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memory functions near signal processors. 
The expected solution for overcoming this 
bottleneck includes near- or in-memory 
computing,[2] which imposes memory 
functions on processing units or vice 
versa. A representative example is found 
in electronics: the memristor, which is 
the so-called missing fourth circuit ele-
ment.[3,4] The nonvolatile analog memory 
functions incorporated with Ohm’s law 
and Kirchhoff ’s law in an electronic 
memristor enable in-memory signal pro-
cessing for artificial neural networks.[5] 
On the other hand, the realization of an 
in-memory processing unit in integrated 
photonics is not yet successful, especially 
for all-optical devices, although some 
insightful memory-related applications 
have been demonstrated such as stopping 
light,[6] electro-optical quantum memris-
tors,[7] flip-flop memory,[8] and all-optical 
integrators.[9]

To realize a photonic in-memory pro-
cessor, its unit element must satisfy the following design cri-
teria: multiple error-robust optical memory states and efficient 
transitions between them. First, the unit element needs to sup-
port optical states that are robust to possible noise or defects 
in its operation to stably memorize the state of light. Second, 
similar to a one-transistor–one-memristor (1T1R) configura-
tion in electronics,[5] the unit element should include a toolkit 
for bidirectional transitions between multiple memory states. 
Notably, these criteria should be satisfied with a platform that 
is integratable with all-optical signal processors, for example, 
allowing state-preserving readout of the memory states. How-
ever, these criteria—the robustness of optical states to possible 
defects and the energy-efficient tunability—are usually contra-
dictory, as proven in topological[10] and disordered photonics[11] 
and sensing applications.[12] The design of a photonic mem-
ristor-analogous unit for in-memory processors is thus not a 
straightforward task.

In this paper, we propose an all-optical building block 
for photonic in-memory processors by exploiting dynamical 
parity-time (PT)-symmetric systems. We classify PT-symmetric 
phases and analyze the Lyapunov stability[13] for a triatomic 
PT-symmetric system including saturable nonlinearities. The 
analysis shows the coexistence of topologically protected stable 
states, that is, oscillation quenching states. We also demonstrate 
that the building block allows incoherent switching between 
these oscillation quenching states through all-optical modula-
tions. With the simultaneous achievement of topology-enabled 
error robustness and all-optical transition in a platform inte-
gratable with all-optical signal processors, our study will pave 
the way for realizing robust photonic in-memory processors.

The in-memory processor has played an essential role in overcoming the von 
Neumann bottleneck, which arises from the partition of memory and a pro-
cessing unit. Although photonic technologies have recently attracted attention 
for ultrafast and power-efficient in-memory computing, the realization of an all-
optical in-memory processor remains a challenge. This difficulty originates from 
the contradiction between robustness and sensitivity in wave dynamics, requiring 
both noise-immune memory states and modulation-sensitive transitions 
between these states. Here, a building block that provides an all-optical transi-
tion between topologically protected memory states is proposed. A nonlinear 
photonic molecule that satisfies parity-time (PT) symmetry, revealing multiple 
oscillation quenching states with different degeneracies determined by PT-
symmetric phases is investigated. In terms of topology for dynamical systems, 
these quenching states support topologically protected dynamical trajectories 
suitable for stable memory states. An all-optical bidirectional transition between 
these states, which allows incoherent memory switching is demonstrated. The 
result provides design criteria for all-optical in-memory processors with multilevel 
operations, enabling the classical-wave counterpart of electronic memristors.
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1. Introduction

The well-known “memory wall bottleneck,”[1] which originates 
from the separation of processing and storage units in von 
Neumann architecture, has renewed the necessity of realizing 
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2. Model Definition

In photonics and general wave mechanics, the terminology 
“topology” has usually described the topological aspect of a 
wavefunction in a dispersion band,[10,14,15] which can be quanti-
fied by discretized topological invariants such as Chern num-
bers. However, because the concept of topology—the invariant 
properties of a geometrical object under arbitrary continuous 
deformations—is universal, topological properties and their 
related phenomena can be defined for any form of a geometric 
object that allows continuous deformation. Therefore, the 
concept of topology has been applied to other wave quantities 
rather than wavefunctions in reciprocal space, such as the geo-
metrical nature of Fermi surfaces, where the topological invar-
iant is defined by the disconnection of isofrequency surfaces.[16] 
In handling dynamical systems, we focus on the topological 
properties of the “trajectories” of optical states, which have been 
widely employed in dynamical theory.[13] In previous works on 
non-Hermitian and nonlinear photonic molecules,[17,18] we 
demonstrated the topological classification of the dynamical 
trajectories of optical “intensity” distributions, also showing the 
critical role of PT symmetry in the form of the dynamical trajec-
tories. Because of the nature of topology, the deliberate design 
of the photonic molecules allows for the existence of topologi-
cally protected stable states—oscillation quenching states[17,18]—
which preserve their convergent dynamical trajectories, and 
therefore, provide subsequent noise immunity. The previous 
works also provided the extension of traditional PT-symmetric 
systems composed of gain and loss elements[19] into dynamical 
systems accessed by optical nonlinearity, also generalizing the 
underlying physics from the static phase transition across the 
exceptional point[20] to the PT-symmetry-dependent oscillation 
quenching states.

Although such topologically protected quenching states 
provide robustness to any type of defect as long as the defect 
preserves dynamical trajectories, the oscillation quenching 
states in previous platforms[17,18] cannot provide the all-optical 
memory functions necessary for in-memory processors. It is 
due to the lack of coexisting multiple stable states—at least ON 
and OFF states are necessary for binary-level memory, which 

should also be tunable with all-optical modulation. Therefore, 
the previous approaches can be applied only to single-channel 
applications or externally modulated multichannel devices such 
as laser stabilization, signal regeneration, or electro-optical 
rectification.[17,18]

To realize multiple oscillation quenching states in a given 
system and achieve an all-optical transition between these 
states, we investigate a triatomic PT-symmetric photonic mol-
ecule composed of one Hermitian and linear resonator and 
two non-Hermitian and nonlinear resonators (Figure  1). In 
the linear regime, the triatomic PT-symmetric system has 
been widely studied to utilize higher-order exceptional points 
(EPs)[12,21–25] for enhanced sensitivity,[12] mechanical cooling,[21] 
cavity magnonics systems,[23] successive state conversion,[24] 
and wireless power transfer.[22,25] To extend the higher-order EP 
system into memory functions, we employ the emergence of 
oscillation quenching states and the transition between them, 
realizing binary (ON–OFF) stable states (Figure 1). We empha-
size that the application of nonlinear PT-symmetric systems to 
photonic memory is also in accordance with the necessity of 
open systems for memorizing wave states because the combi-
nation of unitary operations in closed systems is insufficient to 
describe non-Markovian processes.[7]

The proposed molecule for multiple quenching states con-
sists of gain and loss resonators that are mutually connected 
through the neutral (gainless and lossless) resonator. The gain 
and loss resonators possess saturable nonlinearity in their 
amplification[26] and dissipation,[27] respectively. The time-var-
ying light fields in this system are then modeled by temporal 
coupled-mode theory (TCMT) as follows:[28]
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where ψG,N,L are the field amplitudes inside gain (G-), neu-
tral (N-), and loss (L-) resonators, respectively; γG,L  = γG0,L0/  
(1 +  |ψG,L/ψGS,LS|2) are the saturable gain and loss coefficients, 
respectively, for the linear coefficients γG0,L0  ≥ 0 and the 

Figure 1.  All-optical memory using oscillation quenching states. The schematic figure illustrates the operation principle of the proposed all-optical 
memory system. The system consists of a neutral (gainless and lossless) resonator coupled with nonlinear gain and loss resonators through the cou-
pling coefficient κ. The suggested platform supports the coexistence of binary (ON–OFF) stable states, which have different optical intensity distribu-
tions inside the platform. “ON” (green) and “OFF” (red) light signals lead to the bidirectional transition between these stable states.
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saturation intensities IGS,LS  =  |ψGS,LS|2; ω0 is the resonant fre-
quency; and κ is the coupling coefficient. While such saturable 
nonlinearities can be achieved with conventional optical gain 
and saturable absorbers, the intensity-dependent nonlineari-
ties of the gain and loss resonators dynamically alter the phase 
of PT symmetry, depending on the field energy accumulated 
inside each resonator.

Although Equation  (1) cannot be described by explicit solu-
tions, the harmonic approximation (∂tψG,N,L  ∼ iωψG,N,L) pro-
vides useful insight into the understanding of the PT-symmetric 
phase in the system. The eigenvalue analysis with the harmonic 
approximation (Note S1, Supporting Information) then leads to 
the indicators c± for PT-symmetric phases:

,
3 23
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δ β δ
δ β δ=

+ − +
= + − ++ − 	 (2)

where β and δ are dynamical coefficients as functions of the 
system (γG0,L0, ψGS,LS, ω0, κ) and wave (ψG,L) parameters, as 
follows:
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We restrict our discussion in the regime of β < 0, guaranteeing 
c+ < 0 and c− > 0, and therefore, enable the explicit description 
of PT-symmetric phase transition (see Note S1, Supporting 
Information). The PT-symmetric phases of the system are 
then classified with the eigenfrequencies ω1−3 in the harmonic 
approximation: i) unbroken PT-symmetric phases satisfying 
Im[ω1−3] = 0 with |c+| = |c−| and ii) broken PT-symmetric phases 
satisfying Im[ω1] ≠ Im[ω2,3] with |c+| ≠  |c−|. From c+ = β/c− with 
Equation (2) and the definition of δ with Equation (3), the con-
dition for unbroken PT symmetry |c+| =  |c−| is identical to δ = 0 
or γG = γL.

3. Coexisting Oscillation Quenching

To explore the oscillation quenching states that result in 
stable field intensities inside resonators,[17,18] we examine the 
dynamics of the real-valued field intensities IG,N,L obtained 
from the separation of amplitudes and phases in the complex-
valued field ψG,N,L  = (IG,N,L)1/2exp(iθG,N,L).[29] Notably, because 
the applied optical nonlinearities in Equation (1) are dependent 
only on the field intensity, the equation for IG,N,L describes 
well the stability and transition condition of optical states, as 
described in later sections.

To independently analyze IG,N,L from the nonlinear equa-
tions in Equation  (1), which has six degrees of freedom (IG,N,L 
and θG,N,L), it is necessary to remove the degrees of freedom 
on optical phases θG,N,L. Neglecting the global phase, we try 
to characterize the possible values of the phase differences  
θrs  = θr  − θs (r, s  = {G, N, L}) by examining the eigenmodes 
of the system under the harmonic approximation (Note S2, 

Supporting Information). As examined in Note S2, Supporting 
Information, the unbroken or broken phase of PT symmetry 
determines such phase differences between resonator fields θrs, 
leading to analytically solvable differential equations for IG,N,L. 
With some straightforward algebra (Note S2, Supporting Infor-
mation), we classify three dynamical phases with different equi-
libria: the “U1” and “U2” phases with unbroken PT symmetry 
and the “BR” phase with broken PT symmetry, which are 
analytically derived from ∂tΙG,N,L = 0 at ω1 (U1 phase) and ω2,3  
(U2 and BR phases).

For simplicity, we introduce real-valued parameters: γ = γL0/  
γG0, χ  = ΙLS/ΙGS, κr  = κ/γG0, p  = [(γχ  − 1)2  + 4χκr

2]1/2, and  
q  = γχ  − 1. The nontrivial equilibria (IG,N,L  ≠ 0) of the U1,2 
and BR phases, which are solely determined by the system 
parameters, are then obtained as follows (Note S2, Sup-
porting Information):
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With some tedious but straightforward algebra, we demon-
strate the stability conditions of those nontrivial equilibria by 
using the first Lyapunov criterion[13] (see Notes S3–S5, Sup-
porting Information, for details). This analysis shows that the 
U1 and U2 phases correspond to a twofold degenerate oscilla-
tion death (OD),[30] satisfying partially inhomogeneous steady 
states (IHSS) of IG = IL ≠ IN. In contrast, the BR phase leads 
to a nondegenerate OD, resulting in complete IHSS of IG ≠ IL, 
IG ≠ IN, and IL ≠ IN. Because these equilibria are also hyper-
bolic equilibria that do not have Jacobian eigenvalues on the 
imaginary axis, it is critical to note that the phase portraits 
of the system near the equilibria of the U1,2 and BR phases 
are locally topologically equivalent to those of its linearized 
system according to the Grobman–Hartman theorem.[13] This 
topological nature of the dynamical trajectories in the U1,2 
and BR phases, therefore, guarantees the “protection” of the 
stable dynamics.

To achieve switchable memory states, the system requires 
the coexistence of stable phases. Figure 2a shows the phase dia-
gram of stable equilibria as a function of two system parame-
ters χ and γ. The diagram represents the coexistence regions of 
the stable phases among the U1 (Figure 2b), U2 (Figure 2c), and 
BR phases (Figure 2d), which are characterized by the analysis  
in Notes S3–S6, Supporting Information. In Figure  2a–d, we 
reveal two coexisting phases: i) the CU1-U2 phase, where two 
unbroken (U1,2) PT-symmetric phases coexist, and ii) the CU1-BR  
phase, where unbroken (U1) and broken (BR) PT-symmetric 
phases coexist. Notably, we analytically examine the phase 
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boundary between the CU1-U2 and CU1-BR phases (see Note S6, 
Supporting Information) as:

1
r

rγ κ κ
χ

= + −
	 (7)

This phase boundary corresponds to the amplitude death 
(AD) state satisfying the threefold degeneracy IG  = IL  = IN of 
the homogeneous steady state (HSS) in the U1 phase.[30] At 
the same time, the boundary denotes the PT-symmetric phase 
transition between U2 and BR phases, which composes the 
“dynamical exceptional line” in the parameter space γ-χ, as the 
dynamical counterpart of the exceptional point in static sys-
tems.[20,31] We also emphasize that the coexisting phases CU1-U2 
and CU1-BR inherently include two stable states at a given set 
of system parameters, in sharp contrast to previous approaches 
that support only a unique stable state with the fixed  
PT-symmetric phase.[17,18]

For a given set of system parameters, each coexisting phase 
supports multiple stable equilibria, which are protected by the 
topology of the state trajectories in the wave quantity space: 
the 3D parameter space of ΙG-ΙN-ΙL. Therefore, we can envisage 

the realization of robust all-optical memory by using these 
equilibria as “topologically protected memory states”. The all-
optical transition between these memory states (Figure 2e) can 
then be achieved by altering the intensity distribution inside a 
system, as discussed later.

The analysis in Figure  2 and Notes S1–S6, Supporting 
Information, employs the harmonic approximation and sta-
bility theory near the equilibria. To confirm the validity of 
our approach, we conduct a time-domain analysis of our non-
linear governing equation, Equation  (1), by applying the sixth-
order Runge–Kutta method.[32] While the complete analysis 
requires 5D data for the initial conditions (ΙG (t = 0), ΙN (t = 0), ΙL  
(t = 0), ∠ψG – ∠ψN, ∠ψL – ∠ψN), we focus on the “2D-projected” 
view (ΙG, ΙN) on dynamic trajectories for a clear visualization 
by fixing the initial ΙL and ∠ψG,N,L. Figure 3 shows the results 
of this analysis for the different coexisting phases of CU1-U2 
(point “A” in Figure 2a) and CU1-BR (point “B” in Figure 2a). As 
demonstrated, we observe the coexistence of different oscilla-
tion quenching states obtained from Figure 2. Although these 
states are topologically protected, as shown in the convergence 
of nearby initial states, the clear boundaries in Figure 3 imply 
that the alteration in the ΙG-ΙN plane will lead to the transition 

Figure 2.  Phase diagrams of oscillation-quenching states for all-optical memory. a) Coexisting phase diagram obtained from individual phase diagrams 
of the stable b) U1, c) U2, and d) BR phases defined in the γ–χ plane. Green and red areas in (a) represent two coexisting phases, the CU1-U2 and CU1-BR 
phases, respectively. The CU1-U2 phase supports the coexistence of U1 and U2 stable phases, while the CU1-BR phase supports the coexistence of U1 and 
BR stable phases. The colored regions in (b–d) show the ratios of (b) IN,U1/IU, (c) IN,U2/IU = 2, and (d) IG,BR/IL,BR. e) The design strategy of the all-optical 
binary memory function. The phase diagram in (a) provides the allowed ranges of γ and χ for binary memory states, which are defined in the IG-IN-IL 
parameter space according to the results in (b–d). The all-optical modulation alters the intensity distribution inside the photonic molecule, achieving 
an all-optical transition between the memory states in the same coexisting phase (green and red arrows). γG0 = 0.005, κr = 0.5, and IGS = 4 for all cases.
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between different oscillation quenching states. The time-
domain analysis also provides the convergence time for each 
stable state (see Note S7, Supporting Information). Notably, this 
characteristic time corresponds to the erase/write times of this 
photonic memory and is much longer in more degenerate cases 
(the U1 and U2 phases compared to the BR phase, Figure S3 in 
Note S7, Supporting Information), emphasizing the role of PT 
symmetry in the operation speed of the all-optical memory.

4. All-Optical Transition

In addition to the stability of each memory state, we now 
focus on the all-optical transition between memory states. To 
demonstrate the transition, we include the modulating wave-
guides evanescently coupled to the photonic memory platform 
(Figure  4a), which is again examined by the TCMT equation 
and its numerical analysis (see Note S8, Supporting Informa-
tion). Due to the weak coupling between waveguides and reso-
nators, these waveguides allow state-preserving readout of the 
memory states inside resonators through the outgoing waves 
SG–,N–,L–, which constitute the platform integratable with all-
optical signal processors.

The modulation light exerted on each resonator is defined 
by three complex fields SG+,N+,L+  =  |S|exp(iϕglobal)SG,N,L, which 
include wave degrees of freedom in the global intensity (|S|), 

global phase (ϕglobal), and local complex fields SG,N,L. The phase 
and amplitude of local complex fields SG,N,L can be manipulated 
with integrated photonic elements,[33] and the global intensity 
|S| directly corresponds to the modulation power. Therefore, 
for the practical implementation of all-optical memory, the 
critical issue is to realize modulation, that is, insensitive to the 
global phase ϕglobal because it is difficult to access the relative 
phase difference between ϕglobal and the optical phase inside 
resonators.

Figure  4b,c show the “incoherent”—ϕglobal-independent—
bidirectional transition between the stable U1 phase and the 
stable U2 phase, achieved with delta-function modulation. We 
set SG,N,L for each transition according to the post-transition 
state of the local complex fields inside resonators. We then 
examine the emergence of the transition as a function of |S| and 
ϕglobal. As demonstrated, we observe the ranges of |S| for both 
U1→U2 and U2→U1 transitions, which allow incoherent state 
transitions between memory states. Based on these results, 
we show the all-optical transition between memory states with 
time-domain simulations (Figure 4d). Memory states are clearly 
distinguished by IN,U1 and IN,U2, indicating the “low” (or OFF) 
and “high” (or ON) levels in a binary memory cell. The emer-
gence of the peaks at ω0t ≈ 1 × 105 and ω0t ≈ 3 × 105 represents 
the dynamical trajectories from the transition between memory 
states (red and blue dots in Figure 3d), which will be affected by 
both |S| and ϕglobal.

Figure 3.  Topological protection of oscillation quenching states. Projected dynamical state trajectories of the a–d) CU1-U2 phase and e–h) CU1-BR phase 
on the IG-IN plane. a,e) Blue and red circles represent the initial states that will converge to (a) U1 and U2 phases at point A in Figure 2a, respectively,  
and (e) U1 and BR phases at point B in Figure 2a, respectively. (b–d) and (f–h) describe the time evolutions from (a) and (e), respectively. The simula-
tion time is T = 2 × 105/ω0. Dynamical evolutions are calculated by the sixth-order Runge–Kutta method with a unit step of 2π /(200ω0) and the initial 
condition IL = 5, ∠ψG = 0°, ∠ψN = 90°, and ∠ψL = 135°. See Movies S1 and S2, Supporting Information, for the temporal evolutions of (a–d) and 
(e–h), respectively.
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Figure  4b,c, therefore, verify that our design realizes the 
transition between “coherent memory states” (between the res-
onators, which are protected by eigenmodes) through the “inco-
herent modulation” (between the incident and memory fields). 
Such a property demonstrates a critical advantage of the pro-
posed platform because it is notoriously difficult to detect the 
phase information of the memorized optical state. Our theory 
based on the intensity-dependent dynamical equations allows 
the binary switching of the memorized eigenmodes through 
the modulation signal with arbitrary phases regardless of the 
time-varying phase of the memorized light states.

To clarify the noise immunity originating from the topo-
logical protection of each memory state, we also investigate the 

all-optical transition against the random noise in the modula-
tion signal. For complete randomness, we assume the noise in 
both the amplitude and phase of the modulation signal. The 
uniformly random noise signal Snoise,X  = u[0,5]exp(iu[0,2π]) is 
imposed on the ideal modulation signal, where u[a,b] denotes 
the random distribution between a and b and the symbol X = G, 
N, and L depicts a specific resonator of the system. Even with 
such a noise signal independently applied to each resonator, 
the proposed platform realizes ϕglobal-independent switching, 
which allows the practical incoherent erase/write operation 
of photonic memory (Figure  4e, see also Note S9, Supporting 
Information, for all-optical transitions between the U1 and BR 
phases).

Figure 4.  All-optical transition between noise-immune binary memory states. a) A schematic diagram of all-optical photonic memory with the 
read–write waveguide paths, supporting the incoming modulation signals SG+,N+,L+ and the outgoing signals SG–,N–,L–. The waveguides are weakly 
coupled to each resonator with the lifetime τw. Unidirectional transition map (red: transition, blue: no transition) for b) U1 → U2 and c) U2 → U1.  
Radial and polar axes indicate |S| × 10−3 and ϕglobal, respectively. SG,N,L are determined by the target equilibria defined in Notes S3 and S4, Sup-
porting Information. Time-domain analysis of the all-optical transition between binary memory states: d) without and e) with optical noise. The 
solid and dashed arrows in (d,e) denote the exertion of the transition signal. In (e), the uniformly random noise of the amplitude u(0, 5) and phase 
u(−π, π) for each time step are additionally applied to SG+,N+,L+. γG0 = 0.005, IGS = 4, χ = 2, γ = 0.7, κr = 0.5, and τw = 2 × 105. The Runge–Kutta 
method in Figure 3 is employed.

Adv. Electron. Mater. 2022, 8, 2200579
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5. Practical Implementation

Due to the platform transparency of our TCMT, which describes 
nonlinear optical dynamics with dimensionless parameters and 
abstract geometry, the obtained results in Figures 2–4 are valid 
for any frequency bands (radio frequency, terahertz, infrared, 
etc.), resonant structures (RLC circuits, microdisks, metama-
terials, etc.), and wave mechanics (photonics, acoustics, etc.) 
when suitable nonlinear gain and loss elements exist. The 
structural platform for the coupling of gain, neutral, and loss 
resonators has been widely studied in previous literature on  
PT-symmetric photonics.[34,35] When considering the cutting-
edge technologies in integrated photonics,[34,35] the possible 
number of memory elements would be ≈ 102–103 at this stage, 
which may be an acceptable number for the application to 
optical neural networks.[33]

On the other hand, as shown in Figure  2a, the critical 
parameters in the practical implementation are not the specific 
values of material parameters, but the “ratios” between them: 
the ratios (γ  = γL0/γG0, χ  = ILS/IGS, κr  = κ/γG0) among linear 
gain and loss coefficients (γG0 and γL0), saturation intensities 
for amplification and dissipation (IGS and ILS), and coupling 
coefficient (κ).

In Figures 2–4, we achieve topologically protected all-optical 
memory in the parameter space of γ < 1 and χ > 1 with the fixed 
value of κr  = 0.5. Because the coupling coefficient is tunable 
with the geometric conditions (resonator shapes and spatial dis-
tances), the key to the practical implementation is the restric-
tion on gain and loss materials: γ < 1 (or γL0 < γG0) and χ > 1 
(or ILS  > IGS). This restriction requires the use of a saturable 
absorber with a small absorption coefficient and large satura-
tion intensity or a lasing platform with a large amplification 
coefficient and small saturation intensity. Although various 
pairs of gain and loss materials can satisfy such conditions 
in different frequency bands, in this section, we focus on the 
frequency range near the telecom wavelength (≈1550 nm) and 
assume the conventional Er3+-doped silica amplifying platform. 
In this three-level lasing system, the rate equation shows that 
the linear gain coefficient γG0 and saturation intensity IGS are 
determined by the spontaneous emission lifetime and transi-
tion cross-section,[36] doping concentration,[37] and pumping 
rate.[38] Widely used parameters allow for γG0  ≈ 0.1 GHz and 
IGS ≈ 0.4 GW cm−2,[36–38] while γG0 and IGS can be manipulated 
with the pump power (Figure S5a in Note S10, Supporting 
Information).

Owing to recent attention on achieving nonlinear optical 
functionalities, such as activation functions for optical neural 
networks,[33,39] the realization of saturable absorbers with low 
saturation intensity ILS has been intensively studied. Among 
many possible candidates for the conditions γ  < 1 and χ  > 1, 
such as single-wall nanotubes,[40] graphene,[41] topological insu-
lators,[42] and MoS2,[43] we assume the doping or deposition of a 
ZnO material[44] to lossless resonators. By controlling the modal 
cross-section to the saturable absorber, γL0 and ILS can be con-
trolled near the values of γG0 and IGS, respectively. In Figure 
S5b in Note S10, Supporting Information, an example of prac-
tically accessible states in Figure  2a is described with conven-
tional material parameters for gain[36–38] and loss[44] materials. 
In this scenario, the operation optical intensity is in the range 

of ≈ 0.1–1 GW cm−2, which requires a few watts of operation 
power. Because the only energy consumption while main-
taining the memory states in our device is the pumping energy 
to the gain resonator, the value ≈ 0.1–1 GW cm−2 directly deter-
mines the energy consumption of our optical memory. Such an 
operation power can be dramatically reduced by introducing 
artificial saturable absorbers with the Kerr effect,[45] graphene 
platforms,[41] and metamaterials with phase change materials[46] 
or plasmonic nonlinearity.[47]

As demonstrated in electronic memory devices, the speed of 
the memory is estimated by the read/write time.[48] As shown 
in Figure 4a, our design of all-optical memory is based on the 
weak coupling of optical waveguides to the resonators, which 
allows the consistent reading of the current memory states 
through SG–, SN–, and SL–. Therefore, the read time of the 
proposed all-optical memory platform is not restricted by the 
platform itself but will be determined by the connection to 
external devices, which may be restricted by the speed of optical 
switching devices supporting the ranges of 10 GHz–1 THz.[49,50]

On the other hand, the write time of our all-optical in-
memory processors depends on two mechanisms: i) the conver-
gence time of dynamical state trajectories to stable states and  
ii) the time duration of the modulation signal necessary for 
phase transitions between memory states. We note that the 
speed of both mechanisms depends on the efficiency of the 
energy exchange between resonators, which is determined 
by the coupling coefficient κ. For the applied value of κ, we 
achieve ≈ 105/ω0 for the write time, which allows the ≈ GHz 
operation speed for the telecom wavelength (≈ 1550 nm). An 
order of magnitude increase in the operation speed (> 10 GHz) 
can be achieved when we consider a small value of κ in the cur-
rent design.

6. Conclusion

In conclusion, we studied the realization of photonic memory 
platforms that allow all-optical transitions between oscillation 
quenching states. By applying stability theory and time-domain 
analysis, we demonstrated that each oscillation quenching state 
possesses defect robustness, originating from the topological 
protection of dynamical state trajectories. The coexistence of 
multiple oscillation quenching states, which have different 
degeneracies of optical intensity levels (nondegenerate/two-
fold ODs and threefold AD), enables the all-optical transition 
of these robust memory states, achieving seemingly contradic-
tory criteria—robustness and tunability—for memory devices. 
Because different oscillation quenching states originate from 
the classification of PT-symmetric phases, our result empha-
sizes the critical role of non-Hermitian degrees of freedom in 
dynamical systems.

The observed all-optical dynamics can be generally extended 
to impose noise immunity on various signal processors 
including optical switching,[51] logic gates,[52] and memristic 
weight elements for all-optical neural networks.[53] Although we 
employed a triatomic system to realize an all-optical in-memory 
processor, the necessity of multiple memory states in artifi-
cial neural networks suggests the importance of examining 
the higher-order coexistence of oscillation quenching states by 
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increasing the number of system elements. In handling mul-
tiple memory states, the expected hurdle is on achieving analyt-
ical solutions for the equilibria and their stability analysis. The 
possible approach may be found in deep learning,[54,55] which 
allows for exploring extended design space in nonlinear prob-
lems. When considering the result in Figure 3, the coexistence 
of multiple stable equilibria requires the increased partitioning 
of the parameter space, while maintaining the noise immu-
nity in each subspace. For determining the optimized number 
of system elements in the building block for all-optical neural 
networks, the following study on the transition sensitivity and 
operation speed for all-optical memory will also be necessary.

Our “classical wave” memory has a clear difference from 
“quantum” memory,[56,57] which has attracted significant atten-
tion in quantum communications. First, our design using the 
eigenmodes of coupled resonators provides the memory of clas-
sical light in terms of two sets of optical quantities: the intensity 
distribution IG,N,L and the optical coherence inside the memory 
θG – θN and θL – θN. Such quantities can be understood as the 
“macroscopic” scale observation of quantum probability density 
and coherence, lacking the memory of single-photon informa-
tion. On the other hand, classical memory does not suffer from 
the quantum decoherence issue, as demonstrated in the robust-
ness of state convergence and transition to local and global 
decoherence of optical states. Because the topological proper-
ties are maintained under the continuous deformation of the 
system and the memory states are defined with the eigenmodes 
of coupled resonators, our memory system keeps the optical 
memory states as long as the topological phase transition does 
not occur. Furthermore, because the levels of memory states 
are determined by the platform parameters, not by optical sig-
nals, the individual states will be stable under large-scale circuit 
realization. The only requirement for our system is consistent 
pumping to maintain the gain parameters γG0 and ψGS. There-
fore, our classical wave memory should have differentiated 
applications from quantum memory, such as classical photonic 
neural networks, when we consider the critical roles of memris-
tors in electronic neural networks.[5]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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