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Abstract—This work proposes a novel coupling mechanism
of VO: nonlinear oscillators based on the edge-of-chaos
characteristic. Nonlinear oscillators are realized through the
physical dynamics of Mott phase-change devices, and their
collective behavior enables high speed and energy-efficient
computation. The coupling of VO: devices is demonstrated
through both experiments and simulations, revealing a novel
operating principle based on Turing instability and negative
feedback loop. Persistent oscillations are observed only with
coupling, indicating edge-of-chaos behavior. Furthermore, a
dynamic computing system coupling ten VO: devices is
proposed for efficient encoding. The results demonstrate a speed
of approximately 40 ps and a coupling energy of 2.24 uJ. This
work advances the understanding of Turing instability-induced
coupling coupling in physical systems, highlighting its
advantages of high speed and energy efficiency, and its potential
applications in unconventional computing.

Keywords—VO: devices, coupled oscillation, Turing
instability, edge of chaos, dynamic computing

I. INTRODUCTION

The physical dynamics of solid-state electronic devices can
be utilized as computing resources, like spin-torque devices [1]
and Mott devices [2]. Among these, VO, Mott devices are of
particular interest due to their high speed and low power
insulator-to-metal phase transition dynamics occurring around
340 K [3]. This phenomenon arises from a temperature-
sensitive electronic transition coupled with a structural
transformation [4]. VO, devices exhibit volatile threshold
resistance characteristics in quasi-static voltage scanning,
making them suitable for constructing nonlinear oscillators
with simple circuit configurations [5].

VO,-based oscillators can mimic various neural activities
and interact mutually through capacitive coupling, enabling
massive parallelism and energy-efficient neuromorphic
computing, with potential applications in associative memory
[6], feature encoding [7], speech discrimination [8] and
solving combinatorial problems [9]. From a circuit theory
perspective, VO, Mott devices exhibit a local active
characteristic, defined as their ability to amplify fluctuations
and transition between working states according to external
bias [10]. A physical device working within the local active
and local stable region indicates a unique physical condition
known as the ‘edge of chaos’ [11]. Theoretical memristors
working at the edge of chaos can resolve the Hodgkin—Huxley
‘all-or-none’ mystery, the Turing instability, and the Smale
paradox [12], which are widely present in our brains, but
remain challenging to replicate with conventional devices.

In this work, we proposed a novel coupling mechanism of
VO, nonlinear oscillators. As shown in Fig. 1a, VO, devices
act as local active oscillators and show potential for emulating
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Fig. 1. Proposed VO, coupling mechanism. (a) Schematic of the negative
feedback in two VO, local active oscillators. (b) Hardware implementation
of VO, oscillators coupling system. (c) Attenuation behavior of uncoupled
VO, oscillators. (d) Synchronous behavior of coupled VO, oscillators.

neural dynamics. When operating under certain bias
conditions, individual oscillators exhibit no oscillation and
only show stable attenuation dynamics. However, when
oscillators are coupled, they exhibit persistent oscillations and
synchronizing dynamics, corresponding to theoretical
concepts of Turing instability and the Smale paradox [13].
Turing instability, which is the fundamental principle of self-
organization in living systems, means steady-state dynamical
systems may lose their steady state after the interaction,
resulting in dynamic reaction systems that can never reach
equilibrium [14]. This novel coupling effect is driven by
negative feedback loop: the firing of one oscillator induces
negative feedback on the other, triggering its critical threshold
and propagating the oscillatory state back, resulting in
sustained  oscillatory  behavior. We  experimentally
demonstrated and analyzed the coupling synchronization of
two and three devices through this new coupling mechanism
based on Turing instability. Furthermore, we explore
scalability by designing a circuit-based implementation for
expanded systems, as shown in Fig. 1b. The loop capacitance
coupling VO oscillators can be used for information encoding
and encryption. Notably, uncoupled oscillators exhibit
attenuation behavior and suppression of information (Fig. 1¢),
while coupling dynamic induces phase synchronization,
where encoded information emerges (Fig. 1d).

II. SINGLE VO; OSCILLATOR

We fabricated planar VO, threshold devices. The device’s
cross-sectional structure is illustrated in Fig. 2a, as observed
under the transmission electron microscope (TEM). The
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Fig. 2. Single VO, oscillator. (a) The TEM image of the VO, device. (b)
The circuit diagram of a single VO, oscillator. (¢) The quasi-static IV sweep
of VO, devices. (d) The VO, oscillator’s dynamic behaviors.

20 nm thick VO, films were grown on c-AlL,O3 substrates in
an epitaxial manner by pulsed-laser deposition technique. The
electrodes, consisting of Ti (5nm) and Au (40 nm), were
patterned with electron beam lithography, followed by
electron beam evaporation and lift-off, with an electrode
spacing of 400 nm. Fig. 2b shows the circuit diagram of the
single VO oscillator. The effective parasitic capacitance Cer
originates from the VO, device and external cables. The VO,
devices exhibit volatile threshold switching characteristics
under quasi-static voltage sweep. Fig. 2c shows the hysteresis
behavior of three VO, devices used in subsequent coupling
experiments. Within the hysteresis, the devices transition from
a high-resistance state (HRS) to a low-resistance state (LRS)
when the applied voltage exceeds the threshold voltage (Vin).
Conversely, when the voltage decreases below the hold
voltage (Viola), the devices revert to the high-resistance state.
By applying different power supply voltages (V4q) and series
resistors (R), the device operates in different regimes,
exhibiting either oscillatory or attenuation behavior [15]. In all
experiments reported in this work, the series resistance R is
fixed at 10 kohm. As shown in Fig. 2d, the VO, oscillator
operates in two distinct regimes: oscillation occurs at Vgg= 8
V, while the device becomes stuck in the low resistance state
at Vaa = 9 V. The effective parasitic capacitance Cer is
approximately 0.6 nF, with the following key device
parameters: Vin = 4.7 V, Vipaa = 1.6 V. The oscillatory
behavior can be described by the following equation (1):

dVout — Vdd - Vout _ Vout
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III. RESULTS OF VO, BASED COUPLING SYSTEM

Almost all previous studies on coupled oscillators require
each oscillator to oscillate independently and exhibit intrinsic
frequencies [16]. This principle forms the foundation of nearly
all oscillator-based computing theories. However, this work
reveals a novel path. When oscillators exhibit local active
features, they can be biased at the critical stable regime but are
able to oscillate through mutual triggering. The following
experiments demonstrate this brand-new phenomenon.

A. Two coupled VO; oscillators

The circuit of two coupled VO, oscillators is shown in Fig.

3a, where the coupling capacitors C, represent the strength of
electrical interaction between two VO, oscillators. An
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Fig. 3. Two coupled VO, oscillators based on Turing Instability. (a) The
circuit diagram of two coupled VO, oscillators. (b) The attenuation behavior
when two devices are not coupled. (c-f) The synchronous dynamic behaviors
when two devices are coupled with the capacitance from 0.1 nF-1.5 nF.

oscilloscope with passive probes simultaneously monitors the
voltage signals Vi(t) and Va(t). In the experiments, Vyq was
fixed at 9V and R at 10 kohm. As shown in Fig. 3b, neither
VO, device oscillates in the absence of the coupling capacitor.
However, when the coupling capacitor C, is added,
synchronous oscillation occurs in both the VO, oscillators. In
this case, the oscillatory dynamic can be described by the
following equation (2-3) :

dv;  Vaq = V; V. d(Vv, —V;

-~ 1 — dd 1 _ 1 Co ( 2 1) (2)
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eff 7 = - o 3)
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Fig. 3c illustrates the oscillators’ dynamic when C, = 0.1
nF. The two oscillators exhibit oscillations of the same
frequency but the opposite phase. The device-to-device
variation will cause one oscillator to fire first. The firing of
one oscillator causes the coupling capacitor to discharge,
forcing the voltage of the other oscillator to drop to Viol,
thereby triggering its firing. The negative feedback, which
typically suppresses the activity of conventional oscillators,
stimulates the oscillators to sustain persistent oscillations in
this case. As shown in Fig. 3d-f, the coupling oscillation
behaviors are further investigated with C, varying from 0.5
nF to 1.5 nF. As the coupling capacitance increases, the two
oscillators consistently maintain opposite-phase synchronous
oscillations, while the strength of their mutual interaction
increases. Additionally, the frequency of these synchronous
oscillations decreases gradually because of the increase of RC
load in the circuit.

In phase space analysis, the state variable can be defined as
the voltage across the effective parasitic capacitor. For
dynamic computing systems, phase space contains more
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Fig. 4. The analysis of synchronization characteristics. (a) Butterfly-shaped
phase space trajectory when the capacitance is 1.0 nF. (b) The relationship
of oscillation frequency of two devices and coupling capacitance.

efficient and comprehensive information. Fig. 4a shows the
continuous trajectory of the two coupled oscillators when C,
=1 nF. Starting from the initial state, the trajectory converges
onto a butterfly-shaped limit cycle, which is independent of
the initial phase. Therefore, this novel coupling mechanism
can form a stable limit cycle trajectory. Fig. 4b depicts the
relationship between the oscillating frequency of the two
coupled oscillators and the coupling capacitance. The
coupling capacitance determines the frequency of the coupled
oscillations. When the coupling capacitance is large, the
mutual interaction is stronger, which makes the
synchronization behavior more difficult to converge.
Consequently, there is a small deviation in frequency when the
coupling capacitance exceeds 1 nF.

B. Three coupled VO; oscillators

To further explore the coupling dynamic, we constructed a
circuit of three coupled oscillators, as shown in Fig. 5a. In
this case, the coupling capacitors form a closed ring structure,
completing the negative feedback loop and improving
synchronization convergence.

We fixed V44 at 9 V to ensure that the oscillators cannot
oscillate spontancously. We wused the Fast Fourier
Transformation (FFT) to verify the synchronization
frequency of the oscillators. The result is shown in Fig. 5b.
The synchronous frequency is 139.1 kHz. As shown in Fig.
5S¢, when the coupling capacitance is 0.2 nF, the three devices
oscillate with a 120-degree phase difference between each
pair. The limit-cycle trajectory of the coupled VO oscillators
in the 3-dimensional phase plane further demonstrates the
synchronous feature, as shown in Fig. 5d. The trajectory
projection on each coordinate plane presents a box-like shape.

C. Phase encoding in dynamic computing

In a computing system based on coupling oscillation,
information is encoded by phase or frequency. Under this
Turing Instability coupling mechanism, the oscillators do not
exhibit intrinsic frequency but instead synchronize to a
unified oscillation frequency, making them particularly
suitable for phase encoding. The general coupled oscillator
model function [7] is shown in equation (4)

ZCdVi ZC av; Vaa—Vi Vi
1) 1 -
;0 dt e b dt Ry

We propose a dynamic computing module consisting of
multiple oscillators and a “key” for accessing this computing
module. Without the key, the coupling loop is incomplete,
resulting in either attenuated dynamics or unsynchronized
oscillations among the oscillators. When the key is inserted,
the loop is completed, and phase information emerges in the
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Fig. 5. Three coupled VO, oscillators based on Turing Instability. (a) The
circuit diagram of three coupled oscillators. (b) The Fast Fourier Transform
of the oscillation behaviors. (¢) The synchronous dynamic behaviors when
coupling capacitances are all 0.2 nF. (d) The limit cycle phase space
trajectory of the three oscillators.
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Fig. 6. Schematic of dynamic computing based on local active oscillators.
(a) The physical encryption applications with Turing Instability. (b) The
binarization phase encoding in the coupling loop.

system as all oscillators achieve synchronization, as shown in
Fig. 6a.

Binary phase encoding can effectively mitigate the impact
of cycle-to-cycle variation. We designate oscillator 1 as the
reference and keep it represented as phase ‘0°, and all other
oscillators’ phases are defined by:

If the |Phase|<180, it is in-phase and can be defined as ‘0’.
If the |Phase[>180, it is out-of-phase and can be defined as ‘1°.

This enables a system of n oscillators to encode 2" distinct
states, as shown in Fig. 6b.

In a physical encryption application, 10 VO, devices have
device-to-device variations, and we selected one device as a
key and the other nine devices as computing modules. The
physical variations decided their phase relationship after
synchronization, which can be encoded as ten-bit information.
If we bias the device on the self-oscillation region, all the
information can be read directly, and the coupling behavior
can be predicted. However, if we bias the device on the critical
bias on which they only behave in a decay dynamic. Therefore,
reading the single oscillator cannot get all the physical
device’s information. Coupling the 9 devices in the computing
module will cause unsynchronized oscillation. Only when
using the key oscillator to couple with a loop, the phenomenon
of synchronization will happen and information will emerge
in the phase difference.

In the simulation, we set a small range (0.1 V) of device-to-
device variation, and the initial voltage of each oscillator is
uniformly distributed between 0-1 V. The coupling
capacitance is 0.1 nF. As shown in Fig. 7a, without the key,
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the oscillators fail to synchronize. However, when the key is
inserted, the oscillators form a feedback loop and achieve
synchronization, as shown in Fig. 7b. The trajectory in phase
space further validates these results. As shown in Fig. 7c, the
oscillators are not synchronized without the key, while Fig. 7d
demonstrates that the oscillators’ trajectory falls on a limit-
cycle. It can serve as a physical ID to a dynamic computing
system. The coupling energy consumption is 2.24 pJ.

We further studied the difference between the two types of
coupling mechanisms. The first is the classical coupling
method, where the oscillator has an intrinsic frequency. The
other is the Turing instability coupling, in which oscillators
can only oscillate when coupled. Fig. 8a shows that the
coupling setup time for Turing instability coupling is
approximately 40 ps, indicating that this mechanism
converges faster and provides greater robustness. As shown in
Fig. 8b, the synchronization frequency ranges from 62 kHz to
77 kHz. The frequency will briefly decrease during
mechanism switching, and then monotonically increase as the
supply voltage rises until the VO oscillators cannot oscillate
through any mechanism. The energy-delay product of
classical coupling is 565.9 pJs under Vgg = 8 V, while the
Turing instability is only 22.6 pJs under V4q =9 V due to fast
coupling convergence speed.

IV. CONCLUSION

This work proposes a physically intuitive explanation and
implementation scheme for hardware Turing Instability

coupling. Through both experiments and simulations, we
demonstrate that a negative feedback loop can construct
coupling, transforming the oscillators from a "dying" state to
an "active" state. The new coupling mechanism offers faster
convergence and an intrinsic information-hiding function,
which holds great potential for dynamic computing based on
nonlinear physical dynamics in solid-state electronic devices.
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