi (i ¼ x, y, z) are Pauli matrices. The
topology of this system can be characterized by the winding
number W, which is determined by the amplitude of the
couplings κ1;2 (W > 1 when δκ < 0 and W ¼ 0 when
δκ > 0, where δκ ¼ κ1 − κ2, where κ1;2 are real positive
numbers). Notably, the winding number defined in the
parameter space in the Hermitian case is relative to the
coordinate origin Oð0; 0Þ, which, however, splits into two
exceptional points (EPs) determined by the coupling ampli-
tude and phase [EP1;2: (0, �κ1 sinðδθÞ), δθ ¼ θ1 − θ2] in
this specific non-Hermitian arrangement (Supplemental
Material S4 [72]). Encircling an exceptional point yields
a winding number of 1=2. This induces new topological
phase transitions compared to the Hermitian counterpart
and the trivial or nontrivial topology is determined by the
coupling amplitude difference δκ.
To get into the unique properties of the general mixed

topology, we construct a domainwall between topologically
trivial (δκ¼ κ2−κ1>0) and nontrivial (δκ ¼ κ1 − κ2 < 0)
non-Hermitian chains, as shown in Fig. 2(a). By properly
tuning the coupling phases θ1;2 (0 ⩽ θ1;2 < 2π), we can
achieve continuous transition from conservative to mixed,
and to dissipative topology. For example, θ1;2 ¼ 0ðπÞ and
θ1;2 ¼ π=2 (3π=2) correspond to conservative and dissipa-
tive topology, respectively, while the remaining case corre-
sponds to general mixed topology. Without losing
generality, here θ2 is fixed to 0 and we alter the coupling
phase θ1 ¼ θ. The energy spectrum in the Re= Im planes is
illustrated in Fig. 2(b), where the imaginary part ImðεÞ > 0
indicates gain and ImðεÞ < 0 indicates loss. This model can
be implemented in a passive scheme by applying a global
loss without introducing additional gain, while still main-
taining the topological properties [39]. The topological zero
modes are always in the band gap formed by the periodically
twisted bulk bands as the coupling phase θ changes. These
zero modes have the same degree of localizations, charac-
terized by equal inverse participation ratios (IPRs), but
possess different phase distributions endowed by the non-
Hermitian couplings (Supplemental Material S5 [72]).
We next consider the dynamic properties of the zero

modes. In general, the dynamics is governed by jφðzÞi ¼
T expð−i R z

0 Hðz0Þdz0Þjφð0Þi, where T is the time-ordering
operator. When the excitation field is the exact zero mode,
i.e., jφð0Þi ¼jφZMi the occupation remains constant during
evolution for all θ since the Hamiltonian is z independent,
i.e.,jφðzÞi ¼ expð−iεzÞjφZMi ¼jφZMi. However, things
become interesting if the initial state slightly deviates from
the perfect zero mode, which is unavoidable in real-world
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experiments. First, we consider the excitation commonly
used in practice, i.e., the single-site excitation. As shown in
Fig. 2(c), most energy is localized at the interface for the
traditional or Hermitian case θ ¼ 0, whereas an unexpected
deviation from the zero mode occurs and the energy
quickly diffuses throughout the system for mixed case
θ ¼ π=4. To further evaluate the influence of the deviation
from the exact eigenmodes, we impose a slight perturbation
jδφi to the perfect zero-mode initial state, i.e.,jφð0Þi ¼
jφZMi þ jδφi, as the input states. Note that this initial state
is very close to the zero mode jhφZMjφð0Þij2 ≈ 0.98 (0.6 for
single-site excitation and 1 for perfect excitation). The
evolution holds the zero-modes’ localization property for
the traditional or Hermitian case θ ¼ 0 (jφðzÞi≈jφZMi),
while it deviates completely from the zero mode for mixed
case θ ¼ π=4 after propagating a distance, even though the
perturbation is very slight [Fig. 2(c)]. This implies that for
the mixed topology, although there are zero modes in the

gap (still inherent topological protection), this protection
will not guarantee their robustness in dynamic evolutions.
Since the topological mode of the system always resides
within the gap of the complex energy plane, any deviation
of the initial state from the perfect topological mode can
easily excite bulk modes with lower losses [larger ImðεÞ],
which is the primary source of sensitivities in the system
(see Supplemental Material S6 [72]).
To experimentally verify the aforementioned phenome-

non of mixed topology, it is essential to accurately imple-
ment the complex couplings. However, achieving complex
couplings is not straightforward, let alone exerting precise
control over them. Here we employ an optical waveguide
system based on a thin film lithium niobate (TFLN) plat-
form. The required universal complex coupling control can
be achieved by adding an auxiliary waveguide (“C”) with
complex detuning to the intermediate of the two main
waveguides (“A” and “B”), where the effective coupling
(κeiθ) between the main waveguides can be obtained by
changing the complex detuning, i.e., thewidth of waveguide
(wa) and chromium (Cr, wCr) [Fig. 3(a)] when adiabatically
eliminating auxiliary site. We experimentally demonstrate
this universal coupling control, including negative, dissipa-
tive, and general complex couplings, supported by solid
experimental data that verifies the achievement of arbitrary
coupling strength and coupling phase across half of the
complex coupling plane (see Supplemental Material S2 for
detailed experimental data [72]). Our experimental optical
lattice comprised 31 lithiumniobatewaveguides on the SiO2

substrate with air cladding, as shown in Fig. 3. The main
waveguide width is w ¼ 800 nm and the height is
h ¼ 300 nm. The loss is introduced by coating a layer of
Cr on auxiliary waveguides with fixed thickness hCr ¼
20 nm but different width wCr for desired loss. Waveguide
spacing between the main and auxiliary (main) waveguides
is g1 ¼ 580 nm (g2 ¼ 710 nm). The scanning electron
microscope (SEM) pictures of experimentally fabricated
samples are shown in Fig. 3(b), where the deposited Cr can
be clearly observed from the enlarged picture at the
bottom panel.
Three types of samples (θ ¼ 0, π=4, and π=2) were

fabricated, each with distinct different propagation lengths
(L ¼ 50, 100, 150, 200, 250, and 300 μm) to capture
various stages of mode evolutions. For each waveguide
lattice, a near-infrared laser (wavelength λ ¼ 1550 nm) is
incident into a grating coupler to excite the central site of
the waveguide array, and the output signal is scattered from
the end of the waveguides into free space, collected by a
near-infrared charge-coupled device camera [right panel in
Fig. 3(a)]. The theoretical and experimental results for these
three arrangements are demonstrated in Fig. 3(c). When
there are only conservative couplings, i.e., θ ¼ 0, it features
the traditional conservative topology and the light mainly
localized at the interface regardless of the evolutionary
distance, as shown in Fig. 3(c)(i). When the coupling enters

FIG. 2. (a) A domain wall formed by the topologically trivial or
nontrivial SSH chains. The interface coupling is set as
κin ¼ κ1 expðiθ1Þ. (b) Energy spectrum with projections in the
complex plane as a function of the coupling phase θ1 ¼ θ.
(c) Evolution dynamics of the zero modes with different
excitations (exact zero mode with perturbation and single-site
excitations) and coupling phases (θ ¼ 0, π=4), here θ2 ¼ 0,
κ2 ¼ 2κ1, and L ¼ 5L0, where L0 ¼ π=κ2. The intensity is
normalized to 1 at every z for clearer presentation.
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the complex region (e.g., θ ¼ π=4) or becomes purely
dissipative (θ ¼ π=2), the evolution becomes intricate, as
shown in Figs. 3(c)(ii) and 3(c)(iii). For short lengths (e.g.,
L ¼ 50 and 100 μm), light remains primarily localized at
the interface in both cases. However, when the length is
increased to L ¼ 150 μm, subtle differences emerge: light
decays slowly and remains at the interface (the center
waveguide) for complex coupling, while a significant
amount of light diffuses into the adjacent bulk waveguides
for the purely dissipative case [indicated by the white
ellipses in Figs. 3(c)(ii) and 3(c)(iii)], which is consistent
with the simulations. This result is related to the difference
in band structures (Fig. 2), where the critical length for
maintaining topological modes at the interface is deter-
mined by the imaginary parts of the spectra (see details in
Supplemental Material S6 [72]). When the distance
becomes sufficiently long (e.g., L > 200 μm), light no
longer remains coherently localized at the interface in either
case, but gradually diffuses from the interface into the bulk
waveguides.
We next show how to restore the dynamic stability of the

sensitive topological mode and endow them with different
levels of robustness by tuning the dissipation level of
topological modes with respect to the bulk modes. In this
spirit, we selectively apply another set of dissipation
distribution Γ to the main site “A” for the complex-coupling
case, e.g., θ ¼ π=4 [Fig. 4(a)], the bulk Hamiltonian

becomes

H0ðkÞ ¼ �
κ1eiθ1 þ κ2eiθ2 cosðkaÞ

�
σx

− κ2eiθ2 sinðkaÞσy − iΓ
σz þ σ0

2
; ð2Þ

where σ0 is a unitary matrix. Although the introduction of
the dissipation (Γ) in Eq. (2) breaks chiral symmetry, the
zero modes can still exist because the dissipation is applied
to sites where the zero modes are not distributed, thus only
breaking the symmetry of the bulk modes. As dissipation
increases, the bulk modes become more lossy (shifting
further in the negative direction of the imaginary part, as
indicated by the dashed arrows), while the zero mode
remains unchanged. During this process, the dynamics of
the zero modes gradually become more localized (see
Supplemental Material S7 and Video 1 [72]), indicating
that the topological robustness is enhanced. Results of
controlling different levels of robustness (quantified by the
zero-mode fidelity f ¼jhφZMjφðzÞij) by onsite dissipation
Γ are illustrated in Fig. 4(b). For Γ ¼ 0, there is a significant
decay of fidelity when the evolution distance exceeds a
critical length. As the dissipation increases, the critical
length of the fidelity increases, implying gradually
enhanced robustness. When the dissipation is large enough
(> 0.5κ2), the fidelity approaches 1 and remains stable.

FIG. 3. Realization of mixed topological states in on-chip lithium niobate photonics. (a) Schematic of the lithium niobate waveguide
design (left panel). The complex coupling between main waveguides (marked by “A” and “B”) is introduced by an auxiliary waveguide
(marked by “C”) with complex detuning engineering by changing the width of waveguide (wa) and Cr (wCr). In the experiment, the input
light is coupled from the grating to the array and scattered from the end of the waveguides into free space, collected by a near-infrared
charge-coupled device camera (right panel). (b) SEM image of one of the experimentally fabricated samples. The bottom panels show
enlarged views of three cases, corresponding to (i) θ ¼ 0, (ii) θ ¼ π=4, and (ii) θ ¼ π=2. Cr strips can be clearly observed. (c) The
theoretical results (left) and experimentally measured light intensities (right) at different lengths for three arrangements in (b), where the
white ellipses have been added in (ii) and (iii) to emphasize the evolution differences. Other parameters are w ¼ 800, h ¼ 300,
hCr ¼ 20, g1 ¼ 580, g2 ¼ 710 nm.
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Experimental verification of the robustness enhancement
is shown in Fig. 4(c), where parameters are the same as that
of θ ¼ π=4 in Fig. 3, except for the additional onsite
dissipation introduced by depositing Cr (200 nm wide) on
top of the main waveguides (“A”), which corresponds to the
case Γ ¼ κ2 in Fig. 4(b). In contrast to the results in
Fig. 3(c)(ii), where much energy diffuses from the interface
into the bulk waveguides, light in Fig. 4(c) mainly localized
at the domain wall and becomes more stable as the distance
increases.
In conclusion, we have delved into the mixed (wave and

diffusive) topology based on an optical waveguide array.
We experimentally validated perturbation-sensitive topo-
logical dissipative modes through a universal coupling
control scheme. This sensitivity arises from the band
structure of the topological system, wherein the topological
modes consistently reside within the complex band gap.
Consequently, bulk modes with lower loss can be easily
excited if the state strays from the ideal topological mode.
This finding also suggests a method to control the robust-
ness of topological states and we can restore the dynamic
stability of the topological dissipative mode by selectively

applying onsite dissipation. Our Letter enhances the under-
standing of non-Hermitian topology and offers new insights
into leveraging the robustness of topological modes
through dissipation, the coupling control scheme in lithium
niobate photonics opens up new possibilities for innovative
on-chip light manipulation.
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