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Abstract 21 

Advances in topological and non-Hermitian photonics, together with localization physics in 22 

aperiodic lattices, have expanded on-chip light-transport control, including the concentration and 23 

distribution of optical signals for integrated information flow. By hosting coexisting localized and 24 

delocalized states, systems with mobility edges provide a natural state basis for spatially confined 25 

and distributed outputs relevant to optical funneling and routing. However, this coexistence alone 26 

does not enable deterministic selection between the two output forms. Here, we design a non-27 

Hermitian quasiperiodic mosaic waveguide array that integrates localized–delocalized coexistence 28 

with exceptional-point encircling dynamics, enabling deterministic chiral selection of a purely 29 

localized or delocalized output state. The engineered dissipative coupling generates the exceptional 30 

points and shapes the relevant eigenvalue branches with distinct eigenstate spatial profiles. A 31 

properly designed loop then makes the encircling direction select the localized or delocalized state 32 

on the lowest-loss energy surface. For experimental validation, we fabricate a waveguide-based 33 

chiral beam splitter-combiner in glass using femtosecond laser direct writing. Our results reveal an 34 

approach that combines non-Hermitian encircling dynamics with localization physics, enabling 35 

precise control of on-chip light transport. 36 

 37 

Introduction   38 

Integrated photonic waveguide systems provide a scalable on-chip platform for communication 39 

and information processing, where on-demand light manipulation and routing are central goals. 40 

Topological and non-Hermitian photonics have enriched wave-transport control through topological 41 

protection and exceptional-point dynamics
1,2

, while localization physics offers additional control by 42 



reshaping eigenstate spatial distributions and determining whether light spreads or remains confined 43 

during propagation
3,4

. Despite these advances, integrated photonic systems still lack a mechanism 44 

for chiral selection between purely localized and delocalized states. Such functionality is important 45 

for on-chip information flow like the funneling and routing because it allows the propagation 46 

direction to select between the spatial concentration and distribution of optical signals.  47 

Realizing the chiral localized-delocalized state selection (LDSS) requires a system that supports 48 

both spatially concentrated and distributed optical outputs. This motivates the coexistence of 49 

localized and delocalized states within a single platform. Systems with mobility edges (MEs), which 50 

separate localized from delocalized states in energy space
5
, provide a suitable platform for this 51 

purpose. While MEs are a hallmark of three-dimensional random disorder systems
6
, they can also 52 

emerge in certain one-dimensional quasiperiodic systems through tailored hopping processes
7�10

 or 53 

suitably modified quasiperiodic potentials
11�14

. In such systems, the energy-dependent localization-54 

delocalization transition can be driven by altering a parameter beyond a critical point, thereby 55 

enabling controllable transport properties
15

.  56 

However, the coexistence of localized and delocalized states alone is insufficient for realizing 57 

chiral LDSS. A mechanism that can steer state evolution toward the desired output is also needed. 58 

Non-Hermitian physics can introduce additional dynamical and spectral degrees of freedom for state 59 

manipulation
16�19

, and its interplay with quasiperiodicity has recently attracted growing attention
20�

60 

27
. In particular, dissipation has been shown to induce localization-delocalization transition in 61 

systems with MEs
28,29

. By tuning a specific dissipative phase, the system can be driven into a steady 62 

state dominated by either localized or delocalized components. Yet these schemes do not provide 63 

directional selection, and their outputs are generally mixed steady states rather than unambiguous 64 



purely localized or purely delocalized states. Together with the practical difficulty of implementing 65 

such phase-engineered Lindblad dissipation in integrated waveguide arrays
30�32

, this motivates the 66 

search for a different non-Hermitian approach. 67 

Dynamically encircling exceptional points (DEEPs) provides a distinct chiral state-selection 68 

method, where the final state is determined by the encircling direction and is independent of the 69 

initial state
33�38

. This stems from the nonadiabatic transitions
39,40

 due to the breakdown of the 70 

adiabatic theorem during dynamic evolution in non-Hermitian systems, driving the final state to 71 

reside on the lowest-loss energy surface. Toward chiral LDSS, the key task is therefore to construct 72 

a photonic lattice that combines localized–delocalized coexistence with DEEP dynamics. 73 

In this paper, we realize the chiral LDSS in a class of non-Hermitian quasiperiodic mosaic 74 

systems processing DEEPs. The introduced dissipative coupling
41

 induces multiple pairs of EPs in 75 

the energy spectrum and gives rise to spectral branches whose corresponding eigenstates exhibit 76 

different spatial localization. The encircling trajectory is designed in a two-dimensional parameter 77 

space spanned by the coupling strength and relative dissipation. The two segments of the loop 78 

extending from the starting point in opposite directions traverse regions associated with localized 79 

and delocalized states, respectively, on the lowest-loss energy surface. Therefore, the propagation 80 

direction then deterministically selects the final state to be either purely localized or purely 81 

delocalized, irrespective of the initial excitation. It is verified by a chiral beam splitter-combiner 82 

composed of a waveguide array fabricated inside glass using the femtosecond laser direct writing
42�

83 

44
. Our results provide a new approach to controllable light transport in integrated waveguide 84 

platforms and open further avenues for developing advanced photonic devices. 85 

 86 



Non-Hermitian quasiperiodic mosaic model: 87 

  The one-dimensional quasiperiodic mosaic lattice is a class of exactly solvable models that host 88 

MEs in their spectra
13

. Photonic mobility-edge phases based on this model have been experimentally 89 

observed in femtosecond-laser-written waveguide lattices
15

. Yet the Hermitian version lacks the 90 

necessary conditions to realize DEEPs. We therefore extend this model to the non-Hermitian regime 91 

by the addition of the non-Hermitian quasiperiodic onsite potential ∆𝑛 to the Hamiltonian: 92 

ܪ = ܥ ∑ (ܽ𝑛†ܽ𝑛+1 + .ܪ ܿ. )ே𝑛 + ∑ ∆𝑛ܽ𝑛†ܽ𝑛ே𝑛 , 93 

where ܽ𝑛(ܽ𝑛†)  is the annihilation (creation) operator at site ݊ , ܥ  denotes the nearest-neighbor 94 

coupling strength, and ∆𝑛 are given by:  95 

∆𝑛= {2∆ cos(2ܾ݊ߨ + ߶) + ,௤ߛ݅ ݊ = ,௭ߛ݅,݇݉ otherwise.
 96 

with ܾ = (√5 − 1)/2 . Here, ݇  is an integer that controls the spatial positions at which the 97 

quasiperiodic potential is applied. The parameters ∆, ߶, ߛ௤, ߛ௭ denote the quasiperiodic potential 98 

amplitude, the phase offset, the intrinsic loss on quasiperiodic potential sites and on relative zero 99 

potential sites, respectively. The localization is characterized by the inverse participation ratio (ܴܲܫ): 100 

௜ܴܲܫ = (∑|߰௜𝑛|4ே
𝑛 ) / (∑|߰௜𝑛|2ே

𝑛 )2
, 101 

where the superscript ݅ denotes the ݅th eigenstate, and n labels the lattice site. The ܴܲܫ ranges 102 

from 1/ܰ for fully delocalized states to 1 for fully localized states.  103 

To ensure compatibility with the waveguide-array implementation, we choose parameters within 104 

experimentally feasible ranges, and fix ∆= 0.2 mm−1 , ߶ = ௤ߛ  , ߨ0.2 = ௭ߛ = 0.2 mm−1  and 105 

݇ = 2, yielding the model shown in Fig. 1a. For conservative coupling ܥ = ܬ )ܬ ∈ ܴ) , the spectrum 106 

remains essentially the same as in the Hermitian case, except for an overall shift in its imaginary 107 

part, as shown in Fig. 1b. The mobility edges are located at ܧொ =  separating spatially 108 ,∆/2ܬ±



localized eigenmodes from delocalized ones
15

. When the coupling is instead dissipative ܥ =109 

ܬ )ܬ݅ ∈ ܴ), multiple pairs of exceptional points emerge in the spectrum, as shown in Fig. 1c. For a 110 

pair of energy branches that coalesce at an EP located at ܬா௉ , the real parts of the eigenvalues 111 

bifurcate for ܬ <  ா௉, while the corresponding eigenstates on the two branches exhibit different 112ܬ

 under identical system parameters. This differs from conventional two-state PT- or anti-PT-113 ܴܲܫ

symmetric systems, where eigenstates on the two branches typically share the same ܴܲܫ under 114 

identical system parameters. We exploit the spectral bifurcation and the different degrees of spatial 115 

localization of the corresponding eigenstates to realize a chiral LDSS via DEEPs.  116 

The designed position-dependent evolution trajectories for (ݖ)ܬ and (ݖ)ߛ form a closed loop 117 

winding around EPs in the ܬ − ߛ parameter space, where ߛ = ௤ߛ − ,ܰ) ௭. For any givenߛ ݇), there 118 

exists a unique lowest-loss energy surface. On this surface, the calculated ܴܲܫ of the eigenstates 119 

reveals asymmetry: fully localized states exist only for ߛ ≤ 0, in sharp contrast to the symmetric 120 

 distribution in conventional two-state PT- or anti-PT-symmetric systems (see Fig. 1d). Since 121 ܴܲܫ

the final state in the DEEP process is ultimately selected to lie on the lowest-loss energy surface
36

, 122 

an appropriately designed closed loop is required for chiral selection of a localized or delocalized 123 

output state. We configure the encircling trajectory in the ܬ −  parameter space so that its two 124 ߛ

segments extending from the starting point in opposite directions pass through high- and low-125 ܴܲܫ 

regions of the lowest-loss energy surface, corresponding to localized and delocalized states, 126 

respectively. Only under this condition do the two eigenstates associated with the starting-point 127 

parameters on the lowest-loss energy surface consist of one localized and one delocalized state, both 128 

serving as direction-selectable outputs during the dynamical evolution. 129 



 130 

Fig. 1. a The non-Hermitian quasiperiodic mosaic model with ݇ = 2. The purple and blue hollow circles 131 

denote sites with quasiperiodic and relative-zero potentials, respectively; the filled dots on the dashed 132 

curves mark their corresponding potential values. ܥ denotes the nearest-neighbor coupling strength. b, 133 

c The real and imaginary parts of the eigenvalue spectrum for conservative coupling ܥ =  and 134 (b) ܬ

dissipative coupling ܥ = ) The color denotes the inverse participation ratio .(c)  ܬ݅  of the 135 ( ܴܲܫ

corresponding eigenstate. The dashed lines in b represent the theoretically predicted mobility edges. The 136 

parameters we set are ∆= 0.2 mm−1, ߶ = ௤ߛ  ,ߨ0.2 = ௭ߛ = 0.2 mm−1, ݇ = 2 and ܰ = 89. d 137 ܴܲܫ 



of eigenstates on the lowest-loss energy surface for different (ܰ, ݇), compared with that of a two-state 138 

PT- and anti-PT-symmetric system. 139 

 140 

Chiral LDSS through DEEPs: 141 

We first consider the case ݇ = 2. For ܰ = 3, the real and imaginary parts of the eigenvalues in 142 

the ܬ −  parameter space are shown in Fig. 2a, where the lowest-loss energy surface is highlighted 143 ߛ

in sky blue. The encircling trajectory starts at ܬ = 0.01 mm−1 and ߛ = 0, a point characterized by 144 

three eigenstates ߰1, ߰2 and ߰3 whose spatial distributions are shown in Fig. 2b. The eigenstates 145 

߰1  and ߰2  reside on two energy surfaces that are connected at an EP located at ܬ =146 

∆cos(4ܾߨ) ߛ ,2√/ = 0.  147 

We find that the DEEP process enables direction-dependent selection between the two target 148 

eigenstates ߰1 and ߰2. For clockwise (CW) encircling (Fig. 2c), when the input state is ߰2, the 149 

highest occupied state remains on the lowest-loss energy surface throughout the evolution 150 

(illustrated by the blue trajectory), yielding ߰1 as the final output state. When the input state is ߰1, 151 

the highest occupied state initially evolves on the highest-loss energy surface and subsequently 152 

transitions to the lowest-loss surface through the nonadiabatic transition process; the final output 153 

state is again ߰1. These results demonstrate that, for CW encircling, the output state is always ߰1. 154 

For counterclockwise (CCW) encircling, the output state is always ߰2 (Fig. 2d). The dynamics of 155 

the normalized intensity evolution at each site for both CW and CCW encircling processes are 156 

shown in Fig. 2e. The calculated ܴܲܫ of ߰1 and ߰2 clearly distinguish the two states: 1ܴܲܫ =157 

0.991  confirms that ߰1  is a localized state, whereas 2ܴܲܫ = 0.495  indicates that ߰2  is 158 

delocalized. This minimal sparse-potential lattice model preserves the essential localized–159 



delocalized coexistence, and the direction-dependent state selectivity of DEEPs further enables 160 

chiral LDSS. 161 

 162 

Fig. 2. Simulated results of the chiral LDSS for ݇ = 2 and ܰ = 3. a The real and imaginary parts of 163 

energy surfaces in the ܬ −  parameter space. b The encircling trajectory and the distribution of 164  ߛ

eigenstates at the starting point. c, d Mode conversion results for the CW (c) and CCW (d) encircling 165 

direction with input modes ߰1 and ߰2. e The dynamics of the normalized intensity evolution at each 166 

site for CW (top) and CCW (bottom) encircling processes. 167 

 168 

As ܰ increases, chiral LDSS between states with different ܴܲܫ remains achievable. However, 169 

while one state in each pair is fully localized (ܴܲܫ = 1), the other does not correspond to a fully 170 

delocalized mode (ܴܲܫ = 1/ܰ). Instead, its wavefunction extends over only a limited number of 171 



waveguides (see Supplementary information, Sec. I). Fortunately, we find, by adjusting k 172 

accordingly as ܰ increases, it is still possible to realize the direction-dependent selection between 173 

a fully localized state and a state approaching full delocalization. Guided by the ܴܲܫ scaling and 174 

the spatial profiles of the eigenstates, we choose ݇ = (ܰ + 1)/2 for odd ܰ, which yields chiral 175 

LDSS between a fully localized state ߰௅ and a delocalized state ߰஽ whose wavefunction is well 176 

described by a double-Gaussian profile.  177 

 178 

Fig. 3. Simulated results of the chiral LDSS for ݇ = 7 and ܰ = 13. a The real and imaginary parts of 179 

energy surfaces in the ܬ −  parameter space. b Left and middle panels: the six energy surfaces with 180 ߛ

nonzero real parts hosting six EPs (yellow stars). The remaining seven energy surfaces, which are purely 181 

imaginary and exhibit no EPs, are omitted for clarity. Right panel: the calculated ܴܲܫ of the eigenstates 182 

on the lowest-loss energy surface. c The encircling trajectory and the spatial distribution of ߰௅ and ߰஽. 183 



d Dynamics of the normalized intensity evolution for CW (left) and CCW (right) encircling processes, 184 

with initial excitation at site 3. 185 

 186 

We present a detailed analysis for the parameters (ܰ, ݇) = (13,7). The real and imaginary parts 187 

of the energy surfaces in the ܬ −  parameter space are shown in Fig. 3a. Figure 3b displays the 188 ߛ

six EPs (marked by yellow stars) hosted in the system, together with the calculated ܴܲܫ of the 189 

eigenstates on the lowest-loss energy surface. Accordingly, an encircling trajectory is designed 190 

following the aforementioned principles, as shown in Fig. 3c. The trajectory starts at ܬ =191 

0.0001 mm−1 and ߛ = 0, with the spatial distributions of ߰௅ and ߰஽ shown in the insets. ߰௅ 192 

is fully localized at the central site (ܴܲܫ௅ = 1), whereas ߰஽ fits a double-Gaussian distribution 193 

஽ܴܲܫ) = 0.107). For the CW encircling direction, the output state is always ߰௅, independent of 194 

the initial state. For the CCW encircling direction, the system always evolves into ߰஽, irrespective 195 

of the initial excitation. The dynamics of the normalized intensity evolution at each site for CW and 196 

CCW encircling processes, with site 3 initially excited, are shown in Fig. 3d. Additional results for 197 

other excitation conditions and different (ܰ, ݇) values are provided in Supplementary information, 198 

Sec. II. 199 

 200 

Experimental realization: 201 

The chiral LDSS realized here enables the direction-controlled switching between signal 202 

collection and distribution, providing a physical basis for information flow like optical funneling 203 

and routing. As an experimental realization, we further demonstrate a chiral beam splitter–combiner 204 

in a photonic waveguide system fabricated by femtosecond laser direct writing. The corresponding 205 



effective Hamiltonian is given by 206 

(ݖ)1ܪ = [ ௭ߛ݅ (ݖ)ܬ݅ (ݖ)ܬ0݅ ߚ + (ݖ)௤ߛ݅ (ݖ)ܬ݅

0 (ݖ)ܬ݅ ௭ߛ݅ ], 207 

with ߚ = 2∆cos (4ܾߨ + ߶). Since dissipative coupling cannot be directly implemented in photonic 208 

waveguide platforms, we instead utilize the following five-state Hamiltonian: 209 

(ݖ)2ܪ = ⎣⎢⎢
⎢⎡ 1ߚ (ݖ)1ߢ 0 0 (ݖ)1ߢ0 2ߚ + ߛ݅ (ݖ)2ߢ 0 00 (ݖ)2ߢ 3ߚ (ݖ)2ߢ 0

0 0 (ݖ)2ߢ 2ߚ + ߛ݅ (ݖ)1ߢ
0 0 0 (ݖ)1ߢ 1ߚ ⎦⎥⎥

⎥⎤
, 210 

where ߢ ,ߚ, and ߛ denote the propagation constant, coupling strength, and loss of waveguides, 211 

respectively. By adiabatically eliminating the auxiliary lossy modes, the five-state system is shown 212 

to be equivalent to the three-state model 1ܪ, but the high loss required for adiabatic elimination 213 

causes non-negligible evolution path-dependent losses, which reduce the transmission efficiency to 214 

24.7% (see Supplementary information, Sec. III).  215 

To achieve relatively high transmission efficiency, we further optimize (ݖ)2ܪ to reduce path-216 

dependent losses. We set the detuning between all sites to zero, leading to the following Hamiltonian: 217 

(ݖ)3ܪ = ⎣⎢⎢
⎢⎡ 0 (ݖ)1ߢ 0 0 (ݖ)1ߢ0 ߛ݅ (ݖ)2ߢ 0 00 (ݖ)2ߢ 0 (ݖ)2ߢ 0

0 0 (ݖ)2ߢ ߛ݅ (ݖ)1ߢ
0 0 0 (ݖ)1ߢ 0 ⎦⎥⎥

⎥⎤
. 218 

The eigenvalues of the system are 1ܧ = 2,3ܧ , 0 = ߛ݅) ∓ 12ߢ4√ − 4,5ܧ , 2/(2ߛ = ߛ݅) ∓219 

12ߢ4√ + 22ߢ8 − 1ߢ whose real and imaginary parts in the ,2/(2ߛ −  parameter space are shown 220 2ߢ

in Fig. 4a. The system exhibits two exceptional lines (ELs) located at 1ߢ = 12ߢ ,2/ߛ + 22ߢ2 =  221 ,2/4ߛ

respectively. Notably, the imaginary part of the lowest-loss energy surface of the system is zero, 222 

thereby significantly reducing path-dependent losses. Under such conditions, high-efficiency 223 

direction-dependent state selection can be realized based on dynamically encircling ELs by properly 224 



designing the encircling trajectory. Here, we set ߛ = 0.4 mm−1 and vary 1ߢ and 2ߢ along the 225 

trajectory shown in Fig. 4b. The simulated state evolution yields a transmission efficiency of 78.1%. 226 

This value is limited by the feasible coupling strength ߢ  and the total evolution length in the 227 

experiment. It can approach unity when either parameter increases sufficiently (see Supplementary 228 

information, Sec. III). 229 

We map the encircling trajectory onto the coupling distance between waveguides in the EL 230 

encircling region, which forms part of the coupled waveguide system shown in Fig.4c and is 231 

sandwiched between two auxiliary regions designed for optical fan-in and fan-out. The total device 232 

length is 80 mm. The experimentally measured output results for the CW and CCW encircling 233 

processes are shown in Fig. 4d. For the CW process, the five-waveguide system consistently outputs 234 

through WG3 regardless of input state, thereby functioning as an optical combiner. Conversely, 235 

under the CCW process, the output is nearly equally distributed between WG1 and WG5, regardless 236 

of the input, performing beam-splitting. The experimentally measured transmission efficiency, 237 

defined as the maximum transmittance among all conversion processes, is 59.4%. The discrepancy 238 

between simulation and experiment is mainly attributed to fabrication imperfections in the discrete 239 

scatterer loss implementation, which lead to nonuniform loss and thus affect the transmission 240 

efficiency (see Supplementary information, Sec. VI). 241 

Numerical simulations further demonstrate that the EL encircling process is robust against local 242 

random perturbations in ߢ  and ߛ , provided that the encircling trajectory does not undergo 243 

significant deformation (see Supplementary information, Sec. VII). The system therefore constitutes 244 

a robust chiral splitter-combiner capable of chiral information collection and distribution. In Secs. 245 

IV and V of the Supplementary information, we present beam propagation method simulations that 246 



directly visualize the optical field evolution in a realistic five-waveguide system, along with an 247 

implementation of the (ܰ, ݇) = (5,3) case using a nine-waveguide system, further validating the 248 

practical feasibility of our design. 249 

 250 

Fig. 4. Experimental realization of the chiral beam splitter-combiner. a The real and imaginary parts of 251 

the energy surfaces in the 1ߢ − ߛ parameter space at 2ߢ = 0.4 mm−1. b Evolution trajectories of 252 1ߢ 

and 2ߢ along the CW encircling direction. c Schematic diagram of the chiral beam splitter-combiner 253 

structure. Uniform loss is introduced in WG2 and WG4 by creating scatterers. Inset: Microscopic 254 

photographs of the fabrication sample. d Experimental results of the chiral mode conversion at 785 nm 255 

for the CW (top) and CCW (bottom) encircling direction. 256 

 257 



 258 

Discussion: 259 

In summary, we demonstrate DEEP-enabled chiral selection between purely localized and purely 260 

delocalized transport outcomes. The propagation direction dictates whether light in an on-chip 261 

photonic system is funneled toward a single output port or redistributed into a delocalized state. This 262 

enables chiral signal collection and distribution on chip, providing a physical basis for optical 263 

funneling and routing. The fabricated five-waveguide non-Hermitian array functions as a chiral 264 

beam splitter–combiner, providing direct experimental validation of the proposed mechanism. 265 

Moreover, the mechanism suggests a straightforward extension to active platforms. With suitable 266 

gain media, the pump-profile modulation could be used to switch between laser supermodes with 267 

distinct 45ܴܲܫ
 to realize robust and fast reconfigurable on-chip lasers. Notably, the underlying 268 

mechanism is not restricted to photonic waveguide platforms and can, in principle, be generalized 269 

to other physical settings, including atomic and electronic systems. Our results provide a novel 270 

approach to manipulating transport and localization properties, opening up new pathways for 271 

enriched mode control and novel information-processing functionalities. 272 

 273 

Materials and methods: 274 

The photonic waveguide systems are fabricated in borosilicate glass (Eagle XG, Corning) by 275 

focusing pulses generated by a regeneratively amplified Yb: KGW femtosecond laser system 276 

(Pharos20, Light Conversion) at a wavelength of 1030 nm with a duration of 217 fs, and a 1 MHz 277 

repetition rate. The microscope objective (20 ×, NA = 0.5) focuses the pulse with a power of 370 278 

nJ at a depth of 170 μm below the glass surface to write the waveguides of the five-waveguide 279 



structure (Fig. 4c). We move samples at a speed of 25 mm/s by using a computer-controlled high-280 

precision three-axis air-bearing stage (FG1000, Aerotech). The fabricated waveguide systems 281 

support single-mode propagation at 785 nm. To introduce additional losses into WG2 and WG4 in 282 

the five-waveguide structure, we focused laser pulses at uniformly spaced points within the 283 

waveguides, with each point separated by 100 μm. The pulse energy to create scatterers is 430 nJ, 284 

and the exposure time is 0.5 s. Each scatterer was measured to induce a loss of approximately 0.3 285 

dB. 286 

 287 

Data availability: 288 

The data that support the findings of this study are available from the corresponding author upon 289 

reasonable request. 290 

 291 
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