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Artificial gauge fields for sculpting
topological modes on photonic chips

ZhiyuanLin 1,2,3, Jian Li1,2,3,WangeSong 1,2,3,4 , XueyunLi1,2,3, HaoranXin1,2,3,
Xian Long1,2,3, Chen Chen 1,2,3, Shining Zhu 1,2,3, Tao Li 1,2,3 &
Shuang Zhang 4,5,6,7,8

Topological states, which often manifest as localized modes at interfaces
between distinct topological phases, and their manipulation have attracted
considerable interest in research. Here, we demonstrate a versatile approach
to sculpting topological modes into desired shapes by incorporating various
artificial gauge fields—including scalar, vector, and imaginary gauge potentials
—and leveraging the power of artificial neural networks. The chose gaugefields
enable precise tuningof thedissipationof the topologicalmodes across that of
bulk modes, facilitating a transition from localized states to fully delocalized
ones. These eigen modes can be precisely engineered by neural networks,
achieving tailored profiles of topological states, which remain spectrally iso-
lated frombulk bands and exhibitminimal loss compared to othermodes. Our
theoretical results are experimentally validated on silicon photonic platforms,
demonstrating flexible manipulation of mode profiles. This approach enables
the design of topological states with customized properties, offering potential
for diverse applications in photonics and beyond.

Topological physics has profoundly influenced fields ranging from
quantum transport1–3 to classicalwavemanipulations4–9. A keydriver of
the advancements has been the exploration of novel topological
phases and states beyond the existing framework of topological
theory4,10–13, enabled by the tunable parameters of artificial
materials7,14–17. In topological photonics, for instance, advanced micro-
and nanofabrication techniques have enabled tailored geometric
designs, unlocking many intriguing physical phenomena, including
nonlinear topological solitons18–22, non-Abelian physics5,23–27, and non-
Hermitian effects28–30. Notably, specific geometric modulations can
introduce effective fields, known as artificial gauge fields (AGFs), to
neutral particles such as photons. These AGFs govern their dynamics,
mimicking the behavior of charged particles under real fields31–37. By
combining AGFs with Floquet engineering, non-Hermiticity, and

topological principles, researchers have uncovered novel none-
quilibrium topological phases30,38–45, including topological triple phase
transition38, Floquet topological insulator41, and synthetic-dimension
physics42. Moreover, the versatile tunability of AGFs has driven emer-
ging applications, such as broadband optical coupler46,47, topological
insulator lasers48, and advanced devices in integrated photonics49–52.

Despite great efforts to explore new topological states across
various platforms, a common characteristic is their exponential loca-
lization at interfaces between topologically distinct systems—a hall-
mark of the bulk-boundary correspondence4,10,53–56, protected by non-
trivial band structures. However, this localization restricts the use of
bulk space, with edge states occupying only a small fraction of the
topological system's overall space. Overcoming the challenge of arbi-
trarily shaping the mode profiles of topological states without
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compromising their intrinsic topological properties thus becomes
critical57–59. Envision TMs that transcend the localized regions, tailored
to any desired shape and spanning the entire available space. Achiev-
ing such delocalized TMs is nontrivial, as it confronts the typical
paradigm that in-gap states are necessarily localized—an intuitive
expectation supported by conventional wisdom in topological band
theory4. Such a capability would not only provide deep insights into
fundamental topological physics but alsounlock considerable promise
for advancing topological applications across diverse technological
domains.

This work seeks to address these limitations by incorporating
various types of AGFs—including scalar, vector, and imaginary gauge
potentials—to achieve fully delocalized TMs with arbitrary tailored
mode profiles, assisted by artificial neural networks (ANNs) (Fig. 1).
These gauge fields can be precisely designed to control the energy
landscape and the quasienergy band structures of the topological
states. Specifically, the dissipation of the TMs can be tuned across that
of bulk modes under periodic boundary conditions, facilitating tran-
sitions from edge-localized to bulk-delocalized configurations. Fur-
thermore, pre-trained neural networks can predict optimal coupling
configurations to generate TMs with desired shapes while preserving
spectral isolation within the bandgap, ensuring robust topological
protection.We experimentally validated this theoretical framework on
silicon photonic chips, demonstrating flexible manipulation of topo-
logical states and the successful deformation of eigenmodes into
diverse target shapes. This approach establishes a powerful paradigm
for manipulating topological modes through the combined use of
diverse gauge potentials and anANN-driven design, paving theway for
advanced applications on topological photonic chips.

Results
Photonic waveguide lattice with AGFs
We begin by considering a one-dimensional (1D) photonic waveguide
lattice characterized by nearest-neighbor couplings, denoted as κmn,
between the m-th and n-th waveguides. The lattice is subjected to
external fields, including real scalar (Φm) and vector (A) potentials, as
well as imaginary potentials (γm) at each site m. These potentials are
implemented by periodically adjusting the waveguide widths, bending
thewaveguides, and introducing onsite loss elements, respectively46,52,
as depicted in Fig. 1. These external gauge fields introduce a phase
factor to the coupling κmn after the gauge transformation, i.e.,
κAGF
mn = κmn expðiA � rmn + iΔφmnÞ, where Δφmn = � R z

0½Φmðz0Þ �
Φnðz0Þ�dz0 is the local scalar potential difference and rmn is the position
vector from waveguide-m to -n, with m=n± 1. Here the potentials are
designed to take sinusoidal forms, A(z) = −k0AvΩsin(Ωz)i and Φn(z) =

(−1)nk0Assin(Ωz)/2n0, where k0 = 2πn0/λ is the wavenumber in the
ambient medium, Ω is the modulation frequency, and Av (As) is the
modulation amplitude of vector (scalar) potential. A detailed analysis
of the gauge transformation and the derivation of artificial scalar and
vector gauge potentials are provided in Supplementary Note 1.

For simplicity, we focus on incorporating the previouslydiscussed
artificial gauge fields into the Su-Schrieffer-Heeger (SSH) model. This
model features unit cells, each containing two sublattices, X and Y,
with alternating coupling strength, κ1 and κ2, as illustrated in Fig. 1.
Based on the analyses above, the artificial gauge field introduces a
phase factor to κ1 and κ2, κAGF

1ð2Þ = κ1ð2Þ expðiθ�ð+ ÞÞ, where
θ± ðzÞ=G0d ± sinðΩzÞ±φ0 cosðΩzÞ, d± is the center-to-center distance
between neighboring waveguides, and G0 = k0AvΩ and φ0 = k0As/Ω are
the vector and scalar potential constants. Additionally, the imaginary
potentials are implemented in a balanced gain/lossmanner, namely, ±γ
for two sublattices. The bulk Hamiltonian can then be succinctly
expressed as

Hðk, zÞ= iγ ρðk, zÞ
ρ*ðk, zÞ �iγ

� �

ð1Þ

where ρ= κ1e
iθ� + κ2e

�iθ+ e�ik . Since this Hamiltonian is periodic, the
topological nature of the system can be well described by Floquet
theory, which dictates the quasienergy and Floquet states in our non-
Hermitian systems60.

Topological mode control by AGFs
In the following analysis, we fix the imaginary potentials to γ = κ1. For
G0 =φ0 = 0, the system exhibits parity-time (PT) symmetry, which
results in TMs localized at the boundary for κ1 < κ2. When G0 ≠0 and
φ0 ≠0, the introduction of AGFs drastically influences the distribu-
tion of the TMs. Specifically, transitions of TMs from localized to
delocalized states can be observed, which is characterized by the
modified inverse participation ratios (MIPR)
M =

P
i2TL , j2TR

ðjhijϕTMij4 � jhjjϕTMij4Þ=ð
P

k2T jhkjϕTMij2Þ
2
, where jϕTMi

is the topological mode, TL (TR) denotes the left (right) half of the
lattice, and T =TL ∪TR. Figure 2a illustrates the phase diagram
plotted as functions of scalar and vector potentials, which is sepa-
rated into two regions by the critical line (black curve,M =0), where
M >0 and M <0 regions indicate the TMs localized at the left and
right boundary, while the critical line denotes that the TMs are fully
delocalized.

Specifically, we investigate the evolution of TMs along the para-
meter path l indicated by the dashed line in Fig. 2a, starting from the
origin. When G0 =φ0 = 0 (pink circle in Fig. 2a), corresponding to the
absence of gauge fieldmodulation, the TM lies in theM >0 region and
is localized at the left boundary (pink profile in Fig. 2b). As the para-
meters deviate from the origin but remain within M >0 (e.g., at the
pentagram or hexagon in Fig. 2a), the TM begins to extend slightly
from the left edge (blue and purple profiles in Fig. 2b). Remarkably,
when the parameters reach the critical boundary (upper and inverted
triangles in Fig. 2a), the TMs become fully delocalized (green and
brown profiles in Fig. 2b). Upon entering theM <0 region (the orange
circle in Fig. 2a), the TM shifts its localization to the right boundary
(orange profiles in Fig. 2b).

Mechanism of topological mode reshaping
The transition mechanism can be understood through the topological
properties of the complex Floquet quasienergy spectrum (Fig. 2c, d).
Notably, the quasienergy spectra under periodic boundary conditions
(PBC) and open boundary conditions (OBC) differ, signaling the
emergence of NHSEs9,61–65. Here, the interaction between the NHSEs
and TMs gives rise to a hybrid skin-topological effect8,62, which modi-
fies themode profiles of the topological states. Specifically, along path
l, the TMapproaches the boundary of the PBC spectrum, traverses into

κ2 …κ1
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Reshaping

Localized
Arbitrarily

 delocalized

X Y

iγ -iγ
θ-
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Fig. 1 | Sculpting topologicalmodesonphotonic chips.The localized topological
modes can be arbitrarily reshaped into the desired delocalized shapes with the
ANNsandAGFs. TheAGFs (obtainedby combining the scalar, vector, and imaginary
gaugepotentials) can be achievedby varying thewidth and bending trajectory, and
by adding onsite gain/loss to the waveguides.
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its interior, and subsequently exits it (Fig. 2d).When the TM alignswith
the PBC energy spectrum, anequilibrium formsbetween theNHSE and
the opposing localization tendency of the TM, thereby leading to a
fully delocalized mode. Moreover, once this balanced interaction is
established, merely tuning the coupling coefficients can break the
balance in a controlled manner, thereby generating various complex
spatial profiles.

Our design demonstrates flexible generation andmanipulation of
extended TMs based on AGFs induced NHSEs, in contrast to previous
approaches that the realization of NHSEs usually relies on non-
reciprocal couplings8,9,61–65, which are difficult to implement in on-chip
optical systems. In Supplementary Note 2, we rigorously prove the
emergence of the NHSE via AGF from a symmetry perspective. Our
analysis reveals that cooperative interactions among the scalar, vector,
and imaginary potentials are essential for enabling the transformation
of TMs. If either G0 = 0 or φ0 = 0, symmetry constraints inhibit the
NHSE, thereby preventing the existence of extended TMs. Notably, in
the region where M <0, sufficiently large vector gauge potentials can
drive the system into a pure skin mode regime (enclosed by the white
curve), in which TMs disappear and merge into conventional skin
modes. In Fig. 2, wemainly focus on the behavior alongparameter path
l, which clearly illustrates the transformation of topological mode
profiles from localized to delocalized states. A more detailed analysis
of the transition process across the skin mode regions—including
comprehensive quasienergy spectra and physical interpretations—is
provided in Supplementary Note 3.

Neural networks-assisted arbitrary topological sculpting
The phase diagram shown in Fig. 2a demonstrates that by jointly
modulating the scalar and vector gauge potentials, a wide variety of
phase transitions can be realized, including localized TMs, delocalized
TMs, and skin modes. A fully extended profile arises when the inter-
action between the NHSE and TMs reaches an equilibrium (Fig. 2b). By
suitably tuning the coupling coefficients, we can break this balance to
reshape the mode into various complex profiles. This local
balance–imbalance interaction can be regarded as the mechanism
enabling arbitrary topological mode shaping. However, realizing a
specific target shape is a challenging inverse problem, as numerous
parameters (such as couplings) jointly determine the resulting profile.
Here, the artificial neural network66–69 (ANN) serves as a practical solver
to efficiently navigate this complex parameter space and identify
configurations that implement the desired shape, such as sinusoidal
(Type I) and convex (Type II) forms, illustrated in Fig. 3a. This approach
involves three key steps: first, generating a large dataset (18,000 sets in
this work) by calculating the topological modes of the Floquet
Hamiltonian for various coupling coefficients, while keeping all other
parameters the same as those of the initial uniform delocalized TMs.
Second, the ANNs are trained on this dataset, mapping normalized
inputs to outputs by optimizing the hidden-layer weights via back-
propagation algorithm (Fig. 3b). Finally, the desired TMs are provided
as inputs to the trained ANNs to predict the required coupling coeffi-
cients, which are then used to construct the predicted TM—evaluated
using mean square error (MSE)—and these coefficients correspond to

Fig. 2 | Topological transformation via scalar and vector gauge potentials. a A
phase diagram illustrating the distribution of topological states as functions of the
scalar potential (φ0) and the vector potential (G0). In the parameter path l, six sets
of parameters are selected to describe the reshaping process, i.e., (0, 0), (0.5, 2.96),
(0.5, 4.13), (0.8, 4.87), (1.1, 5.53), and (1.1, 6.58). b The corresponding profile of the

topologicalmode under the selected parameter in (a). c The quasienergy spectrum
of the parameter marked by pentagrams in (a). d The evolution of topological
modes and quasienergy spectra along the parametric path l. The other parameters
are chosen as κ1 = 0.01k0, κ2 = 2κ1, γ = κ1, Ω = 3κ2 and the site number N = 80.
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the physical waveguide parameters needed to realize the target
structure (Fig. 3c). More details regarding the training process and the
prediction results of the neural networks can be found in Supple-
mentary Note 4.

Manipulation of on-chip NHSEs by gauge potentials
The configurations can be conveniently implemented on an integrated
photonic platform, where scalar and vector potentials are achieved by
varying the waveguide width and bending trajectory, respectively. In
experiments, we first verified that the interaction of different types of
gauge fields can lead to NHSEs in silicon photonics. The optical lattice
sample comprised of N = 13 Si waveguides on the sapphire substrate
with air cladding. The waveguide height is h = 220 nm, and the wave-
guide spacing is g = 200nm.The trajectory andwidthof thewaveguide
are periodically modulated in a sinusoidal way, with a modulation
period p = 25 μm, the bending amplitude Av ≈ 1 μm, and the width w
variation interval around 360 ~ 420nm. The non-Hermiticity is intro-
duced by coating a layer of chromium (Cr) with a width wc = 200nm
and thickness hc = 4 nm on top of every other Si waveguide, thus
without introducing additional gain. Scanning electron microscope
(SEM) images of experimentally fabricated samples are shown in
Fig. 4a, where the waveguide structure and deposited Cr can be clearly
observed.

To demonstrate the feasibility of this scheme, two samples with
opposite scalar potentials (φ₀ = ±4.1) were designed, featuring
reversed arrangements of neighboring waveguide widths (Fig. 4a).
These two configurations correspond to distinct winding topologies,
W = ± 1 (see Supplementary Note 2), and are thus expected to display
opposite evolution trends. Each type of sample was fabricated with
varying lengths (L = p, 2p, 3p, and 4p) to capture various stages of
mode evolution. In opticalmeasurements, the center of thewaveguide
lattices is excited by a near-infrared laser with wavelength λ = 1550nm
via a grating coupler, and theoutput light scattered from the endof the
waveguides was measured by a near-infrared camera through a
microscope objective.

The experimental results and the simulated light evolutions (using
the commercial finite-element software COMSOL Multiphysics) are
presented in Fig. 4b–e, where Fig. 4c, e are the extracted data for
further verification. For the samples with winding number W = � 1,
light in the lattice gradually evolves towards the right end of the
boundary, as shown in Fig. 4b, c. In contrast, whenW = + 1, light tends
to evolve toward the opposite boundary (Fig. 4d, e). These results
confirm our theoretical predictions and lay the groundwork for sub-
sequent reshaping of TMs in waveguide lattices.

Observation of photonic topological delocalized modes
To obtain extended TMs predicted in Fig. 2, we fabricated waveguide
samples (N = 16) with alternate spacing (g = 200nm and 300 nm) to
introduce the interaction of TM with NHSE. Such an arrangement

supports a TM with minimal loss localized at the left boundary. Next,
gauge fields were introduced to drive skin modes toward opposite
boundary (similar to NHSE with W = � 1 in Fig. 4b) to obtain a fully
delocalized TM,where the bending amplitude is chosen asAv ≈0.5μm,
the remaining parameters are consistent with Fig. 4b.

The excitation of these delocalized states requires careful design
compared to localized states. The fully delocalized TM, primarily dis-
tributed on Cr-free waveguides with uniform intensity but anti-phase
between neighboring sites, necessitates a cascaded array for initial
state preparation. Here, light coupled from an input grating passes
through a Y-branch splitter and then through a waveguide incorpor-
ating subwavelength grating (SWG) microstructures to generate eight
anti-phase outputs (Fig. 5a). This initial state can successfully excite a
fully delocalized topological eigenmode in the array, preserving its
shape during propagation. The simulation and experimental results of
its output are in good agreement, as shown in Fig. 5c. However, when
the topological delocalized state is not an eigenmode of the system,
for instance, by setting the scalar potential to zero (φ0 = 0), the topo-
logical eigenmode with minimal loss becomes localized. Conse-
quently, the initial state evolves towards the boundaryoccupied by the
TM, as shown in Fig. 5b. These comparative results confirm the suc-
cessful realization of fully delocalized topological eigenmodes in the
waveguide lattice.

Observation of topological modes incorporating diverse shapes
With the assistance of ANNs, we can efficiently determine the suitable
parameters for achieving the desired shapes of topological states, that
is, input the desired topological modes to the trained ANNs to predict
the required coupling coefficients (see SupplementaryNote 4 formore
details). In experiments, we fine-tuned the waveguide spacing (g1, g2,
g3, …, gN) to match the distribution of coupling coefficients obtained
from the networks.We conducted a series of experiments to verify two
types of extended topological states, the sinusoidal type (Type I) and
the convex type (Type II) (Fig. 3). These states exhibit distinct spatial
distributions and require precise initial conditions for proper excita-
tion. Exciting these complex extended states requires not only anti-
phase initial conditions but also a non-uniform intensity distribution
across the waveguides. Achieving such initial conditions is challenging
but feasible through an inverse design method (see Supplementary
Note 5), which systematically optimizes input parameters to produce
the desired output (Fig. 6a). Finally, experimental results for both Type
I and Type II extended states were obtained and compared with
simulation results (Fig. 6b, c). The results demonstrate good agree-
ment between the experimental observations and the theoretical
predictions, confirming the effectiveness of our approach.

Discussion
We have demonstrated customized sculpting of topological states
using artificial gauge fields, achieved bymodulating scalar, vector, and

Fig. 3 | Arbitrary sculpting of topological modes using an artificial neural
network. a The desire topological modes, e.g., sinusoidal type (Type I) and convex
type (Type II). b The amplitude of the topological mode is used as an input layer,

which is passed through hidden layers and finally outputs the desired coupling
data, which will correspond to the actual waveguide parameters, to finally obtain
the desired waveguide structure in (c).
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imaginary gauge potentials on a silicon photonic chip. Our work also
establishes a critical synergy between topological photonics and arti-
ficial neural network design, enabling unprecedented control over
quasienergy band structures. This approach facilitates the tuning of
topological modes at the boundary of bulk states and the transition
from localized to fully delocalized states, with well-defined mode
profiles—empowered by artificial neural networks. Future research
holds great promise: for example, our design paradigm can be
extended to higher-dimensional systems, such as quasi-2D multilayer
lattices26 and femtosecond-laser-written waveguides70, unlocking
richer gauge field configurations and paving the way for customized
topological states with diverse applications. Moreover, our results
highlight the potential of artificial neural networks to efficiently opti-
mize the gauge field configurations tailored to specific photonic

functionalities. These advances could drive the development of broad-
area, single-mode laser arrays with engineered topological beam
shapes and enhance optical communications and signal processing,
whereprecisemanipulationof light propagationandmode structure is
critical.

Methods
Fabrication of the sample
The experimental samples were fabricated using electron beam
lithography (EBL) and dry etching, followed by a second-step E-beam
lithography with alignment and lift-off to deposit the Cr stripes. The
substrate used here is 460-μm alumina substrate with 220-nm silicon
deposition. The substrates were cleaned in an ultrasound bath in
acetone, isopropyl alcohol (IPA), and DI water for 15min, respectively,

Intensity
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0

Fig. 4 | Manipulation of NHSEs in silicon photonics by gauge potentials. a The
schematic of the waveguide structure and the enlarged SEM pictures, where the
deposited Cr strips and the width difference of the two topological designs, (i)
W = � 1 and (ii)W = + 1 can be clearly observed. b–e Simulation results and the

experimentally measured light intensities for light propagation along the z direc-
tion at different propagation lengths (L = p, 2p, 3p, and 4p, p = 25 μm), where c and
e are the extracted data. The intensity is normalized to 1 at every z in the simulation
results.
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and dried under a clean nitrogen flow. The alignment marks were then
patterned by EBL (Elionix, ELS-F125), deposition of chromium/gold
(5 nm/40 nm) layers, and photoresist liftoff. After that, the waveguide
arrays and grating nanostructures were exposed to EBL. The samples
were then used to dry etch the silicon layer in a 2:5 mixture of SF6 and
C4F8 plasma, and the residual photoresist was stripped off by an
oxygen plasma stripper. Next, the chromium structures were fabri-
cated by an alignment E-beam lithography and liftoff process. The
photoresistfilmwas spin-coatedonto the substrate. After exposing the
structure, an 8-nm chromium film is deposited using thermal eva-
poration, and then the photoresist is removed by soaking in N-methyl-
2-pyrrolidone.

Experimental measurements. A telecom-band laser (Fianium-1550-
SF) was used to characterize the fabricated sample. The laser beam,
with its polarization controlled by a linear polarizer (LP), was focused
on the grating coupler from the substrate side using a Mitutoyo near-

infrared (NIR) long-working-distance objective (100×, NA =0.70,
f = 200mm). The transmitted signal was scattered from the end of the
waveguides into free space, collected by an NIR imaging object (100×,
NA =0.7, f = 200mm), and imaged on a near-infrared charge-coupled
device (CCD) camera (XenicsXeva-1.7–320).

Data availability
The data that support the findings of this study are provided in the
Supplementary Information/SourceDatafile. Source data are provided
with this paper.
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