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This work reports that synchronization of Mott material-based nanoscale coupled spiking
oscillators can be drastically different from that in conventional harmonic oscillators.
We investigated the synchronization of spiking nanooscillators mediated by thermal
interactions due to the close physical proximity of the devices. Controlling the driving
voltage enables in-phase 1:1 and 2:1 integer synchronization modes between neighboring
oscillators. Transition between these two integer modes occurs through an unusual sto-
chastic synchronization regime instead of the loss of spiking coherence. In the stochastic
synchronization regime, random length spiking sequences belonging to the 1:1 and
2:1 integer modes are intermixed. The occurrence of this stochasticity is an important
factor that must be taken into account in the design of large-scale spiking networks for
hardware-level implementation of novel computational paradigms such as neuromorphic
and stochastic computing.

spiking oscillators | thermal coupling | synchronization evolution | stochastic transition |
time domain phase coexistence

Synchronization is a universal behavior that is commonly observed in a variety of natural
and engineered systems (1). In natural systems, synchronization ranges from collective
oscillations in bacteria (2) to beating of cilia (3), from rhythms in biological neurons (4, 5)
to phase synchronization in the brain (6, 7). Synchronization emerges in engineered
physical systems of interacting oscillators, such as nanomechanical and nanoelectrome-
chanical oscillators (8—11), spin Hall and spin torque nano-oscillators (12-15), chemical
oscillators (16—18), etc.

With the recent advent of biologically inspired computing, synchronization between
special type of oscillators that produce short-duration spikes (in contrast to smoothly
evolving harmonic oscillators) has attracted significant attentions (19-21). Spiking oscil-
lators can emulate the electrical activity of brain (22, 23) and can find applications in the
development of hardware-level energy-efficient implementations of neural networks
(24-26). Recently, we showed that increasing the coupling strength between the antiphase
synchronized spiking oscillators leads to synchronization disruptions (21), contradicting
naive expectations based on the typical behavior of harmonic oscillators in which stronger
coupling develops more robust synchronization. The stark differences between the spiking
and harmonic oscillators motivate extensive studies of synchronization phenomena in
spiking devices driven by different types of interactions.

This work presents an investigation of the synchronization evolution in coupled spiking
nanooscillators based on a Mott material where strong thermal interactions promote
in-phase synchronization. We observed the occurrence of unique spiking patterns con-
trolled by a DC voltage applied independently to each oscillator. For small or large applied
voltages, the oscillators develop robust 2:1 or 1:1 integer synchronization spiking modes.
However, in a relatively wide range of intermediate applied voltages, the oscillators enter
a stochastic synchronization regime where the spiking pattern unpredictably alternates
between the two discrete integer synchronization modes. These findings highlight unique
dynamic synchronization properties of spiking oscillators as compared to conventional
harmonic oscillators. The ability to electrically control the synchronization modes and
drive the coupled spiking devices into a stochastic synchronization regime is important
for practical implementations of neuromorphic and stochastic computing circuits.

We studied spike synchronization in VO, nanodevices. VO, undergoes an insulator-
to-metal transition at T, = 340 K that can be also triggered by application of an electric
stimulus, voltage, or current (27, 28). A 100-nm thick VO, thin film was deposited on a
(012)-oriented Al,Oj substrate by reactive rf magnetron sputtering. Specular x-ray dif-
fraction analysis revealed textured film growth along (110) crystallographic direction
(81 Appendix, Fig. S1). The film had a sharp insulator-to-metal transition with ~2 orders
of magnitude resistance change across T (S Appendix, Fig. S2). The film was patterned
into 500 x 500 nm” devices separated by 500 nm gaps as shown in Fig. 14. The VO,
between the devices was etched to electrically isolate each device. Although the nanodevices
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Fig. 1. Heat propagation between nanodevices. (A) SEM image with false color
of four neighboring VO, devices. Each device is 500 x 500 nm?. The devices
are separated by a 500 nm gaps and are electrically isolated from each other.
The first device (black) acts as a “heat generator”, while the other three (red,
blue, and cyan) are “probes”. (B) Normalized resistance changes (AR/R,) of the
second, third, and fourth devices as a function of dissipated power in the first
device. The measurements were performed at 327 K base temperature. The
resistance decrease with increasing driving power indicates heat propagation
from the first device that increases the temperature of the other devices.

are electrically decoupled (AL,O; is a good electrical insulator),
they are thermally coupled through the substrate (AL,O; is a good
thermal conductor).

Heat propagation is observed by measuring the resistance
change AR in different nanodevices when one of the neighboring
nanodevice is powered with a significant current. This way the
powered device acts as a heat generator, while resistance of the
surrounding devices serves as probe of the temperature change
caused by the heat transfer through the Al,O; substrate. A small
1 pA current was applied to measure the resistance of the probe
devices. Such small probing current generates negligible heat and
does not induce by itself any noticeable resistance change.

We observed that as the power applied to the heat generator
device increases (black device in Fig. 14), the resistances of the
neighboring devices decrease linearly (Fig. 1B). The resistance of
the closest probe device (500 nm distance, red device in Fig. 14) is
reduced by ~0.5% at 45 p\W power dissipated in the generator
device. Comparing this resistance reduction to the equilibrium
resistance—temperature dependence (S Appendix, Fig. S2), temper-
ature increase of the closet probe device can be estimated as ~0.1
K. The temperature increase of the probe devices located further
away from the generator device, as expected, is smaller, estimated
as ~0.06 K at 1,500 nm distance and ~0.03 K at 2,500 nm distance.
Detailed resistance—temperature mapping is shown in ST Appendix,
Fig. S3. The small temperature increase in the probe devices under
the employed measurement conditions explains the linear resist-
ance—power dependence in Fig. 1B. For higher driving power, the
resistance change becomes nonlinear and even displays signatures
of the electrical triggering of insulator-to-metal phase transition

and filament formation (S/ Appendix, Fig. S4).
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Spiking autooscillations under the application of dc voltage can
be produced using a simple circuit shown in Fig. 24 (21, 29-31).
Individual dc voltage sources power each VO, nanodevice. Each
nanodevice is connected in series with a load resistor and a 50 Q
input impedance oscilloscope channel to monitor current spikes.
At the instant when dc voltage is turned on, voltage over the
initially insulating VO, nanodevice begins to increase. The voltage
increases dynamically, and consequently, the spiking frequency is
set by the RC constant of the circuit where the reactive component
is due to the parasitic capacitance (estimated as 0.2 nF). When
voltage across the nanodevice reaches a threshold, the device tran-
sitions into the metallic state which produces a current surge (i.c.,
a spike) in the circuit. When VO, is in the metallic state, most of
the applied voltage drops across the load resistor. As only a small
voltage is applied across the VO,, the metallic state cannot be
sustained and VO, reverts back to the insulating phase. Then, the
cycle repeats and persistent generation of spiking autooscillations
is established.

Thermal interactions due to the very close physical proximity
of the devices promote spike synchronization. When two neigh-
boring oscillators (500 nm separation) are powered individually
one at a time with the same voltage of 8.4 V, their inter-spike
intervals (ISI) are different, 8.39 ps and 9.89 ps. Overlaying the
individually recorded spike current time traces produces an
incoherent pattern (Fig. 2B). When two neighboring devices
are biased with 8.4 V simultaneously, robust in-phase 1:1 cur-
rent spiking synchronization establishes (Fig. 2C), consistent
with the previous report (32). We note that resistance between
the etched VO, nanodevices was higher than the measurement
limit (10" Q) excluding direct electrical current exchange, while
capacitive coupling promotes antiphase synchronization (19)
inconsistent with our observations. Because we observed ther-
mal interactions in the dc measurements (see Fig. 1B and the
corresponding discussion), it is reasonable to conclude that the
spike synchronization is also driven by thermal interactions.
When one device spikes, the heat generated by the current surge
propagates to the neighboring device through the sapphire sub-
strate. As the temperature of the neighboring device increases,
it approaches the insulator-to-metal transition, which reduces
the threshold voltage for the generation of a current spike.
Therefore, when one device spikes, it becomes favorable for the
neighboring device to spike as well producing the observed 1:1
in-phase synchronization.

When the distance between nanooscillators increases, the
thermal coupling between them decreases weakening the syn-
chronization. Application of an above threshold voltage simul-
taneously to two nanodevices separated by 1,500 nm (first and
third devices in Fig. 14) produces unstable synchronization. As
shown in SI Appendix, Fig. S5, a sequence of several current
spikes can be synchronized (i.c., the spikes overlap) while the
following spike sequence can be incoherent. At the extreme,
two nanodevices at the opposite corners of the sample (~14 mm
distance) have completely incoherent current spike sequences
when powered simultaneously (SI Appendix, Fig. S6). The
above observations perfectly follow the expectation for the
thermal coupling origin of the synchronization in our spiking
nanooscillators.

Varying the driving voltage individually on each nanooscillator
leads to the synchronization mode transition as shown in Fig. 3.
When the applied voltages are close (for example, 10 V.and 9.2V,
Fig. 3C), the two devices spike simultaneously, i.e., the synchro-
nization mode is 1:1, similar to the results discussed in the above
paragraphs. When one device is powered with a considerably larger
voltage than the other one, a different synchronization mode
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Fig. 2. Synchronization of spiking oscillators via thermal interaction. (A) Electrical circuit used to generate spiking oscillations in VO, nanodevices. The SEM
image shows two neighboring VO, nanodevices. (B) Overlaid current traces showing incoherent spiking in two noninteracting VO, nanooscillators when they are
biased with 8.4 V independently in two separate measurements. (C) Current traces showing coherent in-phase spiking in the same pair of nanooscillators as in

B when they are biased with 8.4 V simultaneously.

emerges (Fig. 3 A and C): Every second spike of the high-voltage
oscillator coincides with a spike of the low-voltage oscillator, i.c.,
a 2:1 mode. We note that by fixing voltage on one device and
adjusting voltage on the other or vice versa, 2:1 or equivalent 1:2
integer synchronization modes can be established (compare Fig. 3
Aand C), which highlights the generality of this one-to-two spikes
synchronization.

One can expect that as the applied voltages changes from the
values favoring 2:1 mode to that favoring 1:1 mode, the spikes
would first decohere and then lock into the new mode. We found,
however, that the transition between the two integer synchroni-
zation modes in spiking nanooscillators occurs through an unusual
stochastic synchronization regime. Fig. 3 D and E show that at
intermediate applied voltages, the spikes emitted by the two nan-
odevices are still synchronized, i.e., the spikes always coincide and
show no signs of decoherence, but no stable spiking pattern over
prolonged time can be discerned. This stochastic synchronization
is qualitatively different from the chaotic spiking that has been
reported in the MIT-based nanooscillators (33) as the spikes emit-
ted in our devices occur at well-defined time intervals. Instead of
chaotic or desynchronized oscillations, the spike sequence in our
experiments might show the 1:1 pattern and then unpredictably
break with the occurrence of a 2:1 pattern.

It is important to note that the stochastic synchronization found
here in closely spaced nanooscillators is in the stark contrast to the
behavior in micron-size spiking devices. In the micron-size devices,
the transition between 2:1 and 1:1 modes occurs by the development
of intermediate noninteger 3:2 and 4:3 modes (32). In our case, the
stochastic synchronization between integer modes replaces the tran-
sient noninteger modes. We observed the stochastic synchronization
in multdple device pairs located in different parts of the VO, sample
and in multiple samples with different device geometry (S Appendix,

PNAS 2023 Vol.120 No.38 e2303765120

Figs. S7 and S8). This robust reproduction of the same phenomenon
between different devices and samples suggests that the stochastic
synchronization could be a general feature in spiking nanooscillators.
Although further studies are necessary to identify critical parameters
enabling the stochastic synchronization, it is likely that nanoscale
sizes i) make the devices susceptible to fluctuations and ii) allow
strong thermal interactions because of the very close proximity as
compared to the microscale devices. Our theoretical modeling fur-
ther supports that the intrinsic stochasticity, i.e., cycle-to-cycle var-
iations of the MIT triggering threshold, and strong thermal coupling
promotes stochastic synchronization at the transition between 1:1
and 2:1 modes (S] Appendix, Fig. S11), while lowering the thermal
coupling strength, e.g., by increasing the separation between the
devices, results in noninteger synchronization patterns (S Appendix,
Fig. S12).

Synchronization transitions in oscillator systems often dis-
play similarities to phase transitions (17). Spatial phase coexis-
tence is the basic feature of the 1st-order phase transition. The
stochastic transition between the 2:1 and 1:1 integer synchro-
nization spike sequences in our nanooscillators could be a man-
ifestation of a time domain phase coexistence that develops at
the transition between the two integer synchronization modes.
Further experimental studies are necessary, however, to test
whether the synchronization transition in the coupled spiking
oscillators exhibits other features of the 1st-order phase transi-
tion, such as hysteretic 2:1 — 1:1 — 2:1 behavior and critical
scaling phenomena.

For a quantitative characterization of stochastic synchronization,
we analyze the interspike interval (ISI) distribution. Fig. 44 shows
the ISI time evolution during a 4-ms long measurement (corresponds
to several hundred spikes) of one of the nanooscillators during the
transition between 2:1 and 1:1 integer synchronization modes. The

https://doi.org/10.1073/pnas.2303765120 3 of 6
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Fig. 3. Synchronized spiking pattern evolution. Current traces displaying spiking oscillations of two VO, nanodevices under different applied voltages.
(A) 2:1 synchronization: two red spikes are locked to one black spike when 9.2 V is applied to the red oscillator and 7.8 V is applied to the black oscillator. (B) 1:1
synchronization: each red spike locks into each black spike when 9.2 V is applied to the red oscillator and 10 V to the black oscillator. (C) 1:2 synchronization: one
red current spike locks into every second black spike when 3.2 V is applied to the red oscillator and 10 V is applied to the black oscillator. (D and E) Stochastic
synchronization emerges at transitions between the modes at intermediate applied voltages. While spikes of the two oscillators overlap, random length spiking
sequences corresponding to 2:1 and 1:1 modes (highlighted by green and blue backgrounds, respectively) emerge at random positions.

ISI shows two distinct levels: a larger one of ~18 pis (cyan symbols)
that belongs to 2:1 mode, and a smaller one of ~9 pis (blue symbols)
that corresponds to 1:1 mode. The ISI spontaneously jumps between
the two levels, which is highlighted by light red vertical lines in
Fig. 44, providing a visualization of the stochastic synchronization.
To obtain the boundaries of the stochastic regime, we sweep the
applied voltage of one nanooscillator while keeping the other one at
fixed 10 V. By defining the 2:1 mode fraction as

Number of ISI of 2:1 mode
Total number of ISI

2:1 mode fraction =

,

we obtain that the stochastic regime emerges between 3.3 V and
4.2V as the 2:1 mode fraction changes from 0 to 1 (Fig. 4B). By
adjusting voltage within the 3.3 to 4.2 V window, it is possible to
create spiking sequences that contain random length inclusions
of 2:1 mode at random positions, making this stochastic

https://doi.org/10.1073/pnas.2303765120

synchronization potentially interesting for stochastic computing
and encryption applications (34, 35).

To further evaluate the stochasticity of the spiking sequence
transitions, we apply an autocorrelation function (ACF) analysis
to the ISI data. To develop sensitivity only to the order of 2:1
mode and 1:1 mode and not to small cycle-to-cycle deviations of
the ISI, we converted the IST data to a binary sequence by defining
short ISIs (1:1 mode) as 0’s and long ISD’s (2:1 mode) as 1’s. This
conversion can be applied straightforwardly because the ISI data
have a clear two-level distribution (Fig. 44). ACF is defined as

211 (Yl Y)( +/e_Y)
T (G-

ACF = (2]

ACEF tests for the presence of repeating patterns in the sequence {Y}
by comparing it to its copy shifted by a time lag k, {Y,,,}. ¥ in Eq.
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2 is the mean of the sequence {Y;}. ACF is commonly used to test
the stochasticity of generated bit sequences (36, 37). As shown in
Fig. 3C, the ACF of the sequences generated by our nanooscillators
at different applied voltages is nearly zero at all time lags, revealing
that there is no apparent order in the occurrence of 2:1 mode and
1:1 mode, i.e., the spiking sequence transitions are stochastic.

In summary, we enabled thermally driven synchronization
between nanoscale spiking oscillators by placing them in close
physical proximity. By controlling the applied voltage, we
achieved robust 1:1 and 2:1 synchronization. We found that the
transition between the two modes occurs through an extended
stochastic synchronization regime where random length spike
sequences corresponding to the two modes are intermixed. This
stochastic synchronization emerges in nanooscillators instead
of noninteger mode that separate different synchronization
modes in micron-sized devices (32). In dense integrated circuits
containing large number of spiking nanooscillators, for example
in neural networks hardware, thermal interactions might become
an important factor which determines the circuit operation.
Basic understanding of the unique features of spiking nanode-
vice synchronization, such as the occurrence of the stochastic
regime presented in this work, is important for designing circuits
capable of harnessing the full potential of novel computational
paradigms.
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